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Ilpeonoacen cmexuomempuyecKuii MeXanu3m NOJIHOZ0 PA30HCeHUA OUOKCUOA MUOMO-
yegunwvl 6 600Hom pacmeope npu pH 4.0, ocnosannwtii na 3aéucumocmu KOHUEHMPAYUIl OUOK-
CuUOa MuoOMOYeGUHbL U NPOOYKMOG €20 PA3IONCEHUA 80 6PDEMEHU U JIUMEPAMYPHBLIX OAHHBIX.
Konuenmpayusa ouokcuoa muomouesuHsvl onpeoeanach u00OMempudecKum memooom, a npo-
MENHCYMOUHBIX 8euyecme — noaapozpaguuecku. /[na nonapozpaguu ucnoiv3osanu cmeKiaHHYIO
08YX3JIEKIMPOOHYI0 IJIEKMPOXUMUYECKYIO AYelKY u noaapozpagy muna I1Y-1 ¢ ougppepenyuans-
HOM pedrcume. B kauecmee padouezo ucnonb308anca KaneavHovlii pMYMmMHbLI J1eKMpoo, a 6 Kaue-
cmee 6CHOMO2amenvHozo - Xaopuocepeopansiii. Koncmanmot ckopocmu 013 omoenbHvlx cma-
ouli onpeoesieHbl Nymem MamemamuiecKozo0 Mooeaupo8anus Ha OCHOBAHUN PeUuleHUs CUCIEMbL
ougppepenyuansuuix ypasuenuil. Paccuumanut abconromnsle nozpeuwtnocmu KOHCMaHm cKopo-
cmu, KoIpgpuyuenmor koppenayuu u kpumepuu Puwepa. Bepugpukayus npeononazaemoni Ku-
HemuuecKkoil mooenu nPoeooOUnaAct ¢ UCNONb308AHUEM CPAGHEHUA IKCNEPUMEHMAIbHBIX U PaC-
yemnuvix KoHyenmpauuil, F-kpumepusa u pacuemuuvix 3nauenuil Koaghuyuenmos Koppenayuu
omoenvublx cmaouii npoyecca. Ilpeononazaeman Kunemuueckas mooeb pazioHceHus OUOKcuU-
0a MUOMOYeBUHDL 6KTIOUACH 8 Ce0A PAO NOCIE008AMETbHBIX CMAOUIL C YUACUEM PA3TUYHBIX
COeOuHeHUIl, maKux KaKk MOHOOKCUO Cepbl, MUOCEPHAS, CEPHUCMAA, OUMUOH08AA, CYIbhOoKCU-
J106as1 KUCTIOMbL 8 KAYECMEe NPOMENCYMOUHBIX 6euiecma. /[na nposepKu yHueepcaibHOCmu Mo-
oenu npoeedeno Mooenuposanue KUHEMUKU pPeaKuyuu pasiodcenus OUOKCUOA MUOMOYESUHDbL
npu 3nauenuu pH 8,85. Ixcnepumenmanvnovle Kunemuueckue OaHHbvle ObLIU 63AMbL U3 JIUM -
pamypul. Hauanvuvie npudausicenus KOHCMAanm OmoeabHplX cmaouil Opanucy uz npeovioyujux
pacuemos. Ananuz cO60KynHOCHU ROJIYUEHHBIX NPU MOOECTUPOBAHUU PACYEHIHBIX OAHHbIX: 3HA-
yeHuil Konyenmpayuii, kpumepua Quuiepa, KoIPPuyuenmos Koppenayuu nO380AUN cOeIAMb
861600 0 NPUMEHUMOCHU NPEOIAZAEMO20 MEXAHUIMA RPOUECCA PA3TIOHCEHUA OUOKCUOA MUOMO-
YeGUHbBI MAKCe U 8 CLADOULETIOUHOIL cpede.

