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Kinetics of chemical bath deposition
of zinc sulfide ZnS*

The paper is devoted to kinetic methods of chemical bath deposition of zinc sulfide ZnS
from aqueous alkaline solutions containing ehylenediamine complex zinc salt Zn(En) * and
diamide of thiocarbonic acid NH,CS. It is established that the rate of formation of Zn$ is weakly
dependent on pH, depends on the concentration of the precipitant ((N,H,CS) and decreases with
increasing concentration of ligand (ethylenediamine). The calculation of the theoretical curves
on the experimentally obtained kinetic equation shows a satisfactory description of experimental
data that allows to recommend it to calculate the rate of formation of ZnS in aqueous alkaline
solutions of N,H,CS.
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A. A. Ypuukas,
H. C. KoxxeBHuKkoBa, T. B. SIky6oBa

KuHeTnka xuMmn4eckoro ocaxgeHus
cynbpupa umHka ZnS*

Pa6oTa nocesieHa MCCnefoBaHuio KUHETUYECKUMI MeTOLaMMU XMMUYECKOT0 0CXAEHUS CYb-
uraa umHKa ZnS 13 BOAHbLIX LWE0UHBIX PAacTBOPOB, COLEPXALLMX STUNEHAMAMUHOBYIO KOMM/IEK-
CHyto conb LyHka Zn(En) > u amamug TvoyronbHoit kucnotel NH,CS. YcraHosnewo, uto ckopocTs
06pa3oBaHna ZnS cnabo 3aBnCuT OT BeMunHLI pH, 3aBMcUT OT KoHLeHTpauwm ocagutens (N,H,CS)
1 YMEHBLUAETCA C YBEMYEHNEM KOHLIEHTPALMM iMraHaa (3TunexHavamuHa). Pacuet Teopetuyieckmx
KPUBLIX MO MOy4EHHOMY KCMEPUMEHTA/IBHO KMHETUYECKOMY YPaBHEHWIO NOKa3biBaeT YA0BNETBO-
pUTENbHOE OMMCAHWE MOJYYEHHbIX IKCMEepPUMEHTA/IbHBIX AaHHBIX, YTO MO3BOJSET PEKOMEHA0BATL
€ro f11A pacyeTa ckopocTi 06pa3osaHma ZnS B BOfHbIX LijenouHbx pacteopax NH,CS.

KnioueBble cnoBa: XMMUYECKOe OCaXAEHWE; TUOMOYEBMHA; ITUNEHAMAMUH; LETEKTOPbI Yilb-
TPahMoNEeTOBOr0 U3NyUeHUs; KaXyLiasacs KOHCTaHTa CKOPOCTU PeaKLMW; UCTUHHAs KOHCTaHTa CKo-
POCTU peaxLm.

*Pabota BbinonHeHa npu thrHacosoit nogaepxke POOU (Mpoext N 16-03-00566).
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Introduction
Zinc sulfide ZnS, being one of the
most important representatives of the
wide-band-gap semiconductors, is stud-
ied intensively in recent time as a promis-
ing material for the creation of detectors
of ultraviolet radiation [1]. ZnS is one of
the first [2] and important compounds
used as matrix for phosphors [3]. ZnS
doped with ions of transition metals
((Mn?*, Cu?") allows us to observe the lu-
minescence under the influence of radia-
tion with higher energies, e.g. x-ray and
ultraviolet [4, 5]. The interest in ZnS as
the optical material for photonic crystals
is determined by its properties: high val-
ues of integral transmittance (~0.72) in
the range 400-14000 nm and the refrac-
tive index (2.3 at a wavelength of 1 um) [6,
7]. In this regard, a large number of works
were devoted and dedicated to the syn-
thesis of ZnS [8, 9]. Among many prob-
lems in the synthesis of new compounds
there is one of the most important. It’s de-
termination of the flow rate of the trans-
formations in the studied systems. The
knowledge of the rate of chemical reac-
tion allows creating technological scheme
of production of new materials without
solving complex problems of the reaction
mechanism. The rate of any chemical re-
action is determined experimentally [10].
The present work is devoted to study
of kinetic methods of chemical deposition
of zinc sulfide ZnS from aqueous alkaline
solutions containing ehylenediamine com-
plex zinc salt Zn(En) ** and diamide of
thiocarbonic acid N,H,CS. With the intro-
duction of N,H,CS in the solution of com-
plex salt of zinc the formation of a solid
phase ZnS begins according to reaction:
Zn(En) >+ N _H,CS + 20H" =
=ZnS +nEn+ HCN, +2H 0. (1)
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Previously it was found [11, 12] that
chemical precipitation of sulphides of
metals from solutions of thiourea is a het-
erogeneous autocatalytic process. And
the surface of the metal sulfide formed in
the reaction is the catalyst of this process.
Therefore describing the kinetics of the
process (1) in this article we proceeded
from the assumption that the formation of
ZnS can also be viewed as a heterogeneous
process. In this paper we have confined the
study of formal kinetic regularities.

For the compilation of the kinetic
equation it is necessary to determine the
reaction order for each precursor. In ap-
plication to heterogeneous catalytic pro-
cesses we distinguish the true and appar-
ent reaction order. True order is an order
of the reaction regarding concentration of
reagents on the surface of the solid phase
and apparent order is the order of reac-
tion with respect to varying volumetric
concentrations of reagents in solution.
In this work we determined the apparent
orders of reaction (1) on the components.
A formal kinetic equation for the rate w of
process (1) can be written as follows:

w =k, exp(—E/RT)x

xSCp,Cr Co C .
where C,, C,, C., C, .. are the cur-
rent concentrations of reaction mixture
components; n,, n, n,, n, are the kinetic
orders of reaction by components: ethyl-
enediamine, thiourea, alkali, salts of zinc,
respectively; S is the surface of the solid
phase on which the formation of ZnS oc-
curs; k, is the pre-exponential factor; E is
activation energy; R is universal gas con-
stant; T'is temperature, K.

