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NPEANCIOBHUE

Hannbrii Homep “XKypHana ¢usndeckoi xumuu”
BKJIfouaeT Marepuanbl 8-if MexnyHapogHO# KOH-
depennnn no (pyHAAMEHTAIBHBIM H HPHUKIATHBIM
acnekTaM (pu3AYeCcKON XMMUH, KOTOpas IPOXORUIa
B Benrpape ¢ 26 no 29 centsiops 2006 r. Takoe npep-
CTaBJICHHE MATEPHATIOB KOH(EPEHIMH — Pe3yJbTaT
corpyaHundectBa OOmecTBa (pu3NKOXUMUKOB Cep-
6mn m “Kypuana cusudeckonn xumun’. Upes co-
TPYAHUYECTBA BO3HUKJIA B xofie 7-i Mexpuynapop-
HOW KoH(pepeHumn (ceHTsiOpsb 2004 r.), ObLna aKTHB-
HO mofmepxkaHa akagemukom PAH, pmpexropom
HMucruryra katanu3a uM. bopeckoBa, wieHOM pef-
kosnnerud Kypuana B.H. ITapmMonom 1 akageMukom
PAH, rnasueiM pepakropoM XKypHana B.B. Jlynu-
HbIM. MaTepuanbl coOpaHbI ¥ PECTABIIEHBI K ITy0J14-
Kal\y TPYNIoH COTPYAHUKOB benrpaackoro yHuBep-
chTeTa o pyKoBofacTeoM npog. Ciobopana Anuya —
OCHOBHBIX OPraHA3aTOPOB JJAHHON KOH(pEePEeHINHL.

Koudepenuun no ¢yHIaMEHTANBHBIM H MpU-
KJIAJHBIM acnekTaMm ¢uzndeckoi xumun OOmecTBo
¢puzunkoxnmukos Cepbun OpraHu3yeT pa3s B [[Ba ro-
Ia, HauymHasa ¢ 1992 r., B mocjeqHue rojgbl COBMECTHO
¢ Nucrurytrom karamm3za CO PAH n MuctuTyTOM
KaTtanu3a bonrapckoi akagemun Hayk. IlpoGnema-
THKA KOH(PEpeHINII OXBaThIBAET LIUPOKHI CHEKTP
HampaBJIeHHd COBPEMEHHOH (pU3M4ecKoil XHMHHU, B
ux paboTe yuyacTByeT OONBIIOE YUCIIO (PUBMKOXUMH-
KOB W3 pa3nuyHblX cTpad mupa (Amonms, Kurai,
CHIA, Ppannus, benbrusi m MHOTUE Apyrue crpa-
Hbl). O0 ypoBHe KoH(epeHIHil CBUAETENbCTBYET H
TO, 4TO pedepaThbl BCEX CTATEN, ONYyOINKOBAHHBIX B
Proceedings 4-i1 — 7-i1 Kondepenunii, B 1oJIHOM 00b-
eme npuBefieHbl B Chemical Abstracts.

Ha 8-ii Kondepenumm mnpejpcraBied MUAPOKUL
crekTp padoT 10 pa3IMYHbIM HANPABICHUIM (pr3uye-
CKOM XUMHH, B YACTHOCTH, 10 XUMUYECKOU TEPMOJHHA-
MUKe, KHHETHKE ¥ KaTaJIA3y, CIEKTPOCKONHIHU | HpoOJie-
MaM CTPYKTYPbI MOJIEKY.I, ONO(HU3NIECKON U pajiali-
OHHOU XuMuH, (PU3AIECKON XUMHN KOHAEHCUPOBAHHBIX
¢ha3 1 NOBEPXHOCTH U T.JI. Y CTHBIE JOKJIA[bl ObLIH, B OC-
HOBHOM, MOCBSIIIICHBI MTPOOJIeMaM KUHETHKH M KaTanu-
3a, IEKTPOXUMHA, OGMO(U3NIECKON XUMIH, pafualy-
OHHOH XNMHH U (PU3UKO-XUMHUIECKAM aceKTaM Mmate-
puanoefieHns. PaboThl ceKui KHHETHKH H KaTaan3a
BKJIIOYAJIH TPOOIIEMBbI ONPEeNeHUsT M MOJIEMPOBaHUS
[IOBEPXHOCTHO-aKTUBHbBIX IEHTPOB KATAJIN3aTOPOB, HO-
FICKA HOBBIX KaTaJIN3aTOpPOB, AUHAMUKH KaTaUTHe-
CKHX PEaKlU# B TBEPABIX TeNaX.

Oco60 cireyeT OTMETHTD OONBINIOE YHACIO JOKJIa-
JIOB, OCBSIIEHHBIX UCCIIEOBAHUSIM HEJTMHEUHOU TN~
HaMHUKH KOHKPETHBIX XUMUUYECKHX peakuil, Kojeba-

TENbHBIX MPOIECCOB U Xa0Ca B MHOIOMEPHBIX HPO-
CTPAHCTBAX, OCHWIISITOPHOFO MNEPEHOCAa BEIIeCTB
yepe3 MeMOpaHbl, BIUSHAS BHENIHUX YCHOBHI Ha
OCYILECTBJICHUE TAaKUX peakluil, a Tak:Ke padboT Mo
aHaNU3y BO3MOXKHBIX HPAKTUUECKHX NPHIIOXKEHUI
KonebaTeNnbHbIX peakuud. PaGoTbl B 9TOM Hampas-
JEHHHM aKTUBHO pa3BHBalOTCA B benarpaackom yHu-
BEpCUTETE COBMECTHO C KojuleramMu w3 benbrum
(CoOopnsblit yauBepcuteT bproccenst). CooGieHns
110 3JIEKTPOXUMIH HOCHIIY B 3aMETHOM CTENICHU NPH-
KJIaJiHOU XapakTep, CBA3aHHbIN, HATIpUMEp, C CO3ka-
HHEM HOBBIX 3JMEKTPOJAHBIX MAaTEpPUAJIOB, MaTepHa-
JI0B AJIst 6aTapel U TOIINBHBIX 3JIEMEHTOB, a TaKkKe
C 3JEKTPOXUMHYECKUMU METOJAAMHU OINpeHesICHAS
pa3NnHYHbIX BeulecTs. [IpuknagHas HanpaBIeHHOCTD
XapakTepu3oBasia U OONbIIOE YHUCIO padoT, npej-
CTABJICHHBIX HA CEKIMH MaTepHanoBefcHusA. TeM He
MeHee, Takasl HallpaBJIeHHOCTh NPOSBIsIachk Ha ¢o-
He (PU3UKO-XUMUYECKHUX aCIeKTOB UCC/IEIOBAHUS CO-
OTBETCTBYIOLIHUX BEIIECTB U MATEPHAJIOB.

PaGoTbl 1O CHEKTPOCKONHUN H CTPYKTYype MOJe-
KyJ B OCHOBHOM CBO€ll Macce ObUIH CBSI3aHbI C H3y4e-
HUEM CPaBHHTEJBHO OOJBINNX OPraHUYECKUX U dJie-
MEHTOOpranndyeckux Moiekyia. Ha xkondgepennun
OBLIIK IIPEACTABIIEHb! PA0OTHI M HO 3AIIHATE OKPYKAI0-
miel cpefbl, TOYHee, [I0 aHAIN3y IOJUIFOTAHTOB pas-
JTHYHBIMU (PH3HKO-XHMHUYecKuMHU MeToamu. K coxa-
JICHHIO, CeKIMs (PU3UKO-XUMHUYECKOTO 00pa3oBaHHs
BKJI}0OYaJja BCEero OfiuH CTEHAOBbIN HOKIaf.

Crnefyet OTMETHTB, YTO ITOJTHBIN MEPeYeHb MaTEPH-
anos 8-it Kondepenuun npeyicrasies B “‘Proceedings of
the 8th International Conference on Fundamental and Ap-
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Abstract — We present experimental data for carbon equation of state (EOS) at Megabar pressures, obtained
by laser-driven shock waves. Experiments were performed at the PALS and LULI laboratories using carbon
samples with two different values of initial density, in order to explore a wider region of the phase diagram.
Previously unreached pressures were obtained. Results are compared with previous experiments and with avail-
able theoretical models and seem to show high compressibility of carbon at Megabar pressures.

INTRODUCTION

The equation of state (EOS) of carbon at high pres-
sures (Megabar or Multimegabar regime) is of interest
for several branches of physics, namely:

Material Science: carbon is a unique element due to
its polymorphism and the complexity and variety of its
state phases. The EOS of carbon has been the subject of
several recent important experimental and theoretical
scientific works [1-15]. The important phenomenon of
carbon metallization at high pressure has long been pre-
dicted theoretically but until now never experimentally
proved. At very high pressures the regime of non-ideal
strongly-correlated and partially-degenerate plasmas is
approached which is characterized by an almost com-
plete absence of experimental data [15-18].

Astrophysics: description of high pressures phases
is essential for developing realistic models of planets
and stars [19, 20]. Carbon is a major constituent
(through methane and carbon dioxide) of giant planets
like Uranus and Neptune. High pressures are thought to
produce methane pyrolysis with a separation of the car-
bon phase and possible formation of a diamond or me-
tallic layer [21-23]. Metallization of the carbon layer in
the mantle of these planets (the “ice” layers”) could
give high electrical conductivity and, by dynamo ef-
fect, be the source of the observed large magnetic fields
[24, 25].

Concerning carbon metallization, the first theoreti-
cal estimates (Van Vechten [1]) set the triple point for
the transition among diamond (), liquid metal (f3I),
and solid metal (Bs) at 1.7 Mbar and 3100 K, a predic-
tion not in agreement with experimental results by
Shaner and Brown [2] and Grover [3]. More recent

works set the metallic transition at much larger pres-
sures: Yin and Cohen [4] predict a transition from dia-
mond to a BC-8 semi-metallic phase at = 11 Mbar (and a
second transition to a SC-4 metallic phase at = 27 Mbar).
in fair agreement with the calculations by Biswas et al. [5]
who put the upper limit of diamond stability at = 12 Mbar,
and with the calculations by Fahy and Louie [6]
(11.1 Mbar). Ruoff and Luo [7], working on experi-
mental data on gap closure by Mao et al. [8], put the
metallic transition at = 8.4 Mbar. Such pressures can be
easily generated in the laboratory by using laser-driven
shocks.

At higher temperatures, liquid phases are predicted,
going from non-metallic at low pressures to semi-me-
tallic and metallic as the pressure is increased. The first
experimental evidence of a liquid metallic phase was
given by Bundy [9]. Nowadays, the probably most ac-
cepted phase diagram of carbon by Grumbach and Mar-
tin [10] sets the structural changes in liquid carbon at
pressures of 4 and 10 Mbar and suggests that laser driv-
en shocks (P = 2—-6 Mbar, T > 20000 K) should reach a
liquid metallic phase. In Fig. 1 we have reported a sim-
plified version of Grumbach and Martin’s phase dia-
gram to which we added the Hugoniot curves corre-
sponding to the initial densities p, = 1.6 g/cm® and py =
=1.45 g/cm? (the two values used in our experiment).
Again, the liquid metallic phases can be easily reached
with laser shocks. These are indeed nowadays the only
laboratory tool which can achieve pressures of a few
tens Mbars [18].

In this paper, we present the first Hugoniot data for
carbon obtained with laser-driven shocks. In recent
years, it has been well established that laser-shocks are
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a useful tool for high-pressure physics, to compress
materials at Megabar pressures and measure their EOS
[26, 27]. The goal of our experiment was to begin the ex-
ploration of carbon EOS in the pressure range 1-15 Mbar.
We got the first experimental points at pressures higher
than 8 Mbar. Moreover, we substantially increased the
number of EOS data for carbon at pressures >1 Mbar
(here we present 9 new EOS points against a total, of
about 20 points which, to our knowledge, were avail-
able in literature [28-32]).

One general limitation of shock-wave EOS experi-
ments is that only data on the Hugoniot curve of the ma-
terial are obtained. This is due to the fact that shocks
compress and heat the material at the same time, so
pressure and temperature are no longer two indepen-
dent variables. One way to overcome such limitation is
to use a sample with reduced density p, (porous or
foam target). This changes the initial conditions in the
material so that data along different Hugoniot curves
are obtained. Hence by changing p, the whole EOS
plane can be explored. In particular, by reducing the
initial density p, of the sample, the same shock pressure
P will correspond to a higher temperature 7T (internal
energy E) and a reduced final density p.

The experiment is based on generating high quality
shocks and using “two steps—two materials” targets
(Fig. 2). Relative EOS data of “unknown” materials
(here C) are obtained by using a “well-known” refer-
ence (here Al). Al behavior at high pressure is well
known, making it a typical reference material for shock
experiments. The method is described in detail in [27].

Some laser shots were done at LULI where three la-
ser beams at A = 0.53 um were focused at intensities of
~5 x 10'3> W/cm?. The pulse was Gaussian in time with
a full width at half maximum (FWHM) of 600 ps. In or-
der to increase laser energy (and shock pressure), other
shots were done with the PALS iodine laser [33], with
typical energy of 250 J per pulse at a wavelength of
0.44 um, focused up to 2 x 10'* W/cm?. The pulse was
Gaussian with a FWHM of 450 ps. In both cases, large
focal spots and Phase Zone Plates (PZP) [26] were used
to get uniform laser illumination and avoid 2D effects
in the propagation of the shock.

Two diagnostics systems (Fig. 2), based on streak
cameras coupled to a photographic objectives and 12 bit
CCD cameras, were used: a) rear-side time-resolved
imaging (to record target self-emissivity), and, b) time
resolved visible reflectometry (at LULI only). Both di-
agnostics allow the measurements of the shock break-
out times from the base and steps of the “two steps —
two materials” target (see Fig. 2). Hence we measured
the shock velocity in Al and C simultaneously on the
same laser shot. Details on the experimental set-up are
reported in [34] for PALS, and in [26] for LULI (and
for the reflectivity diagnostics in [35]). Time and spa-
tial resolution of both diagnostics, in both laboratories,
were typically of the order of 10 ps and 10 um.
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Fig. 1. Grumbach and Martin’s phase diagram (after [12])
and the two Hugoniot curves corresponding to the initial

densities pg = 1.6 g/cm3 and py =145 g/cm3.

Probe laser

for reflectometry
-

S

To the emissivity and
reflectivity streaks

C

Fig. 2. Scheme of the experimental set-up. The CH layer
may be (or may be not) present in order to reduce X-ray
emission from laser irradiated side. The probe laser, used at
LULI only, was a Nd:YAG converted to 2m with pulse du-
ration of 8 ns.

The reflectivity temporal behavior is important
since it can provide evidence of insulator to metal tran-
sitions (optical reflectivity is directly related to the den-
sity of free charge carriers in the material [35]). How-
ever this requires a different target configuration, and
no attempt was done in this direction in this first exper-
iment.

Targets, and in particular the carbon layers, are an
important part of the experiment. Some carbon deposi-
tions were done at the University of Milan using the Su-
personic Cluster Beam Deposition (SCBD) technique
with appropriate masks [36] which allows quite uni-
form layers and steep steps to be deposited. The partic-
ular deposition system allows carbon to stick on Al
avoiding usual de-lamination problems. More impor-
tant, it is possible to deposit carbon layers with densi-
ties variable between 1 and 2 g/cm?. In our experiment,
carbon layers with initial density p, = 1.45 +0.10 g/cm?
were used. The deposition technique allowed the real-
ization of targets with an acceptable surface roughness
(Iess than 0.5 micron, i.e. =3% of step thickness which
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200 um

S —— |

Fig. 3. SEM image of double step target produced at Gen-
eral Atomics, with density py = 1.6 g/cm3.

1.2 ns

0.7 mm

Fig. 4. Shock breakout streak image of the target rear side
in emission, target produced at General Atomics. Shot made
at PALS with energy E = 108 J. Lines indicate the shock
break-out from the Al step (left) and from the C step (right).
Al step gave 1) — ty = 205 ps, Dp; = 38.8 km/s, Py =
= 33 Mbar. C step gave: t, — ty = 295 ps, D, = 32.2 km/s,
P, = 18 Mbar.

was of the order of 15 um). These give an error compa-
rable to the typical <5% due to streak camera resolu-
tion. The Al step thickness was 5 pm.
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Other carbon targets were fabricated at General
Atomics [37] (see Fig. 3) using a completely different
technique based on the use of colloidal carbon. In this
case, carbon with initial density p, = 1.6 + 0.10 g/cm?
was produced. Stepped targets were made of lathe ma-
chining of bulk aluminum. The Al base was =8 pm, and
the step thickness was =8.5 um. The carbon layer was
then produced and the target was machined again to
produce the C step (with thickness =10 um). The use of
two different type of targets allow a comparison of
measurements and a better confidence in our results.
Fig. 4 shows a typical results obtained from the emis-
sivity diagnostics. In total we obtained 5 good experi-
mental points at LULI (2 for p, = 1.45 g/cm? and 3 for
Py = 1.6 g/cm?) and 4 good points at PALS (all for p, =
= 1.6 g/cm®). These are shown in Fig. 5 with all the oth-
er experimental results already available in the litera-
ture in the pressure range P > 1.5 Mbar. Data, grouped
according to their initial density p,, are compared to the
shock polar curve derived from the Sesame tables (the
model QEOS [38] yields practically identical results
for carbon, even if usually it does not describe the
Hugoniot with the same accuracy like the SESAME
EOS does).

The errors on pressure and fluid velocity are =15%
and =20% respectively; these error bars have been esti-
mated by calculating the propagation of experimental
errors on shock velocity (5%) on the quantities deter-
mined by the mismatch method. The error on shock ve-
locity is instead determined from the experimentally
measured uncertainties in step thickness and by streak-
camera temporal resolution.

All our data, for both initial densities, are below the
shock polar curve derived from the Sesame tables. De-
spite our quite large error bars (which make most points
compatible with the theoretical curve), such results
show a systematic deviation, and indicate a compress-
ibility of carbon, at these pressures, much higher than
what predicted by most models (the density p of the
compressed sample is obtained from the Hugoniot Rank-
ine relations for shocks, namely from p(D-U) = pyD).
However such behavior could be also due to the pres-
ence of systematic errors in our experiment. One possi-
ble cause often cited for explaining errors in laser-
shock EOS experiments is preheating induced by
X-rays. In our case, preheating was surely small for the
points at LULI due to the rather low laser intensity and
the presence of a CH layer on laser irradiated side,
which reduces X-ray generation (as shown experimen-
tally in [35]). On the contrary, for the shots at PALS
preheating was measured by calibrating the emissivity
diagnostics and, for the two shots at higher energy
(pressure), it was as high as a couple of eV [34]. De-
spite this, the LULI points are as far from Sesame as the
PALS points. Therefore preheating is probably not the
cause of deviation from theoretical curves (or at least
not of the whole deviation). Another possible systemat-
ic effect could be due to the high porosity of the targets,
even if porous and foam targets are routinely used in
2007

ToM 81 Ne 9



HIGH PRESSURE BEHAVIOUR OF CARBON BY LASER-GENERATED SHOCKS

Pressure, Mbar

14 iy
12+ _ v i / + 7
p=3.51g/cm // 2_23“:‘ 1.85/ 1.64 ¢ 1:45
10f /A
8t VA,
6 d /:" ./ :r
SoSS S
FL 4
4t A
y ,';.«‘/“ —F—
2 B Dl" /'}:
P _v", - ?
A - 1 1 1 1 I
0 5 10 15 20 25

Fluid velocity, km/s

Fig. 5. Experimental EOS results from shock experiments.
Only data with P > 1.5 Mbar and corresponding Hugoniot

are shown. Our points: full squares, 1.45 g/cm3 LULI; emp-
ty circles, 1.6 g/em® LULI; full circles, 1.6 g/cm’ PALS.
Previous points: empty diamond, 1.85 g/cm3 Pavlovskii
et al. [28]; triangles, 2.2 g/cm3 Nellis [29]; full diamond,
2.23 g/cm3 Pavlovskii et al. [28]; empty squares,
3.51 g/em? (diamond) Pavlovskii [30].

EOS experiments. Hence, even if this point requires
further future work and analysis, for the moment we
can conclude that at very high pressures carbon is likely
to be more compressible than predicted by Sesame or
QEOS. Let’s notice that a deviation from Sesame is al-
so observed for other points obtained at high shock
pressure (for instance the point at =3 Mbar for carbon
with py = 1.85 g/cm? reported by Pavlovskii and Drakin
[28]). Even more interestingly, the same behavior was
observed by Nellis et al. [29] who, using underground
nuclear explosions as a compression tool, report two
EOS points for graphite (p, = 2.2 g/cm?) at 4.76 and
7.61 Mbar.

The relation between shock velocity D and fluid ve-
locity U for carbon in the Megabar range is linear (D =
= C + SU, where C is the sound velocity in the material
in that pressure range). For carbon with p, = 1.6 g/cm?,
from Sesame (or QEOS), we get C =5 km/s and S = 1.27
[39]. A linear interpolation of our points instead yields
S = 1.08-1.14 (depending on whether we consider or
not the two “preheated” points). From this we get an
“experimental” shock polar P = p,DU = p,U(C + SU)
which of course nicely interpolates our results in the
(P, U) plane. This curve is above the thermodynamic
limit P = p,U? corresponding to infinite compressibility
(all our experimental points are above such limit).
However, it seems too close to the shock polar for a
perfect gas, which again could indicate an influence
from systematic effects. For the case p, = 1.45 g/cm?
we didn’t make any attempt to determine S since we
had two points only.
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CONCLUSIONS

The observed increased compressibility of carbon,
suggests that at a given pressure along the Hugoniot,
the density in the final state (liquid) is smaller than that
for solid. Transitions to less dense phases also enhance
thermal contributions, explaining the observed pressure
discrepancy. This agrees with conclusions by Nellis et al.
[4] and reinforces their observations.
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ITPOCTBIE MOJIEKY/Ibl HA AKHENNTOPHOM HEHTPE HEOJ/IUTA:
KBAHTOBO-XUMHUYECKHUU NTOAXO0
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Ha ocHoBe pa3anyHbiX KBAHTOBO-XUMHYECKHMX METOJIOB M CONOCTABJICHUS C IAHHBIMH HENOCPEACTBEHHbIX
H3MEPEHHH N0Ka3aHa 3(p(PEKTHBHOCT M TOCTOBEPHOCTD KIIACTEPHOrO MOAXOMA K MOJEIMPOBAHHIO B3aM-
MopeicTBus psafa npocThix Mosiekyn (CO, Boga, aMMHaK, 3TUIIEH, METAHOJ) C aKUENTOPHBIME LEHTPAMU
LIEOJIUTOB. ¥ CTAHOBJIEHO, YTO B KoMmiekce Mosekyln CO ¢ TpeXKOOpIUHUPOBAHHBIM ATOMOM aJIFOMUHUS
06pasyrorcs ceasu Al--CO, 4To 103BOJIAET UCTIOTB30BATE ITY MOJIEKYIY KaK TECT HA aKUENTOPHBIE CBOM-
cTBa 1e0auTOB. CONOCTaBIEHHE ONBITHBIX U PACYETHBIX AAHHBIX JUIsSI B3aUMOJENCTBHS OT OIHOM JJO TpeEX
monekyn tuna RH ¢ ¢pparMeHToM LieonuTa no3BosieT yTBEPKAATh, 4TO BOJA, AMMHAK, ITUJIEH H METAHOJI
B NI0JI€ AKLENTOPHOTO LIEHTPA LEOIUTA MPHOOPETAIOT NPOTOHOOHOPHBIE CBOMCTBA, AHAJIOTUYHbIE CBOM-
cTBaM MOCTHKOBBIX rpynn OH B Bogopoanbix hopmax neonutoB. OTMEUYEHO, YTO NP MOCTPOEHHH BEPO-
ATHBIX CXEM KaTaJu32a UEOTUTaMU HEOOXOMMO YYHTBIBATh BO3MOSKHOE YUaCTHE AKLENTOPHBIX LEHTPOB B

NpEBpALICHUN MOJICKYJT YKa3aHHOI'O THIIA.

B nocnennue ropel pa3BuTHE TEOPHH U MPAKTHKH
CAENaNo KBAHTOBO-XUMHUYECKHE pacyeThl OJHUM W3
OCHOBHBIX METOJIOB HENOCPE[CTBEHHOTO H3y4eHHs
CBOWCTB pa3IM4YHbIX MOJIEKYJISIPHBbIX cicTeM. [Ipu aToM
Iepelid OT MCCIENOBAaHUs B3aUMOJACHCTBUSL IBYX
UJIM TPEX MOJIEKYJ MEX[y COOOIi K B3aUMOJEACTBHIO
KJIaCTepOB (aCCOLMATOB) C OMHOW MM HECKOJIbKHUMH
ApPYTUMH MOJIEKyJ1aMu. Takol nepexoy sIBUJICS Kaye-
CTBEHHBIM CKa4KOM, [TIOCKOJbKY IIPH 3TOM U3y4aroT Ha-
HOCTPYKTYPbI, OTJMYAIOMHECcs 0 CBOACTBaM KakK OT
HMHIUBHYaNbHBIX MOJEKYJ, TaK H OT OObEMHBIX (a3.
CTaHOBUTCA BO3MOXKHBIM MOJIETUPOBAHUE CBOWCTB
OJIATOMEPOB B OO'BEKTOB CYIPAMOJIEKYJIIPHOA XUMUH.

PacueTtHble nuccrnenoBaHusi, IPOBOJUMBIE B COYe-
TaHUU C HEMOCPENCTBEHHBIM 3KCIEPUMEHTOM, I03-
BOJIAIOT 6oiiee riyO0OKO U JOCTOBEPHO YCTAHABJIM-
BaThb 3aKOHOMEPHOCTH (POPMUPOBAHUSI CTPYKTYP,
CofiepKallfX CPABHHUTENBHO HEOOJBIIIOE YHCIIO HH-
NUBHAYaIbHBIX MOJIEKYJ, H OLIEHHBATh BEPOSITHOCTh
UX YCTOWYUBOro cocTosiuusl. OCo6eHHO MOJIe3€eH Ta-
KO KOMIIJIEKCHBIN MOAXOJ, KOrja 3HEPreTHYecKue
pasnuyus MEXAY THIOTETHYECKHMH CTPYKTypamd
He MO3BOJISIOT JeJaTh HaleXKHbIe BbIBOABL. [Ipyrum
HEMAJIOBAXXHBIM OOCTOSITEJILCTBOM SIBJISIETCSI M TO,
YTO IIPOBEJEHUE TEOPETHUECKUX PACIETOB MO3BOJISI-
€T MOBBLICUTL JOCTOBEPHOCTb HMHTEPIPETALIMHA pe-
3yJIbTATOB Pa3IUYHbIX (PU3NYECKHX METOMIOB HCCIIE-
AOBaHUsl. DT HOBbIE, COBPEMEHHbIE NOIXOMbI HC-
NOJIL3YIOT NPH HU3YyYEHHH CaMbIX Pa3HOOOpPa3HbIX
CHCTEM, HO HauOOoJIblIee PaCIPOCTPAaHEHUE MOy YH-
JIX OHM B U3YYECHUH OMOJIOTHYECKUX CHCTEM, B YaCT-
HOCTHU TIPH BbISICHEHHH MEXaHH3Ma AeHCTBusl dep-
MEHTOB, M B KaTajli3e KOMIUJIEKCAMH NEPEXOTHBIX
METAJJIOB, KJIACTEPAaMU U TBEPAIbIMH TeJIaMH (L€0IH-
TaMu).

ITpu n3yyeHnn MOAEIbHBIX CTPYKTYP reTeporeH-
HOro Karajau3aTopa U HUX B3aUMOJEHCTBHI C ajicop-
OMpYIONIUMHUCS M NPEBPAIIAIOLIIAMUICSI MOJIEKYJIaMU
OYEBHIHO HEOOXOUMBIM 3TAIOM SIBJISIETCS OCTPOE-
HHME CPaBHUTEJBHO HEOOJBUIMX KJIACTEPOB TBEPAOTO
Tena. B CBA3M € JKECTKOCTbIO HEOPraHMYeCKUX CH-
CTeM, SBISIOLMXCS OCHOBOH OOJBIIMHCTBA reTepo-
FEHHBIX KaTaJIM3aTOPOB, /151 MOJICTMPOBAHHSI CBOIICTB
aKTHBHOI'O LIEHTpa IPEACTaBIsETCS BIOJHE JIOCTA-
TOYHBIM YYUTBIBATH TOJBKO ONMKAMIIIEe ero oKpy-
keHue. Takue npeacrasBieHust Jal0T BO3MOXKHOCTbD,
UCIIONL3ysl PEHTTEHOCTPYKTYpHbIE JaHHbIE, BbIOU-
paTh CPaBHUTENBHO HEOOIBIION B XKECTKHIA KJIacTep,
HepefaoImyid CBOUMCTBa TBepforo tenaa. [Ipum atom
BO3HHKAIOT JIBE CEpbE3HbIE NPOOsIeMbl. Bo-nepsbix,
BbIOOp (pparMeHTa KaTaau3aTopa, HMUTHPYIOIIETO
aKTUBHBIN LIEHTP, a BO-BTOPBIX, BEIOOP YMCIIa ¥ BUAA
JIOCTaTOYHO IPOCTBIX MOJIEKYJI, B3AUMOJEHCTBHE KO-
TOPBIX C MOJEJBHBIM aKTHBHBIM LIEHTPOM (KJacre-
POM) NO3BOJIHUT CAEIATh OOOCHOBAHHBIE 3aKII0YCHHS
0 MexaHu3Max aficopOLiH U KaTalu3a.

B nocnepane roppl B Halei rpyimne ObUTH pa3pa-
00TaHbl COOTBETCTBYIOIHE MOAXOAbI U MPOBEIEHO
HESMIIMPUYECKOE MOJEIUPOBAHUE PA3JIUYHBIX KJa-
crepos. Tak, ¢ neapro 6osee rybOKOro MOHUMaHUS
aTMOCEPHBIX MPOIECCOB HCCIEIOBaHbl CBOMCTBA
KJIacTepoB, BKIrovaromux o 100 monekyn Bogbl u
B3aMMOJIEACTBYIOMINX C O30HOM HJIU JHOKCHIOM a30-
ta [1]. Ipyrum nHanpaBieHueM paboT ObLIO H3ydye-
HHE CBOWCTB INPOMBINUIEHHO Ba*KHBIX I€OJHMTHBIX
KaTajJu3aToOpOB, [JJIs YEro HMCHOJIb30BAJIMCh LUKJIHU-
yeckue (PparMeHThbI CTPYKTYpbI, COepKaIlue TPH,
YEThIPE, MIECTb, BOCEMb TETPAdAPUIECKUX AaTOMOB
AJIFIOMHHHUA U KPEMHHUS, B3aUMOJIEHCTBYIONIUX C Ofl-

1549



1550

HOfI—TpeMH MOJIEKYJIaMHU BOJbI, aMMHaKa, 3THJICHA,
METaHOJIa B COCTaBE KjlacTepa.

CTpyKTypa H CBOMICTBA LIEOJIMTHBIX KaTaJIH3aTO-
POB BECbMa pa3sHOOOpa3HbI, HO OOIIAM JiJIsT BCEX SIB-
JISIETCSL BBICOKAS CTENEHD YIIOPSIOYEHHOCTH PAcHoo-
JKEHHST COCTaBJIAIOIMIX UX aTOMOB. [ToaToMy n3yueHue
AKTHBHBIX IEHTPOB LEONATOB BO3MOKHO NPH MOJEIIH-
POBaHUM CBOJCTB CPAaBHAUTENIBHO MAJNIbIX CTPYKTYP, CO-
CTOSIIUX U3 LEOJUTHOrO (PparMeHTa U HECKOJIBKHX
CPaBHHUTEILHO HEOOIBILINX MOJIEKY, HCTIOJIb3YEMbIX
IpH M3YYEHUH afCOPOILMOHHBIX U KATATUTHYECKHX
CBONCTB KaTanu3aTopoB. MIMeHHO 3TOMy pa3peny
HalMX padOT NOCBAIIEHA JJaHHas yOIuKanusl.

B paboTax no MofenMpoOBaHMIO [IEONUTHBIX KaTa-
JIU3aTOPOB Hanboblilee BHUMAaHNE Pa3jiMYHbIE UCCIIe-
JIOBATEJbCKIE TPYNIbI YACHSIOT W3YYEHHIO CBOWCTB
NPOTOHOIOHOPHBIX NEHTPOB. OJHAKO B HEMOCPEN-
CTBEHHBIX OIBbITaX MOKa3aHO, YTO BO MHOTHX CJIy4Ya-
SIX aKTHUBHOCTD LIEOJINTOB CBSI3aHA KAYeCTBEHHO M KO-
JMYECTBEHHO C AKUENTOPHBIMH LEHTpamu. Takue
LEHTPbI BOZHHUKAIOT 32 CYET TOTO, YTO JIETHIPOKCH-
JMMPOBAaHKE KPUCTAJUIHYECKOTO AIIOMOCHIMKATA MIPH
NOBBIIIEHHON TeMInepaType NPHBOAHT K yMeHbIIle-
HHUIO KOOPAMHALUH TETPa3ApUYECKOro aToMa ajko-
MHHHS H, TEM CaMbIM, K 0OpPa30BaHHIO CTPYKTYPHOTO
nedekra. CBOMCTBAa aKLENTOPHBIX LIEHTPOB U B3aH-
MOJIEHCTBUE C HUMHU Pa3HbIX MOJIEKYJN H3y4YeHbI B
3HAYUTEJIbHO MEHbLIeH cTeneHu. Psn uccnemoBare-
Jei, KpOMe TOro, ojiaraeT, YTO OHH He SIBISIIOTCS
AKTHBHBIMH IIEHTPAMH KHCIOTHOTO KaTalu3a.

Hamn panee m3ydanucb KaTaJUTHYeCKHE CBOWi-
CTBa LIEOJIUTOB, 00NafaloUX HEHTPAMH TaKOrO TH-
na. Ha ocHOBaHuM KOppeNsuy 9KCNepUMeHTaTbHbIX
pesyabratoB u HMK-cnekTpanbHOro u3ydyeHus aj-
copOuMK pa3/MYHbIX OCHOBAHUH MOKAa3aHO, YTO aK-
HENTOPHBIE HEHTPhI MOTYT ObITh AKTUBHBIMH B KHC-
JOTHOM KaTanuse. Kpome Toro, npeanonoxeHo, 4to
B3aMMOJIENCTBHE C HUMHU MoJjekys tuna RH moxer
OPUBOAUTL K OOpa30BaHUIO HOBBIX IPOTOHOJOHOP-
HBIX HEHTPOB [2]. UMEHHO 3TO BbI3BaJIO NOCTAHOBKY
CHCTEMATHYECKOr0 KBAHTOBO-XUMUYECKOro H3y4e-
HHsl CBOMCTB aKLENTOPHBIX IIEHTPOB U MOJIE/IUPOBa-
HHS B3aMMOJECHUCTBUS C HUIMHU Pa3IHYHBIX MOJEKYII.

PesynbTaThl HEIMNUPUUYECKUX KBAHTOBO-XHMH-
YECKHX PacyeToB JJAIOT OCHOBY ISl IITyOOKOrO MOHU-
MaHUsl IPUPOAbI U CBOKCTB aCOPOIMOHHBIX KOM-
miekcoB (CO, Bona, aMMHuaK, 3THJIEH, METAHOJI), O0-
pa3yIOMIUXCs NPH B3aUMOJICHCTBIH C MOJETIbHBIMHU
(pparMeHTaMu CTPYKTYpbl LEONUTA, COfepKaIlUMH
KOOPAUHAIIMOHHO HEeHACHIILEHHbIN TETPadipUIEeCcKuil
aToM antomuHust. [Toka3zaHo, 4TO B [10JIe aKIENTOPHO-
ro HyeHTpa MonekyJbl Tuna RH cnoco6GHbI nposiBsTH
CBOWICTBA JJOHOpa IIPOTOHA.

KYPHAIl ®USUYECKOU XUIMHNU

CTEITAHOB u pp.

KBAHTOBO-XMMHNYECKHE PACYETBI
N BBIBOP MOJEJIbBHOI'O ®PATMEHTA

Jlns mpoBepeHusl pacyeToB B KadecTBe IEPBOro
NpUONIKEHNs HCNOIb30BAJIN MOIY3MIMPUIECKMI Me-
tog PM3 (MOPAC 93), a 3aTeM NpOBOJMIHA PacdeThl
OrpaHU4YeHHbIM MeTOAOM XapTpu—®Poka, 10 TEOpHH
Bo3Myliennii Memnepa—Ilnecce BToporo mnopsuka
(MP2 u LMP2, PC GAMESS) u metogoM (pyHKIHO-
Hala MIOTHOCTH C HEJOKANbHBbIM (PYHKIHOHAJIOM
BLYP u rubpugnsim ¢yskuuonanom B3LYP (npo-
rpammebiil maket JAGUAR). ITockonbky pa3Hble
HEIMNUPUYECKHUE MOAXO/bI IPUBOAMIN K KAYECTBEH-
HO U KOJIMYECTBEHHO COBNAJAIOLUM pe3yJbTaTaMm,
OCHOBHas1 HH(opManusg OblIa MONy4YeHa C UCIOJNb-
3oBaHueM (pyHkunuonana BLYP (6a3ucer 6-31G** u
6-31++G** st OleHKH HEpruu OTpblBa NPOTOHA).
Br100op cpenan Ha OCHOBE MPEABAPUTENBHBIX pacye-
TOB C HCTIOJIb30BAHMEM Pa3JIMYHbIX 0a3lCOB U COINO-
CTaBJICHHS NOJyYEeHHBIX pe3yabTaToB. Bo Becex ciy-
Jasix (KpoMe OIEHKH 3HEeprud OTpbiBa NPOTOHA)
NPOBOIHUJIN MOJHYIO ONTUMHU3ALAIO TeOMETPHH aHA-
JTU3UPYEMBIX MOJIEKYJISIPHBIX cucTeM [3]. OneHky Be-
JMMHBI 3apsfia Ha aTOME NPOBOAMIHU 10 Malukeny.

Jns mMopenupoBaHusl aKIENTOPHOIO LEHTpA HC-
MOJIb30BaJM 3aMKHYThIE LIUKJIUYecKue (pparMeHThl,
cofepXKaluue [Ba—CEMb aTOMOB KPEMHHS M OJUH
atoM anomuHusi. HeGonbmioe yucno terpasgpude-
CKHX aTOMOB 00JIerdajio NpOBEJICHUE BbIYUCIEHUM,
HO 00ecre4nBano CTPYKTYPHYIO KECTKOCTb, CBOWM-
CTBEHHYIO LIEOJIUTHBIM CTpyKTypam. [Ipensapurenn-
HO OBIJIO MOKAa3aHO, YTO CTPYKTYPBI C TPEMS TETPa-
appuueckumu (o6o3HaueHue 37) aroMaMu [OcCTa-
TOYHBI JIsi MOJENIHMPOBAHUSl B3aUMOJEUCTBHA C
MaJbIMU MOJIEKYyJaMH (BOJia, aMMHAK), TaK KaK pac-
mupeHue ¢parMeHTa He MPHBOAMIO K 3aMETHBIM
pasnuunsiM. CTpykTypel THNa 8Z HEOOXOOUMBI IS
aHalu3a CHUCTEM, COJIepKAILUX MOJIEKYJNbl CIHUPTAa.
O06e BbIOpaHHbIE MOJENU CTPYKTYPbl SABISIOTCS
(pparmMeHTaMu peanbHbIX IEOJTUTOB: 37 CONEPKUTCA
B ZSM-18, a 8Z B cTpykType ¢oxka3uTta, puc. 1.

HexkoTopbie 13 NOJNy4YEeHHBIX PE3yJIbTaTOB MOXKHO
CONOCTaBUTh C IUTEPATYPHBIMU NAHHBIMH, YTO MO3-
BOJIMJIO MOATBEPAUTH AOCTOBEPHOCTh HALIErO MOJ-
xona.

OBCYXJIEHUE PE3YJIbTATOB
Bsaumooeiicmaue ¢ 00HOI MOAEKYAOU

H3zyyenune agcopbumu monexkynsl CO nokasano,
gT0 3Heprusi auccormanuu 3Z-CO Ha 35 k[Ix/Monb
BbIlle, YeM aHeprus pucconpanmu 3Z-0C, a paccro-
sane C---Al B 37Z-CO Ha 27 1M MeHbIIIe, YEM paccTo-
saue O---Al B 3Z-OC, Tak 4TO NPEAnoYTHTEIbHbIM
oka3sbiBaeTcst o6pa3oBanue kommiekcos Al--CO, a
He Al---OC. IIpu 3TOM 3Hay€HHE TEMIOThl afcopO-
nun (50-60 xJIx/Monb) U cuHMil casur (54-62 cMm™)
nonoc MK-cnektpa ObLIM BOCIPOU3BENEHBI C XOPO-
meid TOYHOCThI0. OTMEYEH CYIIECTBEHHBIH NEPEHOC
2007
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Puc. 1. ®parmenTsl 3Z u 8Z B neonurax.

3JeKTpOHHO! MIOTHOCTH 0T CO Ha TPeXKOOpAHHH-
poBanHbIii atoMm amromunus (0.347 a.e. no cpasHe-
Huto ¢ 0.151 a.e. B cBodopHoi MonekyJiie CO), 9To co-
OTBETCTBYET JIUTEPATYPHbIM JaHHBIM [4].

KooppuHanpionHoe B3anMOJEUCTBHE MOJEKYJIbI
BOJIbI C aKI[ENITOPHBIM LIEHTPOM MPHUBOJUT K U3MEHE-
HMIO €€ CBOMCTB, YKa3bIBAIOLIEMY Ha O0JIerYeHue OT-
pbIBa NPOTOHA OT CBSI3AHHOH MOJIEKYJbI BOJABI IO
CPaBHEHHIO CO CBOOONHOU. ['aBHBIN BKJaj B TaKOe
U3MeHeHne BHOCUT CaM aKIeNTOPHBIN HEHTp, a BJIu-
sIHUE ero OKPYKEHHS] HOCHT BTOPHUYHbBIH XapakTep.
Huccoumanust Bope! B noJie knacrepa 8T npusogut K
00pa30BaHHI0 MPOTOHHOIO LEHTpa TOH XK€ CHIIBI,
4TO M KoopAauHauus. ITonyyeHbl NpakKTHYECKU COB-
najale 3HA4YEHUsl SHEpPrud OTpbIBa IPOTOHA
(1354 + 0.5 k[Ix/mons), gauabl cesizeit OH (98.2 +
+ 0.05 nMm) u 3apsioB Ha atromax H (0.370£0.002 a.e.)
COOTBETCTBYIOIIUX KOMILIEKCOB. B TO ke Bpewms, xa-
PaKTEpUCTHKH JJUCCOIUATUBHOIO KOMILIEKca (Voy =
=3635 cMm!, Rya; = 240 M) 0Ka3bIBAIOTCs OIH3KH K
3KCMEPHUMEHTAILHBIM IaHHBIM, OTHOCSIIIUMCS K MO-
crukosoii rpymrie OH ¢ozkasura, pparmMeHTOM KOTO-
poro sasnsiercs kynactep 8T. CnegoBaTenbHO, MOXKHO
IPEeANOIOKUTh, YTO KOOpAMHALMS BOAbl Ha aKLeEl-
TOPHOM LIEHTPE TaKXe MPUBOJUT K OOpa30BaHUIO
IPOTOHHOTO LEHTPAa, KOTOPbIil GIM30K I10 CUJIE K MO-
crukosoii rpynne OH.

KoopnuHanust MOIeKynbl aMMHaKa Ha ak[enTop-
HOM IHeHTpe [5] mpuBOAUT K TaKOMYy BO3MYILEHUIO
MOJIEKYJIbI, YTO HAa OJJHOM M3 aTOMOB BOJIOpOJa MO-
JIOXKHUTeNbHBIN 3apsy Bo3pactaet Ha 0.07-0.10 a.e. u

XYPHAJI ®UBNYECKON XUMUH
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9TOT aTOM CTAHOBHUTCSl MOTEHUHMAJIbHBIM LEHTPOM
IPOTOHOJIOHOPHOM! KHCIOTHOCTH. MOJiEKy1a aMMHa-
Ka 00pa3yeT KOOpAWHALMOHHYIO CBs3b N--Al piu-
Hoi 203.3 M, a Takxke BopopoaHy!o cBs3b H--O c
aToMoM Kucnopona B cocrase kiactepa 3T. [InuHa
3TOM BOAOPOJHON CBsi3H cocTasisieT 208 M, a cooT-
BetcrByromuii yroa NHO pasen 147 rpap. [Qucconu-
anusl B COCTaBe HOHHOM mapbl 00pa3yeT 0oJiee Cuib-
HBIHA LEHTP OPEeHCTEAOBCKON KUCIOTHOCTH, HO SHEP-
retudyeckd MeHnee (130 k]JIk/Monb) BBITOHA, YEM
KOOPAMHALMOHHOE CBSI3bIBAaHHE MOJIEKYJbI. Paccun-
TaHHbIE BEJMYNHBI 9HEPIUH KOOpAUHAIMYU (afcopo-
1mn) u cuHmil casur (8, Konebanus Ha 140-160 cm™')
aJicopOpOBaHHON MOJIEKYJbI XOPOIIO COTacyrOTCs
C IUTEePaTyPHbIMH JaHHBIMH. CBSI3bIBaHIE aMMHAKA
YMEHBIIAET HEPIHIO €ro fenpoTroHu3anmu Ha 203—
257 x]Ix/mMonb B KoMIutekcax 37 u 8Z COOTBETCTBEH-
Ho. IlonydyeHHble pe3yibTaThl AHAJOTUYHBI MONY-
YEHHBIM paHee Kak B HalllUX UCCIeJOBaHMAIX, TaK U B
paboTax Apyrux aBTOPOB IO U3YYEHHIO a[COPOIHMU
BOMIbI HA aKUENTOPHBIX HeHTpax. OfHakKo B KOM-
IUIEKCax C BOAOU 3HEPrus AeNpOTOHH3ALUM HUKE,
T.e. MOJIEKyJla aMMHaKa, BO3MYIIEHHasl aKIeNnTop-
HBIM LEHTOM, OyzieT Oouee ciaabbiM, 4eM agcopoupo-
BaHHAasl BOJia, IPOTOHHBIM IIEHTPOM.

IIpu agcopOuuy 3THIIEHA MPEHMYIIECTBEHHbIM
ABJsieTcsl 00pa30BaHUE INIOCKOTO U CTaOUIBLHOTO TT-
KOMIIJIEKCA, B KOTOPOM CBSI3b ATOMA BOJOPOAa CTa-
HOBUTCH cabee: 10 CPaBHEHHUIO CO CBOOOIHOMN MOJIe-
KYJIONl 2Heprusi JeNpOTOHM3ALHM YMEHbIIAETCS Ha
110 u 150 k/I:x/Monp Ha KoMiutekcax 37 u 8Z cooT-
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BETCTBEHHO. 3aps/bl HA aTOMAax BOIOPOJa BO3pacTa-
10T B cpeaneM Ha 0.07 a.e. OpueHranus 3TUX aTOMOB
OTHOCHUTEJIBHO aTOMa aJIIOMHUHHS HE3HAYHUTETHbHO
BIIUSIET Ha NPHOOpeTaeMblIil U30bITOUHBIH 3apsia. Ca-
Ma MoOJeKyJa NpHOOpeTaeT YacTHYHBIA IOJIOXKH-
TEJbHBIA 3apsii Ha KOHIEBBIX aTOMax BOAOpOJa:
0.255 a.e. OTo npuBoaMT K ocnadneHuto csizu C=C,
YTO HAXOAUT OTPaKEHHE B €€ yJyInHeHn: Ha 1.5 M u
KPacHOM C/IBUI'€ 4YacTOTbl €€ BAJEHTHOro Koyeba-

nmsi! Ha 3841 cem!, Tee. aficopOupoBaHHast MOJIEKYJIa
MOXeET 00J1afaTh CBOMCTBAMH IPOTOHHOW KUCIOTBI.
W3 3Toro caefyer, 4TO NPOTOHOJOHOPHBIE CBOUCTBA
Moiiekyn RH B mose aknenTopHoOro (TpexKoOpInHu-
poBaHHOro atroMa Al) 3aMeTHO BO3pacTaloT.

Jns Moniekyn MeTaHona [6] npu cBsI3pIBAaHMH Ha
3Z- u 8Z-¢pparMeHTax KOOpAUHALMS TaKXkKe IHepre-
tuueckn (Ha ~40 kJIk/Monb) Gojiee BbITOJHA, YEM
aucconmanysi. BiusiHue akuenTopHOro LeHTPa BbI-
paxaeTcd B OOJeryeHun oTpbiBa nporoHa ot OH-
rpynnsl. BeneperBue aToro oHa npuoOpeTaeT cBO-
CTBa MPOTOHHOM KHUCJIOTHI U MO CUJIE JOHOPHOH CIO-
cobHocTH npudIMKaeTcst K Moctukosoir OH-rpynne
B BOJIOpOAiHbIX (popMax neonntoB. OOGpasylowasicsi B
pe3ynbTaTe TakKoro B3aMMOJEHCTBUS METOKCUTPYII-
na CH;0 no pnuHe cBsizeil, 3HAYEHHSIM BaJIEHTHBIX
yIJI0B ¥ 4aCTOTaM KOJieOaHu# MpaKTHYECKU HE OTIIU-
yaeTcs OT MOCTHKOBOH MeTokcurpynnsl B H-¢op-
Max IIeOJUTOB: AaHuHbI cBs13eil C—-H oTinmuyarorcsa Ha
0.1-0.3 nm, pusasbl cBsazedt C—O Ha 1.3-1.5 nM, yriusl
HCH na 0.2-0.5 rpag., 3apsinpt CHs-rpynmns Ha 0.017-
0.019 a.e., a yacTOTHI rapMOHUYECKUX KOJIeOaHUA HA
0-15 cm™!. MoxHO mojaraTh, 9TO ¥ peaKIMOHHAs
CIHOCOOHOCTH MX OYIET BecbMa OJIU3KOIM.

W3MeHeHus1 CTPYKTYpbI LIEOJUTHOTO (pparMeHTta
B pe3yJnbTaTe B3aMMOJEHCTBHS C aficopOupyeMbIMU
MoJleKyJ1aMu OTMeueHbI Bo pparmenTe AlO;. M3me-
HEeHHUs 3apsioB HA aTOMax M MeXKaTOMHBIX paccTosI-
HU# CBsI3efl, IPUJIEraloluX K 3TOMY (pparMeHTy uinu
MHHHMabHBI (BTOpasi cepa), Hiu He PErUCTPHpYe-
Mbl. Tak, n3menenune piuuH cssizein Si—O B Z3 cocTaB-
asiet aumb 0-3 M, TOrAa Kak OCHOBHAsl 4acThb CBS-
3eit Si-O knactepa 8Z B ero OMHapHbIX KOMILJIEKCAaX
BOOOIIE OCTaeTCss HEBO3MYIIEHHOH B mpepgenax
+0.5 oM. B knacrepe 3Z Bo3MylueHHe 3apsjoB Ha
ylaneHHbIX aToMax He npesblimaeT 0.02 a.e., a B Kna-
crepe 8Z 3apsipl Ha OONBIIUHCTBE aTOMOB H3MEHS-
10Tcs He 607ee yeM Ha 0.01 a.e. Tem cambIM noaTBEp-
KJlaeTcs MPUHATAs! HAMH HJesl, 9TO MaJible (pparMeH-
Tbl B oOpa3yeMble HMH KJacTepbl MOryT OBbIThb
Hafie;KHOH MOJEJNILIO B3aHMMOJEHCTBUH B CHCTEME
LEOJUT-UHANBHAYAJIbHAS] MOJIEKYJIA.

Apcop6uust monekyn tuna RH npusoput K o6pa-
30BaHHIO HOBBIX NMPOTOHOJAOHOPHBIX LEHTPOB, YTO
OO'BSICHSIET MOJTyYeHHbIE HAMU paHee aHHbIe 00 yBe-
JNYEHUHN aKTHUBHOCTH IEOJIUTOB MpH aficopOLuu Ma-
JIBIX KOJIMYECTB BOJIbI, aMMHAKa U CEPOBOIOPOJA.

1 Koneﬁaﬂue, Y4acTHE B KOTOPOM CBsI3U C=C MakcUMaJILHO.

KYPHAJI ®U3UYECKON XUMUHN

CTEITAHOB u np.

OOwumit BBIBOJ JaHHOH 4YaCTW HUCCIENOBaHUU CO-
CTOHT B TOM, UTO B3aumoyencTaue Moisiekysa tuna RH
C aKLEIITOPOM MOXKET NPUBECTU K TAKOMY BO3MYIIE-
HUIO a[iCOPOMPOBAHHBIX MOJEKYJ, KOTOpPOEe IMO3BO-
JI€T paccMaTpUBaTh MX KaK MOTEHIHUANbHbIE JOHO-
pbI IPOTOHA.

B3zaumooeiicmeue ¢ yeoaummoim ppazmeHmom 08yx
UAU MPeX MONEKYA

[TpucyTcTBHE HECKOJIBKUX MOJIEKYN BOJHM3M aK-
LENTOPHOIO LEHTPa NPUBOAUT K OOpPa30BaHUIO Op-
TaHU30BaHHBIX CTPYKTYp, KaK IpPaBUIO LMKIUYE-
CKHUX, a HapacTaHUE 4Yucia afcoOpOUpPOBaHHBIX MOJIE-
KyJl IPHBOJUT K 00pa30BaHUIO Iernoyek ajcopoara.
[Tpu apcopOuuK HECKONBKHX MOJIEKYJ BOAbI MPOKC-
XOJUT CYIIECTBEHHOE M3MEHEHHEe WX 3JIEKTPOHHOMH
I0THOCTH. Tak, Ha IPOTOHE MOJIEKYJIbI, HEIOCPEN-
CTBEHHO CBA3aHHOU C aTOMOM AJTFOMUHHUSI, 3apsijl BO3-
pacraet Ha 0.11-0.12 a.e., a cyMMapHblIii 3apsifi MOJIe-
Kynbl pocturaet 0.13-0.15 a.e. U3 aToro cuenyer,
YTO MOJIEKYJIa BOfbl B IOJIE LIEOJIUTA MPOSIBISAET
CBOICTBA, aHAJIOTHYHbIE THAPATUPOBAHHOMY IIPOTO-
Hy. Bo BTOpOIii MOnekyne 3apsibl Ha aTOMax BOAOPO-
na Bo3pacraroT Ha 0.03-0.04 a.e. TpeTnst MoneKyaa
BOJIbI CBSI3bIBAETCA HaUMEHee MPOYHO. DHEPrus OT-
pbIBa cocTaBisieT Bcero 66 kJI:k/Moib, B TO BpeMs
Kak OTPbIB BTOPO#l MOJIEKYJbI B afiCOPOMPOBAHHOM
nuMepe tpedyet 106 k[I:x/Momnb (32 k[I:x/Monb B CBO-
00HOM mmMepe). DTOT pe3yabTaT OOOCHOBBIBAET
IpeACTaBJIeHUE O NIOCNIEAOBATENbHOM CABHUIE IPOTOHA
B LIENOYKE HECKONBKHX MOJEKYJ] Boibl. Tako# 3g-
(pexT aHanOrMyYeH NpPOMCXOASIEMYy B LieNOYKax He-
CKOJIbKUX aMHHOKHCIIOT U HEKOTOPBIX IPYTUX COEMH-
HEHUH.

Bricka3aHHOE NPEANOIoKEHHE O TOM, YTO B I10JIE
aKIeNnTopa MOJIEKYNIa BOJIbI MOXKET CTaTh JIOHOPOM
IPOTOHA, MOATBEPKAAETCS pAaCYETOM KJIacTepa Ueo-
nuT-Bofa—ammuak. [lokasaHo, 4TO cBsi3aHHas B
KOMIUIEKC MOJIEKyJla aMMHAaKa aHaJIOTHYHA CBSI3aH-
HOMY HOHY aMMOHHs (puc. 2). YacToTel rapMoHnye-
ckux Konebanuil crpyktypbl 3Z—-OH-NH, (nepenoc
IPOTOHA BOJIbI) BOCIPOHU3BOAST OCHOBHBIE OCOOEH-
Hoctu MK-cnekTpa aMmmuaka, ancopOMpOBaHHOIO Ha
MPOTOHHOM KHCJIOTHOM LEHTPE: MPUCYTCTBYET I0JI0ca
1467 cm! B obnactu nepopMaLMOHHBIX KOJEOaHHI
1450-1500 cm™. D10 no3BONISIET YTBEPKAATD, YTO Afl-
copOumsi ¢ 00Opa30BaHHEM AOCTATOYHO CIOXKHOTO U
YHOPSAIOYEHHOrO0 KOMIIIEKCA HECKOJIBKUX MOJIEKYII
BOJIbI HJIM AMMHAaKa J0JIKHA ObITh CBOMCTBEHHA €O~
JIATaM.

Hamu nposepnensl Takke pacdeThbl KOMILIEKCOB
CO unu C,H, u Monexyn BOfbl, KOOPAMHUPOBAHHbIX
Ha aKIenTOpHOM HeHTpe. CpaBHEHUE CO CBOMCTBAMH
KOMIIJIEKCOB 3THX € MOJIEKYJ CO CTPYKTYPHBIMH
OH-rpynnamu H-¢popm nieonutoB nokasano npakTi-
YecKH IMOJIHOE COBIAJIeHNe PAacCYUTAHHBIX XapakTe-
PHCTHK. DTO MO3BOJSIET 3aKJIIOYUTh, YTO MONEKYJIa
BOJIbI, KOOPAAMHUPOBAHHAsI HAa aKLENTOPHOM LEHTPE,
2007
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Puc. 2. Komnneke 3Z-2H,0-NH3.

MO0 CBOEH MNPOTOHOJOHOPHON CIHOCOOHOCTH BEChMAa
OnH3Ka K XOPOIIO U3YYEHHbIM IEHTpaM OpPEeHCTE0B-
CKOH KHCJIOTHOCTH.

IIpoToHOmOHOpPHASI AKTHBHOCTH BO3PAaCTaeT TaK-
K€ U B MOJIEKYJIaX aMMHAKa, HETIOCPEJICTBEHHO CBSI-
3aHHBIX C AKHENTOPHBIM HEHTPOM, YTO OTPakKaeTcs
B OTHOCHTEJIBHO BBICOKON 9HEPreTHIECKOH CTa0MIIb-
HoctH accouuatoB (NHs),, rie n = 2 i 3. Crynes-
YaThl OTPBIB CHavaJja OfHOM afficOpOUpPOBAHHON MO-
JEKyJbl, a 3aTeM BTOpoi oT Kommnekca 37Z—(NH;),
(puc. 3) Tpe6yet a”epruu 36 u 71 kJIx/MOnb, B TO
BpeMsI KaK 9HEPTHsl AUCCOLHALUN CBOOOTHOrO AUMe-
pa ammuaka cocrasiuser 17 k[Ix/Mons. Koopauau-
pOBaHHbIE MOJIEKYJIbI aMMHaKa MPUOOpETaIoT CIO-
coOHOCTh 06pa3oBbIiBaTh H-cBA3M ¢ agcopOupoBaH-
HbIMH Ha HUX OHOH WJIM HECKOJIBLKUMH MOJIEKYJIaMH
BOJIbI, UYTO HE HAOMIOAAETCs P UX B3aNMOJEICTBAA
B razoBoii (paze. Bo3MyieHHbIE B IOJIE aKIENTOPHO-
rO LEHTpAa MOJIEKY/bl aMMHUAaKa CIHOCOOHBI CBSI3bl-
BaTh CO umu C,H,. Ho npu sTom npoyHocTs 06pa-
3yIOUIercsT MeXXy HUMH cBsi3u (~29 u 25 x]JIx/Monb
COOTBETCTBEHHO) MEHBIIE, YEM B AaHAJIOTHYHBIX KOM-
mwiekcax CO mmun C,H, ¢ Bopoi. TeM cambIiM moj-
TBEPK/AETCsl, YTO IPOTOHHAs KHCIOTHOCTb, OOY-
CIOBJICHHAsT MOJIEKyJaMH aMMHaka, OyaeT cinabee,
4yeM 00pa3yIOILasics P aficOPOIUHA BOJIbI HA aKIEeTI-
TOpHOM HeHTpe. OTMETUM, YTO BIHSHUE aKIENTOp-
HOTO LIeHTpa HepefaeTcs Mo LenovyKe afcopOupo-
BaHHBIX MOJIEKYJ, M 3TO elle pa3 MNOJTBEpPXKAAeT
npefaraeMblie B JIATEPATYPE aHAJIOTUHU IIEOJIUTHOTO
1 (pepMEHTATHBHOTO KaTaJIH3a.

ITpu B3amMoOAEACTBIM ABYX MOJIEKYJ METaHOJA C
¢parmenToM Z8 cryneH4aTas KOOPAHHALMS TaKXKe
ABJISIETCA NPEANIOYTUTENbHON. XOTsI BTOPAasi MOJIEKY-
2 XYPHAJI ®U3NYECKOV XUMUU
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Puc. 3. Komnnekc hparmenra 3Z u 3 MoJieKkys1 aMMHaKa.

J1a HEMOCPEICTBEHHO HE CBSI3aHAa C LEOJIUTOM, €€ reo-
METpHS U pacrpefiesieHHe 3JIEeKTPOHHON INIOTHOCTH
CyIiecTBeHHO MeHstoTcsL. Tak, 3apsap Ha aToMe BOJIO-
POfia rUAPOKCIIIBHON FPYIIBI IO CPABHEHUIO C UH[IH-
BUyaJIbHOYM MoOJIeKyJIod Bo3pacraeT Ha 0.08 a.e., a
gacrora kosiebanuit OH npumepHo Ha 300 cM™! Hu-
e, 9YeM B CBOOOIHOM inMepe MeTaHomna. [Ipu atom
9HEPreTH4YECKH B3alMOJICHCTBHAE HE OYEHb CITLHOE.
OnHaKo U B 3TOM Cllyyae aKIeNTOPHbIN EHTpP Hrpa-
€T peIalollyl0 posib B YINOPSIOYEHAH W XapakTepe
B3auMopencTBlsl AByX Moiekyn crnupra. [To cpaBHe-
HHIO CO CBOOOIHBIM IIMEPOM, TIOJIE HEOIUTHOTO (hpar-
MEHTa YBEJIMYHUBACT IHEPTHIO B3aUMOJCHCTBUST MEXKITY
ABYyMs MOJIEKyJaMH MeTaHoja Ha ~60 kIIk/mMonb.
Ecnu B cBOOOIHOM AMEpE METaHONA 3aps]] Ha aTo-
max H cocrasiusier 0.307 a.e., To B aicOpOHPOBAHHOM
AEMepe B 3aBUCHMOCTH OT PACHOJIOXKEHUS] MOJIEKY-
Jbl COUpPTa OH Kojebnercs B mpepenax ot 0.366 no
0.443 a.e.

Ecnm ke K KOMIUIEKCY LEONHT-METAHOI MPHUCO-
€MHUTb MOJEKYNy aMMHaka (OOLIENpUHATHIN CIO-
co0 OIEHKH NPOTOHOROHOPHOU CIMOCOOHOCTH TO-
BEPXHOCTHBIX LICHTPOB), TO B OTJIMYHNE OT KOMILJIEKCa
[IEOIMT—BOJla—aMMHAaK IIEPEHOC [IPOTOHA HA MOJIEKY-
Jly aMMuaKa He npoucxofgut. TeM He MeHee, B3aUMO-
AEHCTBHE METAHOI—aMMHUAK JOCTaTOYHO CHJIBHOE
(~100 k[Ixk/MOJB), 4TO OTpaxKaeT BO3MYyLIAIOIIEE
TIefCcTBHE LIEOTUTA.

OcraHOBUMCSI TeNEph HA YKA3aHHOH BbIllle BaK-
HOCTH TaKHMX TEOPETHYECKUX paboT IJsi HHTeprpe-
TauMd pe3yNbTaTOB HEMNOCPEACTBEHHBIX OIBITOB.
Tak, B cmekTpax TepMONpPOrpaMMHPOBAHHOW Jie-
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copOuuu (TI1]1) aMMuaka HaOIIOAAIOT HU3KOTEMIIE-
paTypHble NHKH (PHEpPruM aKTHUBALMH JiecOpOUUn
~80 k/:k/Monb), OOBIYHO HHTEpPNpPETHPYEMbIE KaK
JecopOLusl aMMHaKa €O CJIa0bIX KACJIOTHBIX EHTPOB
neonuTos. Hamu Ob1nin paccunTadbl 3HaYEHHS] IHEP-
HU pa3fiokeHuss OMMOJIEKYJISIPHbIX acCOMATOB Ha
00OMX THUINAX KUCIOTHBIX HeHTpoB (71 u 59 kJIxx/Momnb
COOTBETCTBEHHO). [Ipryem acconuaThbl Ha aKIENTOP-
HOM [EHTpe Ooyiee YCTONYHMBBLI. DTO MO3BOJISIET
OpeJIOXKUTh OTIUYHYIO OT OOLIENPHHSITOU HHTEpP-
[peTanyio; HU3KOTEMIEPATYPHBIN MAK B CIEKTPax
MOKET OBbITb OOYCIOBJIEH pa3pylleHHEM accOluaTOB
ammuaka Ha neonutHbIX JIKI] u BKLI, B KOTOpBIX He-
MOCPEICTBEHHO CBSI3aHHAS C KUCIOTHBIM IEHTPOM MO-
JieKyJa o0najiaeT CBOIICTBaM# NPOTOHHON KUCIOTHI.

IIpu perucrpanuu cnekrpos TI1[] nocne npepsa-
pUTENBbHOU 00paboOTKH oOpa3na UEOoJHUTa HNapamu
BOJIbI HAOJIOAANM TOJIBKO OMH MHK, YTO OOBIYHO
OOBSICHANN YAECP>KHBAaHMEM aMMHaKa Ha CHJIbHBIX
NpOTOHHBIX LeHTpax. Hamu nokasaHno, 4yro acconua-
ThI, BHEHIHIOIO c(pepy B KOTOPbIX 3aHUMAET MOJIEKY-
Ja BOAIbI, OKA3bIBAIOTCSl yCTOHYHBEE X aHAJIOTOB C
MOJIEKYJIOil aMMHUaKa B TOH K€ MO3ULUU. DHEPrusi
AUCCOLMANNH KnacTepa paBHa 298 u 268 k]Ix/Monb
cooTBeTcTBeHHO. ClieloBaTeNbHO, BOIa MOXKET BbI-
TECHATh aMMUAK M3 BHEIIHEH cdepbl acCOLHUaTOB,
4TO W MPUBOAUT K YAATIEHUIO HU3KOTEMIIEPATypPHOIO
nuka Ha kpuBbIx TTIJ] ammunaka. OpHako aHanu3 Ha-
LIMX pe3yabTaTOB MO3BOJISIET YTBEPKAATh, UTO UME-
eT MeCTO U 00pa30BaHUE rupaTa, CBI3aHHOI'O Ha aK-
LENTOPHOM LEHTpe HMOHa amMMoHusi. OOpa3oBaHue
NOJTHMOJIEKYISIPHBIX ACCOIMATOB, OOHAPYKEHHBIX
HaMHM, HECKOJIBKO MeHseT W uHrepnperanuto MK-
CNIEKTPOB aMMHAaKa ¥ METAHOIA, aicCOPOMPOBAHHBIX
Ha [IEOJUTAaX.

B o6nactu 3300-2400 cm! HaGmromaeTcst CIIOX-
HBIH CIEKTP, KOTOPBIA OTHOCAT K BaJ€HTHBIM KOJIe-
OanmsiM cBsi3eil N—H HOHOB aMMOHUSI, Y4aCTBYIOIIAX
B 00pa30BaHiK BOOPOJHBIX CBsI3€H C aTOMaMH LIEO-
JUTHOrO Kapkaca. Hamm moka3aHo, 4TO 00pa3oBa-
HHE acCOLMATOB MPUBOJMT K MOTJIOLIEHUIO B O0Ja-
cru 2500-1900 cM™!, oTBeuaromei KoJeGaHUsIM
BHYTpeHHHX MOCTUKOBBIX cBsizeil N-H(---N). Cnego-
BaTesbHO, nojocekl B MK-cnekTpe amMmmunaka, aficop-
ouposaHHoro H-gopmoii reonura, MOryT ObITh OT-
HECEHbI He TOJILKO K CBSI3aHHOMY HOHY aMMOHHS, HO
TaK>Ke K KOMIIEKCAM U acconpaTaM aMMHaKa Ha aK-
LEeNTOPHBIX IEHTPAX.

PacyeTs! nokazanu, 4YTo NpH HEJUCCOLMATHBHON
aficopOIi MeTaHoJIa IPOUCXOAHUT CYIIECTBEHHbIN
KpacHbIii casur nojockl V OH; nosiBieHue B criekTpe
komiuiekca CH;-8Z—~OH nonocst 3700-3800 cm~!, xa-
pakrepHoit st rpynn OH amromocunukatoB, 00y-
cnosieno ¢opmupoBaHuem rpymnsl AIOH; B cnek-
Tpax KomekcoB H-8Z—OCH; u CH;-87Z—-OH nosno-
ca 0 OH meranona wucuesaer; isi MOCTHKOBOTO
komiiekca CH;—87Z-OH u kooppuHHpOBaHHOR MO-
JIeKyJIbl METaHOJIa XapaKTepeH casur nonocel v CO

XKYPHAJI ®UBNYECKOU XNUMUU

CTEITAHOB n np.

B KpPacCHyIO0 00/acTh CeKTpa; oOpa30BaHUE METOK-
curpymnel B kommnekce H-87Z-OCH; Bbi3biBaeT
capur nosocel vV CO B cuHIOO 0071aCTh CNIEKTPa, HO
HE CONPOBOXaeTcs 3aMeTHbIM (~100-150 cm™!)
CABHUIOM BajieHTHbIX KojeOanmit CH; B cuHIOIO 00-
JacTb. DTH COOOpaKEHUSI MOTYT CYLECTBEHHO BJIH-
aTb Ha unTepnperauuio MK-cnektpos agcopOupo-
BaHHOI'O METAHOJIA.

OnHUM U3 BaXKHBIX Pe3yJIbTAaTOB MPOBENEHHBIX
pacyeToB, NO3BOJIOMMM Oojiee 0OOCHOBAHHO NPEN-
CTaBJISATh MEXAHU3MbI MpEBpaIl[eHNil Ha [EONHTaX
SBJIFETCS] AHAJM3 CIIEKTPOB aJICOPOMPOBAHHOIO 3TH-
neHa. B koMmiekce ¢ akienTopoM yTHHSETCS CBSI3b
C=C (1.5 M), a KpacHbIi CABUT KOJIeGaHUs V¢ (Ha
~40 cM™') OTHOCHTENBEHO CBOGOIHOI MOJIEKYIIbI OKa-
3bIBacTCA BBOE OOJIbIIE, YEM Y KOMILIEKCOB, B KOTO-
PBIX MOJIEKYJIa 3TUIEHa cBsi3aHa ¢ rpynnoi OH neo-
nuta. CrnegoBaTenbHO, aKIENTOPHBIN HEHTP OcaabJs-
eT cBsi3b C=C Gonee cymecrBeHHO. OYeBUAHO, 4TO
OJTHAM M3 BEPOSITHLIX aKTUBHBIX IIEHTPOB NpeBparLe-
HUSI 11O KMCIIOTHOMY MEXaHU3MY MOXKET OBITh aKIel-
TOPHBIN LEHTP, BO3HUKAIOMIMA MPH MpPEAKaTAIUTH-
YeCKOM MPOKATMBAaHNH KaTajau3aTopa.

Takum 00pa3oM, NPOBEAEHHOE CHCTEMATHYECKOE
KBaHTOBO-XMMHYECKOE HCCIEeJOBaHUE CBOUCTB KOM-
IJIEKCOB (pparMeHTa IEeoINTa, IMATUPYIOLETO aK-
LENTOPHBIA LEHTP (TPEXKOOPAUHUPOBAHHBIA aTOM
aJIFOMHUHHSA), C HEKOTOPBIMH MPOCTBIMH MOJIEKYJIaMH
10Ka3allo, YTO B MOJIE 3TOTO LEHTPAa BO3MOXKHO Ta-
KOE BO3MYIIIEHHE aicOPOMPOBAHHOMR MOJIEKYJIbI, CO-
Aep:Kalleil aToM BOJOPOJia, IpH KOTOPOM OHa MNpH-
oOpeTaeT CBOMCTBA AOHOpA MPOTOHA. DTO MPEANo-
JIOXKEHHUE, BBIIBUHYTOE paHEe HAa OCHOBE H3y4YeHHs
ABJIEHUI KucnoTHoro katanusa u MK-crnekrpos, no-
Jy4HJIO NIOATBEPKIECHHE NPU aHAIN3€ CBOHCTB KOM-
IIEKCOB LEONUT-IENOYKA U3 [IBYX-TPEX H3y4aeMbIX
Mouekys. Cam no cebe Takou 3(pheKkT JOCTaTOYHO
XOpOILO M3y4YeH NpH aficOpOLUHN MalbIX KOJIHYECTB
BOJbI Ha NETHAPOKCHIOBAaHHBIX (hOpMax LEONUTOB.
Hamu panee oTMevanoch mpoMOTHUpYIOLEe JeH-
CTBHE aMMHMaKa, IIPOBEICHHBbIE PACcYEThI XKe MO3BO-
JSOT YTBEPXKAATh, YTO TAKOE BIHUSHHE BO3MOXHO U
HpH acopOLMHU ITIIICHA U MeTaHoJa. DPeKT Tako-
ro BO3JEHUCTBUS Oy[IeT 3aBUCETh OT MPUPONBI aficCOp-
OupyeMoi MOJIEKYJIbI.

IIpu aTOM akuenTOp B3aUMOJIEACTBYET HE TOJIBKO
C HETNIOCPECTBEHHO CBA3aHHOM C HUM IIPOCTON MOJIe-
KYJIOH, HO B C MOJIEKYJIaMH BTOPO# U TPETheN KOOp-
AMHALMOHHOU cdepbl, 00pa3yIoMEMHA AOCTATOYHO
rHOKYIO, HO YIOPSAOYEHHYIO LIeNOYKY, YTO HO3BOJISI-
€T NPOBOJHUTb aHAJIOTHIO MEKAY IEHCTBUEM LIEOIUT-
HOTro ¥ (PEPMEHTATUBHOTO KaTalIn3aTopa.

B [OEOJUTHOM KaTaniu3aTope U3MCHCHUE CBOIICTB
NOTCHUHAJIBHOIO KaTAJIUTUHYCCKOI'O IEHTPA NPAKTH-
YeCKH He CKa3bIBA€TCsI HA CBOMCTBAX ero OJimsKaiiie-
ro OKpPYyXe€HUust B TBEPAOM Telie. DTOT BaXHbIA pe-
3yJabTaT CIYXHUAT O000OCHOBaHHEM HCNOJIb30BaHUs
KJIaCTEPHOr'o nmoaxofa 1 MOACJIM JIOKAJIbHbIX B3au-
Ne 9
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MOJIEUACTBHI MPH KBAHTOBO-XMMUYECKOM H3yUYCHUU
aICOPOLMOHHBIX M KAaTATUTHIECKHAX CBOICTB EOJIH-
TOB.

UccnegoBanue CBOHCTB KOMILIEKCOB C aKLENTOP-
HBIM HEHTPOM 3THJIEHA WM METAHOJIA, T.€. MOJIEKYJI,
npeBpalleHie KOTOPhIX IPOTEKAET HA LIEOJNUTAX IO
KHCJIOTHOMY MEXaHU3MYy, MOKA3aJI0, YTO KUCIIOTHbIE
HEHTPbI, CTPYKTYPY KOTOPbIX OOBIYHO NpPEICTaBIIsI-
1ot Kak rpynnsl OH BogopogHbix (opM 1e0TnTOB,
MOTYT ObITh HE €JUHCTBEHHBIMU KATANUTHYECKH aK-
THBHBIMH HeHTpaMu. Cuia BO3JEHCTBHS aKIEeNTOop-
HOrO IEHTPa HAa M3yYeHHbIE MOJIEKYJNbI U CBOWCTBA
00pa3yroIHUXCsd KOMIUIEKCOB COIIOCTaBAMbBI C Ha-
OmrogaeMoil MpU B3aMMOJEUCTBHH C KHCIOTHBIMH
rpynnamu OH cTpyKTypbl BOOPOAHBIX (hopM 11e0-
JIATOB.

ABTOpbI  BBIpAXAOT  OJArogapHoCTb  JIp.
JIx.JIx. Ctioapty u kopnopaiuu Fujitsu Limited 3a
npepnocrasinenne nporpamMmmuoro naketa MOPAC 93.

KYPHAJl ®PUBUYECKON XUMUM Tom 81 Ne 9

2007

1555

CIITNCOK JIUTEPATYPDLI

. Hompauesa T.M., Hosaxoeckasn I0.B., Kybacos A.A.,

Cmenanos H.®. [/ KypH. dus. xumuu. 1999. T. 73.
Ne7.C. 1249.

. Kybacos A.A., Tonuuesa K.B. [/ Tes. poxu. II Bececo-

103. KoH(. “IIpumeHeHune ueonnuToB B KaTanusze . M.,
1981. C. 254.

. Tuxuti 51.B., Kybacos A.A., Cmenanos H.D. [/ XypH.

¢u3. xumun. 2003. T. 77. Ne 8. C. 1496.

Coamanoe P.U. [/ Kuneruka n xaramus. 1990. T. 31.
Ne 2. C. 438.

. Tuxwii 51.B., Kybacos A.A., Cmenanos H.®. /| Xyph.

us. xumun. 2005. T. 79. Ne 9. C. 1684.

. Stepanov N.F., Kubasov A.A., Tikhii Ya.V. /[ Int. J.

Quantum Chem. 2005. V. 104. Ne 2. P. 214.

2%



KYPHAJI ®UBHIECKOH XUMHUH, 2007, mom 81, Ve 9, c. 15561558

YK 541.128

CHEMICAL KINETICS
AND CATALYSIS

TEMPERATURE DEPENDENCE OF OXYGEN EVOLUTION THROUGH
CATALASE-LIKE ACTIVITY OF HORSERADISH PEROXIDASE

©2007 A. Popovié-Bijeli¢*, G. Bijeli¢**, L. Kolar-Ani¢*, V. Vukojevi¢***
*Faculty of Physical Chemistry, University of Belgrade
Studentski trg 12—16, 11000 Belgrade, Serbia
**Center for Multidisciplinary Studies, University of Belgrade
Kneza Viseslava 1, 11000 Belgrade, Serbia
**k*%Department of Clinical Neuroscience, Karolinska Institute CMM L8:01, 17176 Stockholm, Sweden
E-mail: ana@ffh.bg.ac.yu

Abstract — By experimental investigations of the temperature dependence of catalase-like activity of horserad-
ish peroxidase in the temperature range 278-328 K, different kinetic profiles for oxygen evolution were found
below and above 298 K. Extension of the model is proposed to account for these observations. By numeric sim-
ulations of the reaction kinetics at different temperatures it was found that enhanced evaporation of molecular
oxygen from the reaction solution is the main root through which oxygen is lost at elevated temperatures in

laboratory conditions.

INTRODUCTION

Horseradish peroxidase (HRP) is an extracellular
plant enzyme known to oxidize a variety of substrates
at the expense of hydrogen peroxide thus generating
free radical intermediates necessary for polymeriza-
tion and cross-linking of cell wall components, oxida-
tion of secondary metabolites, regulation of cell wall
components and regulation of cell growth and differ-
entiation [1].

The general mechanism of HRP catalyzed oxidation
of substrates by H,O, proceeds in three distinct steps
[2]. First, the native ferric enzyme reacts with the oxi-
dizing substrate to yield compound I, an oxyferryl iron
porphyrin 7 radical. In the presence of an aromatic
compound, which is a two-electron reductant, com-
pound II is formed. Compound II oxidizes the second
substrate molecule and is converted back into the native
ferric enzyme.

In the absence of the usual reducing substrates,
H,0, performs a dual role — as an oxidant in the forma-
tion of compound I, and as a typical one-electron donor
(reducing) substrate for peroxidase [3]. In these condi-
tions a progressive loss of enzymatic activity takes place
due to the formation of verdohemoprotein (P-670) that is
devoid of catalytic activity. Also, a catalase-like activ-
ity of HRP is observed: HRP catalyzes hydrogen perox-
ide heterolysis into molecular oxygen and water. Cata-
lase-like activity of HRP is weak compared to true cat-
alases but it is a principal protective mechanism against
oxidative inactivation.

The catalase-like activity of horseradish peroxidase
is protective in plants and is typically being activated in
response to environmental stress (pH, temperature,
drought) or pathogen attack [1, 3]. In addition, this re-
active pathway is attracting considerable attention in

food processing because of its impact on food quality
[4] and in advanced technology for the building of bio-
sensors [5]. Therefore, a renewed interest in studying
and modeling [3-6] the reaction mechanism of this
pathway has arisen.

EXPERIMENTAL

Purified horseradish peroxidase was obtained from
Sigma, type I, R, (A43/Ay75) = 1.8. Hydrogen peroxide
(30%, v/v) and buffer substances (analytical reagent
grade) were obtained from Merck.

The reaction was initiated by adding 1.0 X
x 107 mol dm= HRP to the reaction medium contain-
ing 5.0 x 103 mol dm~ H,0, in 5.0 X 102 mol dm™ so-
dium phosphate buffer, pH 6.0. The ratio of initial con-
centrations of hydrogen peroxide and HRP,
[H,0,],/[HRP],, was set to 1000. The temperature was
controlled within £0.01°C. The course of the reaction
was monitored spectrophotometrically and potentio-
metrically. The concentration of H,O, was determined
by measuring the absorbance at 240 nm, taking €49 oy =
=41.25 % 10° mol™! dm? cm™! [6], the enzyme concentra-
tion was estimated using the Soret extinction coefficient,
€403 nm = 102 X 10° mol™! dm? cm™ [2] and oxygen pro-
duction was measured using an oxygen electrode.

RESULTS AND DISCUSSION

Oxygen production curves (Fig. 1) show distinct ki-
netic profiles, suggesting a change in the reaction
mechanism due to the increase in temperature.

Initial rates of oxygen formation (v,) were deter-
mined from oxygen production measurements during
the initial 25 s. They exhibit linear dependence on the
initial concentration of the enzyme in the concentration
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Fig. 1. Oxygen production at different temperatures. At
temperatures lower then 298 K, a hyperbolic production
profile typical for a product can be observed, whereas at
higher temperatures the kinetic profile of oxygen produc-
tion changes and resembles a profile of an intermediate.

range 7 X 1077 < [HRP], < 5 X 10-° mol dm [6] and ex-
ponential dependence on temperature (Fig. 2).

To account for the consumption of oxygen (parabo-
lic kinetic profile) in the range 298-328 K we assumed
that when the concentration of dissolved oxygen in the
reaction mixture becomes very high it is either con-
sumed by a reactant or it simply evaporates from the re-
action mixture. To test if oxygen is being consumed, an
elementary step describing interaction between oxygen
and the protonated form of the enzyme (EH*) that was
proposed in [3] and [7] was added to a previously pro-
posed model [6]:

EH* + Oy, %» Co(IID). )
-1

To simulate the kinetics of the temperature depen-
dence of the catalase-like activity of HRP, we integrat-
ed numerically the set of ordinary differential equations
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Fig. 2. Exponential increase of the initial rates of oxygen
production at elevated temperatures.

derived from the chemical equations given in Table
(Steps R1-R10) through the mass-action law. Values of
the rate constants are given in Table.

These simulations agreed well with the experimen-
tal results obtained for temperatures below 298 K, but
did not agree with those above 298 K.

To test if the parabolic shape is due to oxygen evap-
oration, we assumed that when the reaction is conduct-
ed in a solution, evaporation of oxygen from the reac-
tion solution might become significant at higher tem-
peratures. Therefore, evaporation of dissolved oxygen
from the reaction mixture is introduced [8]:

kyy

Oy & Oy g)- )

Results of numerical simulations by the extended reac-
tion scheme (Steps R1-R11) are given in Fig. 3; they
correspond to experimental conditions given in Fig. 1.

Enlarged reaction scheme describing the pH and temperature dependence of the catalase-like activity of horseradish peroxi-

dase
(RD) E + H* — EH* k=10x108M sk, =1.0x 103 M s
(R2) E + H,0, — col + H,0 ky=1.0x 10" M5
(R3) col + H,0, col - H,0, ky=40x10°M s k3=1.0x10"1s7]
(R4) col - Hy0, —= E + Oy, + H,0 ky=1.6257h
(RS) EH* + Oy, colll ks=53x10°M sk =1.0x 107" s7;
(R6) col - H,0, — coll + H* + HO; ke=5.0x1073s7";
(R7) coll + H,0, coll - H,0, k=1.0x 100 M 'sh k,=1.0x 107571
(R8) coll - H,0, —= colll + H,0 kg=2.0s7"
(R9) colll — O;" +E kg=82x1073s7";
(R10) col - H,0, —= Ei kig=2.9x103s7;
(R11) Oy1y = Oyg k3 =6.0x1073 s k11 =60x 1073571

Note: E and Ei are the native and inactive enzyme, respectively. EH* is the protonated form of enzyme, col, coll, and colll are enzyme
intermediates, compounds L, II, and III, respectively. col - HyO, and coll - H,O, are complexes between the respective enzyme intermediate

and H202.
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Fig. 3. Numeric simulations of the temperature dependence
of oxygen production. Curve 3 is a simulation of actual ox-
ygen production at 293 K. Curves 1, 2 and 4-7 were ob-
tained by multiplying the relevant kinetic constants (ky, ks
and k_s from Table) by factors 0.7, 0.85, 2, 4, 8 and 15 re-
spectively.