KarwoueBble cjaoBa: JAUOKCHU THOMOYCBHHBI, CTCXI/IOMeTpI/IT-IeCKI/II\/'I MEXaHU3M, KHHETHYCCKasA MOJCIIb,
KOHCTaHTa CKOPOCTHU
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A stoichiometric mechanism for full thiourea dioxide decomposition in agueous solution
under pH of 4.0 is proposed based on dependences of concentrations of thiourea dioxide and its
decomposition products on the time and literature data. The concentration of thiourea dioxide
was measured via iodometry, while the intermediates were quantified using the polarography. Po-
larography was carried out in glass two-electrode electrochemical cell by means of PU-1 polaro-
graph in differential mode. Dropping mercury electrode was used as working one and silver chlo-
ride as a reference one. Rate constants for individual stages are obtained via mathematical mod-
eling, presented a system of differential equations. Absolute errors of rate constants, correlation
coefficients, and F-factors were also calculated. Verification of supposed kinetic model was con-
ducted using the comparison between experimental and calculated concentrations, F-test and the
calculated values of correlation coefficients of the individual stages of the process. Supposed ki-
netic model of decomposition consists of a number of consequent stages including various com-
pounds such as sulfur monoxide, thiosulfuric, sulfuric, dithionic, hydrosulfuric acids as interme-
diates was used for previously obtained data for pH of 8.85. To test the universality of supposed
model, we simulated kinetics of thiourea dioxide decomposition reaction at pH of 8.85. Experi-
mental kinetic data were taken from literature. The initial approximations of the individual stages
constants were taken from previous calculations. Analysis of calculated data: concentration val-
ues, F-test, correlation coefficients allowed to conclude about the applicability of proposed mech-
anism for the process of thiourea dioxide decomposition in a weakly alkaline medium.

Key words: thiourea dioxide, stoichiometric mechanism, kinetic model, rate constant
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INTRODUCTION

Thiourea dioxide (ThDO) is a highly potent
reducing compound in aqueous solutions. C-S bond in
its molecule is easily ruptured and the products of
ThDO decomposition cause its reducing ability [1-9].

Several works [10-16] demonstrate the first
stage of thiourea dioxide decomposition in neutral
medium to form sulfoxilic acid [17] and urea:

(NH,),CSO0, + H,0 < (NH,),CO + H,S0, (1)

H>SO; is unstable and decomposes further in-
to sulfite ion, thiosulfate ion, and other sulfuric com-
pounds.

In the literature [12] discovered that ThDO
solutions are highly unstable under pH 11 and above.
The decomposition will result in the formation of urea
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as the main nitrogenous compound and SO,* as the
primal sulfur-containing product.

The literature on the subject shows decompo-
sition of thiourea dioxide in an aqueous solution to
cause the formation of sulfur-containing intermediates
with variable oxidation degrees, such as the sulfoxilic
acid (H2S0O) or its anions (HSO,, SO.%), as well as
dithionite-, sulfite- and thiosulfate-ions. Since that,
ThDO decomposition and the formation of active re-
ducing agents, determining speed and selectivity of
reduction processes in aqueous solutions, are affected
by various factors needed to be accounted for specifically.

Hence, the quantitative characteristics, e.g.
rate constants of individual stages, are of particular
interest. Previously we determined such parameters
for the processes in weak acidic medium [14]. This

U3B. By30B. Xumus u xum. textosorus. 2018. T. 61. Bein. 12



paper contributes fundamental ground for the decom-
position process by building a kinetic model and cal-
culating rate constants of individual stages on the base
of experimental data and already existing literature.

EXPERIMENTAL

Thiourea dioxide was obtained by oxidizing
thiourea (99%), with hydrogen peroxide (30%) ac-
cording to the method [14]. Mass fraction of ThDO in
the final product is 95.5%. The purity of the com-
pound was determined using the iodometric method [14].

Kinetic experiments under pH 4.0 were per-
formed by dissolving 0.15-0.2 g of thiourea dioxide in
20 ml of distilled water, thermostating for 2 min un-
der the temperature of 354 K and then adding
0.2 ml of 0.2 M ammonia solution and hermetically
sealing the solution.

Reacting solution of 2 ml was sampled at cer-
tain intervals of time during the decomposition. The
concentration of ThDO were determined by the meth-
od described in the work [14].

The concentrations of SOs* and S;03% were
determined by using polarography. Polarography was
carried out in glass two-electrode electrochemical cell
by means of PU-1 polarograph in differential mode.
Dropping mercury electrode was used as working and
silver chloride as a reference one. The solution was
bubbled with argon in order to protect the dissolved
particles from oxidation. The process was undertaken
with the rate of potential sweep of 4 mV/s and mercu-
ry drop period of 4 s (provided by the special forced
drop separation device).

Calibration method was used to determine the
components concentration in the mixture. Britton-
Robinson buffer was utilized as the background elec-
trolyte.