At the kinetic description the rate of
the heterogeneous process depends not
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only on the concentration of reactants,
pH value, temperature, which are easily
measurable, but on the size of the surface
of the solid phase which is continuously
changing during the process due to nu-

The experimental part

When conducting kinetic study the
concentrations of the solutions were the
following, mol/I: [ZnSO,] = 0.5, [En] = 5.0,
[N,H,CS] = 0.5, [NaOH] = 1-4. The
concentration of the precursors in the
reaction mixtures was ranged: mol/l:
[ZnSO,] = 0.008-0.020, [En] = 0.10-0.25,
[N,H,CS] = 0.08-0.20, pH = 11.5-12.5.
With the aim of obtaining reproducible
results the order of merging reagents has
passed. The calculated volume of ZnSO,
solution was poured into volumetric flask,
En and water were added. The set value
of pH was adjusted by the introduction of
NaOH and then a solution of N.H,CS was
added. The reaction mixture was prepared
at room temperature. At the next phase
the solid phase with known surface value,
which was created by the introduction of
glass powder of sodium borosilicate com-
position into the reactor was added in the
reaction mixture [13]. The glass powder
was prepared in the laboratory according
to the method described previously [14].
The obtained glass powder had a median
particle size of 50 um and a size of specific
surface area of 24.5 m?/kg calculated from
the known density of the glass 2450 kg/m?
[13]. The hitch of glass powder, 0.1 kg per
1 liter of solution, allowed localizing the
process on the surface of the glass, i.e.
eliminating the Zn§ nucleation in the vol-
ume of the reaction solution was installed
by the preliminary series of experiments
[14]. The glass powder was preliminarily
coated with a film of ZnS. To maintain

cleation, coagulation and sedimentation
of the solid phase. Therefore the study of
the kinetic of the process (1) was conduct-
ed using pre-introduced solid phase with
known surface value.

particles in a suspended state, the process
(1) was carried out under continuous stir-
ring with a stirrer with flexible drive with
a speed of 300 Rev/min. To determine the
order of reaction (1) on components the
method of Ostwald-Neues was used [15].
For this purpose the conditions were cre-
ated under which in reaction (1) the con-
centration of only one component would
change and the concentrations of all other
substances participating in the reaction
were set in excess and their changes in
time can be neglected. Therefore equation
(2) at a given temperature can be repre-
sented in the form:

W =Koy G (3)
where kexp =k ’SCELC;;/IC:;}H is the ap-

parent rate constant of the reaction, k' is
the true rate constant of reaction per unit
surface ZnS and the unit of concentration
of components with respect to orders of
the reaction.

Equation (3) proved that to determine
the reaction rate w it was sufficient to take
down experimentally the dependence of
concentrations of ions Zn?** on time in
different reaction solutions. The meas-
urement of concentrations of ions Zn>*
was produced by the method of sampling
from the reactor by chemical-analytical
way, ie. using complexometric direct
titration with visual indication of the
equivalence point by using an indicator
eriochrome black T in a mixture with so-
dium chloride at pH = 10. To maintain a
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constant temperature during the reaction
(1) aliquid thermostat with a temperature
support stability of 0.1 degrees was used.
The control of pH was performed using
pH meter Hanna Instruments HI 98130
with accuracy of the measurement of pH
equal to 0.02.

The mathematical treatment of kinetic
curves obtained in the conditions when
only one of the system parameters was
changing while other parameters were
constant (for example, the En concentra-
tion changes at constant concentrations
N,H,CS, pH, temperature and degree of
loading of the glass powder), allowed to
determine the reaction rate constant un-
der different conditions, as well as private
orders of reaction (1) on components.
The process (1) was controlled to achieve
the equilibrium corresponding to the ap-
pearance of the horizontal section on the
kinetic curve. The kinetic curves were de-

Results and discussion

The typical kinetic curves, taken off
in the conditions of the controlled sur-
face at a temperature 363 K, initial con-
centration [N,H,CS] = 0.1 mol/l and u
S = 24500 sm*/1 are presented on a fig. 1.

The process of formation of ZnS was
considered complete, when the equilib-
rium value of remaining concentration
of salt of zinc at in solution was arrived:
it’s horizontal area on a kinetic curve. The
results of graphic calculation of k and
kfo ., of reaction (1) for the concentrations
of En 0.15 and 0.20 mol/L. The results of
calculation of kpr and kfwm for the con-
centrations of En 0.1, 0.15, 0.20 and 0.25
the mol/l show that with the increase of
concentration of En kpr diminishes, con-
sequently, the rate of reaction diminishes
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scribed by the equation of two-sided reac-
tion of first order.

R L

1 ,
8 X —x 2.3 ' )

o0

where x_, x are the number of complex
salt Zn(En) ** converted to the sulfide
by the time to reach equilibrium and any
time T, respectively; kpr is the rate constant
of the process of formation of ZnS; k_
is the rate constant of the decay process
of ZnS.

The graphical solution of the equation
(4) is a straight line in the coordinates
lg(x_/(x_- x)) - T with an angular coefhi-
cient a, equal to the sum of the constants
of direct k_and reverse kfmm reactions
(fig. 2). To find the rate constant for the
reaction of formation of ZnS kpr the ra-
tio characterizing the equilibrium state
k, !k, = x/(C, - x_) was used, where
C, is the initial concentration of ZnSO, in
solution.

(fig. 2). The concentration of free ions of
Zn** diminishes with the increase of con-
centration of complexing agent that slows
rate of reaction.