CONCLUSION

Experimental investigations of temperature depen-
dence of the catalase-like activity of horseradish perox-
idase in the temperature range 278-328 K revealed dif-
ferent kinetic profiles for oxygen evolution below and
above 298. To account for these observations, an ex-
tended model is proposed that successfully emulates
the pH and temperature dependence of the catalase-like
activity of horseradish peroxidase in a wide range of
conditions.

In the numerical simulations, we first optimized the
set of rate constants to account for oxygen evolution at
298 K. To model the temperature dependence the rate
constants k4, ks and k_s were scaled with the same pro-
portionality factor, as discussed above. Values of other
rate constant were not modified. This approach was ap-

KYPHAJI ®UBUYECKOV XUMHUU
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plied because values of activation energies (£,) for re-
action steps 4 and 5 are not known.

Model simulations indicate that in conventional lab-
oratory experiments enhanced evaporation of molecu-
lar oxygen from the reaction solution is the main root
through which oxygen is lost at elevated temperatures.
However, in living plants or in technological process-
ing, where the partial pressure of oxygen can be much
higher, its catalytic degradation by HRP can become
prominent. In plants this may be a secondary defense
mechanism against oxidative stress.
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Abstract — Isothermal kinetics of copper (ion) binding to the poly(acrylic acid) (PAA) hydrogel at 20°, 25°,

35° and 45°C was investigated. Isothermal conversions and kinetics curves of Cu?* binding to the PAA hydro-
gel were determined. It was found that the well known kinetics models of Peppas can not be applied for de-

scribing the entire process of Cu?* binding. The new method for determination the kinetics model of Cu?* bind-
ing process, as well as the activation energy density distribution functions of PAA hydrogel interaction with

Cu?*, were established. It was found that dominant influence on the kinetics of the process, at temperatures
T > 30°C has Cu?* diffusion to the active centers (with E, = 9 kJ/mol), but at T = 30°C and for the degree of

bound Cu?* o.= 20.2, the interaction of Cu* from the adsorption center with E, = 26 kJ/mol is dominant.

INTRODUCTION

Polymer materials are widely used type of materials
and very popular in present time are hydrogels. Poly-
electrolytes hydrogels have been attracted much atten-
tion as functional polymers that possess properties of
water absorption. In recent time environmental protec-
tion has been confronted with increased contamination
of waste water by heavy metals ions. They are metabol-
ic poisons and enzyme inhibitors. The polyelectrolyte
hydrogels can be applied to the problems of the recov-
ery of precious metal, removal of toxic or radioactive
elements from various effluents, and metal preconcen-
tration for environmental sample analysis [1]. It has
been shown that metal absorption is generally limited
by metal diffusion inside the hydrogel and the hydro-
gel-water interfacial area [2]. Coordination resins have
been used in metal extractions [3] but they demonstrate
poor swelling in water, limiting the mobility of ligands.
If we considered this fact, hydrophilic polymeric net-
works (polyacrylamide, polymethacrylic and poly-
acrylic acid) will be very advantageous, as they can ab-
sorb an amount of water that can be thousand times
larger than the mass of the original dry polymer. Fun-
damental studies on the complexation of metal cations
with polyelectrolyte hydrogels have been carried out
and used successfully in the recovery of metal ions [4].
Thus, the swelling of a polyelectrolyte network in met-
al aqueous solution can be applied to the treatment of
diluted aqueous effluents in environmental studies [5].
The below cited papers illustrated this application and
dealt with the absorption of copper ions with different
types of hydrogels.

Recently, H. Kasgoz and co-workers dealt with de-
velopment and investigation of the sorbents for remov-
al Cu(II) and other metal ions [6-8]. They prepared and
used modified polyacrylamide (PAAm) hydrogels for

removal of Cu(Il) ion at pH 5.5 (which was considered
to be optimal) by the batch equilibrium technique [6, 7].
They found that unmodified PAAm was not effective in
removal of Cu(Il) ions since amide groups alone cannot
form complexes with copper ions. They found that the
hydrogels of the modified polymers obtained by transa-
midation of PAAm exhibited promising properties as
complexing agents for Cu(Il) ion removal [6, 7]. The max-
imum Cu(II) ion removal capacity of 4.07 mmol/g has
been obtained with hydrogel based on sulfomethylation
reaction products of PAAm [7]. The reported results
were based solely on the determined Cu(Il) ion removal
capacity and there was not any information about the
kinetics of the investigated process. Also, the new sor-
bent hydrogels based on poly(N-hydroxymethylacryla-
mide)modified with introduced amine groups, were de-
veloped and used as sorbent for removal of Cu(Il) ion
(as a model metal ion) from aqueous solutions. The ad-
sorption properties of the hydrogels were investigated
at 25°C depending on pH, time and Cu(II) ion concen-
tration. The results obtained from adsorption isotherm
were evaluated by using Langmuir and Freundlich ad-
sorption models. It was found that Langmuir isotherm
model provided the best fit for the adsorption of
Cu(ID)ion as well as indigo carmine [8].

The work of I. Katime and E. Rodriguez [5] dealt
with the absorption of copper and zinc with poly(acryl-
ic acid—co-itaconic acid) hydrogel. The swelling pro-
cess of xerogels of different compositions in water and
salt solutions has been studied at 25°C and influence of
pH on the adsorption process was examined. The swell-
ing kinetics, kinetics order and rate constant of the inves-
tigated hydrogels have been determined. The swelling
processes satisfied to a second—order kinetics. They
found that metal absorption increased when pH, salt
concentration in external solution and itaconic acid
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content were levelled. They suggested that a complex-
ation of —COO-~ groups with Cu?* happened forming
neutral -COOCuOOC-group.

Some authors suggested that copolymer of a poly-
acrylamide and polyacrylic acid should be of use for the
recovery of copper from environment [9]. Hydrogels
based on acrylic acid are known as specific materials
because of their biocompatibility, nontoxicity, hydro-
philicity, etc. Due to this properties they have been used
in medicine and pharmacy [10, 11], environmental pro-
tection, and agriculture. The aim of this paper was to in-
vestigate the kinetics of Cu?* ion binding to the
poly(acrylic acid) hydrogel.

EXPERIMENTAL

Materials. Acrylic acid (99.5%) (AA) in glacial
form was supplied by Merck A.G., Germany. N,N-me-
thylene bisacrylamide (p.a) (MBA) was purchased
from Aldrich Chemical Co., Milwaukee, USA. The ini-
tiator, 2,2-Azobis-[2-(2-imidazolin—2-il)-propan dihydro-
chlorid (VA044), (99.8%) was supplied by Wako Pure
Chemicals Industries, Ltd, USA. Copper-sulfate pen-
tahydrate, CuSO, - SH,0 (99.8%) was purchased from
Zorka Pharma, Sabac, SCG. All substances were used
as received without further purification.

Synthesis. Poly(acrylic acid) hydrogels (PAA) were
synthesized by simultaneous radical polymerization
and crosslinking using AIPD as an initiator and MBA
as a cross-linking agent, in general using experimental
procedure previously described [12, 13]. This proce-
dure consists in follows: solution of acrylic acid in the
form of 20% (wt) solution was prepared and mixed
with solution of MBA (0.1%,,). After good stirring of
these mixtures to assue the homogenity of reaction
mixture and nitrogen bubbling through the mixture for
half an hour, initiator solution (0.06 mol % of the
monomer) was added and reaction mixture was once
again rapidly homogenized with stirring. The prepared
solution was placed in Petri dish and stored in a dry ov-
en for 5 hours at 80°C. After the polymerization was
finished, the obtained gel-type product was trans-
formed into the Na* form (60%) by neutralization with
a 3% solution of Na,COj;. The resulting hydrogel was
cut to approximately equal discs and placed in excess of
distilled water. The water was changed 7-times every
5 hours (or 12 hours during the night), in order to remove
the unreacted monomers and the sol fraction of polymer.
Then the obtained hydrogel was dried in an air oven in
temperature regime 80° C for 2 hours, 90°C for 3 hours
and 105°C to constant mass. The obtained product was
stored in a vacuum exicator before use.

Binding of copper to the PAA hydrogel. Pre-
weighed dry hydrogel (xerogel) samples, with average
weight of 0.1 g, were immersed in solution of 0.01 M
CuSO, at different temperatures. Aliquots of solution
were taken at predetermined time intervals. The amount
of copper was determined by atomic absorption spec-
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trometry using Varian Spectra AA5S5 atomic absorption
spectrometer. Specific quantity of binded Cu?* (X) was
determined according to (1):

Cy-C;

X= v (D

m

where C,, is the Cu?*-concentration of the starting cop-
per solution and C; is the Cu?* concentration at time 7,

V is the volume of the Cu?* solution, and m is the hy-
drogel sample mass.

Determination of the degree of bound Cu** ():
degree of bound Cu?* (o) was determined according to
eq. (2):

o = X/X maxs 2)

where X, is the maximal quantity of bound Cu?*.

Methods used to evaluate kinetics parameters of
Cu?* ion binding to PAA hydrogel

Peppas’ method [14]: To determine the kinetics pa-
rameters of Cu?* ion binding to PAA hydrogel, the re-
sults were analyzed applying the linearized form of
well-known equation (3):

o = kt", 3)

where n is an exponent indicative for the mechanism of
the process, coefficient k is the apparent release rate
and ¢ is the interaction time.

Friedman’s differential iso-conversional method
[15]: the kinetic analysis of experimental data is based
on the rate equation:

‘% - Af(a)exp(—RﬁT), )

where T is the temperature, A is the pre-exponential

factor, E is the apparent activation energy, flot) is the ki-

netics model function of the degree of Cu?* ion binding

and R is the gas constant. The logarithm form of equation
(4) leads to:

do E

lnE =InA + Inflor) — RT 5)

For f{ot) = const, the plot In(doy/dr) vs. 1/T, obtained

from conversional curve should be a straight line whose

slope allowed to evaluate the apparent activation energy.

RESULTS AND DISCUSSION

Figure 1 presents kinetic curves of isothermal bind-
ing of Cu?* to the PAA hydrogel at different tempera-
tures.

At the kinetic curves of isothermal binding of Cu?*
to the PAA hydrogel, two characteristic shapes of the
changes of the specific quantity of the bound Cu?* with
interaction time, i.e. a linear and non-linear ones can be
easily observed at all investigated temperatures. The in-
teraction temperature increase, especially for 7= 30°C,
leads to an abrupt increase of Cu?* bound to PAA hy-
2007

ToM 81 Ne 9



KINETICS OF Cu?* BINDING TO THE POLY(ACRYLIC ACID) HYDROGEL

drogel and the duration of the linear changes of the
bound Cu?* also increase.

Figure 2 presents the isothermal dependence of Inot
vs. Inz.

As can be seen from the Fig. 2, the plot of In o vs.
Inz for all the temperatures gave straight lines in the
limited ranges of the investigated release process,
which is called the range of applicability (o). From
the plot of Ina vs. In(?) (Fig. 3) the kinetic parameters,
n and k, were calculated for corresponding range of ap-
plicability (o).

Table 1 presents the results of the temperature influ-
ence on the results obtained for the parameters (n and k)
determined applying the so called “Peppas” eq. (3), the
ranges of applicability for the determined parameters,
as well as the values of E, and InA which were calculat-
ed based on them.

As can be seen from the results presented in Table 1,
the temperature increase has no important influence on
the range of applicability of Peppas’ equation applied
to Cu?* binding to the PAA hydrogel, while constant k
increase. The exponential constant n, which is indicative
for the mechanism of the Cu?* binding to the PAA hydro-
gel, is for T<30°C equal to 0.5, but for 7= 30°C increase
as the temperature increase.

Bearing in mind that the Peppas’ equation can be
applied in limited stages of the investigated process of
the Cu?* binding to the PAA hydrogel, a new method
that is so called “method of the reduced time” [16] was
applied to determine the kinetic model of the Cu** bind-
ing to the PAA hydrogel. According to that method, the
kinetic model Cu?* binding to the PAA was determined
by comparison (graphical and analytical) of the experi-
mentally obtained function for investigated Cu?* bind-
ing to the PAA hydrogel o, = f(#y), with the curves of
the theoretical functions o = f(#y), for different solid
state reaction models [16]. There #y is the so-called re-
duced time:

(6)

In =ty
where ¢4 is the interaction time at o = 0.9.

The kinetics models used for the determination of
the model best describing the kinetics of the MEPBA
release process from PAA—co-MA hydrogel is shown
in Table 2.

Based on the obtained results, it was found that the
investigated process of Cu?* binding to PAA at temper-
atures below 30°C might be well-described with the
model of one dimensional diffusion (D1) and with the
model of second order (F2) for temperatures above
30°C. Figures 3 and 4 present dependences of o on in-
teracting time (for temperatures below 30°C) and 1/(1 —
) on interacting time (for temperatures above 35°C),
respectively.

As usually, the rate constant for the presented pro-
cess of Cu?* binding were determined and their changes
with temperature are presented in Table 3.
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Fig. 1. Isothermal kinetics curves of Cu®* binding to the
PAA hydrogel.
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Fig. 2. A plot of Ina. versus Int for cu?* binding to the PAA
hydrogel.
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Fig. 3. A plot of o from time.
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Table 1. The temperature influence on the kinetics parame-
ters (n and k), corresponding o, and calculated E, and InA
for Cu?* binding to the PAA hy(frogel

T.°C| o, |,min'| n |E,klmol| InA
20 | 03-081 [ 191 | 05 414 | 496
25 | 03-085 | 185 | 0.5
35 | 04-081| 180 | 055
45 | 04-081 | 177 | 0.59

Kinetics parameters (E, and InA) of the process of
isothermal binding of Cu?* to the PAA are determined
by applying Arrhenius equation and the calculated val-
ues are presented in column 3 and 4. According to the
obtained results for the kinetics of process of isother-
mal binding of Cu?* to the PAA, different kinetics mod-
els appear to have a limited range of applicability and
give different values for the kinetics parameters. The
Friedman’s isoconversion methods was applied to de-
termine dependence of E, and InA on the degree of
bound Cu?* (o). Because the changes of E, with the
changes of o follow the functional dependence of InA
with o according to the eq. (7) (compensation effect):

KOSTIC et al.

InA, =-2.32 + 0.364E, ,, 7

we can state in agreement with Vyzovkin et al. [17, 18]
that process of isothermal Cu?* binding to the PAA hy-
drogel may be described with the model of two inde-
pendent first-order reactions at two well defined ad-
sorptions centers whose ratio in the kinetics of the pro-
cess changes with the changes of the degree of bound
Cu?* at PAA hydrogel.

To determine activation energy of the activation
centers we use the following theoretical model.

Let us assume that due to the different energies of
the adsorption centers there exists the distribution of
the active centers, than function of the distribution of
the probability values of activation energies (fE))
could be defined. Because the kinetics of Cu?* bonding
could be described with the model of first order reac-
tion, than we can propose that the following is valid:

a=1- j(b (E, DAE)AE, 8)
0

where ®(E, T) is equat to

Table 2. The set of the kinetics models used for determination the kinetics model of MEPBA release process from PAA-co-

MA hydrogel

Model Kinetics mechanism

General.expression of
kinetics model, f{or)

Integral form of
kinetics model, g(c)

P1 Power law
P2 Power law
P3 Power law
P4 Power law

R1 Zero-order (Polany-Winger equation)

R2 | Phase-boundary controlled reaction (contracting area,

i.e., bidimensional shape)

R3 | Phase-boundary controlled reaction (contracting volume,

i.e., tridimensional shape)
F1 First-order (Mampel)

F2 Second-order

F3 Third-order

A2 | Avrami-Erofe’ev

A3 | Avrami-Erofe’ev

A4 | Avrami-Erofe’ev

D1 One-dimensional diffusion

D2 | Two-dimensional diffusion (bidimensional particle shape)

D3 | Three-dimensional diffusion (tridimensional particle

shape) Jander equation

D4 | Three-dimensional diffusion (tridimensional particle

shape) Ginstling-Brounshtein equation

40(3/4 0(1/4

1 olf3

20(1/2 0Ll/z

2/3aA1/2 a3/2

1 o

2(1 — )12 [1-(1-"
3(1- (X)2/3 [1-(- (X)1/3]
(I-0) ~In(1 - o)
(1-a)? (1-o!
(1-o)? 0.5[(1 - a)2—1]

2(1 = a)[~In(1 - 0))]2 [~In(1 - o))

3(1 — ay[~In(1 — )] [~In(1 - 0]

4(1 — o)[=In(1 — o)) [~In(1 — o]

120 o?

1[=In(1 - a)] (1 - oln(l — ) + o

31 -1 —(1-0] | [1-(1-0P

32[(1 — )y -1] (1-20/3)— (1 —ay??
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1/(1-o0)
201

50 ¢, min

Fig. 4. A plot of 1/(1 — a) from time.

T
O(E, T) = exp(-Aojexp(—R%)dT]. ©)

0

By using a variable x = E/RT, eq. (9) is rewritten as fol-
lows:

D(ET) =
x O x 1
= exp{—%(%—]%dx)}: exp{—%%gp(x)}f 0)

where p(x) is the so called “p-function” that is well
known in the field of thermal analysis. By employing
an approximation p(x) = e¢*¥/x*, we can write that

AGRT ( E)
[ —_ .
E P RTJ

To estimate the f{E) curve from the experimental data
of o vs. time the possibility of approximate representa-
tion for eq. (8) was examined. Since the ®(E, T) func-
tion changes rather steeply with E at a given tempera-
ture, it seems to be allowable to assume P(E, T) by step
function U at an activation energy E = E| as:

O, T) = UE - E,). (12)

This approximation corresponds to assumption only
single reaction whose activation energy is E; at a given
temperature 7. Then eq. (8) is simplified to:

OE,T) = exp{~ (11)

a=1- J'f(E)dt. (13)
E;
According to eq. (13) we can write that:
E;
oa=1- jde. (14)
0
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Fig. 5. A plot of degree of Cu®* binding to PAA hydrogel
(o) vs. single reaction activation energy (E) and its density
distribution function f(E).

Therefore, f(E,) is given by differentiating eq. (13) by
E as:

AE,) = do/dE.. (15)

Therefore, the density function of the distribution of the
probability of activation energies could be directly ob-
tained from the experimentally determined relation-
ship: o vs. E, by its differentiating, i.e. AE) = do/dE.
Figure 5 presents dependences of isothermal binding of
Cu?* to PAA hydrogel (o) vs. single reaction activation
energy (E) and corresponding function of the density
distribution AE). ’

The function of the density distribution of the proba-
bility of activation energy shows two well-signed maxi-
ma for values of E, at 9 kJ/mol and 26 kJ/mol. The last
E, value is in good correspondence with E, value for
saturation rate of the Cu?* binding to the PAA hydro-
gel.

Table 3. Model constants of the Cu®* binding rate

T,°C k, min™! E,, kJ/mol InA
20 0.022 10.45 0.48
25 0.024
35 0.250 25.67 8.65
45 0.350
2007
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CONCLUSIONS

The investigated process of isothermal binding of
Cu?* to PAA hydrogel at temperatures below 30°C is a
complex kinetic process that can be described with two
independent reactions which occurred at two well-de-
fined adsorption centers at PAA hydrogel.

It was found that at temperatures 7 < 30°C the dom-
inant influence on the kinetics of the process has Cu?*
diffusion to the active centers (with E, = 9 kJ/mol) and
at T 2 30°C and the degree of bound Cu?*, ot > 0.2 the
dominant influence has the kinetics of the interaction of
Cu?* from the adsorption center with E, = 26 kJ/mol.

The function of the density distribution of the
probability of activation energy shows two well
signed maxima for values of E, at 9 kJ/mol and
26 kJ/mol. The last E, value is in good correspon-
dence with E, value for saturation rate of the Cu®*
binding to the PAA hydrogel.
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Abstract — It is known from a long time that the decomposition of hydrogen peroxide catalyzed by hydrogen
and iodate ions, the Bray-Liebhafsky reaction, can give oscillations in a batch reactor. Recently, mixed-mode
oscillations and chaos were also observed in a CSTR. The model we had proposed to explain the kinetics in a
batch reactor can as well simulate these new complex behaviours. Time series give only a limited view of the
features of the calculated behaviours and more information is obtained studying the properties of the state
space. We use projections of the trajectories, calculation of the correlation dimension of the attractor, Poincaré
sections, and return maps. As the state space of the model is six-dimensional, we try to answer two questions:
Do the projections into a 3D subspace give correct pictures of the real trajectories? Have we reasons to prefer

a special subspace?

INTRODUCTION

The decomposition of hydrogen peroxide in the
presence of hydrogen and iodate ions, known as the
Bray-Liebhafsky oscillatory reaction [1, 2], is the result
of two complex pathways in which hydrogen peroxide
acts either as Reducing (R) or Oxidizing (O) agent.

2105 +2H* + 5H,0,— L + 50, + 6,0  (R)

(&)

The dynamics of this reaction has been studied exten-
sively in batch reactors [3-9] and its main features can
be simulated by the model we have proposed [10-13].
Recently, complex oscillations and chaos were also ob-
served experimentally in a continuous well-stirred tank
reactor (CSTR) [14-16] and simulated numerically us-
ing the same model [17, 18]. Fig. 1 gives examples of
calculated behaviours at different specific flow rates j,
(total volume flow divided by the reactor volume).
However, such time series give only a limited view of
the features of the calculated behaviours, simple oscil-
lations, mixed-mode oscillations or chaos. In order to
obtain more information, identify fundamental proper-
ties and compare them with other known systems, we
have to use other representations and different tools.
This work discusses 3D views, calculations of the cor-
relation dimension, Poincaré maps and relation be-
tween phenomena in three and more than three dimen-
sions.

The composition of a system can be represented as
a point in the space of the concentrations, called the
state space, and its evolution with time as the trajecto-
ries of this point. The number of dimensions of this
space is the number of concentrations. Periodic oscilla-
tions give closed curves and aperiodic oscillations give

Iz + 5H202 —_— 210; + 2H+ + 4H20.

unclosed curves known as chaotic attractors. Such rep-
resentations help in analyzing the structure of the state
space, identifying attracting and repelling regions in
transient regime, revealing common properties of sets
of trajectories, and visualizing the shape of attractors.
Fig. 2 shows trajectories corresponding to the time se-
ries in Fig. 1. For j, = 4.825 x 10 min!, Fig. 1a sug-
gests that we have simple oscillations but Fig. 2a re-
veals that, instead of a limit cycle, we have a chaotic at-
tractor discussed in details later. Fig. 2b and 2d show
two examples of mixed-mode oscillations, several
large amplitude oscillations separated by one small am-
plitude oscillation or several small ones separated by a
large one. Fig. 2c illustrates a chaotic window in the re-
gion of mixed-mode oscillations. These 3D views are
more informative than the time series but still insufficient
to understand the dynamics of the system. A problem
comes from the dimension of the state space. The mech-
anism of reactions (R) and (O) is not simple and beside

the chemical species 105, H*, H,0, and I, we have, at

least, four intermediate species, [, IOH, IO,H and I1,0.
Thus, the state space has more than three dimensions
and Fig. 2 shows only projections of the trajectories in-
to a 3D subspace. We shall try to answer two questions:
Do these projections give correct pictures of the real
trajectories? Do we have reasons to prefer a special
subspace?

MODEL

Our model is given in Table and its dynamics is de-
scribed by the six differential equations hereafter. Io-
date and acid are in large excess and their concentra-

tions were maintained constant, [I05] = 0.0474 and
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[I,] x 10* ~
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t, min
Fig. 1. Time series for jy = 4.825 x 107> (a), 4.828 x 1073 (b), 4.9466 x 107> (c) and 5.02 x 10~ min™! (d).
[H*] = 0.0958 mol/dm>. Adding two differential equa- d(L]/dt = ry — jol1,],
tions to account for their temporal evolution does not
alter the dynamics of the system, but only slightly shifts diUVdt = —r—ry—ry+rs—jolT'],

the position of the bifurcation points [17]. The hydrogen )
peroxide in the input flow was [H,0,];, =0.155 mol/dm>. d[HIOV/dt = ry+2r;—ry—rs+rg— jo[HIO],
Calculations were performed using the MATLAB pro- )
gram package as explained previously [18]: d[HIO,)/dt =1y = 1y + 16 — r7 + 1y — jo[HIO, ],

d[H,0,)/dt = —r5s — rg — r; — rg + jo([H,0,];, — [H,0,)), d[L,OV/dt = r, — r3 — re — jo[1,0],

Model of the Bray-Liebhafsky reaction

(D

Reactions Rate constants* no.
10; + I +2H* === HIO + HIO, ky=3.18 x 10°; k_; = 7.91 x 107 (R1, R-1)
HIO, + I + H* —= L,O + H,0 ky=15.0 x 1011 (R2)
L,O + H,0 = 2HIO ky=5.0x10% k_y=3.15x 108 (R3, R-3)
HIO + I+ H* =1, + H,0 ky=3.0x10";k ,=45 (R4, R-4)
HIO + H,0, —= I" + H* + O, + H,0 ks =1.20 x 10* + 3.0 x 10** [H*] (R5)
1,0 + H,0, —= HIO + HIO, ke=5.0x 10 (R6)
HIO, + H,0, —= 105 +H* + H,0 k;=2.0x 103 (R7)
10; +H* + H,0, —= HIO, + O, + H,0 kg =9.5x 10 +3.92 x 102 [H*] (R8)

* We keep the units mol - dm™3 and min used in the previous papers [11-13].
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(b)

[H,0,]

0.04204 -

DR\
080 | W)¥

Fig. 2. 3D projections of the trajectories in the 6D state space for the same j values as in Fig. 1.

where [H,0,];, is the hydrogen peroxide concentration
in the input flow and

ry = k,[10; J[F][H*]? — k_, [HIO][HIO,],
ry = ky[HIO,[I'][H*],
ry = k3[1L,O] - k_3[HIOJ?,
ry = ky[HIOJ[I'] — k_y[L1/[H*],
rs = ks[HIO][H,0,],
re = ke[ 1,OI[H,0,],
r; = k;[HIO,][H,0,],

ry = kg[105 ][H,0,].

This model simulates a number of periodic and ape-
riodic dynamic states under CSTR conditions discussed
in our previous publication [18]. Some other examples
are shown in Figs. 1 and 2. With increasing the flow
rate, a Hopf bifurcation point, simple large oscillations,
mixed mode oscillations with an increasing ratio be-
tween the numbers of small and large amplitude oscil-
lations, simple small oscillations and a reverse Hopf bi-
furcation are observed. In the region of mixed-mode

KYPHAJT ®UBNYECKON XUMUU
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oscillations, period-doubling sequences lead to chaotic
windows. Chaotic mixtures of mixed-mode patterns
were also found.

RESULTS AND DISCUSSION
Correlation dimension

Periodic trajectories are 1D objects and their projec-
tions from a 6D state space into a 3D subspace don’t
raise special problems. This is not so for chaotic attrac-
tors like those in Figs. 2a and 2c. To characterize them
we have calculated their fractal dimension, or more pre-
cisely one of their fractal dimensions [19], the correla-
tion dimension introduced by Grassberger and Procac-
cia [20]. They take N trajectory points and count the
fraction p,(R) = Nj/(N — 1) of these points within a dis-
tance R of a given point i. (The expression is divided by
N — 1 since there are at most N — 1 other points in the
neighbourhood of the point i.) Then, they calculate the
correlation sum defined as

N
CR) =13 pi(R),

i=1
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logC(R)
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_3t+ *  Slope = 1.01
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logR

Fig. 3. Correlation sum and correlation dimension for the
chaotic attractor of Fig. 2a.

C(R) would be proportional to R if the trajectory points
were located on a line and proportional to R? if they were
located on a surface. This suggest the definition of the
correlation dimension as the number D, that satisfies

C(R) = limkR".

R—0

In practice, it is impossible to calculate the limit for
R — 0 because the number of points used to calculate
C(R) 1s finite and there is some minimum distance be-
tween them. When R is less than this minimum C(R) is
equal to zero. The best that can be done is to plot
log(C(R)) as a function of log(R), look for a linear rela-
tion at small R values and take the slope as D.. Figure 3
shows a typical example of the correlation sums calcu-
lated for chaotic attractors obtained with our model.
To avoid scaling problems, these calculations use the
dimensionless form of the kinetic equations discussed
below. When R is not much smaller than the size of the
attractor, the slope of the plot is just a little larger than
one. When R decreases, it increases and tends to about
two. These results, obtained in the 6D state space, sup-
port the geometrical picture given by the 3D projec-
tions. The trajectory remains close to the periodic orbits
obtained at slightly different j, values, which is one-di-
mensional, and the correlation sums at the higher R val-
ues are not very different from the correlation sums for
these periodic orbits. The fractal dimension can only be
obtained when R is much smaller than the thickness of
the attractor. Then, the number of pairs of points in the
calculation of D, is significant only if N is very large
and the precision becomes limited by the calculation
times. The obtained information is nevertheless very
enlightening: the dimension of the chaotic attractor is
close to two. It is a thin band in the 6D state space and
its projection in 3D subspaces could distort it but pre-
serves this fundamental property.
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Poincaré sections

To characterize trajectories in 3D state spaces it is
useful to make Poincaré sections, i.e. to study their in-
tersections with a half plane. If the Poincaré plane is
correctly selected, a simple limit cycle gives just an in-
tersection point, complex oscillations give a finite num-
ber of points, quasi-periodic oscillations on a torus give
a closed curve and a chaotic attractor gives more or less
complicated structures of points in the plane. However,
in our 6D state space, the Poincaré “plane” has five di-
mensions and we can only see projections of the
Poincaré sections. They are nevertheless useful. Figure 4a
shows sections of the attractor in Fig. 2a projected in
the subspace [H,0,]-[I,]. They reveal a feature of the
attractor not observable in this figure, the attractor has
the shape of a folded strip and its Poincaré sections are
nearly lines. As the intersection of an attractor of di-
mension D, with a Poincaré plane has D, — 1 dimen-
sions, the Poincaré sections in Fig. 4a indicate that D,
is close to two, in accordance with the correlation di-
mension calculations. Actually, for any chaotic attractor
D, must be larger than two and zooms on other projec-
tions of the Poincaré section reveal that it is a “thick” line.

Poincaré sections don’t only help to build geometri-
cal representations of attractors; they also give infor-
mation about the motion on it through return maps.
The values of [H,O,] at the intersections points in Fig. 4a
are plotted in Fig. 4b as a function of the preceding val-
ues giving the first return map [H,0,],,, =

Fy,0, ([H,0,],). In the general case of j concentrations,

they are j functions represented in vectorial form by
X, +1=F(X,) where X = {X,...X;}. The theorem of ex-
istence and uniqueness of the trajectories imply the ex-
istence of these functions. They simplify greatly the de-
scription of the system’s dynamics and still contain im-
portant information about it [19]. The example in Fig.
4b shows a surprising simplification: [H,0,],,; de-
pends only on [H,0,], and not on the other concentra-
tions allowing comparisons of the behaviour of this
complicated system with well known one-dimensional
maps. At the crossing point between the return map and
the diagonal line [H,0,],, ; is equal to [H,0,],. This
point is the intersection with the Poincaré plane of a pe-
riod-one closed orbit, which must be unstable. Actual-
ly, a chaotic attractor is associated with an infinite num-
ber of closed orbits of any order. Important properties
of the attractor can be extracted from these orbits [21-
24]. The return map for [I,] in Fig. 4c seems also one-
dimensional but with two branches giving two [I,],, ;
values for one [I,], value, which seems to be in contra-
diction with the uniqueness of the solutions of the dif-
ferential equations. A closer look at the results shows
that there is no contradiction because the [H,0,] values
are different on the two branches. The period-one un-
stable orbit crosses the Poincaré plane at point O near
[Ll,+1 = [L], = 1.20644 x 10* and [H,0,],,, =
= [H,0,], = 0.041778. At the other crossing point with
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[H,0,], % 10?

4.220 — ) @
4.21 4.218{ )
42014216

1.4010 1.4015
4.19r 4.178
4.176
418+
! 4174505 1207
4.17 1 L L ,
1.20 1.25 1.30 1.35 1.40
[1,] x 10*

[Hy0,], 41 % 10°
(b)
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Fig. 4. Poincaré sections in the chaotic attractor of Fig. 2(a)
for (Il = 4.5 x 107® and d[I")/dt < O (upper part) or
d[I"]/dt > 0 (lower part) (a) and first return maps for
d[I")/dt > 0 (b and c).
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Slow_manifold
F3 - O

Fig. 5. Mixed-mode oscillations on a folded slow manifold.

the diagonal line [H,0,], ., and [H,0,], have different
values and we have no periodic orbit. In conclusion,
Poincaré sections and return maps reduce the study of
the main features of our 6D system to the study of 2D
maps for [H,0,] and [I,]. We now show why and when

this reduction is possible.

Dimensionless kinetic equations

The kinetic equations (1) describing the dynamics
of our model can be transformed into the useful dimen-
sionless form (2) as explained in the annex

cidy/dt =—ps—ps—p7—Ps + (1 -y) + ¢y,
dy)/dt = p,— ys,
C3dys/dT=—p; — Py — Py + Ps— Cays,

Cady JdT =Py +2p3— Py— Ps5 + Pg = Cas,

csdys/dT = p;— Pa+ Ps— P7+ P — CsYs,
Cedye/dT = Py — P3— Ps — Ces- (2)
The y; are the ratios between the actual concentrations
[H,0,], [L,], [T"], [TOH], [IO,H] and [1,0] and their val-
ues at the steady state, the p; are dimensionless forms of
the rates r; and the c; are dimensionless parameters. Be-
side the benefit of these dimensionless equations point-
ed out in the annex, we show here that they throw light

on the behaviour of the trajectories. The values of the
parameters cs, ¢4, ¢5 and cg calculated with the rate con-

stants in Table are smaller than 1072. One consequence
of this smallness can be understood considering the
simpler system (3) where € is a small parameter. We
suppose that the surface F; = 0, called the slow mani-
fold, has the folded shape represented in Fig. 5. Its up-
per and lower part are stable, its middle part is unstable

dx,/dt = F(xy, X, x3),
de/dt = Fz(,xl, X7, X3),
edxs/dt = F5(x, X, X3). (3)

As € is small, dx,/df remains large until x; takes a value
such that F3(x;, x,, x3) is also small. The trajectories ap-
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proach quickly the slow manifold and then move slow-
ly on it. When they eventually reach a point at the bor-
derline between its stable and unstable folds, as points
A and C in Fig. 5, they jump onto the other stable fold
at points B and D. This motion gives normally simple
or mixed-mode oscillations. It is also possible that the
successive transition points are all different, which
gives a chaotic attractor. The no-intersection theorem
[19, p. 77] is not violated because the trajectories do not
follow exactly the 2D slow manifold. However, a con-
sequence of the smallness of € is that they remain very
close to it and the dimension of the chaotic attractor is
close to two. The solution of the system (3) is nearly al-
ways close to the solution of the simpler system dx,/dt =
= F(xy, Xy, X3), dxyJdt = F(xy, X,, X3) and F5(xy, X, x3) = 0.
The last equation gives the so-called “fast” variable x;
in function of to the “slow” variables x; and x,. If it is
written x; = G(x;, x,), the approximate equations take
the form dxl/dt = F](xl, X7, G(xl, X2)), dX2/dt = F2(x1, X2,
G(xy, X)), showing that the main features of the motion
are given by the behaviour of x; and x,.

Our system is more complicated but the simplifica-
tion is similar. There are six variables but only two of
them are slow, [H,0,] and [I,]. The slow manifold is
two-dimensional and the correlation dimension of the
chaotic attractor is close to two because c;, ¢, ¢s and cg
are small. This reduces the effective dimension of the
motion in the 6D state space. Let us underline that the
slow variables are the concentrations of species appear-
ing in the stoichiometric equations (R) and (O). Look-
ing at the definitions of the small parameters, we see
that this is not fortuitous. The return maps for [H,0,]
and [I,] are two-dimensional because the motion re-
mains close to the two-dimensional slow manifold.
This could help to identify specific properties of our
chaotic attractors. However, if many theoretical results
have been obtained for one-dimensional maps, bi-di-
mensional maps are less known, with the noticeable ex-
ception of the Hénon map [19]. Further theoretical
works would be useful.

As a final comment, we mention that if we use the
values of the parameters giving chaos but replace the
first equation of our differential system with the “pool
approximation” [H,0,] = constant, the solutions are
simply stable steady states or limit cycles, depending
on [H,0,]. This suggests that at least two slow vari-
ables are needed to get chaos and shows the danger of
the pool approximation.

CONCLUSION

Our previous work [18] showed that our model for
the Bray-Liebhafsky reaction can simulate mixed-mode
oscillations and chaos in a CSTR. In this work, we ana-
lyze the characteristics of the trajectories. The model in-
volves six concentrations, [H,0,], [L,], [I"], [IOH],
[IO,H] and [1,0], and the trajectories are located in a
6D state space. However, correlation dimensions calcu-
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lations and Poincaré sections reveal that the chaotic at-
tractors remain close to 2D surfaces. The return maps
for [H,0,] and [I,] are bi-dimensional. The dimension-
less form of the kinetic equations explains this reduc-
tion of the number of effective dimensions. The four
variables [I7], [IOH], [I0,H] and [I,0] are “fast” vari-
ables and the trajectories are strongly attracted by a 2D
slow manifold. The main features of the dynamics are
found out in the behaviour of the “slow” variables,
[H,0,] and [I,], and we do have reasons to prefer sub-
spaces including these variables. Models in chemical
kinetics often lead to this particular kind of autonomous
equations with several “fast” variables and only a few
“slow” variables. Writing them in a dimensionless form
should reveal the distinction between these two kinds
of variables and the associated simplifications. We sug-
gest a link with the chemical intuition: the slow vari-
ables are those appearing in the stoichiometric equa-
tions.
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ANNEX: KINETIC EQUATIONS
IN DIMENSIONLESS FORM

A convenient form of the kinetic equations (1) is ob-
tained replacing the concentrations with the ratios be-
tween their actual values and their values at the steady
state:

y1 = [H0,)/[H)0,]; v, = [LVIL]  y3= [T
v, = [HIO]/[HIO]; vys = [HIO,]/[HIO,]

ys = [LOVI[L,0],.

ss?

The concentrations [...], at the steady state are solu-
tions of the following equations derived from the six
equations d[...]/dt = 0:

Jo([H,0,1;, — [H,0,]) = (ks[HIO] + k[L,O] +
+ k5 [HIO, ] + kg[105][H"])[H,0,]

j0[12]ss = k4[HIO]SS[Ii]ss[H+] - k-4[12]ss’

Jjo2IL ], + [ '] + [HIO] + [,O],) =
= ky[1,0],, — k;[HIOL,
oI 1, + [I']s + [HIO] + 2[1,01,) =
= kz[Hlozlss[I_]ss[H+] _k6[12o]ss[H202]ss’
Ne 9
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Jo(2[L1, + [I"]ss + [HIO] + [HIO, ], + 2[1,0],) =
- k,[IO;][I_]ss[H+]2~k_1[HIO]SS[HIOQ]SS-
—k;[HIO, ] [H,0,] + ks[TO;1[H'][H,0,],

Jo(51L, ] + 3[I ]ss + 2[HIO] +
+ [HIO, ] + 4[1,0],,) =
= (ks[HIO] — k¢[1,0], — k;[HIO, ] +
+ kg[TO5][H'][H,0,],.

These equations have no explicit solution but can be
solved by an iterative method. Beside the used solution
in the region of the state space were we get the oscilla-
tions, there is another solution, always unstable, given by

(L1, =[] =[HIO] =[L,O], =0,
Jo([H0,1;, - [HZOZ]'SS) =
= (k;[HIO, I, + kg[105][H")[H,0,]

ss?

Jo[HIO, I, = (=k;[HIO, I, + ks[1O3 ITHNIH,0;, I -

This steady state is not directly related to the oscilla-
tions but could be important for the analysis of the
structure of the state space. To put the kinetic equations
in a dimensionless form, the eleven Kinetic constants
are replaced with eleven dimensionless parameters.
Taking j, as the unit of time and [I,],, as the unit of con-

centrations, they are
Cl = [HzOz]SS/[Iz]SS;
C = ([Hzoz]in—[Hzoz]ss)/[Iz]

ez = [T/
¢y = [HIO]y/[L]s; s =[HIO, /[l ]
¢s = [L,Oly/a]ss
a; = k_[HIO]([HIO, 1/ (jo X [1,]);
k 5[HIOI5/(jo X [L,],):
ay = k_4/jy;
ks[HIO, I/ (jo % [T21);
as = kg[IO31[H'1[H,0,]/(jp X [L],,)-

Introducing the dimensionless time T = j, X ¢ and di-
mensionless rates of reactions p; = r;/(j, X [L,],), the ki-
netic equations become

cdy/dt=—ps—ps—p7—ps+ci(l—y) +cy,
dy,/dt = py—y,,
C3dys/dT =—py — Py — Py + Ps— €33,
Cady Jdt =Py + 203 — Py~ Ps+ Pe— Calas

ss?

a

a, =
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csdys/dt =Py — Py + Ps — P7 + Pg — €55,
cedyeldt = Py — P3— Ps — CeVes
where
P1=2+c3+cy+ s+ 2+ a; +ay—as)ys—aygys,

P2=0.5(c; — 1 — 3= ¢5 = 2ay)ysys,
P3=2+c3+cy+cg+a)ys—arys,

Pa=(1 + az)ysys — asys,

Ps=0.5(5 + ¢, + 3¢5 + 2¢c4 + c5 + 4cg— 2a5)y 1 ys,
Pe = 0.5(C2 -5- 3C3 - 2C4 —C5— 4C6 — 2a4)y1y6,
P7=ays,
Ps = asyi-
This form of the kinetic equations gives convenient
representations of the state space with unit concentra-
tions at the steady state and uses parameters with a di-
rect chemical meaning: the c; are ratios of concentra-
tions and a, to a; are characteristics of the reversibility
of reactions (1), (3) and (4). The superiority of these
equations is also a result of the smallness of the param-
eters c3, ¢4, ¢5 and ¢¢ calculated with the rate constants
in Table. As long as they remain small, the permanent
trajectories are nearly independent on their values.
The original system depends on 13 parameters, j,
[H,0,];, and eleven kinetic constants but we don’t need
to know exactly all these constants. The dynamics of
the system depends only on ¢, ¢, and five a;. The di-
mensionless equations show which values, or ratios of
values, are important and which are not. Moreover,

they reduce some numerical problems associated with
the stiffness of the classical equations.
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Abstract — Thermal desorption of saturated activated carbon, discharged from industrial adsorber, and catalytic
oxidation of desorbed products over Pt/Al,O5 catalyst have been investigated. The activated carbon are almost
completely regenerated by flushing with air at 200°C during 30 min. Desorbed products are fully oxidized over

Pt/Al,O5 catalyst above the temperature of 275°C.

INTRODUCTION

Volatile organic compounds (VOCs) can be consid-
ered as a major source of air pollution, and in many cas-
es, legislation has already been introduced to reduce
their emissions. VOCs can be produced from a variety
of industrial and commercial processes, including
printing, metal decorating, paint drying, metal degreas-
ing, manufacturing of organic compounds and poly-
mers, food processing, etc. [1]. These VOCs have been
generally implicated in the formation of photochemical
smog and destruction of ozone layer. Incineration, con-
densation, scrubbing, adsorption or catalytic oxidation
can remove VOCs from exhaust gases. Thermal incin-
eration, the most often used method, destroys these
compounds by burning them at temperatures higher
than 1000°C. These high temperatures generate the for-
mation of undesirable by-products such as nitrogen ox-
ides, dibenzofurans and dioxins. Catalytic oxidation of-
fers high destructive efficiency, lower operating tem-
perature than thermal combustion systems, lower
capital costs, and smaller units [1]. This process can be
considered as an effective way for reducing VOCs
emissions from stationary sources [2-4]. One of the
widespread technologies for the removal of low con-
centrations of VOCs from the air is based on VOCs ad-
sorption on activated carbon (AC), either in the pow-
dered or in granular form [5-7]. The surface character-
istics of AC are crucial for adsorption process. The AC
microstructure comprises of a cross-linked aromatic
sheets with graphite or structured carbons scattered on
surfaces randomly [8]. The saturated AC, however,
must be regenerated before reuse. The regeneration
methods are based either on desorption, induced by in-
creasing temperature or by displacement with a suitable
solvent. Desorbed products must be further removed by
thermal or catalytic oxidation or by appropriate chemi-
cal, electrochemical or microbial processes. Both noble
metals and mixed metal oxides can be used as catalysts

for VOCs combustion [9-15]. Noble metals are gener-
ally supported on alumina; however, other supports and
particularly zeolites can be also used.

Our previous work have been directed to develop-
ment of combined adsorber — desorber — catalytic reac-
tor system, nominal capacity 3.5 m3/h, using modified
spouted bed (i.e. spouted bed with axially inserted draft
tube) loaded with activated carbon for xylene removal
[16]. Combustion of desorbed organics was conducted in
separate catalytic reactor loaded with platinum catalyst.

Within this work investigation of thermal desorp-
tion of spent activated carbon, discharged from indus-
trial adsorber, and catalytic oxidation of desorbed prod-
ucts over Pt/Al,0O; catalyst, are presented.

EXPERIMENTAL

Activated carbon, type K81/B (Trayal Corporation,
KruSevac), in the form of granulate, with mean granule
size of 1 mm, was used as a sorbent for the removal of
pollutants from industrial waste gasses. Characteristics
of AC K81/B are presented in Table 1. Samples used in
laboratory investigations were discharged from com-
mercial adsorption unit. Adsorption unit was placed
within pesticide production plant and served as control
device for VOCs emission.

Catalyst. Characteristics of Pt/Al,O; catalyst are
presented in Table 2 [17]. For laboratory investigation,
catalyst was ground and grain size of 0.1 to 0.2 mm was
used for catalytic combustion of desorbed products
from AC.

Apparatus is made of two independently heated re-
actors, connected in series, presented on Fig. 1. Both re-
actors are situated within Gas Chromatograph Shimad-
zu 14-A. The first, desorption reactor, consisted of
stainless steel tube, OD 6 mm, ID 4 mm and 115 mm in
length. Desorption reactor (3) was placed in the oven
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Table 1. Activated carbon (AC K81/B) characteristics

Index in benzene 40-45%

Specific capacity 0.3 kgvoc/kgac

BET surface area 1200 m?/g

Volume micro pore 0.45-0.50 cm®/g

Cumulative production 0.8-1.0 cm/g

volume pore

Mean size particle 0.9-1.1 mm

Bulk density 564.4 kg/m>

Hardness 74-76%

Size particle (DIN 4188) | >1.6 mm 1.5-2%
(0.425-1.6) mm 97-98%
<0.425 mm 0.5-1%
<0.355 mm 0.1-0.2%

Table 2. Catalyst characteristics

Mean diameter (mm) 3.3 ||Porosity (%) 66

Surface area (m?/g) 96 ||Ptloading (wt %) | 0.12

Density (kg/m?) 3329 ||Pt dispersion (%) 86

Apparent density (kg/m) | 1300 ||Pt distribution Egg shell

Pore volume (m3/kg) 0.58 Wid;h of Ptband | ~100

(um

that was originally designed for commercial on-column
injector OCI-14. Desorption reactor oven (4) is capable
of being temperature programmed from other heated
sections of gas chromatograph. Samples of AC (0.12 g—
0.23 cm®) were placed in the middle of desorber (3),
housed on quartz wool holder, with thermocouple on
the top of the bed. Air and nitrogen were used as des-
orption fluids. The air flow corresponded to the space
velocity of 12000 h™!. The second, catalytic reactor (6)
was also made of stainless steel tube, with the same di-
mensions as desorption reactor. Catalytic reactor was
situated in the column oven of the gas chromatograph
(Shimadzu 14-A). Reactor was loaded with 0.15 g of
crushed commercial Pt/Al,O; catalyst. Applied flow
rates through the catalyst bed corresponded to the space
velocity of 13500 h!. Temperature of the reactor was
maintained by column oven temperature controller,
while the temperature of the catalyst bed was recorded
by thermocouple situated at the outlet of the catalyst
layer.

Temperature programmed desorption of organics
from AC was investigated in the temperature range
from 50 to 300°C with programmed temperature rise of
5, 10, 20 and 50 K/min.

Taking into account that the catalytic reactor was
placed in the column oven, analysis of unreacted organ-
ic products was restricted only to the total organic con-
tent, using empty column and FID detector. Therefore,

XKYPHAJI ®U3UYECKON XUMHUH
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in order to determine catalytic activity, desorption
products (at the inlet of catalytic reactor) were analyzed
using the same method. Also, quantitative and qualita-
tive analysis of desorption products, without catalytic
reactor, were performed by means of stainless steel col-
umn, 6.5 ft. long and 1/8 in. in diameter, containing
23% SP 1700 on chromosorb PAW.

RESULTS AND DISCUSSION

Desorption of organics from activated carbon con-
ducted in the air stream caused burning of AC. The AC
light off started at temperatures above 280°C. There-
fore, further desorption experiments have been done
with nitrogen as effluent fluid. Fig. 2 presents mass loss
of AC in the temperature range from 120 to 300°C with
heating rate of 10 K/min.

The AC mass loss gradually increases from 5 to
19% up to the temperature of 260°C. Further tempera-
ture rise does not affect the AC mass loss. Also, mass
loss of 19% was obtained at lower temperatures
(200°C) with the same rate of heating, but with prolonged
temperature hold time of desorber reactor for 30 min.

Overall analysis of desorption products from AC in
the temperature range from 120 to 300°C with pro-
grammed temperature rise of 10 K/min revealed that
major constituent of adsorbed organics is xylene (about
90%). The rest of desorbed organics belong mainly to
SOLVESSO 100 that is commercial name for industrial
solvent containing C9-C10 dialkyl and trialkyl-ben-
zenes. Up to the temperature of 160°C xylene is the
only organics that appeared in the effluent gas, while
the SOLVESSO 100 constituents appear at higher tem-
peratures and their amount gradually increase with
temperature and prolonged desorption time.

The adequate adoption of gas flow rate and temper-
ature regime in desorption unit can provide targeted dy-
namics and composition of desorbed organics. There-
fore, heating rate of 10 K/min from 70 to 200°C with
hold time of 30 min at 200°C was chosen for catalytic
activity tests.

Catalytic activity test expressed as function of time
on stream are presented on Fig. 3, along with tempera-
ture regime in the desorption unit. Although real gas
compositions are the mixture of xylene and ingredients
of commercial solvent SOLVASSOL 100, all concen-
trations of organics, including the inlet concentration,
are expressed as total organics calibrated with respect
to the xylene. Therefore, portions of these constituents
varied with time on stream. At lower temperatures Xy-
lene is dominant within total organics concentration,
but above 200°C concentration of SOLVASSOL 100
compounds are increasing and participate in total organ-
ics up to 15 vol %. Consequently, time on stream activity
tests should be analyzed from this point of view.

Catalytic activity tests can be considered for two
different concentration regions, upward and downward
curves. Obviously, activity of the catalyst is higher in
Ne 9
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Fig. 1. Schematic diagram of apparatus: / — gas chromatograph, 2 — AC, 3 — desorption reactor, 4 — desorption reactor oven, 5 —
catalyst, 6 — catalytic reactor, 7 — catalytic reactor — column oven, 8 — FID detector, 9 — 6-port valve, /0 — flow controller and /7 —

thermocouples.
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Fig. 2. Mass loss of AC as a function of desorption temper-
ature.

downward region with respect to upward part. It may
be concluded that the presence of C9—C10 dialkyl and
trialkyl-benzenes increase conversion of xylene, this
suggests that products of reactions are somehow speed-
ing up the rate. Systems in which this occurs are often
referred as autocatalytic [18], but it is only the specula-
tion. Further experiments are necessary for confirma-
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Fig. 3. Conversion of VOCs and desorption regime vs. time
on stream; filled lines — VOCs concentration, dashed line —
temperature of desorber.

tion of this assumption. Also, such behavior can be ex-
plained by heat effect in catalytic bed due to released
heat of combustion. There is possibility that the tem-
peratures in catalyst bed are higher than recorded by
thermocouple, placed just at the outlet of catalytic bed.
It should be mentioned that catalytic reactor is situated
in relatively high volume column oven of gas chro-
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Flg 4. Conversion of VOCs as a function of concentration
in upward concentration regime at differ temperatures: 230
), 240 (2), 250 (3), 260 (4), 268 (5), 275 and 300°C (6).

matograph that provide suitable heat transfer condi-
tions. However, activity tests show that catalysts tem-
peratures of 275°C is sufficient to burn up all desorbed
organics.

For this reasons, effects of concentrations on cata-
lytic activity have been envisaged only in upward con-
centration regime that is presented on Fig. 4.

Increase of concentration of organics decreases cat-
alyst efficiency. These results could indicate possible
mechanism of catalytic reaction. Probably, surface con-
centrations of organics remain constant regardless the
organics concentrations in the gas phase. This should
be the basis for further research about kinetics of xylene
oxidation over Pt/Al,O; catalysts employing a gradi-
entless reactor.

CONCLUSION

Thermal desorption of organics by the air from sat-
urated AC, discharged from commercial adsorber, en-
ables satisfactory regeneration of AC. The AC saturat-
ed mainly by xylene and partly by SOLVESSO 100 is
almost completely regenerated by flushing with air at
200°C during 30 min.

Desorbed products are fully oxidized over Pt/Al,O4
catalyst above the temperature of 275°C.

KYPHAJI ®UBUIYECKOU XUMUUN
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These results show that removal of low concentra-
tions of organic compounds by adsorption on AC, ther-
mal regeneration of AC and post-treatment of desorbed
products from AC over Pt/Al,O; catalyst can be suc-
cessfully applied for removal of organic pollutants
from waste gases.
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Abstract — The mechanisms of the carboxylation reactions of lithium and sodium phenoxides are investigated
by means of DFT method with CEP-31 + G(d) basis set. The introduction of diffusion functions does not affect
the outcome of the calculations. As a consequence, the results of this investigation are in good agreement with
the findings obtained by means of LANL2DZ basis set. Lithium phenoxide yields only salicylic acid in the
Kolbe—Schmitt reaction. The reaction of sodium phenoxide can proceed in the ortho and para positions, but the
para substituted product can be expected at a very low concentration in the reaction mixture. The deviation of
lithium and sodium phenoxides from the mechanisms of carboxylations of other alkali metals is a consequence

of small ionic radii of lithium and sodium.

INTRODUCTION

The Kolbe—Schmitt reaction is a carboxilation reac-
tion of alkali metal phenoxides with carbon dioxide
where hydroxybenzoic acids are formed [1-3]. This re-
action has been used for more than a century for indus-
trial production of aromatic hydroxy acids, such as sal-
icylic acid, p-hydroxybenzoic acid, 3-hydroxy-2-naph-
toic acid, 6-hydroxy-2-naphtoic acid, etc. These acids
play a significant role in the synthesis of numerous
products, such as pharmaceuticals, antiseptic, fungicid-
al, and color-developing agents, textile assistants, poly-
esters, high-polymeric liquid crystals and dyes [4, 5].
The reaction scheme is presented in Fig. 1.

The mechanism of the Kolbe—Schmitt reaction has
been the subject of investigations of many experimen-
tal and theoretical studies. The early results on the
Kolbe-Schmitt reaction mechanism can be found in the
review [6], and references cited there. In this work we
refer to the later results concerning the Kolbe-Schmitt
reaction mechanism. The work of Kunert et al. [7] pro-
vided valuable information on the mechanism of the
Kolbe-Schmitt reaction. On the basis of FT-IR spectra
and DTA analysis the presence of the intermediate
NaOPh-CO, complex was confirmed. It was also found
that the complex changed to a further intermediate at
increased temperature (75-80°C). It was concluded
that a direct carboxylation could be excluded from the
Kolbe—Schmitt reaction mechanism.

Kosugi [8] investigated the Kolbe—Schmitt reaction
mechanism of phenol and 2-naphthol. It was conclud-
ed, on the basis of C-13 NMR and MOPAC/PM3 cal-
culations, that a direct carboxylation of phenoxide with
carbon dioxide took place, and KOPh-CO, (or
NaOPh—CO,) was not an intermediate in the reaction.

This study was focused on the carbonation of potassi-
um phenoxide, and an exact mechanism of the reaction
was not put forward.

A DFT study on the mechanism of the carboxylation
reaction of sodium phenoxide was performed by means
of Gaussian 98 software package at B3LYP level of
theory with LANL2DZ basis set [9]. A mechanism in-
cluding three transition states and three intermediates
was proposed. A quantitative explanation for the low
yield of p-hydroxybenzoic acid and the equilibrium be-
havior of the Kolbe-Schmitt reaction was provided. In
order to investigate solvent effects on the Kolbe—
Schmitt reaction kinetics Stanescu et al. [10, 11] per-
formed theoretical DFT studies, where Jaguar 4.2 pro-
gram package at the B3LYP level of theory was used.
The investigations of Achenie and Stanescu confirmed
the mechanism proposed in [9].

In a recent research [12, 13] the mechanisms of the
carboxylation reactions of lithium, potassium, rubidi-
um and cesium phenoxides were investigated at the
DFT/LANL2DZ level of theory. It was observed that
the mechanism of the carboxylation reaction of lithium
phenoxide was significantly different from those of
other alkali metal phenoxides, but it was not studied in
details. It was also observed that there was a significant
resemblance between the mechanisms of the carboxy-
lation reactions of lithium and sodium phenoxides.
This provoked us to reinvestigate the mechanism of the
Kolbe—Schmitt reaction of lithium and sodium phenox-
ides using different basis set.
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Fig. 1. Reaction scheme for the Kolbe—~Schmitt reaction. M represents alkali metals.

COMPUTATIONAL METHODS

Geometrical parameters of all stationary points and
transition states for the reactions of lithium and sodium
phenoxides with carbon dioxide are optimized in vacu-
um, employing analytic energy gradients by means of
the Becke-type three-parameter hybrid combined with
the gradient-corrected correlation functional of Lee,
Yang, and Parr [14, 15]. This functional, commonly
known as B3LYP [15, 16], implemented in
GAUSSIANO9S program package [17], turned out to be
quite reliable for geometrical optimizations [18].
All theoretical calculations are carried out by employ-
ing the CEP-31 + G(d) basis set. CEP-31 + G(d) uses
Stevens/Basch/Krauss ECP split-valence basis set and
includes a set of polarization functions [19]. It also in-
cludes corrections for relativistic effects. The vibra-
tional analysis and the natural bond orbital (NBO) anal-
ysis [20, 21] are performed for all structures at the all
B3LYP/CEP-31 + G(d) level. All the fully optimized
transition state structures are confirmed by the exist-
ence of a sole imaginary frequency, whereas the opti-
mized intermediate structures possess only real fre-
quencies. From the transition state structures, the in-
trinsic reaction coordinates (IRCs) are obtained, and

Table 1. APT (atomic polar tensors) charge distribution in
reactants and first intermediate

PhO-M B-M
Li Na Li Na
M 0.91 0.92 0.83 0.88
(6] -1.29 -1.23 -1.21 -1.20
0-C -0.19 -0.20 -0.10/~0.12 | —-0.10/~0.13
m-C 0.11 0.13 0.04/0.02 0.05/0.03
p-C -0.20 -0.24 -0.07 -0.09
Carbon dioxide

C 1.15 1.80 1.82
O -0.57 -1.07 -1.09
(0] -0.57 -0.80 -0.83

KYPHAII PUBUYECKOU XNUMHUU

the free energies are maximized along these paths.
These paths and free energies maxima are obtained us-
ing the IRC routine in GAUSSIANOS. The analysis of
the vibrational frequencies is performed by means of
the Molden program, version 3.7 [22].

RESULTS AND DISCUSSION

The mechanism of the reaction of carbon dioxide
with PhO-M (M stands for Li and Na) is examined. It is
found out that the Kolbe—Schmitt reaction of lithium
phenoxide and sodium phenoxide proceeds via three
transition states and three intermediates. The three tran-
sition states are verified by the intrinsic reaction coor-
dinate (IRC) calculations. A general outline of the
mechanism is presented in Fig. 2.

Direct carboxylation of benzene ring is investigated
by performing a forced attack of carbon dioxide to the
ortho, meta and para positions of PhO-M. This attack
does not reveal any possible reaction path. On the other
hand, a stable intermediate complex B-M is formed by
approaching the reactants to each other. This step of the
reaction proceeds smoothly, with the stabilization of
the system, and without any activation barrier. This is
in agreement with the finding that not all chemical re-
actions proceed via transition states, particularly in the
gas phase [23]. The existence of the intermediate B-M
in the Kolbe—Schmitt reaction has been confirmed ex-
perimentally [7, 8]. This reaction path is supported by
theoretical results, as follows.

The APT (atomic polar tensors) charge distribution
[24] of the reactants (Table 1) shows that in PhO—M the
positive charge is located on the metal, whereas the
negative charge is distributed among the oxygen and
ortho and para carbons of the benzene ring. The charge
distribution analysis undoubtedly indicates that the ox-
ygen of carbon dioxide will bond to the alkali metal,
and the carbon of carbon dioxide will bond to the adja-
cent oxygen of PhO-M, thus forming the intermediate
B-M. The optimized geometry of B-M is presented in
Fig. 2, whereas the bond lengths in B-Li and B—Na are
given in Tables 2 and 3, respectively. It is worth men-
Ne 9
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PhO-M + CO,

1579

TS3-M

E-M

Fig. 2. Mechanism of the Kolbe—Schmitt reaction of lithium and sodium phenoxides. M stands for Li and Na. B-M, C-M and D-M
represent the first, second and third intermediates, whereas TS2-M and TS3-M represent the second and third transition states, re-
spectively. The geometry of 0TS1-M is not presented because it is very similar to that of C-M. E-M represents alkali metal salt of

hydroxybenzoic acid.

tioning that the distances of 1.602 A in B-Li and 1.586 A
in B—Na reveal the formation of weak C7—O8 bonds.

Now, the intermediate complex undergoes further
conversion. A direct carboxylation with another mole-
cule of carbon dioxide is examined, but this attack does
not reveal any possible reaction path. On the other
hand, Table 1 clearly reveals that the carbon of the CO,
moiety in B-M is strongly electrophilic, indicating that
an electrophilic attack of the CO, moiety to the benzene
ring can be expected as a plausible step of the reaction.
For this reason the reaction paths for electrophilic at-
tacks of this carbon to the ortho, meta and para posi-
tions of B-M are examined. The meta route is not re-
vealed. This finding is in agreement with Table 1 which
shows that the ortho and para carbons in the benzene
ring are nucleophilic.

Ne 9
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Fig. 3. Optimized geometry of the first transition state in the
carboxylation reaction of sodium phenoxide in the para-po-
sition.
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Table 2. Bond lengths and free energies (G*°®) of the intermediates, transition states and product in the carboxilation reaction

MARKOVIC et al.

of lithium phenoxide. The atoms are labeled in accordance with Fig. 2

Bond length (A) B-Li TS1-Li C-Li TS2-Li D-Li TS3-Li E-Li
Cl-C2 1.414 1.469 1.513 1.540 1.547 1.478 1.429
C2-C3 1.413 1.448 1.493 1.506 1.518 1.459 1.420
C3-C4 1.416 1.388 1.373 1.369 1.364 1.391 1.408
C4-C5 1.415 1.441 1.457 1.465 1.473 1.450 1.415
C5-C6 1.414 1.394 1.385 1.382 1.373 1.399 1.410
C1-C6 1.414 1.452 1.458 1.463 1.484 1.436 1.421
C1-08 1.389 1.294 1.273 1.260 1.236 1.296 1.374
08-M 1.796 1.764 1.807 1.948

09-M 1.831 1.828 1.763 1.888 1.878 1.871 1.859
010-M 2.471 1.885 1.874 1.860
C2-C7 2.086 1.705 1.580 1.561 1.535 1.514
C7-09 1.263 1.240 1.274 1.284 1.278 1.281 1.283
C7-010 1.207 1.198 1.227 1.254 1.282 1.286 1.293
G* (kcal/mol) 0.40 8.46 7.55 18.97 16.18 63.87 2.26

Table 3. Bond lengths and free energies (G*°®) of the intermediates, transition states and product in the carboxilation reaction

of sodium phenoxide. The atoms are labeled in accordance with Fig. 2

Bond length (A) B-Na TS1-Na C—Na TS2-Na D—Na TS3-Na E-Na
Cl1-C2 1.417 1.478 1.509 1.523 1.544 1.475 1.429
C2-C3 1.413 1.453 1.488 1.500 1.515 1.456 1.420
C3-C4 1.416 1.386 1.373 1.370 1.365 1.394 1.409
C4-C5 1.415 1.444 1.457 1.462 1.472 1.448 1.415
C5-C6 1.414 1.391 1.384 1.383 1.374 1.400 1.410
C1-C6 1.416 1.458 1.465 1.464 1.484 1.435 1.422
C1-08 1.385 1.284 1.269 1.261 1.237 1.299 1.376
08-M 2215 2.148 2.183 2.300

09-M 2.180 2.201 2.137 2.227 2.227 2.221 2212
010-M 2.972 2.240 2.232 2214
C2-C7 2.026 1.739 1.621 1.577 1.555 1.526
C7-09 1.263 1.241 1.264 1.275 1.273 1.275 1.278
C7-010 1.258 1.205 1.228 1.251 1.277 1.280 1.288
G* (kcal/mol) -1.35 9.87 9.05 14.91 13.26 61.52 1.22

For conversion of B-Li a reaction path for an attack
in the para position is not revealed. Conversion of
B—Na proceeds in both ortho and para positions, via
the transition states oTS1-Na and pTS1-Na. The opti-
mized geometry of pTS1-Na is presented in Fig. 3.

By inspecting Tables 2 and 3 one can conclude that
all corresponding bond lengths in the species contain-
ing lithium and sodium are mutually very similar, with
the exception of O8-M and O9-M. These bonds are
significantly longer in the species containing sodium,
which is a consequence of the larger ionic radius of so-
dium. In pTS1-Na the O8-Na and O9-Na bonds form

KYPHAJI PUBNYECKON XUMUU

a bridge that enables the bonding of C7 to the para car-
bon. For this reason the lengths of bonds O8-M and
09-M are of crucial significance for the pTS1-Na ge-
ometry. In pTS1-Na these bonds are even longer than
they are in oTS1-Na. Still, in pTS1-Na C1, C4 and O8
deviate from the plane of the benzene ring by 8.6°,9.7°
and 26°, respectively. The ionic radius of lithium is
only 0.60 A. This implies that a possible geometry of
pTS1-Li would require significant deformations of
benzene ring. For this reason pTS1-Li does not form,
thus explaining the experimental finding that o-hydroxy-
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benzoic acid is the only product of the reaction of lith-
ium phenoxide with carbon dioxide [6].

The activation barriers for the conversions of B—Na
in the ortho and para positions amount 11.22 and
14.01 kcal/mol, respectively. According to the Curtin—
Hammond principle, the distribution of products is deter-
mined by the difference of free energies of the ortho and
para transition states. It is clear that the intramolecular
conversion of the B-Na complex is the most responsible
for the products distribution in the Kolbe—Schmitt reac-
tion. The free energy difference of 2.8 kcal/mol between
the two transition states for the conversion of B—Na re-
sults in a 1 : 0.009 ratio of the product concentrations.
On the basis of this, one should expect the para substi-
tuted product (sodium 4-hydroxybenzoate) at a very
low yield in the reaction mixture, which agrees well
with the experimental results [25]. For this reason the
para route of the carboxylation reaction of sodium phe-
noxide is excluded from this investigation.

The reactions in the ortho positions proceed via the
transition states oTS1-Li and oTS1-Na, with the for-
mation of the intermediates C-Li and C—Na (Fig. 2).
Since 0TS1-M is a late transition state, the structure
and energy of the intermediate C—M is similar to that of
0oTS1-M. Tables 2 and 3 show that a new C2—C7 bond
in C-M is partially formed. On the basis of the natural
bond order (NBO) analysis [20, 21], there is 6(C2-C7) =
=0.761C2(sp**) + 0.648C7(sp*®") in C-Li and
o(C2—C7) = 0.764C2(sp*#?) + 0.645C7(sp*™) in C-Na.
The predominant p character of these C atoms with lit-
tle s mixing indicates that the C2-C7 bond is weak.
The length of C2-C7 bond (about 1.7 A) is in agree-
ment with the NBO analysis. A consequence of the for-
mation of this weak bond is that in C-M the geometry
of the benzene ring is slightly deformed in the ortho po-
sition.

The next step of the reaction is a conversion of the
intermediate C—M into D-M via TS2-M transition state
(Fig. 2, Tables 2 and 3). The results obtained from the
IRC calculations for the formation of TS2-Li are pre-
sented in Fig. 4. In TS2-M a new O10-M bond is being
formed. In D-M the bond C2—C7 is almost completely
formed, though it is still longer than ordinary single
bonds. The NBO analysis of D-M reveals an increase
of the contribution of s orbital in sp hybridization on C2
and C7: 6(C2-C7)=0.728C2(sp**") + 0.686C7 (sp'%) for
D-Li and o(C2-C7) = 0.735C2(sp>**) + 0.678C7(sp'°")
for D-Na. The geometries of D-Li and D—Na are sig-
nificantly different from that of the third intermediate
in the carboxylation reaction of other alkali metals (i.e.
potassium, cesium and rubidium) [12]. This can be ex-
plained by the short ionic radii of lithium and sodium
which do not enable the formation of structures where
the metal is chelated with three oxygens.

As for the last step of the Kolbe-Schmitt reaction a
1,3 hydrogen shift from C2 to O8 is considered as a
plausible reaction step. This step of the reaction pro-
ceeds via TS3 transition state (Fig. 2), and requires the

KYPHAI ®U3UYECKOU XUMUU
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Fig. 4. Plot of total energy versus IRC reaction coordinate
for the formation of TS2-Li.

highest energy barrier (Tables 2 and 3), implying that it
is the rate limiting step of the Kolbe—Schmitt reaction.
This relatively high activation energy is supported by
the experimental fact that the reaction mixture has to be
heated for 1 hour at 150-250°C under high pressure [6]
in order to form corresponding salt of hydroxy benzoic
acids. Similarly, 1,3-shift of hydrogen atom in the con-
version process for vinyl-acetaldehyde tautomerization
requires activation energy of 56.4 kcal/mol [26].

The results of this investigation confirm the mecha-
nisms of the carboxylation reactions of lithium and so-
dium phenoxides obtained by means of the LANL2DZ
basis set [9—12]. The introduction of diffusion func-
tions does not affect the outcome of the calculations.
Lithium phenoxide yields only salicylic acid in the
Kolbe-Schmitt reaction. This is a consequence of very
short ionic radius of lithium, so that possible geome-
tries of the intermediates and transition states that
would appear in the Kolbe—Schmitt reaction of lithium
phenoxide in the para position would require signifi-
cant deformations of the benzene ring. The reaction of
sodium phenoxide can proceed in both ortho and para
positions, with pronounced deformations of the ben-
zene ring in the para route of the reaction. For this rea-
son the para substituted product can be expected at a
very low concentration in the reaction mixture. The de-
viation of lithium and sodium phenoxides from the
mechanisms of carboxylations of other alkali metals is a
consequence of small ionic radii of lithium and sodium.

ACKNOWLEDGEMENT

This work is supported by the Ministry of Science
and Environment of Serbia, project No. 142025.

REFERENCES
1. H. Kolbe, Liebigs Ann. 113, 125 (1860).

2007



1582

2.

3.
4.

5.

=

10.

11.

12.

13.

14.

15.

16.
17.

H. Kolbe, and E. Lautemann, Liebigs Ann. 115, 157
(1860).

R. Schmitt, J. Prakt. Chem. 31, 397 (1985).

M. Windholz, The Merck Index; Merck & Co Inc.: Rah-
way, 1983; 10th edition, p. 8190.

J.E.F. Reynolds, Salicylic acid in: Martindale The Extra
Pharmacopoeia; The Royal Pharmaceutical Society,
London, 1996; 31 Edition, pp. 1093-1105.

A. S. Lindsey and H. Jeskey, Chem. Rev. 583 (1957).
M. Kunert, E. Dinjus, M. Nauck and J. Sieler, Chem.
Ber./Recueil 130, 1461 (1997).

Y. Kosugi, Y. Imaoka, F. Gotoh, M. A. Rahim, Y. Mat-
sui, and K. Sakanishi, Org. Biomol. Chem. 1, 817
(2003).

Z. Markovié, J.P. Engelbrecht, and S. Markovié,
Z. Naturforsch. 57a, 812 (2002).

I. Stanescu, and L. E. K. A. Achenie, Chem. Eng. Sci.
61, 6199 (2006).

I. Stanescu, R. R. Gupta, and L. E. K. Achenie, Mol.
Sim. 32, 279 (2006).

Z.Markovié, S. Markovi¢, and N. Begovié, J. Chem. Inf.
Model. 46(5), 1957 (2006).

Z. Markovi¢, S. Markovié¢, and N. Begovié, 3 Interna-
tional Conference on Fundamental and Applied Aspects
of Physical Chemistry Belgrade (2006) C-6-P.

A. D. Becke, Phys. Rev. A. 2098 (1988).

C. Lee, W. Yang, and R.G. Parr, Phys. Rev. B. 785
(1988).

A.D. Becke, J. Chem. Phys. 98, 5648 (1993).

Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E.,
Robb, M. A., Cheeseman, J. R., Zakrzewski, V. G., Mont-
gomery, J. A. Jr., Stratmann, R. E., Burant, J. C., Dap-
prich, S., Millam, J. M., Daniels, A. D., Kudin, K. N.,

KYPHAJI ®UBUYECKON XUMUKN

18.

19.

21.

22.

23.

24.
25.

26.

MARKOVIC et al.

Strain, M. C., Farkas, O., Tomasi, J., Barone, V., Cossi, M.,
Cammi, R., Mennucci, B., Pomelli, C., Adamo, C., Clif-
ford, S., Ochterski, J., Petersson, G. A., Ayala, P. Y.,
Cui, Q., Morokuma, K., Malick, A. D., Rabuck, K. D.,
Raghavachari, K., Foresman, J. B.; Cioslowski, J.,
Ortiz, J. V., Baboul, A. G., Stefanov, B. B., Liu, G., Li-
ashenko, A., Piskorz, P., Komaromi, I., Gomperts, R.,
Martin, R. L., Fox, D. J., Keith, T., Al-Laham, M. A.,
Peng, C. Y., Nanayakkara, A., Challacombe, M.,
Gill, P. M. W, Johnson, B., Chen, W., Wong, M. W.,
Andres, J. L., Gonzalez, C., Head-Gordon, M., Replo-
gle, E. S., Pople. J. A. Gaussian 98, Revision A.9, Gaus-
sian, Inc.: Pittsburgh, PA, 1998.

Chemical Applications of Density Functional Chemis-
try, Laird, A., Ross, R. B., Zeigler, T., Eds., American
Chemical Society: Washington, 1996.

W. J. Stivens, H. Bach, and J. Krauss, J. Chem. Phys. 81,
6026 (1984).

. J. P. Foster, and F. Weinhold, J. Am. Chem. Soc. 102,

7211 (1980).

A. E. Reed, R. B. Weinstock, and F Weinhold, J. Chem.
Phys. 83, 735 (1985).

G. Schaftenaar, MOLDEN 3.7; CAOS/CAMM Center:
The Netherlands, 1998.

W. J. Hehre, A. J. Shusterman, and W. W. Huang,
A Laboratory Book of Computational Organic Chemis-
try, Wavefunction Inc. Irvine, California, 1996.

J.A. Marti, Chem. Phys. 265, 263 (2001).

O. Baine, G. F. Adamson, J. W. Barton, J. L. Fitch,
D. R. Swayampati, and H.A.J. Jeskey, J. Org. Chem. 19,
510 (1954).

K. Suenobu, M. Nagaoka, and T. Yamabe, J. Mol. Struc.
(Theochem) 461462, 581 (1999).

TomM 81 N 9 2007



XKYPHAJT ®U3HYECKOH XUMHH, 2007, mon 81, Me 9, c. 1583-1586

CHEMICAL KINETICS
AND CATALYSIS

YK 541.128

TEMPERATURE DEPENDENCE OF CATALYTIC CYCLOHEXANE
PARTIAL OXIDATION IN POLYTETRAFLUOROETHYLENE REACTOR

© 2007 D. Londarevic*, J. Krsti¢*, P. Bankovi¢*, S. Ani¢**, Z. Cupic¢*

*Institute of Chemistry, Technology and Metallurgy, Department of Catalysis, NjegoSeva 12, 11000 Belgrade, Serbia
E-mail: davorl@verat.net
**Faculty for Physical Chemistry, University of Belgrade, P.O. Box 137, Studentski trg 16, 11001 Belgrade, Serbia

Abstract — Polymer-supported Co(II) catalyst was prepared and its activity and selectivity in the partial oxida-
tion of cyclohexane was determined at several temperatures, in a polytetrafluoroethylene reactor (PTFE).
The catalyst was characterized by means of SEM-EDX, FTIR, diffuse reflectance UV-Vis, N, sorption and
mercury porosimetry. Activation energies were determined at steady state conditions for the net production of
cyclohexanone and cyclohexanol and for cyclohexane and oxygen net consumption. Some activation energies
were lower than the ones reported for uncatalysed process, indicating that the catalyst exhibit important role in

the initiation of the free radical reaction.

INTRODUCTION

Selective oxidation of cyclohexane to a mixture of
cyclohexanone and cyclohexanol under mild condi-
tions is an industrial process important for the manufac-
ture of nylon-6 and nylon-66. The system, currently in
use for partial oxidation of cyclohexane (Ch) to the
mixture of cyclohexyl hydroperoxide (Chhp), cyclo-
hexanol (Chl) and cyclohexanone (Chn), employs 0.3—
3.0 ppm of a soluble cobalt catalyst, at temperature and
pressure value range of 150-175°C and 0.8-1.0 MPa
respectively [1].

The mechanism of non-catalytic cyclohexane oxi-
dation is important since it significantly contributes to
the catalytic process as well. The reaction scheme of
Khar’kova [2] was reported to give a good correlation
with experiments. The application of this model is lim-
ited to conversion levels lower than 8%.

In general, the temperature dependence of the oxi-
dation of alkanes is determined by their high stability,
and they do not react below approximately 400 K.
Above 400 K, the parent alkane molecule (RH) decom-
position is initiated by the removal of an atom of hydro-
gen by molecular oxygen. This step, called abstraction
reaction, is highly endothermic, with enthalpy value in
the range of roughly 180-230 kJ/mol, depending on the
bond energy of the abstracted H atom in the parent al-
kane, and requires activation energy proportional to the
endothermicity. This energy may be provided by colli-
sion with a third species, which can be any component
of the mixture, either a radical or a stable molecule.
Therefore, it is very common in this system that even
walls of the reaction vessel influence propagation of the
chain [3]. Hence, an investigation in a high pressure re-
actor with chemically inert walls is necessary for the
catalyst effect study.

Investigations have extensively been performed in
the heterogenization of batch reactions, on various sol-

id supports (inorganic oxides, zeolites etc.) [4, 5]. Met-
al ions act as the initiators of free radical auto-oxidation
which proceeds further via radical chain reaction [5].
Our previous results, obtained using stainless steel re-
actor, show that polymer-supported Co(lIl) catalyzes
cyclohexane partial oxidation at 170°C and 2.8 MPa,
with high conversion and good selectivity towards de-
sired products [6, 7].

The goal of present work was to examine the tem-
perature influence on the cyclohexane oxidation in a
polytetrafluoroethylene (PTFE) reactor. Activation en-
ergies were calculated at isothermal regimes for several
temperatures and a hypothesis of the catalyst role in the
reaction mechanism was derived.

EXPERIMENTAL

Macroreticular copolymer of poly-4-vinylpyridine
and divinylbenzene (REILLEX-425), produced by
Reilly Tarr & Chemical Corporation, was used as a
support. Catalyst was prepared from ethanol solutions
of cobalt(II)-nitrate, Co(NO3), - 6H,O and the solid poly-
mer. The Co?* content of the catalyst was 5.72 wt. % (co-
balt was quantitatively bound to the polymer).

The catalyst was characterized by means of SEM-EDX
(automated system JSM—-6460LV JOEL with EDX),
FTIR Nicolet Avatar 320 and diffuse reflectance UV-Vis
(Nicolet Evolution 500 spectrometer). Reflectance (R)
data were converted to pseudo-absorbance f(R) using
the Kubelka—Munk equation.

The specific surface area was estimated by the BET
method from N, sorption measured on Sorptomatic
1990 Thermo Finnigan automatic system. Pore size and
pore volume distribution were determined by mercury
porosimetry (Carlo Erba 2000 porosimeter with
Macropores unit 120).
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Fig. 1. Diffuse reflectance spectra of the polymer support
and polymer supported cobalt catalyst, {R) is the Kubelka—
Munk pseudo-absorbance.

Activity tests were performed in a stainless steel,
laboratory scale (100 cm?), stirred autoclave with PTFE
liner. In all catalytic runs, the following conditions
were used: the reaction mixture contained 35 g Ch and
0.5 g of the catalyst (1.43 wt. % of the catalyst with re-
spect to cyclohexane), air pressure was 2.8 MPa, and
stirrer speed was 350 rpm. Air-flow rate was main-
tained at about 100 cm® min~'. Gas and liquid samples
were periodically taken at predetermined periods of
time.

The activity tests were performed under isothermal
conditions: after an initial fast heating up to the work-
ing temperature, the system was maintained at this tem-
perature for 120 min before the reaction was stopped.
In each experiment, a fresh charge of the catalyst was
used. Tests were performed at 130, 140, 150, 160 and
170°C.

The composition of the liquid samples was analyzed
by gas chromatography using stainless steel column
packed with 10% Carbowax 20M on Chromosorb
WAW, coupled to a flame ionization detector, isother-
mally at 150°C. The Chhp concentration was deter-
mined by iodometric titration and indirectly by reduc-
tion with triphenylphosphine [8].

RESULTS AND DISCUSSION

The specific surface area of catalyst samples (Sggr)
was calculated according to Brunauer—Emmett—Teller
method [9] from the nitrogen adsorption isotherms to
be Sgpr = 52 m?/g. This value is only slightly lower then
the one obtained for the polymer support (Sger = 59 m?/g),
and it is not dependent on the Co content [7]. This cat-
alytic material exhibits a broad pore size distribution
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Fig. 2. The IR spectra of the polymer support and polymer
supported cobalt catalyst.

with the pore diameter ranging from 60—110 nm and its
mean value about 90 nm.

SEM-EDX analysis of Co?* ions fraction over the
catalyst bead revealed non-uniform distribution of the
egg-shell type.

At the molecular level, diffuse reflectance UV-Vis
spectra with broad band at 535 nm indicated octahedral
Co?* coordination (Fig. 1). Moreover, FTIR spectra of
the catalyst (Fig. 2) revealed that the pyridine nitrogen
lone pair coordinates to the cobalt. When Co?* ions are
introduced into the polymer support [10] a new shoul-
der appears at 1609 cm™.

Preliminary tests were performed in order to esti-
mate the influence of the oxygen concentration and
mixing on the distribution of the products. There were
no significant changes in the reaction rate and the prod-
uct distribution in wide range of the mixing rate and the
oxygen feed values. These tests confirmed that the re-
action proceeds in kinetic regime and with ne kinetic
changes with different oxygen feed.

With increasing reaction temperature in the catalytic
tests a higher consumption was observed for both Ch
and oxygen. Reaction at 130°C wasn’t used for the fur-
ther calculation because this temperature seems to be
too low for the initiation of the process.

After an initial period, the oxygen consumption de-
termined from the experimental data at different tem-
peratures evolves to a constant reaction rate, which de-
creases with the increase of temperature (Fig. 3).
Hence, zero order reaction rate was used, with respect
to oxygen (equation (1)), according to [11] and our pre-
liminary tests. All Arrhenius plots from evaluated rate
constants (in mol dm s7!) are shown in Fig. 4. Activa-
tion energy calculated from the oxygen consumption
2007
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Fig. 3. Quantity of the spent oxygen at different tempera-
tures.

was E, = 116 kJ/mol which is nearly the same as the one
(E, =113 kJ/mol) reported by Berezin [11] for metal re-
actor.

—d[O,]/dt = k,. (1)

Decomposition of the cyclohexane molecule is ini-
tiated by the removal of hydrogen by molecular oxy-
gen. This step is highly endothermic and requires acti-
vation energy of 176 kJ/mol, as reported by (Khar’ko-
va) for cyclohexane in a metal reactor with no catalyst.
The hydrogen abstraction is a rate limiting step as the
slowest reaction in the mechanism. It was calculated
from the Ch consumption according to the equation for
the first order reaction Eq. (2) that our catalytic system
requires activation energy as low as 128 kJ/mol. The
Arrhenius plot from these rate constants in s™! is shown
in (Fig. 4) as well. The obtained activation energy value
indicates that the catalyst improves the initiation of the
radical reaction through the alkyl radicals production
reaction.

—d[Ch]/dt = k,[Ch]. 2)

Furthermore, higher yields were obtained for both
Chn and Chl, at higher reaction temperatures. Activa-
tion energies for the Chn and Chl production were
evaluated from Eq. (3), for steady state conditions. The
production rate of both products is proportional to the

concentration of cyclohexylperoxy radical [ChOO" ]
and Ch [11]:
4 XYPHAJl ®UBUYECKOU XUMUHN
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Fig. 4. Arrhenius plots for cyclohexane and oxygen con-
sumption and cyclohexanol and cyclohexanone production.

d[P)/dt = k,[Ch][ChOO" 1=k, k=k; or k,, (3)

where P is any of the products (Chn or Chl), and the rate
constants k3 and k, correspond to each product, respec-
tively. The same rate law for the two products is a con-
sequence of the parallel reactions mechanism, since
both Chn and Chl are produced from ChOOH as a com-
mon precursor. After some initial time, the concentra-
tions of both products increased with approximately
constant rate in the used temperature interval and reac-
tion time interval. The constant rate is here a conse-
quence of constant free radical intermediary concentra-
tions in steady state and rather small changes of the
[Ch] value due to low conversion levels. Therefore, it
was possible to evaluate activation energies of the
steady state overall production for both Chl and Chn.
The Arrhenius plots calculated from rate constants in
mol dm s~! are shown in Fig. 4 for both products. The
obtained activation energy value for the Chl production
process (103 kJ/mol) is lower then for the Chn produc-
tion process (137 kJ/mol).