A cooled sample of 1 ml was placed in the
polarographic cell, next, 6 ml of Britton-Robinson
buffer was added and the solution was bubbled with
argon. Polarogram was obtained in the potential range
from +0.3 V to -1 V. The first polarographic maxi-
mum was observed at -0.04 V relative to silver chlo-
ride electrode. It corresponds to the reduction of SOs>.
The second one was observed at -0.42 V being char-
acteristic of S,03 reduction.

KINETICS

The search for optimal constant values was
conducted using the wkinet software, developed at the
department of physical chemistry, MSU. Verification
of supposed kinetic model was conducted using the
comparison between experimental and calculated
concentrations, F-test and the calculated values of
correlation coefficients of the individual stages of the
process.
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F-test’s value was calculated as the ratio of
excess variances to the combined variance of repro-
ducibility. It was compared at all times with literature
data for significance level 0.05 and tied freedom degrees.

In order to find out the absolute error values
of ratio constants and correlation coefficients the in-
formation matrix calculations [18] were conducted for
each experiment via the following equation:

M = 30—, F,D7'F} )

Where F,-matrix of derivatives of reagents
concentrations with respect to rate constants for time
moments u. Each element is calculated using the
equation:

ﬁ ~ A_C\l _ a(kj+Akj)—a(kj) (3)
61(]' Ak]' Ak]'

Where ¢€(k;) — calculated concentration value
of i-component in case of optimal rate constant value
ki; € (k; + Ak;) — calculated concentrationvalue of i-
component in case of rate constant ckopoctu Kjt+Ak;
(Ak; = 0.1-k;); D — dispersional-covariational matrix
of experimental component concentrations. Experi-
mental component concentrations were calculated
solving a system of differential rate equations. The
following equation was used to calculate absolute er-
rors of rate constants:

5k; = J“T/N (4)

Where Mii — diagonal matrix elements; N —
the number of experiments.

Correlation coefficients were calculated as
follows:

Pkik; = — (5)
(M;;)(Mj5)
Where M;j — non-diagonal matrix elements.
RESULTS AND DISCUSSION

Based on experimental and literature data we
can assume ThDO decomposition process at pH 4.0 to
be as following:

(NH),CS0; + Hy0 == (NH,),C0 + H,50; (1)

H,50, 3 SO + H,0 6)

250 + H,0 S H,S0, + S )

SO + H,S0; < H,S,0, ®)
2H,5,0, + Hy0 5 S + 3H,50, 9)

S + H,S0; S H,S,05 (10)
H,S,0, + S + 2H,0 3 H,S + 2H,S0;  (11)
H,S,05 + S 3 H,S,;05 (12)

H,S + S 5 H,S, (13)
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Reversibility of the stage (1) is proven by the
fact of slowing effect of urea addition on thiourea's
decomposition. H>S;04, formed in (8), quickly de-
composes (9, 11) in acidic medium [15]. This leads to
the absence of dithionite-ions on polarograms. Thio-
sulfate is supposed to be produced in (10) and sources
of sulfite ion is the sulfoxylic acid anhydride and
H2S,04. We included (12) and (13) in the scheme be-
cause the end products of ThDO and dithionit-ion’s
decompositions are polysulphides and polythionates [19].

Note, that such system of reactions is the re-
sult of mass quantity of processed calculations, that
included different combinations of stages from the
literature. There were attempts to exclude some stag-
es, for example, (12) and (13), or summarize stages,
like (9) and (11). During this calculations moleculari-
ty lower or equal to 2 was a necessary condition (wa-
ter molecules were an exception).

Mathematic model of ThDO decomposition
was a system of differential rate equations for reac-
tions (1), (6)-(13).

Rate constants ki, kz, k.1 were not varied dur-
ing the search for the solution of reverse kinetic task
due to them being previously determined [14].

Initial approximations for finding stage rate con-
stants for composition and decomposition of dithionite-
ion, ks and ks, were taken from [20]: 0.51 1/(mol'min) and
0.01 1/(mol-min) accordingly. Evaluation of initial ap-
proximations for ks and ke was conducted based on
starting Kinetic curve sections for sulfite- and thiosul-
fate-ion on Fig. 1. The concentration of SO was ap-
proximated to be 10 mol/l and concentration of sul-
fite-ion to be 10 mol/l. Thus, initial approximations
for ks and ks equated 108 and 10% accordingly. Initial
approximations for k; were varied from 107 to 10°.