On the experimental values of k, atthe
different initial concentrations of ZnSO,,
En, N,H,CS, ZnSO,, En and pH it is possi-
ble to define the order of reaction on eve-
ry component. The calculation of kinetic
orders of reaction on components was
conducted on equalization Igk = gk, +
+ nlgC, which in co-ordinates lgkpr - 1gC,
presents a straight line with the angular
coefficient of n. The graphic decision of
this equalization for determination of
orders of reaction on components of En,
N,H,CS and NAOH is presented on a
fig. 3-5.



Thus, it is set as a result of kinetic re-
searches that rate of reaction (1) is pro-
portional the concentrations of compo-
nents of reactionary solution, which are

included in kinetic equalization with the
followings indexes of degree:

On the found values of seeming con-
stant of rate the veritable constant of rate

Component ZnSO, | En | N,H,CS | NaOH
The seeming private order of reaction
1.0 -1.9 1.2 0.3
(1) on the component of r,
C, mole/L
0.020§ - 14 i 2 3
&X * experimental data 1
\\\ \ ——= teoretical curve 1.2 i
\1\\1\
0.015 | L\ N o}
\ I\\\ \1\\ 1-[En] =0.10 mole/L i .
\ \ \L 2- [En] =0.15 mole/L \>_</ I
0010 N\ N 3 3- [En] = 0.20 mole/L K
i\\ \\ < % 6
\\\1 \1\\/2 “\\\ . oal 1-[En] =0.10 moleL, gk, =-1.84
L ~ N = 2-[En]=0.15 le/L, lgk,, = -2.13
0.005 i/\\\ T ;}\\\ \\\\\\ . . oalt [ n]7 mo]eil]: R, -
\‘k Yo Tl ] 3 - [En] = 0.20 ‘moleL, lgk,, =238
A 0.0 . . .
o000t  TTmEaes = 0 200 400 600
0 100 200 300 400 500 600 7 min

7, min

Fig. 1. The dependence of rate of reaction

of formation of ZnS on the concentration
of ethylenediamine En. The kinetic curves
are taken off in the conditions of the known
surface of S = 24500 sm?/I at a temperature

363 K and initial concentration
[N,H,CS] = 0.1 mol/l. Theoretical curves are
expected on equalization (6)
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Fig. 3. The graphic determination of private
order n, of reaction of formation of Zn$
(1) on ehylenediamine. A reaction was
conducted in the conditions of the known
surface of S = 24500 sm?/1 at a temperature
363 Kand n [N,H CS] = 0.1 mol/l

Fig. 2. The graphic determination of constants
of rate of k_and k__of process (1) on

. N pr furm X

equalization of two-sided reaction of the first

order (4). A process (1) was conducted in the
conditions of the known surface of

S =24500 sm?/1 at a temperature 363 K and
[N,H,CS] = 0.1 mol/l

84 m=tga=12
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1gCny
Fig. 4. The graphic determination of private
order n, of reaction of formation of ZnS$ (1)
on thiourea. A reaction was conducted in the
conditions of the known surface of
S =24500 sm?/1 at a temperature 363 K and
[En] = 0.15 mol/l
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of heterogeneous reaction of formation
of ZnS was calculated at a temperature
363 K, attributed to unit of surface of hard
phase of ZnS and unit of concentrations
of every component taking into account
the private orders of reaction:

k’:—k”” . (5)
SC,, CryCo

The data got on equalization (5)
show that at the changing concentra-
tions of components of reaction rate of
reaction mixture k' remain permanent
within the limits of error of experiment.
The mean value k' make (3.69+0.13)-
-1071°6-mol**min~"-sm™ under 363 K.

To determine the experimental de-
pendence of reaction rate of sulphide
formation on temperature the series of
experiments were conducted at tempera-
tures 358, 363 and 369 K, that allowed
graphically (fig. 6) determination of ac-
tivation energy of process by Arrhenius

Conclusion

Thus, in the terms chosen in this work
the rate of process (1) depends weakly

-1.90

405 ny=1ga=03
-2.00
-2.05

-2.10

gk

215

-2.20

230 L L
26 24 22 20 -1.8 -16 -14

lgCon-

Fig. 5. The graphic determination of private
order 7, of reaction of formation of ZnS$ (1)
to on OH -ions. A reaction was conducted
in the conditions of the known surface of
S = 24500 sm?/1 at a temperature 363 K and
[N,H,CS] = 0.1 mol/l
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equation: Igk' = Igk - (E/2.3RT) which
made E = 84.5%0.5 kJ/mol.

The found value of activation en-
ergy showed that the process of forma-
tion of ZnS in the system was not limited
by the stage of diffusion as for diffusive
processes the small values of energy of
activating are from 8 to 30 kJ/mol [15].
The pre-exponential multiplier of equali-
zation of Arrhenius is expected on the
veritable rate constant at 363 K and at the
known value of energy of activating of E:
k, = 5.39-10° mol**l’*sm™min".