Moreover, we can compare the obtained values of
the activation energies for both products with the val-
ues published by Khar’kova for the uncatalyzed pro-
cess. Most free radical processes from this model have
too low activation energies to be kinetically important
for the examined catalytic pathways.

The published activation energies of the reactions:
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ChOOH — ChO’ + OH", E, = 135.8 kJ/mol,

ChOOH + Ch —= ChO’ + Ch" + H,0,
E, = 134.0 kJ/mol,

observed in uncatalyzed system, are both very close to
the value obtained for the Chn production in our cata-
lytic system. Chn can be obtained directly by simple re-
combination-dehydrogenation reaction between the
products of these two reactions. It is therefore reason-
able to assume that in both catalyzed and uncatalyzed
systems, Chn is produced mostly by the same reaction
mechanism.

On the other side, the activation energy value ac-
cepted for the uncatalyzed reaction:

2ChOO" —= Ch=0 + ChOH + O,,
E,=117.1kJ/mol,

(in which both Chl and Chn are produced in equal
amounts) is significantly higher than our value for the
activation energy of Chl production (103 kJ/mol).
It can be deduced that catalyst generates new catalytic
pathway, favoring the Chl production at lower temper-
atures. However, activation energies alone are not suf-
ficient to reason on the product distribution, which also
depends on time. Therefore, it is still not possible to
propose a catalytic mechanism for the Chl and Chn pro-
duction.

The most significant effect of the catalyst seems to
be the lowering of the activation energy for the initia-
tion reaction (hydrogen abstraction) and an appropriate
reaction mechanism can be derived to explain the ob-
served catalytic effects. In accordance with our UV-Vis
and FTIR spectra, cobalt ions are in octahedral coordi-
nation with pyridine rings of the polymer support.
The activation of oxygen in the reaction with the cen-
tral Co ion of the coordination sphere is the most prob-
able path. Activated oxygen in the ligand position is
probably.more active in the hydrogen abstraction than
free dissolved oxygen indicating the formation of co-
balt superoxo species on the catalyst surface. Hence,
the initiation of the free radical mechanism probably
depends on the following reaction:

[(P)-Py—Co-O-0O"] + Ch —=
— [(P)-Py-Co—O-OH] + Ch’,

where Ch’ represents cyclohexyl radical and [(P)-Py—

Co-O-0"]is a polymer supported cobalt complex with
one axial pyridine ligand and activated dioxygen at the
opposite side [12].

KYPHAJI ®USUYECKON XUMUHN
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CONCLUSION

Results obtained in cyclohexane partial oxidation
over the macroporous polymer supported cobalt cata-
lysts confirmed that the reaction proceeds selectively to
cyclohexanone and cyclohexanol, with a very low ex-
tent of deep oxidation.

The influence of the temperature was characterized
through the Arrhenius type behavior and the activation
energies were evaluated for both cyclohexane and oxy-
gen consumption and for cyclohexanone and cyclohex-
anol overall production processes. The catalyst exhibits
important role in the initiation of the free radical reac-
tion by lowering the activation energy for the produc-
tion of alkyl radicals.
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Abstract — Time dependent interactions of Na*/K*-ATPase, isolated from the rat brain synaptic plasma mem-
branes (SPMs), with Cd?*- and Pb**-ions by single exposure and in the mixture, were investigated in vitro.
The interference of the enzyme with these metal ions was studied as a function of different protein concentra-
tions and the exposure time. The aim of the work was to investigate the possibility for selective recognition of
Cd?*- and Pb**-ions in the mixture, on the basis of the various rate of their protein — ligand interactions.
The decreasing protein concentration increased the sensitivity of Na*/K*-ATPase towards both metals. The se-
lectivity in the protein — ligand interactions was obtained by variation of preincubation time (incubation before

starting enzymatic reaction).

INTRODUCTION

The membrane enzyme Na'/K*-ATPase is ex-
pressed in synaptic plasma membranes (SPM) of al-
most all animal cells, as functions to maintain sodium
and potassium gradients across the membrane that sub-
serve cellular activities, such as volume regulation, ac-
tion potential and secondary active transport [1, 2].

It is well known that some heavy metals (Pb%*, Hg?*,
Cd* etc.), as well as many organic compounds (pesti-
cides, drugs), are potent inhibitors of Na*/K*-ATPase
in concentration dependent manner [3—10].

The investigation of corresponding biosensing sys-
tem, using this enzyme, for selective recognition of toxic
agents in water solutions is of interest. The measure of
ATPase activity is temporal change of the concentra-
tion of inorganic orthophosphate (P;) liberated by enzy-
matic catalyzed hydrolysis of ATP. It is usually deter-
mined by spectrophotometric methods [11]. Develop-
ment of test method, for detection Na*/K*-ATPase
inhibitors based on the color reaction for orthophos-
phate determination, seems reasonable.

Several enzyme-based sensors for determination of
the total heavy metals have been reported, but heavy
metals show, in general, non-selective effects on the
enzymatic activity [12—14]. The earlier investigations
of metal ion effects and organic compounds on synaptic
plasma membrane Na*/K*-ATPase pointed out that the
percent of the inhibited activity depended of many fac-
tors, such as the presence of chelators, protein concen-
tration and the duration of the enzyme-ligand interac-
tion [15, 16].

The aim of this work was to investigate the possibil-
ity for selective recognition low concentration of Cd?*
and Pb** as the inhibitors of Na*/K*-ATPase activity

based on the difference in their interactions with the
protein.

EXPERIMENTAL
Chemicals and material

All chemicals for medium assay were commercially
available from Sigma (St. Louis, MO, USA) and of re-
agent grade. The metal ion salts: lead (II) nitrate, cad-
mium (II) nitrate, NaCl, KCl, stannous chloride, am-
monium molybdate, were from Merck (Darmstadt,
Germany). All solutions were prepared using de-ion-
ized water.

Synaptic plasma membranes (SPM) were isolated
from the whole rat brain of 3-month-old male Wistar al-
bino rats from the local colony. Animals were kept under
controlled illumination (lights on: 5:00 a.m.—5:00 p.m.)
and temperature (23 £+ 2°C), and had free access to food
and water. After decapitation, brains were rapidly ex-
cised and pooled (6/pool) for immediate preparation of
SPM. The SPM were isolated according to the method
of Cohen et al. [17], as modified by Towle and Sze
[18]. The preparation procedure and the purity of SPM
preparations were described previously [19]. The mito-
chondrial contamination, based on both morphological
and biochemical markers, was less than 7%. Protein
content was determined by the method of Lowry et al.,
as modified by Markwell et al. [20].

ATPase assay

Total ATPase activity was determined in 0.2 ml
standard incubation medium containing 0.05 M Tris-
HCI (pH 7.4), 0.1 M NaCl, 0.02 M KCl, 5 x 10° M
MgCl,, 2 x 103 M ATP and 25 ug protein, and final
volume of 2 ml contains 0.05 M Tris-HCI (pH 7.4),
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Table 1. Spectrophotometric response of the colorimetric
assay as the function of the reaction mixture volume and in-
cubation time T (containing 25 lLg protein)

Volume, Agop (control*)
ml t=10min | t=20min | 7t=40min
02 | 0.445+0.005 | 0.675+0.006 | 0.750 % 0.007
1 0.250 +0.003 | 0.465 +0.002 | 0.545+0.005
2 0.220%0.002 | 0.310+0.003 | 0.330+ 0.002
4 0.150+0.001 | 0.255+0.002 | 0.310+0.003

Notes. The standard concentrations of constituents and buffer as de-
scribed in Experimental.

0.1 M NaCl, 0.02 M KCl, 5 x 10* M MgCl,, 4 x 10*M
ATP and 25 pg protein in the presence or absence (con-
trol) of the desired concentration of inhibitors or their
mixtures. The activity obtained without NaCl and KCl
in the medium assay was attributed to Mg?*-ATPase.
Na*/K*-ATPase activity was calculated as a difference
between the total ATPase and Mg?*-ATPase activity.

Incubation mixtures were incubated before enzy-
matic reaction for different preincubation time, keeping
the reaction time constant and vice versa, at 37°C.
All experiments were carried out by starting the reac-
tion with ATP, to minimize the possibility that the in-
hibitory effect may be reduced through the time-depen-
dent formation of an inactive metal-ATP complex. Af-
ter the required incubation period, the reaction was
stopped by addition of 22 ul ice-cold 3M HCIO,, and
cooled by ice water for 15 min. The results were ex-
pressed as the relative activity, i.e., the specific activity
of enzyme at a particular concentration of metal ion di-
vided by the specific activity of the control specimen
(in the absence of metal) and represent the mean values
of at least three independent experiments made in du-
plicate. The specific activity was expressed in pmol
P,/mg protein/g.

Monitoring enzyme activity

After the enzymatic reaction was stopped, the re-
agents for color development using the modified spec-
trophotometric procedure [7] based on the modified st-
annous chloride method were added. The solution was
developed to 5 ml. P; liberated from the hydrolysis of
ATP during the course of the reaction was measured by
reading the absorbance at 690 nm after 20 min.

Apparatus

The spectrophotometric measurements were per-
formed on Beckman 5260 UV VIS spectrophotometer.

KYPHAJI ®UBUYECKON XUMUU
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RESULTS AND DISCUSSION

The effect of reaction mixture volume and reaction time
on the absorbance of the colorimetric
assay for Na,K-ATPase activity determination

Three series of experiments were performed in order
to investigate the optimal conditions for measuring the
enzyme activity. The aim was to find out the conditions
for decreasing the detection limit of Na,K-ATPase activ-
ity in the presence of inhibitors due to the decreasing of
protein concentration.

In the first series of experiments the response of col-
orimetric assay for Na*,K*-ATPase activity was mea-
sured varying the volume of the reaction mixture from
0.2 to 4 ml. The amount of protein (25 pg), ATP, and
Mg?*-ions was kept constant (as in standard incubation
mixture 0.2 ml), and the varying of reaction mixture
volume led to the lowering of the concentration of these
reaction mixture components. Besides, the concentra-
tion of Na*- and K*-ions in various reaction mixture
volumes was kept constant. The concentration of P; as
a measure of Na*,K*-ATPase activity was determined
using the modified spectrophotometric procedure [11].
The values of the absorbance of the colorimetric assay
for standard (10 min) incubation time as the function of
the reaction mixture volume are presented in Table 1.
The results showed that the absorbance of the colori-
metric assay decreased by increasing the reaction mix-
ture volume from 0.2 ml to 4.0 ml. Consequently, it was
concluded that the measurable signal (absorbance
above 0.1) was obtained by increasing the reaction vol-
ume from 0.2 to 4.0 ml.

In the second series of experiments the activity of
the enzyme in various reaction volumes was measured
as the function of incubation time. The values of the ab-
sorbance of the colorimetric assay are also presented in
Table 1. As can be seen, the prolongation of the reac-
tion time from 10 to 40 minutes also induced the in-
creasing of absorbance of the colorimetric assay. It was
worthy to notice that this effect was lowered by reac-
tion medium volume above 2.0 ml. As conclusion, the
enzymatic reaction in reaction mixture volume 2.0 ml
after 10 min incubation gave the measurable and con-
venient spectrophotometric response concerning the
enzymatic activity, and these parameters were used in
further experiments.

In the third series of experiments the activity of
Na*/K*-ATPase was followed by varying the concen-
tration of ATP from 0.1 mM to 1 mM in the above men-
tioned conditions. The aim was to find out the range of
ATP concentration for constant specific activity of the
enzyme. The change of the specific activity of Na*/K*-
ATPase vs. ATP concentration is presented in Fig. 1.
It can be seen from the results that the reaction rate
reached its platecau at ATP concentration above
0.4 mM. In further experiments ATPase activity was
investigated in medium assay of 2 ml in the presence of
0.4 mM ATP.
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Na*/K*-ATPase activity, umol P;/min per mg protein
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Fig. 1. Activity of SPMs Na*/K*-ATPase as a function of
ATP concentration. Final reaction volume was 2ml and
composition of medium assay as described in Experimental.

Effect of protein concentration on the ICs, values
of Pb** and Cd?** induced inhibition of Na*/K*-ATPase

The influence of protein concentration on the ICs,
values for the measurement of Na*,K*-ATPase activity
were investigated in the presence of Cd** and Pb** ions.
Na*/K*-ATPase activity was investigated by varying the
concentrations of Pb(NO;), and Cd(NO;), from 1 x 10~
to 1 X 10~3 M in reaction mixture containing 125 pg/ml
or 12.5 ng/ml protein. The tubes were incubated for
10 minutes at 37°C before starting enzymatic reaction,
and after addition of ATP the tubes were incubated for
a future 10 minutes. The results are presented in Fig. 2.

Activity, % of control
120

100
80
60
40

20

In all cases concentration dependent sigmoid inhibition
curves were obtained. The ICs, values (metal ion con-
centration which produced 50% inhibition of the enzy-
matic activity) were calculated from experimental re-
sults. The obtained values are presented in Table 2.
As the results indicated, decreasing the protein concen-
tration induced the lower ICs, values in both cases.
The results presented in Table 2 show, that in the pres-
ence of 12.5 pg/ml protein the metal concentration
which produced 50% of enzyme activity inhibition was
lower than the maximal allowed concentration of this
metal in water [21]. It is worthy to notice, that ICs, val-
ues for Pb?* and Cd?* induced inhibition, under these
experimental conditions are about 10 fold lower com-
pared to the other studies [3, 4]. These differences may
be resulted from different membrane systems (SPMs in
this work), but the protein concentration and composi-
tion of medium assay are the most important for these
observations.

Effects of metal-enzyme contact time on inhibition
of Na*/K*-ATPase activity by single and simultaneous
exposure to Pb** and Cd?* ions

Inhibition of Na*/K*-ATPase activity in the pres-
ence of 12.5 pg/ml protein in 2.0 ml reaction medium
by 1 x 10 M Pb* and 2 x 10 M Cd?** by single and
simultaneous exposure (in the mixture) was investigat-
ed as a function of the preincubation time.

The results presented in Fig. 3 showed that the vari-
ation of the preincubation time, produced the various
effects on the enzyme activity. As it could be seen from
Fig. 3 (curve I), Cd** induced about 35% inhibition
during the first 5 minutes, by single exposure. The pro-

120
100
80
60
40

20

0 ! 1 1 1 1 1
8 7 6 5 4 3

~1g[CA(NO3),], [mol/dm?]

1 1 | 1 O5—
8 7 6 5 4 3
—Ig[Pb(NO3),], [mol/dm?]

Fig. 2. Effects of Pb** and Cd%* on the activity of Na*/K*-ATPase in the presence of different protein concentration (125.0 ng/ml

protein - solid symbols; 12.5 pg/ml protein — open symbols).
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Table 2. The inhibitory efficiency (ICy, values, M) of Cd**
and Pb?* for Na*/K*-ATPase as a function of protein concen-
tration

Protein concen-
tration, pLg/ml

125.0
12.5

Ca* Pb*

(2.0+0.1)x 107
(2.0£0.2)x 107

(1.0£0.1)x 107
(7.0+0.3)x 107°

longed contact time did not influence the change of the
enzyme inhibition. On the contrary, the effect of Pb**
(Fig. 3, curve 2) on the enzyme activity was dependent
on exposure time in the interval from 1 to 40 minutes.
It is significant, that in the first five minutes the change
of the activity by single exposure on Pb?*, remained in the
range of the experimental error. However, the inhibition
continually increased, being near 100% after 40 min.

Various effects of preincubation time on the inhibi-
tion of Na*/K*-ATPase activity by Cd** and Pb** could
be explained by the difference in the reaction rate of
solvent exchange (water) in coordination sphere of the
metal ion [22] during the ligand-protein interactions.
Namely, the rate of Cd** ions bonding to the inhibitory
sites of enzyme was faster compared to this rate for
Pb?* ions, and the results show that the equilibrium was
achieved in the first five minutes. On the contrary, the
reaction of Pb?* ions with enzyme inhibitory sites was
much slower, but this metal exerted more toxic effect,
since it inhibited the enzyme activity completely after
40 min exposure.

Our investigations also showed that the reaction
time, after the start of the enzymatic reaction by adding

Activity, % of control
120 -

100
Q
80
60

40

20

3 E Teell 3z
g

0 10 20 30 40
Preincubation time, min

Fig. 3. Effect of preincubation time on Na*/K*-ATPase ac-
tivity in presence of 2 x 1076 M Cd**(curve 1), 1 x 107°M
Pb%* (curve 2) and the mixture of 2 x 107 M Cd?* and

1 x 107 M Pb?* (curve 3 — experimental data open triangle;
calculated data dash line).
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ATP, did not influence the degree of the inhibition (da-
ta not shown) by single exposure to the both metal ions.
The high concentration of substrate molecules in the re-
action medium during the enzymatic reaction and their
competition with metal ions for same bonding sites are
probably the reason for insignificant effect of the reac-
tion time, since it was reported that Cd** and Pb** are
competitive inhibitors of Na*/K+*-ATPase [3, 10].

The experimental data in Fig. 3 (curve 3, points)
present the enzyme inhibition after the exposure to the
mixture containing 1 X 10° M Pb** and 2 x 1076 Cd**,
under the same experimental conditions as above.
The results obtained for the mixture of inhibitors fit
very well with the calculated values (curve 3, dash line)
for the single exposure (Fig. 3, curves / and 2). The si-
multaneous exposure to the mixture of metal ions in-
duced an additive effect on the enzyme activity in all cas-
es. Moreover, the inhibition was complete after 25 min.
The additive inhibition of SPM Na*/K*-ATPase activi-
ty with Pb** and Cd?* suggests that both metals are
competing for the same set of inhibitory binding sites.
This competition is in agreement with the high, similar
affinities that Pb?* and Cd?* have for binding to sulfhy-
dril groups [22, 23].

The variation of preincubation time by simulta-
neous exposure can enable the selective recognition of
inhibition induced by these ions. Keeping the short pre-
incubation time between the mixture of these ions and
protein, the inhibition is mainly due to Cd?* ions. If the
enzyme activity insignificantly decreased after 5 min-
utes of contact time, but continually increased by pro-
longed contact time under the same experimental con-
ditions, the inhibition can probably be induced by the
presence of Pb?* ions. If activity of enzyme decreased
significantly in the first 5 min and continually to 25 min,
both metal ions are present in the reaction mixture.

This difference in time dependent protein — ligand
interactions may enable possible application of this en-
zyme system (SPM) for selective recognition of these
ions. As reported in previous study [24], immobiliza-
tion increased the stability of this enzyme system, and
preserved the sensitivity to divalent heavy metals, such
as Cd** and Hg?*. Investigation of the time effects on
the inhibition of these metals on immobilized SPM for
their selective detection is the subject of further inves-
tigations.
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Abstract — Reaction systems that display pronounced periodic and aperiodic variations in the pH value of the
reaction medium are known as pH oscillators. A member of this family of reactions studied here, the Cu(II)-
catalyzed oxidation of thiosulfate by hydrogen peroxide in acidic solution, is known to display rich variety of
oscillatory dynamics. We focus on experimental time series showing complex aperiodic dynamics that simul-
taneously possess the characteristics of period-doubled large-amplitude oscillations and irregular small-ampli-
tude oscillations, reminiscent of mixed-mode dynamics. An analysis based on the reconstruction of the attractor
from the measured time series by two different methods and a subsequent calculation of the maximal Lyapunov
exponent reveals that this interesting dynamical regime is a manifestation of deterministic chaos.

Oscillatory dynamics is of great importance in bio-
logical and physiological reaction systems [1, 2]. Most
of them are characterized by a multitude of highly reg-
ulated biochemical components. Chemical reaction
systems are often much simpler, hence providing more
systematic insights into the fundamental mechanisms
leading to such complex dynamics. So far, a big variety
of chemical oscillators has been designed and studied.
Among them, the family of so-called pH oscillators has
recently attracted considerable scientific interest, since
these reactions lead to substantial oscillations in the pH
value of the reaction medium, making the pH value a
suitable parameter for inducing changes in key physio-
logical and technical parameters in the environment of
the oscillator. Thus, combinations of pH oscillators and
pH-responsive gels and membranes [3-5], or of pH os-
cillators and pH-activated enzymes [6, 7] are studied
and discussed.

Although glycolysis [8] and the Bray-Libhafsky re-
action [9] have been shown to support pH oscillations,
a systematic design of a family of pH oscillators based
on a common sulfur chemistry has been started some
two decades ago [10, 11]. This family is based on the
autocatalytic pH dependent oxidation of sulfite by
H,0, [11-15] and reactions which consume H* thus
providing for negative feedback. The latter include re-
actions with hexacyanoferrate [11, 16], carbonate
[12, 13, 15], the enzyme model compound hemin
[17, 18], thiosulfate [10, 19], and a series of sulfur-con-
taining compounds [20]. These systems were reported
to display rich dynamics when investigated in a contin-
uous-flow stirred tank reactor (CSTR). The behaviour
of pH oscillators ranges from stationary dynamics, co-
existing stationary states [14], to simple periodic oscil-
lations [13, 15], and to a more complex behaviour, such

as complex mixed-mode oscillations [17, 18], or even
chaotic dynamics [12, 21]. It should be noted, however,
that the degree of dynamical complexity varies from
one pH oscillator to another.

In the present letter, we investigate the complex dy-
namics occurring in the oxidation of thiosulfate cata-
lyzed by cupric ions, the so-called HPTCu system.
This pH-oscillatory reaction system has been shown
experimentally to display periodic oscillations as well
as compound mixed-mode oscillations [10]. In addi-
tion, parameter regions where multistability occurs
have been reported [10] and all these dynamics were al-
so obtained by simulation [22]. When studying the
complex dynamics of the HPTCu system, we moni-
tored complex aperiodic time series that simultaneous-
ly show the characteristics of period-doubled large-am-
plitude oscillations and a series of irregular small am-
plitude oscillations, reminiscent of mixed-mode states.
In the following, we wish to characterize the nature of
this type of dynamics.

MATERIALS AND METHODS
Experimental

Experiments were carried out in a CSTR of 12.5 ml
volume equipped with a thermostating jacket. Reaction
solutions were delivered to the reactor by a stepping
motor-driven syringe pump holding three syringes with
stock solutions, while superfluous reaction medium
was removed from the reactor at the same flow rate.
The flow rate k, corresponds to the inverse mean resi-
dence time of the reactants in the reactor and this pa-
rameter was varied in our experimental studies. All ex-
periments were performed at 25.0 £ 0.1°C.
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Reactant solutions were prepared daily from reagent
grade chemicals and water produced by an ion-exchang-
er membrane filtration purifying system. Three solutions
with inlet concentrations of [H,0,], = 0.1 mol/l,
[Na,S,0; - 5H,0], = 0.008 mol/l, and [CuSO,], = 5.0 X
x 1073 mol/l in 0.001 mol/l H,SO, were delivered from
either 50 or 100 ml syringes by a syringe pump.

The dynamics in the reactor was monitored by a pH
glass microelectrode (Mettler-Toledo). These data
were sampled at a frequency of 3 Hz and stored in a
computer for later analysis.

Methods of time series analysis

To characterize the type of dynamics presented by
the HPTCu reaction, the experimentally measured time
series were subjected to different methods of time se-
ries analysis.

In a preliminary effort, the periodicities encoded in
a time series were investigated by Fourier transforma-
tion. However, while the Fourier spectra are useful in
characterizing periodic and quasiperiodic data, their in-
terpretation becomes difficult when it comes to noisy
and chaotic time series. In fact, the distinction of noisy
and chaotic dynamics is hardly feasible from the Fouri-
er spectra.

The analysis of complex time series relies on attrac-
tors that are reconstructed from experimental time se-
ries. Since further evaluation and characterization of
the data depends on these attractors and their “quality”,
we reconstructed the attractors by two independent
methods and analyzed the differences in attractor char-
acteristics implied by the reconstruction methods. The
attractors were obtained either by the method of time
delays according to Takens [23], or by subjecting the
time series to singular value decomposition (SVD) and
reconstructing the attractor from the obtained modes.

The reconstruction of attractors by time-delays was
carried out using the program package TISEAN [24].
A discrete time series y; = (x;, Xy, ..., X,) was plotted

against time-delayed versions of itself, i.e. y; = (x, , ite0

Xo4jr,> -++s X4 jr,)» Where Tgq is a chosen discrete time

delay,j=1, ..., m, and m is the dimension of the recon-
structed phase space. The crucial point for this recon-
struction method consists in defining the optimal delay
time T4 such that the time series and its time-delayed
counterpart are as independent of each other as possi-
ble. To find the optimal time delay t; we calculated the
minima of the mutual information I(t,) [25]

16)= 3 S py(ryinleCe)
J

Uy

L

where p; and p; are the probabilities to find the time se-
ries in the a i-th and j-th intervals, respectively, while
Pii(Ty) s the joint probability that the time series value
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is in the i-th interval and after time T, the value is in the
J-th interval.

The second method used is the reconstruction by
singular value decomposition (SVD) [26]. Here, the
trajectory matrix X having as columns the time-delayed
series, is obtained by applying a series of minimal time-
delays (i.e. T4 = 1, corresponding to 0.333 s) to the orig-
inal data. According to SVD, the matrix X is decom-
posed into three matrices

X =USV?

where U and V are orthogonal matrices. The matrix V
serves as the new orthonormal basis onto which the
original time series is projected to yield the new attrac-
tor matrix U. S is a diagonal matrix containing the sin-
gular values which are usually sorted by decreasing
values of s;;. The attractor can be reconstructed by using
a few leading modes, while modes associated with very
low singular values may be neglected, since they usual-
ly reflect experimental noise. In fact, criteria for cutting
off insignificantly low singular values have been devel-
oped in order to provide for reliable noise filters, which
suppress noise while still retaining a maximum of use-
ful information [26].

RESULTS AND DISCUSSION
Measured time series

After sufficiently long time (a couple of hours) it is
assumed that the system reaches a sustained asymptotic
regime. This regime can be a steady state, periodic or
aperiodic oscillations. The aperiodic regime seems to
arise via a period-doubling bifurcation from simple pe-
riodic oscillations. For k, < 0.0075 s~! simple large-am-
plitude oscillations with period of ~500 s are observed.
Upon a slight increase in the flow rate the system un-
dergoes a period-doubling bifurcation leading to larger
and smaller peaks and, almost simultaneously, low-am-
plitude, high-frequency oscillations emerge on the de-
scending shoulder of the larger peak having the dura-
tion of about 200 s. This feature reveals the complex
nature of the reaction dynamics, and for k, > 0.01 s/,
highly complex mixed-mode aperiodic oscillations are
well developed. A typical example of such dynamics is
shown in Fig. 1.

In the present letter we focus on these aperiodic dy-
namics and examine whether they are a manifestation
of deterministic chaos. The time series in Fig. 1 is char-
acterized by large-amplitude peaks with widely varying
amplitudes on the order of a pH unit, within which
shorter episodes of rapid, small-amplitude irregular os-
cillations (some being just ramps) are interspersed,
both on the descending and ascending shoulders of the
larger peaks. The overall length of the measured data is a
maximum allowed by the syringe pumps used. While this
length may be generally considered as somewhat re-
stricted for the time series analysis, it does show suffi-
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6.0r

1x 1073 s

Fig. 1. Complex time series at a flow rate ky = 0.0109 sLIt simultaneously shows characteristics of period-doubled large-amplitude
oscillations and that of a series of irregular small amplitude oscillations, reminiscent of mixed-mode states.

pH(t + 27)

Fig. 2. Attractor reconstructed from the time series (Fig. 1) by the method of time delay, using T4 = 300 (corresponding to a delay
time of 100 s).

cient repetition of features to be well reflected in the re-
constructed attractor as shown below.

Phase space reconstruction

First, the experimental data are analyzed by the
method of delay. A three dimensional plot of the recon-

KYPHAJ ®PUBUYECKON XUMHUU

structed attractor with a time delay T4 = 300 (corre-
sponding to a delay time of 100 s) obtained from the
minimum of mutual information is shown in Fig. 2.
The Figure suggests a sheet-like arrangement with the
internal part of the attractor having a complex multi-

layered structure characteristic of low-dimensional
chaotic dynamics.

ToM 81  Ne 9 2007
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Fig. 3. Spectrum of the normalized singular values (s); N —
ordinal number.

Next, the singular value decomposition method was
employed. The decomposition provides the spectrum
of the normalized singular values s which are arranged
according to their magnitude in decreasing order and
plotted in logarithmic scale, see Fig. 3. The singular
value of a given mode represents the “quantity of infor-
mation” contained in this mode. In general, it is expect-
ed that there exists a constrained number N, of modes
carrying all essential information about the decom-
posed signal; N, corresponds to the embedding dimen-
sion of the attractor. The modes with greater ordinal

314 mode
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number than N, carry predominantly the information
about noise. This is normally indicated by a sudden
change in the slope of the graph of singular values. But
it is also possible that the embedding dimension is high,
therefore the breakpoint is not well discernable. In Fig. 3
the dependence of the singular values on ordinal num-
ber is quite smooth, which seems to suggest that the
embedding dimension is high.

Two different applications of the SVD method are
used after decomposition into the modes: (i) the data
are filtered by removing modes associated with small
singular values and then the method of delay is applied
to the reconstructed time series, and (ii) selected modes
are used for the visualization of the trajectory in the
phase space.

Following the first approach with the same time de-
lay T4 as in the case of the reconstruction from the prime
data and with the use of about ten first modes, the at-
tractor is smoother than that in Fig. 2, making thus the
structure of the attractor more easy to discern. In this re-
gard, the SVD method provides a good tool for smooth-
ing out the prime data, but one has to be careful with the
number of modes used for the reconstruction, particular-
ly because we do not have a clear indication in Fig. 3,
where to cut off the modes.

Using the second approach, the first three modes are
plotted, see Fig. 4. In general, the first few dominant
modes are expected to represent the large- and medi-
um-scale dynamics of the system. Higher modes in-
volve mainly the small-amplitude oscillations and even
higher modes become dominated by noise. Thus the

Fig. 4. Attractor reconstructed from the leading three modes obtained by SVD the time series of Fig. 1.
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Fig. 5. Plot of the stretching factor (F) against time. The slope corresponds to the maximal Lyapunov exponent Ay .

use of different combinations of modes in the phase
space plot represents the “local” dynamics of the sys-
tem on different scales. Unlike deterministic dynamics,
noise fills the space uniformly providing no visible
structure. By inspecting Fig. 4, the trajectory clearly
extends along a large-scale folded two-dimensional
sheet and, in addition, makes small-scale loops within
a subsheet embedded in the middle part of the recon-
structed attractor. This corresponds well to large- and
small-amplitude oscillations in the prime time series
while omitting higher SVD modes mostly removes
fuzziness of the smallest scales, thus supporting the
presence of deterministic chaotic dynamics.

Lyapunov exponents

As it was shown above, the visualization is a conve-
nient method to study the geometric complexity of the
attractor reconstructed from the data. However, it is al-
so desirable to characterize the assumed deterministic
chaos by examining temporal dynamics on the attrac-
tor. Chaotic dynamics should exhibit local exponential
divergence of nearby trajectories in at least one direc-
tion within the attractor. This sensitivity is expressed in
terms of positive Lyapunov exponents associated with
expanding directions. To this purpose, we use the meth-
od of calculating the maximal Lyapunov exponent pro-
vided by the TISEAN package [24]. For a chosen em-
bedding dimension and a radius of a sphere surround-
ing any particular point on the attractor, a stretching
factor F providing a measure of exponential expansion
averaged over different points on the attractor is calcu-
lated in dependence on time. The choice of the embed-
ding dimension, radius and other parameters may
strongly influence results, therefore the interpretation
of calculations must be done very carefully.

XKYPHAJI ®PUSUYECKOU XUMUU

The stretching factor F for the examined time series
was calculated as shown in Fig. 5. There is a distinct
linear part with positive slope in this plot spanning ap-
proximately 200 s, which indicates an average expo-
nential expansion along an unstable direction within
the attractor. The slope of the relevant linear part yields
the maximal Lyapunov exponent A, = 0.00629 s7!.
Hence, we can conclude that the trajectory is generated
by deterministic chaos. A characteristic time 1/A,, =
=160 s within which the chaotic dynamics amplifies
any fluctuation and makes prediction ineffective is in
fact shorter than the average interval of ~500 s between
large-amplitude spikes.

CONCLUSIONS

We have examined geometric and temporal charac-
teristics of the dynamics observed experimentally in
the HPTCu reaction run in a CSTR. A close inspection
of the geometric features of the attractor reconstructed
from the measured time series as well as the calculation
of the maximal Lyapunov exponent leads to the conclu-
sion that the dynamics is indeed deterministically cha-
otic. The particular feature of interest is that the ob-
served oscillations are of a mixed-mode type with large
irregular spikes intermingled with equally irregular ep-
isodes of small and fast oscillations. The theoretical
background for explanation of such dynamics may in-
volve a Shil’nikov type of chaos or different, compet-
ing oscillatory sources in the complex reaction network
of the HPTCu system. These questions will be ad-
dressed in future studies.

ACKNOWLEDGEMENTS

This work was supported by the DAAD-Czech
Academy of Sciences grants D14-CZ16/06-07 and
Ne 9

ToM 81 2007



ANALYSIS OF COMPLEX OSCILLATORY DYNAMICS OF A pH OSCILLATOR

D/05/11711, and the Czech Science Foundation grant
GACR 203/06/1269.

8.

9.

10.

11.

REFERENCES

. A. Goldbeter, “Biochemical oscillations and cellular

rhythms. The molecular bases of periodic and chaotic
behaviour”, Cambridge University Press, Cambridge,
1996.

L. Glass and M. C. Mackey, “From clocks to chaos.
The rhythms of life”, Princeton University Press, Princ-
eton, N.J., 1988.

. C. J. Crook, A. Smith, R. A. L. Jones, and A. J. Ryan,

Phys. Chem. Chem. Phys. 4, 1367 (2002).

I. Varga, I. Szalai, R. Meszaros, and T. Gilanyi, J. Phys.
Chem. B 110, 20297 (2006).

. S. A. Giannos, S. M. Dinh, and B. Berner, J. Pharm. Sci.

84, 539 (1995).

. T. Ohmori, W. Yu., T. Yamamoto, A. Endo, M. Nakai-

wa, T. Amemiya, T. Yamaguchi, Chem. Phys. Lett. 407,
48 (2005).

. V. K. Vanag, D. G. Miguez, and L. R. Epstein, J. Chem.

Phys, 125, 194515 (2006).

B. Hess, A. Boiteux, and J. Kriiger, Adv. Enzym Regul.,
7, 149 (1969).

I. Matsuzaki, J. H. Woodson, and H. A. Liebhafsky,
Bull. Chem. Soc. Japan, 43, 3317 (1970).

M. Orban and I. R. Epstein, J. Am. Chem. Soc. 109, 101
(1987).

G. Rébai, K. Kustin, and L. R. Epstein, J. Am. Chem.
Soc. 111, 3870 (1989).

XKYPHAJI PUBUYECKOU XUMHUHU tom 81 N 9

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2007

1597

G. Rabai, J. Phys. Chem. A 101, 7085 (1997).

G. A. Frerichs and R. C. Thompson, J. Phys. Chem. A,
102, 8142 (1998).

I. Hanazaki, N. Ishibashi, H. Mori, and Y. Tanimoto,
J. Phys. Chem. A 104, 7695 (2000).

G. Rabai, N. Okazaki, and 1. Hanazaki, J. Phys. Chem.
A, 103, 7224 (1999).

G. Rébai, A. Kaminaga, and I. Hanazaki, Chem. Com-
mun. 1996, 2181.

M. J. B. Hauser, A. Strich, R. Bakos, Zs. Nagy-Ungva-
rai, S. C. Miiller, Faraday Discuss. 120, 229 (2001).

M. J. B. Hauser, N. Fricke, U. Storb, S. C. Miiller,
Z. Phys. Chem. 216, 375 (2002).

G. Rabai and 1. Hanazaki, J. Phys. Chem. A, 103, 7268
(1999).

G. Rdbai, M. Orban, and 1. R. Epstein, J. Phys. Chem.
96, 3870 (1992).

G. Rébai and 1. Hanazaki, J. Am. Chem. Soc. 119, 1458
(1997).

K. Kurin-Csorgei, M. Orban, G. Rabai, and I. R. Epstein,
J. Chem. Soc. Faraday Trans. 92, 2851 (1996).

F. Takens, “Detecting strange attractors in turbulence”,
in “Dynamical systems and turbulence”, Lecture Notes
in Mathematics 898, Springer, Berlin, 1981, p. 366.

R. Hegger, H. Kantz, and T. Schreiber, Chaos, 9, 413
(1999).

A. M. Fraser and H. L. Swinney, Phys. Rev. A 33, 1134
(1986).

D. S. Broomhead and G. P. King, Physica D 20, 217
(1986).



XKXYPHAJI PUBHIECKOH XUMHH, 2007, mom 81, Ne 9, c. 1598-1602

YK 541.65

STRUCTURE OF MATTER
AND QUANTUM CHEMISTRY

Yb** DOPED DYPHILLOSILICATES PREPARED BY THERMALLY
INDUCED PHASE TRANSFORMATION OF ZEOLITES

© 2007 B. Nedi¢*, V. Dondur*, A. Kremenovi¢** *** R, Dimitrijevi¢**, B. Anti¢***,
J. Blanusa***, D. Vasiljevié-Radovi¢**** M, Stojiljkovi¢#* %
*Faculty of Physical Chemistry, University of Belgrade, Studentski trg 12-16, Belgrade, Serbia
**Faculty of Mining and Geology, University of Belgrade, Djusina 7, Belgrade, Serbia
*** Institute of Nuclear Sciences “Vinca”, Condensed Matter Physics Laboratory, PO Box 522, 11001 Belgrade, Serbia
*HAk Institute of Chemistry, Technology and Metallurgy — Center of Microelectronic Technologies
and Single Crystals, 11000 Belgrade, Serbia
sk Institute of Nuclear Sciences “Vinca” , Laboratory of Physical Chemistry, P.O. Box 522, 11001 Belgrade, Serbia
E-mail: bojana@ffh.bg.ac.yu

Abstract — Yb** doped Ba and Sr diphyllosilicates (hexacelsians) have been synthesized using Na form of LTA
zeolite by ion exchange procedure and thermal treatment. Crystal structures of both doped samples have been
refined and described in this article. Results of Rietveld refinements clearly indicate that Yb3* ions are incor-
porated into hexacelsians® structure. AFM microphotographs were shown round shape of particles with size of
few microns. The magnetization measurements were done within 2-300 K temperature range, revealing the en-
hancement of magnetization with temperature that is not in accordance with simple paramagnetic behaviour.

INTRODUCTION

Alkaline earth aluminates, silicates and aluminosili-
cates [1-6] are used as matrix materials for doping with
transition and, especially, rare earth ions. These doped
materials have wide applications, such as phosphors for
plasma display panels (PDP), field emission displays
and fluorescence lamps [7-9]. For PDP applications,
phosphors should efficiently absorb vacuum ultraviolet
light. Also, phosphors with a spherical shape and size
less than 1 pm are required because the process for
making a uniform phosphor layer depends on these
physical properties [10]. BaMgAl,,0,; (BAM) doped
with Eu?* ions is used as blue phosphor for PDP be-
cause it has deep blue color, a short decay time and high
vacuum ultraviolet (VUV) efficiency [11]. However, it
has been found that this blue phosphor is less stable
than its red and green counterparts. The causes for this
degradation process are thermal treatment during PDP
manufacturing as well as irradiation by VUV photons
[12]. The thermal degradation process is particularly se-
rious because it is probably related with change in va-
lence of Eu?* to Eu?* or in crystal structure of BAM [13].

It has recently been found that celsian could be ade-
quate substitute for BAM [14]. It is well known that
celsian is thermally very stable material. Kim et al. [14]
have been found that celsian, doped with Eu?* ions, pre-
served Eu?* ions from oxidation. Doped celsian was
synthesized using mixture of oxides as initial materials.
Also, recent study describes structural and spectroscop-
ic properties of Eu** doped hexacelsian [15].

In this work, Ba and Sr hexacelsians doped with
Yb** ions were synthesized using zeolite as starting

material and ion-exchange procedure for doping. Crys-
tal structures and microstructures were described as
well as magnetic properties of these doped samples.

EXPERIMENTAL PART

Sodium form of LTA (Si/Al = 1.00) zeolite was
used as initial material. Barium and strontium ex-
changed zeolites (Ba—LTA and Sr—LTA, respectively)
were obtained by aqueous ion-exchange procedure,
which was repeated several times and was performed in
diluted solutions [16]. The presence of Na* in Ba-LTA
and Sr—LTA was checked by Atomic Absorption Spec-
trophotometry (AAS), using Varian Spectra AAS55
Spectrometer. Ba—LTA and Sr—LTA were than doped
with Yb** (Ba-LTA:Yb* and Sr—LTA:Yb*, respec-
tively) also using ion-exchange procedure. Samples
were thermally treated at 1000°C for 4 hours, and were
spontaneously cooled to the room temperature.

The elemental analysis on the barium, strontium and
ytterbium content were performed by inductively cou-
pled plasma — atomic emission spectroscopy (ICP-OES),
using Spectroflame ICP, operating at 2.5 kW and

Table 1. Comparison of unit cell parameters for doped and non—
doped samples [18]

BAS[19] |BAS: Yb**| SAS[20] |SAS:Yb**
a, A [5.296452) | 5.29776(8) | 5.1974(5) | 5.1967(2)
e, A | 7.78874(4) | 7.7854(2) | 15.1984(2) | 15.1795(4)
V,A3| 189.22 | 189.226(6) | 355.561(7) | 355.01(2)
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Table 2. Fractional coordinates, site occupation factors and isotropic vibrational parameters for both doped samples

SAS : Yb** BAS : Yb**

Atom

X y Z S.O.F. B;, b y z S.O.F. Bi,
M* |0 0 0 0.159(6) | 0.87(2) | 0 0 0 0.140(2) | 0.86(4)
Yb |0 0 0 0.00443 | 0.87(2) | 0 0 0 0.00067 | 0.86(4)
Al 1/3 2/3 0.3593(4) | 1/3 1.02(4) | 1/3 2/3 0.2865(8) | 1/3 1.27(8)
Si 1/3 2/3 0.14234)| 13 1.02(4) | 1/3 2/3 0.7105(8) | 1/3 1.27(8)
01 1/3 2/3 0.2467(4)| 1/3 1.45) | 1/3 2/3 0.5074(8) | 1/3 1.6(2)
02 | 0.406(1) [—0.015(2)|0.1039(2) | 1 1.4(5) | 0.984(2) | 0.437(2) |0.2071(6) | 1 1.6(2)

* M represents Sr for SAS : Yb**, and Ba for BAS : Yb** sample.

27 MHz. Two sets of standard solutions ranging from
1 ppm to 10 ppm of barium, strontium and ytterbium
were prepared and used for calibration. Spectral lines
407.771 nm for Sr, 455.403 nm for Ba and 369.419 nm
for Yb were used.

X-Ray Powder Diffraction (XRPD) patterns of
doped and non-doped thermally treated samples
(BAS:Yb**, SAS:Yb3*, BAS and SAS) were collected
on a Philips PW-1710 automated powder diffractome-
ter, using a Cu tube operating at 40 kV and 35 mA. Ri-
etveld refinements were performed with the aid of Full-
Prof software package [17]. Magnetic susceptibility mea-
surements were done with Quantum design MPMS squid
magnetometer in a temperature range 2 K < 7'< 300 K
and DC magnetic field of 500 Oe.

For the AFM measurements, Ba-LTA and Sr-LTA,
as well as doped counterparts were pressed into pellets,
and then thermally treated at 1000°C for 4 hours. AFM
measurements were performed using AutoProbe CP
Research manufactured by TM Microscopes.

RESULTS AND DISCUSSION

Atomic absorption spectroscopy indicates that Na*
ions are completely substituted with Ba?* ions, as well
as with Sr** ions. After doping with Yb** ions and ther-
mal treatment, it is confirmed by XRPD [18] that both
samples contain hexacelsian phase. SAS:Yb** has a
small amount of Sr-feldspar phase, too. The structure of

BAS:Yb? is refined into the space group P3 , while the
structure of SAS:Yb3* is refined into the space group

P3 cl. The initial model of Ba—hexacelsian structure is
adopted from Kremenovic et al. [19], while the initial
model for Sr-hexacelsian structure is adopted from
Nedic¢ et al. [20]. The values for unit cell parameters,
fractional coordinates, isotropic vibrational parameters
and site occupation factors for both samples are listed
in Tables 1 and 2. Isotropic vibrational parameters for
Si and Al are restrained by the same value and the site
occupation factors are constrained, due to similar num-
ber of electrons. Also due to very low amount of Yb
ions in the samples, isotropic vibrational parameters for
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Ba and Yb, as well as for Sr and Yb, are restrained to
the same value. From the values of unit cell parameters
and site occupation factors for Yb3* ions, it can be con-
cluded that, for both samples, Yb** ions are successful-
ly incorporated into the structure. The interatomic dis-
tances and angles (Table 3) are in agreement with pre-
viously published works [19, 20].

Figure 1 represents the crystal structure of BAS:Yb**
projected in bc plane. Due to great similarity, structure
of SAS:Yb** is not shown. The ion-exchange proce-
dure, comparing with usual synthetic methods, has one
advantage — certainty that doped ions could only occu-
py extra-framework positions. In this case, the extra
framework cations are Ba and Sr.

The chemical formulas calculated on the basis of the
results of ICP-OES analysis are given in Table 4.
SAS:Yb** sample contains more Yb** ions than
BAS:Yb* sample. This is expected, because Yb** has
ionic radius which is closer to ionic radius of Sr**, than
to ionic radius of Ba?*. Comparing these results with
chemical formulas calculated from values of site occu-
pation factors [18], a slight disagreement is observed.
There is a possibility that doping caused slight symme-
try lowering, which will be the subject of future inves-
tigations.

As mentioned above, particle size is very important
for application of these materials, because the morphol-

Fig. 1. Crystal structure of BAS:Yb3* (projected in bc
plane).
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Table 3. Chemical formulas calculated from ICP-OES

Chemical formula

Bas 97Ybg 3Al15S11,048
Sr5.8,Ybg 11A115511,048

BAS : Yb3t
SAS : Yb3*

Table 4. Interatomic distances and angles for both doped
samples

[ A'])/ﬁﬁ‘g“l?[ol SAS: Yb* | BAS:Yb* | Multiplicity
M-02 26696) | 2.857(7) 6
Si-01 1.585(9) | 1.581(9) 1
Si-02 1.609(7) | 1.616(8) 3
(Si-0) 1.6039) | 1.607(9) -
Al-O1 17099) | 1.720(9) 1
Al-02 17244) | 1.744(8) 3
(AI-0) 17209) | 1.73809) -
01-02 2636(7) | 2.672(8) 3
01-02 2793@8) | 2.850(8) 3
(01-02) 271409) | 2.761(8) -
02-A1-01 | 1089(5) | 108.1(5) 3
02-AL02 | 110065) | 110.8(5) 3
02-Si-01 | 111.2(6) | 113.4(8) 3
02-5i-02 | 107.6(5) | 105.3(8) 3

Table 5. The values of effective magnetic numbers and en-
ergy levels obtained from the fit of equations (1)

Parameter SAS : Yb** BAS : Yb**
E, [K] 0 0
E, [K] 31(1) A1)
M 2.41(3) 0.56(1)
M 4.2(1) 1.79(6)

ogy of phosphor particles plays an important role in im-
proving the brightness of PDPs [21]. In order to de-
scribe morphology of samples, AFM microphoto-
graphs for doped and non-doped samples are obtained
and shown in Fig. 2. It is visible that samples have,
more or less, round shape and their size is approximate-
ly few microns. It has to be noticed that these samples
are prepared (grinded) for XRPD analysis, and that
with further grinding the size and shape of grains will
be more suitable for applications.

The results of magnetization measurements M(T)
for both samples show the behavior that is not inherent
to an isolated Yb3* in dielectric crystal environment.
For comparison, Fig. 3 represents the inverse suscepti-
bility curves of SAS:Yb*, BAS:Yb* and diluted
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(Yb,Y),0;. There is a relative agreement at low tem-
peratures, but approximately above 40 K the suscepti-
bility of both SAS:Yb** and BAS:Yb** becomes signif-
icantly larger, and in the case of BAS:Yb3* it even in-
creases with temperature (note that Fig. 3 shows the
inverse susceptibility). The susceptibilities are calculat-
ed per one mole of Yb in all samples, which illustrate
the differences between states of Yb ion in different
crystal matrices. These are mostly due to crystal field
influence or the presence of collective phenomena (ex-
change interactions). Considering the very low Yb con-
centration in the samples, the direct exchange or super-
exchange is negligible.

The inverse molar susceptibilities of SAS:Yb** and
BAS:Yb** could suggest the contribution of Van Fleck
temperature independent paramagnetism. However,
due to the odd number of 4f electrons, Yb3* has no sin-
glet levels in a crystal field of whatever low symmetry,
and since the first excited manifold level of Yb3* is over
13000 cm™! above the ground level, the Van Fleck con-
tribution has to be neglected in this case. Moreover, the
magnetization (per Yb ion) in SAS:Yb** and BAS:Yb**
at room temperature is over three (SAS:Yb**) or four
(BAS:Yb*) times larger then in typically paramagnetic
(Yb,Y),05, which eliminates the crystal field also as a
dominant interaction within the whole temperature
range. This fact points to the presence of correlation be-
tween localized magnetic moments at elevated temper-
atures, the nature of which will be subject of our future
investigations.

The similarity of SAS:Yb** and Yb,0j; susceptibili-
ties below 40 K led us to assumption that the crystal
field influence may still be dominant in this tempera-
ture range, though this seems to be less true for
BAS:Yb’* sample. Through this approach, within the
2-40 K we can express the susceptibility of the samples
as [22]:

Nolul E _E
M = iJTuB(ZM?effe kT/Ze kT} (1

where N, g;, k and Py have their usual meaning, E; is the
energy gap between the ground and the i-th excited
Kramer’s doublet, and M, denotes linear combina-
tions of the free ion magnetic quantum numbers Mj:

Mo = 2'“5&4,'2MJ~ ()
M,

In (2), ocjvwl are coefficients from the linear expansion
of the i-th level wave function over the free ion states:

i) =Y 0y [LSIMy). (3)
M,

By fitting the experimental data between 2 K and 40 K
(Fig. 4), we can deduce the approximate values of en-
ergy and magnetic numbers M, of the ground and first
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Fig. 2. AFM microphotographs of doped and non-doped samples.
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Fig. 3. The inverse gram ion susceptibility of SAS:Yb>*, Fig. 4. Low temperature susceptibilities of SAS:Yb** and

BAS:Yb>* and diluted (Yb,Y),05 versus temperature. BAS:Yb’* fitted to Eq. (1).
excited doublets, which are listed in Table 5. There is a CONCLUSION
pronounced difference between the parameters of two _ _ N
samples, with unusually low values in the case of In this work, Yb** doped Ba- and Sr-diphyllosili-
BAS:Yb** sample for which the model (1) appeared to ~ cates are synthesized using LTA zeolite as initial mate-
be actually not applicable above 20 K (Fig. 4). rial by ion-exchange procedure and thermal treatment
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at 1000°C for 4 hours. Chemical analysis show that the
amount of Yb* jons is greater in SAS:Yb** sample
than in BAS:Yb** sample. Results of Rietveld refine-
ments clearly indicate that Yb3* ions are incorporated
into hexacelsians structure. AFM microphotographs
show approximately round particles. The magnetic
measurements clearly illustrate the existence of some
kind of correlation between magnetic moments at room
temperature, by giving the values of moment larger
then the free ion value (4 pg). This implies the long
range indirect interactions (due to the low Yb concen-
tration). It is interesting that the effect is enhanced with
raise of the temperature, which points to the probable
coupling role of delocalized carriers. Another point of
interest is that this long range coupling is of ferromag-
netic character (increased magnetization compared to
paramagnetic or free ion ensemble). However, magne-
tization measurements alone can not provide us the or-
igin of observed interactions; other experimental tech-
niques sensitive to the carrier concentration are sug-
gested for further investigations.
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Abstract — Dianilinium 5-sulfosalicylate was prepared in sifu and then oxidized in aqueous solution with am-
monium peroxydisulfate. The precipitated polyaniline 5-sulfosalicylate was soluble in polar aprotic solvents
and showed conductivity of ~0.1 S cm™!. Scanning electron microscopy revealed coexistence of nanorods and
granular morphology of the polyaniline 5-sulfosalicylate. The weight-average molecular weight and polydis-
persity index were determined by gel-permeation chromatography as 53000 and 9.0, respectively. FTIR spectro-
scopic analysis combined with AM1 and MNDO-PM3 semi-empirical quantum chemical studies of the poly-
merization mechanism indicate both covalent and ionic bonding of sulfosalicylate to polyaniline chains. Raman
spectroscopy proved the presence of substituted phenazine structural units besides ordinary emeraldine seg-

ments.

INTRODUCTION

Polyaniline (PANI) is the most important conduct-
ing polymer, which has been extensively studied due to
its simple preparation, good thermal and environmental
stability, structure versatility, and wide applicability.
Chemical oxidative polymerizations of commercially
available aniline salts, such as hydrochloride and sul-
fate, lead to the precipitation of polyaniline salts with
poor solubility in common solvents. These unaccept-
able PANI salts must be transformed by dedoping-re-
doping procedure to more acceptable PANI doped with
functionalized acids. Many attempts to synthesize pro-
cessible PANI salts via direct oxidation of various
aniline salts with ammonium peroxydisulfate (APS),
most often used oxidant in production of PANI, have
failed because hydrogen sulfate, formed as a by-prod-
uct during polymerization, was incorporated into the
PANI structure instead of functionalized dopant anion
[1]. It was shown that the solubility, crystallinity, ther-
mal stability, electrochemical stability at higher poten-
tials, and anticorrosive properties of PANI have been
improved using 5-sulfosalicylic acid (SSA) as a dopant
[2-4]. In these reports, PANI 5-sulfosalicylate
(PANI.SSA) has been prepared via direct oxidation of
in situ prepared anilinium 5-sulfosalicylate in large ex-
cess of SSA, or by doping of PANI base with SSA. As
a continuation of our recent work on efficient aniline
salt precursor for direct synthesis of processible, solu-
ble conducting PANI salt [S], in the present paper we
prepared in situ dianilinium 5-sulfosalicylate (DASSA),
and performed its polymerization with APS in aqueous
solution. The novel polymeric material was character-

ized by the conductivity measurements, scanning elec-
tron microscopy (SEM), gel-permeation chromatogra-
phy (GPC), FTIR, and Raman spectroscopies. The ear-
ly stages of the polymerization mechanism were
theoretically studied by the AM1 and MNDO-PM3
semi-empirical quantum chemical methods combined
with conductor-like screening model of solvation.

EXPERIMENTAL

Sample Preparation. The DASSA was prepared
in situ by the addition of aniline (40 mmol) to the con-
tinuously stirred solution of SSA (20 mmol) in distilled
water (100 ml), followed by heating of this reaction so-
lution to boiling point, and then by cooling to room
temperature. The aqueous solution of APS (50 mmol in
100 ml of water) was added to the solution of DASSA at
room temperature, under stirring and the reaction mix-
ture was left for 24 h. The PANLSSA precipitate was
separated by filtration, washed with water (6 x 50 ml)
and acetone (4 X 25 ml) (the sample PANI.SSA-H,0),
or with 1 M SSA (4 x 25 ml) and acetone (4 X 25 ml)
(the sample PANI.SSA-doped), and then dried in vacu-
um at 70°C. Base form of the polymer (the sample
PANI.SSA-deprotonated) was prepared by the addition
of large excess 0.5 M NaOH to the reaction mixture af-
ter polymerization. The precipitate was collected on fil-
ter, washed with water and dried in vacuum at 70°C.

Conductivity. Powdered polymer samples were
pressed into pellets, 10 mm in diameter and 1 mm thick,
under a pressure of 124 MPa using a hydraulic pellet
press. The conductivity was measured between stain-
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Fig. 1. SEM microphotograph of PANL.SSA-H,0.

less pistons, at room temperature, by means of an a.c.
bridge (Waynne Kerr Universal Bridge B 224), at fixed
frequency of 1.0 kHz. During the measurement, pres-
sure was maintained at the mentioned value.

Scanning Electron Microscopy. Scanning electron
microphotographs have been taken with a JEOL 6400
microscope.

Gel-Permeation  Chromatography. Molecular
weights were assessed by a GPC/SEC method using
8 X 500 mm Labio GM 1000 column operating with
N-methylpyrrolidone and calibrated by polystyrene
standards with a spectrophotometric detection at the
wavelength of 650 nm. The samples were dissolved in
N-methylpyrrolidone containing 0.025 g cm™ trietha-
nolamine for deprotonation, and 0.005 g cm™ lithium
bromide to prevent aggregation.

FTIR Spectroscopy. Infrared spectra in the range of
400-4000 cm™! were recorded at 64 scans per spectrum
at 2 cm! resolution using a fully computerized Thermo
Nicolet NEXUS 870 FTIR Spectrometer with a DTGS
TEC detector. Measurements were performed after dis-
persing the powdered samples in potassium bromide
pellets. The spectra were corrected for the presence of
carbon dioxide and humidity in the optical path.

Raman Spectroscopy. Raman spectra excited in the
visible range with a HeNe 633 nm laser were collected
on a Renishaw inVia Reflex Raman microscope. Re-
search grade Leica DM LM microscope with objective
magnification x50 was used to focus the laser beam on
the sample placed on a X-Y motorized sample stage.
The scattered light was analyzed by the spectrograph
with a holographic grating 1800 lines mm. A Peltier-
cooled CCD detector (578 x 385 pixels) registered the
dispersed light. The positioning of a sample was con-
trolled, and the data were processed with a Wire 2.2
software.
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Fig. 2. Molecular weight distribution as obtained by GPC of
PANI.SSA-deprotonated.

COMPUTATIONAL METHODS

The computational methods used here to obtain the
molecular orbitals, the ionization energy, charge distribu-
tion (Mulliken charges), and the spin density of individu-
al species are semi-empirical AM1 and MNDO-PM3
models [6, 7] (included in the molecular orbital pack-
age MOPAC 97, part of the Chem3D Pro 5.0 package,
CambridgeSoft Corporation). The solvation effects in
water were taken into account using the conductor-like
screening model (COSMO) [8]. The geometry optimi-
zation was performed by the EigenFollowing proce-
dure [9, 10]. Input files for the semi-empirical quantum
chemical computations were the most stable conform-
ers of investigated molecular structures. The restricted
Hartree-Fock method has been used for the molecular
structures and the unrestricted Hartree-Fock method for
radical species.

RESULTS AND DISCUSSION

Conductivity and Solubility. Obtained green
PANI.SSA-doped and PANL.SSA-H,0 samples exhib-
ited conductivities ~0.1 S cm™! and ~0.01 S cm™, re-
spectively. The conductivity of the PANI.SSA-doped is
similar to that of the PANLSSA prepared by Trivedi et
al. by using large molar excess of the SSA [2]. The blue
coloured sample PANIL.SSA-deprotonated has a con-
ductivity of ~4 x 108 S cm™.

The synthesized polymer, PANL.SSA-doped, shows
good solubility in N-methylpyrrolidone, dimethylsul-
foxide and N,N-dimethylformamide.

Morphology. SEM investigations (Fig. 1) revealed
that all studied PANLSSA samples contain nanorods,
granular part, and the precipitate of undefined morpholo-
gy. The nanorods have an average diameter of ~55-70 nm
and length of ~200—400 nm.

Molecular Weights. Single large peak appeared in
the gel permeation chromatogram of the PANLSSA-
deprotonated (Fig. 2). The weight-average molecular
weight, M, and the number-average molecular weight
M,, are 53000 and 5900, respectively, and polydisper-
sity index, M,/M,, is 9.0. In comparison with
2007
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Fig. 3. FTIR spectra of PANI.SSA samples obtained by the oxidative polymerization of DASSA with APS, and treated with 1 M
SSA (PANIL.SSA-doped), water (PANIL.SSA-H,0), or 0.5 M NaOH (PANIL.SSA-deprotonated) after polymerization.

PANIL.SSA obtained by the chemical oxidative poly-
merization of the anilinium 5-sulfosalicylate [5], the
PANISSA obtained by oxidation of DASSA exhibits
considerably higher values of M,,.

FTIR Spectra. The FTIR spectra of PANLSSA
samples in the frequency range 2000400 cm™! are pre-
sented at Fig. 3. Main absorption bands in the frequen-
cy range 4000400 cm™ and their assignment are given
in Table 1. The bands at 1579 and 1481 cm™, due to
quinonoid (Q) ring and benzenoid (B) ring-stretching
vibrations [11-13], respectively, observed in the spec-
trum of PANIL.SSA-doped, show blue-shifting to 1580,
1492 cm™ and 1590, 1496 cm™ in the spectra of
PANI.SSA-H,0 and PANI.SSA-deprotonated, respec-
tively. Intensity ratio of “benzenoid” (~1500 cm™) to
“quinonoid” (~1600 cm™) band indicates that the final
polymer is in the emeraldine form [12].

The band which has been reported as typical for
PANI emeraldine base [12, 14], due to the C-N stretch-
ing vibration in QBQ units, is observed at 1373 and
1378 cm™ in the spectra of PANLSSA-H,O and
PANI.SSA-deprotonated, respectively. The secondary
amine C-N stretching vibration [4, 14, 15] corresponds
to the strong band observed at 1300-1305 cm™! in all
spectra. The para-coupling between constitutional
aniline units is confirmed by the band positioned at
824-827 cm! for all studied samples [15]. The 1,2,4-
trisubstituted benzene rings of the SSA dopant anions
are evidenced by the weak band at 882 cm™ [15].

The presence of sulfosalicylate anions as the
dopants in the PANL.SSA-doped sample is revealed by
the bands at 1673, 1610 (sh), 1561, 1143, 1125 (sh), 1028,
882, 800, 708, 667, and 594 cm™! (Table 1) [4, 15, 16].
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The spectrum of PANLSSA-H,0 sample contains the
bands of SSA dopant too, at similar positions: 1670,
1610 (sh), 1138, 1026, 882, 802, 707, 670 and 593 cm™..
The spectrum of SSA (dihydrate) itself contains the
bands at 1677, 1578, 1149, 1123, 1041, 887, 804, 717,
667 and 586 cm™! [16].

It is interesting to note that we observed very weak
bands at 1673 and 882, weak bands at 1027, 694 and
594, and medium one at 1145 cm™! even in the spec-
trum of the PANLSSA-deprotonated. This feature
could be explained by the covalent bonding between
sulfosalicylate and PANI backbone. The shoulder ob-
served at 1075 cm™ in the spectra of PANI.SSA-doped
and PANI.SSA-H,0 can be attributed to the HSO,

ions formed by the reduction of the oxidant during the
polymerization [15] or to C-COOH stretching [16].

Raman Spectra. The Raman spectra of the PANL.SSA
samples, in the frequency range 2000-300 cm™, are
shown on Fig. 4. The characteristic PANI bands are ob-
served in the Raman spectra of PANL.SSA at wave-
numbers 1622-1633 and ~1592 cm™!. The first is as-
signed to the C~C stretching vibration of the B ring
(where ~ denotes the bond intermediate between the
single and double bond), and the latter corresponds to
C=C and C~C stretching vibrations in the Q and semi-
quinonoid (SQ) rings, respectively [17-20]. The most
prominent band in the Raman spectrum of PANI.SSA-
deprotonated is observed at 1472 cm™!, assigned to the
C=N stretching in Q units [19]. This band is also very
strong in the spectrum of PANL.SSA—H,0O, but it disap-
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Table 1. Main FTIR bands of PANLSSA samples and their assignment

Wavenumber, cm™
Assignment?
PANI.SSA-doped PANI.SSA-H,0 PANI.SSA-deprotonated
3464 vs, br 3459 vs, br 3460 sh, br v(N-H)/v(O-H)
3380 m, br v(O-H)
3244 m-s 3236 m—s 3280 m, br v(O-H)
3057 w 3057 w 3057/3028 m v(O-H)/v(C-H)
2965 m 2965 m 2965 w v(O-H)/v(C-H)
2925 m 2925 m 2925 w v(O-H)/v(C-H)
1673 w—m 1670 w 1673 vw v(C=0) in COOH or COO~
1610 sh 1610 sh Phenyl ring stretching of SSA
1579 s 1580 s 1590 vs Q ring-stretching (N=Q=N)/
1561 s 1568 s Phenyl ring stretching of SSA/asym. v(COO")
1481 s 1492 s 1496 vs B ring-stretching (N-B-N)
1450-1400 br 1450-1400 br 1450 sh ring V(C~C)/sym. v(COO")
1373 w 1378 m V(C-N) in QBQ unit
1305 s 1300 s 1301 s V(C-N) second. arom. amine
1242 m-s 1245 m—s 1237 m V(C-N) in BBB unit/v(C-0)
1165 s =Q=N
1143 vs 1138 vs 1145 asym. v(SO;) in SSA/8(C-H)
1125 sh Q=N*H-B/B-NH-B
1075 sh 1075 sh sym. v(SO3) in HSO,, v(C-COOH)
1028 m—s 1026 m—s 1027 w sym. V(SO3) in SSA, v(S-OH)
882 w 382 w 882 vw Y(C-H) (1,2,4-trisubstit. ring)
851 sh YC-H) (1,2,4-trisubstit. ring)
827 m 824 m 827s Y(C-H) (1,4-disubstit. ring)
800 m 802 m 802 sh Y(C-H) (1,2,4-trisubstit. ring) SSA/V(C-SOz;H)
708 w 707 w 694 w d(Phenyl ring) SSA
667 w 670 w 670 vw y(Phenyl ring)/3(Phenyl ring) SSA
594 m 593 m 594 w Y(Phenyl ring SSA)/Y(OH)/3(SO,)

Abbreviations: B — benzenoid ring; Q — quinonoid ring; v — stretching; 8 — in-plane bending; y — out-of-plane bending; vs — very strong; s —
strong; m — medium; w — weak; vw — very weak, sh — shoulder; sym — symmetric; asym — asymmetric.

2 Assignments based on references [4, 11-16].

pears in the spectrum of PANIL.SSA-doped because Q
rings are transformed to SQ rings.

The frequency range 14001300 cm™! corresponds to
the C~N"* stretching vibrations of charged nitrogen seg-
ments. In this region the very strong band at ~1338 cm™
is observed in the spectrum of PANILSSA-doped,

KYPHAJI ®PUSUYECKOU XUMUU

which is assigned to the v(C~N*) vibration in delocal-
ized polaronic structure, and it is associated with high
electron conductivity and the existence of the polaronic
lattice [21]. This band is preserved as the strong one at
1337 cm™! after repeated washing of the polymer with
water, and, surprisingly, it is still present but weak, in
Ne 9
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Fig. 4. Raman spectra (A.,, 633 nm) of PANI.SSA samples obtained by the oxidative polymerization of DASSA with APS, and
treated with 1 M SSA (PANIL.SSA-doped), water (PANL.SSA-H,0), or 0.5 M NaOH (PANI.SSA-deprotonated) after polymeriza-

tion.

the spectrum of deprotonated sample, at 1341 cm™.
This feature is in accordance with the observed rela-
tively high conductivity of PANLSSA-H,0O sample,
and indicates the certain resistance of the polymer to-
ward deprotonation. MaZeikiené et al. reported similar
phenomenon for the copolymer of aniline and m-ami-
nobenzenesulfonic acid [22]. The strong intra- and in-
termolecular hydrogen bonding O---H-N between H at-
om from the NH** group of PANL.SSA backbone and O

atom from SO; group of covalently bonded sulfosalicy-

late could be proposed as possible explanation. The band
at 1341 cm™ in the spectrum of PANL.SSA-deprotonat-
ed could be also explained by the presence of phena-
zine-like structural segments in polymer chains, be-
cause the Raman spectrum of phenazine itself shows a
band at 1348 cm™!, and such segments are also indicat-
ed by the bands observed at 1406 (1417), ~576 and

~417 cm™! in the spectra of all studied PANLSSA sam-
ples [23, 24]. The substituted phenazine segments has
been recently connected with the formation of nano-
structured PANI, prepared in water without added acid,
and in the slightly acidic aqueous medium [11, 25, 26].
The second band in the region 1400-1300 cm™! appears
in the spectra of PANL.SSA-H,0O and PANIL.SSA-
deprotonated at 1371 (strong) and 1376 cm™! (weak),
respectively, and can be associated with the C~N*
stretching vibrations in more localized polaronic sites
[22]. It is correlated with an intermediate level of dop-
ing in PANL.SSA-H,0 and it is not clearly seen in the
spectrum of PANIL.SSA-doped.

The very strong band due to C-H bending in-plane
vibrations of SQ rings [17] is observed at 1170 and
1165 cm™ in the spectra of PANL.SSA-doped and
PANI.SSA-H,0, respectively. This band is weakened

Table 2. Ionization energy (E;) of hydrated aniline, anilinium cation and 5-sulfosalicylate anions, calculated by AM1 and
MNDO-PM3 methods. Mulliken charges, calculated by MNDO-PM3, of the reactive centers of hydrated 5-sulfosalicylate
anions, susceptible to electrophilic attack of aniline and oligoaniline cation radicals or nitrenium cations, are also shown

S]
05 Lonn 1O o
. ®
Species QNHz @—NH3 HO‘@*SO? HO SO%9
033 0.0 032 0.003
E; (AM1), eV 8.98 10.18 9.84 10.03
E; (PM3), eV 9.03 10.25 9.77 9.95
XKYPHAJl ®UBUYECKON XUMUU  Tom 81 Ne9 2007
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Fig. 5. The formation of functionalized emeraldine salt of PANL.SSA by the oxidation of DASSA with APS.

and shifted to 1162 cm™ after deprotonation, due to
transformation of SQ rings in emeraldine salt to Q rings
in emeraldine base form.

Theoretical Study. AM1 and MNDO-PM3 semi-
empirical quantum chemical calculations show that hy-
drated 5-sulfosalicylate dianion and monoanion,
formed at lower pH during the polymerization, are
more oxidizable than anilinium cation and less oxidiz-
able than aniline (Table 2), indicating that polymeriza-
tion proceeds via the generation of both aniline cation
radicals and 5-sulfosalicylate radicals, which can be co-
valently incorporated into the PANI macromolecular
structure (Fig. 5). This result is in accordance with the
indications from FTIR study that the bands due to SSA
vibrations are still present in the deprotonated (de-
doped) sample. Based on the charge distribution of
SSA anions (Table 2) and the spin density of SSA rad-
icals (Table 3), it was concluded that couplings be-
tween growing PANI chain and the 5-sulfosalicylate

Table 3. Spin density of the hydrated 5-sulfosalicylate radicals,
calculated by MNDO-PM3

Speci 5-sulfosalicylate S-sulfosalicylate
pecies . g €
anion radical radical
o HO,C
0,C 2
Soin densit L\ 0.04 &0 0.03 "
pin density ® 0.32 - Q
distribution | HO @ s05 | HO= @ SO;
0'140'21 0.004 0.24 0.001

KYPHAJT ®USUYECKOU XUMUH

reactive species comprise mainly reactions of C3ggp
position.

CONCLUSION

The oxidation of the dianilinium 5-sulfosalicylate
with ammonium peroxydisulfate, in aqueous solution,
leads to the formation of the conducting, processible
polyaniline 5-sulfosalicylate, soluble in aprotic polar
solvents. 5-Sulfosalicylate anions serve as dopants, as
it was revealed by the FTIR spectroscopy. Both AM1
and MNDO-PM3 semi-empirical quantum chemical
methods, combined with the conductor-like screening
model of solvation, as well as FTIR spectroscopic anal-
ysis of deprotonated polyaniline 5-sulfosalicylate indi-
cate some extent of covalent bonding of 5-sulfosalicy-
late anions to polyaniline chain. The presence of substi-
tuted phenazine units, besides benzenoid, quinonoid
and semi-quinonoid units, is proved by Raman spec-
troscopy. Synthesized polymer has a mixed nanostruc-
tured and granular morphology.
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Abstract — In this work we deconvoluted fluorescence spectra of lignin and lignin model compound using a
combination of one symmetric (Gaussian) and most appropriate number of asymmetric (Log-normal) models.
We aimed to obtain the new data on the structural characteristics of lignin as a complex molecule, using fluo-
rescence spectroscopy in combination with FTIR spectra. We analysed emission spectra of lignin model com-
pound, DHP, and isolated lignins from a deciduous tree, poplar, and a conifer tree, spruce. The number of ap-
plied asymmetric components is varied for each sample, until component positions obtained from deconvolu-
tion of a series of spectra becomes constant. Lignin model compound contains fewer components in the
emission spectrum. The same components in the spectra of all three samples show that they contain the same
fluorophores. Small shift of peak position can be attributed to the influence of different environments. FTIR
spectra of the three polymers show a small difference between their structures. The main difference among the
IR spectra of the three samples is in the intensity of some peaks.

INTRODUCTION

Fluorescence spectroscopy is a sensitive tool for
structural and kinetic studies of macromolecules.
The analysis of fluorescent spectra of polymeric mole-
cules is especially complex, since they may contain dif-
ferent fluorophores or a fluorophore in various mi-
croenvironments. Therefore, it is necessary to use com-
puter methods for numerical deconvolution of complex
emission spectra into individual components. Lignin,
as a major structural polymer in the plant cell walls, is
the second most abundant polymer on Earth [1, 2]. Flu-
orescence is an intrinsic property of lignin. The struc-
tural complexity of lignin makes its fluorescence spec-
tra difficult to interpret. In this work we deconvoluted
fluorescence spectra of lignin and lignin model com-
pound using a combination of one symmetric (Gauss-
ian) and the most appropriate number of asymmetric
(Log-normal) models. We aimed to obtain the new data
on the structural characteristics of lignin as a complex
molecule, using fluorescence spectroscopy. This ap-
proach, combined with analysis of FTIR spectra of lig-
nin, enables comparison of structural characteristics of
different lignin samples.

MATERIALS AND METHODS

Lignin model dehydrogenative polymer (DHP) was
synthesized according to the procedure of Radoti¢ et al.
[3]. DHP was synthesized from coniferyl alcohol, using
horseradish peroxidase as an enzymatic catalyst.

Lignins from poplar (Populus tremuloides, clone 1214)
and spruce (Picea abies (L.)) were obtained from wood
mill using method of thioacidolysis [4].

Fluorescence spectra were collected using a Fluo-
rolog-3 spectrofluorimeter (Jobin Yvon Horiba, Paris,
France) equipped with a 450 W xenon lamp and a pho-
tomultiplier tube. The spectra were corrected for the
dark counts. In each measurement seven scans were av-
eraged. The emission spectrum of the solvent (diox-
ane/water, 9/1 v/v) was subtracted. All measurements
were performed at controlled temperature of 25°C by
means of a Peltier element.

A total of Npyp = Nyopiar = Nypruce = 22 €mission spec-
tra were collected for each sample (DHP, lignin from
poplar and spruce) by excitation at different wave-
lengths, starting from excitation maximum at 360 up to
465 nm, with a 5 nm-step. Nonlinear fitting of the first
12 spectra was performed using the Nelder-Mead algo-
rithm implemented in Matlab, version 6. There was a
significant decrease in intensity of spectra excited by
wavelengths higher than 420 nm (13%-22" gpectra).
All spectra were deconvoluted by Gaussian and Log-
normal models into four components:

~(A-Xo)’

2
20;

_ 1
I\ = ZAi exp
;o1 N2Tmo;
Gaussian model,

where I(A) is the relative fluorescence intensity at
wavelength A, A;, i-th component area, C;, i-th compo-
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nent standard deviation (width), Ay;, wavelength of i-th
component maximum (position) and n, number of com-

Fy,

0, for A<da'

1611

ponents. For each component, all three parameters A,
o, and A; were fitted

F,exp{—(In2/In°p)In’*[(1/a' - 1/N)/(1/a' = 1/\,)]}, for A>d,

Log-normal model

where F,, is the maximal intensity, p the spectral shape
asymmetry parameter, a' — function limiting point and
A,, — wavelength at which a maximal fluorescence oc-
curs.

FTIR spectra were collected using a Perkin-Elmer
9836 infrared spectrometer. The dried samples were
embedded in KBr pellets in the concentration of
1 mg/60 mg KBr. The spectra were recorded in the
transmission band mode in the range 400-4000 cm™'.

RESULTS AND DISCUSSION

Fig. 1 shows emission spectra of lignin model com-
pound, DHP, and isolated lignins from a deciduous
tree, poplar, and a conifer tree, spruce. The monomeric
building blocks do not vary considerably among the
three polymers, all of them containing guaiacyl and/or
syringyl unit. However, their ratio vary in the poly-
mers. In deciduous trees (poplar) there are more sy-
ringyl than guaiacyl units in lignin structure, while in
conifers (spruce) about 95% of monomers are guaiacyl
units [5]. In DHP all monomers are guaiacyl ones.

The same maxima positions in the emission spectra
of the three samples show similarity of their fluoro-
phores. This is related to the fact that all building mono-
mers in lignins contain substituted benzene rings,
which are the main source of their fluorescence. Pres-
ence of different side chains on the ring, as well as sub-
stitutions at various positions in the ring or side chain,
produce variations in the fluorophore emission. There is
a high similarity between emission spectra of poplar
lignin and DHP. Different ratio of the two emission
maxima between spruce, on one side, and poplar and
DHP, on the other, shows different structural arrange-
ment of the fluorophores within these polymers. On the
other hand, FTIR spectra of the three polymers (Fig. 2)
show a small difference between their structures. The
main difference among the IR spectra of the three sam-
ples is in the intensity of some peaks. The main lignin
spectral bands are 1505-1515 cm™ (aromatic skeletal
vibrations), 1600 cm™! (aromatic skeletal vibration and
C=0 stretch), 1660 cm™! (C=C band in the side chain).
In the study of FTIR spectra of lignins of different ori-
gin, Faix (1991, [6]) found a correlation between syrin-
gil to guaiacil (S/G) ratio and intensity of particular IR
peaks in a lignin sample. The intensities of the peaks in
FTIR spectra of the lignin samples herein presented

XKYPHAJI ®P3UNYECKON XUMHNU
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(Fig. 2) are in accordance with these S/G ratios. Peak at
966-990 cm™! (-HC=CH- out-of-plane deformation) is
present only in DHP. The peak at 1380 cm™ (aliphatic
C-H stretch in CH3) is insignificant in the case of
spruce sample. Peak at 1740 cm™! (C=O0 stretch in un-
conjugated ketone, carbonyl and in ester groups; conju-
gated aldehydes and carboxylic acids) is absent in the
DHP sample and insignificant in poplar lignin. This
may be a consequence of oxidative formation of such
type of structures during isolation procedure, while in
DHP such structures are not formed because harmful
processes are avoided and polymerization proceeds in a
controlled manner.

In the previous paper [7] we combined a method of
continous excitation with a series of wavelengths hav-
ing a constant difference, and a method of time re-
solved fluorescence to show that DHP fluorescence
originates from discrete fluorophore centers, contrary
to the other opinion that charge transfer mechanism op-
erates in lignin emission [8]. Here we applied the same
experimental approach to perform a comparative anal-
ysis of the emission spectra of lignins shown in Fig. 1.
Series of 22 spectra for each sample are excited by
wavelenghts differing in 5 nm step. In this way, each
fluorophore is excited differently in each step enabling
us to check validity of deconvolution procedure.

We analysed first 12 spectra since deconvolution of
further spectra did not provide additional data. We used
a combination of one symmetric (Gaussian) and vari-
ous number of asymmetric (Log-normal) models. One
Gaussian component in all model combinations was
used to compensate for the Raman band, originating
from the sample, which appeared in all integral spectra,
and arising, as calculated, from OH stretch. The num-
ber of applied asymmetric components is varied for
each sample, until component positions obtained from
deconvolution of a series of spectra becomes constant.
For DHP, poplar and spruce, optimal number of asym-
metric components in the model is found to be four,
five and six, respectively, indicating an increase of
complexity of the structure. As an example, results of de-
convolution of spruce lignin spectra are given in Fig. 3:
deconvolution of one band contour from the series of
emission spectra is given in Fig. 3a, as well as fitted
component positions as a function of wavelength, for
5 + 1 and 6 + 1 (asymmetric + symmetric) combinations
of components (Figs. 3b,c). A comparison of Fig. 3b and

2007
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Fig. 1. Emission spectra of DHP (/), poplar (2) and spruce
(3) dissolved in dioxane/water mixture (9 : 1, v/v) measured
after excitation at 365 nm.

Fig. 3c shows that combination of 6 + 1 component
gives better fit. Stepwise increase of wavelength exci-
tation brings one by one fluophores in excited state
leaving consequently unexcited those that do not ab-
sorb exitation light. Component maxima for the three
lignin samples, obtained on the basis of the performed
analysis, are given in the Table.

Lignin model compound has simpler structure in
comparison with the two isolated lignins, and conse-
quently contains fewer components in the emission
spectrum. It is obvious that most components are
present in emission spectra of all samples. The same
components in the spectra of all three samples show
that they contain the same fluorophores, which means
that the structure of DHP is very similar to the structure
of the two isolated lignins. This fact confirms that DHP
is acceptable substitute as model compound for study-
ing the genuine lignin structure and properties. On the
other side, difference in positions of some of the com-
ponents among the three polymers shows that some of
the fluorophores that they contain are different, which

Component position (nm) in the emission spectra of lignin
model compound and lignins isolated from poplar (Populus
tremuloides, clone 1214) and spruce (Picea abies L.), ob-
tained by spectral deconvolution

DHP Spruce Poplar
395 397 397
425 420 420
445 445 442
460 465 460
480 485 480

— 505 505
520 550 530
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Fig. 2. FTIR spectra of DHP, poplar and spruce.

may be different molecular species or the same species
in different environment. Small shift of peak position
can be attributed to the influence of different environ-
ments. Influence of the environment in the matrix can
be multiple, from copigmentation, hydrogen bonding,
and dipole induction to steric hindrance [9]. Comparing
emission spectra of lignins from a deciduous and coni-
fer trees (Fig. 1), after deconvolution one can see that
there are also some similarities and differences (in the
region over 500 nm) in spectral component positions
(Table). These differences may reflect differences in
monomer building blocks in lignin from these two
kinds of trees. Machado et al. [10] used life-time
quenching of long-lived fluorescent probes to map the
energy distribution of the structural units present in lig-
nin fragments from E. grandis wood. Their results indi-
cated that the emission spectra of this lignin might be
regarded as a superposition of at least four broad spec-
tral envelopes with slightly different emission maxima
and widths. They concluded that the majority of the flu-
orescence complexity of this lignin seems to be associ-
2007
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Fig. 3. Uper panel: Example of spruce emission spectrum
deconvoluted into one Gaussian and six Log-normal com-
ponents; excitation wavelength was 370 nm; middle and
lower panels: Fitted component positions as a function of
the excitation wavelength, after deconvolution into one
Gaussian and five Log-normal components, or one Gauss-
ian and six Log-normal components, respectively.
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ated with ground state heterogeneity, due to the complex
mixture of the different fluorophores, on which different
flurophore environments are superimposed [11].

The obtained results show that there are fine struc-
tural variations between the three lignin polymers: be-
tween DHP as a model compound on one side and nat-
ural lignins on the other, or between the two lignins
originated from deciduous and conifer trees. This is
confirmed by the fine differences in their FTIR spectra
(Fig. 2). These data provide an evidence that analysis of
fluorescence spectra of complex molecules may give a
contribution to the understanding of their structural fea-
tures. The differences among presented emission spec-
tra (Fig. 1) and their component positions (Table) may
be related to the fine differences observed in the FTIR
spectra of the three lignins.
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Abstract — Interactions of a Transversely Excited Atmospheric (TEA) CO, laser, pulse duration ~2 microsec-
onds (initial spike FWHM ~120 ns), with polycrystalline titanium nitride (TiN) coatings deposited on high
quality steel (AISI 316 or M2) were studied. The experiments were carried out in a regime of high laser energy
densities: 25, 48, and 50 J/cm?. The energy absorbed from the laser beam was partially converted to thermal
energy, and the effects of the TiN coating thickness on the morphological changes were considered. The mor-
phological features and processes that accompany the interaction can be summarized as follows: (i) exfoliation
of the TiN coating in the central zone of the irradiated area (for coating thickness of 1 um) or appearance of
grainy structure (for coating thicknesses 3 pim and 10 um), (ii) appearance of hydrodynamic changes in the sur-
rounding peripheral zone, and (iii) appearance of plasma in front of the target during sample irradiation.

1. INTRODUCTION

Surface modification studies of titanium-based ce-
ramic coatings, especially titanium nitride deposited on
steel substrates, by various types of energetic beams,
including laser beams, are of great fundamental and
technological interest. The last decade saw some efforts
of the studying of laser beam interactions with titanium
nitride. Beams of the ruby —[1], Nd:YAG - [2], Ti:Sap-
phire [3], excimer — KrCl, XeCl [4, 5], and CO, [4-6] la-
sers have so far been employed. Generally, the interac-
tion of pulsed Transversely Excited Atmospheric
(TEA) CO, laser beams with titanium nitride has not
yet been sufficiently explored. Titanium nitride pos-
sesses extraordinary physico-chemical properties such
as a thermodynamic stability, high hardness, admirable
corrosion and erosion resistance, etc. It is therefore at-
tractive for various areas of application, from sensor
technologies, industry in general, to applications in bio-
medicine. In bio-medical applications titanium nitride
demonstrates unique properties. It is biocompatible,
without toxic effects. It has recently been shown that
TiN can be successfully applied as a film coating for
blood-contacting implants when deposited on silicon or
steel substrates [7, 8].