0,08
T 04
g .
) ;1

0,021

2
o 3
000 T T T )
0 0 40 60 80
t, min

Fig. 1. Comparison between experimental (filled circle) and simu-
lated (solid line) concentrations for the reaction of ThDO decom-
position. T = 354 K, pH =4.0: (1) ThDO; (2) SO3%; (3) S203*
Puc. 1. CpaBHeHHe MeXTy 3KCIIEPUMEHTATILHBIMU (3HAYKH) U pacyeT-
HBIMU (JIMHHH ) 3HAYESHUSIMUA KOHIICHTPALIMI JUTS PEaKIUK Pa3IoyKeHHsI
JOTM. T =354 K, pH =4,0: (1) JIOTM; (2) SOs?; (3) S203*

Modeling was conducted in two steps. The in-
itial stage didn’t include (12) and (13). After that,
they were incorporated into the bigger picture, while
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initial approximations of rate constants ks-k; were
taken as optimized numbers from the previous stage.
Initial approximations of constants ks and ko were
also varied from 107 to 10° in order to obtain the min-
imal value of the sum of squares of differences of ex-
perimental and calculated concentration values for
sulfite- and thiosulfate-ions.

Tab. 1 contains calculated rate constants for
ThDO decomposition. Fig. 1 presents experimental
and calculated kinetic curves for detected solution
components.

Fig. 2 presents calculated kinetic curves for
ThDO decomposition, unrelated to experimental data.
At the same time the sulfoxilic acid anhydride con-
centration remains the same through the time and its
value is approximately equal to 10" mol/I.

Table 1
Optimized kinetic parameters*) for proposed model of
ThDO decomposition at pH 4.0
Tabauya 1. OnTUMaJbHbIe 3HAYEHUSI KHHETUYECKHX
HapaMeTpOB*) I npezmaraeMoﬁ MOJ€/IA PA3JI0KCHUSA

JOTM npu pH 4,0
Item Value
ki (7.1 £0.1)x10?
K1 510+ 50
ko 22 +1
ks (4.2+0.1)x10°
kg (5.9 £0.1)x10*
k5 49+ 4
Ke 574+ 2
k7 1027 £ 16
ks 992+ 5
ko 584 + 62
Fp 0.85
(Fp)tan 4.07
*) unit for k1 and k2 is min%; for others rate constants is L
mol* min-t
*) smauenus mas K1 m K2 MMeroT pasMepHOCTH MUHY; i
OCTaJIbHBIX KOHCTAHT Pa3MEPHOCTH B JI MO - MuH ™
Table 2

Correlation coefficients (pki ;) of rate constants for
proposed model ThDO decomposition at pH 4.0
Taonauua 2. Kodppuuuentsl koppeasuuu (pxi, kj) A5
KOHCTAHT CKOPOCTH Mpe/jiaraeMoii MoJaesiu pa3iiomxe-
nust JOTM npu pH 4,0

P, ki

i J

3 4 5 6 7 8
4| 0.997 - - -
5] 0.857 | 0.814 - - - -
6| 0.805 | 0.757 | 0.996 - - -
71 0999 | 0.998 | 0.872 | 0.799 - -
8| 0517 | 0450 | 0.877 | 0.927 | 0.496 -
910990 | 0988 | 0.776 | 0.715 | 0.994 | 0.393

Errors of calculated rate constants values and
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correlation coefficients (Tab. 2) were calculated ac-
cording to procedure presented in “Kinetics” section.
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Fig. 2. Simulated concentrations for the reaction of ThDO de-
composition. T =354 K, pH =4.0: (1) HzS; (2) H2S204; (3) S;
H2S0z2 (4)

Puc. 2. PacueTHbIe 3HaYCHNS KOHIIGHTPAIMH IS PEaKINH pa3-
noxkenust IOTM. T = 354 K, pH =4,0: (1) H2S; (2) H2S204; (3) S;
H2S0z2 (4)

Analysis of the results of modeling of full
ThDO decomposition in aqueous ammonia solution
under pH 4.0 indicates that supposed Kkinetic model
describes changes in concentrations, present in the
experimental data. However, many coefficients are
close to 1. This fact indicates the ambiguousness of
the obtained solutions for differential equations sys-
tems. In order to improve kinetic model, additional
data is needed, for example, concentrations of other
intermediate and final substances.