It is set as a result of the conducted
research, that the process of formation of
7ZnS (1) is described formal kinetic equali-
zation:

_ 84500)
8.3147 ©)
xSC,, CryC2 (Cy —x).

w=15.39-10’ exp[

on the size of pH that is explained by
the buffer action of ethylenediamine, de-
pends on the concentration of precipita-

E =84.5+0.5 kl/mole

- S Lo T
20 ko=15.39-10° L mole™ min” cm

21F

Igk'

22

23}

4 L L L
270 272 274 276 278 280

1031, K1

Fig. 6. Graphic calculation of energy
of activating of process of the chemical
precipitation of ZnS (1) on equalization of
Arrhenius



tor (thiourea) and diminishes with the
increase of concentration of ligand (ethyl-
enediamine) from the decline of concen-
tration of free ions of zinc in solution. The
calculation of theoretical kinetic curves
on equalization (8) shows satisfactory

Beegenue

Cynpdup nyHKa ZnS, ABIAACH OGHUM
U3 BOXHENMIINX TIPeCTaBUTeNell IUpPO-
KO3OHHBIX IIOJIYIIPOBOJIHUKOB,
CMBHO VICCTIElyeTcsl B IIOC/IeIHee BpeMs
KaK MepCHeKTUBHBIN MaTepuan s Co-
3I0aHUA JIeTeKTOPOB YIbTPa(uoIeTOBO-
ro usnydenus [1]. ZnS - ofgHO 13 caMbIX
IepPBBIX [2] ¥ Ba>KHBIX COERMHEHMIT, VIC-
MO/Ib3YIOIVXCA B Ka4eCTBe MaTPUIIbI JIA
momuHodopos [3]. ommposanme ZnS
MOHAaMU TIePEeXOfHBIX MeTamnoB (Mn?,
Cu?") mosBongeT HaOMIOJATD JIIOMMHEC-
LEHIMIO II0f BO3JECTBUEM V3/TydeHUI
C TIOBBILIEHHBIMU HEPIVAMIY, HAIIPUMEP
PEHTIeHOBCKOTO ¥  y/IbTPaduoIeTOBO-
ro [4, 5]. VlaTepec x ZnS kax k ontudye-
CKOMY MaTepuany g (pOTOHHBIX Kpu-
CTAJUIOB OIPefie/IsIeTCsI ero CBOVICTBAMIML:
BBICOKMMM 3HAYEeHUSIMU MHTETPaJbHOIO
nponyckauus (~0,72) B guanasone 400-
14000 uM u xoadduumeHTa MpenomIe-
Hus (2,3 npu inHe BOnmHBL 1 MKM) [6,
7]. B cBsA3u ¢ aTUM 6OMIBIIOE KOTUYECT-
BO paboT MOCBALIANIOCh ¥ ITOCBAIIAET-
ca cuHTe3dy ZnS [8, 9]. Cpemu MHOrMX
npobieM TIpu CUHTe3€ HOBBIX COEIUHE-
HUJI CYIeCTBYeT OfHA 13 BaXKHEWIINX —
onpefielieHNe  CKOPOCTY  IIPOTeKaHVs
IpeBpallleHNI B M3y4aeMBbIX CHUCTeMax.
3HaHMe CKOPOCTM HpeBpallleHNs] TI03BO-
JISIET CO3[]JaBaTh TEXHOTOTMYECKIE CXEMbI
IIPOM3BOJICTBA HOBBIX MaTepUasoB, He
peliiasi CJIOKHBIX BOIIPOCOB O MeXaHM3Me

JIHTE€H-

definition of the got experimental data
(fig. 1), that allows recommending it for
the calculation of formation rate of ZnS
in water alkaline solutions of diamide of
thiocarbonic acid.

In russian

peakuuit. CKOpOCTh MI000I XUMUIECKOI
peakuuy oIpefendeTcs 9KCIepUMeH-
Ta/JbHBIM IyTeM [10].

Hacrosimiass pabora mocssiieHa Jc-
C/IENOBAaHUIO KUHETWYECKVMIU MeTOfa-
MU Tpoljecca XUMMWYECKOTO OCKIEHUS
cynbdua nMHKa ZnS 13 BOFHBIX ILIe/I0Y-
HBIX PacTBOPOB, COMEP>KAIIUX STUJIEH-
AMaMJHOBYIO KOMIUIEKCHYIO COJIb I[THKA
Zn(En) ** u iuaMuzi TMOYTONBHON KMCTIO-
b1 (TMoMouesuny) N, H CS. Ilpu BBefe-
Hun N H,CS B pacTBOp KOMIUIEKCHO
COMM LMHKA, HaYMHAeTCs1 obpasoBaHye
TBeppoit ¢assl ZnS 1mo peaxuyn:

Zn(En) * + N,H,CS + 20H" =
=ZnS + nEn+ H.CN, +2H, 0. (1)

PaHee OBIIO YCTAHOB/IEHO, YTO XVMIU-
yecKoe OCaKJeHNe CylIb(uIoB MeTalIoB
U3 PacTBOPOB TUOMOYEBUHBI ABIACTCA

TeTepOreHHBIM  aBTOKATATUTUIECKNUM
nporeccom [11, 12]. A moBepxXHOCTB
cynbduma Mertamia, 0Opas3yIoOLIerocs

B pe3y/lbTaTe peakluy, ABJIAETCA Kara-
nmM3aTopoM artoro mpomnecca. IToatomy
PV KMHETNYECKOM OMMCAHUU Tpoliecca
(1) B maHHOII paboTe UCXORMIN U3 TIPEN-
HONOXKeHVs, 4To (opMupoBanre ZnS
TaK)Xe MOXXHO pacCMaTpuBaThb KaK reTe-
poreHHbIIT Tporfecc. B manHoI paboTte Mbl
OTPaHMYIMIICH UCCIefoBanmeM (popmab-
HBIX KMHETNYEeCKUX 3aKOHOMEPHOCTEIA.
i cocraBineHMs KMHETUYECKOIO
ypaBHeHNs HeOOXOVIMO OTIPEReINTb II0-
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PANOK peaKIUy 10 KaXK[OMY MICXOTHOMY
KOMIIOHEHTY. B mpumenenum x rerepo-
TeHHBIM KaTaJIUTUYECKUMM IIpolieccaM
PasIMYalOT MCTUHHBIA M KaXKyLWuica
HOPANIOK PeaKL UM, IIOHMMasA 110f] UCTUH-
HBIM IOPAJOK PEAKLUM OTHOCUTEIBHO
KOHL|EHTPALIMM PEAT€HTOB Ha IIOBEPXHO-
CTV TBepHoit ¢aspl, a KaXyIuiica — 110-
PSIOK peaKiyy 10 OTHOLIEHNIO K 00BbeM-
HBIM M3MEHAIIMMCA KOHIIEHTpalUAM
peareHToB B pacTBope. OIpefeneHbl Ka-
Kylimecs nopAaky peakuym (1) mo xom-
noHeHTaM. PopManbHOE KMHETUYIECKOE
ypaBHeHMe cKopocTu w mpomecca (1)
MO>KHO 3aIIJCaTh CTIEAYIOLMM 00pasoM:

w=k,exp(—E/RT)x
xSCy,CiCo C

zn?t?
rne C,, C., C.-» C, », — TeKymime KOH-
LEeHTpalyy KOMIIOHEHTOB PeaKIVIOHHO
cMmecn; 1, 1, N, 1, — KAHETUYECKNE 0~

PAOKM peaKuuyM II0 KOMIIOHEHTaM, 3TU-

()

JKcnepuMeHTaNibHasA 4YacTb

ITpu npoBemeHMN KMHETUYECKUX WC-
CIelOBaHMII KOHLIEHTPAlMM JMCXOJHbBIX
pacTBOpoB OBUIM ClIefyIolIVe, MOJIb/IL:
[ZnS0O,] = 0,5, [En] = 5,0, [N,H,CS] = 0,5,
[NaOH] = 1-4. KoHueHTpanuu KoMIo-
HEHTOB B DPEaKLMOHHBIX CMeCAX Bapbu-
posanu B mpefienax, Monb/m: [ZnSO,] =
= 0,008-0,020,[En]=0,10-0,25,[N,H,CS]=
=0,08-0,20, pH = 11,5-12,5. C nesnblo 1mo-
JIy4eHMsI BOCIIPOM3BOIVMBIX Pe3y/IbTaTOB
BBIIEP>KMBA/IN TIOPSJIOK CIVMBaHMA pea-
TeHTOB. B MepHYyI0 KOOy BIMBancCs pac-
CUMTaHHBI 06beM pacTBopa ZnSO,, mo-
6aBsnca En n Bopa. 3ajanHasA BelmHa
pH KxoppexTnpoBanach BBeleHMEM pac-
tBopa NaOH, u 3arem mobaBmsicsa pac-
tBop N, H,CS. Peakuyonnas cmecp roTo-
BIJIACH IIPY KOMHATHOIT TeMIieparype. Ha
CJIefyIoleM 9Talle B PeaKkIMOHHYI0 CMeCh
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JeHVaMVHY, TUOMOYeBUHe, IeIouln,
COJIY IIVIHKA, COOTBETCTBEHHO; S — ITOBEp-
XHOCTb TBepzoit (pasbl, Ha KOTOPOI Ipo-
ucXomuT obpasoBanme ZnS; k, - mpen-
9KCIIOHEHIMAJIbHbII MHOXMWTeNnb; E -
9HeprusA aKTMBALUM Ipolecca; R — yHu-
Bepca/lbHasg ra3oBasg HOCTOsAHHAA;, 1 —
TemIeparypa, K.

[Ipu KMHETMYECKOM OIMCAaHMU CKO-
POCTb TeTEepPOTeHHOro Ipoliecca olpesie-
JIIeTCA He TO/NbKO KOHIIeHTpalyeil pea-
TeHTOB, BenuunHoi pH, temneparypoit,
KOTOpBIE JIETKO M3MEPUMBI, HO 1 BeJu-
YJHOJI TIOBEPXHOCTY TBepyoil (asbl, He-
IpepbIBHO M3MEHAIoLIelicA B XOfie Ipo-
Ijecca 3a cueT 3apOXKAEHMs, KOary/Ianun
U CeflUMeHTALM! YacTUIl TBepPHoi ¢assl.
[TosToMy M3y4eHMe KMHETUKM IIpoLecca
(1) mpoBoOMIN B YC/IOBUAX CIIELMATBbHO
BBOJVIMOJI KOHTPOJIMPYEMOl IIOBEPXHO-
CTYV TBepHOII (asbl.

BBOIV/I KOHTPOJIMPYEMYIO ITOBEPXHOCTD
TBepHoil $asbl, KOTOPYIO CO3JaBaly BBe-
[leHMeM B PeaKTOp CTeK/ITHHOTO HOpPOLI-
Ka HaTpuit OOPOCUIMKATHOIO COCTaBa
[13]. CrekasHHBI HOPOIIOK TOTOBMIICS
B JTaDOpPaTOPHBIX YC/IIOBUAX MO METOJVKE,
omycaHHol paHee [14]. [lony4eHHblit cTe-
K/ISTHHBII TIOPOIIOK VIMeI CPEeHWIT pa3Mep
yacTul 50 MKM U BEIMYMHY YAEIbHOM I10-
BepXHOCTH 24,5 M*/KT, paCCYUTAHHYIO I10
M3BECTHOII ITIOTHOCTH CTeKa 2450 xr/m?
[13]. IIpenBapuTenpHOI cepueit aKCIepH-
MeHTOB [14] 6blIa ycTaHOBIEHA HaBecka
CTeK/IAHHOTO MOpOIIKa, paBHad 0,1 Kr Ha
1 71 pacTBOpa, IO3BOJIAIOIIAS JIOKAIN30-
BaTb IIPOLECC Ha IOBEPXHOCTY CTEK/IA, T. €.
UCKTIOYUTDb 3apoKieHne ZnS B oObeMe
peakIMoHHOro pactsopa. CTeK/IAHHbI
MOPOLIOK IIpefiBApUTENbHO ITOKPbIBA/IN