The present paper deals with effects of a pulsed, en-
ergetic, infrared laser emitting at ~10 um (TEA CO, la-
ser) on polycrystalline titanium nitride coatings deposit-
ed on high quality steel (AISI 316 or M2). Special atten-
tion was paid to morphological surface modifications of
the target with respect to the coating thickness. The stud-
ies were carried out in the regime of high laser radiation
energy densities.

2. EXPERIMENTAL

The TiN coatings (of 1, 3, or 10 um thickness) used
in the experiment were deposited on a steel substrate
(AISI 316 or M2) by two methods: (i) reactive d.c.
magnetron sputtering [9] or (ii) chemical vapor deposi-
tion [10]. Both deposition methods provided good qual-
ity coatings. The steel substrate was prepared by the
standard metallographic procedure including polishing,
rinsing, and drying. Bulk dimensions of rectangularly
shaped substrates were typically 20 mm X 12 mm X 2 mm
whereas the substrate roughness of AISI 316 or M2 was
evaluated to less than 0.1 and 0.4 um, respectively.

Irradiations were performed with the laser beam fo-
cused by a KBr lens of 6.0 cm focal length. The angle
of incidence of the laser beam with respect to the sur-
face plane was 90°. The irradiations were carried out in
air, at a pressure of 1013 mbar. The TEA CO, laser was
operated in a multi-mode regime. Nonconventional
CO,/N,/H, gas mixtures were used for the TEA CO, la-
ser [6], yielding pulses with a gain switched peak fol-
lowed by a slowly decaying tail.

Various analytical techniques were used for charac-
terization of the samples. X-ray diffraction (XRD) was
employed for identifying crystal phases, etc. Surface
morphology was monitored by optical microscopy
(OM), scanning electron microscopy (SEM), and atom-
ic force microscopy (AFM).

3. RESULTS AND DISCUSSION

The X-ray analysis of the intact titanium nitride
coating, prior to laser irradiation, indicated that its
polycrystalline structure was similar to published be-
fore [6]. The coating showed a cubic B1 structure of the
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Fig. 1. SEM images of a TiN/steel sample before (left) and after (right) TEA CO, laser irradiation by 20 pulses (multi-mode regime;
pulse with tail; ®; ~ 50 J/em?). TiN coating 1 um; steel substrate AISI 316.

Fig. 2. Morphological changes of a TiN/steel sample after
20 laser pulses (center of the irradiated area). Experimental
conditions are the same as in Fig. 1.

NaCl-type with a preferred (111) orientation. The TiN
coating had a golden-yellow color, typical for stoichio-
metric composition of [Ti]/[N] = 1. Morphological
changes showed dependence on beam characteristics:
laser pulse energy density, peak power density, pulse
duration, number of accumulated pulses, etc. as well as
target characteristics.

The TiN/steel behavior was monitored in the regime
of high fluences (®, laser radiation energy densities):
25,48, and 50 J/cm?. The modifications can be present-
ed as follows:

(A) Topographical changes of the sample with the
thinnest TiN coating of 1 pm on steel, resulting after
20, 120, and 500 accumulated TEA CO, laser pulses
are presented in Figs. 1-4.

After 20 pulses at 50 J/cm? (Figs. 1 on the right, and 2)
the damage of the TiN/steel sample can be clearly rec-
ognized. Almost complete exfoliation of the TiN coat-
ing is observable in the central part of the damage area.
The same effect was observed even after just one laser
pulse in [4], as well. Cumulative laser pulses (at con-
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Fig. 3. Topographic features of a TiN/steel sample after
120 pulses (periphery of the irradiated area). Experimental
conditions are the same as in Fig. 1.

stant fluence) resulted in the extension of the damaged
area, as well as in the modification of the steel sub-
strate. Structures in the form of needle-like and lens-
like shapes were observed in the central part at a high
number of accumulated pulses. At the periphery of the
damaged zone cracking and hydrodynamic effects like
resolidified droplets become especially observable af-
ter 120 and 500 accumulated pulses, Figs. 3 and 4, re-
spectively.

The evaluation of the TiN/steel surface temperature
within each pulse as a function of time was carried out
by Equation (1) of our [4], i.e. Eq. (2) [11]:

A f (E)dE
cp(nK)m (t-&)l/Z’

0

AT(t) =

(H

where absorptivity is denoted as A, specific heat as c,
thermal diffusivity as x, target density as p, and the la-
ser beam intensity as /. For the laser pulse shape (with
tail) used here, I,,, = 115 MW/cm?, and an target ab-
sorptivity as in [5], the calculation showed that a max-
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Fig. 4. Topographic features of a TiN/steel sample after 500
pulses (periphery of the irradiated area). Experimental con-
ditions are the same as in Fig. 1.

imum surface temperature of about 3400 K was
reached approximately after 1.1 ps. This is approxi-
mately the time corresponding to about 2/3 of the tail
duration. The high surface temperature led to decompo-
sition/exfoliation of the TiN coating (TiN decomposi-
tion temperature is 3252 K [12]) with the first laser
pulse, so that each subsequent pulse practically inter-
acted with the steel substrate. The development of the
high temperature, as well as the rapid cooling at the
steel interface, are drastic events that contribute to the
appearance of needle- and lens-like shapes, and hydro-
dynamic structures. Under these conditions a phase
transition within the steel substrate is quite possible.
The changes in the central zone can probably be asso-
ciated with the appearance of the martensite form. It is
well known that a phase transition will occur in the

Fig. 5. Topographic features of a TiN/steel sample after 340
pulses (center of the irradiated area). Experimental condi-
tions are the same as in Fig. 1, except for: TiN coating 3 um;
steel substrate AISI M2, ® ~ 48 J/cm?.
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course of steel thermal treatment at higher tempera-
tures, depending on the chemical composition, espe-
cially the carbon content [13]. A steel with a low carbon
content, like this substrate (AISI 316), will be phase
transformed in the temperature interval from 930 to
960 K [13, 14]. A TEA CO, laser pulse causes a rapid
temperature change on the steel surface, followed by
extremely fast cooling, so that the carbon in the steel
does not have sufficient time to get completely separat-
ed from o-ferrite. The newly created phase becomes
oversaturated with carbon, and this structure is known
as martensite, characterized by needle- and lens-shaped
forms on the surface.

(B) Morphological features obtained on the samples
with 3 wm and 10 um TiN coatings after 340 and 500
accumulated TEA CO, laser pulses are presented in
Figs. 5 and 6, respectively. Morphologically, the cen-
tral region appears quite different than that obtained af-
ter one laser pulse. This region has a predominantly
grainy structure. Its distribution is more homogenous
with the 3 um coating than the 10 m one. The average
grain diameter in both cases is about 1 pm. Grain
boundary cracking was observed in the central zone,
and hydrodynamic effects in the form of resolidified
droplets in the outer zones.

The first pulses were not accompanied by any ap-
pearance of plasma. Plasma appeared in front of the tar-
get only after multiple pulses.

During the TEA CO, laser irradiation of a TiN/steel
target, the laser. source can approximately be consid-
ered as a superficial thermal source. In this way, the la-
ser-beam/target interaction can be satisfactorily de-
scribed by the linear heat conduction theory [15]. After
the first high fluence laser pulse the absorptivity of the
target changes. As a rule, it increases. The main part of
the absorbed laser energy is transformed into heat.

Fig. 6. Topographic features of a TiN/steel sample after 500
pulses (center of the irradiated area). Experimental condi-
tions are the same as in Fig. 1, except for: TiN coating
10 pm; steel substrate AISI 316, @ ~ 25 J/cm?.
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Generally, a series of effects such as melting, vaporiza-
tion, dissociation and ionization of the vaporized mate-
rial, shock waves in the vapor and the solid, etc. can be
generated at the target. The morphological features ob-
tained on the surface are apparently dependent on the
thickness of the TiN coating, which controls the pres-
ence of interface effects. It can be assessed that the ef-
fective laser heat penetration into the sample, for the la-
ser pulse durations used here, does not extend further
than the coating thickness. The effective penetration
depth can be estimated [2] at about 1 um, the thickness
of the thinnest coating used here. A recent theoretical
consideration of in-depth temperature evolution in a ti-
tanium sample [15] irradiated by a TEA CO, laser of
similar intensity as in our case showed that a target tem-
perature of about 3300 K was achieved at a depth of
0.25 pm, and 2000 K at about 1.25 um, all within one
laser pulse. We can safely assume that similar temper-
atures were reached in our TiN coatings, since Ti and
TiN have similar thermal conductivities.

It follows that the TEA CO, laser pulses used here
interact only superficially with the TiN/steel target.
However, in the case of the 1 pm TiN coating the heat
effectively reaches the steel interface and the whole
surface area sustains the most drastic changes. In this
case Figs. 1 and 2 show that the TiN coating is practi-
cally removed after the first several laser pulses. In the
cases of 3 um and 10 pm TiN coatings (Figs. 5 and 6,
respectively) the effective heat penetration does not
reach the interface and the integrity of the TiN coating
is maintained. The only direct consequence is the mod-
ification of the TiN coating itself.

CONCLUSION

A study of morphological changes of titanium ni-
tride coatings deposited on high quality steel (AISI 316
or M2) induced by a pulsed TEA CO, laser is present-
ed. It is shown that this laser induces morphologi-
cal/structural changes on the target when energy densi-
ties are 25, 48, and 50 J/cm?.

The energy absorbed from the laser beam is mainly
converted into thermal energy, causing surface modifi-
cations. The level of the modification apparently de-
pends on the coating thickness. Under high fluence the
1 um TiN coating is removed practically after the first
several pulses, whereas the coatings of 3 um and 10 pm
keep their integrity.

The morphological features and processes induced
by the CO, laser radiation on TilN/steel targets can be
summarized as follows: (i) exfoliation of the TiN coat-
ing in the central zone of the irradiated area (for the
I um coating) or appearance of grainy structure (for
3 um and 10 pm coatings), (ii) appearance of hydrody-
namic changes, like resolidified droplets of the materi-
al, in the surrounding peripheral zone, and (iii) appear-
ance of plasma in front of the target during sample irra-
diation.
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Abstract — Synthesis of the stable copper(II) complexes with reduced dextran derivatives can be realized with
low molar polysaccharides at an average molar mass 5000 g mol~!. Copper(II) content of 4-20% is effected at
pH 7-8 and at boiling point. Copper(II) complex formation with dextran were analyzed by spectrophotometric
VIS methods. IR spectra of copper(II) complexes with dextran were analyzed to find the most stable confor-
mation of glucopyranose unit. ESR parameters of spectrum indicates the square-planar coordination of Cu(1l)
ion with four oxygen ligand atoms in the same plane.

The copper deficiency causes a number of pathological states [1]. In both human and veterinary medicine com-
mercial copper preparations based on dextran and its derivatives are used for such purpose [2]. According to the
literature data dextran has ability of complex formation with various biometals (Zn, Fe, Co, Ca, and Mg) [3-6].
Iron complexes with different polysaccharides have special importance and they have been described in detail
[7]. Synthesis procedures for the complex formation of Cu(II) with polysaccharides, including dextran, are de-
scribed in scientific and patent literature [8]. However, the literature data about the complex formation possi-
bility of Cu(Il) ion with dextran derivatives are scarce.

EXPERIMENTAL

Low molar dextran (LMD; M,, = 5000 g mol™") with
reducing groups content (RG) of 12.5% were obtained
from pharmaceutical and chemical industry ‘“Zdravlje
Actavis Co.” (Leskovac, Serbia). The reduction of
LMD was performed with NaBH, (p.a., Merck).
The quantity (Q) of NaBH, necessary for the reduction
of LMD depends of (RG, %) and the total polysaccha-
ride mass (m). It was calculated by using the following
empirical equitation (1):

0 =3.35 x 103RGm. (1)

The RG values were obtained by using Somogyi
method [9]. The reducing group content in the final
product was determined by the Somogyi method and
found to be below 0.05%. To the solution containing
100 g of ligand (RLMD) in 700 cm? H,O the 250 cm®
of 1.2 mol dm™ NaOH solutions was added. After that
drop wise addition of the solution containing 170 mmol
of CuCl, - 2H,0 was performed with continuous stir-
ring until the pH value of about 7 was reached. The syn-
thesis of the complexes was performed at pH values
ranging from 7-12 (adjusted by the addition of 10%
NaOH solution) by boiling the solution. The change of
solution color from blue to green indicated that the syn-
thesis of the complexes was completed. Reaction mix-
ture was than cooled to room temperature and neutral-
ized with 1 mol dm= HCI. Green solution of the com-
plexes was filtrated and complex precipitated by the
addition of the 2.5 dm? of 95% ethanol. After overnight

standing the ethanol was decanted and precipitate re-
dissolved in 700 cm?® of redistilled water. The dialysis
of the solution was used to remove unbounded ions. Fi-
nally, the complex was precipitated from dialyzed solu-
tion by the 96% ethanol and after decantation dried for
3 h at 105°C in vacuum oven.

Copper content of the complexes was measured by
Atomic Absorption Spectrometry (AAS) on the Philips
Pye Unicam SP-9 spectrometer (Cu-lamp A = 324.8 nm;
the breadth of slot 0.5 nm; the flame: acetylene/air), ac-
cording to the standardized procedure [10]. VIS spectra
of the complexes water solutions were recorded on
VARIAN Cary-100 Conc. spectrophotometer in quartz
cuvettes (1 x 1 cm), with redistilled water as a refer-
ence. The IR spectra as average of 10 scans were re-
corded on IR spectrometer BOMEM MB-100 equipped
with standard DTGS/KBr detector, in the range 4000—
400 cm™! with resolution of 2 cm!, by KBr pastille
method. ESR spectra of Cu(II) complexes with RLMD
were recorded on BRUKER ESR-300 spectrometer at
X-band and at room temperature. Measurements were
performed on powdered samples in vacuum sealed
quartz tubes (3 mm i.d.). g-Values were determined by
comparison with potassium nitrozo-disulphonate solution.

RESULTS AND DISCUSSION

The analysis of the synthesis of similar complexes
has points to the necessity of defining the physico-
chemical properties of the commercial preparations.
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Reaction conditions and characteristic physicochemical properties of synthesized Cu(IT) complexes with RLMD ligand M,, 5000

Procedure PHgynn Toynin fsynth»> TN Color Cu, % Water solubility ( Ageirsltgztbélgl}:) nths)
1 7.5 room 60 light green 7.23 soluble stable, clear solution
2 7.5 boiling 7 green 19.85 very soluble stable, clear solution
3 8.0 boiling 7 green-blue 8.12 soluble stable, clear solution
4 10.0 boiling 7 blue-green 8.20 sparingly soluble | precipitate
5 12.0 boiling 7 dark blue 6.97 slightly soluble |solution layering

By their correlation, the undesired effects can be elim-
inated and thus considerably improved the pharmaco-
logical effect of the complex. For this reason, the
choice and optimization of the low molar dextran in the
capacity of the ligand have been made.

The reactivity of the dextran primarily depends on
the reactivity of the secondary, equatorially oriented
hydroxyl-groups (OH-2, OH-3 and OH-4). The con-
tents of the primary OH groups in dextran are slightly
increased at lower molar masses (about 2%). As it is the
case with the other glucans, the reactivity of the OH-2
group to the alkalizing reagents is higher than of the
OH-3 and OH-4 groups. This is rationalized in the con-
text of higher acidity of the OH-2 because of the prox-
imity of anomeric centre [6]. When the OH-2 and OH-4
ionize, reactivity to OH-3 is reduced; however, the sub-
stitution on the OH-2 and OH-4 abolish this action and
induce the successive increase in the reactivity of OH-3.
On applying these generalizations, it is necessary to ex-
ercise some precaution, since the potency of the base
may affect the relative and absolute reactivities of the
hydroxyl.

Through derivatization of the dextran to the reduced
form the large number of activation centers with will be
at the disposal to the copper ions for the purpose of
binding the complex is expected. This creates the pos-
sibility of achieving the considerably larger stability of
the synthesized complex as well as of its pharmacolog-
ical effect.

Considering the importance of physicochemical pa-
rameters of process and synthesis results, the examina-
tion and optimization of ligands in relation to molar
mass (M,,) as well as reaction conditions of synthesis
(pH, T and ) were investigated in this work. The results
of testing are shown in Table.

On the basis of obtained experimental results (Ta-
ble), a favorable result of Cu(II)-RLMD complexes
synthesis is obtained with dextran oligomers M,, 5000,
at boiling temperature and pH 7.5-8.0, within 7 min.
Synthesis of complexes with the same pH value (7.5) at
room temperature or in extreme conditions (autoclave,
130°C) is not performed completely, not even within
longer period of time of reaction of 60 min. Complexes
obtained under the procedures 4 and 5 (Table), at pH > 8
present unfavorable effects of synthesis. The basic
characteristics of synthesized complexes of Cu(II) with

XYPHAJI ®UBUYECKON XUMHNU
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REMD are given in Table. Comparing the obtained
complexes of Cu(Il) with RLMD, either in solid state or in
solution, it is apparent that depending on pH values vari-
ous complexes colors are obtained (Table). The change of
solutions color during the synthesis may be an indicator
whether the syntheses of complexes were successful.

The obtained results shown that the color can vary
from light green to dark blue in the range of pH 7.5-12.
That is confirmed by the green solution color of the most
stable complex of Cu(Il) with RLMD (procedure 2, Ta-
ble), in comparison with indigo-blue alkali solution of
decomposed Cu(Il) at pH 13, where [Cu(OH),]?" ions
dominates. Water solubility of synthesized complexes
of Cu(Il) with RLMD is different. The most water sol-
uble complex is obtained at pH 7.5 (Table). The solu-
tion is permanent and stable after a longer period of
time (6 months). Complexes that are synthesized at
higher pH are less soluble. The solution of complexes
(obtained according to the procedure 5, Table), after
resting a longer period start layering, releasing precipi-
tate, and become opalescent. Investigation of the ap-
plied reaction parameters to the Cu(II) content in com-
plexes have shown that synthesis temperature has s sig-
nificant influence. When the solution is warmed up to

A
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Fig. 1. Absorption light spectra of Cu(Il) water solution (/)
and complexes Cu(ll) with RLMD synthesized: at pH 7.5
and room T (2), at pH 7.5 and temperature of boiling (3), at
pH 7.5 in autoclave (4), at pH 8 and temperature of boiling
(5), at pH 10 and temperature of boiling (6), at pH 12 and
temperature of boiling (7); and complex [Cu(OH)4]2‘ at pH
13 (8).
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Fig. 2. ESR spectrum of copper(II) complex with RLMD at
pH = 10.

the boiling temperature, the content of bounded Cu(Il)
in a complex is increased almost three times (19.85%)
in comparison to the procedure of synthesis at room
temperature (7.23%, Table). However, if the synthesis

MITIC et al.

conditions are more extreme (autoclave, 130°C, 1 h),
the content of bounded Cu(Il) is decreased (4.08%).

Solution pH probably has the influence on the way
of binding of Cu(Il) into a complex, i.e. on type of
bound, because due to the change of pH value the sta-
bility, color and solubility of the obtained complex are
also changed (Table). Thus, by the increase of solution
pH values from 7.5 to 12, the percentage of the bound-
ed Cu(Il) with RLMD in complex decreases. Tolma-
chev et al. [11], in their paper of influence of medium
pH on binding Cu(II) with dextran, point out the possi-
bility of gradual complexing, i.e. gradual forming of
coordination bonds, where their reforming starts at pH 8.
Thus, Cu(Il) ions form of three different types of com-
plexes [12] with dextran. Decomposition of Cu(II)-
dextran complex begins at pH values higher than 12.

In addition, depending on pH values, complexes of
Cu(Il) with RLMD also behave differently considering
wavelength at which they show absorption maximum.

4000

Fig. 3. FTIR spectra of RLMD, M, = 5000 g mol~! (7) and Cu(Il) complexes with RLMD synthesized at boiling point and pH 8.0

2),7.5(3),10.0 (4), 12.0 (5).
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SYNTHESIS AND SPECTROSCOPIC CHARACTERIZATION

This range of wavelengths in the VIS spectra is 650—
700 nm (Fig. 1).

Hypsochromic effect of complexes absorption max-
imums with increase of pH solutions (Fig. 1) confirms
the presence of different types of complexes. Hexaqua
copper(Il) ion [Cu(H,O)¢]** absorbs at wavelength
812.7 nm, while synthesized complexes absorb within
the ranges of 650-700 nm (Fig. 1). With increase in so-
lution pH the absorption maximums change to shorter
wavelengths compared with [Cu(H,0)¢]** ion. Com-
plex, which has been decomposed at pH values over 12,
shows absorption maximum at 634 nm. Thereby, these
spectrophotometric criteria can be applied for the con-
firmation of the success of complex synthesis.

ESR spectrum of complex containing 6.97% of cop-
per synthesized at pH 10 is shown in Fig. 2. The ESR
spectra indicate the axial symmetry of synthesized
complexes and were typical for the Cu(II) ion with one
unpaired electron in 3d subshell. Asymmetric appear-
ance of the hyperfine spectral lines originates from the
unresolved spectral contributions of two natural iso-
topes, %Cu and %Cu. ESR spectral parameters on Fig. 2
(Ay=187x 102 cm™, g;=2.23 and g, = 2.03) point to
the tetragonal coordination of Cu(II) with four oxygen
atoms from ligands in the same plane [15].

Results of IR spectroscopic investigations show that
spectra of Cu(Il) ion complexes with polysaccharide
and the ligand basically similar (Fig. 3). Dextran and
complexes with Cu(Il) ion have one crystallographic
type of water molecule (1640 cm™) [13]. Water protons
take part in the formation of relatively weak hydrogen
bonds. Spectroscopic IR study in particular region of
OH (3400, 1420 cm™) and C-H (2900, 1460, 1350 cm™")
vibrations indicates different binding between central
metal ion and ligand, depending on pH and metal con-
tents (Fig. 3). The similarities of the Y(C-H) range indi-
cate that there is no difference in the conformation of
the glucopyranose unit in the dextran and complex mol-
ecule and they probably exhibit C1-chair conformation
(916 and 850 cm™) [14].

On the basis of the obtained results by spectroscopic
investigations (UV-VIS, ESR, FTIR) of this complex-
es, three different types of Cu(Il) complexes structure
with deprotonized dextran monomer unit (Glc™) are
suggested depending on pH synthesis [16]. At pH 7 to
8 [Cu(Glc),(H,0),] is formed; at pH 8 to 10
[Cu(Glc),(OH)(H,0)]" is formed and at pH values over
10 [Cu(GIc),(OH),]* is formed.

CONCLUSIONS

Stable Cu(Il) complexes with RLMD as a ligand,
with the content of Cu(Il) from 4-20% are synthesized.
The content of copper, which is bound in a complex, is
adjusted by variation of pH (7.5-12.0) and temperature
(20-130°C) of reaction system.
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[Cu(H,0)¢]** absorbs at wavelength 812.7 nm,
while synthesized complexes absorb within the ranges
of 650-700 nm (Fig. 1). With increase in solution pH
the absorption maximums change to shorter wave-
lengths comparing with [Cu(H,0)¢]** ion. Complex,
which has been decomposed at pH values over 12,
shows absorption maximum at 634 nm. These spectro-
photometric criteria can be applied for the confirmation
of the success of complex synthesis.

The similarities of the y(C-H) range indicate that
there is no difference in the conformation of the glu-
copyranose unit in the polysaccharide dextran and
Cu(Il) complex molecule and they probably exhibit
C1-chair conformation (916 and 850 cm™).

ESR spectral parameters point to the tetragonal co-
ordination of Cu(Il) ion with four oxygen atoms from
ligands in the same plane.
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Abstract — An array of Franck—Condon factors and r-centroids is reported for the bands of E'I1,~X’ Z; system
of Ag, molecule. Both parameters were calculated using the Morse and Rydberg—Klein—Rees potentials. Re-
sults showed a reasonable agreement between two sets of data for transitions including lower vibrational levels

(v £6). Differences appear with increasing v, but two sets of calculated Franck—Condon factors follow the
same pattern. Predicted intensity distribution was compared with estimated band intensity in experimental

spectrum.

INTRODUCTION

For a proper understanding of the intensity distribu-
tion in the band systems of the molecules, it is neces-
sary to know accurate values of transition probabilities,
P for individual vibration bands of the correspond-
ing system. They are defined as:

pov= [V R dr] (1)

where Y- and - are the wave functions for the upper
and lower vibrational levels, respectively, between
which the transition takes place, and R,(7) is the elec-
tronic transition moment.

On the assumption that variation of R,(r) with inter-
nuclear distance r is slow and that R,(r) may be re-
placed by an average value of R,, the relative vibration-
al transition probabilities are governed mainly by
Franck—Condon (FC) factors (square of overlap inte-
grals):

2 2
P = Re|[wowdi. @

However, if R,(r) is not independent on internuclear
separation in the range of r encountered in the transi-
tion, the variations of R (r) with » must be taken into ac-
count. In such cases, the knowledge of the r-centroids,
r.v Of the bands can be very useful.

Both transition parameters are also essential for a
calculation of many important data for molecules, such
as a vibrational temperature of the source, populations
of upper vibrational levels and radiative lifetimes,
among other properties, interesting from different as-
pects.

In this paper we report the array of FC factors and r-
centroids for the E'L-X' Z; band system of
107Ag19Ag molecule (247-262 nm), which, to our best

knowledge, are not available in the literature, although
the bands are known since 1959 [1]. It is not surprising
because the calculation of FC factors and r-centroids
requires the knowledge of accurate values of vibration-
al and rotational constants of the molecule in both states
involved in the given transition. The limited resolution
in the conventional absorption techniques, used up to
1990, allowed only determination of ®, and ®,x, in a
vibrational analysis of the bands. The rotational con-
stant B, of the ground X state could only be estimated
from the Morse—Clark relation, which states that the

product m, ri should be constant for all ground states of
similar molecules [2]. Comparing Ag, with Au, and
Cu,, the ground-state constant B, = 0.05122 cm™ and
equilibrium distance r, = 0.2496 nm have been estimat-
ed by several authors [3, 4]. Based on these values, the
authors could also determine the rotational constant B,
for some other electronic states of Ag,, using the ener-
gy separation between band heads and band origins.

Modern laser spectroscopic techniques applied to
Ag, molecule allowed resolution of the rotational struc-
ture of the bands and thus direct determination of the
rotational constants B, [5-8]. Results showed that the
Morse—Clark rule for Ag, represents only a crude esti-
mation.

Calculation of FC factors and r-centroids in the
present work was performed using very accurate B,
constants for the X'>' and E''TI, states [8], derived

from high resolution spectra, from which also the vi-
brational constants ®, and ®,x, for the E''T], state have
been recalculated and included in calculation.
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METHOD OF CALCULATION

The FC factor, g+, associated with the v'-v" band
in diatomic band system is defined by the square of
overlap integral:

2

Guvr = [Jwow,df’, 3)

while the r-centroid of the band, representing a weighted
value of internuclear distance encountered in the v'-v"
transition, is given by the equation:

Fov = [Worvodr [y, v dr. 4)

The quality of calculation of ¢~ and -, and thus
the values of p,.., relies on the values of y . and y .,
which depend mainly on the accuracy of the potential
curves used to solve Schrodinger vibrational equation.
The best results one obtains using Rydberg-Klein-Rees
(RKR) potential, but in many cases a Morse approach,
particularly for lower part of potential curve, provides
a good approximation.

Good agreement between experimental values of the
second rotational constants D, (1.27 x 1078 and 1.97 x
x 10 cm! for the X and E states respectively) and
those calculated using Kratzer relation,

D, = 4B/ (5)

(1.26 x 10 and 1.96 x 10-® cm™!) suggested that lower
part of both states involved in transition X and E, can be
well described by a Morse potential.

Since only E-X bands with relatively low v' and v"
have been observed in absorption spectrum (v' < 7,
v" < 11), we have calculated 10 x 10 array of ¢, and
r. using a Morse approximation for potential function
within the formalism developed by Freser and Jerman
[9]. Computation was performed using a modified
computer program developed by Felenbok [10] and
molecular constants ®,, ®,x,, , and W, listed in Table 1,
as input data. W is reduced mass of the 197Ag!®Ag iso-
topomer for which these constants are given. The lower
limit, upper limit and interval integration were 2.2, 3.00
and 0.003 A, respectively.

Since g, and r,,» are very sensitive to the shape of
potential energy curves, we have applied also the RKR
approach and calculated large set of both parameters
(v' < 30, v" < 30) using RKR program developed by
Espy [11] and the constants T, D,, B,, ®,, ®,x, and |
from Table 1.

RESULTS AND DISCUSSION

The 10 X 10 array of RKR and Morse FC factors and
RKR r-centroids are given in Table 2 together with
wavelengths of the corresponding bands [3, 4]. The full
set of data is too large to be including here, but it may
be obtained from the authors on request. The factors
smaller then 103 are refrained from the presentation in
Table 2.
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Table 1. Spectroscopic constants (cm™) for the X and E states
of Ag, used as input of the Morse and RKR calculations

Constant X'z E'TI,

T, 0 40158.6

D, 15000 3360

B, 0.048807 0.047171
o, 0.000208 0.000416
o, 192.0 [3] 146.41

X, 0.58 [3] 1.595

r,, A 2.5303 2.5738
W, amu 53.94783

Notes: all constants are used from Table IV in [8]. Values of D,

N . 2
(dissociation energy) are based on relation D, = ®, /4®,x,.

FC factors. Differences between RKR and Morse
FC factors, are typically in the third decimal place for
transitions including lower levels (v' and v'" < 6); hence
we reported them to that precision. Discrepancies be-
tween two set of data slightly increase with v, but the
calculated values follow the same pattern: the promi-
nent FC factors form a broader Franck Condon enve-
lope, as a consequence of different equilibrium geome-
tries of the X and E states for which Ar, is 0.0435 A and
Aw, =45.59 cm™L. Figure 1 shows the Morse and RKR

1

Potential Energy, cm™

42000

41000

40000
2000

1000

Fig. 1. Potential curves for the X and E states.
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Table 2. Franck—Condon factors and r-centroids for the E-X bands of 17Ag!®Ag

viv" 0 1 2 3 4 5 6 7 8 9 10 Zq., 7
0 0.745 | 0.201 | 0.044 | 0.008 | 0.001 0.998
0.740 | 0.204 | 0.046 | 0.009 | 0.001 1.000
2.549 | 2.640 | 2.686 | 2.734 | 2.770
2491 2503 2515 - -
1 0.225 | 0.336 | 0.282 | 0.116 | 0.032 | 0.007 | 0.001 0.999
0.228 | 0.317 | 0.286 | 0.120 | 0.036 | 0.009 | 0.002 0.998
2.481 2.553 | 2.650 | 2.696 | 2.742 | 2.777 | 2.816
2482 2494 2506 2517 - — -
2 0.028 | 0.361 | 0.083 | 0.245 | 0.180 | 0.073 | 0.023 | 0.006 | 0.001 1.000
0.030 | 0.363 | 0.069 | 0.240 | 0.183 | 0.079 | 0.027 | 0.007 | 0.001 0.999
2.381 | 2.499 | 2.537 | 2.661 | 2.705 | 2.751 | 2.785 | 2.823 | 2.851
2473 2485 2497 2509 2520 2532 - - -
3 0.001 | 0.093 | 0.372 | 0.000 | 0.139 | 0.199 | 0.121 | 0.051 | 0.016 | 0.004 | 0.001 | 0.997
0.002 | 0.102 | 0.364 | 0.001 | 0.131 | 0.192 | 0.124 | 0.062 | 0.020 | 0.002 | 0.002 | 1.000
2.167 | 2.417 | 2.514 | 1.787 | 2.672 | 2.714 | 2.760 | 2.794 | 2.831 2.859 | 2.892
- 2477 2488 - 2512 2524 2536 2548 - — -
4 0.009 | 0.184 | 0.274 | 0.036 | 0.038 | 0.162 | 0.154 | 0.089 | 0.037 | 0.013 | 0.996
0.013 | 0.150 | 0.257 | 0.064 | 0.028 | 0.145 | 0.159 | 0.104 | 0.049 | 0.019 | 0.988
2266 | 2.447 | 2.524 | 2710 | 2.683 | 2.722 | 2.770 | 2.802 | 2.838 | 2.866
- 2480 - - - 2527 2539 - - -
5 0.033 | 0.265 | 0.133 | 0.099 | 0.000 | 0.087 | 0.150 | 0.124 | 0.068 | 0.959
0.045 | 0.271 | 0.096 | 0.130 | 0.000 | 0.055 | 0.135 | 0.134 | 0.086 | 0.950
2.333 | 2472 | 2.519 | 2.686 | 2.681 | 2.727 | 2.779 | 2.810 | 2.847
— 2484 2495 2507 - - 2542 2554 -
6 0.002 | 0.082 | 0.295 | 0.027 | 0.117 | 0.030 | 0.020 | 0.105 | 0.137 | 0.815
0.005 | 0.088 | 0.262 | 0.014 | 0.119 | 0.055 | 0.002 | 0.071 | 0.127 | 0.743
2.020 | 2.384 | 2.492 | 2.454 | 2.690 | 2.704 | 2.720 | 2.790 | 2.819
- 2476 2487 2499 2510 - - 2546 2558
7 0.009 | 0.152 | 0.249 | 0.001 | 0.074 | 0.083 | 0.000 | 0.043 | 0.611
0.022 | 0.174 | 0.167 | 0.030 | 0.048 | 0.096 | 0.000 | 0.012 | 0.549
2.197 | 2423 | 2.504 | 0.336 | 2.703 | 2.714 | 2.940 | 2.801
2480 - - - - - -~
8 0.030 | 0.222 | 0.147 | 0.036 | 0.018 | 0.101 | 0.030 | 0.584
0.050 | 0.228 | 0.051 | 0.089 | 0.000 | 0.074 | 0.067 | 0.559
2297 | 2.454 | 2.503 | 2.757 | 2.735 | 2.722 | 2.802
9 0.001 0.074 | 0.255 | 0.047 | 0.070 | 0.002 | 0.067 | 0.516
0.003 | 0.123 | 0.198 | 0.000 | 0.092 | 0.024 | 0.018 | 0.466
2.363 | 2.478 | 2.458 | 2.730 | 2.578 | 2.724
10 0.008 | 0.137 | 0.225 | 0.001 0.061 0.037 | 0.469
0.027 | 0.182 | 0.102 | 0.034 | 0.036 | 0.066 | 0.447
2.138 | 2.411 | 2.493 1.725 | 2.741 2.689
qu_q-v 0.999 1.000 1.000 | 0.999 | 0.999 | 0.996 | 0.964 | 0.710 | 0.448 | 0.434 | 0.396
1.000 | 0.999 | 0.965 | 1.000 | 0.979 | 0.997 | 0.873 | 0.575 | 0.471 0.390 | 0.396
Notes: first row — RKR FC factors; second row — Morse FC factors; third row — r-centroids (A); fourth row — wavelengths A).
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potential energy curves for both states calculated from
experimental constants given in Table 1.

It is evident that Morse and RKR curves for the X
state match closely in the region of interest while those
of E state slightly diverge above v = 6. This is probably
a main reason for larger differences between Morse and
RKR FC factors. However, since both sets of calculated
FC factors follow the same intensity pattern, they both
predict the same intensity fluctuation in the system.

Distribution of the values of FC factors in v'v"
scheme covers fairly well the absorption and emission
spectra. It indicates the 0-0 band as the strongest one in
the system followed by the Av = *1, and Av = 12 se-
quence bands, which are much weaker. Also, FC fac-
tors predict very small intensity of the following bands:
3—1; 3-3; 4-4; 4-5; 5-6; 5-7; 6-7; and 6-8 and thus
their absence in spectrum.

The vibrational sum rule is satisfied for first six v’
and v" progressions indicating that further experimen-
tal work will not be helpful to observe more bands in
this progressions.

In order to compare predicted and observed intensi-
ty distribution in E-X system, we have used the absorp-
tion spectrum of Ag, obtained by Srdanov and Pesic [4]
in a King furnace at temperature of 2100 K. In recorded
spectrum, the E-X system contained over 30 bands be-
longing to Av = 0, £1, £2, -3 and —4 sequences with
about five members in each. Since natural silver has
two isotopes, 197 Ag and '"Ag, in the spectrum appeared
bands of three isotopomers: 7Ag,, '®Ag, and
107Ag1%Ag. The last is the most abundant (about 50%),
so that the bands of this isotopomers are most intense.
Visually estimated intensity is generally consistent
with that predicted by FC factor: the bands, for which
FC factors have negligible value, were not recorded in
the spectrum. Figure 2 compares the predicted relative
intensities (values FC factors) and measured absor-
bances of the most prominent heads (belonging to
1077 g1 A g isotopomer) of the Av=—1, and Av=-2 se-
quence bands. Values of absorbances and FC factors
were normalized to 1 for band 1, 2.

Despite the considerable uncertainty in experimen-
tally estimated relative intensity, it is evident that it
fairly well follows intensity fluctuation of the FC fac-
tors in the scheme 2, and thus offers a good test for re-
liability of the calculated values.

r-Centroids. The r-centroid values for observed
bands vary systematically from band to band of a sys-
tem following the expectation of in r averiged with
v, ... In the case of very small overlap integrals,
r-centroids have irregular behaviour and such values
are not used in consideration.

Since in the case of E-X transition, r,y < r,z, com-
puted r-centroid values increase smoothly with in-
crease of wavelengths of the corresponding v'v"' bands
in agreement with observation by Nicholls and Jermain
[12] for red-degraded band system. Any small scatter
about a smooth curve, which is noted, may possibly be
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Fig. 2. Comparison of predicted and experimentally esti-
mated intensities for the bands of Av=-1, and Av=-2 se-
quences.

1,2 23

attributed to the band-head wavelengths instead of
wavelengths of band origins. The smooth relationship
between r-centroid and wavelength of observed bands
provides a check on the accuracy of calculated FC fac-
tors.

The r-centroid value for 0-0 band is approximately
equal to (r, + r,)/2 that proves that the potentials are

not very anharmonic in the lower part. Further, the se-
quence differences Ar = (r,, , 1 — Ty, ) are found
to be constant for a given sequence and varying from
about 0.008 to 0.03 A, suggesting that the potentials of
the system are not so broad.

CONCEUSION

The FC factors and r-centroids for the E'TT,~X' X

system of 177 Ag!®Ag isotopomer have been derived for
the first time using the Morse and RKR potentials for
both electronic states.

It was found a reasonable agreement between two
sets of data for transitions including low v-levels, but at
higher v (=6) a small deviations appear which, howev-
er, do not change the intensity pattern, at least up to
v = 10, as evident from Table 2.

Comparision of predicted and estimated relative
band intensity distribution for observed bands support-
ed accuracy of computed FC factors.

Calculated r-centroids will be undoubtedly helpful
in the study of variation of electronic transition moment
with internuclear separation as in the search of other
molecular properties as a function of r.
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Abstract — The detection of As(III) was investigated at a gold nanoparticle array. In the first step, gold nano-
particles were synthesized on glassy carbon microspheres. The resulting hybrid material was characterized by
SEM and the sizes of the nanoparticles were found to be in the 20-200 nm range. In the second step, the glassy
carbon microspheres decorated with Au nanoparticles were abrasively attached on the surface of a basal plane
pyrolytic electrode. The resulting gold nanoarray was characterized by the reduction of surface gold oxides.
Furthermore, it was found to have good characteristics for the sensing of arsenic, via anodic stripping voltam-
metry, with a limit of detection of 0.8 UM and a sensitivity of 0.91 C M~',

INTRODUCTION

In recent years metal and semiconductor nanoparti-
cles have attracted great interest due to their superior
characteristics and possible application in numerous
technological areas such as catalysis, optics, microelec-
tronics, and chemical/biological sensors. Therefore,
much research has been done into their synthesis and
characterization.

Metal nanoparticles have been widely used in the
electrochemistry, both in electrocatalysis [1, 2] and
electroanalysis and bioelectroanalysis [3—5] for the de-
tection of different electroactive analytes. Nanoparti-
cles exhibit unique advantages over macroelectrodes
when used for electroanalysis: enhancement of mass
transport, catalysis, high effective surface area and con-
trol over electrode microenvironment.

Metallic gold is characterized by chemical inert-
ness, good thermal and electrical conductivity. Bulk
gold electrodes have been employed for electrochemi-
cal detection of metal ions such as chromium [6, 7] and
arsenic [8], as well as amino acids [9] and other organic
compounds [10]. Gold has also been used in the detec-
tion of hydrogen peroxide [11]. Although gold in its
bulk form has shown poor electrocatalytic activity for
the reduction and oxidation of hydrogen peroxide, gold
nanoparticles have exhibited good catalytic activity due
to their high surface area-to-volume ratio and their in-
terface-dominated properties [12]. Gold nanoparticles
have also shown an excellent catalytic activity for the
oxidation of carbon monoxide [13].

Arsenic is a naturally occurring element widely dis-
tributed in the earth’s crust. However, exposure to ar-
senic can cause a variety of serious health problems,
such as dermal changes, respiratory, cardiovascular,
gastrointestinal, genotoxic, mutagenic and carcinogen-
ic maladies. The arsenic contamination of groundwater
and soil in various parts of the world has been widely

reported [14-18]. Only in Bangladesh, an estimated
50 million people are at risk that WHO recognizes as the
world’s worst mass human poisoning disaster [19-21].

In this paper we first present a synthesis of gold
nanoparticles on glassy carbon microspheres by elec-
troless deposition and characterization of the resulting
material via microscopic and electrochemical tech-
niques. Next, the detection of arsenic was explored on
gold nanoparticle-glassy carbon powder decorated bas-
al plane pyrolytic electrode. The modified electrode
was found to provide good determination of arsenic.

EXPERIMENTAL

Reagents and materials. Sodium(meta)arsenite
(NaAsO,, 99%) was supplied by Fluka and used with-
out further purification. A stock solution of As(III)
(4 mM) was prepared from NaAsO, by dissolving
5.19 mg of NaAsO, in 10 cm? of deionized water. Gold
(I) sodium thiosulfate (AuNa(S,05), - H,0, 99.9%) and
glassy carbon spherical powder (10~20 microns, type 1)
were purchased from Alfa Aesar (Heysham, UK).
L-ascorbic acid (C¢HgOg, 99.7%) and sulphuric acid
(H,SO,) were purchased from BDH and used as re-
ceived.

All solutions were prepared using deionized water
with a resistivity not less than 18.2 MQ cm at 25°C
(Vivendi Water Systems, UK).

Electrochemical measurements. The electrochemi-
cal cell was a standard three electrode cell. The refer-
ence electrode was an aqueous saturated calomel elec-
trode (SCE, Radiometer Analytical) and the auxiliary
electrode was a carbon graphite rod. The working mac-
rodisc electrode was a 5 mm diameter basal plane pyro-
lytic graphite electrode (BPPG, Le Carbone Ltd, Sus-
sex, UK). The working electrode was used immediately
after carrying out a voltammetric scan in the back-
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Fig. 1. SEM image of glassy carbon microspheres (A) and Au nanoparticles supported on glassy carbon microspheres (B).

AuNps-GC

Basal plane terraces

Scheme. Schematic representation of the surface of a BBPG electrode with abrasively attached glassy carbon micro-

spheres decorated with gold nanoparticles (AuNPs-GC).

ground solution (1 M H,SO,) at 0.1 Vs~! between 0 and
+1.5 V vs. SCE. All experiments were performed at
20°C under a nitrogen atmosphere. The electrochemi-
cal investigations were performed using an Eco Che-
mie pAutolab potentiostat monitored by a PC.

Electroless deposition of metal nanoparticles onto
glassy carbon microspheres. Gold nanoparticles were
synthesized on glassy carbon spherical powder by an
electroless deposition technique. The procedure involved
stirring 0.2 g of GC spherical powder into 100 cm? of
AuNa(S,0;), solution (0.150 g) with 0.090 g of
L-ascorbic acid being added as a reducing agent slowly
at the beginning of the reaction. The pH of the reaction
mixture was adjusted to 5.2 by adding sodium hydrox-
ide. The reaction mixture was then mixed for 24 h at the
room temperature. After reaction was finished, the re-
action mixture was filtered and rinsed with water to re-
move any unreacted species. The resulting powder was
left to dry in the air.

Abrasive attachment of carbon microspheres on a
basal plane pyrolytic graphite electrode. The abrasive
attachment of glassy carbon microspheres decorated by
Au nanoparticles (AuNPs-GC) on a basal plane pyro-
lytic graphite electrode was performed by gently rubbing
the electrode surface onto a thin layer of microspheres
powder laying on a filter paper (Scheme). The excess of
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non attached microspheres on the electrode surface is
then removed by the rubbing the electrode surface on a
wet cotton cloth. Moreover, after modification of the
electrode, its surface was immersed in the solution for
15 minutes before starting the measurements in order to
minimize any AuNPs-GC loss during the measure-
ments. The electrode surface can be renewed by press-
ing cellotape on the electrode surface and removing it
along with several surface layers of graphite.

Electron microscopy and elemental analysis. Scan-
ning electron microscopy (SEM) imaging of the elec-
trode surfaces was carried out using a JEOL JMS model
6500F scanning electron microscope.

Calculation limits of detection. The given value cor-
responds to limit of detection obtained with a standard
addition method consisting in 6 additions of 2 uM of ar-
senic to the sample. The limit of detection was evaluat-
ed from the data using 3 sigma method.

RESULTS AND DISCUSSION

Characterisation of the Metal Nanoparticle Modi-
fied Glassy Carbon Spheres. Glassy carbon powder
modified with gold nanoparticles via the electroless
deposition technique reported above was characterized
Ne 9
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ELECTROCHEMICAL DETECTION OF ARSENIC AT A GOLD NANOPARTICLE ARRAY
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Fig. 2. Cyclic voltammetry at a 5 mm diameter BBPG elec-
trode modified by the abrasive attachment of AuNPs-GC in
1 M H,SO, at scan rate of 0.1 V s

using both spectroscopic and electrochemical tech-
niques.

First, the unmodified GC powder was examined us-
ing scanning electron microscopy. The SEM image of
the unmodified GC powder verified that it consists of
spheres of 10-20 um diameter according to supplier’s
specification (Fig. 1A). In addition, some particles of
smaller diameter arising from the manufacturing pro-
cess were observed. Next, GC powder modified with
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gold has been examined by SEM. The obtained SEM
images of the modified GC spheres (Fig. 1B) showed
that randomly distributed metal nanoparticles have
been formed on GC spheres. It was found that gold
nanoparticle were of 20-200 nm size.

Glassy carbon powder modified via electroless dep-
osition procedure was next characterised using cyclic
voltammetry. The modified glassy carbon powder was
abrasively attached to basal plane pyrolytic graphite
electrode as described in section 2.4 and subsequently
qualitatively and quantitatively characterised.

Cyclic voltammograms of AuNPS-GC modified
BPPG electrode were run in 0.5 M H,SO, solution from
0to+1.5V vs. SCE at scan rate of 0.2 Vs~!. A broad peak
could be observed on the cathodic scan at ca. +0.8 V vs.
SCE (Fig. 2). This peak potential has been reported as
a value characteristic for the reduction of surface ox-
ides of gold [22, 23] confirming that metal gold was
synthesized on GC spheres by the electroless deposi-
tion method reported above.

The electroactive surface area of the metal formed
of GC powder and abrasively attached on BPPG elec-
trode could be evaluated from the area under surface
metal reduction peak using literature values for charge
passed per unit area on the surface of metal [23].

As(Ill) detection on a gold nanoparticles — modified
electrode. Next we examined the detection of As(III)

Q,ucC
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(A) g
t 20
0.05 a
10
0 L
__0.05 1 1 L 1 1 1
0 01 02 03 04 05 0
I, uA
70 - 12
(B) (D)
L g
8 -
(]
60
4 - )
a
50 1 1 ] 1 1 1
0.1 0.2 0.3 0.40 4 8 12
E, V(SCE) c, UM

Fig. 3. Cyclic voltammetry at a 5 mm diameter BPPG electrode modified by abrasive attachment of AuNPs-GC at 0.1 V s, after
holding the potential at — 0.4 V for 40 s in 1 M H,SO, and upon additions of As (III); A:a-0,b-5,c-10,d - 15, e - 20, f — 25,
g-30uM;B:a-0,b-2,c—-4,d-6,e-8, f-10, g— 12 uM; C and D are the corresponding calibration curves.
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on BPPG electrode with abrasively attached gold nano-
particles — modified GC powder. Note that the abrasive
attachment of the metal nanoparticles — modified mi-
crospheres is a very quick and efficient way to create a
metal array. In addition, it is believed that this proce-
dure reduces formation of nanoparticle agglomerations.
AuNPs-GC-BPPG electrode was electrochemically
characterised prior to investigation of As(III) detection.
Total surface area of gold of the electrode was evaluat-
ed from the metal oxide reduction peak area using liter-
ature value of 390 pC cm [23] for charge passed per
unit area on the surface of metal and it was found to be
0.40 cm?.

Detection of As(III) at AuNPs-GC modified BPPG
electrode was investigated in 1 M H,SO, solution scan-
ning at 0.1 Vs~!, between 0 and 0.5 V versus SCE after
holding the potential at ~0.4 V for 40 s. No peak could
be observed in the examined potential range in a blank
solution without any As(III) added. However, cyclic
voltammogram run after adding 0.1 mM As(III) was
characterized with a clear peak at ca. +0.2 V vs. SCE.
The peak current was found to increase with 5 uM
As(IIT) additions.

The limit of detection of As(III) at AuNPs-GC-BP-
PG electrode was determined using standard addition
method. Figure 3 shows voltammetric response of
AuNPs-GC-BPPG electrode obtained for successive
2 uM As(IIl) additions. Again, a clear peak corre-
sponding to the oxidation of As(III) could be seen, in-
creasing with increased As(III) concentration. The cor-
relation of the peak area for six successive additions
was found to be linear with As(III) concentration; limit
of detection for As(IlI) equal UM was calculated based on
the peak area vs. As(Ill) concentration plot data using 3
sigma method. Sensitivity was evaluated from the same
set of data and found to be 0.90875 C M~'. With optimi-
zation further improvement is likely possible — the limit
of detection can be lowered by applying longer deposi-
tion time and using more sensitive electrochemical
techniques. This is the first time that metal nanoparti-
cles were abrasively attached to the electrode surface
without using any binding substances such as nafion.
This simple and quick method of modifying electrode
surface with metal nanoparticles also provides good
contact between electrode and metal nanoparticles as is
evidenced by obtained oxidation peak.

CONCLUSIONS

The synthesis of gold nanoparticles on glassy car-
bon microspheres via electroless deposition has been
presented and the formed hybrid material characterised
using both spectroscopic and electrochemical techniques
evidencing that gold nanoparticles of 20 to 200 nm di-
ameter were prepared. The glassy carbon microspheres
decorated with Au nanoparticles synthesized were
abrasively attached on the surface of a basal plane py-
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rolytic electrode and detection of As(II) was investi-
gated at a gold nanoparticle array. The resulting gold
nanoarray showed good characteristics for the sensing
of arsenic with a limit of detection of 0.8 uM that can
be further optimized.
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Abstract — The main results of chemical and radiochemical characterization and fractionation of depleted ura-
nium in soils contaminated during the Balkan conflict in 1999 are presented in the paper. Alpha-spectrometric
analysis of used depleted uranium material has shown the presence of man-made radioisotopes 2>°U, 23’Np and
239,240py traces. The fractionation in different soil types was examined by the application of modified Tessier’s
five-step sequential chemical extraction procedure, specifically selective to certain physical/chemical associa-
tions. After ion-exchanged based radiochemical separation of uranium depleted uranium is distinguished from
naturally occurring uranium in extracts on the basis of isotopic activities ratios 2>*U/?3¥U and 23°U/?**U and
particular substrates for recently present uranium material in soils are indicated.

INTRODUCTION

Depleted uranium (DU) differs from naturally oc-
curring uranium by virtue of having most of its 2>3U and
234U isotopes removed in the enrichment or fuel repro-
cessing for the nuclear energy industry. Referred as a
low radioactive material, it typically contains 99.7990%
of 28U, 0.0010% 3*U and 0.2000% 2*U by mass, but
also may contain traces of transuranic elements indicat-
ing irradiated fuel origin [1-3]. Depleted uranium used
in Balkans will be characterized in this study by the ra-
diochemical separations of uranium, plutonium and
neptunium fractions from DU projectile material and
alpha-spectrometric measurements of electrodeposited
alpha-sources.

To assess the environmental impact of depleted ura-
nium ammunition used during 1999 in Balkans, a study
was done on depleted uranium physical/chemical be-
havior and its status in some types of contaminated
soils some years after the appearance in the environ-
ment. For that purpose, the contamination levels are de-
termined and selected soil samples are subjected to a
series of successive solid/liquid chemical extractions in
a modified Tessier’s sequential extraction procedure
[4, 5]. Various sequential extractions procedures are
developed for metal specification in different soil types
but if reliable radiometric measurements are available,
the method may be useful for analysis of radionuclides
fractionation in soil as well [6, 7]. In this work, the ex-
tractive reagents, targeted to a specific physical/chemi-
cal association such as ion-exchange, carbonate,
iron/manganese oxide, organic and acid soluble meth-
ods are applied in five phases to the soil samples con-
taminated with depleted uranium. The distribution of
depleted and naturally occurring uranium in obtained
extracts should outline their geochemical fractionation

and indicate the mobility and bioavailability of deplet-
ed uranium in the soil of investigated environment in
local meteorological conditions. Determination of ura-
nium specific activities and isotopic activity ratios
B4U/238U and 2PU/2BU will be done by high resolution
alpha-spectrometry with relatively high sensitivity.

Applied combined physical/chemical procedures
and analysis should enable insight into the specific
characteristics of depleted uranium behavior in soil and
from practical aspect it may help in decision making on
the clean-up and remediation strategy for sites contam-
inated in military actions.

MATERIALS AND METHODS

Depleted uranium of the projectile collected at con-
taminated area in Southern Serbia, was characterized
by the alpha spectrometric analysis. After dissolution
of material, relevant standard radiochemical proce-
dures were used to separate uranium fraction as well as
a small quantities of plutonium and neptunium isotopes
in excess of uranium [8, 9]. The radiochemical proce-
dures involved micro-coprecipitation of actinides on
the Fe(IlT)hydroxide and ion-exchange based acidic ex-
traction using DOWEX 1 x 8 (100-200 mesh) anion
resin and di-isopropil ether liquid/liquid extractions for
iron removal. For radiochemical yield recoveries, the
aliquots of basic solution were spiked with 0.1 Bq **U
and 0.05 Bq ?**Pu diluted tracer solutions, standardized
previously by absolute activity measurements in 27w
counting geometry. Neptunium fraction was addition-
ally washed and separated by the acetate-based proce-
dure [10] and without tracer added. A thin-layer alpha-
sources were prepared for each actinide element by the
Talvitie’s electrodeposition procedure [11]. Measure-
ments were performed using Canberra 2004 vacuum
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Fig. 1. The spectrum of the alpha-source with 237Np, 239,240py 238py) from projectile sample, spiked with 236py and 232U, and with

238y (races.

chamber (20 mbar) with PIPS detector with 15.3% effi-
ciency. The background was 1.3 x 10~ imp s in the ener-
gy range 3.5-9.5 MeV, energy calibration 9.2 keV/channel
was done with the thin-layer source of 2?°Th in equilib-
rium, with resolution 24 keV for 2! Am line. The count-
ing time was (3-6) X 10° s.

The soil samples contaminated with depleted urani-
um were collected in Serbia and Montenegro. Gamma-
spectrometric determination of uranium concentrations
in soil samples was done using HP Ge detector with
23% efficiency, in 100 ml cylinder geometry, without
radioactive equilibrium reached due to the interruption
after a fourth 238U-series member at the moment of DU
material production.

Selected soil samples (10 g of each) were subjected
to a set of five successive solid/liquid extractions, with
highly selective extractive reagents simulating mild to
seviere environmental conditions. The reagent used in
the first phase was 1 M CH;COONH, (pH 7); the resi-
due was treated with 0.6 M HCl and 0.1 M NH,OH in
0.01 M HCI (pH 4). In the third phase the extractant
was 0.2 M (COOH),/0.2 M NHH(COO), mixture
(pH 3); in the forth: 30% H,0, in 0.01 M HNO; at 85°C
(pH 2), and 6 M HCl at 85°C in the fifth phase. Extrac-
tions were performed in mechanical rotational shaker at
20°C and the unusually high solid/liquid ratio 1 : 45 to
provide efficient rescue of metals from solid matrix.
Replicate measurements were not done.

RESULTS AND DISCUSSION

The specific activities of 238U in top-soil samples
taken at the projectile entrance spot and path through
the soil were of 10* Bg/kg order of magnitude, and in

KYPHAIl ®USUYECKON XUMUU

the nearest soil layer it was 10° Bg/kg. The contamina-
tion decreases with the distance to 1% of initial value at
120-160 mm to the source (DU kinetic penetrator).
The naturally occurring uranium concentration deter-
mined by gamma spectrometry was within 20-60 Bq/kg
in the soils of investigated areas.

Radiochemical characterization of the projectile has
shown specific activity 76 Bq/kg 3% 24Py, 7.70 x 10* Bg/kg
236U and #"Np traces, indicating irradiated fuel origin
of depleted uranium material that is in accordance with
other reported results [12, 13]. Their relations are
shown in the Fig. 1.

All three elements (U, Np and Pu) have a very sim-
ilar chemical behavior, and separation of neptunium
and plutonium traces in the medium with uranium in
excess was done by the application of a number of re-
peated radiochemical treatments. Besides, the alpha-
energy line E = 4.787 MeV (42%) of >*’Np interfere
with the 234U line, meaning that almost no uranium
should be present to claim that this line (665 channel)
belongs to 2*’Np. As it can be seen in the Fig. 1, this is
achieved, since only the 2*¥U traces are visible in spec-
trum and very low 23*U/?38U ratio in elemental uranium.

Radionuclides 2>’Np, 2% 0Py and 23U were not de-
tectable in contaminated soil samples taken in the near-
est vicinity of the investigated projectile, using the
same methodology. Determined 2*U/?38U, 235U/?%U
and 23°U/?38U ratios are given in the Table 1.

The 238U distribution in five extracted phases ob-
tained for selected soil samples taken at different con-
taminated areas are presented in the Table 2. The share
of uranium quantity of each of five extraction phases in
Ne 9
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Table 1. The activity and mass ratios of uranium isotopes
determined in the uranium fraction of projectile sample

Activity ratios Mass ratios

B4yyB8y 0.125 6.25x 1077
15y/238y 0.10 1.54 % 107
236238y 0.053 3.33%x 107

the total uranium extracted within whole sequential
procedure is given in percentiles.

In the first “exchangable” phase of the five-step
Tessier’s procedure, a non-selectively bonded uranium
with both poorly soluble U(IV) and soluble U(VI)
forms, is extracted within various substrates in soil
samples. In the second step, dissolution of carbonates
and manganese hydroxides is provoked where the ura-
nyl-ion (VI) may be expected. The presence of uranium
in a high excess in these two phases of extraction is a
result of anthropogenic influence and related to con-
tamination. Low clay and humus content in the most of
the samples indicated hydrous (crystalline) oxides of
the iron and manganese as prevailing substrates for ura-
nium extracted in the third phase [14]. In the forth step
of treatment the oxidative degradation of the organic
matter and therefore mobilization of organic bonded
(humic and fulvic acids) uranium is done [15, 16]. Con-
sequently, only in the surface soil samples, uranium
shares are significant in the forth phase extracts. The
crystalline iron oxides and partly the silicate matrix are
attacked in the fifth phase where acid soluble uranium
associations are extracted.

The first group of results concerns samples taken at
Cape Arza in Montenegrean coast. The Al, A2 and A3
samples belong to a sandy loam texture class, with 69%
sand (2-0.02 mm), 15.8% silt, and 14.9% clay. The B
sample is a 99.1% sand, mostly 2—0.2 mm, with negli-
gible percentage of silt and clay. The difference be-
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tween these two soil types from the same region is ob-
vious. The most of uranium in A samples is extracted in
the third and fifth phase and for B sample in the second
and forth phases. Therefore, uranium is not very atten-
dant in the first phase, mainly, because the contamina-
tion levels are low, and due to a very aggressive envi-
ronmental conditions.

Uranium distribution is very different for the C-
group of soil samples, taken in the continental environ-
ment in southern Serbia. There is a strong dependence
of the fractionation on the contamination levels as
shown in Fig. 2, resulting with weakly bonded ex-
changeable uranium in highly contaminated soils, re-
gardless of the soil geochemical structure. Assuming
the reduction of >*>U content to 0.2% in depleted urani-
um, and prior 2**U isotope leaching, the ratios 23°U/?*¥U
and 2**U/?*U determined in the extracts obtained by al-
pha spectrometric analysis, between 0.1-0.5 and 0.5-1,
respectively, may be attributed to the mixture of deplet-
ed and naturally occurring uranium in varying propor-
tions.

It appear that depleted uranium “covered” the natu-
rally occurring uranium in highly contaminated sam-
ples and naturally ratios were found as dominant in
deep-layer soils and uncontaminated samples. Assum-
ing sequential extraction procedure selective enough,
these proportions are the result of depleted uranium ca-
pability to be incorporated into exchangeable or struc-
tural physical/chemical associations and forms in soil
in the time of exposition in certain meteorological con-
ditions and geochemical environment. In general, ob-
tained distribution in the sequential extraction phases
indicated carbonates and the iron and manganese ox-
ides in soil as the most probable substrates for depleted
uranium originated from the weapons. We can con-
clude that specific chemical forms and types of physi-

Table 2. The 28U distribution in five extracted phases obtained for investigated soil samples

Phase 1 Phase II Phase 111 Phase IV Phase V
Sample

28U, Ba/kg (%) 38U, Ba/kg (%) 28U, Ba/kg (%) 28U, Ba/kg (%) 233U, Bg/kg (%)
Al 1.37 £ 0.15 (8.8) 0.25+£0.04 (1.6) 9.82 +0.72 (62.9) 1.06 £ 0.16 (6.8) 3.12+0.17 (19.9)
A2 0.76 £ 0.10 (7.4) 0.248£0.037 (2.4) | 4.37+0.43(42.7) | 0.284£0.035(2.8) | 4.56+0.31 (44.6)
A3 1.29 £0.15 (15.5) 1.19+0.12 (14.3) | 4.69£0.23 (56.3) 0.20+0.05 (2.5) 0.96 £0.12 (11.5)
B 0.25+0.04 (1.2) 10.8 + 1.6 (52.0) 1.46 £ 0.10 (7.1) 8.12+0.40 (39.1) | 0.124 £0.019 (0.59)
Cl 124+ 1.8 (3.2) 28.2+2.6(7.4) 213 £29 (56.0) 41.9+2.6(11.0) 85.3+6.2(22.4)
C2 9.52 +£0.49 (18.2) 9.1+0.6 (17.3) 8.12+0.40 (15.5) 8.12+0.40 (15.5) | 17.53 £1.13 (33.5)
C3 393.0 £ 1.1 (45.5) 1.48+£0.22(0.17) | 55.1£8.3(6.4) 135+ 20 (15.6) 279 +£59 (32.3)
Cc4 3110 £ 802 (83.0) 517 £56 (13.8) 86+ 14 (2.3) 104+ 1.6 (0.3) 23.02 £ 0.91 (0.61)
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Fig. 2. Uranium distribution in five phases of sequential extraction for low and high contaminated soil samples, respectively, both

taken at 50 cm depth.

cal/chemical associations in soil may greatly influence
on the mobility, eco-toxicity and bioavailability than
the total amount, but there are limitations is the contam-
ination if very high.

ACKNOWLEDGMENTS

This work was supported by the Serbian Ministry of
Science and Environmental Protection, within Project
of Fundamental Research No. 102016.

REFERENCES

1. Betti, M. (2003) Civil use of depleted uranium, J. Envi-
ron. Radioact 64/2-3, 113-119.

2. Fetter S., Hippel F. N. (1999) The Hazard Possed by De-
pleted Uranium Munitions, Sci. Glob. Security 8/2, 125-
161.

3. WHO-World Health Organization. (2001) Depleted ura-
nium: sources, exposure and health effects,
WHO/SDE/PHE/01.1, Geneva. .

4. Tessier A., Campbell P. G. C., Bisson M., Analytical
Chemistry, 1979, 54. 844-851.

5. Poli¢ P., Investigation of heavy metal association types
and identification of their substrates in alluvial sediment
by using a sequential extraction procedure, Ph.D Thesis,
(1991) University of Belgrade.

6. Schultz M. K., Inn K. G. W., Lin Z. C., Burnett W. C.,
Smith G., Beigalski S. R., Filliben J. (1998) Identifica-
tion of radionuclide partitioning in soils and sediments,
Applied Radiation and Isotopes, 49, 1289-1293.

10.

11.
12.

13.

14.

15.

16.

Blanko P., Vera Tome F., Lozano J. C., Sequential ex-
traction for radionuclide fractionation in soil samples: a
comparative study. (2004) Applied Radiation and Iso-
topes, 61, 345-350.

ASTM-American Standard Test Methods Committee,
(1999) Annual Book of Standards. 12.01: C 999-90; C
1000-90.

Radenkovi¢ M., Vukovi¢ D., §ipka V., Todorovi¢ D.
(1996) Ion-exchange separation of uranium, thorium and
plutonium isotopes from environmental samples, Jour-
nal of Radioanalitical and Nuclear Chemistry 208/2,
467-475.

Chang-Kyu Kim, Takaku A., Yamamoto M., Kawamura H.,
Shiraishi K., Igarashi Y., Igarashi S., Takazama H., Ike-
da N., Journal of Radioanalitical and Nuclear Chemistry,
(1989) 132/1, 131-137.

Talvitie N. A., Analytical Chemistry, 1972, 44, 280-283.
Sipka V., Radenkovi¢ M., Paligori¢ D., Djuri¢ I., Pro-
ceedings of XXI Conference of JDZZ, (in Serbian) Kla-
dovo, (2001), 69-72.

UNEP-United Nations Environment Programme, (2002)
Depleted uranium in Serbia and Montenegro. Post-con-
flict environmental assessment in the Federal Republic
of Yugoslavia, United Nations Report. Geneva.

Slavek J., Pickering W. F. (1986) Extraction of metal
ions sorbed on hydrous oxides of iron (III), Water Air
and Soil Pollution 28, 151-162.

Boruvka L., Drabek O. (2004) Heavy metal distribution
between fractions of humic substances in heavily pollut-
ed soils, Plant Soil Environ 50, 339-345.

Lenhart J., Cabaniss S., MacCarthy P., Honeyman B.
(2000) Uranium (VI) complexation with citric, humic
and fulvic acids, Radiochim. Acta 88, 345-353.

XKYPHAJI ®USUYECKOM XMMHUM tom 81 N9 2007



XYPHAJI ®USMYIECKOH XUMHH, 2007, mon 81, Ne 9, c. 1635-1640

COLLOID CHEMISTRY
AND ELECTROCHEMISTRY

YK 543.544
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Abstract — New type of electrode material, zeolite modified by incorporation of Ni or NiO clusters into its cav-
ities, was synthesized by multiple impregnation of zeolite 13X with Ni-acetylacetonate solution, following by
solvent evaporation and thermal degradation of nickel compound. The samples with Ni/ 13X mass ratio within
arange 0.2 - 1.0 were synthesized. Modification by both Ni and NiO clusters may result, depending on whether
reducing (H,) or oxidizing (air) atmosphere, respectively, was used to finish the sample. After modification,
the zeolite kept its original crystallografic structure, as proven by X-ray diffractommetry. The dimensions of
incorporated clusters were limited by the diameter of zeolite cavities (amounting to 1.3 nm). This material, ho-
mogenized with 10 wt % of nanodispersed carbon, in a form of thin layer, was bonded to a glassy carbon disc
by means of nafion, and used as an electrode material in an aqueous 0.1 M NaOH solution. The cyclovoltam-
mograms of this thin-layer electrode resemble the ones of smooth nickel electrode in alkaline solutions.

Zeolites are aluminosilicates having porous, cavity
structure, consisting of nanometer sized cages, inter-
connected by channels into a solid crystal framework
with a huge inner surface area of several hundred m? g1
They are widely used as catalysts, ion-exchangers, ad-
sorbents and molecular sieves, and present a specific
support for metal or metal oxide clusters incorporation
as well. Number of papers have shown that alkaline cat-
ions consisting the zeolite structure may, by ion-ex-
change procedure, be replaced with transition metal
cations, which may further be reduced to metal atoms
inside zeolites cages. Stoichiometric composition of
zeolites limits maximum number of metal atom per
zeolite cage, so only clusters of nanometer dimensions
can be obtained. Metal particles in zeolites can grow up
from an isolated atom to that of a cluster containing a
few tens of atoms. The catalytic effectiveness of such
systems in numerous, particularly organic, chemical re-
actions is well known [1-7]. Detailed analysis of size
and location and chemical surrounding of metal clus-
ters in zeolite was performed with the aim to explain
their catalytically properties. High resolution electron
microscopy techniques are most suitable for this inves-
tigation [8—12]. The complete characterization of metal
aggregates comprises the determination of metal dis-
persion (particle size and particle location), as well as
the determination of the atomic and electronic structure
of the particles. The clusters containing 5-12 Pt atoms
are identified also by extended X-ray adsorption fine
structure spectroscopy (EXAFS) [13, 14]. There is the
evidence that solid aluminosilicate framework hinders
the metal nanocluster agglomeration [15].

Zeolites and their inclusion complexes were also the
subject of electrochemical investigations. Xu et al. [16]
investigated the oxidation of hydrazine, alcohol and hy-
droquinone in water solutions by means of electrode
material consisting of zeolite/carbon mixture, fixed on
an electronically conductive support. In several cases,
such a zeolite fixed on electronically conductive sup-
port has been used to study the kinetics of redox reac-
tions within its cavities. For example, MV/MV?*
(MV = methylviologen) [17] and Fe?*/Fe3* [18] redox
pairs were studied in this particular way. Finally, plati-
num modified zeolite as a microscopic bipolar elec-
trode suspended in low conducting aqueous media, was
studied by Rolisson et al. [19] for water splitting.

The present authors incorporated metal clusters in
zeolite cavities by impregnation of zeolites by solutions
of thermodegradable complex compounds — metal
acetylacetonates. They used such modified zeolites as a
thin-layer electrodes, after addition of carbon black
which provides its electronic conductivity [20, 21].

In this work, recently developed procedure of zeo-
lite impregnation by Ni-acetylacetonate following by
thermal decomposition of acetylacetonates was used to
incorporate NiO clusters within the zeolite cavities.
Zeolite NaX (faujasite type) was used as supporting
material. NiO-modified zeolite was investigated as an
electrode material in an aqueous electrolyte solution.
Zeolites are expected to both enable to obtain effective
nickel catalyst in a form of nano-dispersion, and pre-
vent its agglomeration during the use.
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Relative residual mass, %

Fig. 1. Residual mass versus temperature for Ni(acac),
heated at a rate of 15 K/min, in oxidizing (air) and reducing
(H,) atmospheres.

EXPERIMENTAL

Nickel(I) acetylacetonate [Ni(acac),] was synthe-
sized for purposes of this paper. The zeolite NaX, alter-
natively labeled 13X (Linde Co.) was heated to 350°C
to remove adsorbed water, and cooled to room temper-
ature in dry atmosphere. Then it was soaked with dilut-
ed acetone solution of Ni(acac),. Wet sample was pre-
viously dried to 90°C, to evaporate acetone, and further
to 400°C with the purpose to both decompose nickel
acetylacetonate and remove its gaseous decomposition
products. Figure 1 illustrates the importance of the
composition of atmosphere in this procedure. In this
way, working in air, nanodispersed NiO clusters were
incorporated into the zeolite cages. The impregna-
tion/decomposition procedure was repeated until the
weight ratios NiO/zeolite of 0.2, 0.4 and 1.0 were
reached. After this procedure, the modified zeolites
changed the color from white to dark gray one.

The thermogravimetric (TG) analysis of both pure
and Ni(acac), impregnated zeolite samples was per-
formed using the device SDT 2090 (TA Instruments).

XRD diagrams of original and modified zeolites
were taken by means of Philips PW 1710 diffractome-
ter using CukK, radiation.

In order to use the modified zeolite as an electrode
material, the zeolite sample was homogeneously dis-
persed in a solution of Nafion (5 wt. %) in mixture of
isopropyl alcohol and distilled water by means of an ul-
trasonic bath. 10 wt. % of carbon black Vulcan XC72
(Cabot Corp.) was added to the initial suspension to
provide the electronic conductivity of the sample.
The droplet of this suspension was placed on the sur-
face of a glassy carbon disc of a rotating electrode. Af-
ter the solvent removal by evaporation at 90°C, the zeo-
lite particles, properly dispersed in a form of thin layer
of the density 12 mg cm™, i.e. about 3.8 mg NiO cm™2,
finally resulted as pasted deposit on the glassy carbon
support. An analogous way of preparation of such a
powdered materials for electrochemical investigations
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was already published elsewhere, for instance, in the
case of galvanostatic charging and discharging of the
Li-intercalate powders [22].

For electrochemical investigations in a three-elec-
trode all glass cell compartment, glassy carbon disc,
covered by a layer of homogeneous mixture of Ni-mod-
ified zeolite along with 10 wt. % carbon black, was
used as a working electrode. The reference electrode
was Ag/AgClin 1 M KCl, while a platinum foil served
as a counter electrode. The electrolyte was an aqueous
solution 0.1 M NaOH. The electrolyte solution was
purged by nitrogen stream. The device used for electro-
chemical measurements was 757 VA Computrace
Metrohm. The polarisation curves were recorded in a
sufficiently broad voltage range to encompass water
electrolysis.

RESULTS AND DISCUSSION

Thermogravimetry of Ni(acac),. In order to explain
properly the mass change under heating of zeolite im-
pregnated with Ni(acac),, thermal stability of pure
Ni(acac), was analyzed thermogravimetrically in air
and hydrogen atmospheres. The thermograms recorded
using either oxygen or hydrogen atmospheres are pre-
sented in Fig. 1. The initial weight loss of 19% at 100°C
under both air and H, flow can be associated to the ac-
etone excess. This amount of the solvent is unavoidably
present to maintain the solubility in acetone, otherwise
dimeric and trimeric molecules, insoluble in acetone,
may be formed [23]. Under hydrogen flow, main
weight lost occurs suddenly in one step at 230°C, leav-
ing 15% of initial weight (against theoretically expect-
ed 18%, what indicates some extent of evaporation
losses). Under air flow, the weight temperature curve
shows two distinguished steps, indicating the se-
quenced loss of two molecules of acetylacetonate.
Thermal decomposition becomes complete at 430°C,
leaving 23% of the initial weight, which corresponds to
transformation of Ni(acac), to nickel oxide. Namely,
theoretically expected residual mass in weight percents,
assuming NiO to be the final product, amounts to 23.4.

During the pocedure of NiO incorporation, it was
assumed that the processes observed in the case of pure
Ni(acac),, illustrated in Fig. 1, occur in the same way in
the case of zeolite impregnated by Ni(acac),. Based on
the thermogravimetric investigation shown in Fig. 1,
Ni-modified zeolite was obtained by heating impreg-
nated zeolite to 400°C in air. This procedure lead to in-
corporation of NiO. The effects of NiO incorporation
were further observed by XRD and electrochemical
methods.

XRD analysis of Ni-modified zeolite. The content of
adsorbed water in zeolite, providing water vapor pres-
sure equal to that of pure water, is about 20% by
weight. One may assume that this amount corresponds
to full volume occupation of zeolite cavities. The vol-
ume occupation of zeolite cavities by NiO in NiO-mod-
2007
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Fig. 2. Comparative X-ray diffractograms of zeolite 13X
(a), 13X-20% Ni (b, prepared in hydrogen atmosphere) and
13X-40% NiO (c).

ified zeolite samples may be estimated owing to the
density ratio of NiO toward H,0. Namely, this ratio is
6.67/1. Thus, one may assume that total cavity volume
occupation by NiO requires its weight percentage of
134%. Consequently, the percentages achieved in this
work: 20, 40 and 100%, fall into the range of partial
volume occupation.

The diffractograms of pure 13X zeolite, nickel-
modified zeolite up to 20% (13X-20% NiO) and nick-
el-modified zeolite up to 40% (13X—40% NiO) are pre-
sented in Fig. 2. The comparison of the diffractograms
in Fig. 2 shows that all diffraction lines characteristic of
original zeolite appear with the same intensity ratios in
the diffractograms of modified zeolite too. This indi-
cates that procedure did not destroy original crystal
structure of zeolite.

Zeolite with lower nickel content (20%), being pre-
pared in air, was afterward heated in hydrogen atmo-
sphere to reduce NiO to Ni. According to JCPDS (Joint
Committee on Powder Diffraction Standards) the dif-
fraction lines of crystalline nickel correspond to the
plane distance d = 0.204 nm and d = 0.177 nm. In the
diffractogram of 13X-20% Ni at these position rela-
tively narrow peaks appear, what indicates crystal ar-
rangement of incorporated nickel.

The zeolite sample with higher Ni content, prepared
by thermal decomposition of Ni(acac), in air, as expect-
ed from TGA measurements in Fig. 1, show the reflec-
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Fig. 3. Cyclic voltammograms (the 30th cycle and the next
ones) of NiO-modified zeolite, with 40% of NiO, recored in
deaerated 0.1 M NaOH solution, at a scan rate 50 mV/s. Fi-
nal anodic potential was progressively enlarged from —0.1
to 1.0 Vin steps of 0.1 V.

tions at d = 0.209, 0.148 and 0.126 nm, which accord-
ing to JCPDS belong to NiO.

The mean size of incorporated clusters was calculat-
ed by means of Scherer formula:

L = KA/bcosO

where is L — mean diameter along the vertical to the
plane of diffraction, K — size parameter (usually 0.9),
A —wavelength of X-rays, A; b — peak width on the half
of height, © — Brag angle.

This calculation did not confirm significant differ-
ence between the cluster sizes expected on the basis of
twofold difference in weight percent of NiO, what may
mean rather approximative applicability of this method
in this case.

Cyclic voltammetry and RDE experiments. First time
used electrode is always rather inactive. To achieve full
CV response, usually 20-30 potentiodynamic cycles

The mean size (L, nm) of nickel moieties in 13X zeolite cav-
ities calculated on the basis of X-ray diffractometric data

Sample d,nm |20, grad | b, grad L, nm
13X-20% Ni 0.204 | 44.4996 | 0.334 0.257
0.177 | 51.7538 | 0.436 0.203

13X-40% NiO 0.209 | 43.3062 | 0.325 0.263
0.148 | 62.9648 | 0.413 0.226
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Fig. 4. Cyclic voltammograms of NiO-modified zeolite,
with 20 (1), 40 (2) and 100% of NiO (3), recored in deaer-
ated 0.1 M NaOH, at a scan rate 5 mV/s.

are necessary to be performed. Regardless whether re-
duced or oxidized form Ni-modified zeolite is used for
electrode preparation, the same steady state CV curves
are always to be observed. This is due to a high reactiv-
ity of nickel in nanodispersed form, which obviously
undergoes fast transformation into hydroxide when
diped into aqueous solution.

The steady state cyclovoltammograms of thin layer
electrode involving Ni-modified zeolite with Ni/zeolite
ratio of 0.4 as an electrode material, in the potential
range —1 to +1 V, recorded in dearated 0.1 M NaOH so-
lution, are shown in Fig. 3. A wide potential range from
—1.4 t0 0.5 V, this electrode material show a purely ca-
pacitive behaviour, manifesting itself in a practically
potential independent distance between the current val-
ues at common potentials but opposite polarisation di-
rections. The capacitance current is proportional to the
scan rate (I, = vCy, where v is scan rate) and in Fig. 3
corresponds to a Cy, value of approx 0.1 F cm2. To re-
duce capacitive background current, one should use rel-
atively low scan rate. In Fig. 4, the voltammograms re-
corded at a scan rate of 5 mV s, are presented, at
which, simultaneously, a rather slight influence of NiO
percentage to the electrode activity was illustrated.

The processes which take place on NiO-modified
zeolite electrode may be identified by comparing them
with the known processes taking place on other elec-
trodes in the same solutions.

On platinum surface, hydrogen evolution reaction
may appear at potentials close to —1 V. At the same po-
tential, NiO-modified zeolite electrode is obviously in-
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Fig. 5. Faradaic capacity of 13X—40% NiO electrode in 0.1
M NaOH as a function of final anodic potential in the region
of Ni(OH),/NiOOH redox reactions.

active for this reaction, and cathodic potential exten-
sion beyond —1.5 V is required in order to induce visi-
ble hydrogen evolution.

On the anodic side, in a limited potential range
0.55-0.8 V, one may see a pair of anodic-cathodic
peaks. As well known from the literature [24-27], in
the potential range 0.55-0.8 V vs SCE, (0.4-0.65 V vs
Hg/HgO) on smooth Ni electrode, reversible Ni(Il) &
&> Ni(III) redox transformation occurs, being the basic
reaction of nickel cathode of commercial power sourc-
es [28]. Using the analogy with smooth nickel elec-
trode, the processes in 13X-Niy, electrode can be attrib-
uted to the following reactions:

B-Ni(OH), + OH™ < B,y-NiOOH + H,O +e".

From the coulonometric analysis of the cyclovoltammo-
grams in Fig. 3 limited to a potential range 0-0.8 V, both
charging and discharging capacity of Ni-modified zeo-
lite electrode was determined in dependence on anodic
potential, and this dependence is shown in Fig. 5. Ow-
ing to the actual surface coverage by modified zeolite,
these values are close to 75% of a theoretical charg-
ing/discharging capacity of this electrode (being ap-
prox 4 mC cm™).

On a smooth nickel electrode [24-27], the corre-
sponding anodic peak is clearly separated from the cur-
rent of oxygen evolution reaction, appearing at higher
anodic potentials. However, at our NiO-modified zeo-
lite electrode, the separation is absent and the current of
oxidation of Ni(II), at anodic potentials higher than 0.8
V, passes gradually to the current of oxygen evolution,
visible also by gas bubble deliberation. In this potential
range, oxygen evolution proceeds on the basis of equa-
tion [29]:

40H = 0, + 2H,0 + 4de".

This is in accordance to the data that NtOOH is very
good catalyst for oxygen evolution [30-32]. Contrary
to this, on gold, oxygen evolution is much slower, un-
Ne 9
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Fig. 6. Cyclic voltammogram of 13X-20% NiO obtained
with rotating disc electrode in oxygen saturated 0.1 M
NaOH solution at sweep rate 5 mV s~! and rotation rates
400, 600, 1000 and 1200 rpm. Inserted picture: the
Koutecky-Levich plot of the voltammograms for acommon
potential of —0.6 V.

less special cathodic treatment was applied [29]. This is
only to illustrate similar catalytic activity of modified
zeolite electrode, however, very probably this electrode
may not mechanically withstand the extensive gas evo-
lution.

If the polarisation is reversed upon achievement of
final potential higher than 0.8 V, a cathodic peak cen-
tered at the potential of —0.5 V appears. This peak may
be attributed to oxygen reduction reaction, involving
oxygen which remains within the zeolite cavities
thanks to a slow deliberation of oxygen from zeolite
cavities. This conclusion is supported by the fact that
this peak significantly decreases if rotation of the elec-
trode is switched on.

To prove additionaly that one deals here with oxy-
gen reduction, the voltammogram in oxygen saturated
solution was recorded too, using rotation disk tech-
nique. Corresponding diagramms were shown in Fig. 6.
As expected, instead of peak around —0.5 V, current
plateau appears, but having a certain bias toward poten-
tial axis. The non-biased plateaus are otherwise charac-
teristic of oxygen reduction on smooth platinum elec-
trode [33]. For rotation rate of 600 rpm, the plateau
height amounts to 5 mA cm™, which overrates for ap-
prox. 30% the plateau current observed on smooth plat-
inum in the same solution [33]. Further to this, the de-
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pendence of current on rotation rate is less pronounced
than expected for diffusion controlled processes.
Namely, Koutecky Lewich plot inserted in Fig. 6, has
the slope much lower than one corresponding to both
2e” and 4e route of oxygen reduction, and in addition,
does not cross the origin of coordinate system. Most
probably these particularities are due to a rough nature
of zeolitic electrode as well as due to the aggravation of
mass transport of both reactants and products through it.

CONCLUSION

Impregnation of 13X zeolite by Ni-acetylacetonate
solution in acetone, following by thermal degradation
in air, resulted in a new material: modified zeolite 13X
with NiO clusters incorporated into the cavities of orig-
inal zeolite structure. NiO may be reduced to Ni by
heating in hydrogen atmosphere. By addition of 10% of
carbon black, and bonded by polymeric glue (nafion) to
a electronically conductive support (glassy carbon,
etc.) this material was used as an electrode material.
Its electrochemical performance was studied in, both
deaerated and oxygen saturated, 0.1 M NaOH aqueous
solution. The performance characteristic  of
Ni(OH),/NiOOH redox pair, as well as good catalytic
activity toward both oxygen reduction and evolution
were evidenced. Contrary to the expectations, the in-
crease of NiO content above 20 wt. % did not lead to a
proportional enhancement of electrochemical perfor-
mance. It is reasonable to expect that solid aluminosil-
icate framework may protect nickel clusters of agglom-
eration if subjected to numerous charging/discharging
cycles.
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Abstract — This study demonstrated the electrochemical activity of selected 2-alkylidene-4-oxothiazolidine de-
rivatives, containing different substituents at the C5-position, on Pt-electrode in 0.1 M TBAHFP + MeCN in
the potential range from —2 V to 2 V. The mechanism of electrode processes was discussed. It was shown that
chemical step was involved in the irreversible electrochemical processes. The effect of the substituent at the C5
position on reduction and oxidation potentials was also noted. The regions of the linear dependence of the cur-
rent peak on concentration of the compounds examined were determined.