To verify supposed mechanism and Kinetic
model of full ThDO decomposition in aqueous solu-
tion experimental data, obtained in [19], were used.
That data was obtained under pH 8.85.

Concentrations of ThDO, sulfite- and dithio-
nite-ions were used in calculations. ThDO concentra-
tion was determined via iodometric titration. Dithio-
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nite- and sulfite-ions concentrations were determined
using the polarographic method.

Unfortunately, authors did not search for the
concentration of thiosulfate-ions. It could have in-
creased the fidelity of kinetic parameters calculation.

It was expected that kinetic model of full
ThDO decomposition under 8.85 pH can be described
by the previously listed system of differential equations.

Rate constants ki, ko, ks were calculated by
using Arrhenius equation on activation energies val-
ues [14] and were not varied during the following steps.

Table 3
Optimized kinetic parameters*) for proposed model of
ThDO decomposition at pH 8.85
Tabauya 3. OnTHMAaNbHbIE 3HAYEHHSI KHHETHYECKUX

NapaMeTPoB AJIsl MpeJiaraeMoii MojieJIu pa3ioKeHust
JAOTM npu pH 8,85

Item Value

ky (1.4 £0.1)x10?

ki 3.6+0.1

k2 19.9+0.1

ks (8.1 +£0.5)x10°

Ks (1.90 £ 0.02)x10°

ks 1.60 +0.02

Ke 19.3+0.1

k7 37.20 £ 0.04

ks 1.0+0.2

ke 120+ 3

Fp 2.19

(Fp)tan 3.84

*) unit for k1 and k2 is min; for others rate constants is L
mol* min-t

*) snauenns js K1 u k2 umeror pasmepHocts mMudl; s

OCTAJIBHBIX KOHCTAHT Pa3MEPHOCTH B JI MOIII;:l MI/IH-:l

Table 4
Correlation coefficients (p«i, kj) of rate constants for
proposed model ThDO decomposition at pH 8.85
Taoauya 4. Kodppuunentor Koppeasiuun (ki kj) A5t
KOHCTAHT CKOPOCTH NpeajiaraeMoi MoJe/Iu pa3jio:ke-
nusi JOTM npu pH 8,85

(P, )
i J
3 4 5 6 7 8
4 0.89 - - - - -
5 0.93 | 0.98 - - - -
6 047 | 0.83 0.75 - - -
7 0.42 0.79 0.71 0.98 - -
8 0.76 | 0.96 0.94 091 | 0.99 -
9 0.82 | 0.98 0.99 0.99 | 0.99 0.99
Initial approximations for other constants

were taken from calculations for pH 4.0. The search
for their values was also conducted in two steps.

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2018. V. 61. N 12 91



Yu.V. Polenov, G.A. Shestakov, E.V. Egorova

0,0a : . —
0 fill 100 140
t, min
Fig. 3. Comparison between experimental (filled circle) and simu-
lated (solid line) concentrations for the reaction of ThDO decom-
position. T = 308 K, pH =8.85: (1) ThDO; (2) SOs?%; (3) S204*
Puc. 3. CpaBHeHnE MeXy SKCIIEPIMEHTAIBHBIMH (3HAUKH) U PacueT-

HBIMH (JTMHHH) 3HAUYCHUSIMHI KOHIICHTPAIUN I PEAKIUH PA3IOKCHUS
JOTM. T =308 K, pH =8,85: (1) IOTM; (2) SOs?; (3) S204*

200

Tab. 3, 4 represents the calculated values of
ThDO decomposition rate constants and correlation
coefficients (pwi, k) of rate constants, while Fig. 3 —
results of the concentrations calculations. Comparison
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of rate constants numerical values (Tab. 1 and 3) indi-
cates the drastic decrease (in four orders of magni-
tude) of ks with the increase of pH. It is probably re-
lated to this stage being accelerated by H* via acidic
catalysis.

The decrease in other constants values is
more related to the decrease in temperature rather
than changes in pH. It should be noted that concentra-
tion of sulfoxilic acid anhydride increased with the
doubling of pH while average concentration value of
sulfoxilate-ion decreased.

SUMMARY

Supposed  stoichiometric  mechanism  of
ThDO decomposition can be applied universally for
pH from 4.0 to 8.85. However, in strong alkaline me-
dium (pH>11) the process will differ as shown in in-
troduction due to the stability of sulfoxilic acid.

The work is performed at the research Insti-
tute of Thermodynamics and kinetics of chemical pro-
cesses.
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