Iw1eHKoit ZnS. [Ina nmopfep)KaHys 4acTuL]
BO B3BeIIEHHOM COCTOsiHUM Tporecc (1)
IIPOBOAM/IN TIPY HeNpepbIBHOM IepeMe-
[IVBAHUY C TOMOIIIBIO MEIIA/IKIA ¢ TMOKMM
IIPUBOJOM CO CKOPOCThI0 300 06/MUH.
I ompepeneHusA MopsifKa peakuun
(1) MO KOMITOHEHTaM MCIIO/Tb30BANIN Me-
top, OcrBanbga — Hoiteca [15]. [I1s aToro
co3JlaBaM TaKMe yCTIOBMUs, TP KOTOPBIX B
peakunn (1) u3MeHsTach ObI KOHIIEHTPA-
L[Ms1 TOJIBKO IAHHOTO KOMIIOHEHTAa, 8 KOH-
LIEHTpally¥l BCeX OCTa/lbHBIX BELeCTB —
YYaCTHUKOB peaKIMM 3aJaBanichb B U3-
ObITKe, U VM3MEHEHNEeM UX BO BpeMeHU
MOYXHO 6b110 ipeHebpeub. CreoBaTesb-
HO, ypaBHeHMe (2) IIpy 3a/JaHHOII TeMIIe-
paType MO>KHO ITpe[CTaBUTD B BUTIE:

w= kakcnc"zilpr L4 (3)
me k., =k’SC;Cp,Co -~ xaxy-

mascsas KOHCTAHTa CKOPOCTM peaKLuiu,
k'- mcTMHHAA KOHCTaHTa CKOPOCTH peak-
LYY, OTHECEHHAs K eMHMIe TOBEPXHO-
CTN ZnS U eAVHUIIe KOHI[EHTPAINU KOM-
MIOHEHTOB C Y4eTOM IIOPS/IKOB PeaKIyu
10 KOMIIOHEHTaM.

Ananusupysa ypasHeHue (3), BUJHO,
4TO I/ OTIpeJie/IeHN A CKOPOCTH PeaKIu
W IOCTaTOYHO 3KCHEePUMEHTATbHBIM ITy-
TeM CHATb 3aBUCHMMOCTb KOHI|EHTpAaIVU
MOHOB Zn** OT BpeMEHM B DPA3TMYHBIX
PEaKIVOHHBIX pacTBOpax. JIsMmepeHue
KOHIIEHTpallMy MOHOB Zn*' IpousBefie-
HO MeTOfioM OT6Oopa Mmpob M3 peakTopa
XUMMKO-aHAIUTUIECKUM  ITyTeM,
C JICTIONIb30BaHMEM IIPAMOTO KOMIIIEKCO-
HOMETPUYECKOTO TUTPOBAHN C BU3YaJIb-
HOJI MHAMKAIe! TOYK) 9KBUBAJIEHTHO-
CTH C TIOMOIIbIO MHIMKATOPA 9PUOXPOMa
gyepHOro T B cMecy C XJI0pU/IOM HaTpus
npu pH = 10. I nogmep>XaHus MOCTO-
SIHHOII TeMIlepaTyphl B Xofie peakuuu (1)
MCIIO/Ib30BA/IN SKMIKOCTHBIN TepMOCTAT

T. €.

CO CTaOM/IPHOCTBIO IOANEPIKAHMS TeM-
nepatypsl 0,1 rpagyca. KonTponb 3a Be-
muuHoi pH ocylecTBIANM ¢ HOMOIIbIO
nsmepurensa pH Hanna Instruments HI
98130 ¢ TOYHOCTBIO U3MEPEHNA BEINYN-
Hbl pH, pasHoii 0,02.

Maremarudeckast 00paboTKa KuHe-
TUYECKUX KPUBBIX, MOMTy4eHHBIX B YCIIO-
BUAX, KOTIA MEHAETCA TONbKO OfVH U3
IapaMeTpoB CUCTeMbI TpY HEeU3MEHHBIX
OCTA/IbHBIX (HaIpyMep, MeHAeTCA KOH-
HeHTpanusa En mpu MOCTOSHHBIX 3Hadve-
Huax konuenTpanun N H,CS, pH, remre-
paTyphl U CTeNIeHN 3arPy3KU CTEK/ITHHOTO
HOPOIIIKA), TI03BO/IMJIA OIIPEJe/UTb KOH-
CTAaHTBl CKOPOCTM PpeakIuy B pasHBIX
YCNIOBUAX, @ TAK)Ke YaCTHBIE TIOPANKU pe-
akyy (1) mo xomnonentam. [Tpouecc (1)
KOHTPOJIMPOBAJIN [0 TOCTUKEHNS paBHO-
Becus, COOTBETCTBYIOUIETO IIOSIBIEHMIO
TOPM3OHTA/IbHOTO y4YacTKa Ha KUHETHU-
Jyeckoll KpuBoil. KuHeTmdeckme KpuBble
OIIMCBHIBAIICh YpaBHEHMEM IBYXCTOPOH-
Hell peakLnu MepBOro MOpPsAIKa:

lg X _ (knp ;_3k()6p ) T, (4)
X —X s

oo

Ie X_, X — KOMMYecTBa KOMIIIEKCHOI
comu Zn(En) *, nepemeneit B cynbdup
KO BpeMeHNU NOCTVDKEHNSI PaBHOBECH
U K TI000My MOMEHTY BpeMeHH T, COOT-
BETCTBEHHO; k =~ — KOHCTaHTa CKOPOCTH
npouecca obpasosanus ZnS; k o~ KOH-
CTaHTa CKOPOCTH IIpoLiecca pacmnaga ZnS.