During the course of our studies focused on the syn-
thesis of stereodefined push-pull 2-alkylidene-4-oxothi-

azolidines [1]
EDG B a /
EWG

¢

we have been interested in the assessment of the specif-
ic physico-chemical effects on the reactivity and func-
tionalization [2, 3] of these heterocyclic compounds.
Compounds of that type belong to push-pull alkenes,
containing electron-donating group(s) (EDG) on C(jB)
and strong resonatively electron-withdrawing group(s)
(EWG) on C(0) as depicted by general structure 1.

Thus, based on the n,m-donor/acceptor properties of
the 2-alkylidene-4-oxothiazolidines I, with different
electron-withdrawing groups at the terminus of the
C=C bond, and two electron-donating groups (NH and
—S-) at the other terminus, they undergo the well-de-
fined Z/E-process, controlled by the intra- and intermo-
lecular hydrogen bonding interactions [4-7]. In addi-
tion, one of the important structural features of the
compounds 1 (EWG = COPh, COOEt, etc.), related to
a rather close distance between the sulfur and oxygen
atoms within the cis-configured —S—C=C-C=0 moiety,
can be accounted for the facile 4-oxothiazolidine to
1,2-dithiole rearrangement (Scheme, path E) [8].

It is interesting to note that the 4-oxothiazolidines 1
undergo various oxidation and reduction transforma-
tions (Scheme, paths B and F, respectively). For that
reason, having also in mind a broad range of biological
activity of thizolidine derivatives [9] and the intrinsic

physico-chemical properties of the compounds, exem-
plified by specific structures la—c:

Rl
L3
0 N>§{
| H
H

(R! = Me (1a), <C O2EL (1b) and { 02t (1¢)); there

exist a need for the electrochemical investigation of
these redox processes.

ix10° A

6_
Ic

Ilc

IIa

L 1 1

2 1 0 -1 -2
E, V(vs Ag/Ag")

Fig. 1. Cyclic voltammogram of compound 1b, sweep rate

100 mV/s, concentration 4 mM.
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CONHCH,CH,Ph, CN; R? = H, Me

EWG = COPh, CONHPh, COOE,
CONHCH,CH,Ph, CN; R? = H, Me

Scheme

EXPERIMENTAL

Reagents and solutions. Push-pull compounds la—c
were synthesized and characterized in our laboratory
according to the procedure already described [1]. All
the other reagents employed were of analytical grade.
Anhydrous acetonitrile used as a solvent was distilled
prior to use. The solutions used in cyclic voltammetry
experiments were prepared by dissolving the measured

amount of compounds in 0.1 M solution of TBAHFP in
acetonitrile.

Apparatus. Cyclic voltammetry was performed with
Electrochemistry workstation CHI760b (CHI Instru-
ment CO., USA) using one-compartment electrolytic
cell (volumetric capacity 10 ml) with a three-electrode
configuration. A platinum disc (2.0 mm diameter, CH
Instruments, Inc.) and a platinum flag wire were used as

Table 1. Anodic (Ia, IIa) and cathodic (Ic, IIc) peak potentials (V) and peak currents (A) at different sweep rates for the com-

pound 1b
v=0.05V/s v=0.1V/s v=0.5V/s
Peak
i, % 10 E, i, x 103 E, i, % 103 E,
Ic 3.1250 —1.1424 3.828 —1.1685 8.7550 -1.2864
Ia 0.6880 0.4848 1.5540 0.4917 5.3820 0.5440
Ila 5.5000 1.6224 7.3220 1.6485 14.9700 1.7397
Ilc 0.3747 -0.1227 09111 -0.1360 2.0370 -0.2080
XKYPHAJI ®UBNYECKO XUMHUU Tom 81 Ne 9 2007
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| L ]
-1.0 -15 =20
E, V(vs Ag/Ag")

Ilc

i 1 1 1 1 |
2 1 0 -1
E, V(vs Ag/Ag")

Fig. 2. Cyclic voltammograms of compound 1b, sweep rate
100 mV/s, concentration 4 mM, cathodic (a) and anodic (b)
potential range.

the working and the counter electrode, respectively.
A silver wire in 0.01 M AgNO; solution of TBAHFP in
acetonitrile (anhydrous) served as a non-aqueous refer-
ence electrode which was separated from the test solu-
tion by a fine glass frit. All the measurements were car-
ried out at room temperature at a sweep rates ranging from
25 to 500 mV/s in the potential range from -2 to 2 V.

RESULTS AND DISCUSSION

The electrochemical properties of the compounds
la—c at room temperature were investigated by the cy-
clic voltammetry method in acetonitrile containing the
0.1 M TBAHFP as supporting electrolyte. Based on the
first scan cyclic voltammogram of 4 mM solution of 4-
oxothiazolidine 1b (Fig. 1), and potential values given
in Table 1, this compound, depending on the direction
of the applied polarization potential, undergoes irre-
versible processes of oxidation or reduction on the Pt
electrode.

Consequently, as shown on Fig. 2, the different
electrochemical processes were identified on the basis
of the cyclic voltammograms, recorded by changing the
direction and the values of the polarization potential.

KYPHAII ®UBUYECKON XUMUU
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ix 100, A
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2 1 0 -1 -2
E, V(vs Ag/Ag")

Fig. 3. Cyclic voltammograms for different concentrations
(1-05,2-1,3-2;4-4,5-6,6—8 mM) of compound
1b, sweep rate 100 mV/s.

According to the theory of cyclic voltammetry, the
potential increment between the peak E, and the half-
peak E,, is given by expression:

E,—E,p V = 0.048/0n,,

where « is the transfer coefficient and n, is the number
of electrons involved in the rate-determining step. The
values of potential peak differences and on, for all
compounds 1a—c (Table 2) show that the electrode pro-
cesses are very slow. With the increase of the sweep
rate, the differences of the corresponding potential
peaks increase, and on the other hand the ratio of the
corresponding current peaks decreases. These facts in-
dicate an enhancement of the irreversibility of the pro-
cesses. The values determined for o, imply that the
transfer of one electron in the first step of the electrode
processes is the rate determining step [10].

Relatively high values for cathodic and anodic po-
tential peaks, as shown for 1b (Table 1, columns 3, 5
and 7) indicate an increased stability of the intermolec-
ularly hydrogen-bonded Z- and E-isomers of the thiaz-
olidine compounds la—c. In addition, the stability of
la—c is attributed to hydrogen bonding interactions

Table 2. The potential increment between the peak E, and the

half-peal E,; and on,

Compound| A,V an, AV ony,
la 0.188 0.25 0.163 0.29
1b 0.221 0.22 0.141 0.34
Ic 0.096 0.50 0.088 0.54

Notes: Al = |Ep — E[]/ZIIC’ A2 = |Ep - Ep/ZIIIa'
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Fig. 4. The plots of E, vs log v for 4 mM concentration
of compound 1b; I - cathodic peak, II - anodic peak.

with the relatively polar acetonitrile. In turn, this is the
reason for the rather slow electrode processes. It should
be pointed out that the potential peak shifts to the more
anodic and less cathodic values, when the initial con-
centration of the 4-oxothiazolidines la—c decreases
(Fig. 3). Thus, it can be assumed that some chemical re-
action can be coupled to the charge transfer step on the
Pt electrode.

The nature of electrode processes were analyzed in
terms of the variations of the potential peak E, and cur-
rent peak i, with a sweep rate v by plotting E, vs log v'/*
and i,/v'*c vs v!? and i, vs v for different concentra-
tions of the thiazolidine derivative 1c (Figs. 4 and 5).

The E, values are function of the polarization rate
and vary linearly with logv!/? (Fig. 4). The current
function i,/v'? ¢ decreases with v'/% in such a way that
is strongly dependent on the initial concentration, as
shown in Fig. 5. The latter fact leads to the conclusion
that the abovementioned chemical reaction, of the high-
er than the first order kinetics, is involved in electro-
chemical processes. Significant influence of the chem-
ical step involved in the electro-reduction can be ob-
served from the shape of the dependence i,/v'/c vs v!/2
for different concentrations (Fig. 5). By taking into ac-
count previous studies on electro-oxidation of the relat-
ed compounds [11], and the fact that dependence of i,
vs Vv is not linear, thus excluding the absorption, we
think that the formation of the dimer of the parent com-
pound is involved in the electrode processes.

The number of electrons of the anodic process was
determined by the controlled-potential coulometry.
The coulumetry was performed at +1.6 V for the 10> M
acetonitrile solution of compound 1b. The electrolysis
was stopped upon the current reduction to about 3% of the

Table 3. The peak potentials (V) of the compounds la—c
(versus Ag/Ag*)

Cathodic peaks Anodic peaks
Compound
I II I II
la -1.36 -0.24 0.49 1.69
1b -1.17 -0.14 0.49 1.65
lc -1.01 - 0.65 1.82
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Fig. 5. The plotting ip/vl/ 2¢ vs v12 of cathodic I (a) and an-
odic (IT) (b) peaks for compound 1c; c =1 (1), 2 (2), 3 (3),
4 (4) and 5 mM (5).

initial value. The charge passed was 2.21 C and the cal-
culated charge was 1.94 C, assuming that n = 2.

It is worth mentioning that the influence of the sub-
stituents at the C5-position in the heterocyclic ring re-
garding ht processes of the electrochemical reduction
and oxidation was investigated (Fig. 6, Table 3).
The cyclic voltammograms of 1a—c shown in Fig. 6 in-
dicate certain regularity in the reduction potentials with
respect to the substituent at the C5-position. The order
of the reduction potentials of the 4-oxithiazolidines la—c
is as follows: 1a > 1b > 1c.

The rationale for this behaviour is most likely based
upon increased electron-accepting ability of the etoxy-
carbonylmethylidene group at C5 of 1c versus that of
the etoxycarbonylmethyl group in 1b. In the case of
precursor la, containing the methyl group at C5, a dif-
ferent mode of reduction occurs, thus, making the pre-
cursor 1c less reactive. On the other hand, the order of
the oxidation potentials follows the opposite direction.

We have also tested the possibility of employing
this technique for a quantitative determination of the
Ne 9
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heterocyclic derivatives la—c following the relation-
ship between the current peak and substrate concentra-
tion (Fig. 7). As can be seen the concentration effect on
the voltammetric signal follows the linear relationship.
This linear relationship, found for the low concentra-
tions (0.5 x 1073 to 2 X 1073 M), opens up the possibility
for the analysis of low amounts of the thiazolidines la—c
in a non-aqueous solution.
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Abstract — Naturally occurring phytoanthracycline, aloin, was used to radiosensitize HeLaS3 human cervix
carcinoma cells. The results indicated that the cytotoxic adjuvant effect of aloin was synergistic with gamma-
ionizing radiation at all drug concentrations and comparable to the cytotoxicity of 5-10 Gy ionizing radiation
alone. Radiosensitization of HeLaS3 cells was achieved by 60 uM aloin which reduced ICs, dose of ionizing
radiation from 3.4 to 2 Gy. Ionizing radiation and aloin alone, or in combination are shown to cause perturba-
tion of HeLaS3 cell-cycle, and increase percentage of cells in DNA synthesis (S) phase of cell cycle. While
either of the agents applied alone cause programmed cell death by apoptosis, the simultaneous cell damage by
both agents through the altered redox balance compromised cell capacity to conduct this program, and led to

the synergic cytotoxic cell death by necrosis.

INTRODUCTION

Carcinoma of the uterine cervix is one of the most
common malignancies and the second leading cause of
cancer death among women worldwide [1]. Advanced
stages of disease are treated with chemotherapy alone
or in combination with ionizing radiation [2]. In che-
motherapy of cervical cancer, several drugs have been
used: but application of all these agents is limited by
their nephro-, neuro-, cardio- and gastrointestinal tox-
icity [3]. Beneficial antitumour action of well known
anthracycline such as doxorubicin, may also be the
characteristic of naturally occurring anthracyclines.
One such candidate is phytoanalog-aloin, a C-glyco-
side derivative of an anthraquinone, which showed po-
tential cytotoxic effect in several tumour cell lines and
low toxicity and the low incidence of side effects in
treating mice-bearing ascites and solid Ehrlich carcino-
ma [4].

Among the possible mechanisms of antitumour ac-
tion of the anthracyclines are interactions with cellular
DNA, generation of reactive oxygen species (ROS) [5]
which produce DNA strand scission, lipid peroxidation
and disruption of cell membane functions and integrity.
Since, aloin is a strong oxidizing agent, it can be pro-
posed that the treatment of cells with this compound
changes cellular redox balance. At the same time,
HeLaS3 cells have reduced levels of apoptosis signal-
ling protein p53, due to its ubiquitination and degrada-
tion by human papilloma virus E6 protein [6]. Since
p53 under normal conditions act as repressor of antiox-
idant enzyme (AOE) Mn-superoxide dismutase
(MnSOD), its lack of function cause high MnSOD ex-
pression. Without a concomitant increase in the perox-
ide-scavenging enzymes, H,O, represents a major in-
tracellular ROS in the pathway to cytotoxicity [7].

Therefore, growth-suppressive effects of overexpressed
MnSOD could be the concequence of imbalance in AOE
that favours H,0, accumulation [8] which may inhibit
anti-apoptotic transcription factor NF-xB [9].

Gamma-ionizing radiation (IR) induces dose and
time dependent inhibition of HeLaS3 human cervical
carcinoma cell growth [10], due to perturbation of cell-
cycle and induction of apoptosis. The cell proliferation
was inhibited for 50% (ICs,) at 3.4 Gy, while 50% cell
cytotoxicity (ECsy) was not attainable within the dose
range of 2—10 Gy. These cellular effects correlated with
increased activity of mitochondrial MnSOD, which
was not coupled with the respective catalase (CAT) ac-
tivity. The cytosolic CuZn-superoxide dismutase
(CuZnSOD) activity decreased [11]. Since ICs, dose is
rather high the aim of the presented study was to test the
adjuvant phytoanthracycline, aloin, which possess less
undesirable side-effects in comparison to other current-
ly used drugs. Aloin is shown to cause perturbation of
HeLaS3 cell-cycle, and increase percentage of cells in
S phase and apoptosis [12]. Since aloin diminishes tu-
mour metastatic potential induced by IR-triggered
MnSOD overexpression and that IR and aloin share, at
least in part, a common pathway in the mechanism of
their action, it is of interest to investigate their possible
synergic activity in HeLaS3 cells.

EXPERIMENTAL

Cell culture. The human cervix uteri adenocarcino-
ma cell line HeLaS3 was obtained from the American
Type Culture Collection (Rockville, MD, USA).
The cells were maintained in 95% Ham’s F12 supple-
mented with 5% heat inactivated fetal calf serum,
100 IU/ml penicillin/streptomycin and 2 mM L-glutamine
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Fig. 1. Combined effect of gamma-ionizing radiation (IR in Gy) plus aloin (uM), or IR alone on HeLaS3 cell viability (a) and via-
bility index (b). Data are presented as mean +SD (r = 6), C — control.
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Fig. 2. Cell cycle distribution of HeLaS3 cell treated with gamma-ionizing radiation (IR in Gy) plus aloin (uM), or IR alone. Data

are presented as mean £SD (n = 3).

(Sigma Aldrich Chemie, Taufkirchen, Germany). Cells
were grown as monolayer in a humidified atmosphere
of 95% air and 5% CO, at 37°C.

Cell irradiation. Cell IR was performed in the expo-
nential phase of cell growth with 2-, 5- and 10 Gy of
gamma-rays from a %°Co source and a fixed dose rate of
20 Gy/h.

Drug treatment. Aloin was obtained as pure powder
form Aloe barbadensis Miller leaves, >97% (Sigma Al-
drich Chemie, Taufkirchen, Germany). Different con-
centration of aloin (20-100 uM) were prepared freshly
in PBS and sterilized before use by filtration through
0.22 mm Millipore filters (Sarstedt, Germany).

Cell viability. The cell growth and viability in the
control and IR cells was determined by the trypan blue
exclusion assay. The ratio between viable cell numbers
in treated and control cells was presented as the Viabil-
ity index (VI).

Flow cytometry. For cell cycle analysis, the HeLaS3
cells were resuspended in 250 ml of cold PBS and fixed
using 0.5 ml ice-cold 70% ethanol. After the ethanol was
washed out, the fixed cells were treated with 50 mg/ml
RNAse A at 37°C, incubated with 50 mg/ml propidium
iodide (PI) at 4°C for 30 min and then analyzed by a
FACS Calibur flow cytometer (Becton Dickinson, San
Jose, CA, USA). Cell cycle distribution was deter-
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mined using ModFIT software (Verity Software
House, Inc. Topsham, ME, USA).

Statistical analysis. The data were presented as
mean * SD. Analysis of variance (one-way ANOVA)
and Tukey’s post-hoc test were used to determine sta-
tistically significant differences (p < 0.05).

RESULTS AND DISCUSSION

The results presented in this paper indicate that ion-
izing radiation (IR) induces dose and time dependent
inhibition of HeLaS3 cells viability and proliferation,
and that the cytostatic effect of IR in HeLaS3 is more
pronounced than cell cytotoxicity. The adjuvant effect
of aloin (20-100 uM) on HeLaS3 cells irradiated with
standard clinical fraction dose of 2 Gy was tested via de-
termination of cell viability (% of viable cells, Fig. 1a)
and viability index (ratio of viable cells in treated vs.
control sample, Fig. 1b). The results clearly indicated
that the cytotoxic adjuvant effect of aloin was synergis-
tic with IR at all drug concentrations and comparable to
the cytotoxicity of 5-10 Gy IR alone. Moreover, 60 uM
aloin as adjuvant reduced ICs; dose of IR from 3.4 to 2 Gy.

Flow-cytometric analysis of propidium iodide (PI)
stained HeLaS3 cells indicated a dose-dependent per-
turbation of the cell cycle (Fig. 2, Table), transient de-
lay predominantly in S phase and increased apoptotic
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Cell cycle distribution of HeLaS3 cell treated with gamma-ionizing radiation (IR in Gy) plus aloin (UM), or IR alone. Data

are presented as mean £SD (n = 3)

Treatment SubG0/G1 GO/G1 S G2/M
Control 9.9+2.0 65.7+1.9 11.0£2.0 133+ 1.6
2 Gy +20uM 20.5 £ 3.0%*:* 51.9 £ 2. 2%*:* 14.7 £ 0.9* 12.8+2.9
2 Gy + 60 uM 20.6 £ 2. ]k 49.4 + 4 8F** 16.2 £ 0.8** 14.0+0.8
2 Gy + 100 uM 19.9 £ 1.6%** 43.4 £ (. 2%** 20.2 £ 2.4%%* 16.5+2.4

2 Gy 22.5 £ 1,9%%* 51.4£2 1%** 15.3 £ 1.3* 109+ 1.8
5 Gy 29.8 + (. 3%%* 31.9 % 1.6%** 25.4 £ 1.0%%* 13.010.2
10 Gy 34.0 £2.6%%* 20.1 £ 1.5%%* 32.8 £(.8%%** 13.1£0.3

cell death (subG0/G1 peak). The IR induced late S
phase arrest in HeLaS3 cells was also previously ob-
served by Ianzini and Mackey [13]. In our study the S
phase HeLaS3 cell cycle arrest correlated with IR-in-
duced down regulation of NF-xB (p65) expression and
increased activity of MnSOD (data not shown). They are
likely the consequence of IR-induced alterations in cell
redox equilibrium via increased ROS concentration.
NF-kB triggered cycline D pathway is known to en-
hance cell cycle progression primarily through G1 but
it may also regulate S phase transition in widely differ-
ent cell types [14]. Thus, the down-regulated NF-xB
may be responsible for HeLaS3 cell arrest in S phase
observed in our study. In addition to that the S phase ar-
rest in HeLaS3 cells may also be due to the increased
MnSOD activity which is not coupled to the respective
catalase (CAT) activity. Such situation leads to the in-
creased cellular level of untoxified H,O, which on its
turn may be related to cell cycle arrest in S phase via
Cipl (p21) and cyclines D3 inhibition [15]. Irradiation
of HeLaS3 cells also increased cell apoptosis in a dose-
dependent manner. Since in our HeLaS3 study, IR did
not induce expression of p53, increased apoptosis may
be explained by the activity of alternative p53 indepen-
dent pathways. One of the possible reasons could again
be the down-regulation of anti-apoptotic protein NF-xB.
Namely, although it is not clear how NF-kB regulates
apoptotic pathways, its inhibition has been shown to
enhance the sensitivity of tumours to apoptosis induced
by gamma-IR [15].

The adjuvant effect of aloin was observed predomi-
nantly in the S phase of cell cycle, at all drug concen-
trations. It is known that aloin exerted its cytotoxicity
through topoisomerase II (topo II) catalytic inhibition
[16], enzyme required during DNA replication, chro-
mosome dysfunction at mitosis, and essential for the
survival of eukaryotic cells.

The synergic effect of aloin plus IR on cell viability
and S phase cell cycle arrest indicated that both agents
may share a common regulatory pathway. Since,
HeLaS; cells constitutively have enhanced activity of
MnSOD, and since either IR or IR plus aloin caused its
further elevation (which was not followed by the re-
spective CAT activity) both agents caused H,O, accu-
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mulation. Increased concentration of this toxic ROS
may lead to their synergism in cytotoxicity. High H,O,
concentration could also be the reason for down-regu-
lation of CuZnSOD observed in either IR or IR plus
aloin treated cells. Decreased CuZnSOD activity could
contribute to decreased cell proliferation, emphasizing
the importance of CuZnSOD in HeLaS3 cell growth [17].

Although, IR or aloin alone increased subG0/G1
peak, their synergic effect on cell apoptosis was not ob-
served. This result indicates that the mechanism of ap-
optosis induction by IR and aloin are probably differ-
ent. Due to that, simultaneous cell damage by both
agents could compromise cell capacity to conduct pro-
grammed cell death by apoptosis, and instead may lead
to the synergic cytotoxic cell death by necrosis.
The synergism of IR plus aloin induced cell cytotoxicity
is reflected in reduction of ICs, dose to 2 Gy by 60 uM
aloin.

CONCLUSION

The adjuvant effect of aloin in irradiated HeLaS3
cells is reflected in the reduction of ICs, cytotoxicity
dose from 3.4 Gy to 2 Gy in the presence of 60 uM
aloin. Its radiosensitizing effect is achieved through up-
regulation of antioxidant enzyme Mn-superoxide dis-
mutase activity leading to accumulation of toxic H,O,.
This toxic reactive oxygen species, either directly or
through down-regulation of CuZn-superoxid dismutase
activity, causes decrease in cell proliferation. Ionizing
radiation and aloin alone, or in combination are shown
to cause perturbation of HeLaS3 cell-cycle, and in-
crease percentage of cells in S phase of cell cycle.
While either of the agents applied alone cause pro-
grammed cell death by apoptosis, the simultaneous cell
damage by both agents compromises HeLaS3 cell ca-
pacity to conduct this program, and instead led to the
synergic cytotoxic cell death by necrosis.
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Abstract — Chemoresistance is a major problem in the treatment of malignant melanoma. The mainstay of
treatment for melanoma is DNA-alkylating agent dacarbazine (DTIC). Fotemustine (FM), member of chloro-
ethylnitrosourea group of alkylating agents, also has demonstrated significant antitumoral effects in malignant
melanoma. However, intrinsic and acquired resistance of melanoma limits clinical application of these drugs.
Melanomas are also extremely radioresistant. With the objective to enhance growth inhibition of melanoma
cells, combined treatments of FM or DTIC with proton irradiation, were investigated. These effects were stud-
ied on HTB 140 melanoma cell viability and proliferation. Cells exposed to treatment with FM and protons have
shown inhibition of cell growth, and significant reduction of proliferation capacity, compared to single irradi-
ation or drug treatment. Treatment with DTIC and protons has shown improved growth inhibition compare to
appropriate single drug treatment while the effects of single proton irradiation have been the most pronounced.

Malignant melanoma is the most aggressive form of
human skin cancer, and its incidence is increasing more
rapidly than in any malignancy, representing around
2% of all cancers in the USA and Europe [1]. Metastat-
ic disease is practically incurable with short median
survival of 6 to 9 months. Prognoses of advanced mel-
anoma are generally poor, because this tumor common-
ly exhibits intrinsic or acquired resistance to chemo-
therapy [2].

Chemotherapy with alkylating agents is considered
the most efficient treatment in malignant melanoma,
but with low response rates being less than 25% for all
agents [3]. Biological effects differ strongly among the
various alkylating agents. The activity of these chemo-
therapeutic compounds depends primarily on their ca-
pacity to transfer alkyl groups, such as methyl, ethyl or
chloroethyl, to DNA [4]. Dacarbazine, DNA-methylat-
ing drug, has become the standard chemotherapy for
metastatic melanoma with usually partial tumor re-
sponse, which lasts only for a few months. Other tested
agents, including platinum analogues, vinca alkalloids,
nitrosoureas and taxanes, did not have as good response
rate as dacarbazine [2]. Fotemustine is a member of the
chloroethylnitrosourea class of alkylating agents,
which gave encouraging responses in phase I and II
drug trials for a number of tumor types, particularly
metastatic melanoma [5]. However, toxicity and drug
resistance limit clinical efficiency of all alkylating
agents used in chemotherapy, which is the principal
reason for the failure of anti-cancer therapy [6]. Al-
though various combined chemotherapeutic protocols
increase response rates in some clinical cases, they also
increase toxicity exhibiting insignificant response du-
ration or survival benefit [7].

However, some forms of specially localized mela-
noma tumors, such as uveal melanoma and other eye
tumors are curable to a certain extent by protons [8].
Proton irradiation offers several advantages over con-
ventional radiotherapy, mainly delivering a uniform ra-
diation dose to the entire tumor volume, thus causing
minimal radiation damage to the surrounding normal
tissue. These advantages are based on physical proper-
ties of proton beam, such as well defined range, small
lateral scattering and especially, high energy deposi-
tion, at the precisely controlled position, just before the
end of the range, known as Bragg peak. To treat malig-
nant tumors with uniform dose of protons Bragg peak,
initialy being only a few milimeters wide, is spread-out
by modifaing proton energy. This energy modulation
results in superposition of a number of monoenergetic
proton beams of closely spread energies [9].

In order to find new ways to modify and improve
therapeutic protocols the aim of this study was to con-
tribute to investigations of combined treatments of ei-
ther DTIC or FM and proton irradiation on the human
melanoma cell growth in vitro.

MATERIALS AND METHODS

Cell culture and experimental conditions. HTB140
human melanoma cells were maintained as monolayer
in RPMI 1640 medium supplemented with 10% fetal
calf serum, penicillin/streptomycin and L-glutamine at
37°C in humidified atmosphere with 5% CO,. For sin-
gle drug treatment cells were plated in a 96-well assay
plate (3 x 103 cells/well) and 24 h later were treated
with increasing concentrations of fotemustine (FM, Ital
farmaco S.p.A., Milano, Italy) or dacarbazine (DTIC,

1650



HTB140 MELANOMA CELLS UNDER PROTON IRRADIATION

Aventis Pharma S.p.A., Milano, Italy), ranging from
0.05-2 mM. Cell viability and cell proliferation assays
were assessed 48 h after drug administration.

For the analysis of the combined effects of FM or
DTIC (100, 250 uM) and proton irradiation cells were
treated 24 h after sceding and were grown for additional
24 h, when they were irradiated with protons. Proton ir-
radiations were performed within the spread-out Bragg
peak (SOBP) of the 62 MeV proton beam, produced by
the superconducting cyclotron at the CATANA (Centro
di Adro Terapia e Applicazzioni Nucleari Avanzati) fa-
cility at INFN — LNS, Italy. Delivered single doses
were 12 and 16 Gy, at dose rate of 15 Gy/min. Irradia-
tion position in the middle of SOBP was simulated by
interposing 16.3 mm thick Perspex plate (Polymethyl
methacrylate — PMMA) between the final collimator
and cell monolayer, thus obtaining corresponding rela-
tive dose of 99.42 + 0.58%, with the mean energy of
protons 34.88 + 2.15 MeV. Reference dosimetry was
performed by using plane-parallel PTW 34045 Markus
ionization chamber calibrated according to IAEA code
of practice [10, 11]. Immediately after irradiation cells
were replated at 3 x 10° cells per well in 96 — well plates
and grown for further 7 days, when cell viability and
cell proliferation assays were performed. Effects of
combined treatment were compared to corresponding
single drug treatments or proton irradiations.

Viability assays. In the preliminary experiments cell
viability was determined by the MTT assay (Roche Di-
agnostics GmbH, Mannheim, Germany), which is
based on the ability of viable cells to reduce 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) into blue-purple formazan crystals. The assay
was performed according to manufactures’ procedure
and compared with results obtained by the other colori-
metric method, sulforhodamine B (SRB) assay, based
on quantifying total protein content of viable cells and
performed according to the method of Skehan et al.
[12]. The absorbance was measured using microplate
reader (Victor, Wallac) at 550 nm.

Proliferation assay. Proliferative activity of cells
was monitored by quantification of 5'-bromo-2'-deox-
yuridine (BrdU)-incorporation into the genomic DNA
during cell growth. DNA synthesis was assessed by a
colorimetric cell proliferation ELISA assay (Roche Di-
agnostics GmbH, Mannheim, Germany) according to
the manufacturer’s instructions. The absorbance was
analyzed using microplate reader (Victor, Wallac) at
450 nm.

Statistical analysis. Quadruplicate measurements
were made during each experiment, and all experi-
ments were repeated at least twice. Independent Stu-
dent’s t-test was performed to assess the significance of
differences among all analysed experimental groups.
The level of significance was set at p < 0.05. Results
were presented as the Mean £ SD (standard deviation).
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RESULTS AND DISCUSSION

Effects of FM and DTIC on cell viability. Cell via-
bility after single treatment with FM or DTIC was ana-
lyzed at 6, 24, 48, 72, 96 h and 7 days using MTT and
SRB assays (data not presented). Cells were treated
with increasing concentrations of drugs, ranging from
0.05 to 2 mM. The best inhibitory effects with both
drugs were obtained 48 h after treatment. Analyzis of
chemosensitivity using MTT assay has shown that only
2mM DTIC significantly influens cell viability produc-
ing high level of cell inactivation. When estimated by
SRB, cell number was significantly reduced after DTIC
treatment in the whole range of doses applied. Signifi-
cant cell growth inhibition was also obtained after 0.1—
2 mM FM treatment, as estimated by SRB assay. These
results have also shown that MTT is less sensitive
method for studing HTB 140 melanoma chemosensitiv-
ity than SRB. They are in agreement with literature data
sugesting that SRB showes better linearity and higher
sensitivity than tetrazolium-based assays, including
MTT [13]. Based on these results, in following experi-
ments, cell viability after combined treatments was
evaluated using SRB assay.

Effects of combined treatment with FM or DTIC and
protons on cell viability and cell proliferation. Concen-
trations of 100 and 250 uM drugs were chosen for anal-
ysis of combined treatment of drugs and protons. These
concentrations were close to 50% growth inhibition
concentration (ICs)). Results obtained with FM are
consistent with those previously reported in literature.
Similar IC5, were obtained for CALL77 (90 pM) and
A375 human melanoma cells (220 uM) [14] as well as
for B16/F10 mouse melanoma cells [15]. Significantly
higher ICs, were obtained for SK-MEL-1 and SK-MEL-28
melanoma cells, being 930 and 774 uM respectively
[15]. Evaluated ICs, values for DTIC in our experi-
ments were also close to those reported for HeLa MR
cells [16] and G361 human melanoma cells [17].

HTB140 melanoma cells have shown very high lev-
el of radio resistance with surviving fraction at 2 Gy
proton irradiation (SF2) being 0.931 £ 0.006 [18].
In this study cells were irradiated with 12 and 16 Gy
protons, which produce near 50% inhibition of
HTB140 cells [18]. Doses of 12 and 16 Gy, at the dose
rate of 15 Gy/min are in the range of those commonly
used in proton therapy of eye melanoma [11].

In previous experiments, combined treatments with
FM or DTIC and protons on HTB 140 human melano-
ma cell viability were examined 48 h after irradiation
[19]. This experimental set up was appropriate for the
evaluation of the effects of drug treatment. Data ob-
tained in these experiments did not show significant
changes of cell viability as compared to each single
treatment. Therefore, in our present study, combined
treatments of tested drugs and protons were estimated
7 days after irradiation. Chosen time point is appropri-
ate for evaluation of radiobiological survival, i.e. sur-
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Fig. 1. Viability and cell proliferation of HTB140 cells
estimated by SRB (a) and BrdU (b) assay respectively af-
ter single and combined treatments with FM and protons.
Applied irradiation doses were 12 (I) and 16 Gy (II),
while drug concentrations were 100 (IIT) and 250 uM IV);
* — combined treatments vs. single drug treatment,
t — combined treatments vs. proton irradiation);
0.01 <p<0.05 (*, 1), 0.001 < p < 0.01 (**, ¥1), p <
< 0.001 (*** F¥7).

vival after at least six doubling times following irradia-
tion.

Obtained results implicated that cell viability and
cell proliferation of HTB140 cells exposed to single
FM treatment or irradiation, as well as combined treat-
ments with FM and protons, were significantly re-
duced, as compared to untreated control (p < 0.001). Ir-
radiated cells, pretreated with FM have shown in-
creased cell growth inhibition, as compared to single
proton irradiation. Treatments with 100 or 250 uM FM
and 12 Gy protons have shown very high level of sta-
tistical significance of growth inhibition, as compared
to single 12 Gy proton irradiation (p < 0.001 for both
drug concentrations). Combined treatments of FM with
16 Gy protons have also shown significant, drug con-
centration dependent growth inhibition, compared to
adequate single proton irradiation (p < 0.05 for 100 uM
FM, p < 0.01 for 250 uM FM). Effects of FM and pro-
tons on cell viability were not significantly improved,
regarding FM treatment for both analyzed concentra-
tions (Fig. 1a). However, proliferation of these cells is
significantly inhibited, comparing to relevant single
drug treatments (p < 0.001 for all combined treatments)
and adequate doses of protons (p < 0.001 for all com-
bined treatments) (Fig. 1b).

Viability of HTB140 cells after single DTIC treat-
ment did not decrease, as compared to untreated con-
trol. Cells exposed to both DTIC and protons, have
shown significant growth inhibition when compare to
untreated control, as well as to relevant single DTIC
treatment (p < 0.001 for all combined treatments).
However, cell viability after combined treatment was
increased when comparing the evaluated data with
those obtained for single proton irradiation (p < 0.001
for all combined treatments) (Fig. 2a).
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Fig. 2. Viability and cell proliferation of HTB140 cells es-
timated by SRB (a) and BrdU (b) assay respectively after
single and combined treatments with DTIC and protons.
Notes see Fig. 1.

Proliferation capacity of treated cells is significantly
reduced for all analyzed single and combined treat-
ments with DTIC, when comparing to untreated con-
trol. Effects of treatment with both DTIC and protons
on cell proliferation were more pronounced than corre-
sponding effects of single DTIC application (p < 0.001
for all analyzed samples). However, cells exposed to
combined treatment have shown weaker inhibition of
proliferation than cells that were only irradiated with
protons. When irradiated with 12 Gy, cells pretreated
with 100 or 250 uM DTIC have shown increased pro-
liferation capacity as compared to those only irradiated
with 12 Gy protons (p < 0.05). Cells irradiated with
16 Gy, pretreated with 100 uM DTIC also have shown
increased proliferation capacity, as compared to rele-
vant single proton irradiation (p < 0.01). Treatment
with 250 uM DTIC followed by irradiation with 16 Gy
protons has shown proliferation level in the range of
single 16 Gy proton irradiation (p > 0.05) (Fig. 2b).

This relatively weak effect of combined treatment
with DTIC and protons on cell growth inhibition and
cell proliferation might be explained through the acti-
vation of repair mechanism after DTIC treatment, be-
cause expression of DNA repair protein O%-alkylgua-
nine-DNA-alkyltransferase is inducible by DNA dam-
aging agents, such as DTIC and ionizing radiation [20].

CONCLUSION

Obtained results have shown that FM and protons
significantly affected HTB 140 cell viability and prolif-
eration, while combined treatment with DTIC and pro-
tons improved inhibition of cell viability and prolifera-
tion, compared to single DTIC treatment, not reaching
inactivation level induced by proton irradiation.
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OF PHYSICAL CHEMISTRY

STUDY OF THE DISPERSITY OF IRON OXIDE
AND IRON OXIDE-NOBLE METAL (Me = Pd, Pt) SUPPORTED SYSTEMS
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Abstract — Samples of one (Fe) and two-component (Fe—Pd and Fe—Pt) catalysts were prepared by incipient
wetness impregnation of four different supports: TiO, (anatase), y-Al,Os, activated carbon and diatomite.
The chosen synthesis conditions resulted in formation of nanosized supported phase — iron oxide (in one-com-
ponent samples) or iron oxide-noble metal (in two-component ones). Different agglomeration degree of this
phase was obtained as a result of thermal treatment. Ultradisperse size of supported phase was kept in some
samples, while a process of partial agglomeration occurred in the others giving rise to nearly bidisperse (ultra-
and highdisperse) supported particles. The different texture of the used supports and their chemical composition
are the reasons for different stability of nanosized supported phases. The samples were tested as heterogeneous

catalysts in total benzene oxidation reaction.

The morphology and valence band structure of
nanosized (1-10 nm) metal and metal oxide particles
differ fundamentally from those of large particles in
terms of short-range ordering [1-5]. Their catalytic ac-
tivity and selectivity, based upon these new magnetic,
optic, electric, and other properties, can be changed due
to the critically small size. Thus an enhanced catalytic
activity and selectivity in hydrocarbons oxidation is ex-
pected from the nanosized metal/metal oxide supported
particles. As far as iron oxide based systems are con-
cerned, the formation of highly active sites is associat-
ed with the formation of highly dispersed iron oxide be-
cause of the strong iron-support interaction [6]. Nowa-
days, the research interest is focused on deeper look
insight the preparation techniques for highly active and
selective catalysts, as well as into the way to stabilize
this highly disperse and highly active nanosized phase.

On the other hand, the emission levels of volatile
and semi-volatile organic compounds such as benzene,
formaldehyde and polycyclic aromatic hydrocarbons in
the air are under strict legislation and control in many
countries [7, 8]. Therefore the complete hydrocarbon
oxidation is of great importance for the environmental
protection. The investigation of transition metal oxide-
noble metal supported catalysts is a question of theoret-
ical and practical interest, because of the expected syn-
ergetic effect between the components leading to an
improvement of their catalytic performance in the hy-
drocarbon oxidation due to formation of such nano-
sized metal/metal oxide supported particles.

The main factors for the preparation of high disper-
sity and stable active phase are the method and the con-
ditions for precursor deposition, calcination, reduction,
support pre-treatment, etc. The impregnation is a clas-

sical preparation method, but it has unused possibilities
to prepare active phases in nanosized region. Because
of its simplicity and accessibility the method is not in
largely substituted by new techniques — like laser abla-
tion, “ion assisted” preparation (sol/gel techniques, sol
precursors, zeolite encaged metal particles, etc.).

The aim of the present study was to investigate the
influence of support characteristics and thermal treat-
ment on the active phase dispersity and its stability, in
order to obtain different catalytic properties of support-
ed active phase.

EXPERIMENTAL

Sample Preparation. Four different supports were
used — TiO, (anatase, BDH Chemical Ltd., England),
v-Al,O; (type 20-1/83P, G-3, Poland), activated carbon
(NORIT PKDA, The Netherlands) and diatomite.
The used diatomite support is a natural substance
(Barosevac, the “Kolubara” Coal Basin — field B, Laz-
arevac, Serbia). The crude diatomite has relatively high
humidity level and is preliminary ground, chemically
(with an aqueous solution of HCI) and thermally (at
1073 K) treated in order to obtain an activated support
before catalyst synthesis. The chemical composition
(wt. %) of the diatomite after activation is: 93.07%
Si0,, 3.87% Al,05, 0.56% Fe,0;, 0.59% Ca0, 0.80%
M¢gO, 0.05% Na,0, 0.56% K,O.

The fraction of supports with particle size 0.63-0.8 mm
is used. The catalysts were prepared by incipient wet-
ness impregnation of the supports with aqueous solu-
tions of Fe(NO;y); - 9H,0 and Pd(NO3), - 2H,O or
(NH,),PtCL, - H,O, respectively. The samples were
dried at 343 K in vacuum, heated in vacuum for 3 hours
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Table 1. Physical characteristics of supports
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Parameters TiO, Diatomite v-AlL,O4 AC
SpET> M7/ 11.9 16.8 303.9 923.4
V> cm/g 0.054 0.102 0.618 0.750
Viier cm/g 0.004 0.006 - 0.400
dy, nm UD 2-4 (33.6%) 3-6 (69.5%) <3 (47.0%)

4-6 (14.2%) 6-10 (21.4%) 36 (34.8%)

Notes: AC — activated carbon, d;, — predominant pore size, UD — uniform distribution.

at 493 K (as prepared samples) and calcined in air for 3
hours at 713 K (thermally treated samples). The metal
loading was 8 wt. % Fe and 0.7 wt. % noble metal.

Support characterization. The total pore volume of
all samples, were determined by nitrogen adsorp-
tion/desorption isotherms at 77 K using the Sorptomat-
ic 1990 apparatus (ThermoQuest, CE Instruments).
The specific surface area of samples sgpt, was calculat-
ed according to Brunauer—-Emmett-Teller method from
the linear part of the nitrogen isotherms [9]. The pore
size distribution for mesopores was calculated accord-
ing to Barett-Joyned-Halenda (BJH) method [10, 11]
from desorption branch of the isotherm. The micropore
volume was calculated using Dubinin—Radushkevich
equation [12].

Active phase composition. The chemical composi-
tion of the prepared systems was analyzed by atomic
emission spectrometer (AES) with ICP, model 3410
(ARL, USA). The as prepared and calcinated samples
were studied before and after catalytic tests by Moess-
bauer spectroscopy (MS), X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS).

MS measurements were carried out on Wissen-
schaftliche Elektronic GmbH instrument, operating in a
constant acceleration mode (°’Co/Cr source, a-Fe stan-
dard). The following parameters of hyperfine interac-
tions of spectral components were determined by com-
puter fitting: isomer shift (IS), quadrupole splitting
(QS), effective hyperfine magnetic field (Hy), line
widths (FWHM) and component relative weights (G).

XRD patterns were obtained on TUR M62 appara-
tus, HZG-4 goniometer with Bregg-Brentano geome-
try, CoK,, radiation and Fe filter. JCPDF data base was
used for the phase identification [13].

XPS study was performed on ESCALAB-MKII
spectrometer (VG Scientific), by unmonochromatized
MgK,, radiation (1253.6 eV). The total instrumental
resolution was 1.5 eV (measured from the Ag5ds, line
width). The energy scale was calibrated by the Cls line
(285 V).

Catalytic activity. The catalytic activity in total ben-
zene oxidation was studied in a flow type glass reactor at
atmospheric pressure in the temperature range 373-773 K.
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Reaction mixture of C¢Hg, N, and air (2.88-3.57 mol/h
C¢He) at a total flow rate of 7.2 1/h (120 ml/min) was
used. Catalyst loading was about 140 mg. The reaction
products were analyzed by a gas chromatograph Varian
Model 3700 equipped with TCD (Tjamen =353 K, T'=
=333 K) and FID (T = 453 K) and 2 m Porapak Q
(0.150-0.180 mm, Riedel-de Haén AG D-3016 Seelze 1)
column operating at 443 K. Nitrogen (30 ml/min) was
used as carrier gas, whereas benzene (Merck, for spec-
troscopy) was used for oxidation and calibration.

RESULTS AND DISCUSSION

The calculated values about sggr, the total pore vol-
ume and the amount of predominant pore diameters for
the used supports are presented in Table 1. Presented
data shows differences between used supports. TiO,
has smallest specific surface area, as well as smallest
total pore volume of all tested supports. Compared to
Ti0O,, diatomite has similar specific surface area, but
the total pore volume and the pore size distribution are
significantly different. It is obvious that these differ-
ences are due to the existence of meso- and macropores
in the diatomite. y-Al,O; is a typical mesoporous mate-
rial. Up to 90% of total pore volume is in the mesopo-
rous region and 80% of all pores have diameter in the
range 3—-10 nm. Activated carbon possess total pore
volume comparable to y-Al,0Os. All the three pore types
(micro-, meso- and macropores) are present.

The metal loading obtained by AES was in the range
of 5.5-6.5% for the iron and 0.65-0.7% for the noble
metal (palladium or platinum) in the studied catalysts.

The XRD patterns of all as prepared and calcined
alumina- and titania-supported samples showed the
characteristic pattern of the carrier only. The supported
metal-oxide phase was X-ray amorphous, because of
the small crystallite size. There was a difference in the
XRD patterns of the samples supported on diatomite
and activated carbon only. The samples, which are ther-
mally treated (Figs. 1b and 2c), exposed the patterns of
the support (for comparison see Fig. la and 2a) and
broadened lines of low intensity, belonging to a highly
dispersed iron oxide phase. This is a hematite phase
(PDF#72-0469) in the case of diatomite supported sam-
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Fig. 1. XRD patterns of diatomite support (a) and 8% Fe/di-
atomite (b) after calcination at 713 K.

ples (Fig. 1b) or hematite (PDF#72-0469) and magne-
tite (PDF#82-1533) on the activated carbon supported
ones (Fig. 2¢). According to the Scherrer equation [14]
the average crystallite size of hematite was calculated
about 12 nm in the diatomite supported samples (Fig. 1b).
In the samples supported on activated carbon (Fig. 2c)
the particle size of a-Fe,0; and Fe;O, were about 12
and 14 nm, respectively.

There were no reflexes of any phases, characteristic
for the respective noble metal in the XRD patterns.

The obtained Moessbauer spectra of the samples at
various stages of preparation, thermal pre-treatment
and after the catalytic test show the presence of ul-
tradisperse iron oxide phase and its evolution in the
course of treatment. The spectra include superposition
of doublet lines or doublet and sextet part [15-18].

The experimentally obtained spectra of all as prepared
samples (i.e. heated in vacuum for 3 hours at 493 K) have
an optimal fit with two quadrupole doublets (Dbl.), re-
gardless of the used support. The determined hyperfine
parameters of two sets of doublet lines can be assigned to
ultradisperse hematite-like o-Fe,O; particles (D < 10 nm)
with superparamagnetic (SPM) behaviour [1, 2, 19].
It is known that when the magnetic anisotropy barrier
(KV), where K is anisotropy constant and V is the parti-
cle volume, is smaller or comparable to the average
thermal energy (Ey,) of the particles (KV < E), the
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Fig. 2. XRD of activated carbon (a), 8% Fe/activated car-
bon (b) after heating in vacuum at 493 K (as prepared sam-
ple) and 8% Fe/active carbon after calcination at 713 K (c).

magnetic moment flips rapidly so that the effective mo-
ment during the time of measurement becomes zero.
This causes the collapse of a six-line pattern to a super-
paramagnetic doublet. In this case core-shell model
[19-21] can be applied to explain the presence of two
components in quadrupole doublet. They belong to iron
ions from the “core” and the interface (‘“shell layers”)
of nanoparticles. The doublet with IS = 0.33-0.34 mm/s
and lower QS = 0.61-0.75 mm/s belongs to iron ions
from the “core” of the particles. The doublet with IS =
= 0.34-0.35 mm/s and larger QS = 1.01-1.29 mm/s can
be assigned to interface (from the “shell” layers) ferric
ions. The lower symmetry in the environment of “sur-
face” iron ions results in a change in the electric field
gradient and therefore in a shift of the QS value.
The obtained ratio of the relative weights of these two
quadrupole doublets, corresponding to the “inner” and
“outer” iron ions, is about 1 : 1 (50%/50%). Therefore,
according to the used model, the hematite-like particle
size is below 3—4 nm [21].

The ultradisperse iron oxide phase, supported on dif-
ferent carriers, shows different stability in the course of
thermal treatment and catalytic test. The 3—4 nm particle
Ne 9
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size of hematite-like phase, supported on the y-Al,O;,
does not change (see Table 2) [15]. The appearance of
a sextet component (Sxt.) in the spectra of thermally
treated samples, supported on TiO,, activated carbon
and diatomite shows partial agglomeration of iron ox-
ide particles (Table 2) [16—-18]. The calculated hyper-
fine parameters of this sextet part of the spectrum of the
TiO, and diatomite supported samples belong to o-
Fe,O; phase (IS = 0.35 mm/s, QS =—-0.10 mm/s, H.4 =
=498-507 kOe). However, the sextet part of Moess-
bauer spectra of activated carbon supported samples in-
cludes a number of components. One of the sextuplets has
hyperfine parameters (/S = 0.36 mm/s, QS = -0.10 mm/s,
H . = 482 kOe), which are characteristic for the pres-
ence of a-Fe,O5 phase. The other two sextuplets (IS, =
=0.26 mm/s, 0S, = 0, H.4 = 466 kOe and IS, =
=0.64 mmy/s, 0S, =0, H 4, =435 kOe) belong to Fe;0,
phase. Reduction of the hyperfine effective magnetic
field values of all sextet components in comparison to
the bulk ones is observed [14, 22]. It can be understood
in terms of collective magnetic excitations, where the
thermal energy is comparable with the total magnetic
anisotropy energy of the particle. The thermal energy is
not enough to flip the magnetic moments around the
easy axis and hence does not lead to superparamag-
netism but causes the moments to oscillate around the
easy axis, giving rise to a reduced hyperfine effective
magnetic field [23, 24].

Therefore, different agglomeration degree of the ac-
tive phase was obtained as a result of the thermal treat-
ment. The ultradisperse size of supported phase (about
3—4 nm) was preserved in alumina supported samples.
The process of partial agglomeration resulted in nearly bid-
isperse (ultra- and highdisperse) active phase in the case of
TiO, and diatomite supported samples. The evidences of
this are the relatively narrow lines of spectral components
(low values of FWHM - about 0.35-0.45 mmy/s). Along
with the particles of D = 3—4 nm, particles with size
about 10-20 nm exist, too. On the contrary, the activat-
ed carbon supported samples show poly-disperse parti-
cle size distribution of the active phase in thermally
treated samples.

The crystallite size in the iron oxide phase decreases
in the order: Fe sample > Fe—Pt sample > Fe—Pd sample
for all studied supports. The agglomeration degree in
the samples decreases in the same order. This mode of
distribution could be explained with the presence of he-
matite-like ultradisperse particles in the pores and on
the external surface. The latter part could agglomerate
with the increase of temperature. The iron oxide parti-
cles in Fe and Fe—Pt samples are both in the pores and
on the external surface of the support, whereas in Fe—
Pd samples they are predominantly in the pores. Anoth-
er reason for the different ratio between ultradisperse
and highdisperse particles in the samples can be the
presence of the noble metal (Pd or Pt) and/or the nature
of the used noble metal precursors [25].

Ne 9
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Table 2. Size distribution of iron oxide particles in thermally
treated samples (i.e. after agglomeration) according to Moess-
bauer data

Sample Components D, nm G, %
¥-ALO;

Fe I 34 100

Fe-Pd I 34 100

Fe—Pt I 34 100

TiO,

Fe I 34 72
I 10-20 18

Fe-Pd I 34 90
I 10-20 10

Fe—Pt [ 34 80
I 10-20 20

Diatomite

Fe I 34 49
I 10-20 51

Fe—Pd I 34 94
I 10-20 6

Fe-Pt I 34 52
I 10-20 48
Activated carbon

Fe I 34 34
I 3-6 12
v 6-10 17
I 10-20 7
\Y 10-20 30

Fe-Pd | 34 85
\Y 10-20 15

Fe-Pt I 34 76
\Y 10-20 24

Notes: D — particle size; [ - Dbl. — hematite-like, II - Sxt. = a-Fe, 03,
III - Dbl. — magnetite-like, IV — Sxt. — Fe-O, V — Sxt. = Fe;04.

The mean effective particle size was calculated
from the detailed XPS spectra, according to the Kir-
choff-Moulijne model [26, 27]. The size of iron oxide
particles was about 3-9 nm. From the detailed XPS
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spectra the size of noble metal particles was calculate,
too: for platinum it was about 1.2-1.8 nm and about
0.7-1.4 nm for palladium. In the course of thermal
treatment and the catalytic test, the initial high disper-
sity of the samples slightly decreased in the case of
Ti0,, activated carbon and diatomite support, but it was
not significantly changed in the case of Al,O; support
[28, 29].

The results about particle sizes of iron oxide, ob-
tained by the above mentioned methods, are in very
good conformity.

Most of the samples were tested as catalysts in the
process of complete oxidation of benzene [15, 17, 30].
Low catalytic activity was observed for the catalysts
containing iron oxide only. The calcination at 713 K of
these samples had slightly negative influence on their
catalytic performance. To evaluate the effect of nano-
sized iron oxide on the oxidation process several sam-
ples were prepared by mixing of Fe,O; and respective
support. The general trend was that the catalysts con-
taining nanosized particles worked at lower reaction
temperature — about 50 degrees. Therefore, the higher
activity was probably due to the higher dispersion of
the active phase.

During the catalytic test, the two-component sam-
ples exhibited the so called “ignition of the reaction”
behaviour that was realized in the temperature interval
500-630 K. Most of systems showed nearly 100% ben-
zene conversion in the temperature interval 530-570 K.
In general, the procedure of thermal pretreatment had
not significant influence on the catalyst activity.
The obtained results allow us to suppose that the cata-
lytic activity in this case is due to the noble metal,
mainly. However, both components have stabilizing ef-
fect on each other as far as the particle size is con-
cerned.

CONCLUSIONS

Supported catalysts containing nanosized iron oxide
particles and noble metal Pt or Pd particles were syn-
thesized by wetness impregnation. No data have been
obtained for appearance of mixed phases between the
active phase and the support. However, influence of the
chemical composition and dispersity of the used sup-
port on the catalytic behaviour of synthesized active
phase has been observed, which results in different ag-
glomeration degree of the supported iron oxide phase.
Alumina-supported ultradisperse hematite-like parti-
cles do not change their size during thermal treatment.
An agglomeration process occurs in the iron oxide
phase on titania, diatomite and activated carbon giving
rise to bi- or poly-disperse distribution of the particles
size. The noble metal dispersion is not significantly
changed after thermal treatment.

Catalytic tests for total benzene oxidation with one-
component (iron oxide) samples containing supported
nanosized active phase and the respective mechanical
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mixtures of an active phase and a support reveal a pos-
itive effect of the high dispersity. A comparison of one-
and two-component samples shows that the catalytic
activity is due to the noble metals, mainly. Since the
thermal pretreatment had no significant influence on
the catalyst activity, a mutual stabilizing effect on the
dispersion of the nanosized iron(Ill) oxide and the no-
ble metal was supposed.
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Abstract — Artificial neural network (ANN) data analysis method was used to recognize and classify soils of
unknown geographic origin. A total of 103 soil samples were differentiated into classes, according to regions
in Serbia and Montenegro from which they were collected. Their radionuclide (320Ra, 238U, 235U, 40K, 134Cs,
137Cs, 232Th and "Be) activities detected by gamma-ray spectrometry were then used as the inputs in ANN. Five
different training algorithms with different numbers of samples in training sets were tested and compared, in
order to find the one with the minimum root mean square error (RMSE). The best predictive power for the clas-
sification of soils from fifteen regions was achieved using a network with seven hidden layer nodes and 2500
training epochs, using the online back-propagation randomized training algorithm. With the optimized ANN,
most soil samples not included in the ANN training data set were correctly classified at an average rate of 92%.

A number of analytical techniques and methods
may be used in the classification of soil samples of dif-
ferent taxonomy and/or geographic origin [1]. In the
last few years, concentration profiles of chemical sub-
stances in conjunction with pattern recognition meth-
ods have been widely employed to classify soils [2-7].

The use of artificial neural networks (ANNSs) for
pattern recognition has attracted considerable attention
recently. ANN classifiers have some important advan-
tages over other statistical methods. Whereas statistical
classification techniques typically require prior infor-
mation about the pattern distribution, neural network
classifiers work well without any knowledge of the dis-
tribution [8-10]. ANNs have the ability to adapt auto-
matically to new data using non-rigid assumptions
about the underlying data distribution and build models
without knowing the actual modeling function [11].
Unlike traditional statistical procedures, ANNs adjust
themselves to available data and do not require any
specification of the functional or distributional form of
the population. Even though the topologies and algo-
rithms of ANN may vary, they work as follows: pattern
statistics are achieved from a set of training samples
and then new patterns are classified on the basis of
these statistics. ANNs are now widely used in soil sci-
ence for the prediction of soil attributes and the proba-
bility of soil classes from environmental data, as well as
for the classification of soils from different geographi-
cal regions [2-6]. In gamma-ray spectrometry ANNs
have been used to identify radioactive isotopes auto-
matically from their spectra, employing pattern recog-
nition of the entire spectrum instead of analyzing indi-
vidual peaks [12, 13], for optimization of experimental
conditions [14], and for the quantitative spectrometry
analysis [15, 16].

In this study ANNs were employed to classify soil
samples based on their radionuclide contents deter-
mined by gamma-ray spectrometry. A predominant
part of the radioactivity in soil is derived from the de-
cay of the primordial radionuclides, 2*¥U, #32Th and
40K. Significant amounts of '*’Cs are also present in soil
as a result of nuclear weapon tests and nuclear acci-
dents. There are a few studies on employing the neural
network approach to describe the correlation between
locations and contamination [17]. The feasibility of us-
ing artificial neural networks as a method to predict soil
origin based on its radionuclide content was examined
here.

EXPERIMENTAL

Samples. Soil samples (n = 103) were collected
from fifteen geographical regions of Serbia and Mon-
tenegro: 1 — Slatina (n = 7), 2 — Beljanica (n = 6), 3 -
Zeljevica (n = 6), 4 — Kopaonik (n = 10), 5 — Avala
(n = 6), 6 — Devojacki Bunar (n = 8), 7 — Bukulja (n =8),
8 — Kosmaj (n =7), 9 — Stara Planina (n = 5), 10 — Sur-
dulica (n =5), 11 — Bogicevica (n = 6), 12 — Durmitor
(n =8), 13 — Kosovska Kamenica (n = 7), 14 — Kukav-
ica (n=5) and 15 — Loznica (n = 9).

Measuring setup. After grinding and drying, the soil
samples were placed in 1L Marinelli beakers. The bea-
kers were closed and sealed and the samples measured
4 weeks later, when an equilibrium between 2*Ra and
238U was reached. Measurements were performed using
an HPGe gamma-ray spectrometer [ORTEC-AMETEK
model GEM 25 (34% relative efficiency and 1.65 keV
FWHM for “Co at 1.33 MeV, 8192 channels)].
All samples were measured for 17 hours. The spectra
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Table 1. Descriptive statistics of radionuclide activities (Bg/kg) in soil samples

Variable Mean SD Min Max Medn. Skwn Krts
226Ra 30.8 9.14 13.6 54.9 29.9 0.42 -0.45
B¥y 29.7 9.42 14.6 534 30.2 0.44 -0.33
35y 1.37 0.46 0.51 2.61 1.38 0.53 0.22

40K 567 164 271 919 593 -0.17 -0.73
232Th 40.7 13.5 18.3 83.4 39.7 1.20 2.18
134Cs 0.09 0.07 0.02 0.26 0.05 0.91 -0.56
137Cs 48.3 26.2 5.25 112 42.9 0.44 -0.39

"Be 1.79 1.05 0.54 3.94 1.50 0.66 -0.91

Notes: SD — standard deviation, Min — minimum value, Max — maximum value, Medn. — median, Skwn — skewness, Krts — kurtosis.

obtained were processed using Gamma Vision 32 soft-
ware, Version 5.3 (ORTEC, Oak Ridge, USA).

Artificial neural networks. The architecture of ANN
models used in this study is a fully connected feed-for-
ward system, in which the signals propagate from the
input layer through the hidden layer to the output layer.
A node thus receives signals via connections or weights
from other nodes (or from the external world for the
nodes of the input layer). The net input for a node j is

given by
net; = Zwﬂ- 0;,
i

where i represents the nodes in a previous layer, w;; is
the weight associated with the connection from node i
to node j, and o; is the output of node i. The output of a
node is determined by a nonlinear transfer function and
the net input of the node. A sigmoidal function is used
as the transfer (activation) function in this application

)

where 0 is a bias term or threshold value of the node j
responsible for accommodating nonzero offsets in the
data [18].

One pass through the set of training patterns along
with the updating of weights is called the cycle or ep-
och. In the testing phase, the trained neural network is
fed by a separate set of data. In this phase, the neural
network predictions (using the trained weights) are
compared with the target output values. The neural net-
work will produce almost instantaneous results of the
outputs for practical inputs provided. Once the training
and testing phases are found successful, the neural net-
work can be put to use in practical applications.
The root mean square error (RMSE) was used to estimate
the success of the training process. It is computed as

ey

0;= finet)) = 1/{1 + exp[—(net; + 8))]},

172

RMSE = {2(4 - oi)/n} /x,

i=1

3)
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where d; is the desired output (experimental values) in
the training or testing set, o; is the actual output (ANN
predicted values) in the training or testing set, n is the
number of data in the training or testing set, and x is the
average value of the desired output in the training or
testing set.

Five different training algorithms were tested and
compared: online backpropagation (OBP), online back-
propagation randomized (OBPR), batch backpropaga-
tion (BBP), resilient propagation (RP), and quick prop-
agation (QP) [19]. The idea of the back-propagation al-
gorithms is to propagate the error back through the
network and to adjust the weights of each layer as it
propagates. OBP updates the weights after each pattern
is presented to the network. In the OBPR algorithm, the
order of input patterns is randomized prior to each ep-
och, which makes the learning process stochastic.
In the BBP algorithm, weight updates occur after each
epoch. RP is an adaptive learning rate method where
weight updates are based only on the sign of the local
gradients, not on their magnitude. Each weight has its
own updated value, which varies with time. QP is a
training method with a fixed learning rate that needs to
be chosen to suit the problem.

RESULTS AND DISCUSSION

Basic statistics. Table 1 shows the activities (Bq/kg)
of radionuclides in the analyzed soil samples. In gener-
al, radionuclide activities in these soils varied by a fac-
tor of up to 3-5 for 2*Ra, 2*¥U, 23U, 4K and ***Th, 7
for "Be, 13 for '3*Cs, and 21 for 1*’Cs. The standard de-
viation was the greatest for “°K and the smallest for
134Cs. The arithmetic mean and the standard deviation
of the activities for all samples and locations were used
to describe the central tendency and variation of the da-
ta (Table 1). The distribution parameters (skewness and
kurtosis) indicated normal (Gaussian) distribution.

ANN architecture. The classifier used was a three-
layer network architectured by an input layer consisting
of the radionuclide activities in the soil samples, a hid-
den layer, and an output layer composed of regions the
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Table 2. RMSE of test set predictions as a function of the
training algorithm and the number of objects in training/test-
ing set (N)

N RMSE
OBP | OBPR | BBP RP QP
85/18 | 0.116 | 0.108 | 0.123 0.159 | 0.135
75/28 | 0.092 | 0.087 | 0.096 | 0.125 | 0.102
65/38 | 0.102 | 0.102 | 0.106 | 0.138 | 0.118
55/48 | 0.119 | 0.115 0.118 0.143 | 0.137
45/58 | 0.125 | 0.121 0.126 | 0.152 | 0.147
35/68 | 0.143 | 0.135 0.141 0.172 | 0.159
25/78 | 0.144 | 0.141 0.152 0.181 0.186

samples were collected from. The strategy used for the
classification of soils was the so-called one-of-many
encoding [20]. The output of the network was a multi-
dimensional vector and each vectorial dimension class
was assigned to a class. In the network training file, the
class membership of a single item of data was coded in
a numerical format assigning 1 to the belonging class
and O to all the others. In the network testing file, the
membership of an input data set was assigned to the
class with the greatest network output.

Random selection within each region was applied as
the division method for the selection of objects (train-
ing set) used for building the model. The advantage of
this method is its simplicity and the property that a
group of data randomly taken from a larger set retains
the population distribution of the entire set [21].
The 103 objects were divided into the training and test

0.22

R
RN/ o oget o I
SR LK 7

R i

Sy
"ff"&%‘av

0.14

20

Fig. 1. The influence of number of epochs (n,) and number
of hidden layer nodes (n;) on RMSE.
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sets in seven different ways: 85 vs. 18, 75 vs. 28, 65 vs.
38, 55 vs. 48, 45 vs. 58, 35 vs. 68 and 25 vs. 78, respec-
tively. The “leave-10%-out” method was applied for
cross-validation. With this method, 10% of the data in
the training set are not used to update the weights.
Therefore, this 10% can be used as an indication of
whether or not memorization is taking place. When an
ANN memorizes the training data, it may produce ac-
ceptable results for the training data, but poor results
when tested on unseen data.

Selection of the training algorithm. The RMSE for
the prediction on the test set applying five training al-
gorithms to different training sets are presented in Ta-
ble 2. It can be seen that the OBPR training algorithm
gave the lowest RMSE. Another trend also evident is an
increase in RMSE with decrease in the number of ob-
jects in the training set. This is understandable, since
the modeling area is more evenly covered when more
data are used in the training set. On the other hand, the
best model was not obtained with the largest training
set (85 vs. 18) but with the next largest division, i.e.
75 vs. 28. When too many training data are presented to
the network, it tends to learn the specific data set better
than the general problem.

The differences in RMSE values within a train-
ing/testing set of fixed size cannot distinguish between
the specific training algorithms in a significant manner.
The greatest difference reached a factor of 1.5 (case
85/18; the best RMSE = 0.1080, the worst RMSE =
=0.1586), while the most homogenous RMSE values
were obtained with the training set of 55 objects, where
the best and the worst RMSE did not differ by more
than 19%. This means that a thorough investigation for
the proper selection of the training set size should be
made as well as for the most suitable training algo-
rithm.

ANN model optimization. The ANN model using the
OBPR algorithm, which gave the lowest RMSE, was
further optimized with 75 objects in the training set.
Different combinations of the learning rate and mo-
mentum were used to find the best configuration for
model optimization, in order to allow the solution to es-
cape the local minima of the error function. For this
study, the learning rate and momentum were set to 0.1.
The number of epochs and number of nodes in the hid-
den layer were also optimized. Each topology was re-
peated five times to avoid random initialization of
weights. The obtained results are presented in Fig. 1.
Through the above process, it was found that the opti-
mum number of hidden layer nodes was 7, and the
number of learning epochs 2500.

ANN optimized in this study is schematically repre-
sented in Fig. 2. The input layer consists of eight nodes
representing the radionuclide activities. The output lay-
er consists of fifteen nodes representing the regions the
samples were collected from. In addition, there is also
a bias (neuron activation threshold) connected to the
Ne 9
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Input layer Hidden layer Output layer
226R a 1
2
238y 3
4
235y 5
6
40K 7
% 8
232 9
10
134Cg 1
12
137CS 13
14
"Be s
Bias Bias

Fig. 2. Schematic representation of a three-layer feed-forward neural network used in this study, samples /—15 — see Experimental.

nodes in hidden and output layers (but not in the input  to test the reliability of the trained algorithm. This pro-
layer) via modifiable weighted connections. cess was repeated 10 times using different sets of ran-

ANN model validation. After the learning process,a domly chosen objects. The overall performance of the
dataset not used in the training process was employed  predictive classifier based on ANNs can be appreciated

Table 3. Classification matrix obtained by online back-propagation randomized network. The values are averaged for differ-
ent training/testing set combinations (non-zero values are in bold)

Actual Output of classifier, %
classes| 2 3 4 5 6 7 8 9 0|11 ] 2] 3] 14]1s
1] 92 0 6 2 0 0 0 0 0 0 0 0 0 0 0
2 0 | 87 0 0 0 0 0 0 | 10 0 0 0 0 1 2
3 0 1| 9 0 0 0 0 0 0 0 0 0 0 0 5
4 0 0 0 | 90 0 0 4 6 0 0 0 0 0 0 0
5 0 8 0 0| 92 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 | 90 0 0 0 6 3 0 0 0 1
7 4 0 0 0 0 0 | 9 0 0 0 0 0 0 0 0
8 0| o 0 8 0 0 0| 92 0 0 0 0 0 0 0
9 0 0 0 0 8 1 0 0 | 88 0 0 0 0 3 0
10 2 0 0 0 0 0 0 0 0 | 94 0 4 0 0 0
1 0| 4 0 0 0 0 0 0 0 0 | 9 0 0 0 0
12 0 0 0 0 0 0 0 2 0 0 1| 90 7 0 0
13 0 0 0 0 0 0 0 0 0 0 0 6 | 93 0 1
14 2 0 0 0 0 0 0 0 2 0 0 0 0 | 9 0
15 0 0 0 0 0 9 0 0 0 0 0 0 0 0 | 91
KYPHAJI ®UBNYECKOU XUMUU  Ttom 81 Ne 9 2007
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in detail by the classification matrix, in which the class-
es predicted by the ANN classifier are compared to the
actual classes. An ideal classifier will produce a classi-
fication matrix in which all diagonal elements are
100%, while all off-diagonal elements are 0%. The ma-
trix in Table 3 is not ideal, but the origin of most soil
samples was correctly classified. Namely, the average
classification rate, defined as the ratio of the number of
correctly identified patterns to that of all test patterns
(the average of diagonal elements in the classification
matrix) was 92.1 = 5.23%. This value represents the av-
erage classification rate for different training/testing set
combinations as shown in Table 2. It was shown that
the performance of ANNs outperformed principal com-
ponent analysis (PCA) for the same dataset. This meth-
od produced 86.4% of correctly classified soil samples
(unpublished data).

The ANN method have shown many adventages
over traditional method for the analysis of gamma-ray
spectra. Compared with usual automatic spectra analy-
sis methods, ANNs use full-parallel computing, are
simple to implement and contain nonlinearities [22].
This approach appears to be useful when a fast response
is required with reasonable accuracy. The resistance to
noise is certainly one of the most powerful characteris-
tics of this type of analysis. In hazardous environments
automated pattern recognition systems (such as neural
network) have a distinct adventage over traditional
sampling and laboratory analysis methods since an en-
vironment can be monitored without risk to human op-
erators.

CONCLUSION

The correct classification performance of over 90%
in this study, for different training/testing set ratios, in-
dicates that gamma-ray spectrometry with back-propa-
gation ANN is a viable tool for soil classification. Some
soil samples were incorrectly assigned to one or two
wrong classes that were not always geographic neigh-
bours. This misidentification of the soil origin indicates
that other soil characteristics also influence the pattern
of activities of the eight commonly detected radionu-
clides.
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Abstract — Features of the polycyclic aromatic hydrocarbon (PAH) assemblage in the aerosol samples collect-
ed from the atmosphere of Herceg Novi during winter months of two successive years were studied. The results
showed almost the same concentration profiles of identified PAHs for samples from the two periods analyzed,
generally suggesting similar origin. Diagnostic ratios indicated combustion of wood and coal, emissions from
petrol and diesel engines and dust resuspension as sources that predominantly contributed to the atmospheric

PAH concentrations.

Statistical analysis, principal component analysis (PCA) in particular, allowed us to identify the impact of me-

teorological parameters on PAH abundance.

PAH are compounds formed mainly by anthropo-
genic processes, especially the combustion of organic
fuels with high concentrations corresponding to urban
and industrial areas. They are however ubiquitous con-
taminants of the environment also detected in rural [1],
as well as in remote [2] or even marine regions [3] be-
cause of their relatively high persistence in the environ-
ment and their ability to be transported over long dis-
tances. PAHs occur in both gaseous phase and ad-
sorbed to particles in the atmosphere, depending on the
volatility of the species. Particulate PAH were consid-
ered to be the more abundant and hazardous to human
health [4, 5]. Their occurrence in ambient air has
caused specific concern due to the continuous nature of
exposure and the size of population at risk, especially
in urban, suburban and industrial areas.

In order to assess the significance of PAHs in ambi-
ent air it is necessary to evaluate the physical and chem-
ical characteristics of airborne PAH as well as to iden-
tify the major emission sources. The contribution of
any PAH source to the atmosphere will depend on a
number of factors including the emission rate of the
source, its geographical location and the local climatic
conditions [6].

The results presented in this paper are a part of our
integrated study on chemical characterization of the
Mediterranean aerosol in the South Adriatic region [7]
for which, to our best knowledge, no data are available
in literature. The results are based on investigation of
the organic part of aerosol, with a focus on PAHs in or-
der to determine the origin and contribution of their
dominant sources in the Herceg Novi environment
(Adriatic coast of Montenegro) during the winter
months of two successive years. The data resulting
Ne 9
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from the study of summertime PAH assembly are re-
ported elsewhere [8].

In a suburban environment, such as the area investi-
gated, the PAH features affected by the local sources
(traffic, fossil fuel and biomass combustion in power
plants, wood-stoves and fireplaces for home heating,
unregulated burning of tyre, waste, wood, etc.) may be
greatly modified by the meteorological conditions.
We therefore also asses the influence of meteorological
parameters on the abundance and distribution of specif-
ic particle-bound PAHs.

STUDY REGION

The sampling site, located in the eastern suburb of
Herceg Novi (HN), is included in a network of stations
of the World Meteorological Organization program for
monitoring and investigating air pollution in the Medi-
terranean (MED POL). It is of special importance eco-
chemically, since it represents a point of overlapping of
the effects of urban, marine, and local pollution with
the effects of pollution transfer from greater distances.

The town HN (18°33' N, 42°27' E) is situated in the
south-west Montenegro at the entrance of Boka Kotor-
ska, the largest gulf in the Adriatic Sea (Fig. 1). More
detail on the geographical location is given in [8].

A high number of sunny hours (about 2400-2500
annually) in the HN region results in relatively high av-
erage annual air temperatures, not below 14°C for the
whole region. In January, the temperatures show mild
maritime characteristics (averaging 8.6°C in Herceg
Novi) but they fall rapidly at the steep mountainsides.
In higher zones they fluctuate around 0°C. The annual
mean precipitation in HN is 1974 mm and average hu-
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Fig. 1. Location of sampling site.

midity about 70%. According to Magas [9], southerly
winds (S, SE, SW) are prevalent in this region with fre-
quency of about 51%. The westerly winds participate
with 15% and easterly with 14%. The less frequent
northerly winds (N) and north-western winds (NW),
with 11 and 4% respectively, are most present in winter.

The whole region is semi-functional, with extensive
tourism and free from any industrial activities.
The main traffic pathways are the Bar railway, Adriatic
highway, with significant transit traffic, whereas the
main terminals are the Bar seaport and the Tivat airport.

EXPERIMENTAL

Sampling methodology and extraction. A total of 30
aerosol samples were analysed for the purpose of our
investigation. Fifteen samples were taken during the
winter months (January-March) of 1998, and the other
fifteen during the same period of 1999. The sampling
equipment was placed on the rooftop of the Meteoro-
logical station building at about 5 m above ground, less
than 15 m from the coast, and about 100 m away from
the nearest traffic thoroughfare. Aerosol particulate
matter was collected on quartz fiber filters (20 X 25 cm,
Schleicher & Schuell type G6) using a high-volume
sampler AQUERO model 400XT. The system was op-
erated at a flow rate of 50 m® h™' over a 24 h period,
yielding sampled air volumes ranging from 1190 to
1295 m?. The sampling frequency was 1-in-6 days. Me-
teorological parameters: temperature (7), relative hu-
midity (RH), wind direction (WD) and wind velocity
(WV) were measured at the sampling site during the
collection.

Total content of suspended particles (TSP) was
quantified gravimetricaly with a sensitivity of 0.01 mg.
Quality control was assured by measurements of three
blank filters, which were kept together with the sam-
ples in the desiccator, at a temperature of 20 + 1°C.

KYPHAII ®UBUUYECKOW XUMUU
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The organic part was extracted from the filter mate-
rial by dichloromethane in an ultrasonic bath. The ex-
tracts were dried over anhydrous sodium sulphate
(Na,S0,), filtered and concentrated to a volume of ap-
proximately 1ml using a rotary evaporator. The total
organic extracts (TOE) were transferred to a pre-
weighted 5 ml conical vial and the solvent evaporated
under a stream of nitrogen gas. The extracts were quan-
tified gravimetrically and analysed using a standard
GC-MS system.

Instrumental analysis. The operating GC-MS con-
ditions and analytical procedure are described else-
where [8]. PAHs that were difficult to separate by gas
chromatography and were of identical quality, were
presented as the total amount of the isomers, and one of
the isomers was used as a standard because of their
identical responses to the flame ionization detector
[10, 11]. Field blanks, filter blanks and solvent blanks
were also determined. PAHs were not detectable in ei-
ther.

RESULTS AND DISCUSSION

TSP and TOE. Contents of the TSP and TOE in the
aerosol samples and corresponding meteorological data
are listed in Table 1. Samples collected during rainy
days were not taken into account, for reasons of consis-
tency. The data show that the TSP and TOE contents
differ slightly between the samples from 1998 and
1999. The 24 h average concentrations of TSP in air did
not exceed the limit value of 120 pg m=, recommended by
the WHO (World Health Organisation) during the whole
period of investigation, and amounted to 48.2 + 16.9 and
54.6 £11.9 pg m for both years. The TOE content did
not exceed 15% of the total aerosol mass in the sam-
ples, and amounted to 9.4 + 1.8 and 8.9 £ 2.2% on av-
erage for 1998 and 1999, respectively. These values are
comparable to those reported in literature for winter-
time aerosol samples from some urban and semiurban
localities in the Mediterranean area, collected and anal-
ysed by a similar method [12, 13].

PAHs. The results of GS-MS analysis are summa-
rized in Fig. 2. The PAHs are listed according to their
elute order from gas-chromatographic column, i.e. to
the order of their MS identification. It is observable that
the relative concentration profiles of the PAHs detected
in the samples from both years are almost the same,
(confirmed statistically by the Student 7 test, p > 0.05)
indicating a similar type of PAH sources and dispersion
processes in the periods analysed.

The samples contain mostly PYR, FLT, BxF and
CHR with 67 and 71% of the total PAHs in 1998 and
1999, respectively. PYR and FLT, were consistently
the most prominent of all identified PAHs in all sam-
ples. Both compounds tend to dominate the PAH pro-
files. Thus, the differences in the mean PAHs concen-
tration (Fig. 2) mainly reflect their variations. Certain
authors [14, 15] explained the dominance of these
Ne 9
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Table 1. Contents of TSP and TSOE in aerosol samples and meteorological data

Winter 1998 (n = 13) Winter 1999 (n=11)
Parameter

Min—-Max Mean +SD Min-Max Mean +SD
TSP, ug m= 31.09-81.26 48.16 16.86 33.73-70.82 54.63 11.88
TOE, ug m 2.01-7.87 4.48 1.64 2.96-10.50 491 1.99
TOE, % 6.5-12.8 9.4 6.2-14.8 8.9 2.2
T, °C 5.9-13.2 10.2 2.0 3.1-12.7 8.1 2.6
RH, % 45.0-83.3 64.8 11.6 36.7-87.3 68.7 19.3
WV, ms™! 3.1-9.3 5.5 1.6 2.8-12.5 6.5 3.9

Notes: n — number of samples analysed, T — average daily temperature, RH — relative humidity, WV — maximum wind velocity; SD — stan-

dard deviations.

PAHs by their high rate of emission in ambient air and
their weak reactivity in the atmosphere. However, these
two dominant PAHs are toxicologically and ecochemi-
caly of minor importance [16].

With the aim to obtain indication of possible sources
of the PAH contamination, diagnostic ratios of the
characteristic PAHs were calculated. The values are
given in Table 2. Compared to literature data, the value
obtained for the diagnostic ratio FLT/(FLT + PYR) in
samples of the periods analysed indicates burning of
wood and resuspension of road dust as the sources of
PAHs. According to Manoli et al. [17], the ratio of
these PAHs from wood burning is in the range from

%

0.40 to 0.50, and for resuspended dust in the range from
0.42 to 0.52.

The average values of the INP/(INP + BGP) in our
samples are 0.56 and 0.52, which, according to litera-
ture data indicate coal burning as the source [18], as
well as dust resuspension {17], but also traffic, i.e. die-
sel-engine emissions [19].

Traffic as the source of PAHs in this period is also
confirmed by the diagnostic ratios BeP/(BeP + BaP)
(0.78 for both sample groups), BaA/(BaA + CHR)
(0.36 and 0.37) and BGP/BaP (2.96 and 2.50), which
are characteristic to emissions from petrol and diesel
engines, and road dust [19-21]. The ratio BxF/BGP

35
71998
30 1999
25 1 1 #SD
20 F
15 F
10F
St ]Ll - J] 2 ﬂ_l
0 1AL ,&wﬁrhrlj, Sl ] Al fb
PHE | PYR | CYP | CHR | BeP
FLT  BGF  BaA BxF BGP

Fig. 2. Average relative PAH composition in the TSP for winter samples of 1998 and 1999 Error bars correspond to standard devi-

ation.

PHE - phenanthrene + anthracene (determined cumulatively as unresolved by gas chromatographic analysis); FLT — fluoranthene;
PYR - pyrene; BGF — benzo[ghi]fluoranthene; CYP - cyclopenta[cd]pyrene; BaA — benz[a]anthracene; CHR — chrysene + triph-
enylene; BxF — benzo(j)fluoranthene + benzo(b)fluoranthene + benzo(k)fluoranthene; BeP - benzo(e)pyrene; BaP — ben-
zo(a)pyrene; INP — indeno[1,2,3-cd]pyrene; BGP — benzo[ghi]perylene.
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Table 2. Diagnostic ratios of characteristic PAHs identified

in HN aerosols

JOVANOVIC et al.

Dijagnostic Rations Winter 1998 Winter 1999
FLT/(FLT + PYR) 0.49 £0.02 0.48 £0.03
BeR/(BeP + BaP) 0.78 £0.04 0.78 £0.08
INP/(INP + BGP) 0.56 £ 0.04 0.52+0.04
BaA/(BaA + CHR) 0.36 £0.03 0.37£0.03
BGP/BaP 2.96 £0.31 2.50£0.48
BxF/BGP 2.69+0.47 2.72+042
BaP/BGP 0.34+£0.10 0.42+0.07

(2.68 and 2.78) in our samples corresponds to motor oil
burning [19].

Principal component analysis. A PCA with a Vari-
max rotation was applied to 12 identified PAHs, TSP,

Table 3. PCA results for HN winter aerosol

TOE and meteorological parameters mentioned earlier,
aimed at finding groups of PAHs with similar behavior,
and investigating the existence and magnitudes of ef-
fects of meteorological conditions on PAH patterns
during the periods analysed. The analysis was per-
formed using the SPSS 10.0 statistics package.

According to Kaiser criterion [22], four principal
components (PCs) were selected for the set data of
1998 and three PCs for the 1999 data. They account for
91.9 and 89.5% of the total percentage of variance in
the set data of 1998 and 1999, respectively (Table 3).

Results of the analysis for 1998. The first principal
component (PC1) accounts for 60.7% of the total vari-
ance and includes all the identified PAHs with high
loadings (>0.70). An exception is CYP, which is corre-
lated with moderate loading (0.65) and which appears
negatively correlated with the PC2 (—0.48) and posi-
tively correlated with PC3 (0.38). Finding all PAHs in
the same component, with highly significant mutual
correlation (except for CYP), indicates the effect of

Winter 1998 Winter 1999
Parameter

PC 1 PC2 PC3 PC4 PC1 PC2 PC3
TSP 0.16 0.92 -0.16 0.23 0.41 0.80 0.01
TOE 0.31 0.92 0.12 0.16 0.48 0.37 0.63
PHE 0.79 0.32 0.15 0.21 ‘ 0.85 0.14 0.45
FLT 0.89 0.03 0.04 -0.30 0.87 0.15 0.42
PYR 0.98 0.06 0.06 0.02 0.94 0.22 -0.13
BGF 0.91 -0.14 0.14 0.22 0.94 -0.15 0.13
CYP 0.65 —-0.48 0.38 -0.09 0.69 0.03 0.69
BaA 0.97 0.09 -0.03 -0.16 0.82 0.42 -0.07
CHR 0.96 -0.04 -0.20 0.00 0.85 0.32 0.38
BxF 0.95 0.04 -0.26 0.06 0.80 0.21 0.34
BeP 0.97 0.01 -0.19 -0.06 0.95 0.24 0.13
BaP 0.91 -0.08 0.11 0.23 0.86 0.06 0.44
INP 0.91 0.11 -0.10 -0.30 0.87 0.40 0.09
BGP 0.93 0.22 0.01 0.01 0.96 0.11 0.19
T -0.10 0.49 -0.04 0.82 -0.30 0.89 -0.10
RH 0.79 0.37 -0.01 0.33 0.20 0.90 -0.02
WV -0.56 0.62 0.32 -0.27 -0.41 -0.80 -0.05
WD 0.07 -0.02 -0.96 0.01 0.01 0.36 -0.84
Initial Eigenvalue 10.99 3.11 1.43 1.01 11.61 3.19 1.31
% of variance 60.75 15.95 7.96 7.24 54.32 21.14 14.04
Cumulative, % 60.75 76.70 84.66 91.90 54.32 75.45 89.49
Rotation Method: Varimax with Kaiser normalization Eigenvalue > 1.
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predominantly the same sources and/or relative non-se-
lectivity of the factors that control the attaching of
PAHs to particles.

In addition to the PAHs, the PC1 is characterised by
two meteoparameters: RH, which is highly positively
correlated (0.79), and wind velocity (WV), which is
moderately negatively correlated (—0.56). Significant
association of PAHs with air humidity results from the
fact that RH is one of the factors that affect the attach-
ing of the substances to particles, i.e. which affects the
formation and size of particles. The adsorption capaci-
ty, namely, can be expected to decrease with an in-
crease of RH. Its increase also may favour other mech-
anisms of attachment (sticking, scavenging) that are
non-selective by nature [23]. This follows from the cor-
relation analysis [7] that PAHs are non-selectively cor-
related with RH, i.e. that no difference in attachment is
observed between semi volatile PAHs (lower molecu-
lar mass) and those that are found exclusively in the
particulate phase.

A moderate negative correlation of PC1 with WV
indicates a decrease of PAH concentrations due to wind
induced dillution. In addition, the conditions of low
wind velocity increase the effect of local emissions
with respect to remote transport, leading to the clonclu-
sion that the PAHs identified originate mostly from lo-
cal sources.