Ipapuiaecknm pelleHreM ypaBHEHNS
(4) siB/IsIeTCS IpsIMAst MUMHMS B KOOPAMHA-
tax lg(x_/(x_- X)) - T ¢ yI7IoBBIM KO3(-
GULMEHTOM d, paBHBIM CYMMe KOHCTaHT
npsivoii k,, m obparoit k. = peakumii
(puc. 2). Ins HaXOXXHeHUs KOHCTAHTBI
CKOpoCTM peakuyu obpasoBanms ZnS
k,, MICTIONIb30Ba/IM COOTHOUIEHNE, XapaK-
Tepusyloliee COCTOsSHME PaBHOBECHS,
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kol ks, =x.1(Cy - x.), e C, - HavanbHas
KoHIeHTpanya ZnSO, B pacTBOpE.

Pe3ynbTrathbl n 06CyXxaeHue

Ha puc. 1 npeacraBieHbl TUNNYIHbBIE
KMHeTHYeCKle KpUBbIe, CHATbIE B YCTIO-
BUAX KOHTPOMUPYEMON IIOBEPXHOCTHU
npu Ttemneparype 363 K, HavanbHOI
xonuenrpauyuu [N,H,CS] = 0,1 Mmonb/n n
S =24500 cm*/m.

[Tponecc obpasoBanust ZnS cumra-
Cs 3aKOHUYEHHBIM, KOT[la MOCTUIANIOCh
paBHOBECHOe  3HauyeHNe OCTaTOYHOII

Kommonent

no xkoMmioHeHTtam En, N2H4CS n NaOH
IpefCcTaBIeHo Ha puc. 3-5.

Takum 06pasoM, B pesy/bTaTe KiHe-
TUYECKMX JCCIENlOBAaHUII yCTAaHOBJIEHO,
4TO CKOpPOCTb peakunu (1) mpomopiyo-
Ha/IbHa KOHLEHTPALMAM KOMIIOHEHTOB
PEeaKLMOHHOIO pacTBOpa, KOTOPbIE BXO-
JAT B KMHETUYECKOE YpaBHEHME CO Clle-
AYIOLMMH TI0Ka3aTeNAMYI CTEIIEHMN:

zns0, | En | NHCS | NeOH

Kaxxyuiicst 9acTHbI TOpsAROK peaxunmu (1)
II0 KOMIIOHEHTY 71,

KOHI[EHTPaLlMy COMM LIMHKA B PacTBOpe:
TOPU3OHTA/IbHBII YYaCTOK Ha KMHeTUYe-
cKol1 KpuBOIL. PesynbraTsl rpadmyeckoro
pacuera k,, u k., peakuuu (1) s KoH-
uentpanuii En 0,15 u 0,20 monb/n. Pe-
3y/mbTaThl pacueta k,, v ks, U1 KOHIlEH-
tpauuit En 0,1; 0,15; 0,20 un 0,25 monb/n
MIOKa3bIBAIOT (PUC. 2), YTO C yBe/IUYeHNEM
KoHLeHTpauun En k, ymeHbiaercs, cre-
IOBaTeIbHO, YMEHbBILIAETCA Y CKOPOCTb
peakuun. C yBenumyeHueM KOHIIEHTpa-
LY KOMIDIEKCYIOIIETO areHTa yMeHblIIla-
eTcsl KOHLIeHTpalusA CBOOOIHBIX MOHOB
Zn*', 4TO 3aMeMyIsAeT CKOPOCTD PeaKIUIL.

ITo sxcHepyMeHTa/JbHBIM 3HA4YEHM-
AM k,, TIpM pasnMYHbIX HaYa/IbHBIX KOH-
nenrpanuax ZnSO,, En, N.H,CS n pH
MO>KHO OIIpefle/IUTh IMOPANOK peakIyun
[0 KaKIOMY KOMIIOHEHTY. Pacuer kuHe-
TUYECKUX IOPANKOB peakLuu IO KOM-
HOHEHTaM IIPOBOAWIM IO YpPaBHEHUIO
Igk , =1gk,+ n]gC, xoTopoe B xoopAMHa-
Tax lgk - 1gC, mpencrasuser npsamyro
JIMHUIO C YT/IOBBIM Ko duimenTom ..
Ipacpmueckoe perieHne 3TOro ypaBHeHUA
IJISL OIpefie/ieHUs TOPANKOB peaKluy
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1,0 -1,9 1,2 0,3

[To HalileHHBIM 3HAYEHMAM KaXy-
meiicsst k _ KOHCTaHTBI CKOPOCTM Obla
paccunMTaHa UCTMHHAsT k' KOHCTaHTa CKO-
POCTH reTepOreHHOII peakiuy 06pa3oBa-
HuA ZnS npu temmneparype 363 K, oTHe-
CeHHasl K eIMHILIe IOBEPXHOCTM TBEPOI
dasel ZnS u emuHUIlE KOHLEHTpPALIMIl
Ka)KJJOr0 KOMIIOHEHTA C Y4€TOM YaCTHBIX
MOPSIIKOB PeaKI[MN:

k
k’: 9KCIT . 5

SC.°Chachy ©
[TonmyyeHnble o ypaBHeHMIO (5) faH-
Hble [T0Ka3bIBAIOT, YTO IIPU U3MEHIOIIX-
Csl KOHIIEHTPALMAX KOMIIOHEHTOB peax-
LIOHHOM CMeCU KOHCTAHTbI CKOPOCTU
peakiym k' OCTalOTCA IIOCTOSHHBIMM B
npegenax oumoOKyu axcnepumenTa. Cpen-
Hee 3HaueHne k' cocrasnser (3,69 +0,13) x
x 107 1% momp® mun'- cMm~? mipn 363 K.
C uenblo ompepeneHnsa 3SKCIEpPUMeH-
TaJIbHOI 3aBYCUMOCTI CKOPOCTY PeaKLiuy
cynbdUnoo0pasoBaHmsa OT TeMIepaTyphbl
OblTa TpOBefieHa Cepysi 9KCIEPVMEHTOB
npu remrieparypax 358,363 369 K, urono-
3BO/WIO rpadumueckut (puc. 6) paccuuTaTh
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7, MMH
Puc. 1. 3aBUCHMOCTD CKOPOCTH PeaKIuyu
06pasoBaHys ZnS 0T KOHI[EHTPALUK
stunenfnamyHa En. Kunetnyeckue KpuBble
CHSATBI B YC/IOBYSIX KOHTPOIMPYEMOIt
noBepxXHOCTH S = 24500 cM*/1m ipu
temreparype 363 K 1 HaganbHoOI
xonuentpauyu [N,H,CS] = 0,1 monb/m.
Teoperuyueckue KpuBble paCcCINTAHDI T10
ypaBHeHuio (6)

-1.6 T T T

n =tga=-19

20 |

2.2

lgk), p

2.4

26

2.8
IgC En

Puc. 3. Ipaudueckoe ompefeneHne 4acTHOTO
nopsAzKa n, peakuuu o6pasopanns ZnS (1)
110 STWIeHAMAMIHY. Peakinio mpoBoanin

B YC/IOBUSIX KOHTPO/IMPYEMOI ITOBEPXHOCTH
S = 24500 cvm*/n npu Temreparype 363 Ku

[N,H,CS] = 0,1 monb/n

SHEPIUIO aKTUBALMMU IIpoliecca II0 ypaBHe-
Himo Appennyca: Igk' =gk, - (E/2,3RT), xo-
Topas coctaBuna E = 84,5 + 0,5 k[ >K/MOJIb.
HaiineHHoe 3HauyeHMe SHePIMM aKTUBa-
LM TTOKA3aJI0, YTO IIPOLEecC 0Opa3oBaHus
cynb¢una IYHKA B CYICTeMe He TUMUTUPY-
erca crajyert nuddysnn, IOCKOIbKY A
AU Py3NOHHBIX IIPOLIECCOB XapaKTepHBI

14 i 2 3
1
1,2 1
~ 0F
=
CA [
5 s
04 1 - [En] = 0,10 mons/1, lgk“p =-1,84
o2k 2 - [En] = 0,15 Mo/, lgk“p =-2,13
3 - [En] = 0,20 Mornb/11, lgk“p =-2,38

0,0

0 200 400 600

7, MUH

Puc. 2. Ipadmueckoe onpepenenue
KOHCTAHT CKOPOCTH knp 71 k06p mporecca (1)
110 YPaBHEHMUIO IBYXCTOPOHHET peaKInn
nepsoro nopsifka (4). ITporecc (1)
IPOBOAWM/IN B YCIOBUSX KOHTPOIMPYeMOIt
noBepxHoCTH S = 24500 cM?/11 ipu
temneparype 363 Ku [N,H,CS] = 0,1 monb/n

Igkyy,

-12 -1.1 -10 -09 -08 -0.7 -06
IgCry

Puic. 4. Ipadudeckoe ompepiesieHne 4acTHOro

nopsfiKa n, peakuym obpasoanua ZnS (1)
10 THOMOYeBNUHe. Peakinio mposopmmm

B YCTIOBUAX KOHTPONMPYEMOI OBEPXHOCTH
S = 24500 cm?/n ipn Temnepatype 363 K

n [En] = 0,15 monb/n

Masible 3HAUEeHVsI SHEPIUM aKTUBALMU OT
8 o 30 x/bx/monp [15]. IIpenskcronen-
IMa/IbHBIII MHOXWTE/Ib ypaBHeHMA Appe-
HIyCa pacCYUTaH O VICTMHHON KOHCTaH-
Te ckopoctu nipu 363 K u nipu usBecTHOM
3HauYeHMM SHepruu akTuBaumm E: k& =
=5,39-10° monp’*n*cm>mun".
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B pesynbraTe IpOBeIeHHOTO MCCIERO0-
BaHMs YCTaHOBJIEHO, YTO Ipolecc obpa-
3oBaHus ZnS (1) onmceiBaeTcs popmanp-
HBIM KVHETUYIeCKUM YPaBHEHMeM:

-1.90

-1.95

Ik
%
3

. .
26 2.4 2.2 2.0 -1.8 -16 14
l2Coyr

Puc. 5. [paduueckoe ompepeneHne 4acTHOTO
HopAzKa n, peakuuu o6pasopanns ZnS (1)
o OH -nonam. Peakiiio npoBogum B
YCTIOBUSIX KOHTPOJIMPYEMOIT TIOBEPXHOCTH
S = 24500 cm*/nm ipu Temnepatype 363 Kn
[N,H,CS] = 0,1 monn/n

3aknoyeHue

Taxum 06pasoM, B BBIOpaHHBIX B JlaH-
HOIT paboTe YCIOBUSX CKOPOCTH MpOLiec-
ca (1) cmabo saBucuT OT BenuuuHbl pH,
4TO 0OBICHAETCS O6YPepHBIM feliCTBIEM
STU/IEHJAMIHA, 3aBUCUT OT KOHIEH-
Tpauuu ocaputens (TMOMOYEBUHBI) U
YMEHbBILIAETCsI C yBeIUdeHNeM KOHIIeH-
Tpauuu nuraHza (ITUIEeHAMAMIHA) U3-32
CHIVDKEHUSI KOHIEHTPAl[MU CBOOGOTHBIX
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