The second principal component (PC2), which ac-
counts for 15.9% of the variance, is characterised by
TSP and TOE with a high loadings (>0.90), CYP with
(-0.48), and meteoparameters: WV (0.62), T (0.49),
and RH (0.37).

The same direction of dependence of TSP on T and
RH seems logical if one has in mind the fact that RH is
not an independent parameter, but represents a ratio of
the current partial pressure of water vapour in air and
the maximum possible pressure of water vapour at a
given temperature (expressed as percentage), meaning
that it implicitely includes temperature.

On the other hand it could be expected that an in-
crease of RH induces a decrease in the content of sus-
pended particles, due to inhibited resuspension. The
observed positive correlation is most likely a conse-
quence of association of T and other meteoparameters
through complex interdependent effects, which affect
the TSP content. Agglomeration of particles by mutual
attachment probably has a significant role.

The correlation between TSP and WV can be ex-
plained by the assumption that at higher wind velocities
and absence of precipitation, remote transport and re-
suspension are predominant. It means that TSP and
TOE originate from local sources (resuspension) but,
partialy, also from remote transport. Quantitative deter-
mination of the contributions of remote transport and
resuspension requires detailed analysis of physical and
chemical characteristics of dust particles from the im-
mediate environment of the measuring point, which is
not a subject of the present paper.
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Except for CYP, none of the PAHs is found in the
same component together with TSP and TOE, most
likely because PAHs comprise only about 2% of TOE
in the winter period, which represents less than 10%
TSP. CYP is characterised by an exceptionally rapid re-

action with the NOj radical (or N,Os) [23] which re-

sults in its loss, and the consequent absence of signifi-
cant correlation with other PAHs.

All of the above indicates that TSP concentration
depends on T, RH, and WV, but without a systematic
relationship between particulate aerosol content and
these meteoparameters, which has been recognised ear-
lier [24], so that only the effect of the meteoparameter
set on TSP content can be considered. The PC3 and
PC4 account for 7.9 and 7.2% of the variance, and are
characterised only by meteorological parameters WD
(in PC3) and T (in PC4). The TSP, TOE, and PAHs are
not correlated with WD most probably because of the
continuous change of the dominant directions in this
period.

Results of the analysis for 1999. The first principal
component (PC1) accounts for 54.3% of the variance
(Table 3) and, as the PC1 for the previous year, it is in
highly positive correlation with all the PAHs. Several
PAHs are also in correlation with PC2 and PC3. As for
the other variables, PC1 is characterised by TSP, TOE
with low loadings, and by meteoparameter WV, which
is negatively correlated with low loading (-0.41).

PC2 accounts for 21.1% of the variance and in-
cludes a highly correlateed TSP (0.80), weakly corre-
lated TOE (0.37), as well as a highly positively corre-
lated 7' (0.89), RH (0.90), and a highly negatively cor-
related WV (-0.80). As for the PAHs, PC2 includes
low correlated BaA (0.42) and INP (0.40).

PC3 accounts for 14.0% of the variance and is high-
ly negatively correlated with WD (-0.84), moderately
positively with TOE (0.63), weakly with PHE (0.45),
BaP (0.44), FLT (0.42) and CHR (0.32), and moderate-
ly with CYP (0.69).

The results obtained with PCA show that two
groups of PAHs exist.

The first group includes PAHs that are significantly
correlated only with PC1 and no other component.
They are PYR, BGF, BeP, and BGP, comprising 37%
of the total PAH content. Weak individual correlations
of these PAHs with meteorological parameters indi-
cates that the contribution of neither of the PAHs is di-
rectly dependent on meteorological parameters. Their
source are most probably traffic emissions in the imme-
diate vicinity of the measuring point, controlled mostly
by vehicle throughput and engine factors (eg. model,
type, age, maintenance, capacity, etc). Another PAH
group consists of two subgroups, according to the cor-
relation with PC2 and/or PC3 (Table 3).

One subgroup includes BaA and INP, comprising
9% of the total PAH content. These PAHs correlate sig-
nificantly with PC1 and less significantly (~0.40) with
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PC2, which is characterised by highly positive correla-
tions with 7 (0.89) and RH (0.90), as well as by a neg-
ative correlation with WV (-0.80), which indicates ex-
istence of a certain dependence of these two PAHs on
meteorological parameters, or a stronger association
with TSP (resuspension).

The other subgroup comprises PHE, FLT, CYP,
CHR, and BaP, which are significantly correlated with
PC1, and less significantly with PC3, which is moder-
ately correlated with TOE (0.63) and highly negative
(=0.84) with WD. These PAHs constitute, on average,
54% of the total PAHs in the period analysed. It is not
possible to associate this combination of PAHs with
specific sources because each compound might have a
different origin. Therefore, PC3 suggests a multiple
source impact. Their contribution in the aerosol of the
measuring point explicitly depended on WD. The neg-
ative correlation with WD is probably associated with
dominant wind directions of the north-easterly (NE)
sector, i.e. direction of the wider HN area (Fig. 1).

CONCLUSION

The following conclusions can be drawn from this
study.

1. There are no significant differences in PAH com-
positions between aerosol samples collected during the
winter months of 1998 and 1999, indicating similar
type of sources for both periods. It was found that the
samples of both years quantitatively mostly contain
PYR, FLT, BxF, and CHR, with 67 and 71%, respec-
tively.

2. Diagnostic ratios of the characteristic PAHs sug-
gest that main PAH sources were combustion of wood
and coal, emissions from petrol and diesel engines and
dust resuspension.

3. PCA indicate that the TSP concentration depends
on meteoparameters T, RH, or WV but that there is also
no systematic relationship between particulate aerosol
and these meteoparameters, so that only the effect of
the meteoparameter set on TSP content can be consid-
ered. The dominant impact on the distribution of PAHs
during winter months of 1998 was attributed to wind
velocity (WV) and relative humidity (RH), while the
wind velocity (WV) and wind direction (WD) had
prevalent influence in 1999.
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Abstract — Physical, chemical and biological effects of ionizing radiation on the matter are the basis of many
practical applications. The number of applications is growing and radiation sources; gamma, electron beam and
X-rays are becoming an industrial equipment operated in the harsh, demanding environment. They play impor-
tant role in the economical development of many countries.

Radiation chemistry is a part of the physical chem-
istry like photo-chemistry, plasma-chemistry, ultrason-
ic-chemistry etc. Shortwave high energy electromag-
netic (gamma radiation or X-rays) or high penetration
corpuscular (electrons) radiation transfer the energy in-
to the continuous, even high density matter.

FUNDAMENTAL

Ionizing radiation, X-rays, gamma radiation, high
energy electrons produce abundant secondary elec-
trons. The collision of a photon with a molecule usually
causes an electron to be ejected via Compton effect.
Thus, nearly all of the physical and chemical changes
in the system are produced by the energetic electron
and not by the initial photon. The kinetics of reactions
induced by high-energy photons are therefore similar to
those obtained if high-energy electrons are used as the
primary radiation Therefore there is not a big difference
in the effects caused by these different forms of radia-
tion. Depending to the energy transferred, molecules
can undergo ionization, excitation or thermal transfer.
The interaction with the matter can be divided in the
time scale in the following stages; initial physical pro-
cesses, pre-chemical reactions, chemical reactions and
finally radical diffusion. The time scale for the physical
stage is on the order of 10719 s. The electron excitation
occurs in the range shorter than ~107'° s and vibrational
excitation in the range of 1014 to 10~'! s. Molecular dis-
sociation takes place in the range of 10* to 10~ cen-
tered to 1071° s. Reactions governed by diffusion take
place in the range of ~107'" to ~107° s. In a liquid sys-
tems, it takes an ion pair about 1073 s to separate and be-
come free ions. Following these primary events, the
ions, secondary electrons and excited molecules under-
go further transformations, exchanging charges and en-
ergy and reacting with surrounding molecules, thereby
producing free radicals and other reactive species
which finally evolve into new stable products.

RADIATION SOURCES

Three main sources of radiation are applied for radi-
ation processing. These are electron accelerators, gam-
ma sources and X-ray unit based on e/X conversion
process. Accelerators are available supplying electron
beams in the energy range up to 10 MeV [1] and sourc-
es of the radionuclides Co-60 and Cs-137 emitting
gamma rays 1.17/1.33 and 0.662 MeV respectively [2].
The introduction of new X-ray (Bremsstrahlung) pow-
erful radiation sources opens new, until now unex-
plored fields as well [3]. Electron beams are corpuscu-
lar radiation and are characterized by limited penetra-
tion The whole energy of high-energy electrons is
deposited in relatively thin layers of material. In the
case of X-rays and gamma rays, ionizing radiation is
provided by photons which have no mass and are thus
able to penetrate deeper into materials [4].

The cobalt-60 emitted gamma rays penetrate ~300 mm
of unit density material on an equal entrance-equal exit
basis. In contrast, the highest electron energy used in
commercial applications, 10 MeV, penetrates ~38 mm
only. Dose rates are for gamma and X-rays 4 to 5 orders
of magnitude lower as compared to EB. Therefore
throughput efficiencies of gamma and X-rays are sig-
nificantly lower than those of e-beams, electron beams
are capable of delivering 100 kGy per second, whereas
typical dose rate for gamma rays is 2.8 X 107 kGy per
second or ~10 kGy per hour. The radiation dose rate
generated by the electron accelerator of 15 kW power
is approximately equal to that generated by 1 MCi of
the cobal source. X-ray target conversion efficiencies
vary with the atomic number of the metal used, they are
typically no higher that 5-8%. In practice this means
that in order for an X-ray to process products with the
same speed as a 10 MeV, 50 kW e-beam, it will need to
have 625 kW of power.

POLYMERS

Radiation processing was used early on for polymer
modification [5]. The irradiation of polymeric materi-
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als with ionizing radiation (gamma rays, X-rays, accel-
erated electrons, ion beams) leads to the formation of
very reactive intermediates, free radicals, ions and ex-
cited states. These intermediates can follow several re-
action paths that result in disproportion, hydrogen ab-
straction, arrangements and/or the formation of new
bonds. The degree of these transformations depends on
the structure of the polymer and the conditions of treat-
ment before, during and after irradiation. Thorough
control of all of these factors facilitates the modifica-
tion of polymers by radiation processing. Nowadays,
the modification of polymers covers radiation cross-
linking, radiation-induced polymerization (graft poly-
merization and curing) and the degradation of poly-
mers. The success of radiation technology for the pro-
cessing of synthetic polymers can be attributed to two
reasons, namely the easiness of processing in various
shapes and sizes and, secondly, most of these polymers
undergo cross-linking reaction upon exposure to radiation.

On the other hand, naturally occurring polymers
were difficult to process and degraded when exposed to
high-energy radiation. In recent years, natural polymers
are being looked at again with renewed interest because
of their unique characteristics like inherent biocompat-
ibility, biodegradability and easy availability. A further
progress in natural polymers' processing is foreseen.
Many processes of radiation treatment of natural poly-
mers, though known for a long time, have not yet been
commercialized, either because of the high cost of irra-
diation (high dose) or because of the reluctance on part
of the industry to adapt to the radiation technology. It is
therefore of importance to consider combining the ben-
eficial effects of conventional technology along with
radiation technology to overcome such problems. Re-
cently, some products based on radiation processed cel-
lulose derivatives or chitosan have been developed and
introduced to the market.

A significant difference exists between electron
beam and gamma processing of polymers, which is re-
lated to dose rate and often to oxidative degradation of
material at or near the surface for reactions conducted
at low dose-rates. The introduction of new X-ray
(Bremsstrahlung) powerful radiation sources opens
new, until now unexplored fields of polymer process-
ing as well [6]. New applications are foreseen in the
field of nanotechnology [7].

STERILIZATION

Radiation sterilization of a product means destruc-
tion of all viable organisms present on that product
(mainly microorganisms) by using ionizing radiation.
Both types of ionizing radiation, i.e. gamma radiation
from isotopic sources and electron beams from acceler-
ators are used for radiation sterilization. It is now uni-
versally accepted that the deoxyribonucleic acid
(DNA) in the chromosomes represents the most critical
“target” for ionizing radiation. Effect on the cytoplas-
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mic membrane appears to play an additional role in
some circumstances.

The destruction of microorganisms by physical or
chemical agents follows an exponential law. Accord-
ingly, one can calculate a finite probability of a surviv-
ing organism regardless of the magnitude of the deliv-
ered sterilization dose or treatment. The probability of
survival is a function of the number and types (species)
of microorganisms present on the product (bioburden),
the sterilization process lethality, and, in some instanc-
es, the environment in which the organisms exist dur-
ing treatment. It follows that the sterility of an individ-
ual item in a population of products sterilized cannot be
ensured in the absolute sense. A sterility assurance lev-
el (SAL) is derived mathematically and it defines the
probability of a viable microorganism being present on
an individual product unit after sterilization. SAL is
normally expressed as 107".

Commercial radiation sterilization has been used for
more than 50 years. Over the decades, there has been
enormous growth in the disposable medical products
market. With this, there has been significant growth in
the use of ionizing radiation as a method for steriliza-
tion. At present, 40 to 50% of all disposable medical
products manufactured in North America are radiation-
sterilized. Worldwide, there are now some 160 com-
mercial cobalt-60 irradiators for radiation sterilization
operating in 47 countries containing approximately 240
to 260 million curies ((8.9-9.6) x 10'® Bq) of the gam-
ma emitting cobalt-60. Included in this are service type
facilities operated in R&D centres. Because of the abil-
ity to down-scale cobalt-60 units, there are many R&D
and pilot-scale small facilities as well, almost equal in
number (~150).

When other uses are taken into account, there are in
total over 300 gamma irradiators being operated for a
variety of purposes in 55 different countries. Syringes,
surgical gloves, gowns, masks, band aids, dressings,
medical tetra packs, bottle teats for premature babies,
artificial joints, food packaging, raw materials for phar-
maceuticals and cosmetics, and even wine corks are
gamma sterilized. An increasing number of electron
beam (EB) accelerators are also being used, but at
present EB is used for only a minority of radiation ster-
ilized product [8].

FOOD IRRADIATION

Joint FAO/TAEA/WHO Expert Committee approved
the use of radiation treatment of foods up to 10 kGy dose
in 1980 [9]. After 1980, new regulations allowed the ir-
radiation of foods, which were not approved for this
process before in the US. Approval of irradiation for
treatment of packaged fresh or frozen uncooked poultry
in 1990 and for treatment of fruits, vegetables and
grains in 1986 are some of the examples for these new
regulations. Today, more than 40 countries permitted
the use of irradiation of over 60 food products. More-

2007



1674

over, the use of irradiation is becoming a common
treatment to sterilize packages in aseptic processing of
foods and pharmaceuticals. The biggest amount of food
product treated are spices [10].

ENVIRONMENTAL APPLICATIONS

Over the last few decades, extensive work has been
carried out for utilizing electron beam technology for
environmental remediation. This includes application
of this technology for flue gas treatment, purification of
drinking water and wastewater and hygienization of
sewage sludge for use in agriculture [11].

Flue gas treatment. Fossil fuels, which include coal,
natural gas, petroleum, shale oil and bitumen, are the
main primary source of heat and electrical energy pro-
duction, are responsible for emitting a large number of
pollutants into the atmosphere with off-gases from in-
dustries, power stations, residential heating systems
and vehicles. All these fuels contain major constituents
(carbon, hydrogen, oxygen) as well as other materials,
such as metal, sulphur and nitrogen compounds. Dur-
ing the combustion process different pollutants like fly
ash, sulphur oxides (SO, and SO;), nitrogen oxides
(NO, =NO, + NO) and volatile organic compounds are
emitted. Wet and dry deposition of inorganic pollutants
leads to acidification of environment. These phenome-
na affect human health, increase corrosion, and destroy
plants and forests.

Wet flue gas desulfurization (FGD) and selective
catalytic reduction (SCR) can be applied for flue gas
treatment and SO, and NO, emission control. All these
technologies are complex chemical processes and
waste, like wastewater, gypsum and used catalyst are
generated.

Electron beam flue gas treatment technology (EBFGT)
is a dry-scrubbing process of simultaneous SO, and
NO, removal, where no waste except the by-product
are generated. Studies show that irradiation of flue gas-
es with an electron beam can bring about chemical
changes that make removal of sulfur and nitrogen ox-
ides easier. The main components of flue gases are N,
0,, H,0, and CO,, with much lower concentration of
SO, and NO,. NH; may be present as an additive to aid
removal of the sulfur and nitrogen oxides. Radiation
energy is absorbed by gas components in proportion to
their mass fraction in the mixture. The fast electrons
slow down and secondary electrons are formed which
play important role in overall energy transfer. After ir-
radiation, fast electrons interact with gas creating vari-
ous ions and radicals, the primary species formed in-
clude e-, N,+, N+, O,+, O+, H,0+, OH+, H+, CO,+,

CO+, N5, OF,N, O, H, OH, and CO.
In the case of high water vapour concentration the
oxidising radicals OH" and HO; and excited ions as

O(®P) are the most important products. These species
take part in a variety of ion-molecule reactions, neutral-
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ization reactions, dimerization. The SO,, NO, NO,, and
NH; present cannot compete with the reactions because
of very low concentrations, but react with N, O, OH,
and HO, radicals. After humidification and lowering its
temperature, flue gases are guided to reaction chamber,
where irradiation by electron beam takes place. Ammo-
nia is injected upstream the irradiation chamber. Partly
NO is reduced to atmospheric nitrogen. The byproduct
formed in the process is a mixture of ammonium sulfate
and nitrate which is a good fertilizer component. The elec-
tron beam flue gas treatment industrial plants are also
operating in the coal-fired plants in China and Poland.
The power of accelerators installed at the Polish plant
is bigger than 1 MW, therefore it is the largest plasma
flue gas treatment facility ever built. The plant treats
approx. 270000 Nm3/h of flue gases. The installation
consists of four main, separated systems: flue gas con-
ditioning unit, ammonia storage and injection unit, pro-
cess vessels and by-product collecting and storage unit.

The tests carried on the industrial installation
showed, that the way of ammonia adding affects the pol-
lutants (especially, SO,) removal efficiency. The by-
product aerosol is collected by the electrostatic precip-
itator and after granulation and storage is shipped to the
NPK fertilizers production plant. The by-product con-
sists mainly of ammonium sulfate and ammonium ni-
trate. The high efficiency of SO, and NO, removal was
achieved (up to 95% for SO, and up to 70% for NO,)
and by-product is a high quality fertilizer [12]. The oth-
er possibility is application of the process for VOC re-
moval. Coal combustion is one of the biggest sources of
VOCs, which are emitted with various concentrations,
polynuclear aromatic hydrocarbons (PAH) are known
as the most dangerous, and among them, e.g. ben-
zo(a)pyrene CyH;,, benzo(g,h,I)perylene C,,H;, or
dibenzo(a,h)anthracene C,,H;, are the most toxic ac-
cording to EPA.

Recent years have brought new regulations concern-
ing PAH emission, and European countries have signed
an international treaty, covering PAH emission.Tests at
the pilot plant constructed at a coal-fired power station
were performed with the purpose of estimating the in-
fluence of electron beam on VOCs present in flue gas,
during SO, and NO, removal. The influence of electron
beam on the global toxicity factor of flue gas has been
analysed. The removal efficiencies have been ranged
from 40 up to 98% [13]. The chlorocarbons may be re-
moved with the high efficiency as well [14].

Wastewater treatment. Increasing urbanization in
the last two centuries has been accompanied by expan-
sion of sewerage collection systems without any or ad-
equate treatment. Liquid waste loads have become so
large that the self-purification capacity of receiving
streams downstream of large populations can no longer
prevent adverse effects on water quality. These wastes
now constitute significant sources of water pollution.
The industrial effluents carry chemical contaminations
such as heavy metals, organic pollutants, petrochemi-
Ne 9
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diffusers; A — accelerator, R —reactor, B1 and B2 — primary and secondary basins.

cals, pesticides and dyes, while discharge of sewage
and sludge gives rise to microbiological contamination
of water bodies. The discharge of such materials into
water bodies is responsible for risk of infection, health
effects caused by contaminated drinking water and of-
fensive odours. Therefore all these industrial and mu-
nicipal wastewater need adequate treatment. Radiation
processing of wastewater treatment is non-chemical,
and uses fast formation of short-lived reactive species
that can interact with a wide range of pollutants [15].

High-energy irradiation produces instantaneous ra-
diolytic transformations by energy transfer from high
energy photons or accelerated electrons to orbital elec-
trons of water molecules. Absorbed energy disturbs the
electron system of the molecule and results in breakage
of inter-atomic bonds. The most important products of
the fragmentation and primary interactions (radiolytic
products):

EB
H20—> eaq,

H, ‘OH, HO;, H,0,, H,

with yields (G value) of 0.28(e,,), 0.062(H);
0.28(OH), 0.072(H,0,), in units of pmol/J. High reac-
tivity is characteristic of water radiolysis products.
Typical time of their reactions with the impurities in
water is, as the rule, less than 1 ps. At the same time,
reactivity of radiolytic products has quite different
characteristics. Hydrogen peroxide, H,0,, radicals

"OH and HO;, are oxidizing species, while H atom and

€, are reducing in nature. Simultaneous existence of
strong oxidants and strong reductants within wastewa-
ter under treatment is remarkable and one of the impor-
tant characteristics of radiation processing. Such reactive
radicals are strong oxidizing or reducing agents that can

transform the pollutants in the liquids wastes [16].

A large number of substances such as hard surfac-
tants, lignin, pesticides cannot be degraded by conven-
tional biochemical methods and thus escape from de-
Ne 9
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composition in biological treatment. Biodegradation
quality of wastewater depends on oxidation level and
structure of pollutants and preliminary oxidation and
fragmentation of biologically resistant molecules con-
tribute to improvement of their biodegradability.
Above mentioned mechanism of radiolytical oxidation
shows possibility for the just required transformation of
various pollutants.

Research and industrial treatments testify signifi-
cant improvement of pollutant biodegradability after
radiation-oxidation in aerated wastewater. Usually a
dose of abort 1 ~ 2 kGy is necessary for complete trans-
formation of pollutants by biological resistant to a bio-
degradable state. In December 2005 EB TECH Co,
DYETEC, and KAERI finished the installation of high
power accelerator (1 MeV, 400 kW) and wastewater
treatment system in Daegu Dyeing Industrial Complex
(DDIC), Korea, and started operation of the plant (Fig-
ure). This plant treats up to 10000 m? of textile dyeing
wastewater (from the total of 80000 m?) per day and
shows good removal of non-degradable organic impu-
rities. This is a breakthrough in the technology implemen-
tation worldwide and the biggest wastewater treatment
plant based on electron emission unit ever built [17].

Sludge hygenization and biohazards. Research has
shown that sewage sludge can be disinfected success-
fully by exposure to high-energy radiation. At a plant
near Munich, doses of 2-3 kGy destroy more than
99.9% of bacteria present in sewage sludge, and at a
plant near Boston a slightly higher dose (4 kGy) was
used. Higher doses (up to 10 kGy) are required to inac-
tivate more radiation resistant organisms at plants in
Albuquerque and Ukraine.

Both gamma sources (Co-60, Cs-137) and electron
accelerators can be used for the irradiation of sewage
sludge. Gamma sources have better penetration allow-
ing thicker layers of sludge to be irradiated [18], al-
though they are less powerful and take longer irradia-
tion time than electron sources [19]. The pilot plant us-
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ing gamma source is operated in India. The irradiator
system can be easily integrated with conventional treat-
ment plant with flexibility of operation. Various dose
treatment can be imparted to sludge with addition of
sensitizing agents such as oxygen, air, ozone etc. About
3 kGy of absorbed dose in sewage sludge removes
99.99% of pathogenic bacteria consistently and reliably
in a simple fashion. The irradiated sludge being patho-
gen free can be beneficially used as manure in the agri-
cultural fields as it is rich in nutrients required for the
soil. Since the irradiated sludge is free from bacteria,
this can also be used as a medium for growing soil use-
ful bacteria like rhizobium and azetobactor to produce
bio-fertilizers, which can be used to enhance the crop
yields.

Special applications regards biohazards combat.
Anthrax that was sent in mail in October 2001 caused
several deaths and big economical losses in the USA.
Radiation proved to be very effective for mail decon-
tamination. About 4000 tons of letter mail and 200 tons
of parcels had been sanitized by the end of 2003 [20],
the units are in operation nowadays as well.
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Abstract — The U-shaped DC arc with aerosol supply was applied for determination of Fe, Hg, Mn and Pb in
poplar (Populus alba L.) tree-rings. By optimization of the operating parameters and by selection of the most
appropriate signal integration time (20s for Fe, Mn, Pb and 30s for Hg), the obtained limits of detection for Fe,
Hg, Mn and Pb are 5.8, 2.6, 1.6 and 2.0 ng/mL, respectively. The detection limits achieved by this method for
Fe, Hg, Mn and Pb are comparable with the detection limits obtained for those elements by such methods as:
inductively coupled plasma-atomic emission spectrometry (ICP-AES), direct coupled plasma-atomic emission
spectrometry (DCP-AES) and microwave induced plasma-atomic emission spectrometry (MIP-AES). We have
chosen the tree-rings of poplar from two different locations. The first one is in the area close to the power plant
“Nikola Tesla” TENT A, Obrenovac, while the other one is in the urban area of Novi Sad. In almost all cases
from the location Obrenovac are registered elevated average concentrations of Fe, Hg, Mn and Pb in the tree-

rings of poplar.

Heavy metals are natural components of the envi-
ronment, but are of concern lately because they are be-
ing added to soil, water and air in increasing amounts.
This is because of the rapid growth of population, in-
creased urbanization, expansion of industrial activities,
and more. Anthropogenic emission (primary sources
are the combustion of fossil fuels and automobile ex-
haust emission in certain areas) of most trace metals
now exceed or equal their natural emission [1]. The ma-
jority of metals that can be found in natural sources are
toxic or harmful even at very low concentrations [2].
Heavy metals that get into the plants, animals and envi-
ronment are not degraded pointing to their accumula-
tion.

Tree-rings represent a unique, widely available,
cheap and simple source of long-term data for monitor-
ing trace metal levels in the atmosphere. Tree-ring
chemistry may be used to monitor historical changes in
trace metal levels. The use of vegetation monitors pro-
vides the cheapest and simplest indicator for monitor-
ing trace metal levels in the atmosphere. A basic as-
sumption in dedrochemistry is that the chemical make-
up of the annual woody increment at least partly re-
flects the chemistry of the environment during the year
of formation [3].

Current demands required from control and protec-
tion of the environment is strict. Therefore, the methods
enabling the detection of low element concentration are
very useful. In order to determine the low concentra-
tions of Fe, Hg, Mn and Pb we modulated and utilized
earlier developed spectrochemical method [4], where
U-shaped DC arc plasma stabilized with an argon
stream and aerosol supply was used as an excitation

source. The operating conditions of U-shaped DC arc
plasma were optimized. Applying the appropriate com-
puter program that enables the time integration of reg-
istered signal the reduction of the Fe, Hg, Mn and Pb
detection limit was achieved.

EXPERIMENTAL

Apparatus. An U-shaped low current (7.5 A) argon
DC arc with aerosol supply was applied as excitation
source. The main characteristics of the arc are present-
ed in the paper [5]. A laboratory modified spectrograph
PGS-2 (Carl Zeiss, Jena) with holographic gratings:
Spectrogon (2100 grooves/mm, VIS, Fe, Mn and Pb)
and Carl Zeiss (2100 grooves/mm, UV, Hg), was used as
spectrometer. The intensity of the analyte spectral line
was recorded by photomultiplier (Hamammatsu R-3788)
and AD conversion card (ED-300) connected with PC.
The recorded signal intensities were accumulated dur-
ing the integration time of 20 s for Fe, Mn, Pb and 30 s
for Hg, by application of the appropriate computer pro-
gram. The slit width was 0.15 mm. Spectral lines inten-
sities are measured for Fe I (A =371.99 nm), Mn 1 (A =
=403.08 nm) and Pb I (A =405.78 nm) at 4 mm and for
Hg I (A = 253.6 nm) at 2 mm from the axis of the arc.

Solutions. A series of reference solutions (Fe, Hg, Mn
and Pb) were prepared in the range from 5 to 5000 ng/ml,
by appropriate dilution of the stock solutions (1 mg/ml
Merck). Each of the solutions contained 0.5% potassi-
um chloride as spectroscopic buffer. The nebulization
of the solution was performed by a Meinhard nebulizer
(TR 30 K2) connected with a double-pass spray chamber.
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Fig. 1. Fe and Hg mean concentration in poplar (Populus al-
ba L.) tree-rings for the location Obrenovac from 1979 (1)
and for the location Novi Sad from 1985 to 2005 (2).

Sampling locations. Tree-rings samples were col-
lected in march 2005 from two locations. First one was
in the area of power plant “Nikola Tesla A” (TENT-A),
located on the bank of the Sava river, in Obrenovac,
42 km upstream from the Serbian capital Belgrade.
Power plant was built in 1970 and produces approxi-
mately 5000 kt of ash per year [6]. Coal ash is trans-
ported to the dump after being suspended in the water
taken from the Sava river, in the approximate ratio
1 : 10 [7]. Coal combustion in power plants generates
large amounts of ash that is stored more or less unpro-
tected in the environment where it can represent a sig-
nificant source of heavy metals, PAHs and other pollut-
ants [7]. The second one location was in the urban area
of Novi Sad in the Institute for lowland forestry and en-
vironmental protection plantation. Novi Sad is located
on the bank of the Danube river, 80 km upstream from
the Serbian capital Belgrade. The cores were taken
from each poplar tree at the breast hight (1.3 m). Each
poplar core was divided into 3 years segments starting
from 1979 for poplar from Obrenovac and from 1985
for the location of Novi Sad.
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Samples preparation. Tree-rings samples (3 years
segments) were placed in pre-washed (15% H,SO,)
50 ml borosilicate glass tube dried at 70°C for 48h and
weighed. Samples were suspended in 10 ml of 70%
HNO; at 80°C for 24 h. The cold solution was filtered
through acid washed (10% HNO;) Whatmam No. 42 fil-
ter paper and diluted to 50 ml with bidistilled water [8].

RESULTS AND DISCUSSION

After the optimization of the operating conditions,
two series of standard aqueous solutions of Fe, Hg, Mn
and Pb, containing 0.5% KCI as spectroscopic buffer,
were measured at appropriate wavelength with differ-
ent integration times (f; = 1 s, #, = 10 s, #; = 20 s and
t, = 30 s). The obtained calibration curves were straight
lines in an extensive concentration range. With increas-
ing integration time the slope of the lines increases i.e.
the concentration sensitivity is enlarged. According to
the obtained results the detection limit is defined using
the following relation [9, 10]:

¢ =kx0.01s.c/p, (1)

where k represents a constant with value 2, s, relative
standard deviation of the background signal, ¢, — con-
centration, and p — the signal-to-background ratio at c,,.
The lowest detection limits for Fe, Mn and Pb are
achieved for the integration time of 20 s reaching the
values 5.8, 1.6 and 2.0 ng/ml, respectively. The lowest
detection limit for Hg is obtained for the integration
time of 30 s and amounts 2.6 ng/ml. The achieved de-
tection limits, using our spectrochemical method, for Fe,
Mn and Pb are within the detection limits accomplished
with ICP-AES [11], DCP-AES [12] and MIP-AES [13]
methods. Obtained results point out that our spectro-
chemical method can be used successfully for determi-
nation of very low metal concentrations in different
samples.

Tree-rings are a unique source of long-term data and
have often been used in studies for understanding and
quantifying of air pollution on forests [14]. The con-
centrations of Fe, Hg, Mn and Pb in poplar tree-rings
from locations Obrenovac and Novi Sad, were deter-
mined in this paper.

In Fig. 1, 2 are presented average concentrations of
Fe, Hg, Mn and Pb in white poplar tree-rings for the lo-
cations Obrenovac from 1979 and for the location Novi
Sad between 1985 and 2005. From Fig. la it can be
seen that almost in all cases the obtained average con-
centrations of Fe in tree-rings taken from the location
Obrenovac are higher. The average Fe concentration val-
ue in poplar tree-rings from the location Obrenovac is
72.43 ug/g, while from the location Novi Sad is
41.34 pg/g. Comparing the mutual relationship of their
average concentration values one can get the value 1.75.

From Fig. 1b it can be also seen much higher aver-
age Hg concentration in poplar tree-rings from the lo-
cation Obrenovac. There is also one pronounced maxi-
Ne 9
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Fig. 2. Mn and Pb mean concentration in poplar (Populus
alba L.) tree-rings for the location Obrenovac from 1979 (1)
and for the location Novi Sad from 1985 to 2005 (2).

mum for the period 1994-1996 from the location
Obrenovac. The average value of Hg concentration in
poplar tree-rings from the location Obrenovac is 1.66
pg/g, and from the location Novi Sad is 0.54 pg/g.
Their average concentration ratio is 3.07. This value is
the highest in comparison with other obtained ratios for
Fe, Mn and Pb.

Like wise in case of Fe and Hg in case of Mn (Fig. 2a)
the average concentration is higher in poplar tree-rings
from the location Obrenovac. The average Mn concen-
trations are 5.25 pg/g, for the location Obrenovac and
2.83 pg/g for the location Novi Sad while their ratio is
1.86. From Fig. 2 it can be observed the similar trend of
Mn concentration for the period 1994-2005.

In Pb case (Fig. 2b), analogously with all above
mentioned cases, are obtained higher average concen-
tration values in poplar tree-rings from the location
Obrenovac. Average value of Pb in tree-rings from lo-
cation Obrenovac is 6.44 pg/g and from the location
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Fig. 3. The relationship of average concentrations of Fe,
Hg, Mn and Pb in poplar tree-rings from the locations
Obrenovac and Novi Sad.

Novi Sad 2.80 png/g while their ratio is 2.30. As well as
in the Mn case in Pb case it can be seen the similar con-

centration rising trend in poplar tree-rings from both lo-
cations for the period 1988-2005.

In Fig. 3 is presented the relationship of average
concentrations of Fe, Hg, Mn and Pb in poplar tree-
rings from the locations Obrenovac and Novi Sad for
the period 1985-2005. From Fig. 3 are clearly seen
maxima in Fe and Mn concentrations for a period
1991-1993, while the maximal concentration of Hg is
obtained for a period 1994-1996. In a case of Pb the
maximal concentration ratio has a plateau rather than
distinctly pronounced maximum between 1994 and
1999. On the basis of obtained results given in Fig. 3 it
can be deduced that the maximal value of average con-
centration ratio of Fe, Mn and Hg in poplar tree-rings
from locations Obrenovac and Novi Sad are. concen-
trated in a period between 1991 and 1996. For Pb this
period is extended from 1996 to 1999.

The results obtained from our present study clearly
indicate that in the samples of poplar tree-rings taken
from location Obrenovac, the average Fe, Mn, Hg and
Pb concentrations are higher than from location Novi
Sad. We used tree-rings of poplar as an indicator of en-
vironmental pollution. These results present an answer
to continuous activity of power plant Nikola Tesla in
Obrenovac for many years i.e. decades.
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Abstract — Recent advances of Chemical Oxygen-Iodine Laser (COIL) are reviewed. In this paper, develop-
ments of COIL as a unique chemical device, whose product is not chemical substance, but coherent photons, is
emphasized. The key component of COIL is singlet oxygen generator (SOG). Unique principles of modern
SOG are reviewed. For high-efficiency operation, rapid mixing of oxygen and iodine is of primarily important.
Latest mixing enhancement techniques are reviewed. Applications of ultra high-power COIL are presented.

1. INTRODUCTION

Chemical oxygen-iodine laser (COIL) is an unusual
chemical device. Although it comprises of series of
chemical reaction chambers, the output of COIL is not
a chemical substance. Instead, it produces extremely
high-power, coherent photon flux in near-infrared re-
gion, at 1.315 pm. As a chemical laser, COIL is unique
because it is the only electronic transition chemical la-
ser. In other chemical lasers, population inversion is at-
tained between vibrational levels of active molecule,
thus the wavelength is in the range of mid-infrared. Be-
cause the operating wavelength is in the minimum loss
band of silica optical fiber, long-distance fiber delivery
of the laser output is possible and that makes COIL
promising for unique applications.

Fig. 1 shows the schematic drawing of typical mod-
ern supersonic COIL. It comprises of Singlet Oxygen
Generator (SOG), iodine injector, supersonic expan-
sion nozzle, laser cavity and vacuum pump. The energy
source of the COIL is aqueous basic hydrogen peroxide
(BHP). The gas-liquid surface reaction between BHP
and gaseous chlorine produces electronically excited
oxygen molecules, O,('A) by the following overall re-
action,

H,0, + 2KOH + Cl, —~ 2H,0 + 2KCI + O,('A). (1)

The O,('A) is mixed with inert buffer gas such as nitro-
gen or helium, and transferred to the laser cavity under
a low partial pressure (less than 2 kPa) to avoid colli-
sional deactivation. Then molecular iodine carried with
inert gas is injected into the main flow, and the mixture
is supersonically expanded. The iodine is dissociated
by a complex, collisional process involving O,('A)[1]
described as

nOz(lA) + 12 I n02(32) + 21(2P3/2), (2)

where O,(°%) is a ground-state oxygen and n is believed
to be 6 to 10. In the typical COIL operation, the ratio of
10 XYPHAJI ®UBUYECKOU XUMHUU

Tom 81 Ne 9

[, to O, is approximately 2%. As shown above, part of
the energy contained in O,('A) is used to dissociate the

iodine, and the rest is used to excite iodine atoms via
the near-resonant energy transfer reaction

3)

where the equilibrium constant k/k;, = 0.75exp[403/T].
Population inversion is established between excited
I(>P,,) and ground-state I(*P3),) to stimulate laser ac-
tion,

k
0,('8) +1CPyp) == 0,(T) +ICP ),

ICP,,) + hv —= ICPy)) + 2hv. @)

Supersonic expansion of the laser medium is employed
mainly to achieve a high efficiency since the gasdynamic
cooling of the medium shifts the equilibrium condition
of Eq. (3) to the right-hand side as indicated by

_ [0,CDICP )]

C 0 MIICPy)]

a change that results in a higher gain and more com-
plete energy extraction from O,('A). The figure-of-

merit of COIL is measured by “Chemical Efficiency”.
It is defined as the number of emitted photons divided

= 0.75exp [4—;),—%:], ®))

i

\V4 .
A Laser cavi

Vaccum
pump

Laser output

Supersonic nozzle
Iodine injector

Fig. 1. Schematic drawing of a supersonic COIL device.
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Fig. 3. Singlet oxygen generator of the early age.

by the number of chlorine molecules input. Chemical
efficiency of typical COIL is on the order of 20%.

The first COIL was demonstrated in 1977 by Mc-
Dermott et al. at the U. S. Weapons Laboratory [2]. Be-
cause he was a chemist, the first COIL apparatus looks
quite familiar to them, but it does not resemble to any
other lasers. Since the operational parameter was not
optimized, the output power of the first COIL was
merely 4 mW. In the first 10 years, COIL was scaled-
up by simply increasing the size of the apparatus, and
finally a 4.6 kW output was reported by an apparatus
with a 4 m-width laser duct [3]. Further scale up by
simply increase the size of the apparatus was prohibi-
tive.

In the mid 80’s a breakthrough technology, super-
sonic expansion was introduced. The merit of super-
sonic expansion was twofold. The gasdynamic cooling
of the laser medium shifted the equilibrium of oxygen-
iodine energy transfer more favorable to energy extrac-
tion, and the energy flow density through gas transport
duct was increased tenfold. A 1.6 kW apparatus was de-
veloped in the mid 80’s [3], but the width of the flow
duct was only 25 cm.

Another breakthrough in SOG technology boosts
the output of the COIL tenfold. In the ancient SOG, the
density of oxygen generation was restricted by the sur-

XKYPHAJII ®U3UYECKON XUMHU
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face area of the gas-liquid interface. The bottleneck was
broken by the advent of “Jet SOG” and it is currently
employed most of the COIL devices around the world.

As of 2006, an output of several hundreds kW is
demonstrated by a single COIL device, and multi-MW
device is being developed by operating those devices in
series. The multi hundred kW COIL module was devel-
oped by TRW [4]. Its size is surprisingly compact com-
pared to other ultra high-power lasers.

2. SOG TECHNOLOGY

Singlet oxygen is generated by the gas-liquid sur-
face reaction between HQO, ion in the BHP and gaseous

chlorine (Fig. 2). The reaction cross section is so large
that Cl, molecule could penetrate into the liquid phase

only a few molecular layers if the surface HO, ion is

not depleted. Therefore, the technical challenges of
SOG is summarized as:

1. Making as large surface area as possible in a unit
volume of reaction chamber.

2. Prevention of HO, ion depletion by constant re-
newal of the gas-liquid interface.

3. Detachment of generated O,('A) as fast as possi-
ble to prevent heterogeneous quenching at the gas-lig-
uid interface.

SOG technology has been evolved over the years
from a very simple sparger to modern sophisticated
chemical devices. Fig. 3 shows the schematic drawing
of early SOGs. The first successful SOG was based on
simple sparger, in which bubbler is located near the lig-
uid surface to prevent heterogeneous deactivation of
O,('A). Then variety of “wet surface” type SOGs
shown in Fig. 3 has been developed. In those types, thin
layer of BHP is generated on the vertically held plates
so that they could pack much more surface area per unit
volume than bubbler type.

In 1991, Zagidullin et al. developed revolutionary
“Jet SOG” [5]. The principle was very simple, but quite
effective. Fig. 4 shows the schematic drawing of the Jet
SOG. Dense row of holes are punched at the jet plate
and mounted on the top of the SOG. BHP jet shower
fills the reaction volume and Cl, gas flows from bottom
of the reaction volume. More than 90% of Cl, is con-
verted to oxygen within 10 cm of interaction length.
The properties of Jet SOG are characterized by its large
surface-to-volume ratio and fast renewal of the liquid
surface. The Jet SOG is so successful that almost all the
COIL research sites in the world are now employing
this type SOG. In Tokai University, a Jet SOG is operating
with the following specifications: Reaction zone cross
section 10 cm?, Cl, input molar flow rate 20 mmol/s, pres-
sure 20 Torr, O,/Cl, yield 90%, O,('A)/O, yield 60%.

Today’s challenge for SOG is higher operational
pressure and higher throughput per reaction volume
without degradation of the yield. To achieve these re-
Ne 9
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quirements, modern SOGs use centrifugal force to
maintain gas-liquid interface under very high flow of
Cl, gas. Fig. 5a shows the schematic drawing of the
“TA-SOG” [6]. In this SOG, BHP jet flows from the
hub of the screw perpendicularly to its axis. Cl, gas is
forced to go up by the rotating vane, and reacts with
BHP droplets. Due to the strong centrifugal force, drop-
lets are not entrained by the gas flow, thus high
throughput is possible. Fig. 7b shows the schematic of
the centrifugal bubbler SOG [7]. The principle of this
SOG is same as the ancient bubbler SOG, except that
the liquid surface is held vertically under the strong
centrifugal force. The maximum operation pressure
thus throughput is boosted considerably by the false
gravitational force.

3. MIXING OF OXYGEN/IODINE

Rapid mixing of oxygen and iodine is critical to the per-
formance of supersonic COIL. During the first 15 years of
supersonic COIL developments, the shape of the ex-
pansion nozzle was simple Laval nozzle with holes of
iodine injectors. The optimization of the iodine holes
was achieved mainly by the cut-and-try basis experi-
ments. Since the late 1990’s, evolution of the personal
computers changed the situation. Three-dimensional
Computational Fluid Dynamics (CFD) became avail-
able for COIL researchers who were not specialized in
fluid dynamics. Since then, number of unique mixing
concepts has been proposed.

We have developed so-called “X-wing” mixing noz-
zle [8]. Fig. 6 shows the schematic drawing. Thin wedg-
es are set in an alternating fashion across the flow duct.
Because those wedges resemble the letter “X” viewed
from the side, we call this component the “X-wing”.
The assembly of wedges primarily functions as the su-
personic expansion nozzle, but also doubles as a
streamwise vortex generator. The secondary flow is in-
jected at the nozzle exit plane (NEP) perpendicularly to
the main flow. The contact surface between the primary
and secondary flows is immediately enlarged by the
streamwise vortices, a change that should lead to rapid
completion of iodine dissociation. Notably, the stream-
wise vortex has a much longer life than the transverse
vortex in the supersonic flow, and it is the most effec-
tive factor in enhancing the mixing in the supersonic
stream. By employing this mixing nozzle, we have
achieved record chemical efficiency of 33%.

Another trend of oxygen/iodine mixing is so-called
“Ejector COIL” [9-11]. Ejector COIL is motivated to
overcome the drawback of the conventional supersonic
COIL. Because of the collisional deactivation, cavity
pressure of COIL is limited at less than 1 kPa. Vacuum
pumps to evacuate the active medium to atmospheric
pressure is rather large and that limits the mobility of
COIL. In ejector COILs, supersonic expansion of the
active medium is done by the ejector effect of hyper-
sonic nitrogen flow injected into the flow channel.
Mixing of iodine into the supersonic flow of oxygen
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Fig. 4. Schematic drawing of a jet SOG.
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output unit; 9: singlet oxygen; /0: multiple-thread screw;
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ejected by the nitrogen in a limited period is a very in-
teresting problem. A number of nozzles are developed
by the aid of CFD as shown in Fig. 7. Typically, 25% of
chemical efficiency are achieved and pressure at down-
stream of the supersonic diffuser reaches at 13 kPa.
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4. ELECTROCHEMICAL BHP REGENERATION

In every COIL system, singlet oxygen generator
(SOG) is operated with a predetermined quantity of
dense BHP solution (approx. 6M) that is continuously
recirculated within the system and reacts with Cl,. Dur-

ing a batch operation of COIL, the molarity of HO, in
the BHP decreases. Since the absorbability of the gas-
eous Cl, depends on the HO, ion concentration at the

gas-liquid interface, the efficiency of the O,('A) pro-
duction depends on the HO, molarity. When HO, mo-

larity is decreased to a point (approx. 3M), residual
BHP is drained and replaced with fresh one. Continu-
ous regeneration of the BHP with an electrochemical
reaction may extend the continuous operation period of
COIL outstandingly, and leads to a drastic reduction of
the operational costs.

Motivated by those facts, we have been studying the
electrochemical regeneration of BHP [12]. Fig. 8
shows the schematic drawing of the electrochemical
BHP regenerator. BHP is refreshed by the following
three-phase contact reaction on the carbon-felt cathode,

0,+e —= O3, (6)
20, +H,0 — 0, + HO; + OH, 7)
0, + H,0 +e —= HO; + OH~. (8)

The key for successful regeneration of high molarity
BHP is the control of decomposition of BHP on the car-

N,(Driver)

N,(Driver) + I,

ENDO

bon-felt surface. We have found that adding caffeine is
effective to prevent decomposition. Currently, positive
gain of molarity is achieved up to 3.6 M of BHP with
electric current efficiency of 67%.

5. APPLICATIONS

COIL is a highly scalable laser operating at the low-
est loss band of silica optical fiber. Moreover, it is in-
dependent of electrical input to pump the active medi-
um. Various applications are projected to exploit the
characteristics of this unique laser. The most distinctive
COIL application should be the “Airborne Laser” [13].
A multi-megawatt COIL system is carried on the mod-
ified B—747 aircraft, and kill the hostile ballistic mis-
siles at the boost phase from a few hundreds km away.
The laser module and platform are already completed
and it will be deployed in 2011.

The mobility and optical fiber deliverability of
COIL could be used for decommission and dismantle-
ment of the ceased nuclear plants. There was an exten-
sive research done by Kawasaki Heavy Industries in
1990’s [14].

We have proposed “Optical Power Network™ concept
on the basis of ultra high-power COIL facility [15]. It is
like today’s electric power network, a supplier gener-
ates coherent photons and users buy them through opti-
cal fiber delivery. The initial and running costs of high-
power laser for general industrial uses would be greatly
reduced due to the scale merit. A 1 kW, lkm delivery
of COIL output is already demonstrated [16]. In this con-
cept, the nature of COIL, an open-cycle chemical laser,
is a drawback for continuous operation. The motivation
of the electrochemical regeneration of BHP comes
partly from our proposal.

In addition to those applications, excavation of the
underwater natural resource [17] and space debris re-
moval [18] by COIL are proposed.

6. SUMMARY

The paper has been aimed at introducing the unique
features of chemical oxygen-iodine laser (COIL) as a
chemical device, and presenting latest achievements.
Trends of singlet oxygen generator (SOG) develop-

N,(Driver)

Conical nozzles

Tab array

Zigzag-ramp

Fig. 7. Various nozzle configurations of “Ejector COIL”.
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Fig. 8. Electrochemical BHP regenerator.

ments and oxygen-iodine mixing concepts are high-
lighted. Some briefly described projects of COIL appli-
cations demonstrate the unique characteristics of this
chemical device.
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ITyTeM npsMbIX TepMOrpaBUMETPUYECKUX U3MEPEHHUI B COUYETAHHHU C NEKTPOHHO-MUKPOCKONHYECKUMHU
MCCIIEJOBAHUSMH MOy YEHbI KHHETHYECKUE 3aBUCHMOCTH HAKOIUIEHHS! MacChl YIiepoga B MpoLecce MHpo-
nms3a CHy B cmecu ¢ Hy nHa Mo—Co/MgO-kaTanu3arope ¢ aTOMHbIM cooTHOeHneM Mo : Co : Mg=3:1:76
npu aTMochepHoM gaBnenny, remnepatype 900°C u pazaudHbIx napuuansHbix gasnenusx CHy u Hy. To-
Ka3aHO, YTO OCHOBHBIMH TBEP/AbIMU IIPOlyKTAMHU MMUPOJIU3A SBISIOTCS YIIIEPOAHbIE HAHOTPYOKH C YHCIOM
CJIOEB OT JIBYX IO NATH. BHEIIHUIA luaMETP HAHOTPYOOK U3MeHsIcs oT ~3 1o 9 um. [IpegoxkeHa KHHETH-
YeCKast MOJIENb HAKOTUIEHUSA YITIEPOJia, B KOTOPOH yUUTHIBAETCS 00pa30BaHUE IBYX IIPOXYKTOB — HAHOTPY-
00K M yrieposa, OTJIararomierocs Ha ux NoBepxHocTH. [Toka3aHbl 0GpaTUMOCTb MPOLECCA U I€3aKTHBALMS

KaTaJIn3aTopa 00pa3yrolUMHCs HAHOTPYOKaMHU.

Yrneponnble HanoTpyOku (HT) siBnsitorest ogHuM
u3 HauboJiee N3y4aeMbIX OOBEKTOB U CBSI3aHO 3TO,
npexXJe BCero, ¢ NepcnekTUBOM CO3/laHusl Ha UX OC-
HOBE MaTEPHANIOB, KOTOPbIE CMOTJH Obl yHACIENo-
BaTh UX YHHMKaJbHbIe cBoiicTBa. Cunte3 HT B rpam-
MOBBIX KOJIMYECTBAX YK€ He SIBJISIETCS MpOoOJIeMOoit:
HPENIOKEHO MHOXECTBO CIIOCOOOB, KOTOpbIE ObLIN
YCIIELIHO pealii30BaHbl B 1a0OPAaTOPHBIX MacIITa-
6ax [1], ogHako nena ogHoro rpamma takux HT pmo
CHX IIOP KOJIEOJIETCS OT HECKOJIBKUX JIECITKOB JIO He-
CKOJIBKHX COTEH Joy1apoB [2]. Beicokas ueHa u or-
CYTCTBHE MPOMBIIIJIEHHOTO MPOU3BOJCTBA CACPXKH-
BaroT npuMeneHne HT B obnactsx, rjje OHH OKa3a-
auch 3@p@dexkTUBHEEe TPAXHUMOHHBIX MaTEepPHAJIOB.
Pemennem 3Toil mpoGieMbl MOXKET CTaTh CO3[JaHUE
TEXHOJOIMH HenpepbiBHOro nonydenuss HT karann-
THYECKUM MMUPOJH30M YIJIEBOJOPOJOB C UCHOJIb30-
BaHHEM JOCTYIHOTO ChIPbsl U BbICOKO3()(EKTUBHBIX
katamu3aTtopos (Kt). CambiM npocTbiM 1 HauGonee
JOCTYIIHBIM yTrJIEBOJOPONAHBIM ChIPbEM SIBISETCS IPH-
PONHBIHA ra3, OCHOBHBIM KOMIIOHEHTOM KOTOPOT'O SIB-
nsercs Mmetad. HanGonee a(pexTuBHbIME KaTanu3a-
TOPaMH NPEACTABISIIOTCS CUCTEMbI, KOTOPbIE MOTYT
ObIThL onMcaHbl oowieH popmynoit Mo—-Co/MgO [3-6].

B Hacrosiiee Bpemsi H3y4eHHUIO BIVSIHUS pa3iny-
HBIX TApaMeTPOB KaTaJUTAYECKOrO MMPOIN3a METa-
Ha Ha BbIxof u mopdosoruto HT nocesimeno gocra-
TOYHO OOJBIIOE KOJIn4YecTBO pabot [7-10]. Ognako
MU co3panus TexHosoruu npousBoacrsa HT Heo6-

XOuMa KHHETHYECCKAast MOJJEJIb HAKOIIJICHUSA HT, KO-
TOpasi MOorJja Obl MO3BOJIUTH onpeaeauTb peKUuMbl
MNPOBENICHUA Mponecca MUPOJJIA3a U pacCYUTaTh OC-
HOBHBIE€ pa3MEpLI anmnapaTosB.

Henbio 3TOH paGoOTHI SIBJISJIOCH CO3JIaHHE KHWHE-
THYeCKO Mopenu Hakomienus HT B npouecce nupo-
mu3a CH, B crannonapaom cinoe Mo—-Co/MgO-kara-
Iu3aTopa.

SKCIIEPUMEHTAJIBHAS YACTb

JInga cunres3a Kt BpIOpan MeToj CXXUraHusi, KOTO-
pbiii 6611 pa3zpaboran Kuncnu n [Tatunom nuist cus-
Te3a okcuya anoMuaud [11], 1 BmociiencTBUM HaIIe
IIMPOKOE NPHUMEHEHHUE JJIsi CHHTE3a pa3IHuYHbIX OK-
cuHbIX KoMno3uiuii [12, 13], B Tom uncne Kt cuaTe-
3a HT [3-6]. OkcupHbiil KaTanu3aTop C aTOMHbBIM
cootHomeHueM Mo : Co : Mg =3 : 1 : 76 cunTe3upo-
BaJIl COTJIAaCHO crefyromeil Meroauke. B kepamuye-
ckoii yame Ha 250 mn emenmBasa 10.000 r Mg(NOs3), -
-6H,0 (“u.p.a”), 0.149 r Co(NOs), - 6H,0 (“u.p.a.”),
0.272 r (NH,)¢Mo;0,, - 4H,O (“x.4.”) m 5.730 r
NH,CH,COOH (“4.”), goGaBnsiiu 2.5 M1 THCTHILIA-
posanHoii H,O u HarpeBanu [0 NMOJIHOrO pacTBOpe-
HUSI KOMNoHeHTOB. KepaMuueckyto yaiiy ¢ pacTBo-
POM BHOCHWIH B MpEBAPUTENILHO pPa3orpeTyro A0
550 + 10°C MydenbHyt0 neyb, Bbiiep:kuBaiu 20 MUH,
3aTEM OXJaXKAaJld Ha BO3[yXe U IEPEeHOCHIH B rep-
METHUYHYIO eMKOCTb.
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CHUHTE3 YTJIEPOJHBIX HAHOTPYBOK

[na n3ydyenus: kuHeTuku pocrta HT ncnonp3osa-
J YCTAHOBKY, TMO3BOJISIIOLIYIO HEMPEPBIBHO H3Me-
PATH Maccy TBEPABIX YIIIEPOAHBIX IPORYKTOB MHPO-
mm3a CH,. YcranoBka BKiIIO4Yana BepTHKATbHBIH
TpyOUYaThlii peakToOp U3 KBAapLEBOrO CTEKJa C BHYT-
peHHUM fuaMeTpoM 34 MM u miuHOHR 430 MM, nedb
pe3ucTuBHOrO Harpesa aynHo# 200 MM, TOPCHOHHBIE
Bechl ¢ fuana3zonoM uamepenus 0.000-0.500 r u 060-
PYJOBaHuE ISl pEryJIMPOBaHus TEMIIEpaTypbl U pac-
xoJia ra3oB. B HIKHe# 4acTH peakTopa UMeJIcs Kap-
MaH il TepMonapbl. B BepxHedl yacTu peakTopa
pacmonaranach ChbeMHasl KpbIlKa U3 proporacra-
4, B LIGHTpE KOTOPOH HAXOAWJIOCh OTBEPCTHE Jua-
METPOM 2 MM, Yepe3 KOTOpOE B peaKTop BBOAMIACH
XpOMeJb-alOMeJieBasi HATh, HA OfMH KOHEI] KOTO-
pO¥i IPHUKPEIUISUICSI KOHTelHep U3 MegHo#l (hobru
(mmameTp 20 MM 1 BBICOTA 5 MM) C HABECKOU KaTaJlH-
3aTopa, a ApYrofl NpUKPEILISICS K pblyary TOPCHOH-
HbIX BecoB. ['a3 mopaBascs yepes WITyuep, pacnoio-
SKEHHbIA B HMKHEN YacTH PEAaKTOpa, U BBIBOIUJICS
yepes ero BepxHee OTBEPCTHE.

HUcrounnkom CH, cnyxXun npupopHbiii ra3 w3
MOCKOBCKOHW TOpOJCKO# ceTu. Bopgopon nonyuyanu
pactBopenneM Al (“u.x.a.”’) B ~20%-noit HCI (“x.4.”)
B anmaparte Kunmna. [lnst ounctku H, ot mapos H,O u
HCI ero nponyckanu 4yepe3 TBepabiii KOH.

B xofie npenBapHUTENbHBIX 3KCIIEPIMEHTOB yCTa-
HOBJIEHO, YTO 3aMETHOE OTJIOXKEHHE Yriepoia Ha
cuHTe3npoBaHHOM Kt HaUMHaeTcs Ipu TeMIeparype
~850°C, n yxe npu 900°C ypnenbHasi CKOPOCTb €ro
HakomneHus: (d(mg/my,)/dt) sSIBAsIeTCST JOCTATOYHOM
7Sl IPOBEJIEHNsI KHHETUYECKHUX 9KCIIEPUMEHTOB.

JIns mpoBefgeHns KHHETHYECKUX IKCIEPUMEHTOB
HeoOxouMO OBUIO 3HaThb Maccy, KOTOpylo Oyner
uMeth Kt mpu TemmepaType NpOBEEHHS 3KCHEpH-
MeHTa. Oka3anock, yro npu Harpese Kt B atMocge-
pe H, 1o 900°C on tepsiet 18 £ 1% cBoeit maccel. [To-
Tepst Maccbl Kt MoKeT ObITh OTHECEHA K Y AJICHHIO
CcOpOUPOBAHHOM BJIArd, XMMUYECKHU CBSI3aHHOU BOJbI,
Pa3OXEHUuI0 KapOOHATOB METAJJIOB, KOTOPbIE MO-
ryT o0pa3oBbIBAaThCS NMpH cuHTe3e Kt meTogoM cxku-
raHmsl, BOCCTAHOBJIEHUIO C 00pa30BaHNEM aKTHBHBIX
eHTpoB. Takum oOpa3oM, Jist Toro 4ToObl Macca Kt
NpH NPOBEJIEHAH IKCIIEPHUMEHTA COCTaBJIsIA, HATIPH-
Mmep, 50 Mr, Heo6xomumo B3sTh 50/(1 — 0.18) = 61 mr
HCXOHOTO KaTaJIu3aTopa.

[IpsiMbIM 5KCIEpUMEHTOM YCTAHOBJICHO, YTO He-
KaTaJUTHYECKOTO OTJIOKEHHS YyIIIepO/ia B 3aMETHOM
KOJIMYECTBE B YCIIOBHSIX NPOBEJEHHS NPOIiecca MIpo-
nu3a He npoucxoauT. Tak, Macca 50 mr MgO, cunte-
3HPOBAHHOIO C3KMHTAaHWEM HUTpATa MarHus C rIIUIH-
HOM, 32 1 4 u3oTepmudeckoil BoigepKka npu 900°C
B Toke cMecu CH, u H, (1 : 4 06.) c cymmapHBIM pac-
xofoM 400 mn/MuH B mpefenax 4yBCTBHTEIBHOCTH
TOPCHOHHBIX BECOB, HE H3MEHHJIACh.

XYPHAII ®UBNYECKON XUMHUU
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JIns onpepeneHuss KWHETUYECKON 00IacTH IPOTe-
KaHHsI [Ipoliecca HaBeCKy KaTajlu3aTopa yMEeHbIIalH
(yMeHbIIanach BbICOTA CI0s KaTajaW3aropa), a pac-
xop cmecu CH, u H, (1 : 4 06.) yBenu4usanu o Tex
[Op, MOKa HayajbHas y[elbHasi CKOPOCTb OTJIOXe-
HUS yriepopa He crana nocrosiHHod. Tak, ObLio
yCTaHOBJIEHO, YTO NpU HcXofHo HaBecke Kt 61 mr
(50 mr pu 900°C) u cymmaprom pacxope cmecu CH,
n H, 400 mu/MuH peaknus npoTekaeT B KMHETHYE-
ckor obmactn. Bece mocnepyromme 3KCnepUMEHTHI
MPOBOAMJIM MPH 3TUX YCIOBHUSX.

KuneTnueckne 3KCIEpPUMEHTHI NPOBOAWIHA CO-
IJIacCHO ciefylomel MeTofiuke. MeaHblil KOHTEHHED
C HaBecKo# karanm3aTtopa 61 Mr nomemiany B BEpX-
HIOIO (XOJIOfHYI0) 30HY p€aKkTopa, YCTaHABJIHBAIH
CyMMapHbI# pacxoi peakunoHHou cMecu 400 mir/MuH
3alaHHOro cocraBa u Harpesanu fo 900°C. Pa30as-
nenue CH, n H, no Hy:KHO¥ KOHUEHTpanuu (napiu-
anpHOro gaBnenust) npoussopuiau He (99.995%). I1o-
cJie TOro Kak TeMiepaTrypa yCTaHOBHJIACh, KOHTEH-
HEp OMYCKAaJIi B rOPsYyIO 30HY, 2 BTOPOH KOHEL| HUTH
NPUKPEIUISUTA K pblYary TOPCUOHHBIX BECOB U (PUK-
CHpOBAJIM H3MECHEHNE Macchl B TeyeHue 1 yaca.

Jl1s mpoBefieHns MUKPOCKONUYECKUX UCCIENOBa-
HHI U ONpefieNieHus! YeIbHOMH TIOBEPXHOCTH NMPOAYK-
ThI IAPOJIX3a OYHUIIATH OT OCHOBHOM Macchl KaTaju-
3aTopa Kunsiuennem 15 muH B ~23%-noit HCI, npo-
MBIBAJIM JMCTWIIHPOBAHHOU BoAod u 96%-HbIM
STUJIOBBIM CHIHPTOM NpH LeHTpudyruposannu (Jan-
etzki T30, 6400 06./MUH) B CyIIMIU HA BO3yXe MpH
110-115°C.

Jlng usydenus Mopgosorun npogyKToB MUPOJIU-
3a HCIOJb30BAJIM NPOCBEYUBAIOMIUA 3JEKTPOHHbIN
MHKpOCKOMN Ha nosepoi amuccuu (I19M) Beicokoro
paspemenus Philips CM200 FEG. U3mepenne ynenb-
HOM IIOBEPXHOCTH NPOBOJUIA METOIOM HU3KOTEMIIE-
paTypHOil fiecopObuuu a3oTa Ha ycraHoBke I'azo-
XpoM-1.

OBCYXJIEHHWE PE3YJIbTATOB

ITonyyeHnpll KaTanW3aTOp HMEN HACBIIHYIO
mwrotHOCTh 0.054 + 0.005 r/cM? 1 yebHY 0 NOBEpX-
HOCTD 140 + 40 M?/r.

Mukpockonuueckue uccieponanus (puc. 1) moka-
3aJI4, 4YTO OCHOBHBIMH TBEPAbIMHU NPOAYKTAaMH TUPO-
nu3a ssisinack HT ¢ uncinoM cinoes OT ABYX 10 NSITH.
Wx BHEWHHN AuMaMeTp U3MEHSUICI OT ~3 1o 9 HM.
B 6onpmuncTBe cnygaes HT opranmsoBass! B cpocT-
ku. B HekoTopbix Mectax HT mokpsIThl HEynopsigo-
YEHHBIM YriaepofioM. MOXHO NpeAnoaoXuThb, YTO
3TO NMPOAYKTHI MHPOJTUTHIECKON MOJIUKOHEHCALUN
WA CHJBHO HCKpUBJIEHHbIE rpageHoBbie cnou. B
MPOAYKTax MAPOJK3a TaKke BCTpeyaauch 4epBeoo-
pa3HbIE YacTHUIbl, KOTOPbIE B HEKOTOPBIX CIydasix
HMEJTH MHOTOYHCIIEHHbIE BHYTPEHHHE NEPEeropoKH.
Wx BHemHnii fuaMeTp Mor npesbimath 10 HM, a unc-
1o cnoes gocturath 10 u 6onee. Mopdonorndeckoe
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Puc. 1. Tunuunsle TI9M Mmukpodororpaduu TBEpALIX
NPONIYKTOB MHPONH3A; Py, = 19.9 xIla (20 06. %),

Pu, = 79.6 xI1a (80 06. %).

pa3HooOpa3ue NpOAYKTOB NHPOJINA3a JONOTHIIN Y-
KOBHYHbBIE CTPYKTYpbl M HHKAICYJIHMPOBAaHHbIE 4Ya-
cTunpbl Karanu3aTopa. Bmecre ¢ TeM aHamu3upye-
Mble 00pa3ibl He Coiep3Kall HAHOBOJIOKOH OO/BIIO-
ro nuamerpa n HT ¢ 6onbp1nM 9ucioMm crnoes.

YnenbHasi MOBEPXHOCTD YIIEPONHBIX TPOAYKTOB,
nony4yeHHbIx npu KonneHtpauuu CH, 20 06. %, a H,
80 006. %, cocraBuia 500 + 50 M?/r, 4YTO COOTBETCTBY-
et yaenbHo# nosepxHoctu HT ¢ ManbiM yncnom cio-
eB [14].

XKXYPHAJI ®PUBUYECKOU XUMUU

I'ABPUIIOB u np.
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Puc. 2. Knsetnueckie 3aBUCHMOCTH HaKOIJICHUST MACChl
yriepopga MpH pPa3NNyYHbIX NapUUATbLHBIX JaBJIEHHsX
CHy: 1 — 199 (20 06. %), 2 — 14.9 (15 06. %), 3 — 9.9

(10 06. %), 4 — 7.5 kIla (7.5 06. %), Py, = 79.6 klla

(80 06. %), He — ocranbHoe.

Ha puc. 2 u 3 npeacraBieHbl 3aBUCHMOCTH MacChl
OTJIOKHBIIIETOCS] yIiepofa OT BPEMEHH, IOCTPOEH-
Hble C yYE€TOM AAHHBIX apajleIbHbIX 3KCIIEpAMEH-
ToB. O6paboTKa Mapamie/bHbIX ONLITOB IIO3BOJIHIIA
ONpeNesuTh JOBEPUTENbHBIA HMHTEpPBAN /sl BCeX
3HAYEeHU! KOJUYECTBA YIIIEpO[a BO BPEMEHH.

JInst 06paboTKH pe3yJbTaTOB BHAYAJIE HCIOJB30-
Bajiicsa nudepeHnuanbuplii MeTon. M3 JaHHbIX,
MpeJCTaBAeHHbIX HA PHC. 2 ¥ 3, BUAHO, YTO CKOPOCTh
peakuuu oOpa30BaHUs YIIIEPOJHOH Macchl (dmc/dT)
YMEHBIIIAETCSI CO BPEMEHEM NPOLIECCA, YBETUINBAET-
¢ ¢ yBenudveHneM mapuuanbsHoro jpasnenus CH, u
YMEHBIIACTCs C YBEINYEHHEM NapLUHUAIbHOrO JaBiie-
nust H, B ra3oBoii peakuuonHoii cMecu. HayanbHbie
CKOPOCTH HAaKOIUIEHHs Macchl yriepoya (puc. 4 u 5)
JIMHERHO 3aBHCAT OT MapuuanbHOro Aasnenus CH, u
00OpaTHOW BeJIMYHHbI MApLHAIbHOrO AasjeHust H,.
DKCTpanoJIsiysi MOJTyIeHHbIX 3aBUCHMOCTEH (puc. 4
1 5, NyHKTAPHAs JIUHAA) IOKA3bIBAET, YTO CYLIECTBY-
10T KpUTHYECKHE (TIpefie]ibHbIe) NapuraibHbIe 1aB-

nennst Merana (pdy, ) M Bogopoa (py, ), MPH KOTO-

PBIX HAaKOIUIEHHE YIIEPOfia C 3aMETHON CKOPOCTBIO
He HaOJIIoIaeTCs, 4TO, MO-BUAMMOMY, CBSI3aHO C TEM,
4t0 npouecc obpasosanusa HT siBiasiercss paBHOBecC-
HbIM. [leficTBUTENbHO, IPU MapUUaIbHOM HAaBJICHHA

CH, Huxe KPHTUIECKOTO (pcy, < 6400 ITa) Hakon-

JIeHHsl yIJIEPOJa B IPSIMOM 3KCIIEPUMEHTE HE Ha0JIH0-
7alIOCh.

CornacHo faHHbIM, NPEJCTABICHHBIM Ha PHC. 4 1
5, 3aBHCHUMOCTh HAYaJbHOH CKOPOCTH HAKOIUIEHUS
yriepopna (ry = dmg/dt npu T = 0) OT cocTaBa ra3oBo
2007
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Puc. 3. KuneTndeckue 3aBHCUMOCTH HAKOILIEHUS MacChl
yriepoja npy pasjIMyHbIX IapuUalbHbIX faBjaeHudX Hy:

1-59.7 (60 06. %), 2 —69.6 (70 00. %), 3 —74.6 (75 06. %),
4—79.6 (80 06. %), 5 — 84.5 (85 06. %); 6 — 89.5 kIla
(90 06. %), Pcu, = 9.9 xIla (10 06. %), He — ocranbHOe.

pEeakIMOHHOHA CMECH MOXET ObITh alllIPOKCHMHPOBA-
Ha ciefyromeid PyHKIuen:

6y

e ky — KOHCTaHTa CKOPOCTH HAaKOIUIEHUS MacChl yr-
nepopa, Mr/c.

Hannuwe py, B 3HaMeHatese ypasHenwus (1) mo-
*KeT ObITh 00'bsiCHeHO copOuueil H, Ha moBepxHocTH

Kt, 94TO 3aTpymHSET HOCTYN K €ro aKTHBHBIM ILeH-
Tpam Monekys CH,.

Iy = ko(PCH4 - Pém )(1/1’7}{2 - UP:2 )s

I1pu nocTpoeHun 3aBUCHMOCTH CKOPOCTH HAaKOII-
JieHHsl yriepofa OT ero Macchl ObLJIO YCTaHOBIEHO,
YTO Ha HAYAJIBbHBIX YJacTKax OHA JIMHEWHO yObIBaeT
¥l ONIACBHIBAETCS1 YypAaBHEHHEM

dmg
dt
rje o — yjaeJbHas MoJisl Ae3aKTUBHPOBaHHOro Kt Ha
enunnny Maccel HT, mr!. Takasi 3aBUCHMOCTB, MO-
BHIUMOMY, CBsi3aHa c Jie3aktuBanuenn Kt o6pasyro-

nmmucst HT, Hanpumep, B pe3yabTaTe €ro HHKarncy-
JHpPOBaHHS.

Ananu3 Mmukpodortorpaguii (puc. 1) mokasamn,
YTO YIJIEpOj] MOXET OTJ]araTbCs U Ha MOBEPXHOCTH
pacryuux HT. DToT mpouecc, mo Bceil BHAUMOCTH,
SIBJISIETCSI KATAJIMTUYECKUM, TaK KaK HEKaTaIUTHYe-
CKOTO OTJIOXKEHHS YIJIEpofia B YCIOBHSIX KHHETHYe-
CKHX 3KCIIEPUMEHTOB He HaOmopana. Ponp karanu-
3aTopa NpH 3TOM, BEPOSITHEE BCETO, CBOAUTCS K 00-
Pa30BaHUIO HAa €ro IOBEPXHOCTH IOJYIPOAYKTOB
nuponusa CH,, KoTopble AecopOupyIOTCs B OOBbEM,
oTiaratoTcsi Ha pa3suToil nosepxHoctu HT u ymor-

2

= ro— (ermC = ro(l —(ch),
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Puc. 4. 3aBUcUMOCTb HaYaJIbHOW CKOPOCTH HAaKOIUICHUS
yriepoga oT mnapuuajibHoro pasieHus CHy; Pu, =

=79.6 kIla (80 06. %), He — ocTanbHoe.

HSAIOTC. He MCKIII0YeHO, 9TO 9TOT NMPOLECC MOXKET
MPUBOJUTH K pocTy yncina cinoes HT.

[TpsiMBbIM 3KCIEPEMEHTOM [TOKA3aHO, YTO 00pa3sy-
IOLIUICS B MpoIecce MUPOJIN3a METaHa Yriepoy Mo-
>KeT rasupuuupoBaThcsi BOgopoaoM. Tak, npu npe-
kpamennu nopayn CH, 23 Mr oTioxuBiierocst K
aTomy MoMeHTy Ha Kt yriepopa nortepsiiu 3a 18 Mun
npe6biBanus B atMocepe H, 6 mr coeii maccbl. 3a-
BHCHMOCTH IIOTEPU MacChl OT BPEMEHH HOCHJA 3KC-
MOHEHIHANBHBIA XapaKTep, MPUYEM, NO-BHANMOMY,

rg, Mr/c
/

0.08f

0.06}

0.04f

0.02f )

C Up, .
1 1 1 1 I 1 1 1
o 09 L1 13 L5 L7

1/py, % 10°, Ma™!

Puc. 5. 3aBiucuMOCTh HaYalbHON CKOPOCTH HaKOILUIEHUS
yriiepofa oT o6paTHON BEIMYMHBI MApUHaILHOTO JaBie-

Hust Hy; Pcu, = 9.9 kIla (10 06. %), He — ocransHoe.
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rasucukanuu MoryT noaseprarbes kak HT, npenmy-
HIECTBEHHO B MECTaX CKOIUIEHU /Ie(peKTOB U MEeCTax
KOHTAaKTa C KaTaJIn3aTOPOM, TaK | Yriepoj, oTyiara-
IOIIMICS Ha UX noBepxHOcTH. PaHee rasmdpukanmio
nuposuTudecku nonydesssix HT Bopmopopom Ha-
omomanu B [10].

YuursiBas ypaBHeHus (1) 1 (2), BO3MOXKHOCTB OT-
noXeHus yriepopa Ha noepxHoctd HT, Bo3MOXK-
HocTh ra3udukanmm HT u otnararomerocs Ha ux mo-
BEPXHOCTH yriepofia BOROPOAOM, MOXKHO 3alucaTh
3aBHCHMOCTb CKOPOCTH HAaKOIJICHHS yIiiepofia OT Co-
CTaBa pPEaKUOHHOW Ta30BOW CMECH B BHJIE CHCTEMBI
ypaBHEHHUIA:

dmcg/dt = dmy/dt + dmy/dr, 3)
dm, 1 1
oL o(Pch, PCH‘,)(pH2 pﬁ)(l om;) @
- k1m1PH2,
dm, 1 1
2k _pk ) - Ly —
dt 2(1’CH4 pCH4)(pH2 Pﬁz)ml k3m2PH2’ (&)

rae k, — koHcTanTa ckopocTH razudukanun HT Bo-
I0pOfOM, k, — KOHCTAHTa CKOPOCTHU OTJIOXKEHHSI yriie-
pona Ha nosepxHoctu HT, k; — KoHcTaHTa cKOpOoCTH
rasuuKaLyy yriepojaa, OTJaraollerocst Ha NoBepx-
Hoctu HT, Bogopopom, m,, m, — cooTBeTCTBEHHO Mac-
ca HT u macca yriiepopna, oTiararoierocst Ha ux mo-
BEPXHOCTH.

Haiinennbie nuddepeHnuanbHbIM METOOM KOH-
CTaHTBI HCTIONbL30BAJIUCh KaK HaydalbHble NpHOIH-
>KEHUs1 TIpY ONTUMU3ALUU KOHCTAHT B cucteMe aud-
(pepennmanbubix ypasHenui (3)—(5). B pesynabraTe
ONTUMHU3ANHMU ObLIM HOJIYYEHbI CIefyIolue 3Have-
HUs1 KOHCTAHT Ansi Temnepatypbl 900°C:

plu, =6385£33Ila, pji =109481 %711 ITa,

ko = 2.778 £0.066 mrc ',
o =162x107+£006% 10" mr ',

k;=298x107+020x 10" Ma'c’',
k, = 5.18x10°+£0.79% 107 ¢,

k;=1.02x10°£0.65 % 10° Ta~! ¢

CpaBHeHne BceX IKCIEPUMEHTANIbHBIX H pacyeT-
HBIX IaHHbIX (pHC. 2 1 3) TOKa3aJ10, YTO MONyYEHHbIE
MIpH pacyeTe Mo MOJIENIN 3Ha4YeHHs! YKIabIBalOTCS B
NMOBEPHUTENbHbIA HHTEPBAJI.

C y4eToM nosy4YeHHbIX KHHETHYECKNX 3aBHCUMO-
cTell IpefyiaraeTcs cxemMa IMpoTeKaHus npoliecca Mnu-
poJu3a, CoCTosIas U3 YeTbipex crafuii. B Helt yun-
TBIBAETCI OOPAaTHMOCTH IHPOLECCOB 00pa30BAHUS

KYPHAII ®PU3UYECKON XUMUUN

I'ABPWIJIOB u nip.

nByx nponykTtos — HT u yrnepopa, otnararomerocs
Ha WX NOBepXHOCTH, U copbuusi H, Ha mosepxHOCTH
Kt, a Tak:ke ne3akruBauus Kt oopasyrommmucs HT:

CH, + Kt == C, + Kt + 2H,,
CH, + Kt + C;= (C,-C,) + Kt + 2H,,
Kt + C, — (C,—Kuv),

Kt + H, == (Kt---H,),

rae C, — yrneponnble HT, Kt — kaTanusaTop B akTUB-
HoOil opme, (C,—Kt) — ge3akTuBHpoBaHHas opMa
kaTtanu3artopa, (C;—C,) — HaHOTPYOKH C yrIepofioM,
OTJIOKMBIIMMCS Ha mx nosepxHocty, (Kt---H,) — ka-
TaNu3aToOp C COPOUPOBAHHBIM HAa HEM BOJOPOJOM.

[IpepnoxkeHHass KMHETUYECKAs] MOJENb HE Y4YH-
THIBAET BCEX BO3MOXKHBIX IIPOLIECCOB, IPOTEKAIOIIUX
npu nupomuse CH, B cmecu ¢ H, na Kt, n orpannyena
ucnonbs3oBaHHbIM Kt, TeMnepaTtypoit 900°C, uurepsa-
JIOM MapIyaNbHbIX aBneHuil Metana 7.5-19.9 klla n
Bopopona 59.7-89.5 kIla, ogHako, oHa He NPOTHBO-
PEYUT UMEOIIUMCS B INTEPATYPE JaHHBIM U MOXET
OBITh HCIOJb30BaHA IS pacyeTa anmapaToB Herpe-
pbiBHOTO cuaTe3a HT.

Takum 06pa3oM, UCXOAs] U3 JaHHBIX KHHETHYE-
CKHX 9KCHEPHMEHTOB U JaHHBIX, IOJy4YEHHbIX NyTeM
MaTeMaTH4eckoil 00paboTKH, CleyeT, 4To 00pa3o-
Banue HT, a Takxke nHbIX popM yriepona, o6pasyto-
LIMXCSI OMTHOBPEMEHHO C HUMH, SIBJISIETCS OOPaTHMbIM
HPOLECCOM, KOTOPbIH MOXKET OBbITh OXapaKTepu3o-
BaH 4yepe3 MpefielibHble KOHUEHTpauuu (mapuuaib-
Hble naBiaenus) CH, u H,, cooTBeTcrByrompue, no-su-
AMMOMY, PaBHOBECHBIM yClOBHsIM oOpa3oBanust HT.
Ckopocts pocta HT B cucreme CH,—H,-He xapak-
TepusyeTrcs nepsbiM nopsitkoM 1o CH, u obpatHo
MpONOpIHOHaNbHA KoHNeHTpauu H, B rasosoii da-
3e. O6pa3syroinuecs B nponecce nuponu3a HT u apy-
rue (hopMBblI yriepona MOryT ra3uuIupoBaThCs BO-
popogoMm. [To-BuguMoMy, raszucpukanus nony4eHHoHn
yLJIEPOAHOIA MacChl BOTOPOROM MOXKET SIBJIATHCS Off-
HIM H3 cnoco6oB ounctku HT ot comytcrByromux
uM yrieponnbix npumeceii. [Ipennaraemast B padote
cucreMa paugepeHIAaNbHbIX YPaBHEHHHA MOXKET
ObITH UCIOJIB30BaHa JIs pacyeTa annapaToB Helmpe-
poiBHOTrO cuHre3a HT.

Pa6Gora BbInonHEHa NpHU YaCTHYHOM MOJJEPKKE
Axkanemun Hayk PUHISIHIAN.
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H3yuyen npouecc pa3noxeHus ra3000pa3HbIX MPOAYKTOB XUMHYECKO# TPAHCIIOPTHON peakiuu, NPOTeKa-
roller npu B3aumopeiicteuu napos H,O, ¢ ZnO, Ha noBepxHocTH cunukarens. [lokazaHo, 4TO B HaYalb-
HOW CTaJMy Pa3jiOXKEHUs! IPOMEXYTOYHOIO KOMIUIEKCa XUMUYECKON TpaHcnopTHoi peakuun H,0,/ZnO
IPOKMCXOIUT 3aMETHOE YBEIMYEHHE YAEIbHON MOBEPXHOCTH COPOEHTA U OAHOBPEMEHHBIH CABUT MAKCHMY-
Ma pacnpejeNeHus II0p IO pa3MepaM B CTOPOHY MEHBIUHX HOp. Y CTAHOBIEHO, YTO C YBEJIUYEHUEM BPEME-
HH BBIIEPKKH CUJIMKAress B MOTOKE ra3000pa3HbIX MPOXYKTOB XMMHYECKOW TPAHCHOPTHOW peaKIMH
H,0,/Zn0 nabnronaercs obpatHas kaptuna. [Tokaszano, yTo 06paGoTKa KpeMHE3EMHOIO COpOEHTa NMpo-
MeXKyTO4YHbIM KominekcoM H,O,/ZnO cymecTBeHHO BinsieT Ha (PpaKTaJbHYIO Pa3MEPHOCTD €ro MOBEpX-

HOCTH.

Panee namu nokasaso [1], yro o6paboTka KpeMHe-
3€MHOro copOeHTa ra3o00pa3HbIMU MPOJYKTAMH XU-
Muyeckoil TpancnoptHo# peakuun (XTP) H,0,/ZnO
IPHUBOJUT K CYIIECTBEHHbIM HM3MEHEHHSIM €ro TeK-
CTYPHBIX MapaMeTpOB, YTO SIBJISIETCS CIEJCTBHEM
pa3nioxKeHnus razoo0pasHoro nepokcoconsara ZnO B
nopax copOeHTa ¢ 00pa3oBaHUEM BTOPUYHOH TEKCTY-
pbl noeepxHocTH. Ha ocHOBaHMM M3y4yeHHs] H30TEpM
azficopOuuu 6en3ona npu 373 K Ha noBepXHOCTH MOIH-
(punpoBaHHOT O KpeMHE3eMa MOKAa3aHO, YTO eCJIH I10-
cie Takoil 00pabOTKY UCXOMHOM HNOMJIOXKKH YAeabHAast
HOBEPXHOCTb CHHXKAaeTcs Ha 15 M%/r, TO yaembHBIN
00'beM NOP, HA060POT, yBenumBaeTcs Ha 0.042 cm?/r.

I'ereporennas peakius napos H,O, ¢ okcunamn,
COJISIMH U XaJbKOT€HHAAMH — CJIOXKHBIH H MaJlON3y-
YeHHBIN npouecc. B 3aBucAMOCTH OT NpUpopbI rete-
POT€HHOro KOHTAaKTa M TeMIepaTypbl peaklyuud Mo-
TYT NPOTEKaTh ABa npouecca [2—4]. B ogHoM cinyyae
Ha TBEPAOM KOHTAKTE IIPOMCXOAMT pa3JoXKEHUe
H,0O, Ha Bofy 11 KUCII0pOA, @ B APYTOM — NEPOKCHJL BO-
[OpOofia BCTYNAET B NPSIMYIO PEAKIMIO C BEIECTBOM
[IOBEPXHOCTH, MPHBOJsl K OOpa30BaHUIO HOBBIX CO-
equHeHuil [S5-7], KoTopbie B YCIOBHUSIX peaKkUuu Ya-
CTHYHO NepexXofdr B ra3osyio ¢a3y. B o6beme rasa
OHH NPOSIBISIIOT IOCTATOYHYIO YCTOMYHABOCTD, OHA-
KO JIETKO pa3NaraloTcsi NpU CONPHUKOCHOBEHUHU C
TBEPbIMU BEIECTBAMH, BbIJIEJISISI HCXOJHOE TBEPHIOE
coeffuHeHne. B noTtoke raza npoMexkyTO4YHOE COETH-
HEHHE MOXEeT IepeMellaThCsl Ha OOJNbILINE paccTos-
Hus1. CiefloBaTeNbHO, 3Ty PEaKLIUI0O MOXKHO OTHECTH
K Tunn4yHbiM X TP [8], rmaBHO#M OTIMYATENBHON OCO-
GEHHOCTBIO KOTOPOH SIBJISIETCSI TO, YTO OHA NIPOTEKa-
€T IIPY HU3KUX TeMIiepaTypax (B HEKOTOPBIX CIy4asix
Jaske HUXKe KOMHATHON) 1 JIerko ynpasnsema. Hema-

JIOBaXKHO U TO, YTO JIJISl BCEX COEIUHEHHNH TPaHCHOp-
TEPOM BEIECTBA SIBJISIETCS OHO U TO XK€ AOCTYIHOE
coelHHEHHEe — Mepokcuy Bogopopa. [Tomumo Heco-
MHEHHOTO TEOPETUYECKOTrO 3HAYEHUS 3Ta peakiys
OTKpBbIBAa€T HOBbIE BO3MOXKHOCTH IMOJYYEHHUsS pas3-
JUYHBIX MOKPBITUH U IIEHOK, NOBEPXHOCTHO-MOJIH-
(puHEpOBaHHBIX COPOEHTOB M HEMOABIZKHBIX (a3
IJIsl XpoMarorpagun, METaJUIOKCUIHbIX KaTaju3a-
TOpoB HOBOro nokosenusi. Hanpumep, B [9] ¢ momo-
B0 3TOM peakiuu MOAU(PUIUPOBAHA NOBEPXHOCTh
TabJIeTKU a9pOCHIa U MOKA3aHO, YTO TAKHUM CIIOCO-
OOM MOKHO MOJNYYHTh PA3INYHbIE KaTATUTHYECKHE
CHCTEMBI C 3alaHHbIMU cBOlicTBaMu. [IpuueM ogHy
Ty e MOBEPXHOCTb MOXKHO MOAU(HIHUPOBATL pa3-
JIMYHBIMH AKTHBHBIMH COEIHMHEHUSIMA OTHOBPEMEH-
HO WJIH B OTHENBHOCTH, C HY>KHBIM KOJIHYECTBOM H
MIOCJIEOBATENBHOCTBIO, YTO OYEHb BasKHO JJIsl pery-
JIAPOBAHHUSI CBOKCTB KaTaJIN3aTOPOB.

B HacTosiimeM cooOmIeHHH NPHUBEAEHbI JAaHHbIE
HCCIIEIOBAaHUSI H3MEHEHUI TEKCTYPHBIX IApAMETPOB
MOJJIOKKY MPH Pa3loKEeHUH Ha ee NOBEPXHOCTH ra-
3006pa3Hbix npoaykroB XTP, mporekaromiei npu
B3anmopeiicreuu napos H,O, ¢ ZnO.

SKCITEPUMEHTAJIBHAS YACTb

DKcnepuMeHThbl MPOBOAMINCH Ha BaKyyMHO-IIPO-
TOYHOH yCTaHOBKE, MO3BOJISIFOIIENA IPOBECTH I'PABU-
METpHYECKHE HM3MEPEHHs B XOfe Mpolecca, ynpo-
[IEHHAasi cXeMa KOTOpO¥ MpejcTaBleHa Ha puc. l.
Cwmech mapos nepokcupaa u sogst (H,0,: H,O=1:1)
u3 amnyiabl / o gasinenueM ~80 I1a mpomyckanu ve-
pe3 peakTop 2, rfie NoMelleH TabIeTHPOBaHHbIA 00-
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pa3zen BbICOKOIHUCIIEPCHOrO MOPOMIKA OKCHIA IIUHKA
yuctotot 99.999% ¢upmel Aldrich.

I'a30BbIi TOTOK MOCJIE PeakTopa HANpaBJsICS B
rpaBuMeTpruecKuil y3ena (Becbl Mak-bena), rae Ha-
XOOUTCsl TaONeTHPOBAHHBIN CHIMKareib 4, mopBe-
IIEeHHbIA K TOHKOH KBapUEBOU CUpaiu 5 (1yBCTBH-
TenbHocTh — 4.35 X 1073 r/cm). Tabnerka cunukarens
maccoit ~0.1 r u pasmepamu 1 X 1 X 0.1 cm® usroros-
JIeHa MPeCCOBAaHUEM H3MENbYEHHOTO 0CO60 YHCTOrO
Si0, nopx naBnenuem 1500 kr/cm?. YyenbHas HoBepx-
HOCTB IPENApPUPOBAHHOTO 00pa3Ia 1Mo a30Ty COCTaB-
asina 250 M%/r, ypenbHbli 06beM nop — 0.690 cv/r.

BakyyMHast yctaHOBKa CHa0XeHa COOTBETCTBYIO-
IAMH y371aMH PEryJINPOBaHNS AABICHUS U CKOPOCTH
[IOTOKa, TeMIepaTypsl peakTopa u Tabunerku Si0O,.
Konnenrpanust ZnO B 1OTOKEe oOmpefensiach OT-
JEeTbHBIM OMBITOM C HTOMOII[bI0 ATOMHO-aICOPOIUOH-
Horo crnektpoMeTrpa AAS-30 cnegyrommm o6pazom:
3a OUH YaCc KOHJEHCAIMH ra3oBOro MmoToka B JIO-
BylIKe npu temuneparype 77 K HakannmBaetcs j0-
CTaTOYHOE [JIsI aHalW3a KOJHYECTBO KOMILIEKCA
Zn0 ¢ H,0, (~10~° moub). [Tocie npekpamieHns Omnbl-
Ta TeMIIepaTypy KOHEHCATA MOBBIILAJIH [JO KOMHAT-
HOI. B 3THX ycnoBHsIX KOHAEHCAT MpeBpaliaercs B
SKHIKOCTh M KOMIUIEKCHOE COEIMHEHHE JIErKO pa3ia-
raercs ¢ BeigesieHneM ucxopHoro Zn0O. Tak kak ok-
cHJ| LIMHKA MJI0XO PACTBOPSIETCS B BOJIE, TO €ro mpe-
Bpalliajy B pACTBOPUMYIO COJIb PACTBOPEHUEM B CO-
JISHOW KHCNOTe. 3aTeM C HOMOIIBIO CIIeKTPOMeTpa
AAS-30 onpepnensinim KOHIEHTPALMIO IUHKA B HOJY-
YEHHOM pAacTBOpPE, CIIEJOBATEILHO, H KOJHYECTBO
MEPEHECEHHOTO B XOf€ 3KCHEepPHUMEHTa BEIECTBA.
ITocne aTOro, 3Hasi CKOPOCTh H JIaBJIEHHE I'a30BOrO
MOTOKA, PACCYUTHLIBAIM KOHIEHTPAIUIO KOMILIEKCa
B IIOTOKE rasa.

PpakTarpbHYI0 pa3MEpPHOCTh UCXOTHOTO U MOJIH-
¢dunuposanHoro Si0,, XapakTepU3yIOIYIO CTENeHb
pa3npoOIEHHOCTH NOBEPXHOCTH copOeHTa, omnpefie-
ssui o Metopuke [10], u3 uzorepm amcop6umu N,,
CHCl;, CHg, C¢H4(H-rexcan) u CoH;, (kyMom), uc-
HOJIb3Ysl 3aBUCHMOCTH YAEIBbHOI NOBEPXHOCTH IIOPH-
CTOrO Tejla OT pa3Mepa MOJIEeKYJIbI acOpOTHBaA

— ~s2-D)P2
Sy =N,0 ~ oD,

rae N, — 4uCIO MOJIEKYJ] B MOHOCIOE JiJisi OfHOrO
rpamMma ajicopOeHTa, ¢ — IOIA/lb, 3aHAMaeMasi Ofi-
HOHI MOJIEKYJION afcopOara, D — dpakranbHas pas-
MEPHOCTb [TOBEPXHOCTH aicOpOeHTa. Y IebHYIO MO~
BEPXHOCTb H OCTaJIbHbIE TEKCTYPHBIE MapaMeTphl
00pa3LoB ONpeAeIsIN, UCIONb3Ysl YPABHEHUE MOJH-
MoJIeKyIapHO#A afcopouun bOT, koropoe ommcano
IpoLecc aficopOLUM 10 OTHOCUTENIBHBIX JaBICHUI
napos ajcopotusa p/p, = 0.25.

Peakuus xumudeckoro nepernoca ZnO ocymecrsiie-
Ha B yCIIOBHSIX (BpeMsi KOHTakTa ~1072 ¢, naBienue na-
POB 9KBAMOJISIPHOU cMecH nepokcryia 1 Bofibl — 80 [1a,
TeMreparypa peakropa — 293 K), koTopble n03BoJisi-
IOT OCYILECTBHTb MOJU(HUIUPOBAHKHE MOBEPXHOCTH
KYPHAIl ®U3UYECKOU XUMHU
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Puc. 1. CxeMa BakyyMHO-IPOTOYHOH YCTAaHOBKH: / — y3ell
nopaun mapos HyO,, 2 — peakrop ¢ Ta6GneTHPOBaHHBIM
ZnO0, 3 — TepMocrat, 4 — TabIeTUPOBAHHBIA CHIIAKare/b,
5 — ammyuna ¢ aicopOTHBOM, 6 — MacIISIHbIA MaHOMETP, 7 —
KBapleBas CUpalb.

CHJIMIKAreJisi OKCHIOM IIMHKA. B cranmonapaom pexxume
XAMHAYECKOT0 NEPeHoca KOHLEHTpal|si IPOMEXKYTOY-
HOTO COEJJMHEHNS — IEPEHOCYMKA BEIECTBa B 00beMe
rasa B HallIMX yCIOBHSX cocTaBmuia ~3 X 1010 monek/cm?,
a ckopocTh nepenoca — 4 x 102 monek/(cm? ¢). [pu
aTOM 3a 1 4 moTOKOM razos nepenocurcs ~10~° Mosib
Zn0O, a KOJIHMYECTBO HAKOMIEHHOrO Ha KPEMHE3EM-
HOI MOJJIOXKKE — U TOTO MEHBIIIE (YTO HIXKE TIpefeia
YYBCTBHUTENHHOCTH IPUMEHEHHBIX HaMH BecoB Mak-
bena). ITo aToMy He yganoch Haie>:KHO HAONIOAATh
3a U3MEHEHUEM Macchl copOeHTa B XOje ero odpa-
6otku razoo6pasubivi npogykramu X TP H,0,/Zn0O.

OBCYXIEHUE PE3YJIbTATOB

Ha puc. 2 npuBeeHbl H30TepMbI aicOpOLUN a30-
Ta Ha ucxopHoM (/) u Mogu(UIUPOBAHHOM ra30Bbl-
mu npopykramu XTP H,0,/ZnO Ha nmepsoii craguu
(2, B Tevenune 6 4) 1 B KOHIIEe MOPUIIIPOBaHUs (3, B
teuenne 30 4). MopndunupopaHue CUIbHO MEHSIET
TEKCTYPY HCXOJHOTO COpOEHTa, YTO MPOSIBISIETCS B
W3MEHEHUN HE TOJILKO OTHOCHTEJILHOTO JIaBJIEHHS
Hayaja KanWwUISIPHOH KOHAEHCAllud, HO U (POPMBI
neTid racrepesuca. [Ipuyem Ha mepBoil CTajiuu MO-
nucpuIpoBaHns HaOMIOfaeTCs YMEHbIIEHHE OTHOCH-
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Puc. 2. M30TepMbl aicopOIMH a30Ta Ha HCXOJHOM KpeM-
HeseMe (/) u nocne ero 06paGoTKHU ra3000pa3HbIME MPO-
ayktamu XTP HyO0,/ZnO B Teuenue 6 (2) u 30 (3) u.

TEJILHOTO JaBJIEHUs Ha4aJla KalMUISIPHON KOHJIEHCa-
LAH, YTO SIBJISICTCS IPSIMBIM CIIEICTBAEM 00pa30BaHHs
HA IOBEPXHOCTU KpEMHE3EMa HOBOH MUKPOIOPUCTOI
CTPYKTYpPBI BCIEACTBHE PA3JIOKEHUS] IIPOMEKYTOU-
ubix coepudenuit XTP H,0,/ZnO B nopax Gonbimx
pa3MepoB.

JlanbHellliee yBenuyeHHEe BpeMeHU MOARQHIIH-
pOBaHUs1 IPUBOAUT K OOPAaTHOM KapTHHE, T.€. K CMe-
HIEHHIO OTHOCHTEJNLHOrO JABJICHHUSI Hadasla Karui-
JISIPHOU KOHJIEHCAMd B CTOPOHY HOP ¢ OOJbIINMH
pa3Mepamu. Takue H3MEHEHHs [TOBENECHHS U30Tep-
MBI aJIcCOpOLIUH a30Ta B 3ABUCHMOCTH OT BPEMEHH 00-
pabOTKH KpeMHe3eMa, IO-BUAMMOMY, MOXKHO 00'bsIC-
HUTH TEM, 4YTO HEKOTOpbIi€ IOPbI 3aKpHIBAIOTCH, a
pa3Mepbl HEKOTOPBIX MOP YMEHBIIAIOTCH WIH OHH
MEHSIOT CBOIO (POpPMY, T.e. MPOUCXOAUT HOBOE IIO-
BEPXHOCTHOE CTPYKTypooOpa3zosanue. O6 3TOM CBH-
OETENBCTBYIOT TaKXke COOTBETCTBYIOIINE KpHBbIE
pacnpeneseHus nop no pasmepam (puc. 3).

Ha nepgoit cragun mogucunmposanns (6 4) Ha-
OnrogaeTcd CMeIeHHe MaKCMMyMa Ha KPUBOHM pac-
npepenenus nop no paguycam c 40 no 20 A. Ilpu yse-
JIAYEHNH MPOJOJIXKHUTENIBHOCTH MOTU(UIIPOBAHUS
1o 30 4 MaKCUMyM CMELIAETCA B CTOPOHY OOJBIIHAX
pasmepos (70 A), c OIHOBPEMEHHBIM paCIHHPEHAEM
pacnpenenenus. FMcxoyst A3 KpUBBIX pacrpefieeHus
MOp MO pagnycaM MOXKHO 3aKJIFOYUTh, YTO B Pe3Yb-
TaTe pa3joXKeHus] NPOMEKYTOYHBIX COEUHECHUN
XTP H,0,/ZnO Ha nOBEepXHOCTH KpeMHE3€Ma POHC-
XOUT He TOJBKO U3MEHEHHE TEeKCTYPHbIX MapaMeT-
POB HCXOHOI'O KpeMHe3eMa 3a cueT H3MEHEHHs MOp-
¢onorun nop, HO U 06pa3oBaHUE HOBOH TEKCTYPbI
noBepxXHOCTH 3a cyeT ZnO, ocaxkgaeMoro Ha NoBepx-
HocTr. OHAKO, YYUTHIBASI TO, UTO KOMHYecTBO Zn0O,
0o6pa3oBaHHOE HA IOBEPXHOCTH, O4Y€Hb MaJI0, MOXKHO
IPENIONIOXKATH, YTO U3MEHEHHE TEKCTYPHBIX Xapak-

KYPHAII PUBNYECKON XUMUU
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Puc. 3. 3aBucuMOCTH pacipejiesieHls IOp [0 pasMepaM
OT BpeMeHH 00pabOTKH KpeMHeseMa ra3zoo0pa3HbIMH
nponykramu XTP Hy,O0,/Zn0: 1 — ucxonnsiit Si0;, 2 — 6 4,
3-30u.

TepUCTUK cOopOeHTa B OCHOBHOM OOYCIOBJICHO 3a-
KPBITHEM HEKOTOPBIX IIENCBHAHBIX H OyTBIIKOOO-
pa3HbIX HOp, YTO H SBISIETCS TIaBHOW HPHUYUHONI
YMEHBILICHHS YAEJILHON IOBEPXHOCTH.

Jloka3aTeabCTBOM TAaKOFO MPENMOIOXKeHUsT MO-
KeT SBIATHCS TaKke W BHJ 3aBHCHMOCTH YIEJIBHOTO
aICOPOIMOHHOrO 00'beMa KPEMHE3EMHOM MOJIOKKU
OT BpeMeHn Mopgudunuposanns (Tabnmuuna). Ha Ha-
yajgpHON cragum (10 9) HabmomaeTcss HEKOTOpPOE
yBEJIHYEHHE YHENBHOrO agCcopOLHOHHOr0 o0beMa ¢
0.69 no 0.75 cM’/fr. B panpHEdmEM 3TOT OOBEM
yMeHbIaeTcs u nocie 30 4 Mogu(HUIUPOBaHHs CO-
crapasiet ~0.52 cM/r.

IIpyrum, OGonee HaAEXkHBIM JOKA3aTENLCTBOM
CKa3aHHOTO SIBJISIETCSI H3MEHEHHE VAEIBHBIX IOBEPX-
HOCTEH, paCCYMTAHHOE MO afiCOPOLHHN BELIECTB C pa3-
HbIMH BEJIMYMHAMH TUIOMIAfiell, 3aHIMAaeMbIX UX MO-
nekynamu (puc. 4). Ha nepsoit craguu MoauduLupo-
BaHus (6 4) HaOMOmaeTcss HEKOTOPOE yBEIHYCHHE
yaenbHOM noBepxHocTH ¢ 250 go 270 M¥/r (110 a3oTy).
B nanbHeiineM ypenbHast NOBEPXHOCTb YMEHbBILAET-
cs 1o 160 m%/r, mocne Mogu(UIMPOBaHUs B TeUeHUe
30 4. Bo Bcex cnyyasx HaONIOAAaeTCsd yMEHbIIEHUE
yrenbHOU noBepxHocTu Si0, ¢ yBeIMYeHuEM BpeMe-
HH MOJU(HIMPOBAHNS, XOTSI H3MEHEHHE YJEIbHON
NOBEPXHOCTH, ONPe/eIEHHOE MO afcOpOIUH Pa3nny-
HBIX COpPOATOB, MPOMCXOFHUT MO-pasHoMy. OpHAKO
HabiroaeMasi pa3Hulla W3MEHEHUs! YIEJIbHOM MO-
BEPXHOCTH OT BpeMeHH MOU(ALIHPOBAHUS B ClIydae
pa3HbIX aACOPOTHBOB CBHIIETEILCTBYET 00 M3MEHE-
HIH (PPaAKTANLHOH Pa3MEPHOCTH IOBEPXHOCTH.
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H3menenue tekctypol Si0, npu 06paboTke razooopasupiMu npogykTamu X TP H,0,/Zn0 (R — ko3¢ dunuenT koppens-

UM, O — CpeJJHEKBajpaTH4Hast OmuoOKa)

Syps M?/r, IO pa3HbIM afcopOTHBAM Vo
1y N, CHCl,4 C¢Hg CeH 4 CoH, em/r D -R c
(162 A2 | 285A%) | 1A | 51.5A) | (62.3 A% | (MONy)

0 250 220 208 200 190 0.690 | 2.14+0.091 | 0.99852 | 0.00285

6 270 220 200 190 180 0.710 | 2.59+0.095 | 0.99924 | 0.00316
10 230 190 178 165 165 0.740 | 2.51+0.056 | 0.99793 | 0.00432
15 215 209 200 190 188 0.700 | 2.25+0.047 | 0.99936 | 0.00131
20 205 200 195 190 195 0.580 | 2.10+0.060 | 0.99535 | 0.00247
30 158 156 150 145 150 0.520 | 2.07+0.024 | 098605 | 0.00252

Ha puc. 5 npuBepeHbl npsiMble 3aBHCHMOCTH
1gS,, or g0, u3 KOTOPHIX paccYUTaHbl 3HaYEHUs

¢pakTanbHOR pa3MEepHOCTH NOBEPXHOCTH 00pa3LoB
nocje ux Mmoguguuupoanus. Ha HadanbHo# cTagun
MoauHUIUpOBaHus nosepxHocTu Si0, NpOHCXOAUT
yBeJn4YeHue (PpakTaIbHOCTH, a C YBEJIIMYEHHEM Bpe-
MeHH 00paboTKH copOeHTa ra3000pa3HbIMHU TPOAYK-
tamun XTP H,0,/ZnO HaGnrogaeTcsi CriakuBaHHE
MOBEPXHOCTH, T.€. YMEHbIIIeHue ero (ppakTajbHON
Pa3MEPHOCTH, O YeM ObLIO CAETIAHO MPEANONOKEHUE
B [1].

Ha ocHoBaHMu NONy4YeHHBIX AAHHbIX (Tabnuia)
MO aicCOPOUMOHHOMY M3YUYEHHIO MPOoLEecca pas3lioxe-
HHUSI HAa IOBEPXHOCTH KpeMHe3eMa ra3o00pa3HbIX
npoaykToB XTP H,0,/ZnO cpenaH BbIBOJ O TOM, YTO
Ha MEepPBOM CTAJIMH Pa3OKEHUs ra3000pa3HbIX NPO-
ayktoB XTP H,0,/ZnO Ha noBepXHOCTH MOPHCTOTO
KpeMHe3eMa [POMCXOJUT yBEJIWYCHHE YAeTbHOU
HOBEPXHOCTH U YAECIBLHOrO aICOPOLIMOHHOrO 00'beMa

2
Syn’ M~/r

280 r

——N,

240+

200}

160

t,4

Puc. 4. IsmeHeHHs yaenbHOR NOBEPXHOCTH B 3aBUCHMO-
CTH OT BpeMeHU 06pabOTKH, pacCUMTaHHbIE MO U30TEP-
MaM ajicopOLHH Pa3IMYHBIX aicOPOTHBOB.

KYPHAJI PUBNYECKOU XUMUU Tom 81 Ne 9

3a cyeT oOpa3oBaHUs HOBOW TEKCTYpPbl IOBEPXHOCTH
C yBEIMYEHHON (PpaKTalbHOH Pa3sMEPHOCTBIO.
Paznoxenne mnpomexkyrouHoro kommiekca XTP
H,0,/Zn0O Ha HayanbHOH CTajuu NPOUCXONUT Tpe-
UMYIIECTBEHHO B mopax ¢ paguycamu >40 A. Janb-
HeWInee yBeJu4eHue BpeMeHH BbIJIEPKKH HCXOIHOIO
copOeHTa B TOKE rasoo0OpasHbix npopyktoB XTP
H,0,/ZnO npuBOgUT K HUBEIUPOBKE MOBEPXHOCTH,
JI0Ka3aTeNbCTBOM 4YEro SBJSIOTCS YMEHBIICHHE
YA€NbHOM MOBEPXHOCTH ¥ OJHOBPEMEHHOE YMEHbILIE-
Hye (PpaKkTaIbHON pa3MEPHOCTH MOBEPXHOCTH.

Takum oOpa3oM, peaknuio pa3noxeHHus ra3zooo-
pasHbIx npogykToB XTP ¢ yyactuem nepokcupna Bo-
AOpOAA ¥ OKCHJIOB Pa3JIMYHbIX METAJIJIOB MOXKHO UC-
MOJIb30BaTh 711 HAHECEHUs] HAHOIIEHOK Ha MOBEpX-
HOCTH pa3lM4HBbIX TBEPABIX TeN, B YAaCTHOCTH, Ha
IIOPHUCThIE MaTepHuaibl. DTO MOXeT ObITh 3¢pek-
THBHBIM CIIOCOOOM IIOJYYEHHUS pa3jInyHbIX KaTalu-

03  -lgo

Puc. 5. TIpsmble i pacyeta (ppakTajibHOR pa3MepHO-
CTH TIOBEPXHOCTHU KpeMHe3eMa, 06paboTaHHOTO NPH pas3-
HBIX BpeMeHax: / — HCXOHbIN o6pazel (D =2.39),2 -6 4
(D=261),3-10u(D=251),4-154(D=2.27),5-20u
(D =2.12),6 — 30 u (D =2.10).
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3aTOPOB, H30UpPATEIbHBIX COPOEHTOB, XPOMATOrpa-
(buyecknx HeNnoBIKHBIX (Da3 U APYrUX MATEPUATIOB.

PaGora BbinosHeHa npn (puHAHCOBOW NOIIEPKKE
MHTL (mpoekt A-629).
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Onpo6oBaHb! Tpu cioco6a ITOfa4u CHHITIETHOTO KMCIOPOJA B PEAKLHOHHYIO CMECh: TEPMUYECKAs TEHEPa-
M5 CHHIJIETHOTO KMCJIOPOJA CaMUM KaTalu3aTOPOM, BBE/IEHUE CHHIJIETHOTO KMCIOPO/a B PEAKIHOHHYIO
CMECh OT BHELIHETO MCTOYHMKA M (DOTOreHepaLysi CHHTIIETHOTO KACIOPOAa Ha KaTanu3arope. Mcnonp3o-
BaHbI LEOIUTHI C BBEACHHbIMU 1o0aBKaMu Mo, Bi, V, Ni u HanecenubimMu Ha SiO, Mo, V, Bi. Ycranosneno,
4TO OOIEN 3aKOHOMEPHOCTBIO NMPH HAJMYMH CHHIJIETHOI'O KHCIOPOJA B PEAKUMOHHON CMECH SIBISETCS
yBEJIMYEHNE KOHLUEHTPALUM MMPOIYKTOB rnybokoro okucnenus. Ha karanusarope Bi/SiO, npu ¢hoTookuc-
JIEHUH TPOMUIIEHa OTMEYEHO PE3KOE YBEJIMYEHHE BBIXOA MPOJYKTOB MATKOTO OKMCIEHHUS. Y CTAHOBIIEHO,
4TO '€HEPALHSI CHHIJIETHOIO KUCIIOPO/a, OCYIECTBIIIEMast PU 00y4eHnH B uanaszone 240-260 M, nmpu-
BOJIUT TOJILKO K TJTyGOKOMY OKHUCIIEHUIO; IOSBJIEHUE IIPOAYKTOB MATKOrO OKUCIEHHSI BO3MOYXKHO JIIIb MPH

OCBCUICHUHU MOJTHBIM CBETOM pTyTHOﬁ JIaMIIbI.

PeakuuoHHas ClHOCOGHOCTB 3JIEKTPOHHO-BO30Y K-
ACHHBIX MOJIEKYJ B F€TEpPOT€HHOM KaTallu3e Majio
U3yuyeHa, YeMy ecTb Npu4uHbl. OCHOBHbIE U3 HUX —
CPaBHHTEILHO MaJIOe BpeMs KU3HH U Masasi KOHIEH-
Tpauusi BO30YKIE€HHBIX YaCTHIL B IKCIIEPHMEHTaX.
B 2TOM KOHTEeKcTe CHHITIETHBIN KHCIOPOJ Oz(lAg)
HUMEET OIpefieJIEHHOE NPEUMYIIECTBO MO CPABHEHUIO
C IpyrMMH MOJIEKYJIaMH, TaK KaK ero pajHallioOHHOE
Bpems cocrasisieT 64.6 muH npu snepruu 0.977 3B.

Bo36yxaenHoe cocrosinue O,( 12;') UMeEeT pajuanu-

OHHO€ BpeMs ~7 ¢ IpH BHYTpeHHe! aHeprun 1.626 3B
[1], nosTOMy mpakTU4YecKH HE YYHUTBHIBACTCS B TeTe-
pOreHHbIX ITpoLieccax.

Hutepec k O,('A,) 00ycIOBIEH TaKXKe ero sJeK-
TPOHHOU CTPYKTYPO, IPOSIBASIIOIIENCS B CENIEKTUB-
HOM OKHCJIEHHH MO JBOHHOW CBSI3M OpPraHUYeCKHX
MOJIEKYJI. DTH CBOKCTBA MOJIEKYJIbI MMO3BOJISIIOT Ha-
AesaThcs Ha crienuguKy peakiyil ¢ iX y4acTueM B re-
TEPOreHHOM KaTaluTHYeckKoM okuciaenun. Cyie-
CTBYET HECKOJIBKO MOJIEKYJI C COMIOCTABUMbIMH Pajini-
allMOHHBIMH BpPEMEHaMH BO30YKAEHHBIX COCTOSIHUI
(Ne—430c, Xe—149 ¢, C-3230 c), HO OHH He NpeJicTaB-
JSIIOT HHTEpeca /Il FeTepPOreHHOro KaTanu3a.

Panee paGoTh! 0 HCCIEIOBAaHUAIO POIH 02(1Ag) B
reTEPOreHHOM OKHCJIEHHU MPOBOAWINCH IU0O0 NpHU
HU3KHX laBJeHUsIX [2], 1u6o 1pu ManbIX KOHIEHTpa-
1UsAX B peakunoHHou cMecH [3—5]. TpynuocTs npose-
NeHus NOROOHBIX padOT COCTOUT B YBEJIMYEHHU KOH-
LIEHTpALUN 02(‘Ag) B p€aKLIMOHHOU CMECH.

11 XYPHAJl ®UBUYECKON XUMHHU
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B npepnaraemoii pa6ore HCOIb30BaHbI pa3iiny-
HbIE METOfbl yBeNH4eHus KouueHtpauuu 'O, npu
peaxkuuu:

1) nopGop KaTanu3aTopoB ¢ MAKCHMAJBHOM Tep-
morenepaumeit O,('A,) npu Temneparype karanusa;

2) BBCJICHUE CUHTJIETHOT'O KUCJIOpPOAAa OT BHEIIIHE-
'O HICTOYHUKA B PEAKIUOHHYIO CMECH;

3) obny4yeHHe KaTaau3aTOpOB C MAaKCUMAJIbHON
¢ororeHepanuei Oz(lAg) B XOJIE€ peaKIiH.

B nponecce paGoTsl onpoGOBaHbI EEOIUTHI THIIA
Y c BBeieHHBIMH JoOaBKkaMmu Zn, Ni, Ca, cunukarenib
u Al,O; c HaHeceHHbIME HOHamu V, Bi, Mo.

OKCITEPUMEHTAJIBHAS YACTb

HcxopubiMu MaTepranamu Jisi IPHTOTOBJIEHUS
00pa310B 3aMEIEHHbIX LIEOTUTOB ciy:kuia Na-¢op-
Ma yeonuta Y ¢ oTHomenueM Si/Al = 2.6, cuare3upo-
BaHHAsi M3 BOJHBIX CHIHKaamiomorenei npu 80—
110°C. Zn-dopmy Y-leonuTa nojaydand OfHOKpAT-
HOW oOpabotkoit (¢t ~ 22°C) NaY pacrBopom
Zn(NO;), - 6H,0, koHuenTpanms Zn B koropom B 10 pa3
NpeBbIlIaNa 3KBUBAJEHTHOE KOJIMYeCTBO Na B 1e0-
JMTE (MPONOJIXKUTENBHOCTh 00PAGOTKH COCTaBJIsLIaA
24 ). Bo Bcex ombITax HaBECKa II€0JUTA COCTABJISIIA
3 r, o6bem pacrBopa conu — 200 mut. Ni [Ca]-popmsl
Y -ueonura nomyyanu o6pa6orkoi HaBecku NaY (3 r)
Tpemst nopuusamMu pacrsopa Ni(NOs), - 6H,0 [CaCl,]
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Puc. 1. KBapuesnlii peakTop 115l H3y4eHUs reTePOre HHO-
KaTaJMTHYECKOr0 OKUCIIEHHs IPONUIEHA IPH TepMore-
ueparun O("Ag) caMUM KaTallM3aTOPOM H BBENCHHH
Oy( Ag) B PEaKIMOHHYIO CMECh OT BHEITHET'O UCTOYHHKA:
I — cnoit karanu3zatopa, 2 — KapMaH LISl TepMonapsl, 3 —
ranoreHoBsle Jamiibl, 4 — IIECTHXOZOBOI KpaH oT6opa
1po6bl Ha XpoMaTorpauuecKuii aHaaus, 5 — nevb peak-
Topa.

no 100 mn ¢ mpoMexkyTo4HOH JAeKaHTalmed. OOMeH
nposoauy npu 60°C B Teuenue 4 4. Kasknas nopuus
pactBopa cofiepxana konudecrso Ni [Ca], sxBuBa-
JeHTHOe koxmdectBy Na B nieonure.

B paGore mccnegoBaHa cepusl KaTalau3aTOpOB,
npefacTasstomas coo0il OKCHABI METAJIOB U Tiepe-
XOIHBIX 3JIEGMEHTOB, HAaHECCHHbIE HA CHJIHKATelNb,
IIpurorosnensl ciuepytomue obpasupl: V,05/Si0,,
Mo0O3/Si0,, Bi,0,/Si0,. B kauecTBe MOMIOKKH HaMK
ucnoab3oBad cuukarenas “Cunoxpom C-120”. Ha-
HECEHHUE NPON3BOAMIIN OCAKAECHUEM COTNeli U3 BOIHO-
ro pacreopa. Konmaecrso conn, HeoOXoquMoe st
IPUTOTOBJIECHHS PACTBOPA, PACCUATHLIBAIIN UCXOJIS U3
TOrO, YTO UTOroBasi KOHIEHTPAlMs HAHECEHHbIX OK-
CHIOB IO OTHOLIECHUIO K CHJIMKArejio JOJKHA CO-
craBiaaTh 1.5 mon. % (Ny/Ng; + Ny). Cunukarens
¢pakuuu 0.15-0.25 MM moMeIIana B pacTBOp COOT-
BETCTBYIOILEH COJH, 3aTeM, IEPUOJUYECKH NepeMe-
IIKBAask €ro MarHATHOH MEMIaNKOH, HCnapsijid BORY B
teyenune 12 4y mpu 110°C. Ilocae aToro oGpasubi
npoxkanusaiy 5 4 npu 400 u 500°C. Ins npuroTose-
HHs1 HAHECEHHOr'0 OKCH/1a BUCMYTa B KaUeCTBe HCXO/I-
HOH COJIM HWCIIONB30BAJCS HUTpAT, BAHAHEBOrO W
MOJIMOAEHOBOr0 00pa3LoB — BAHAJAT aMMOHHUS 1 MO-
HOGHAT aMMOHMSI COOTBETCTBEHHO [6].

I'eTeporeHHoO-KaTAIUTHYECKOE OKHCICHHE TMPO-
nuneHa npu Tepmudeckoi renepannn Oy(*A,) camum
KaTaJIA3aTOPOM U3y4ajid Ha YCTaHOBKE MPOTOYHOTO
THIA C HCIIONIB30BAaHUEM KBapIEBOrO peakTopa 00b-
emom 20 cM? ¢ KapMaHOM uIsi TepMonapsl (puc. 1).
JnameTp peakTopa — 12 MM Npu cpefiHe 1 AJTHHE CIOsI
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Puc. 2. KBapuesblil peakTop 1 U3y4eHUsi FeT€POreHHO-
KaTaJIMTHYECKOro OKHCJICHHs NponwieHa npu gorore-
Hepauuu 02(1Ag) caMHM KaTaju3aTopoM: / — cioil KaTa-
Jm3aTopa, 2 — TepMonapa.

KaTtanuzaropa ~1 cMm. Tepmonapa pacnosaranachk B
HEHTpe cnost Katanu3atopa. [IpopykTel okucieHus
IOCTYNaJIN HA aHANHU3 HEeMOCPEACTBEHHO U3 peaKTo-
pa B TepMmocrarT xpomarorpacda, Harperoro o
140°C. Ins n3yveHnst KaTaJIUTHYECKONW aKTUBHOCTH
00pa3loB MpH BBEACHUN CUHIJIETHOTO KHCIOPOJA B
PEaKIMOHHYIO CMeCh OT BHEHIHErO UCTOYHMKA B pe-
aKTOp ObLI BIasH HOMOJIHATENbHBIH BXO]. DKCHEPH-
MEHTAJIBHO YCTAaHOBJIEHO, YTO MpH TeMiepaType Ka-
tanu3a (~400°C) rubenn CHHIIIETHOTO KUCIOPOAa IO
KaTalu3aTopa He HPOUCXOJUT, UTO CBA3aHO C FeHe-
panmei CHHIVIETHOTO KMCIIOpOa Ha HarpeToM KBap-
L€ peaKkTopa.

POTOXMMUYECKUI I'€HEPaTOp CHHIJIETHOTO KHC-
JIOpPOfia COCTOSIN U3 CTEKJISIHHOM TPYOKH JHAMETPOM
15 MM 1 poanod 180 MM, BHYTpeHHSsS OBEPXHOCTh
KOTOpOH MaTupoBaHa U 00pa0OTaHa CIUPTOBBLIM
pacTBOPOM KpacuTelld METHJIEHOBbIl roiay0of, u
BOJISIHOW pyOalku N0 BCEMY IepuUMeTpy TpyOKwH.
OcpelnieHne MpON3BONUIN IIECTBIO IaJOr€HOBBIMH
JaMnamu MoinHOCTRIO 50 BT. Beejenue 02(‘Ag) B pe-
aKIIMOHHYIO CMECh OCYIHECTBISAJIOCH 32 CYET MOTOKA
He + O, ¢ ontuManbHON (yuuThIBaIOIIEH rHOENH
O,('A,) B razosoii daze) konnentpanueit O, ~ 2.5%.
Ipu noroke 210 cm’/mun ororenepauus O,('A,)
cocrasmwia 1.2 X 103 monex/cm>.

JInst o6ny4eHns cnennaibHO NOJOOPaHHbIX KaTa-
JU3aTOPOB B XOfi€ PEAKLUH IeTepPOreHHO-KaTaluTH-
4YEeCKOro OKHUCJIEHHS IIPONUIEeHa HCNOIb30Ball KBap-
HeBbIi peakTop (puc. 2) o6bemom 115 cm® n fuamer-
poMm 3.5 cM. PeakTop nMen neperopoiky ¢ mIaCTHHOM
U3 KpeMHe3eMa, Ha KOTOpOH M pacrosarancs Karta-
muzatop. TepMonapa noMeianachk B Ci0e KpeMHe3e-
Ma. McTOYHHMKOM yJIbTpadHuONaeTOBOrO U3JIy4YEHUsS
cnyxkuia pryTHas gammna (mapka [TPK-8).

HenpemeHaﬂ perucTpanys CAHIJIeTHOTO KUCIO-
pona O,('A,) OCYIIECTBISANACH XEMAIIOMHUHECLICHT-
HbIM MeTofioM. lpn peakun Oz(‘Ag) ¢ ceHcnOunn3a-
TopoMm 10-meTokcumeTun-10'-mMetun-9,9'-6uakpunn-
JHUIeH UCMYyCKaeTcs KBaHT, perucrpupyemsiii ®OY,
CUT'HAJ OT KOTOporo ycunupaetcs u yepe3 ALIII mo-
maetcs Ha koMnbiorep. [logpo6GHoe onmcanue ycra-
)
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Puc. 3. 3asucumoctn otorenepanun O,(1A,) ot Temme-
2\ Pg

paTypbl sl OKCHJIOB METAJIIOB M NMEPEXOJHbBIX 2JIEMEH-

TOB, HAHECEHHBIX Ha CHIIMKATEJIb.

HOBKH flaHo B paOote [7]. Ilpn maBnenun Bo3gyxa B
peaxrope 80—90 MM pT. CT. CKOPOCTh HOTOKA COCTaB-
asna 3-3.3 cM?/c. JlaHHOE faBJEeHHE ONTHUMANbBHO,
TakK Kak [PH €ro yBeNNYeHH! CKa3bIBaeTCsd THOeNb
CHHTJIETHOTO KHCIIOPOJia B ra3oBoii ase.

OBCYXIEHUE PE3YJIBTATOB

IIpu cpaBHEHUN pe3yNbTAaTOB IKCIIEPHMEHTOB 110
BJIUSIHAIO CHHIVIETHOTO KHCIOpOAa Ha KaTaJuTHYe-
CKO€ OKHCJIEHHE MPOoNuieHa BbIOpaHbl YCIOBUS, HAH-
6onee addextuBHo nposBisitomue Biausiaae '0,.
doTokaTaIUTHYECKOE OKHCIEHUE NPOMIICHA MpH-
LIJIOCh MPOBOJUTH NPU NOHMKEHHBIX TEMIEpaTypax,
Tak kKak Bbime 200-250°C mpoucXoguT CHHKEHHe
cororenepamun O,('A,) Ha BceX HCClIeOBaHHBIX Ka-
Tanu3zaropax. TemnepaTtypHasi 3aBUCHMOCTBH (poOTO-
renepanun O,('A,) MOXeT GBITH 06yCIOBIEHA XeMO-
COpOLHOHHBIM MEXaHU3MOM JI€3aKTHBAIIMHA CUHTJIET-
HOTO KHCIIOpOJa.

Kak nokazano B [8], mecopbumsi mapoB BOJbI
OCBOOOXK/AeT LIEHTPHI JIJIs Ie3aKTHBALUUA CHHIJIET-
Horo kucnopopa. [To-sugumomy, 3TOT mporuecc uMme-
€T MECTO IPU CPABHUTEJIBHO HU3KHX TEMIIEPaTypax
(mo ~100°C). Ilpu Oonee BBICOKHX TeMIepaTypax
A1 BceX 00pa31oB ¢ HeOONbIIUM Pa30pOCOM B IHEP-
rusix aktuBaumn (4—7 KKajl/MoJib) HaOMrogaeTcs na-
JICHHE reHepaln 02(1Ag). Bo3MoXHO, 3TO mageHue
CBSI3aHO C OCBOOOXKJIEHHEM IMOBEPXHOCTH OT ajicop-
OupoBaHHbIX ra3oB. [Ipu ocBelieHnN He UCKITIOYEHA
TaKXe BO3MOXHOCTh MHTEHCU(PUKAIMH JUCCUTIANIAH
SHEeprud BO30OYXKJEHHs B TBEPAOE TEJIO, HE CBSI3aH-
HOA ¢ oOOpa3oBaHHEM CHHIVIETHOTO KHCJIOpOfAa
(puc.3u4).

KoHUeHTpausi CHHIIETHOrO KHUCIOpOfa, y4acT-
BYIOIIETO B KaTAJIHTHYECKOM IMpPOLECCe, OCTAeTCs
HEBBISICHEHHOU MO CIENYIOMUAM OOCTOSTENLCTBAM.
Ne 9
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Puc. 4. 3aBucumocTtn (poToreHepanuu OZ(IAg) OT TeMIle-
paTypsl U1 3aMeLeHHOro Heonura Y.

Bo-nepBbIX, KaTaJUTHYECKHH IMPOLECC NMPOTEKaeT
npu aTMOC(PepHOM JaBJIEHNH, TOrJa KaK onpepele-
HHE KOHLEHTPALMH CUHIJIETHOrO KHCJIOpOHa OcCy-
IIECTBJISIETCSI P MOHUKEHHBIX TaBICHUX (~80 MM.
pT. CT.) Ui MCKJIIOUeHus ra3ogasnoil rubenu '0,.
9Ty TPyAHOCTH (POPMATBHO MOKHO OOOHUTH IPOCTOU
IKCTpanosuuen Konuenrpanua 'O, Kk arMmocepHO-
My JaBJIeHHIO. BO-BTOpBIX, OcTaeTcsi HEsICHbIM BO-
NPOC O peaJbHON KOHIEHTPALUH CHHIJIETHOTO KHC-
JIOpOJia, YYaCTBYIOUIETO B KaTAJTUTUYECKOM MpoLec-
ce, TaKk KaK BO3MOXHa rubenb 'O, Ha mytu K
KaTaJINTHIECKOMY LEHTPY.

Kak moka3bIBalOT pe3ynbTaThl, IPEICTABICHHbIE
B Tabnuue, ooOpa3oBaHue OZ(IAg) IIPOUCXONUT HAaubo-
nee 3pekTUBHO npu obnydeHuu B Y P-o6Gnactu
(<240 HM) npaKTHYECKH Ha BCEX MCCIIEJOBAaHHbBIX CH-
creMax, Kak HaHECEHHbBIX, TaK W MAaCCHBHBLIX. DTO
NO3BOJISIET TPENINOIOKATL, YTO ObGpasoBanue 'O,
IPOUCXOIUT B KOMIUIEKCAaX C HEPEHOCOM 3apsijia 1o
MexaHm3Mmy, onmcaHHoMmy B [1]. Ilepenoc 3apspa,
npuBopsiui K oopazosanuio CO,, npepmnonarancs B
paborax [7, 9].

JlonoaHUTENBHOE OCBEIIEHHE KaTajln3aTopa B BU-
AUMO¥ 00JIACTH CIIEKTPa NPUBOIMT K HE3HAYNTENBHO-
My yBenmueHuio Bbixofa CO,. Bo3moxkHo, 4To 06pa-
3oBanne CO, NpOUCXOAUT yepe3 BO30YXKJeHHEe KOM-
IIeKca ¢ mepeHocoM 3apsija [9].

AHanu3 [aHHBIX TaONUIbI TOKA3bIBAET, YTO HE3A-
BHCHMO OT CIIOCO0a yBeJn4eHusi KoHenTpauua 'O,
OHO MPHUBOAMT (B IIEpPBOM NMPHOINKEHNUHU) K POCTY CO-
Aep:KaHus MPOoAyKTOB rayookoro okucieHus (CO u
CO,). O6Hapy:KeHO OJIHO UCKJIIOYEeHHue: Ha oOpaslie
Bi,05/Si0, mo4Ty Ha NOPSAOK pPacTeT BBIXOJ aKpoJie-
MHA TIpU yBEeJIMYEHUH KOHBepcuu B 1.5 pasa. Beixop
CO npu ocBenieHun nopbimaeTcs B 1.5 paza.

PentrenoBckmii ananu3 o6pasua Bi,05/Si0,, npu
KoHueHTpaumu 6 at. % Bi,0;, 06Hapyxkun o6pa3osa-
Hue MOOIITBLHOU (pa3bl SiBiOs;, KOTOpast, BO3MOXKHO,
W OTBETCTBEHHA 3a Karanutudeckuii mpouecc. C
aToil (pa3oi CBI3aHO, 10-BUAUMOMY, CBEpXpaBHOBEC-
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YIIATIOBA u fip.

HpOJIYKTI)I r€TE€POTr€HHO-KATAJTUTHIYECKOIO OKUCIICHUS NMPONMWJICHA MPU pa3HbIX criocobax TOa4Yu CAHIJIETHOI'O KHUCJIO-

pona

Ospase Ocpe- | B - [CO], % [CO,l, % [C3H40L, % | [CH4O50, % | [C3H40,], %
tere E| S| E | s | E| s E | s | E | s
doToreHepauusi CHHIAETHOTO Kucnopopaa npu 200°C
Si0, I 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
I 4.9 0.7 0.0 0.0 0.0 0.0 03 | 40.1 0.2 323 02 | 27.7
ZnY I 45.1 79 | 17.6 | 342 | 759 1.4 3.0 0.3 0.6 1.3 2.9
I 5.1 46.5 | 11.3 | 243 | 321 | 69.0 1.7 3.7 0.4 0.8 1.0 2.1
NiY I 65.7 9.1 | 13.8 | 551 | 839 0.2 0.4 0.3 0.4 0.9 1.4
I 0.7 655 | 17.3 | 264 | 46.1 | 70.5 0.4 0.6 0.6 0.9 1.0 1.6
Mo0O;/Si0, | 1 0.8 0.0 0.0 0.0 0.0 0.1 9.9 0.7 82.6 0.1 7.6
(15%) I 0.03 6.1 26 | 429 27 | 442 0.1 1.7 0.5 9.0 0.1 2.3
I 6.0 1.4 | 239 3.6 | 60.3 0.2 2.7 0.5 8.1 0.3 5.0
v 5.6 1.3 | 23.6 3.7 | 65.8 0.0 0.4 0.4 6.6 0.2 3.7
V,04/Si0, | 1 12.5 5.1 | 409 5.1 | 40.9 1.0 8.1 0.4 3.1 0.9 6.8
(15%) I 0.4 15.6 64 | 40.8 74 | 47.2 1.2 7.5 0.3 1.8 0.4 2.8
11 12.3 43 | 347 6.6 | 53.6 1.0 8.5 0.3 2.6 0.1 0.6
v 7.3 1.5 | 204 56 | 759 0.2 2.2 0.0 0.5 0.1 1.1
Bi,05/Si0, | 1 6.0 1.8 | 30.6 3.8 | 38.9 0.1 2.5 0.2 3.4 0.0 0.4
(15%) II 0.6 7.8 27 | 34.6 3.8 | 48.7 09 | 113 0.3 3.5 0.1 1.2
I 5.7 25 | 44.1 29 | 539 0.1 2.1 0.1 1.7 0.1 1.1
v 33 09 | 279 22 | 354 0.0 0.0 0.1 3.5 0.0 1.4
\Y 7.6 2.1 | 28.1 45 | 247 08 | 10.0 0.1 1.5 0.1 1.1
Tepmorenepauus u oToreHepauus 02(1Ag) OT BHEIIHEro ucroynuka npu 420°C

CaYy <1 78.8 | 309 | 39.6 | 455 | 583 0.0 0.0 0.8 1.1 0.0 0.0
VI 123 79.7 | 424 | 53.3 | 558 | 70.0 0.0 0.0 1.0 1.2 0.0 0.0
ZnY 223 32.1 | 26.0 | 813 | 322 | 98.1 0.0 0.0 1.3 4.1 0.0 0.0
VI 346 35.1 | 31.1 | 88.5 | 275 | 78.1 0.0 0.0 1.2 35 0.0 0.0
NiY 74 70.2 | 17.7 | 25.2 | 517 | 73.7 | 12.1 | 17.2 0.6 0.9 0.0 0.0
VI 197 70.5 | 245 | 348 | 52.1 | 739 6.5 9.2 0.5 0.7 0.0 0.0

OG6o3HauyeHus: x — KOHBepCHs, E — BLIXOJI, S — CEIEKTHBHOCTb, N — KOHIEHTPALUS CHHIJIETHOTO KUCIOpofia (MOJICK/CM3).

I — Ge3 ocBelennst pryTHO¥ Jamnoi (pt. 11.), Il — ocBewenne pr. ., Il — pr. 1. ¢ punsrpom YPC-1, IV — pr. 1. ¢ punstpom BC-8,
V — K OCBEILEHUIO PTYTHOM JIaMIIoi J06aBJIeHO OCBEIeHHE raNoreHoBoit 1amMnoi, VI — tepMorenepanust + BHEIHUNA UCTOYHMK CUH-
[JIETHOTO KUCIOPOJA.

Hasl reHepauysi CHHIVIETHOrO KHCIOpOfa MpHU MOBbI-
LIeHHbIX Temrneparypax [10].

IIpu Bcex chaenaHHBIX BBIINIE MPEANOIOXKEHUSIX O
KOHIEHTPALMH CHHIJIETHOTO KUCIOPOJa, Y4acTBYIO-

KYPHAJI ®PUSUYECKOW XVMHUU

LIEro B p€akuuy, €ro KOHUECHTPpAUsA OCTAa€TCd Ha HE-
CKOJIBKO TMOPSAAKOB MECHBIIIC, YEM KOHLUECHTpaUusi OC-
HOBHBIX P€ar€¢HTOB. HOSTOMy Ha6n}onaeMoe BJIMSTHUEC
CHHIJIETHOIO KUCJIOpOaAAa MOXKET ObITh OO'BSICHEHO JIU-
Ne 9
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IF'ETEPOI'EHHO-KATAJIIMTUYECKOE OKUCIIEHHUE [MTPOITUJIEHA

60 MoaM(UIMPOBAHHEM UM KaTaJdUTHYECKUX LEH-
TPOB, 0O BHIXOIOM B 00'bEM MPOAYKTOB pa3ioxe-
HUSI IMOKCETAHOB, I7leé OHH MOTYT BECTH O0beMHbIE
peakuuu [11]. Bonee ToiaTeapHbIA aHAIU3 npoLecca
BO3MOKEH IPH CONOCTAaBHUMBIX KOHIIEHTPALUSAX CUH-
[JIETHOTO KHCJIOPOJia H OCHOBHBIX PEareHTOB.

JlanHast paGoTa BbINIOJNIHEHA NIPH Nopaepxke Poc-

cuiickoro (ponga (pyHIaAMEHTANbHBIX HCCIETOBAHUA
(kxop mpoekTa Ne 04-03-32513).
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Abstract — Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was applied to the investigations of
deactivation process of hydrodechlorination catalysts. It appeared that owing to the use of ToF-SIMS technique
a simultaneous monitoring of various reasons of catalyst deactivation was possible in one measurement. As a
model catalyst Pd/Al,O; sample was chosen. ToF-SIMS studies revealed an increase in the amount of Cl and
PdCl, on the catalyst surface during hydrodechlorination reaction. Moreover, a drop in the quantity of surface

accessible Pd was observed.

Time-of-flight secondary ion mass spectrometry
(ToF-SIMS) is applied in the studies of a large group of
solid materials. The ToF-SIMS popularity is connected
with the possibility of this technique to characterise up-
per layers of the investigated surface [1-3]. It is gener-
ally known that in many cases surface properties of sol-
ids are decisive for the course of various industrial pro-
cesses. Therefore, especially for catalysts, the
recognition of the surface structure is necessary to work
out the most effective systems. For this purpose various
techniques may be used (i.e. XPS, XRD, TPR, TEM,
SEM, etc.). However, owing to ToF-SIMS obtainment
of additional information about the investigated surface
is possible [4]. In the case of catalysts this technique en-
ables the determination of chemical composition of
analysed surface and presence of contaminants, estima-
tion of an active phase distribution, comparison of a
metal reduction degree and observation of an existence
and nature of the interactions between an active phase
and support (in the case of bimetallic catalysts the inter-
actions between metals can be also determined) [5-13].
Moreover, ToF-SIMS may be very useful in the studies
of catalyst deactivation processes. In such a case
changes in the composition of the upper layer of the in-
vestigated surface (formation of new compounds, in-
crease in the quantity of various contaminants and cat-
alyst poisons) can be determined.

The aim of this work was to show the potentialities
of ToF-SIMS to the investigations of the surface of hy-
drodechlorination catalysts and to find out reasons for
its deactivation during the hydrodechlorination pro-
cess. As a model catalyst the Pd/Al,O; sample was cho-
sen. Palladium supported on aluminium oxide is one of
the most widely used catalyst in the removal of chlorine
atoms from the environmentally dangerous substances
[14-20]. Unfortunately, such a system is susceptible to
deactivation [21]. The main reasons for catalyst deacti-

vation during the hydrodechlorination reaction are:
chlorine adsorption on the catalyst surface, formation
of Pd—Cl bounds, decrease in the amount of palladium,
arising of carbon deposit, a considerable drop of sur-
face area and deterioration of Pd dispersion. It appeared
that except the investigations of the amount of carbon
deposit other processes which caused the deactivation
of the catalyst can be determined during one ToF-SIMS
measurement. It becomes a capital advantage of the uti-
lization of time-of-flight secondary ion mass spectrom-
etry to the surface studies of hydrodechlorination cata-
lysts in comparison with the techniques used earlier.
In the case of ToF-SIMS, measurements are relatively
fast and do not demand a special operation during sam-
ples preparation before introducing them inside the ap-
paratus.

EXPERIMENTAL

2% Pd/Al,O; catalyst was prepared by the incipient
wetness impregnation method. PdCl, (POCh Gliwice)
was introduced onto Al,O; (Fluka 507C). Samples
were aging for 48h at room temperature. After evapora-
tion of water, the support was dried under atmospheric
pressure at 110°C for 2h. Then, the sample was cal-
cined in the flow of O, at 500°C for 4h and reduced in
the flow of H, in the same conditions. The metal con-
tent was confirmed by an inductively coupled plasma
emission spectroscopy (ICP-AES). The surface areas
of catalysts were established by a nitrogen adsorption
method.

The catalysts were deactivated in the hydrodechlo-
rination of CCl,. The reaction was carried out at 100°C
using CCly/H, (1 : 10) as a reactant mixture. The activ-
ity tests were conducted in a flow reactor using a gas
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chromatograph Chrom 5 (Laboratorni Pristroje Praha)
equipped with FID detector under atmospheric pres-
sure. Details of the procedure were described in [22].

ToF-SIMS measurements were performed using an
ION-TOF GmbH instrument (TOF-SIMS 1V) equipped
with 25 kV pulsed ®Ga* primary ion gun in the static
mode (primary ion dose about 3.6 x 10! ions/cm?).
The analysed area corresponds to a square of 500 pm X
x 500 pm in the case of secondary ion mass spectra col-
lecting and surface imaging. For each sample five spec-
tra from different surfaces areas were made. To obtain
the plain surface of catalysts (then better mass resolu-
tion could be achieved), powder samples were tableted
before the measurements. The tablets were attached to
a sample holder using a double-sided tape. Because the
samples were insulating an application of charge com-
pensation during the measurements was necessary
(a pulsed electron flood gun was used). In order to com-
pare the quantity of chlorine and palladium present on
the surface of “fresh” and “used” catalysts, the number
of counts of selected ions obtained from collected mass
spectra was normalised on the basis of the value of total
counts.

The amount of carbon deposited on the surface of
the investigated catalysts was measured by an automat-
ic carbon analyser TOC 5000 (Shimadzu) equipped
with a solid sample module.

RESULTS AND DISCUSSION

In the beginning the catalyst was put to the activity
test. It appeared that the main product of hydrodechlo-
rination of CCl, was CH,. For about 120 minutes the
stable work of the catalyst was observed [22]. Howev-
er, after this time a considerable decrease in the conver-
sion of CCl, was noticed (a drop of conversion degree
from about 100-90% to below 40% after 160 minutes).
This phenomenon is strictly connected with the deacti-
vation process, which occurred on the investigated sur-
faces during the hydrodechlorination reaction. In order
to explain reasons for the catalyst deactivation fresh
and used (collected after reaction) samples were inves-
tigated using ToF-SIMS technique.

The differences in the amount of chlorine adsorbed
on the surface of fresh and used catalyst are shown in
Fig. 1. It appeared that in the case of the sample subject-
ed to the hydrodechlorination reaction the amount of
chlorine deposited on the surface after 250 minutes of
work was almost 3 times higher (Cl-— 0.12) than in the
case of fresh sample (Cl- — 0.34). A similar situation
was observed for Cl, ion (m/z = 70), but in this case a

change of the emission intensity was considerably big-
ger. The initial amount of chlorine was introduced onto
the surface of the fresh sample during the catalyst prep-
aration process. A further increase in the quantity of

KYPHAJT PUSUYECKON XUMUU
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Table 1. Normalized intensity (I X 10%) of ions selected
from the mass spectra of 2% Pd/Al,O; catalyst

Ions Fresh Used
Cr 120 340
Cl, 0.22 21
PdCl, 0.15 0.61
105pg+ 2.1 0.8
106pq+ 2.7 1.1
108pq+ 2.5 1.0

chlorine was caused by the course of hydrodechlorina-
tion reaction.

The next problem connected with a deactivation of
hydrodechlorination catalysts is a formation of Pd—Cl
bounds on the catalyst surface exposed to contact with
reaction products. On the fragment of the mass spec-
trum (at m/z > 100) collected from the surface of the
fresh sample (Fig. 1a) a certain amount of PdCI~ and
PdCl, ions was observed. It is caused by the presence

of aresidue of metal precursor, which was introduced on
the catalyst surface in the preparation process. The in-
vestigations of the used sample (Fig. 1b) revealed that
during the hydrodechlorination reaction, besides an in-
crease in Cl content, a bigger amount of the PdCl, was
formed on the analysed surface. The normalized inten-

sity of PACI, bore out the results presented in Fig. 1.

It appeared that the quantity of PdCl, ions on the mass

spectrum collected from the surface of the used catalyst
is 4 times higher than in the case of the surface of the
fresh sample. Contrary to Pd/Al,O; in the case of ToF-
SIMS investigations of Pd/ZrO,-Al,0O; catalyst [23] a
growth of the amount of PdCl, was not observed. It
could be the reason why this system maintained cata-
lyst activity on a satisfactory level for a considerably
longer time (conversion degree of CCl, at the level of
60% even after 100 hours of work). However, in spite
of the lack of PdCl, on the investigated surface, after
some time Pd/ZrO,—Al,0; catalyst undergoes deactiva-
tion. It means that not only the formation of Pd-Cl
bounds can lead to the loss of catalytic activity. Other
possible reasons will be discussed below.

Fig. 2 shows a fragment of the positive secondary
ion mass spectrum of 2% Pd/Al,O; catalyst. A decrease
in the intensity of the signal originating from Pd iso-
topes (m/z = 102—110) observed in the case of the used
sample seems to be very interesting. It appeared that
emission intensity of '%Pd* ions decreased about 60%
in comparison with the fresh sample (Table 1).
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Fig. 1. The fragments of the negative secondary ion mass spectrum of fresh (a) and deactivated (b) 2% Pd/Al,O3 catalyst.
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Fig. 2. The fragments of the positive secondary ion mass spectrum of fresh (a) and deactivated (b) 2% Pd/Al,O5 catalyst.

A similar situation was observed for Pd/ZrO,—Al,O4
catalyst [23]. It indicated that some part of Pd might be
covered by arising carbon deposit and adsorbed chlo-
rine or was removed during the reaction.

A drop of the content of surface accessible Pd dur-
ing the hydrodechlorination reaction was accompanied
by a decrease in the surface area of the catalyst, which
changed from 98 m?/g in the case of the fresh sample to
only 7 m?/g for the used catalyst (Table 2). Such a fall
of the surface area and a possibility of the formation of
Cl containing compounds on the surface of the investi-
gated samples could influence the distribution of Pd.
As atool for an estimation of Pd dispersion also ToF-SIMS
technique was used. Fig. 3 and 4 present ToF-SIMS
surface images of 2% Pd/Al,O; catalyst. They revealed

KYPHAII ®UBUYECKON XUMUU
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that during the hydrodechlorination process a disper-
sion of palladium changes noticeably. Contrary to the
fresh sample in the case of the used catalyst Pd atoms
were distributed non-homogenously on the analyzed
surface and a certain number of bigger Pd clusters was
observed.

Table 2. Content of carbon (¢, %) and surface area (s, m%/g)
of fresh and used 2% Pd/Al,O; catalyst

Catalyst c s
Fresh - 98
Used 1.1 7
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Fig. 3. ToF-SIMS surface images of the fresh 2% Pd/Al,0O5 catalyst. Bright colour indicates investigated ions.
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Fig. 4. ToF-SIMS surface images of the deactivated 2% Pd/Al,O; catalyst. Bright colour indicates investigated ions.

CONCLUSION

Time-of-flight secondary ion mass spectrometry has
been proved to be a universal and very useful tool in the
characterisation of the surface of catalysts applied in
hydrodechlorination reaction. The capital advantage of
ToF-SIMS technique is the possibility of simultaneous

KYPHAJI PUBUYECKON XUMHHN

monitoring of various changes of the analysed surface
leading to the catalyst deactivation. In the case of
Pd/Al,O5 catalyst not only a change of Cl content but
also an increase in the amount of PdCl, were estimated.
Owing to ToF-SIMS a considerable drop in the amount
of surface accessible Pd was also observed during the
Ne 9
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hydrodechlorination reaction. Moreover, ToF-SIMS
surface images allowed to observe a deterioration of Pd
distribution on the surface of catalyst after reaction in
comparison with the fresh sample.
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WI3yueH npolecc COBMECTHOM KOHBEPCHH METaHOIa i Hu3IuX asikaHoB C;—C, va HZSM-5 ¢ Si0,/Al,05 = 50.
MeTooM napaboTMdecKoi anmpOKCHMALMH HAXOXKIEHUS MAaKCHMyMa ITOBEPXHOCTH OTKJIMKa ONpefee-
HbI ONTHMAJIbHbIE TEXHOJIOTHYECKKE TapaMeTPhl (TeMnepaTypa, 06beMHast CKOPOCTh MOJa4yd METAHOJIA)
MPOBEJEeHHs IPOLEcca, 0OECIeYNBAOLI}E MAKCHMAIIBHYIO CEJIEKTHBHOCTD 110 alKEHaM.

ITpoueccel KOHBEPCUM METAHOJIA U UHANBUAYaIb-
HOro npespanieHust ankanoB C;—C,, a Takxke Karta-
JU3aTOPbI LIEONUTHOMH NPUPOMBI AJIs JaHHBIX MPOLEC-
coB xopotuo u3ydeHsl [1-3]. CoBMecTHast KOHBEPCHS —
HOBBIii aJIbTEPHATUBHBIN CIOCOO NMpeBpalleHus] MeTa-
HOJIa ¥ QJIKAaHOB Ha LIEOJIUTaX CEMENCTBAa NEHTACHUIL.
DTOT mponecc co4YeTaeT KOHBEPCHIO METHUIOBOIO
CIUpTA C pacuienyienneM Hu3mux ankaHoB C;—C, u
OTJIMYAETCS BBICOKHM BBIXOJOM aJIKEHOB B OIpefie-
JIEHHBIX YCJIOBHUSIX.

3HayeHus TEXHOJOrHYECKUX IMapaMeTpoOB Mpo-
1ecca — TemrepaTypbl, 00 beMHOM CKOPOCTH MOJAYH
HCXOJHOTO ChIpbsi HTPAIOT CYIIECTBEHHYIO POJIb B M0~
Jy4YeHUH TeX WM UHBIX MPONYKTOB KaTaJTUTHYECKOM
KoHBepcuH. HaxoxXpeHue onTuManbHbIX YCIOBHA
IpoIiecca, XapaKTepU3yEMOrO MHOIMMH MapaMeTpa-
MH, LEJECO00pa3HO OCYIIECTBIATh MPHBIECYEHUEM
MaTEMaTHYECKUX METOMOB INTAHUPOBaHUs], MO3BOJIS-
IOIIKX 32 KOPOTKHUI BPEMEHHOH MHTEpBal H Haubo-
Jilee TOYHO PeLINThb NOCTaBJIEHHYIO 3a/1a4y.

B cBsi3u ¢ aTHM 1IeNib faHHOH pabOoThI — ONpefene-
HHE ONTHUMAJIbHBIX 3HAYEHHI TeMIepaTypbl U 00b-
€MHOI CKOpPOCTH NOAAa4yd METaHOoJa AJisl MONyYEHHs
aJIKEHOB B NPOILIECCE COBMECTHOH KOHBEPCHH METa-
HOJIA ¥ HU3IINX aJIKAHOB.

B kauecTBe KaTajau3aToOpa UCIOJIB30BaNH BbICO-
KOKpPEMHE3eMHbI# 1eonuT tuna ZSM-5 ¢ MOJIbHbIM
otnomenueM Si0,/Al,O; = 50, npUroTOBIEHHBIA IO
MeToauke [4]. O6Gpa3eln UCNBITHIBAIIA B YCTAHOBKE
IPOTOYHOTO THIMA CO CTAIMOHAPHBIM CIIOEM KaTaju-
3aTopa npu aTMocepHoM jaaBieHud. B kadecrse
CBIPbsI HCTIOJIH30BAY NIPONAaH-OyTAaHOBYIO (PPAKLHIO
U MeTaHOJ. BinsiHue TEXHOJIOTHYECKUX TapaMeTPOB
Ha IPOLEeCC COBMECTHON KOHBEPCHU METAHOJIa U IIPO-
naH-OyTaHOBOW CMECH U3y4asid B HHTEpBaJie TeMIle-
paryp 773-923 K 1 00beMHBIX CKOPOCTEM MOaYu
meTanona V = 0.6-1.8 u™!. O6'beMHyIO0 CKOPOCTH IO~
maYd MPOHaH-OyTaHOBOW (ppaKuMU MOAACPKUBAIM

TIOCTOSIHHO# BO BCeii ceprl 9KCepuMeHTOB (240 w).
Pe3ynpTaThl HCCIe0BaHMs IPUBEEHBI B TAOIHUIIE.

HecMoTpst Ha TO, 4TO NpU pa3NIUYHBIX TeMIepa-
Typax 9KCIEPUMEHTA XapaKTep U3MEHEHHUsI CTENEHU
KOHBepcud (1)) U CENEKTUBHOCTH (S;) MO MPOAyKTaM
pa3nuyeH, MOXHO BBIIENUTh B HEM XapaKTEpHbIE
renpeHnud. C yBeauyeHHEM OOBEMHOH CKOpPOCTH
nogaun Metanona c 0.6 go 1.4 4! nabnrogaeTcst poct
ceJIeKTUBHOCTH npomecca no onegunam C,—C, ot 8.3
mo 13.0 mac. % npu 773 K, ot 12.5 go 20.0 mac. % npu
823 K, or 15.7 mo 18.7 mac. % npu 923 K u eme B
6onbieir crenenn npu 873 K. Hanporus, cenexrus-
HOCTBh OOpa30BaHUs ApOMATHYECKHUX YTIIEBOJOPOIOB
C¢—C, ¢ yBeauueHneM o0bEMHON CKOPOCTH MOIaYH
METAHOJIA [afiaeT, MUHUMAJIbHOE 3HAYeHHEe HaOMI0-
naetcs npu 873 K n 00beMHOII CKOPOCTH METaHOJIa
1.4 a! u cocraBausiet 12.9 Mac. %. BmecTe ¢ 3TuM npu
NaJbHENIIIeM yBEJIHYeHHI CKOPOCTH NOa4l METAHO-
na po 1.8 u! B cucreMe HabGmogaeTcsi HE3HAYNTENb-
HOE CHUKEHHE CeJIEKTUBHOCTH IO aJIKEHAM, KOTOPOe
cocraBnsieT ~3—-5 mac. %.

,HJIH onpeneenus OonTUMaJlbHbIX 3HAYECHHN TEX-
HOJIOTHYECKHUX MapaMeTpOB 06pa3OBaHI/ISI AJIKCHOB B
npouecce COBMECTHOM KOHBEPCHH METAaHOJIa U HU3-
X aJKAHOB HCIIOJb30BaJId METOJ napa60m/1qe-
CKOH anmnmpoOKCAMAUUN HAXOXKACHUA MaKCHMyMa MO-
BEPXHOCTH OTKJINKA, KOTOprfI, HECOMHECHHO, MO>KHO
OTHECTH K OJHHUM M3 MCTOJOB MJIAHUPOBAHUS IKCIIC-
puMEHTAa.

CyTh HCHOJB3yEMOro MeTOfa 3aKJIKYaeTcs B
CAeAyomeM: Npy NpuOIMKEHHH K MaKCHMyMy MO-
BEPXHOCTH OTKJIUKA, T.€. B YCIOBHSAX aJleKBaTHOCTH
napaboIHYeCcKOro NpuOIMKeHNs, BOHUKAET 3aja4a
HAXOXJEHHMS W YTOUHEHHs NOJIOXEHUs] MAaKCHMyMa
MIOBEPXHOCTH OTKJIMKA. B 3THX yCIOBHUSIX €CTECTBEH-
HO HKCIOJIb30BaTh METOJ] HAUMEHBIINX KBagpaTOB
(MHK) nuist yrouHeHusi BUfja MapabOJIHYECKOM I10-
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Brnsiuue TexHomormueckux mapametpos (V = 0.6-1.8 4! — oGbemuas ckopocts nofaun CH;OH) na pacnpenesnenne
npoaykToB (Mac. %) B IpoLecce COBMECTHON KOHBepcun MetaHoia u ankaHoB C;—C, va HBKII-50 (n- cteneHs KoHBep-

cun, %)
TTpoaykTei 06 |10 |14 |(18]06 |10 |14 (18]06]| 101418 06| 10|14 | 18
500 K 550K 600 K 650K

Bopopop 1531146 (125129193 125|149 (102 7.8 7.71139| 931102 7.1 | 124|123
MeTtan 27.7 | 31.1 | 28.8 | 34.0 | 20.0 285|228 |17.1 294|323 |27.1248|23.2(28.1|26.6|244
OraH 17.6 1 19.6 | 20.7 | 18.6 | 21.2 | 19.1 | 20.9 | 21.0 | 24.5 | 20.4 | 149 20.9 | 24.5| 21.2 | 18.1 | 20.0
DTuneH 31} 34} 60| 7.1} 80| 85102 119| 9.0}10.7|13.7|142{11.3|10.1 |11.8] 9.2
ITponunen 52 72| 63| 59| 45| 60| 86| 81| 76| 65| 88| 62| 44| 73| 69| 53
H300yTan 143 951103 93| 53| 76| 84|11.8| 59| 82| 87]103| 82| 78| 9.1| 84
benzon 55| 28| 35| 23| 33| 20| 20| 20| 3.0{ 22| 1.1| 14| 32| 54| 41| 43
Tonyon 64| 59| 70| 68|100| 76| 6.1| 66| 55| 58| 66| 48| 7.1| 68| 53| 59
Kcunonbi 48| 35| 23| 21| 58| 47| 41] 99| 55| 52| 40| 67| 58| 38| 3.8| 6.1
Apenni Cy, 1.1 24| 26| 1.1|{ 26| 35| 20 14| 18| 1.0| 12| 14| 21| 24| 19| 4.1
Ankenp1 C,—C, | 83| 10.6 | 123 | 13.0 (125|145 18.8120.0;16.6 | 17.2 (225|204 |15.7 | 174 |18.7| 14.5
Apennt Ce—Cyy | 17.8 | 14.6 | 15.4 | 12.2 | 21.7 | 17.8 | 14.2 | 199 | 158 | 14.2 | 129 | 143 | 18.2 | 18.4 | 15.1 | 204
n 58 |60 |62 57 (64 |71 75 75 |65 66 |76 |67 |52 |50 |62 |59

BEPXHOCTH OTKJINKA W HAXOXKJEHHS II00XKEHHs MaK-
cHMyMa.

IIycth nckomas 3aBECUMOCTH B OOILEM BHAE BbI-
CISITAT CAENYIONM 00pa3oM:

A=A, V) +¢

ij>
roe A,] — BBIXO[] aJIKCHOB B 3aBUCHMOCTH OT TEMIIEpAa-

Typbl 3kcriepuMerTa (7;) 1 06 beMHOI CKOPOCTH I10-
maun Metanona (V). B HalieM KOHKPETHOM puMepe

A(T, V) = a11T2 + a22V2 + alzTV+ a01T+ aozv + aoo,
rfie a; — MCKoMble Koa(punuenTs! perpeccun. OT-
KJIOHCHHSL:

= A;—A(T,V;)) = A T; —a,V;
g; = A;— AT, V) = Aj—anT; —ayV; -
—aplVi—anT;—apV;-ay.
3areM, COrIacHO METOlY HAUMEHBILNX KBaJPATOB,

n
2 .
82 = 2 8” = mln(a117 ey aoo).
ij=1
CocraBnM CUCTEMY ypaBHeHI/Iil, OﬁeCHe‘H/IBaIOH.IHX

MHHEMYM €2 (CHCTEMY [IECTH YPABHEHHI ISl LIECTH
HEU3BECTHBIX KO3(p(pUIMEHTOB):

aﬁz/aa“ = O,

XKYPHAJT ®UBUYECKON XUIMUM Tom 81 Ne 9

Bsenem ob6o3Hauenue:
A;—ayT; V? —a,TV, - ay, T, - ay,V, =
Aty —QxnVji —aplVi—ayl;—apV;—dy= T

T.C.

Torpa €2 = 2" !

ij=1 14>

aszlaau = —22‘{‘11T12 = 0,
LJ

de/day = 2% ¥,V = 0,
)

0e’/0a,, = 2 W TV, = 0,

d L

882/8001 = "22‘{‘[]]1 = O,
)

agzlaaoz = -—22‘{111‘/] = 0’
)

a£2/aaoo = —22‘1"[7 = Q.
)

B wmrore mocne nposepgeHus auddepeHIHpOBa-
HUSA NOJNYYUM ypaBHEHUE, KOTOpPOE B MATPUYHOM BH-
ne OyleT BBITJIIACTD CIEAYIOIHEM 00pa3oM:
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ZT,.‘ Zvaj ZT?vj
L Jj i J
Yriv Y

ij ij i 4n b
3 3 21,2 2 2 an A.T.V
TV, Y T.V; Y T;V; N TV, YTV, YTV, ) iliV
1] = - - - - — ap 1]
- i, J L L] L L L] X == ’
n Qo1 n

Y1 YTV ST,
i L

Y1iv, Y v;
bJ i
PREENG
L] L

WK B COKPALLEHHOM BHJE:
Mxa =B,

OTKYyJla MOXKHO JIETKO HalTH CTOJOE OLIEHOK MCKO-
MbIX KO3(P(ULHEHTOB perpeccuu:

a =M"'xB.

TakuMm 00pa3omM, nosyyaeM NOBEPXHOCTh, YpaB-
HEHHE KOTOPOIl UMEET CIEeYIOMHI BA:

~ N 2 A 2 A
A(T, V) = allT +a22V +a12TV+
+ayT +ay,V +ay.

Jlanee Hamia 3aa4ya CBOUTCS K HAXOXKJEHUIO MAaKCH-
MyMa [OJ1Iy4E€HHOH NOBEPXHOCTH:

{BA/HT = 2&11T+a12v+a01’
AV = 2a,,V +a;,T + ag,,

2a,, ap X(T*) _ _(am)
v* 2

rae T u V¥ — coOTBETCTBEHHO TeMnepaTypa i 00'b-
€MHasi CKOPOCTb NOJIaY¥ METAHOJIa B TOYKE MAKCH-
Myma. Otcrofa umeeM

£ A A o
(T ) _ 2a,, ap X(am)
] - N N ~ .
V* ap, 24, )
MoxHO nokaszaTb, YTO INPU AOCTATOYHO MAaJbIX

¢IyKTyauusix nojioxKeHns MaKCUMyMa MaTpHlia Ko-
BapHalyy ero OLEHOK BBIYUCISIETCs 10 popmyie:

ayp 2ay

KYPHAJT ®U3UYECKON XUMHNU

S Yriv, YT

ij iJ L

Srv; YTy, Yvi YV A
i i J L

Y1 YTV,
iJ L
Srv; YTy, Yv;

i J LJ
2T 2V
b J L]

BOJIOTOB u np.

> AT

L J

> AT,

i

St ||
ap
i j

doo

2V DAY,

i, j i

2! 2 A

i j ij

Cre  OpaGyer
™ VR =G x Ka x G,
2

i€ Op+, Oy« — CpeHEKBajipaTHYHbIE OIIMOKH OLCHHBA-
HUSI TTOJIOKEHUST MAKCUMyMa; # — KO3((UIEEHT KOp-

A a2
pensiun Mexay ouenkamu T* u V¥, Ka = (6" /nH)M™' -
A A2
MaTpHlla KOBapualliy OIEHOK d; 6° — oueHKa Juc-
nepcuii paykTyanuii 1OBepXHOCTH

A 1 < A 2
6" = = X (A=A, V),

Lj=1

G — BcioMoraTeIbHas MaTpuia

-1
G=| 22 an | (a(P(T*, V*)/BT)

ay, 2ay do(T*, V¥)IoV/)’
B koTopou ¢(T, V) = (T%, V2, TV, T, V, 1) — BekTOp-
CTPOKA B IPEJCTABJIEHUAN A (T,V)=o(T, V)X a BBH-
Jie CKaJISIPHOTO MPOU3BefieHNus] BEKTOPOB Y U 4 .

OTHOCUTENbHBbIE OTPEIIHOCTH OLCHOK IMOJI0XKe-
HUSI MaKCUMyMa NapaboaudecKoil MOBEPXHOCTH OT-
KJIHKa:

87‘* = GT*/T*,

3ameTnM, 9YTO MaTpula

8‘/* = Gv*/v*

n
1 T n
I=5 Y 0 (T, V)xoT, V)= 5M
[0} Lj=1 o
siBIIsieTCs iH(OpMaIMOHHOM MaTpuueit Pumepa [3, 6],
KOTOpasl BbIpaXkaeT KOJHWYECTBO HMH(OpMauuu, co-
Ne 9
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Puc. 1. Paccuurannas napabonaudeckasi HOBEPXHOCTb OT-
kuka; Ty = 870.0456, V, = 1.415, A, = 19.8545, T,, = 873,
Vox = 1.4, Agx = 22.5.

nep:kameecs B HabmoeHusix 1, V u A, o koapunu-
eHTaX MapaboNHYecKOd MOJENU MOBEPXHOCTH OT-
kauka. [Tockonbky Ka = I'!, o nepasencrso Kpa-
mepa-Pao [5] mnepexoguT B paBEHCTBO, YTO
CBHAETEIBCTBYET O MUHIMAJIbHOCTH OMHOOK OLIEHH-
BaHUs IapaMeTPOB a 10 METOJy HaUMEHbILINX KBaj-
paTos.

[Ipn nmoMoiu nporpaMmbl, HAIIACAHHON B cpefie
MatLab 7.01, niss HZSM-5 6s11a nocrpoena napa6o-
JT4ecKkasi MOBEPXHOCTh OTKJIMKA W PACCUHTaH ee
MaKCHMYM, KOOPAHHATbI KOTOPOrO COOTBETCTBYIOT
ONTUMAJILHBIM 3HAYEHHSIM TEXHOJOTMYECKUX TMapa-
METPOB MPOILIECcCa COBMECTHOU KOHBEPCHH.

INonydyennast napaGonryecKasi HOBEPXHOCTh B pa3-
JUYHBIX MHTEpIIpeTalysX NpefcTaBjeHa Ha puc. 1 u 2,
rae T, V,, A, — paccuuTaHHble ONITUMAJIbHbIE 3HAYE-
HHSI TEMIEepaTypbl 3KCNEpUMEHTa, OOBEMHON CKOPO-
CTH ITOJa4¥ METAHOJA H MAKCUMAJIBHOTO BBIXO/IA aJIKe-
HOB COOTBETCTBEHHO; Ty, Vy, Aox — ONTUMANBHBIE APA-
METPBbI, MOJyYeHHbIe IKCEPUMEHTaANIbHO; sigmal,/T,,
u sigmaV,/V, — oTHOCHTe/IbHbIE MOTPELIHOCTH Olle-
HOK TMOJIOXKEHHS MakcUMyMa mapabonuyeckoil mno-
BepxHOCTH. PacueTHble onTUMabHbIE 3HAYEHHsT COTO-
CTaBUMBI C IKCIIEPAMEHTAIbHBIMI HaHHBIMU. [IOBOJTB-
HO HU3KHE 3HAYEHHUS] OTHOCHTEJIBHBIX MOrPENTHOCTEH
OLIEHOK TOJIOKEHHSI MAaKCHMyMa CBUJIETEJILCTBYIOT O
AOCTATOYHO BBICOKON TOYHOCTH 9KCIEPUMEHTA.

KYPHAJI ®USUYECKON XUMUU  tomM 81 Ne 9
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Puc. 2. Paccunrannas napabojuyeckas MOBEPXHOCTb,
npefcTaBlICHHas B BHJIE KOHTYPHbBIX JIMHUI; TOYKHU — IKC-
nepuMeHTanbHple  3Hadenus; T, = 870.0456,
sigmal /Ty, = 0.21594%, V,, = 1415, sigmaV,/V, =
=2.183%; 3HaKOM “+’ OTMEUYEH MaKCUMYM IIOBEPXHOCTH,
“O” — 3KCIIEPUMEHTANIBHO ONpPEAEICHHBIN MAaKCHMYM.

Takum oOpa3oM, u3ydasi BIHSHHE TEXHOJIOTHYe-
CKHX ITapaMeTpPOB Ha MPOLECC CONMPSIKEHHOH KOHBEp-
CHAM METaHOJIA ¥ HU3IIHX aJIKAaHOB, MOXKHO NO00paTh
TaKHe YCIOBHS, PH KOTOPbIX OYAET NOJNyYaThCs Mak-
CHMaJIbHO BO3MOXKHAs BENHYMHA CEJEKTHBHOCTH B
0o0pa3oBaHUU TpeOyeMOro NpoAyKTa.
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I'azoxpomatorpacgudecknm MetTofoM u3ydyena agcopouusi H,O u D,O Ha NOpHCTHIX MONUMEPAX: XPOMO-
cop6e-102 (cononumepe crupona ¢ auBHHMIOEeH30710M) 1 MN-200 (cBepxcummToM nonucrupone). s
OLICHKH CBOMCTB MOBEPXHOCTH 3THX IOJMMEPOB B KAYECTBE TECTOBBIX aICOPOATOB MCNONL30BAHbI H-aJIKAHbI
(C6—C9), C6H6 U NOJIAPHBIEC COETUHEHUS CHC13, CH3NO2, CH3CN, (CH—;)zCO, CszCOOCH3, (C2H5)20. U3
9KCIEPUMEHTATBHBIX TaHHbIX 110 YIEPXKUBAHUIO COPOATOB ONpeeNieHbI BKIIa[bl 9HEPTUIl AUCTIEPCUOHHBIX
U CHeM(UIECKHX MEXMONEKYISIPHbIX B3aUMOJECHCTBHI B OOLLYIO 3HEPTUIO afACcOpPOLMH I H3yYEHHbIX
cucreM. OnpefiesieHbl 2JIeKTPOHOJOHOPHBIE Ky B 3JIEKTPOHOAKLENTOPHbIE K, XapaKTEPUCTUKH MOBEPX-
HOCTH XpoMmocop6a-102 u MN-200. Ha ocHoBaHuu nony4yeHHbIX 3HaueHui Kp u K 3TH NONMMEDHI OTHE-
ceHbl K cnadocneyupuueckuM aacopOeHTaM ¢ npeodiiajlaHieM 31EKTPOHOAKLIENITOPHbIX CBOUCTB. M3Mme-
petibi u3otepMmbl agcopbuun H,O 1 D,O npu 55, 67 u 80°C Ha 3Tux nosumepax. Onpenenenn! 3aBUCUMOCTH
UX M30CTEPUIECKHX TEILIOT agcopounu Qg OT BennunHbl apcopbunu. Caenal BbiBoj 0 ToM, uto H,O B3a-
HUMOJIENCTBYET C TIOBEPXHOCTHIO 3TUX MOJIUMEPOB MO AICOPOLHOHHOMY MEXAHU3MY, a B yaepxkusanue D,0

3aMETHBIN BKJIAJ], BO3MOXHO, BHOCHT abcopOLusl.

ABTOpBI paboTsl [1] cooOmunu, 4YTO CIUHOBBIE
U30Mepbl BOAbl (Opmo- U napa-Bofa) MOTYT OBIThb
pas3feneHsl XxpoMaTorpaguyecku. 3ToO 00CTOITENb-
CTBO BbI3BAJIO HHTEPEC K PA3NUYUIO AICOPOLHOHHBIX
CBOIICTB M XpoMaTorpau4eckoro NOBEAECHUsI H30TO-
NMOMEpPOB, B TOM umcie u Boasl — serkoit (H,O) u -
xkenon (D,0).

N3BecTHO, 4TO aficOpOLMOHHbIE CBOMCTBA U30TO-
nomMepos Boopoxa H,, HD u D, [2, 3] a Takke cBOii-
CTBa OOBIYHBIX U ACUTEPUPOBAHHBIX YTJIEBOAOPOIOB
[4—6] HeckonbkO pa3znuyaroTcs. B 3aBucHMOCTH OT
Macchl U CTPOEHHSI MOJIEKYJIbl, IPUPObI IOBEPXHO-
cTU aficopOeHTa U TeMIepaTypbl IeATepApOBaHHbIE
MOJIEKYJIbI MOTYT aficopOHpoBaThCs Kak ciabee, Tak
¥ CWJIbHEE, YeM COOTBETCTBYIOIHE UX JIETKUE H30TO-
nomepsl. Ha rpagurupoBaHHoOil caxke fediTepoyrie-
BOJIOpPOABI aficopOupyloTca cinabee, 4eM COOTBET-
CTByIOMINE OObIYHBIE YIJIEBOJOPOAbI, OHAKO Ha
CHJIBHO IOJISIPHBIX afiIcOpOEHTax HEKOTOpbIE AeHTe-
pOYIIEBOOPOAbI aICOPOUPYIOTCS CHIbHEE, YEM HX
JIerKue u3oTonomepsi [7, 8].

H3oTonomMeps! BOIbI, HECMOTPSI Ha OIU30CTh UX
(pHU3AKO-XUMUYECKUX CBOUCTB, HALIIM IPUMEHEHUE B
KadecTBe KOMIIOHEHTOB NOABIKHOU (pa3bl B BOXKX
[9, 10]. Tak, B [9] uccaenoBaHO UCHOJIL30BAHHE JICH-
TepusoBaHHbIX pactBopureneit CD;OD u D,O B ka-
YecTBEe KOMIIOHEHTOB MOABIKHBIX (pa3 B OOpallieH-
HO-(pazoBoil (OP)-mukpo-BOXX. Ilokasano, 4to
CBOJICTBA MOABMXKHBIX (pa3 C OPraHN4eCKHUM KOMIIO-
HeHTOM CD;0D nnn CH;0OH pa3nuyaroTcsi HEMHOTO.
OpHako MpH UCMONB30BaHUM B KAauyecTBE BOJHOIO
KOMMoOHeHTa nopasmxkHO#N ¢a3el D,0O (BMecro H,0)

pasjiesieHHe apoMaTH4YeCKHUX YIJIeBOJOPOJOB ylyd-
maeTcst npuMepHO 10 30%. OtMeueHo, yro D,0 aB-
asieTcss 0co0eHHO 3((PeKTUBHBIM PACTBOPHTEJIEM
IJIsl pas3feneHus IedTepu30BaHHbIX H HEEUTEPU30-
BAHHBLIX coefuHeHWi. Takxke mOpeumMyriecTsa MO-
ABUXKHBIX a3, copepxamux D,0, npossunuce npu
pa3feseHHH KaTeXOJaMUHOB U KOMIIJIEKCOB METall-
goB [10]. OOHapykeHHOe pa3iu4ue CBOUCTB IO-
ABHXKHBIX (pa3, cofepxkKallluX B KayeCTBE BOJHOIO
kommnonenta H,O nnu D,0, no-BuguMomy, CBSI3aHO C
MeXKMOJIEKYJISIPHbIMH B3alMOJEHCTBUSIMHA B 00 beME
nojBIKHOU (ha3bl M Ha MOBEpXHOCTH copOenTa [11].

Henb paboTel — uccegqoBaHle ra3oxpoMaTrorpa-
(prueckuM MeTOOM afcopOLMH M30TONOMEPOB BO-
nei (H,O 1 D,0) Ha ABYyX MOJIUMEPHBIX aficOpOeHTaxX:
Xpomocop6Ge 102 (cononumMepe CTUPOJIA C JUBAHUI-
OeH30510M) B cBepxcumToM nosnuctuponre MN 200
[12] u 3aBucHMOCTH acOpOLUN JIETKOH M TSXKEJIOu
BOJIbI OT IOHOPHO-AaKLENTOPHBIX CBOJICTB NOBEPXHO-
CTH COPOEHTOB, OLIEHUBAEMbIX IO CHeU(PUIECKON U
Hecnenuguyeckoil agcopOuun psifia TECTOBBIX Opra-
HAYECKUX COeNUMHEHUH (H-alKaHOB, a TakKxXe a30T-,
XJIOp- ¥ KHUCIOPOACOAEPKAIUX COeAMHEHNH anuda-
TUYECKOT0, apOMATHYECKOr0 U TeTEPONUKINYECKO-
ro psijioB), MOJNEKYJIbI KOTOPBIX OOJafaloT pa3iany-
HBIMH 3JIEKTPOHOIOHOPHBIM H 3JIE€KTPOHOAKIENTOP-
HbIMHU CBOMCTBaMHU.

SKCNNEPUMEHTAJIBHASA YACTD

B kauecTBe afgcop6GaTOB HCIOJIb30BaIU U30TOMO-
mepsl Bopbl H,O (99.1%) u D,0 (99.9%). 1151 oueHkn
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Taomuua 1. Xapakrepuctuka TeCTOBbIX ajicopbaToOB

Ancopbar M w, D o, A3 DN, xkan/MoJsb AN DN/AN
n-Ce¢H4 86.18 0 11.9 0 0 0
n-C;Hy¢ 100.20 0 13.7 0 0
n-CgHq 114.23 0 15.6 0 0 0
CHCl, 119.38 1.15 8.23 0 23 0
CH;3NO, 61.04 3.54 7.2 2.7 20.5 0.13
CH;CN 41.05 3.90 5.4 14.1 18.9 0.74
(CH3),CO 58.08 2.80 6.6 17.0 12.5 1.36
CH;COOC,Hj5 88.11 1.80 9.0 17.1 9.3 1.82
(C,H5),0 74.12 1.70 9.5 19.2 3.9 4.92

OGo3nauenus: M — MosieKyJIsipHasi Macca, [\ — JUMOJIbHBIA MOMEHT, Ol — O0LLas MOJISPU3YyeMOCTb MONIeKYNbl, AN u DN — 371eKTpOHO-
aKILEeNTOPHEIE ¥ 3JIEKTPOHOJOHOPHBIE XapaKTEPUCTHKH (YHCIIa), XapaKTEPH3YIOIIAE CIOCOGHOCTh 9THX MOJIEKYJI K 3JIEKTPOHONOHOP-

HbIM U K 2JIEKTPOHOAKIENTOPHBIM B3auMoaencTusM [13].

XapaKTEePHUCTUKHA MOBEPXHOCTH UCCIIEyEeMbIX aficop-
GEHTOB B Ka4eCTBE TECTOBBIX aicOPOATOB HCHOJb30-
BaJll H-aJIKaHbl, NMPOSBJSIONIME C IOBEPXHOCTHIO
JMI000ro agcopOeHTa TOJbKO HecneuuuyecKne
(IuCnepCcUOHHBbIE) B3aUMOJICCTBHUSI, a TaKxke OeH-
30]1, TeTparufpodypaH U MOJNSPHbIE COCTHHEHHS
anndaTUIECKOro psfia, CIOCOOHbIE BCTYNaTh B CIie-
nuduIecKre MeXMOIEKYJIISIPHbIE B3aNMOJIEUCTBHS C
IOBEPXHOCTHIO aficopObenToB. HekoTopele ¢usnko-
XAMUYECKHE XapaKTEPUCTUKH TECTOBBIX afiIcOpOATOB
npusefeHsl B Ta0. 1. B kauectBe agcopGeHTOB Hcce-
MOBaHbl MOPHCThIE NOJUMEPHbIE AfICOPOEHTHI: COMO-
JUMEp CTHpoJa U AuBMHWIOEH3071a Xpomocop6-102,
00y1agarolyil B OCHOBHOM ME30NIOpaMH M CBEPXCIIIHU-
ThIA MOMUCTHPOJbHBIH nonumep MN-200 ¢ npeobna-
Jaromeid MHKPONOPUCTOCTBIO, aHalor copOeHTa
Purosep-200 [14]. CTpykTypHblEe XapaKTEepHCTHKH
aficopOEHTOB NpUBEEHbI B Ta0I. 2.

ApcopOuuoHHbIE CBOACTBA MOJTMMEPOB HCCIENO-
Ball MeTofoM rasopoil xpomarorpagun (I'X) Ha
xpoMmarorpade JIXM ¢ geTeKTopoM No Temionpo-
BogHOCTH. CHrHal IeTEKTOpa perucTpUpOBad 1 00-
pabaThIBajy C MOMOLIbIO IPOrPAMMHOTO KOMILIEKCA
“MynpTuxpom 1.52m”. B xkauectBe I'X-KOJIOHOK
NPUMEHANH CTEKISIHHbIE TPYOKU IJIHMHOH 35 cM u
BHYTPEHHHM inaMeTpoM 2 MM. HaBecka aficopGenTa
cocrasisina 0.2349 u 0.2913 r gnst Xpomocop6a-102
1 MN-200 cootBercTBeHHO. CKOpPOCThH ra3a-HOCUTe-
151 (renus) NoAfepKUBaIU MOCTOSIHHOH NMPH 3Have-
HuH ~25 mi/muH. [lepen sKciepaMeHTOM aicopOeHT
KOH[IUI{UOHUPOBAJIA B XpOMATOIpa(PUIeCKOi KOJIOH-
ke B Toke rejus npu 200°C B reuenne 20 4. [Ipoby
aficop6aToB 06'beMoM 2—10 MKJI BBOAMIN B HHXKEK-
TOp XpoMaTorpaga MEKPOLINPULEM.

JInsg Bcex amcopOaToB onpefesieHbl yieabHbIe
yaepxuBaeMble 00beMbI V,, B HHTEpBasie TeMnepa-

Typ 50-100°C no Xpomocop6e 102 u 100-200°C Ha
MN-200 (past po6 2 mMxa). M3 TUHERHOM 3aBUCHMO-
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cta InV,, ot 1/T paccunransl puddepeHuraibHbie
MOJIbHBbIE U3MEHEHHsI BHYTPEHHEH SHepruu aacopo-
min —AU, paBHble puddepeHurasbHOR MOTbHOR
Teriore agcopouuu Q.. M3 3apucumoctu Q, OT 1o-
JSIPU3YEMOCTH MOJIEKYJI OMpeNeICHbl BKIAgbl 3HEP-
TUil IUCTIEPCHOHHBIX (Qgigp) ¥ cieupuyueckui (Qpe.)
B3aMMOJIEACTBUI B OOLYIO 3HEPIHUIO afiCOpOLHH.

Hast HyO u D,O onpepenunu u3otepMbl agcopo-
LMH U3 IPOSIBUTENBHBIX XpoMaTorpamm (mpoosl 0.2—
10 mkn) B uHTepBane temmeparyp 55-80°C mo u3-
BecTHO! Metonuke [15]. A 3arem u3 m3oTepm aj-
copOLMHU paCCYHTAIH H30CTEPUYECKUE TEIUIOTHI aji-
copOLUH TPY PA3JIHYHBIX 3AN0JHEHUSX IIOBEPXHOCTH
COpOEHTOB.

OBCYXJEHHUE PE3YJIbTATOB

Bennmunny 3¢)eKTUBHOH YeIbHON IOBEPXHOCTH
U MapaMeTpbl MOPUCTOH CTPYKTYpbl MONMMEPHBIX
COpOEHTOB ONPEAENUIN W3 IKCIEPUMEHTANbHBIX
M30TEpM aficopOLyn H-TeKcaHa U OEH30J1a IPH NOBbI-
IIEHHbIX Temneparypax. OHM NpHBefeHbI B Tabn. 3.
Y nenbHYr0 HOBEPXHOCTH (i§) pAaCCYATAIIH [10 YPABHEHHIO

s = a,®N,

Tao6auua 2. CTpyKTYpHbIE€ XapaKTEPUCTUKM MOJTMMEPHBIX
aicopOEHTOB, PACCYUTAHHBIE U3 HU3KOTEMIIEPATYPHOM aji-
copOuuu a3oTa

ARCOPGCHT Sz*a Vtotal’ d’ Vmicro’ dmicrov
M/ | eM3r| BM | eMir| HM

Xpomocop6-102 364 | 33 9
MN-200* 1050 | 1.1 04 | 0.15

* [To manHbIM Ju1si Purosep-200, aHalloroM KOTOpOTo SIBJSIETCH
MN-200 [14].
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BAPIOVHA u gp.

Taémuna 3. XapaxkTepucrika nOpUCTOil CTPYKTYPbI TOTMMEPHBIX aICOPOEHTOB

Copbart t,°C YpaBHeHue ITapameTp Xpomocop6-102 MN-200
n-T'ekcan 100 (150) Jlenrmiopa a,,, MMOJIB/T 0.200 0.631
§, MT 64 200
benzon 150 youHuna—Pagynikesuya | gy, MMOJIB/T 0.4 1.9
Ey, xIx/Monb 13 13.8
L, am 6.8 4.5

OOGo3HaueHus: ¢ — TeMIepaTypa I3MepeHHUs, BeJIMUMHA B CKOOKax — Temneparypa Ha MN-200, g — eMKocTb Mukponop, Ej — xapak-
TEPHUCTHYECKask IHEPT U aficOpOLMHU CTaHJapPTHOrO BellecTBa — OeH3071a, L — IMpHHa MUKPOMNOPBLI.

rae N — ducino ABoragpo, 0 — [Iomajb, 3aHIMaeMas
MOJIEKYJION copOaTa B INIOTHOM MOHOCIIOE, Ompefe-
JIEHHAas! U3 IUIOTHOCTH KHKOCTH IPU INIOCKOH OpH-
E€HTALUU MOJIEKYJIbI (11 H-TeKcaHa o = 52 A2 [16]),
a,, — €eMKOCTb MOHOCJIOS [/IS H-T€KCaHa paccuuTalu
U3 U30TEpM copOuuHM Mo ypaBHeHUsM JleHrmiopa,
BOT, ApaHoBnua u monyymwind GnU3Kue 3HAYCHHS:

a, MMOJIB/T
0.6 -

(a)

0.5F 4 g
0.4 L
0.3 b

0.2

~UA W N~

(o]
[m]
oée » OpD

0.1

T
<
| 4
[m]

1

200

1 J
300 350
D, MM PT. CT.

1 L 1
100 150 250

(6)
0.8 o
S g
o]

0.6 - ®, &

T
D> DDQ

0.2 |

1

0 50

1 1
200 250
D, MM PT. CT.

1 1
100 150

Puc. 1. Mzorepmbr agcopbuuu H,O (7, 1', 2) u DO (3-5,
3',5") na Xpomocop6e-102 (a) u MN-200 (6) npu 50 (/, 3,
3,60 (1',4),70°C (2, 5,5"); 3'u 5' — nepBasi cepust OIbI-
TOB.

KYPHAJI ®UBUYECKOW XVMUU

0.631, 0.636, 0.633 mmonn/r Ha MN-200 u 0.200,
0.202, 0.204 mMonb/r Ha XpoMmocop6be-102.

[TapaMeTpbl MUKPONIOPUCTOH CTPYKTYpPbI OLEHH-
J¥ IO YPAaBHEHHIO TEOPUH OOBEMHOTO 3allONHEHUS
mukponop Jlyonnuna—Pagymkesuya [16]. Bennunny
L paccunranu u3 3aBucuMocTu E, or pa3mepa 1op
[17]. A3 Taba. 2 BugHO, 4TO OOLIasl yjelbHas IO-
BEPXHOCTb, ONpE/ieIEeHHasl U3 HU3KOTEeMIIepaTypHOT
afcopobumun asora [14], 3HAYUTENBHHO MpEBBIIIAET
paccYUTaHHYIO U3 H30TEPM H-T€KCaHa, H3MEPEHHBIX
NpH NOBBLIIEHHBIX TeMIlepaTypax. JTa pacCUUTaH-
Has 3¢p(peKTHBHASI NOBEPXHOCTh COCTABJISET TOJIBKO
15-20% ot o6mieit ynenbHo# nosepxuoctu. [1ns MN-
200 ona 61M3Ka K yAEIbHOH NOBEPXHOCTH ME3O0IOP,
pasHoii 190 M%*/r, onpefeneHHOl U3 HU3KOTEMIIEpa-
TypHOU afcopOumu a3zora [12]. Ilpuunsoii aTtoro Mo-
KeT ObITh YMEHbIIICHUE 3HAYE€HUs] KOHCTAHTbI afiIcopO-
[IMOHHOT'O PAaBHOBECHSI C pOCTOM TemmepaTypsbl [18].

H3zomepmbt aocopoyuu H,O u D,0 Ha Xpomocop-
6e-102 u MN-200, npusefeHHble Ha puc. 1, oGpanie-
HbI BBINYKJIOCTBIO K OCH IaBJIeHUs copbaTta, YTO CBH-
AETENbCTBYET O OoJiee CHIBHOM B3aUMOJIEIICTBUN af-
copbat—aacop0ar, 4yeM aficopbaT—aacopOeHT.

[Ipn opMHAKOBBIX PAaBHOBECHBIX [ABIECHHAX af-
cop6uus D,0 Ha o60oux NOPHUCTBIX noiuMepax 60b-
nie afpcopobunu H,O, mpuyeM 3Ta pa3Huiia yBeJaudu-
BAETCs C pOCTOM TeMIIepaTypbl U JaBJeHUs.

Tenaomwvt aocopoyuu. W3 m3orepm apcopOuum
H,O u D,O paccumTanu A30CTEpUYECKUE TEMIOTHI
ajicopOLMH NPU Pa3HbIX 3aIOJHEHHSIX MOBEPXHOCTH
nonuMepoB o ypaBaenuto Kinaysnyca—KnaneipoHa:

dinp/dT = Q,/RT. (1)

3aBucuMocTH J OT BEJIMYHMHBI aJIcCOpOIMH a IIPHBE-
JeHbl Ha puc. 2. Bo Bceil 06/1acTy 3al10JHEHHS TEILIOTA
afcopOLmu napa BOJibl Ha 3THX afcOpOeHTax Ooblile

TEIIOThI KOHIEHC AN (LH20 = 10.14 kkajn/Monp), 9TO

yKa3blBaeT Ha NOJSIPHBIA XapaKTep NOBEPXHOCTHU
3TUX NoauMepoB. Ha HemoJasspHOM HENMOPUCTOM afi-
copbeHTe C OJHOPOJHOW MOBEPXHOCTHIO, rpauTH-
pPOBaHHOU TepMHYecKoH caxe, O, BO Bcell 001acTh
3aMOJIHEHHS 3HAYNTENILHO MEHbIIIe TEIUVIOT KOHJIEH-
canuu [19].
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0, KKaJ/MoJib
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a, MMOJIb/T

Puc. 2. 3aBucumoctn temnot agcopobunn H,O (1, 2) u
D,0 (3, 4) Ha nonuMepHbIX agcopbenTax XpoMocopOe-
102 (1, 3) 1 MN-200 (2, 4).

Temnora apcopbuun D,0 Ha Xpomocopbe-102
(puc. 2) npu HU3KHX 3aNOJIHEHUSX HIKE TEIJIOTbI
KOHJIECHCAIIUHN (LD20 = 10.26 kkan/Moib), C poCTOM

3aMoJTHEHHsI OHAa YBEJIMYUBAETCS M HECKOJBKO Ipe-
BbIIAET Ly, o Npu Gosiee BBICOKUX 3aMONHEHUsIX (a >

> 3 mmoub/T). Ha MN-200 Benuunna Qg st D,O npu
HU3KUX 3aMOJIHEHNUSIX 3HAUUTENBHO HIDKE TEIUIOThI
KOHJICHCAINH, C POCTOM 3aloJHEeHus Oy, TaK XKe Kak
U B ciydae Xpomocop6a-102, yBenuumuBaeTcs, HO He

pocraraet Lp g .

Benwuunbl Q s D,O npu Bcex 3anoIHEHHUsIX
3HAYUTENLHO MeHblle, yeM Qg mis H,O, ocobenHo
Ha MN-200, B TO Bpemsi Kak agcopouusi D,O npeBsbi-
maet agcop6ouumio H,O (puc. 1), 1 3Ta pa3Huna ysenu-
YHBAETCsl C POCTOM TeMieparypbl. BepositHo, aTo
CBS3aHO C HM3MEHEHHEM MeXaHu3Ma yAep>KUBaHHs
D,0O Ha 3THX cOpOeHTax C pOCTOM TEMIEPATYPBHI.

H3BecTHO, 4TO B ciyyae MOPHUCTHIX NOJMMEPOB
UMEEeT MEeCTO He TONBKO aficOpOLHsi Ha TOBEPXHOCTH,
HO ¥ pacTBOpeHHe cCopObaTOB BO BCEM 00'bEME YaCTHUI]
nonumepa [20]. Oba mexanu3ma copOuum (apcopo-
nust ¥ abcopOuusl) MOTYT OCYILECTBISITbCS OFHOBpE-
MeHHO. B pa6ote [21] noka3aHo, 4TO NOJUMEPHI Ha
OCHOBE CTHPOJIa U JTUBUHUIIOEH30J1a [IPH HU3KHUX TEM-
nepaTypax BefyT ce6st Kak afcopOeHTbl, a IpH 6oJiee
BBICOKHX TeMIlepaTypax KpoMe ajfcopOLHH MOXET
IPOMCXOfIUTL PAacCTBOPEHUE HEKOTOPBIX BEILECTB B
oOGpeMe yacTul nonuMepa (Hanpumep, 6eH3011 yaep-
skuBaeTtcd Ha [Tonucop6e-4K, cononumepe crupona
¢ muBrHIIOEH3050M, 1pu 80°C no afcopOLMOHHOMY
MexaHu3My, a npu 180°C pactBopsieTcss B o6beme
nonumepa). Cop6uus D,O ¢ TemnepaTypoil yBenu-
YHUBAETCS, a TEMJIOThl COPOLMHM OCTAIOTCS MEHbIIIE
TEIUIOT afcopOUu Ha OOOUX MOJMMEPHBIX COPOEH-
tax. A H,0, no-suguMoMy, B3aUMOJEHCTBYET C MO-
Ne 9
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Puc. 3. Uzorepmsl cop6uun H,O (a) u D,O (6) na MN-
200 (I1-3) u XpoMmocop6e-102 (4, 5) npu pa3HbIX TeMIle-
parypax: 55 (1, 4), 67 (2), 80°C (3, 5).

BEPXHOCTBIO HCCIIEyEMbIX NOJIHMEpPOB MO afcopO-
UOHHOMY MexaHm3Mmy (puc. 3). B cayyae D,O npn
HU3KHX Temnepatypax (55°C) takxke mpeobiagaeT
nporecc agcopouuy, a npu 60Jee BBICOKUX TeMIEpa-
Typax 3aMeTHbIN BKJIAJ B yJepXKHBaHHE BHOCUT pac-
TBOpeHue, mpuueMm B ciaydae MN-200 aGcopOuus
NposiBIsieTcsl B OOJbIIed CTeneHd. DTO OTYETIUBO
BUJTHO U3 cpaBHEeHHs n3oTepM apcopobuuu H,O u D,O
B KOOpAMHATAaX a = f(p/p;), peJiCTaBIE€HHbIX HA puUC. 3.
Nzortepmbr apcop6uuun H,O Ha o6oux nmommmepax
IpU Bcex TeMIlepaTypax OJH3KH, H30TepMbl afcopO-
muu D,0 — ornnyarorces. I1pu Gonee BBICOKHX TeMIIe-
paTypax 3TO pa3JIu4He yCUIUBAECTCS.

J171s1 TOro 94TOOBI OLIEHUTH POJIb JUCIEPCHOHHBIX U
cnenu(puYecKnX B3aHMMOJEUCTBUH NpH amgcopOuuu
H,0 u D,0 na uccnenyembix copbeHTax, ObLIH ONpe-
nenensl 3aBucumoctu InV,, ot 1/T ana H,0O, D,O u Te-
CTOBBIX aficopOaTOB NpH MaibIX 3alOJHEHHSAX IO-
BEPXHOCTU COPOEHTOB, IIPH KOTOPBIX €I1ie 3aMETHO He
NPOSIBIISIIOTCS B3aMMOJEHCTBUS aficopbaT—agcopoar.

3asucumoctu InV,, ot 1/T nnsa Bcex agcopb6aToB
Ha Xpomocop6e-102 u MN-200 B uccienyemMom uH-
TepBaJie TEMIEPATYpP JNHEHHBI:

InV,,=A+B/T, (2)

rae A = (AS + R)/R u B = -AU/R = Q /R. Beruucnen-
HbIE€ U3 3TOHW 3aBHCHMOCTH BEIMYHUHBI TEIUIOT af-
copOiuu st H,O u TecToBbIx aicop6aToOB NMpuUBefie-
HbI B Ta0n. 4 u 5.

TennoTe! agcopbuuu Bcex agcopbaToB Ha Xpo-
MocopOe-102 Mensbie, yeM Ha MN-200. H-AnKaHbI
B3aUMOJICHICTBYIOT C MOBEPXHOCTHIO 3THX IOJIHAME-
POB (TaK e KaK | CO BCEMH APYrIMH aicOpOEHTaMH)
TOJIBKO 32 CYET AUCNEPCHOHHBIX CHJI M UX aficopOIust
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Ta6auna 4. 3asucumocts Qg aiist HO 1 D,0 (kkan/mons)
OT BEJIMYMHBI agcopOuun (a, Mmoui/r) Ha Xpomocopbe-102
1 MN-200

a, mmouib/r | Q(H,0) 0(D0)  |OH0-0(D,0)
Xpomocop6-102

0.1 12.4 8.4 4.0
0.2 12.4

0.3 12.2 10.1 2.1
0.4 12.1 10.5 1.6
0.5 12.0 10.9 1.1
0.6 11.9 11.1 0.8
0.7 11.8 11.3 0.5

MN-200

0.1 13.1 8.0 5.1
0.2 11.7 7.0 4.7
0.3 12.1 7.4 4.7
0.4 12.4 7.8 4.6
0.5 12.7 8.2 4.5
0.6 12.9 8.4 4.5

ONpENENSIETCS FEOMETPUYECKON CTPYKTYPOH U O0ILIeH
HOJISIPU3YEMOCTBIO MOJIEKYJI H-alIKaHOB. Bosee Bbico-
KHE TEIUIOThI afcopOumu H-ankaHoB Ha MN-200 mo
cpaBHEHHIO ¢ XpomocopOoM-102 cBUIETENBCTBYIOT
0 ToM, 4to MN-200 o6nagaeT Oonee y3KMMH MUKPO-
HopaMH (B KOTOPBIX NPOUCXONUT OOJiee 3HAYNTENb-
HOE yCuJIeHHe ajcopOLHOHHOrO NOTEHIHUala), YeM
Xpomocop6-102. 3asucumoct Oy, OT 0OLIEH MONS-

BAPOMUHA u np.

pusyemMocti (0) MOJIEKYJ COpOATOB JTMHEHHBI U ONU-
CBIBAIOTCS CEAYIOIIMH YPaBHEHUSIMH

nist Xpomocop6a-102:
0.77130.+ 2.1541,

(3)
n=4, R =09995,

disp
st MN-200:
4)

Qs = 1.1620.-04633, n = 4, R = 0.9995.

IIpu afcopOuuu nonsIpHBIX aficopdaTOB MPOSIBJIS-
I0TCA [IUCIIEPCUOHHbIE H clienu(uyeckiue B3auMo-
nevicreus. Bknanel sHepruu cnenuguyeckoro B3au-
mojieicTBus (Qy,.) Onpeniesisiy no popmyie: Qg =
= Qy — Quisp TAE Q, — TEMIOTA AJCOPOLUN HCKOMOTO
NOJISIPHOTO  CoefuHEnus Oy, — OMNPENENSETCs 1O
ypaBHeHnuto (3) B cnyyae Xpomocop6a-102 u 1o ypas-
HeHnto (4) B cnydyae MN-200 711 THIIOTETUYECKOTO H-
aJIKaHa, NOJSIPU3yeMOCTb KOTOPOT'O paBHA MTONSIPU3Y-
€MOCTH 3TOTO NOJSAPHOro ajcopdara. IDTH JJaHHbIE
npuBefeHsbI B Tabl. 5 1 6, 13 KOTOPBIX BUIHO, UTO Ha
MN-200 npoucxomut 6osee CUIbHOE, 4eM Ha XpOMO-
copbe-102, cneunguyeckoe B3aNMOJEHCTBUE (PYHK-
LUOHANBLHBIX IPYNI TECTOBBIX MOJSPHBIX afcopOda-
TOB C aficCOPOLHOHHBIMH LEHTPAMH.

Ha noBepxHOCTH HCIOJB30BAHHBIX MOJUMEPOB
PacnoiokeHbl B OCHOBHOM (DEHUJIbHbIE PYIIbI, KO-
TOpbIE MOTYT BCTymaTh B creuu(uyeckue B3anuMo-
AedcTBusA C (PYHKIMOHANBHBIMHU TpYNIAMHU IOJSpP-
HBbIX aficop0aToB 3a CYET y4YacTHs N-3JEKTPOHOB.
Opnnako Ha O0OMX NMOMUMEPAX 3HaYEHHE (. IS
BCEX TECTOBBIX aficop0aTOB 3HAYUTENIBHO OOJIBLIE,
4YeM Ha HemnossipHoM XpomocopOe-103 (nonepedyHo-
CILIMTOM MOJHCTHPOJIE), U OJU3KH K COOTBETCTBYIO-
I[AM BennduHaM st XpoMmocop0Oa-105 (noamapoma-
THYEeCKOM 3cupe) [22], HO 3HAYUTENBHO MEHBUIE,

Taommua S. TennoTs! agcopOLMYU U BKJIAABI B HUX JUCIEPCHOHHBIX U CrietuMIecKuX B3aUMOecTBIi Ha Xpomocop6Ge-102

Apcopbar 0, kkan/Monp a, A3 Qiisp> KKAT/MOIB | O, KKAT/MOID Ospec/ Q. %o

CeH s 11.4 119 0

C;Hiq 12.6 13.7 0

CgHig 14.2 15.6 0

CeHg 10.2 10.4 10.2 0

CHCl, 10.6 8.2 8.5 2.1 19.8
CH;NO, 10.3 7.2 7.7 2.6 25.2
CH,CN 9.4 54 6.3 3.1 33.0
(CH;),CO 10.0 6.6 7.2 2.8 28.0
CH;COOC,H; 12.5 9.0 9.1 34 27.2
H,O 12.1 1.5 33 8.8 72.7
T 12.5 7.7 8.1 4.4 35.2
(C,H5),0 8.2 9.5 9.5 -1.3

O6o3nauenns: TT'® — rerparugpocdypan.
KYPHAJI ®UBUYECKON XUMUM  Tom 81 N O 2007
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Ta6auua 6. TemnoTbl agcopOUMy | BKJIA/Ibl B HUX IKCIEPCHOHHBIX U cienuduveckux B3aumopeicreuii Ha MN-200

Ancopbar Q, KKaJI/MONb o, A3 Quisp> KKAT/MOID | Qgpec. KKAN/MOID Oipec/ Qs %

CeHis 13.4 11.9 13.4 0

C;Hyg 15.5 13.7 15.5 0

CgH 5 17.7 15.6 17.7 0

CeHg 12.3 104 11.6 0.7 5.6
CHCl,4 11.6 8.2 9.1 2.5 21.5
CH;NO, 11.2 7.2 7.9 33 29.5
CH5CN 11.0 5.4 5.8 5.2 47.2
(CH5),CO 11.6 6.6 7.2 44 37.9
CH;COOC,H; 14.4 9.0 10.0 4.4 30.5
H,0 12.2 1.5 1.3 10.9 89.3
o 12.2 7.7 8.4 3.6 29.5
(C,H;),0 12.3 9.5 10.6 1.7 13.8

4yeM Ansg Xpomocop6a-104, Ha TOBEepXHOCTH KOTOPO-
ro pacrnojioXKeHbl HUTpWibHble rpynmsl [21]. Bepo-
ATHO, BbICOKHE IHEPTUH CneuupuiecKkoro B3auMo-
AeHCTBHASL 00YCIOBIIEHB! HE TOJIBKO HAJTHYHAEM Ha MO-
BEPXHOCTH UCCIEyEMbIX ITOTUMEPOB T-3J1EKTPOHOB
(beHHIBHBIX KOJIEN, HO H HAJ4ieM 0oJiee aKTUBHBIX
LHEHTPOB - (PYHKUMOHAJBHBIX TPYNI: KETOHHBIX,
3(pUPHBIX, CIUPTOBBIX, OOHAPYKEHHBIX METOIAMH
BC AMP u UK-¢pypbe-cektpockonnu [23]. 3naun-
TEJbHBII BKJAJ crenupuieckux NT—N-B3auMOpeii-
CTBHI B MCXAaHH3M YJIepP>KHBAaHHA OPraHUYCCKHUX Be-
LiecTB B yCIOBUSIX oOparieHHo-(azosoit BO2KX na
MN-200 65151 06HapyskeH U B [24].

Takum 00pa3oM, COracHO MONYYCHHBIM HaH-
HbIM, XpoMocop0-102 1 MN-200 M0oxkHO OTHECTH K
cnabocnenupuIecKUM afAcopOeHTaM NO Kiaccugu-
kauud [18]. H,O agcopbupyercs Ha 3TUX moJmMepax
B OCHOBHOM 3a CYeT CHeUU(pUYEeCKHX B3amMMOJIEH-
ctBUil: (Qp..) Ha XpomocopOe-102 cocrasnser 72%,
a Ha MN-200 89% ot obmieit sneprun aicopOLum.

OHeprus cnenupuuecKoro B3auMoJIEHCTBUS OlIpe-
AeJsIETCs JOHOPHO-aKLIENTOPHBIME B3aUMOJCHCTBHS-
MU copOaT—cOpOEHT

Qspec = KDAN + KADN (5)

0 171
Ospec/AN = Kp + KADN/AN, (6)

rae AN 1 DN — 371eKTpOHOAKLENTOPHbIE U 3JIEKTPO-
HOJIOHOPHBIE YHCIIa MOJIEKYJ afcopbatos [25], a Kp
1 K, — 2IEKTPOHOIOHOPHbBIE H 3NEKTPOHOAKIEIITOP-
Hble XapaKTEePHUCTHKH MIOBEPXHOCTH af[COPOEHTOB.

Ha puc. 4 npencrasnens! 3aBacumMoct Q,,../AN oT
otHomieHus1 DN/AN; onm nuneiabl (KoadgpunuenTt
koppensuuu 0.95). OnpenenieHHble U3 9THX 3aBUCHU-
Mmocren K, u Kp, npencrapiensl B Tadi. 7. Ha ocHo-
BaHUM 3THX JAHHBIX MOXKHO 3aKJIIOYHUTh, YTO MO-

XKYPHAJT ®PU3UYECKON XUMHH

ToMm 81 Ne 9

BEPXHOCTH OOOHX MONUMEPOB OOJAalOT KaK JJIeK-
TPOHOAKIIENTOPHBIMH, TaK U 3JIEKTPOHONOHOPHBIMA
CBOMCTBAMHU. DHEPreTUYECKHEe XapaKTePUCTHKA 3THX
LEHTPOB HeMHOTO BbIIe Ha MN-200, ueM Ha noBepx-
HocTH Xpomocop0Oa-102.

Takum 006pa3oM, W3 NONYYEHHBIX PE3YJILTATOB
cnegyet, yro H,O B3amMopelcTByeT ¢ mOBepXHO-
crbio XpoMocop6a-102 u cBEpXCIIHTOrO MOJIHCTH-
poJia o aficOpOLUOHHOMY MEXaHU3MY, B YACPKHBa-
Hue D,0, no-supEMOMy, 3aMETHBIH BKJIAJl BHOCSIT
mporecc agcopOL, KOTOPBIN YBEJIHYHABAETCS € TO-
BBIIIEHHEM TEMIIEPATYPhI SIKCIEPUMEHTA.

e AN
S

0.4

1 1 Il 1

2.0

1
2.5
DN/AN

Puc. 4. 3asucumocta Qg ./AN oT otHoLeHus: DN/AN na
Xpomocop6e-102 (a) u MN-200 (6).

2007
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Taommna 7. JnekTpoHOROHOpHbIEe K[y M 3JIeKTPOHOAKIETI-
TOpHble K, XapaKTEPHCTHKW IMOBEPXHOCTH MOJMMEPHBIX
aficopOEeHTOB

ApcopbenT Ky Kp
MN-200* 0.20 0.12
MN-200** 0.20 0.10
Xpomocop6-102* 0.17 0.08
Xpomocop6-102** 0.16 0.06
Xpomocop6-103 0.08 0.07
Xpomocop6-104 0.22 0.42
Xpomocop6-105 0.08 0.15
Texunueckuit yrnepon AI'-100 0.01 0.02

* bes yyera gauubix no (C,Hs),0.
** Bes yyera fannbix no (CoHs),0 u TT'®.

ABstopsl npr3HarenbHbl akagemnky PAH 10.A. 3o-
JIOTOBY 3a HHTEpEC K paboTe U NOJE3HbIE 3aMEYaHust
IpY NOAroToBKe pykommcu u npogeccopy B.A. [Ta-
BAHKOBY 3a IPEJOCTABJICHHBIA [ HCCIENOBAHUS
cBepxcinThii nojauctupos MN-200. ABTOpBI BhIpa-
KaroT 6narofgapHocTh 6 Pamounoi nporpamme Es-
pormeiickoro Corosza (kourpakt 5032, 2005) u Poc-
cuiickoMy (oHay (pyHIaMEeHTAIbHBIX HCCIENOBAHUN
(xon npoekra Ne 06-03-32995) 3a puHaHCOBYIO MTON-
HEPXKKY 3TOH pabOTHI.
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ATCOPBLUA I'A30B HA ITOBEPXHOCTH TBEP/IBIX PACTBOPOB
N BUHAPHBIX COEAUMHEHUU CUCTEMBbI GaSb-ZnTe
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H3yyena agcopbuust ammuaka, okcupa yrnepopa (II) u kucaopoga Ha miieHKax TBEPIbIX PACTBOPOB U Ou-
HapHbIX coepuHenuii cucteMbl GaSb—ZnTe. Ha ocHoBe aHanu3a u306ap, paBHOBECHBIX M KHMHETHUECKHX
M30TEPM, TEPMOJUHAMMYECKUX M KHHETHYECKUX XapaKTEPUCTUK afcOpOLUH, 3TEKTPOPUIHUECKHX, KHC-
JIOTHO-OCHOBHBIX M IPYTHX (PH3MKO-XUMHUYECKUX XaPAKTEPHUCTUK a[COPOEHTOB U 3JTEKTPOHHOMN TPUPOJIbI
MOJIEKYJI aicOpOaTOB yCTAHOBJIEHBI MEXaHU3M M 3aKOHOMEPHOCTH a/ICOPOLMOHHBIX NPOLIECCOB B 3aBHCH-
MOCTH OT YCIIOBU¥ MPOTEKAHUA ¥ COCTaBa CUCTEMBI. BBIsIBIEHbI OOIIHOCTD C GUHAPHBIMHU COEIUHEHUSIMU
(GaSb, ZnTe) n cnenucuyeckne 0oCOGEHHOCTH B MOBEACHHH TBEpAbIX pactBopoB (GaSb)(ZnTe); _, kak
MHOTOKOMIIOHEHTHBIX CHCTEM. O cnenuduyecknx 0COGEHHOCTSIX CBUAETENBCTBYET HATHYHE IKCTPEMYMOB
Ha uarpammax “‘aficopOUMOHHAs XapaKTepUCTHKA — cocTas”. MCnonb30BaHHE TAKUX AUATPAMM [IPUBEIIO
K OTKPBITUIO Haubojee akTUBHBIX 110 oTHOWEeHHIO K NH;3, CO, O, KOMIOHEHTOB U3yYEHHOM CUCTEMBI U
CO3[IaHMIO HAa UX OCHOBE BBICOKOYYBCTBUTENBHBIX M CEJIEKTUBHBIX CEHCOPOB-TaTYMKOB.

Cucrema GaSb-ZnTe x Hauany gaHHO¥N paGoOThI
He Oblia nosnyueHa. [Toaromy ee o6beMHbIE U, TEM
0oJyiee, MOBEPXHOCTHBIE CBOICTBA HE W3YYaJHCh.
Kak u gpyrue cioxHble CHCTeMbI Ha OCHOBE ajiMa30-
NOAOOHBIX MOJYNPOBOAHUKOB, Taslue B cebe He-
oxupaHuele cBoiictBa [1-3], cucrema GaSb—ZnTe
IpefCTaBiIseT UHTEpPEC B IIJIaHE MOMCKA HOBBIX aji-
COpOEHTOB, KaTalW3aTOPOB U MaTepHajJOB COBpe-
MEHHOU TEXHHUKH, B YaCTHOCTH, CEHCOPHOH 3JIEKTPO-
HHKH, BKJIIOYasi CEHCOPbI-JAaTUYUKH IKOJIOTHIECKOTO
HasHauyeHud [2]. Co3naHne TakKUX CEHCOPOB-JaTYNKOB,
Oasupyroleecs: Ha HEOOXOMMMBIX CBEJCHHUSIX OO aj-
COpPOLMOHHBIX U JIPYTUX (PU3NKO-XUMHUYECKHX CBOM-
CTBax NOBEPXHOCTH NOJIYIPOBOAHNKOB, B HACTOSIIIECE
BpEMsl, B CBSI3H C 9KOJIOTHYECKIM KPU3HUCOM, OCOOEH-
HO aKTyanbHO. COOTBETCTBEHHO U BBIOpAaHHBIEC aJi-
cop6atsl (CO, NH;, O,) uHTEpecHbI He TONBKO KaK OT-
JMYAIOMIUECs] MO 3JIEKTPOHHOU TNpPHpPOfe, HO H Kak
KOMITIOHEHTBI OKPYKAIOIIe! U TEXHOJOTHYECKHX Cpejl.

OKCITEPUMEHTAIJIBHAS YACTb

ApcopOuyio u3y4yanau METOJaMH Ibe30KBaplie-
BOrO MHKpOB3BelIMBaHUs [2] (4yBCTBUTEIBHOCTH
1.23 x 107! r/(cm? Tu), uarepBan Temnepatyp 252—
393 K u naBaennii 1.1-10.7 T1a). AgcopbeHTbl npen-
cTaBisioT cobon mieHku (d = 0.18-0.22 mkm) GaSbh,
ZnTe u TBepabIx pactBopos (GaSb)(ZnTe), _, (5, 10,
15, 90, 95 mon. % GaSb), nonyyeHHble AUCKPETHBIM
TEPMHUYECKHM HanblIeHHeM B BakyyMme (1, = 298 K,
p = 1.33 x 1073 [1a) Ha 2/1€KTPOJHBIE MIOMAAKH [be-
30KBapuUeBbIX pe3oHaTopoB (AT-cpe3a, cobcTBeH-
Has JactoTa Konebanuil 4.5 MI'n) ¢ mocnenyromum
OTKHUI'OM B IIapax UCXOJZHOTO MaTepuala Mpu COOT-

BETCTBYIOIIUX pexxuMax [2, 4]. Ha aTux xe obpa3nax
OHOBPEMEHHO HCCIIEOBAd M3MEHEHUsl 3JEKTPO-
NPOBOJHOCTH U COOTBETCTBEHHO 3apsiia MOBEPXHO-
CTH TOJ BIMSHHEM ajicoOpOMpoBaHHBbIX ra3os. [lo-
POLIKH TBEPIBIX PACTBOPOB MOJIYYaJIH METOIOM H30-
TepMuueckoi aud¢y3un GMHAPHBIX KOMIIOHEHTOB B
BaKyyYMHPOBAHHBIX 3alasiHHbIX KBApLEBbIX aMITyJax
IpU TeMmIepaTypax, NPEeBbINAIOIUX TeMIepaTypy
IUIaBJIEHUS JierkomiaBkoro kommnonenTa (GaSb) [1].
Hx cocrap onpepesnsiiics peeaMi B3aUMHOM pac-
TBOpEMOcTH GaSb u ZnTe.

WnpenTugnkanmo TBEpAbIX PAaCTBOPOB OCYIIECTB-
JSIIM IO pe3ysbTaTaM PeHTreHorpauyeckoro aHa-
733, W3MEPEHHs] 3JIEKTPONPOBOAHOCTH (YETBIPEX-
30HIOBBIM MeTofioM Ban-nep-Ilay) u onpepenenns
pH u13037eKTprYEcKOro COCTOSIHHS MOBEPXHOCTH
(METOROM THAPONIUTHYECKOH afgcopbuun). AncopOa-
ThI MOJIyYaJy 0 U3BECTHBIM MeTOoAuKaM [S5]: okcupn
yraepopa (II) — paznoxkeHneM MypaBbHHOU KUCIOTBI
B IIPUCYTCTBUH HArpeToOil KOHIEHTPUPOBAHHOH Cep-
HOH KHCJOTbI; aMMHAaK — Pa3JIOKEHHEM AMMOHHIMA-
HBIX COJIeH (XJI0pUfa WK CcyiabgaTa aMMOHHST) OKCH-
JOM KaJbLHs; KUCIOPOJ — pa3IOXKEeHHEeM NepMaHra-
HaTa KaJlusl C HOCNIEAYIOMMM XpoMaTorpauyecKum
aHanu3oM. Bocrpon3BoguMocTs pe3ynbTaToOB MpO-
BEpsiIN JyOnupoBaHHEM ONBITOB. PacyeTk! u craTu-
CTHYECKYI0 O0pabOTKYy pe3yiabTaTOB MPOBOAIIHA C
npuMeHeHnem DBM.

OBCYXIEHUE PE3YJIbTATOB

Beauwunbt aocopoyuu n3y4eHHbIX ra30B Ha BCeX
KoMIoHeHTax cucreMbl GaSb—ZnTe cocraBiusroT
107*-10- monb/mM%. OubITHBIE 3aBUCHMOCTH aficOPO-
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Puc. 2. PaBHOBecHBIE H30TEpMBI aficopbuuu NH3 (a), CO
(6), O, (B) Ha TBepabIX pacTBopax (GaSb), gs(ZnTe) o5
(1", (GaSb)g 15(ZnTe)g g5 (I"), (GaSb)g go(ZnTe)y 10 (I"™) 1
2 —GaSb, 3 — ZnTe npu 393 K.

unu o, = f(T), ar=f(p), 0y = f(f) (THDMYHBIE MPEACTaB-
JeHbl Ha puc. 1-3) naHHOro rasa Ha BCEX KOMIIOHEH-
Tax cucrembl GaSb-ZnTe mMeroT cxopmHbI Xapak-
Tep. OHH CBHAETENLCTBYIOT O POCTE BEJIMYMHBI
aicopOLuU C TEMIEpPaTypoil, T.e. O ee Mpeumyiie-
CTBEHHO XUMHYECKO! aKTHBHPOBAHHOU NpUPOJIE, Ha-
ypHas ¢ 313, 323-343 u 363 K mist aMmmuaka, okcaga
yriiepopia u KUCJIOpojia COOTBETCTBEHHO. B cucreme
NH;—(GaSb), ¢5(ZnTe), s HeoOpaTuMasi xumuyeckas
apcop6uus npu 383 K nepexoput B o6paTuMyIo.

IIpeuMyiIeCTBEHHO XHUMHUYECKYHO aKTUBHPOBaH-
HYIO HPHPOAY aicOpOLMH ra30B B 3alaHHBIX TEMIIEpa-
TYpPHBIX YCJIOBHSIX MOATBEPXKAAIOT pe3yJbTaThl aHa-
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AJJCOPBLIMA T'A30B HA TIOBEPXHOCTHU TBEPJbIX PACTBOPOB

JiM3a PaBHOBECHBIX 1 KHHETHYECKHX M30TEPM, pacye-
TOB 3Hepruu aktusanud (E,) 1 TepMOIMHAMAYECKUX
XapaKTEePHUCTHK afcopOouuu (g,, AS,).

Pasnosecnvie uzomepmobi adcopoyuu ONUCHIBA-
IOTCS B OCHOBHOM ypaBHeHHeM JIaHrmiopa (4actudy-
HO, B oOJylacTu cpefHHUX AaBieHuil — Ppeilnpgnuxa),
Kunemu4ecKue u3omepmbvt adcopoyuu — ypaBHEHHEM
Porunckoro-3enpgosnya—Enosuya [6]. Beimosne-
HHE MOCJENHEro IO3BOJIUNO HCMONB30BaTh CO3/IaH-
b C.3. POoruHckum i HEOMHOPOAHBIX TOBEPXHO-
cTedl MeTOJl “KOHTPOJIMPYIOLIei MoJOChl” U BbITEKa-
Iolllee U3 HEro ypasHeHue [7]

Ea = RTln(t + t())/To,

7€ f, — MOIMpaBKa, KOTOpasi HAXOAUTCS U3 TaHTeHCca
yriia HaKJIOHA KHHETHYECKHX H30TepM B KOOpJMHA-
Tax o—lgt, Ty = 1/K,— BenuunHa, oOpaTHas NpefaKc-
MOHEHIUAIIBHOMY MHOXHTENIO, MMEIIasi pa3Mep-
HOCTb BPEMEHH, /ISl HAXOKACHUS CPEIHUX 3HAUCHHIA
uepauu akmueayuu adcopoyuu Npu pa3nuyHbIX 3a-
MOTHEHUSIX OBEPXHOCTH (BEJIMYHHAX af[cCOPOLIHH ().

Tenaomwbi adcopbdyuu ONpeResy 1o ypaBHEHHIO
Knaneiipona—Knay3uyca 151 HICXOJAIIHUX y4aCTKOB
KpuBbIX O, = f(T), N3 TEMIIEPATYPHBIX 3aBHCHMOCTEN
aficopOLIMOHHBIX KO3(P(PUILUEHTOB U IO YPAaBHEHHIO,
NpeIoXKEeHHOMY B [6], sl BCero mcciefoBaHHOTO
HHTepBaja Temnepatyp. TaM ke onucas cnocod pac-
4yeTa N3MEeHeHus auTponuy afacopouuu. [Topsimok Be-
nuunH E,, g, (C nonpaBko# Ha BO3MOXHbIE 3aHUKEH-
Hble 3HA4YEHUSI TEIUIOT XUMHYECKOU aacopOuuu Ha
anmMa3onofo0HbIX NosynpoBoanukax [8]) (tabmuma)
MOATBEPKJAET XMMUYECKYIO [IPUPOAY aACOPOLMOH-
Horo B3anmojpeictust NH;, CO, O, ¢ HoBepXHOCTBHIO
kKoMrioHeHTOB cucrembl GaSb—ZnTe. B cornacum ¢
HUMH HaXOMSTCS ¥ OTPHUIIATENbHbIE BEIUYUHBI H3Me-
HEHU SHTpONNH afcopOuun (Tabnuna), 00yCIOBICH-
HbI€, CKOpee BCEro, YaCTUYHbIM WM MOJHBIM TOPMO-
sKEHIEM BpalllaTeNbHbIX U MOCTYIATEIbHBIX CTENeHEN
cBOOOABI  aICOPOUPOBAHHBIX MOJIEKYJl H COOTBET-
CTBEHHO 00pa30BaHNeM OTHOCHTEJILHO MPOYHbIX CBSI-
3ei [2, 6].

OTtMeyaeMble pOCT 9HEPIUH AKTHBALNHA U YMEHb-
IIIEHUEe TeIUIOThI aficOpOLMKA C POCTOM CTENEeHH! 3a-
HOJIHEHUS] IOBEPXHOCTH YKa3bIBAIOT HA HEOHOPON-
HBII XapaKTep NOBEPXHOCTH M NPHUCYTCTBHE Ha Hel
Pa3InUYHBIX 110 CHJIE U SHEPTreTHIECKOMY COCTOSIHHIO
aKTHBHBIX HEHTPOB. O06 3TOM K€ CBHAETENbCTBYIOT
U pe3yibTaThbl HCCIEJOBAHUSI KHUCIOTHO-OCHOBHBIX
CBOICTB NOBEPXHOCTHU JJAHHBIX aficopOeHToB [9]. BbI-
MMOJTHEHHbIE C HUCIOJIb30BaHHeM MetonoB HMK-criek-
Tpockonud, onpepenenust pH-u3o03nexTpuyeckoro co-
CTOSIHMS, MEXAaHOXUMHH, KOHTYKTOMETPUYECKOTO TUT-
pOBaHUsI OHHM YKa3a/ll Ha HAJIM4YUe Ha MOBEPXHOCTH,
[0 KpaiHell Mepe, TpeX THIIOB KHCIOTHBIX LEHTPOB,
OTBETCTBCHHBIMH 32 KOTOPbBIE, KaK 1 Ha JIPYyrUX ajMa-
30M000HBIX NONYNPOBOAHUKAX [10], MOMKHBI BBICTY-
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Puc. 3. Kusetnueckue usorepmsl ajcopobuuud NHj (a),

CO (6), O, (B Ha TBEepAbIX pacTBOpax
(Gasb)o'gs(ZﬂTe)Olos (1'), (GaSb)O‘ls(ZnTe)O‘&g (1"),
(GaSb)g gg(ZnTe)y 1o (I") 1 2 — GaSb, 3 — ZnTe npu py, =
=8 ITa u 393 K.

naTh KOOPAHHAIMOHHO-HEHACBIIICHHbIE aTOMBI C
OKPYKaIOIIUMH HX BaKaHCHOHHBIMU JedeKkTamu
(IBIOMCOBCKUE LEHTPbI) U afiCOPOUPOBaHHbIE MOJIE-
kyael H,O, rpynner OH- (6peHcTenoBckue HeHTpbl).

Ha ocHoBe aHanm3a MoJIy4eHHbIX Pe3yJlIbTaTOB C
yU€TOM KHCIIOTHO-OCHOBHBIX CBOMCTB MOBEPXHOCTH
aficopOEHTOB M 3JIEKTPOHHOTO CTPOEHUSI MOJIEKYJI
aficop0aToB MOXHO YyTBEpPXKHAaTh, UYTO afcopOLMs
NH;, CO, no ananorum ¢ agcop6bumein CO, [2, 8],
IPOTEKAET M0 JOHOPHO-aKIENTOPHOMY MEXaHU3MY C
y4acTHEM B KayecTBe aKLENTOPOB NPEUMYyIIECTBEH-
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Oueprust aktuBauuu (E,) 1 TepMOIMHAMIYECKHE XapaKTe-
pucTHKH (g,, AS,) agcopOuun ra3oB Ha KOMIOHEHTAX CH-
crembl GaSb-ZnTe B unTepsanax remneparyp 313-393 K
u BeanuuH agcopouun (1.3-5.8) x 10~ Mosb/m?

KommnoneHT cucre- E,, qa» -AS,,
Mbi GaSb—ZnTe | k[Ix/Monb |k/Ixx/Mous| [Ix/(Monb K)
AMMuak
GaSb 53.3-80.8 | 2.8-15.9 | 48.9-65.6
(GaSb)ygs—(ZnTe)y o5 | 34.9-66.5 | 42-17.6 | 45.8-61.9
(GaSb)ggg—ZnTe)y 1o | 50.7-67.1 | 3.4-16.1 | 47.3-64.5
(GaSb)y 15+(ZnTe)yg5 | 56.8-88.6 | 2.7-9.8 51.5-66.3
ZnTe 81.7-955 | 1.9-7.6 58.8-69.2
Okcup yraepopa (IT)
GaSb 61.1-109.4 | 1.1-10.9 | 53.8-73.3
(GaSb)ggs—(ZnTe)qgs | 57.4-91.6 | 2.1-11.5 | 52.6-65.9
(GaSb), gy—(ZnTe)y 1o | 59.1-81.2 | 3.9-13.3 | 48.1-62.6
(GaSb)y 1s+(ZnTe)ygs | 52.9-62.1 | 6.7-15.1 | 38.9-58.7
ZnTe 91.1-96.5 | 44-12.8 | 49.5-64.7
Kucnopop
GaSb 85.4-103.4 | 04-7.2 62.4-73.6
(GaSb)g gs—ZnTe)y s | 73.7-96.6 | 0.5-8.1 58.6-68.1
(GaSb), gg—ZnTe)g 1o | 60.5-95.1 | 0.6-10.2 | 54.2-65.6
(GaSb), ;5+ZnTe), g5 | 87.8-106.1 | 0.3-8.5 59.9-68.9
ZnTe 96.2-112.6 | 0.3-5.3 66.7-74.7

HO MOBEPXHOCTHBIX aTOMOB A (cO CBOOOIHBIMH d- U
p-opOuTaANSIMH U ¢ OoJiee BbIpaKEHHBIMU METAJUIN-
YeCKHMU CBOIICTBAMH) U B KaueCTBE JOHOPOB — MOJIe-
KyJ afcop0aToB:

0=C + A0 — 0=C"’|A 0,

R
AG/AV, OMm~ ! mn!
20 -
312 3 1 21 3 2
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Puc. 4. JuddepeHunanbubie KpUBble KOHAYKTOMETPH-
9eCKOro TUTPOBaHUS KOMIOHEHTOB cucrembl GaSb—
ZnTe, akcioHMpoBaHHbIX Ha Bo3ayxe: I — GaSb, 2 -
(GaSb)0_95(ZnTe)0_05, 3 - (GaSb)O_go(ZnTe)O_m.

KYPHAJI ®U3UYECKON XUMUU

KHNPOBCKAS u ap.

ﬁ\N A E\N”’IA‘8
-N+AO0— H- 0.
H” '

O npenmyIecTBEeHHO JOHOPHOM J€CTBUU MOJIE-
kys1 NH; u CO cBujieTeIbCTBYIOT PE3YJIbTAThI H3ME-
peHust 31eKTponpoBoAHOCTH (O) [11]: B ycnoBusax xu-
mudeckou agcopbuuu NH; 1 CO BennuuHa G pacTer.

[Ipu paznuuHOil KOOPAMHALIMOHHON HEHACBILIEH-
HOCTH MOBEPXHOCTHBIX aTOMOB (TEM 00Jie€ B MHOIO-
KOMIIOHEHTHBIX CHCTeMax) BO3MOXKHO OOpa3oBaHUe
HECKOJIBKHAX JJOHOPHO-aKLENTOPHBIX CBA3€H, OTJIH-
YAFOIIUXCS CTENEHBIO IeJIOKATN3aliU 3JIEKTPOHOB U
NPOYHOCTBIO, YTO COIJIACYeTCsl C HaJM4YueM Ha Jud-
(pepeHIIHANBHBIX KPHUBBIX KOHIYKTOMETPHYECKOIO
TUTPOBAHHS UCCIENYEMbIX aiIcCOPOEHTOB TPEX NUKOB
(puc. 4).

MexaHnu3M afcopOuuu KACI0posa, Kak u B [8],
MOKHO NPEACTAaBUTh CJIEAYIOIIAM 00pa3oM:

O,(r) + F — O, (anc),

0O, (anc) + F — 207 (anc),

rge F — Bakancus atoma B, 3axBaTuBIIast 31EKTPOH,
T.€. TaK Ha3biBaeMblid F-uenTtp. [1pu aTom Henb3s uc-
KJIIOYHTh W B3aHMOJIEHCTBUS KHUCIOpPOHA CO CBEPX-
CTEXHOMETPpHYHbIMU aToMaMu B ¢ oOpa3oBaHHeM

cesizeit O, ~B* unu O9-B* (B — Sb, Te).

IIpu conocmasaenuu OGunapuvix coeounenuii u
meepovix pacmeopos cucmemvl GaSb—ZnTe kax an-
COPOEHTOB MO OTHOIIEHHIO K H3yYEHHBIM ra3am
(NH;, CO, O,) ycraHOB/IeHbI CXOACTBO H pa3JInine B
ux noBefgeHnu. O CXO[CTBE CBUIETENLCTBYIOT aHANO-
IMYHBIA BAJ ONIBITHBIX 3aBUCHMOCTEH (M300ap, paBHO-
BECHBIX M KHHETHUYECKUX H30TEPM), OPSIAOK BENUYUH
aJcopOI|K, TEPMOAMHAMIUYECKAX U KHHETUYECKHX Xa-
PaKTEepUCTHUK, OJUHAKOBbIE NPUPOJA AaKTHUBHBIX LEH-
TPOB, MEXAaHHU3M H 3aKOHOMEPHOCTH afICOPOILMOHHO-
ro BzaumopeiictBust. OTpakeHHEM crenudrIecKux
0COOEHHOCTEH TBEPABIX PACTBOPOB, KaK MHOTOKOM-
MOHEHTHBIX CHCTEM, SIBJISIETCS HAJMYUE SKCTPEMY-
MOB Ha JuarpamMmax ‘‘ajlcOpOLMOHHAsl XapakKTepH-
cTuka — cocra” (puc. 5).

Kak ciefyer u3 3THX guarpaMM, MakCAMyMaM aji-
COpOLIMOHHOH AaKTHBHOCTH OTBEYalOT MaKCHMYMBbI
TEIUIOT ¥ MUHAMYMbI SHEpIHil aKTHBALMK afCcOpOLMH
NH;, CO, O,, npuxopsiyecs Ha TBEPAbIE PacTBOPBI,
cofepxarie cooTBeTcTBeHHO 95, 15, 90 Mo. % GaSb.

OTKJIOHEHHS OT JUHEUHBIX 3aBHUCHMOCTEH ‘‘aji-
COpOLIMOHHAs XapaKTePUCTHKA — COCTaB’’, COrJIaCHO
[1], MOryT GBITH CBSI3aHBI ¢ HAUOOABIIUME Ae(DEKT-
HOCTBIO CTPYKTYPbl, KOOPAHHALIMOHHOW HEHACHI-
HIEHHOCTHIO MOBEPXHOCTHBIX ATOMOB H, TEM CaMbIM,
BO3HUKHOBEHHEM HaHOOJbIIETO KOJIAIECTBA aKTUB-
HbIX HeHTpoB. OTMeYeHHbIE SIBJIEHHUS, B CBOIO OYe-
pefib, ecThb CIECTBHE U3MEHEHHS CTENIEHU YIOPSIIO-
YEHHOCTH U Ie(PeKTHOCTH CTPYKTYPbI HCXOAHBIX OH-
Ne 9
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Puc. 5. 3aBucumocTn BeUYUH ajcopOuuy (a), SHEpruu

akTuBauy agcop6umu (6) u Termnorsl agcopouuu (B) NH;
(1), CO (2), O, (3) ot cocraBa cucrembl GaSb—ZnTe.

KYPHAJT ®UBUYECKON XUMHUH  Tom 81 Ne 9

HApHBIX COEJMHEHUH 1O BIUSAHMEM aTOMOB-
3aMecTuTesIeld Ipu 00pa30BaHUHM TBEPALIX PacTBO-
pos [1].

Hcnonb3oBanue guarpamMMm “aficopOLMOHHAsA Xa-
paKTEepHUCTHKA — COCTAB” MO3BONUJIO HAWTU Haubonee
akTuBHbIE 11O oTHouieHuto Kk NH;, CO, O, koMnoHeH-
TbI CHCTEMBI — TBepfble pacTBOpbI (GaSb), os(ZnTe)q g5,
(GaSb), ;5(ZnTe)y g5, (GaSb)yoy(ZnTe)g;y coorser-
CTBEHHO, Ha OCHOBE KOTOPBIX CO3[IaHbI CEHCOPbI-
HaTYHKH HA MEKPONPHMECH YKa3aHHbIX [a30B.
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CuHTe3upoBaHbl rUPOGUILHO-THAPO(DOOHBIE KPEMHE3EMBI C PABHOMEPHBIM H OCTPOBKOBBIM pa3Melle-
HHEM (PYHKIMOHAIBHBIX IPYIII 11O IIOBEPXHOCTH, a TAKXKE C U3MEHSIOIIECS CTENeHbIO ee THIPOdOOHOCTH.
N3yuena agcopOuys X0neBON KUCIOThI THAPOMUIBHO-THAPOGOOHBIME KPEMHE3EMaMH B 3aBHCUMOCTH OT
PaBHOBECHOH KOHIEHTpauu# B pactBope. [1okazano, 4To amcopOiyst POUCXOUT B OCHOBHOM 32 CYET AHC-
MEPCHOHHOTO B3aHMONEUCTBHS MEX/Y rMAPOMPOOHBIMHU y4aCTKAMHU MOBEPXHOCTH M CTEPOUHBIMH CErMEH-
TaMU X0JIEBOH KUCNOThL. OOHAPYKEHO MOBBILIEHHE aJCOPOLMOHHON CIIOCOOHOCTH JITs THAPOMMIBHO-THNL-
pohoOHOTO KpeMHE3eMa C MO3aMYHbIM CTPOEHHUEM NTOBEPXHOCTH, OOYCIIOBJIEHHOE BKJIA[JOM Fr€OMETpUYE-
CKHX “OTNEYaTKOB XOJIEBOM KMCIOTHI B CYMMAapHYIO aficopOLuIo.

Xonesas kucnora (HCA, nepsuyHas XenyHast
KucioTa, pK, = 5.0) sasiercss amguduabHbIM coein-
HeHueM [ 1], a noTomy ynoOHO# TecT-MONEeKYJIOH s
OLIEHKH CPOJCTBa IMOBEPXHOCTH OPraHOKpEMHE3e-
MOB K BelIeCcTBaM, aficOpOUPYIOIAMCS KakK 3a C4eT
AUCIIEPCUOHHOTO NPUTSKEHUsI, TaK U MOCPEACTBOM
cnenudryeckux B3auMoieicTBuil. B Hacrosmen pa-
60Te M3y4YeHO BIHMSAHHE CTeNeHUu ruapodOOHOCTH U
CTPOEHHs MOBEPXHOCTU FHIPOPUIBHO-THAPOPOGHbIX
KPEMHE3€MOB Ha afiIcOPOIMIO XOJIEBOH KUCIOTHI.

3KCINEPUMEHTAJIBHASA YACTDb

HcxomHbIM KpEeMHE3eMOM CITy>KUJI HEeNOPUCTHIH
BbICOKOAHCcHepCcHbIH aspocun A-300 ¢ yaenbHO# Ho-
BEPXHOCTHIO 300 M?/I 1 KOHLEHTpALUeH CHIAHONb-
HbIX rpynn 940 MkMonb/r. XOJEBYIO KUCIOTY C CO-
nepxkanueM ocHoBHoro BemectBa 99.7% (“Fluka”)
HUCIONb30BAIN 0O€3 MONOJHUATENBHON OYHUCTKH. AT-
COpOLMOHHOE U XUMUYECKOe MOAN(UIIIPOBAHHAE 110~
BEPXHOCTH KPEMHE3EMa KOHTPOJIMPOBAJIH C [IOMOLLBIO
HK-cniekrpockormuu  (cnektpoporomerp  Thermo
Nicolet NEXUS FT-IR). 3anucbiBanu HK-cnekTpsl
CIPECCOBaHHbIX IACTHHOK MIIOTHOCTHIO 25-30 Mr/cm?
B uHTepBae yactor 4200-1200 cmL.

Crenens 3amenieHus (0, %) CHIAHOJbHBIX I'PYNII
KpEMHE3eMa Ha TPHMETHJICHJIUIbHbIE (peakuus C
rekcametuiaaucmiazanom (HMDS)) paccumtbiBann
o popmyue:

o = [(Dy - D)/Dy] x 100,

rne Dy u D — onTuieckne mIOTHOCTH HOJIOChI MOTJIO-
wenust uzonuposBadnbix OH-rpynn (3750 ecm™!) go u
nocne peakuun ¢ HMDS cootsetcTBenno. [Ins ycrpa-
HEHUs BJIMSHUS MAacChl TUIACTMHKH KpEeMHe3eMa H
[IPUOOPHBIX MIOTPEIIHOCTENH ONTHYECKYIO IIOTHOCTD
nosocel nornomenust 3750 em! onpepensiin Kak oT-
HomeHue [2]: Dg; (3750 eM~1)/Dy; ¢ si(1860 cmt).
ApicopOuuio nmapoB BOfbl H reKcaHa u3ydaid npu
25°C B BakKyyMHO# a/icOPOLMOHHON YCTAHOBKE C IPY-
KMHHBIMH KBapueBbIMH BecamMn Mak-bena-bakpa
[3] (ayBcTBUTENBHOCTD crimpanei 0.45-0.55 mm/Mmr).

KpaeBoit yros cMaunBaHus  NOBEpXHOCTH HUC-
XOJHOTO ®W MOAH(UIUPOBAHHbIX KPEMHE3EMOB
onpeneNsanyd KanelbHbiM MeToioM [4]. ApncopO-
I[MIO XOJIEBON KUCIOTHI U3y4ad METOAOM OTHEIb-
HbIX HaBecok. HaBecku kpemHe3emos (0.1 r) npu-
BOJHJIM B KOHTAKT C YBEJIHYUBAIOIIUMUCH O0BE-
mamu (ot 10 go 250 ma) 0.1 MM BoptHOTO pacTBOpa
HCA c pH 5. [Tony4yeHHbIE CYyCIEH3UH BBIJICPKHU-
Basu npu 20°C B TedeHue 5 4 J0O yCTAHOBJICHUA aji-
copbuuonHoro pasHoBecusi. CopepxaHue Xxole-
BOI KMCJIOTHI B UCXOJHBIX U PABHOBECHBIX PACTBO-
pax ompepeJsuii 10 0Opa30BaHHUIO OKPAILIEHHOIO
KOMILJIEKCa C KOHLIEHTPHPOBAHHOI CEPHOM KHCJIO-
toii nmpu A = 389 um [5] (cmekrpodoTomeTrp
Specord M-40).

I'mppodunbHO-ruapopoOHbIE KpEMHE3EMBI CHH-
TEe3WPOBAJIH JBYMS Pa3IMYHbIME criocobamu: 1) B3au-
MOJIEMICTBHEM THPOKCHIMPOBAHHOIO KPEMHE3eMa C
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Puc. 1. UK-cniekTps! KpeMHe3eMa 1o (/) 4 nocne (2—5) B3anMOfeficTBHSI ¢ FeKCaMEeTHIIUCUIA3aHOM (HyMepalus ClIEKTPOB CO-

OTBETCTBYET aicopOeHTaM B Tabuuue).

TeKCaMEeTIITUCHTA3aHOM B MSITKHUX YCIOBUSIX; 2) THA-
podobuzanueit cBOOOAHBIX YYaCTKOB IOBEPXHOCTH
KpeMHe3eMa [oclie ajcopOnuy XOJEBOH KHCIOTHI
(anIIMKAnuOHHBIA CHHTE?R).

Mopndunuposanue KpeMHE3eMa, IPEABAPUTENb-
HO BakyymuposaHHoro npu 400°C ans ymaneHus c
€ro MOBEPXHOCTH afcopOMpPOBaHHON BOJABI, MapaMu
HMDS ocymecrsasnn npu 50°C [6]:

\ \
\pf—OH \pr—OH
0
\/ P
O\ O\ Si/-CH
~Si—OH Ngi—0 N
O/ / CHj
< HiC [CH P
Si + HC—Si—N—Si—CH; — i + NH;.
/ \o\ HC CHs / \o\
~Si—OH Ngi—o
/ / Si—CHj
AP WP cH
Si Si 3
/ o / Y{
~Si—OH ~Si—OH

Copep:kaHue TPUMETWICHIHAIIBHBIX TPYII BapbH-
poBajiy, U3MeHssl BpeMs KOHTaKTa KpeMHe3eMa C
HMDS or 1 Mus go 2 4.

KYPHAII ®PUBHYECKOW XUMUU Tom 81 Ne 9

OBCYXJIEHUE PE3YJIBTATOB

B MK-crnekTpax MOpupuIIMPOBaHHBIX KPEMHE3e-
MOB (pHc. 1) HaOMOfaeTCs YMEHBIICHHE HHTCHCUB-
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DU3NKO-XUMUIECKHE XaPAKTEPUCTUKH THAPOQUIBHO-TH]I-
PO OOHBIX KpEMHE3EMOB

AncopOeHT | ¢, MKMOIb/T| O, % 0, rpag | K, Ma/r
1 0 0 25 8
2 380 40 55 50
3 490 52 78 105
4 610 65 85 200
5 940 100 95 300
6 470 50 - 520

O6o3nauenus: ¢ — konueHrpauusi Si(CHs);-rpynm; o — crenensb
3ameulenuss OH-rpynn TpuMmermicwimibHbIMA; 6 — KpaeBoi
yroj cMaunBanud (1o Bofe); K ;— KoadduuueHT pacnpejenenus
IUIs1 aicOpOLIMU XOJIEBOU KUCIIOTHI.

HOCTH TIOJIOCHI NOIJIOMIEHHUS] U30JHMPOBAHHBIX CHJIa-
HOJbHBIX rpymn (3750 cm7!) u nosiBAsirOTCS Xapak-
TEPUCTUYECKHE MONOChl NOTJIOUIEHHS] BAJEHTHBIX
(2976, 2912 cm™!) kone6anmii cesi3u C—H B IpUBHATHIX
TPAMETHIICHIAIBHBIX rpymmnax [7].

C yBennueHHeM cofiep:KaHUsI TPUMETHIICAIUIIb-
HbIX IPyHOI pacTeT KpaeBOil yrojl CMadWBaHHs IO-
BEPXHOCTH r'UApOPUIbHO-THAPO(OOHBIX KpEMHE3E-
MOB (Tabnmiia), a Takke YMEHbINAETCS afacopOLus
BOJBI (pHC. 2), TaK KaK CHUXKAETCS COACPKAHUE LIEH-
TpoB crnenuduyeckoil aacopouun (CHIAHOJBHBIX
TPYII) B pe3yjbTaTe TPUMETHICHIAINPOBAHHS 110-
BEPXHOCTH KpeMHe3eMa. AficopOLysi H-reKcaHa IIpo-
HCXOJINT HE B HEMIOCPEICTBEHHOM OJIM30CTH K OBEPX-
HOCTH THAPO(IIBHO-TUAPO(DOOHBIX KPEMHE3EMOB, a
Ha HEKOTOPOM pACCTOSTHUM OT Hee, JTUMHUTHPYEMOM

T, Mmoue/r

1.2+

0.9

T

0.6

0.3

T

1
0 0.2 0.4 0.6 0.8 1.0
plps

Puc. 2. 3orepMmsbl afcopOuuu Boabl (/—4) U H-rekcaHa
(I'4") nast rUAPOKCUINPOBAHHOTO KpeMHeseMa (1, 1Y), a
Takke THAPOPHILHO-THIPO(OOHBIX KPEMHE3EMOB, CO-
mepxanux 40 (2, 2", 65 (3, 3") u 100% (4, 4') TpumeTHII-
CHJIMJIBHBIX TPYIIIL.

KYPHAIl ®UBNTYECKOU XNUMHH

BEJIIKOBA, BECAPADB

pasMepamMu TpEMETHICWIWIbHbIX rpymn. I[losTomy
JUCTIEPCIOHHOE B3aMMOJIEIICTBIE H-TeKCaHa ITPOMCXO-
JUT C MEHBIIMM YHCIIOM aTOMOB IIOBEPXHOCTH MOJIH-
(puupoBaHHBIX KpeMHe3eMoB [8], a ajcopOuust H-
reKCaHa YMEHBIIAeTCs C yBEJIHYEHUEM IIOTHOCTH
MPUBUBKH TPUMETUICHIHIBHBIX TPy (pHC. 2).

[lpu anminKaMOHHOM CHHTEe3€ TI'HAPOQUIbLHO-
ruApoOoOHOrO KpeMHe3eMa ¢ OCTPOBKOBOM (Mo3a-
MYHOI) CTPYKTYpO#l NOBEPXHOCTHOTO CJIOS B Kaye-
CTBE MOJIEKYJIbI-ANIUIAKATOPAa UCHOJIb30BAIH XOJIe-
Byto kucinoty. [Tocne agcopobuun HCA (u3 pacuera
50%-HOrO MOKPBHITHSI IOBEPXHOCTH) NPOBOMIN XH-
MHYeCKO€ MOAN(HIUPOBAHUE CBOOOJHBIX Y4aCTKOB
MOBEPXHOCTH KpeMHe3eMa ¢ nomotisio HMDS, a 3a-
TeM lecopOLmio xoJeBon Kucnotsl. [Tocne agcopo-
uua xoneBoi kuciaoTbl B UK-criekTpe KpeMHeseMa
NOSIBJISIETCS XapaKTEPUCTHYECKAs! [100CA MOTJIOoLIe-
Hus 1720 em! v(C=0), a TakXKe NOJOCHI HOrJIOIIe-
Hus BaJeHTHBIX (2940 u 2875 cm™!) u pecpopmannon-
HbIX (1450, 1410 u 1380 cm™!) kone6anuii csazeit C-H
B METHJIbHBIX U MeTHIIeHOBBIX rpyrmax HCA (puc. 3).
HMHTEeHCUBHOCTD MOJIOCHI MOTJOIIECHAS H30TUPOBaH-
HBIX CHIAaHONBHBIX rpym (3750 cMm™!) npu 3TOM yMeHb-
IIAETCS, YTO CBHIETENBCTBYET 00 UX y4acTHH B 0Opa-
30BaHMU BOJTOPOHON cBsi3u npu apcopoumu HCA.

MonudunupoBaHnie NOBEPXHOCTH KpEMHE3EMa
HMDS npuBOguT K YBEJINYEHHIO MHTEHCUBHOCTH I10-
JIOC IOTJIONIEHUS BAJIEHTHBIX KoneOanui cesi3ein C—H
1 HCYE3HOBEHHUIO noJiockl noriomenus v(O-H) cu-
JIAHOJILHBIX TPYII, YTO SIBJISETCS CIECTBHEM 3aMe-
IIeHUs] TPOTOHA CHJIAHOJBHBIX TPYII TPUMETHIICH-
JHTBHBIMHE paiUKajaMd Ha y4acTKaX IOBEPXHOCTH
KpeMHe3eMa, CBOOOJIHBIX OT aJCOPOMPOBAaHHBIX MO-
JeKya xoJieBoM KucnotTwl. Ilpu ypameHun Monekys
alMmIMKaToOpa C MOBEPXHOCTH KpEMHE3EMa HMHTEH-
CHBHOCTbD IIOJIOCHI MOTJIOIIEHHsI BaJICHTHbIX Koyeba-
muit cBsizu C=0O kapGokcwnpHO# rpynnel HCA
YMEHBIIIAETCs; KPOME TOTr0, MOSABISETCA N0JI0CA 110~
IJIOLIEHUs BaJEHTHBIX KoneOanmii csizu O—H B u3o-
JHUPOBAHHBIX CHJIAHONBHBIX rpynnax. Ha ocHoBanuu
xapakTepa UK-cnekTpanbHbIX M3MEHEHHH B POLIEC-
Ce aNUIMKAMOHHOTO MOAU(UIPOBAHUS MOXKHO
clieJlaTh BBIBOJ O HAJIMYHAU HA MOBEPXHOCTH KPEMHE-
3eMa y4aCTKOB KOMIIAaKTHOT'O PacCoOJIOKEHHUs THAPO-
(punbHBIX (CHIAHOJBHBIX) U THAPOPOOHBIX (TpHUME-
THJICHIIAIBbHBIX) TPYIIL.

Ha puc. 4, 5 npepicraBneHbl H30TEPMBbI aicOpOLHH
XOJIEBOH KHCJIOThI 1J1s1 THAPOMUITBHO-THAPOPOCHBIX
KPEMHE3EMOB C PABHOMEPHBIM M OCTPOBKOBBIM pa3-
MelieHrneM (QYHKIIHOHANBHBIX PYNI IO IOBEPXHO-
cri. CurMouianbHbIi BU n30TepM agcopouuu HCA
¥ CYIECTBEHHOE YBEeJIHYEHNE MOTIOIEHHS XOJIEBOM
KHCJIOTbl C YMEHBIICHHEM COJIEp>KaHUsI CUJIAHOJb-
HbIX TPYNI HA MOBEPXHOCTH T'MAPO(UIBHO-THAPO-
(pOGHBIX KPEMHE3EMOB MOXKET CBHJETEILCTBOBATE O
NPEUMYILIECTBEHHOM BKJIaJIe B aJCOPOLUIO AMCIIEP-
CHOHHBIX B3aMMOJIEVICTBHI MeXay Iuppo(dOOHBIMU
y4acTKaMH TMOBEPXHOCTH KPEMHE3EMOB U CTEPOHJ-
2007
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Puc. 3. UK-crekTpbl ruIpOKCHIIPOBAHHOTO KpeMHe3eMa J1o (/) U nocie agcopOLHu X0JIeBOi KUCIOTHI (2), NOMOJHUTEIbHO
MOAM(ULIHPOBAHHOTO TPUMETHIICUIIMILHBIME IPyNNaMu (3), mocie 1ecopOuun X0NeBOi KUCTOTSI (4).

I', MKMOJIL/T
80~

T

60

1
0.08
Cpagnsy MKMOJIB/MII

0 0.04

Puc. 4. W3otepMbl agcopOuuy XOJIEBOH KUCIOTHI JJISI
KPEMHE3EMOB ¢ Pa3JInuHbIM COflepXKaHUeM TPUMETHIICH-
JUIBHBIX rpynm: [ —40,2 - 52,3 — 65,4 — 100%.

HbIMH CErMEHTaMH MOJIEKYJ XOJIEBOH KHCJIOTBI.
IIpu pH S5 cunaHonbHble TIpYNIbI  [NOBEPXHOCTH
KpEMHe3€eMa IEepexoisIT B MOHHU3WPOBAHHOE COCTOSI-

KYPHAJI ®PUBUYECKON XUMUU

Tom 81 Ne 9
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Cpagns MKMOJIB/T

Puc. 5. VI30TepMbI aficopOLUH X0J1€BO# KHCIOTHI JJIS UC-
XOJ{HOro KpeMHe3eMa (1), a Takxe ruipouIbHO-THPO-
(poOHBIX KpEMHE3eMOB C MO3aWYHOU CTPYKTYpO#l mMo-
BEPXHOCTH (2) 1 paBHOMEPHBIM pa3MeleHneM (PyHKLUO-
HaJbHBIX rpymn: 3 — 52, 4 —100% TpHMeTHICHIMIBHBIX

rpynm.

HHE, TaK XK€ KaK U X0JieBas KHCIOTa, a IOTOMY CHeLy-
¢uyeckoit ancopounu HCA He npoucxonur (puc. 5).

ApncopOuys XoneBoil KACIOTbI Ha KpeMHe3eMe ¢
MO3aMYHbIM CTPOEHHEM MOBepXHoCTH (pHC. 5, Tab-
nuna, apcopOeHT 6) CyIEeCTBEHHO MpEeBbIMIAeT aj-
copOLHIO 71 KpeMHe3eMa 3, HECMOTPSI Ha PaKTHYe-
CKH O[IMHAKOBOE COfiep>KaHHe TPHMETHICHIMIBHBIX
rpynm B afcopOenTax. MakcumainbHasi BelmuuHa af-
copOimu 711 afcopOeHTa 6 NpIMEPHO TakKasl ke, Kak
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misa kpemHe3ema co 100%-HbIM 3aMellieHHeEM CHila-
HOJIbHBIX I'PYIII TPUMETHIICUIAIBHBIME (aICOPOEHT 5).
Kosduuuent pacnpenenenus B obnacru ['enpu
I afcopOLMM XOJIEBOW KHCIOThI YBEJIHYHBAETCS
CUMOATHO C THAPOGOOHOCTHIO NMOBEPXHOCTH MOJIH-
(umpoBaHHbIX KpeMHe3eMoB. ClelyeT OTMETHTh,
4TO BeNM4YMHA K; 17151 KpeMHe3eMa ¢ OCTPOBKOBBIM
pacnpefieieHueM (PYHKIIHOHANBbHbBIX TPYIIT HAKGOIb-
mias1. bonee BBICOKOE CPOJCTBO NOBEPXHOCTH ‘MO3amy-
Horo” kpemHeszema K HCA cBupeTenscTByeT 0 Haju-
4nd JONOJIHUTENBHBIX LEHTPOB afcopOumn. Takumu
LIEHTPaMH, 1O-BHIUMOMY, SIBJISIFOTCSI FEOMETPUYECKUE
“oTmeyaTKH’ XOJEBOM KHCIOThI Ha IOBEPXHOCTH
rufpopuIBHO-ruAPOdOGHOr0 KpeMHe3eMa. Bo3mo-
KEH HE3HAYUTENbHBIA BKIaJ B CyMMapHYIO ajicopo-
LU0 HEHOHU3UPOBAHHBIX CUJIAHOJBHBIX IPYIII, KOTO-
pbl€ B CJIy4a€ OCTPOBKOBOT'O Pa3MeIIeHNs! (DyHKIHO-
HaJIbHBIX TPYII MO MOBEPXHOCTH HE 3KPAHHUPOBAHBI
TPUMETUIICHIIMIBHBIME PAIKaJIaMH.

Takum 00pa3oMm, ycTaHOBJIEHa cMMOaTHasi 3aBH-
CHUMOCThL aficOpOLUH XOJIEBOM KHUCIOTBI OT T'HAPO-
(po6HOCTN NOBEPXHOCTH TPHUMETHIICHIMITMPOBAHHBIX
KpeMHe3eMOB. OCyIleCTBIEH alllUTHKAIHOHHbIA CHH-
Te3 ruApOPUIBbHO-THAPO(POOHOro KpeMHe3eMa ¢ MO-

BEJISIKOBA, BECAPAB

3aMYHBIM CTPOEHMEM NOBEPXHOCTHU. JJoKa3aH BKiaj
reOMETPUYECKUX “‘OTMEeYaTKOB” MOJEKYJ anljiuKa-
TOpa B CyMMAapHYIO aicOpOLMIO XOJIEBOI KUCAOTHI.
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