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Chemical Kinetics of Reactions in the Unfrozen Solution of Ice
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Some reactions are accelerated in ice compared to aqueous solution at higher temperatures. Accelerated
reactions in ice take place mainly due to the freeze-concentration effect of solutes in an unfrozen solution at
temperatures higher than the eutectic point of the solution. Pincock was the first to report an acceleration
model for reactions in icewhich successfully simulated experimental results. We propose here a modified
version of the model for reactions in ice. The new model includes the total molar change involved in reactions
in ice. Furthermore, we explain why many reactions are not accelerated in ice. The acceleration of reactions
can be observed in the cases of (i) second- or higher-order reactions, (ii) low concentrations, and (iii)
reactions with a small activation energy. Reactions with a buffer solution or additives in order to adjust ion
strength, zero- or first-order reactions, or reactions containing high reactant concentrations are not accelerated
by freezing. We conclude that the acceleration of reactions in the unfrozen solution of ice is not an abnormal
phenomenon.

Introduction ice, in regions called micropockets. However, with the above-

) . ) ) mentioned mechanism, it is difficult to understand why ac-
Rates of chemical reactions in aqueous solution are generally .ejeration of reactions in micropockets for most reactions is
suppressed with decreasing temperature. However, some reacqq: gpserved

tions are accelerated in ice despite being at lower temperatures  pin-qck reported the first model of the acceleration mecha-

. A . e I _Pin, . . . .
than in solution:™2 The acceleration of reactions in ice has  hism in the unfrozen solution of ice by incorporating the freeze-

been studied actively since the 1960s in the field of food ¢qcentration effect.Using the model, reaction rates were
chemistry and biochemistry, where acceleration meChan'squuamified and shown to be in good agreement with the

were reported. Pincock reviewed the reactions in frozen systems o erimental results. The model reported by Pincock, however,
and concluded that freeze-concentration in an unfrozen solutlondOes not include the effect of molar change during reactions.

of ice was the only cause of acceleration in such systems. A | the present paper, Pincock’s model is modified by considering
systematic review of the acceleration mechanism is summarizedio molar change by the reaction. Furthermore, some aspects

by .Felnnema as follows. ,(l) Freeze-(.:oncentration:. the large  yerived from the model are shown in order to explain that the
majority of solutes are rejected from ice crystal lattices and are ycceleration in ice is not an unusual phenomenon but takes place
concentrated in the unfrozen solution of ice, and the reactlonsomy under special conditions and reaction mechanisms. The

are accelerated. (2) Freezing potential: only small amounts Ofpresent paper shows why the acceleration of reactions in ice

solutes are incorporated in ice crystals, and the difference in o mst reactions is not observed. It is expected that reactions

cation and anion incorporation between ice crystals and the 5ccelerated in ice can be quantified using the proposed mech-
unfrozen solution generates an electric potential. Freezing 4qism.

potentials, with respect to ice, have been reported-2%4 to

—90 Vv >2°Electrochemical reactions take place by the potential odel of Kinetics in the Micropocket
generated. (3) Hydrolysis by changing pH value as a result of . . .
neutralization of the freezing potential: THor OH~ transfers Reaction 1 of A and B is considered.
from the ice crystals to the unfrozen solution or the unfrozen
solution to the ice crystals in order to neutralize the freezing aA + bB — products @)
potential, and hydrolysis reactions take place. 4) The others:
the catalytic reaction of ice, preferred orientation of reactants
in ice, and difference in dielectric constants between water and
ice are reported. Fennema concluded that among these mech- ar1b

anisms, the freeze-concentration into the unfrozen solution in rate= K[A] “[B] 2)
ice is a main cause of acceleratinln our previous work, . . .

various possibilities causing the acceleration of the reaction of Herek is a rate coefficient and is expressed as

nitrous acid with dissolved oxygen were investigateginally,

it was concluded that the acceleration occurs due to the freeze- k= Aexp(-E/RT) ®3)
concentration of solutes, contained in the unfrozen solution of

Here, a and b are the molar coefficients for A and B,
respectively. The reaction rate is expressed as

Here,A is a pre-exponential factoE, is the activation energy
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Figure 1th E?i\]pm;lf Offt:]ea(:tatm 'tA in the secotnd-o'rder treaction Figure 2. Time profile of reactant A in the second-order reaction in
|r; Ice wi th m 'tho t e aﬁ vation (ter:lergy ab varlfous lemger;h ice with 100 kJ mot? of the activation energy at various temperatures
a uret_s mZAE» Cz?ase_r‘é\” ou I? ctazrgge '300:‘.3 Tﬁm elrt(') mo esl Y N€in the case without a change in the number of moles by the reaction
r?]ac lon the fi ‘ fe results a ?I'n mt € so ?hlon are asok " 2A — 2P. The results at 25 and°C in the solution are also shown in
shown In the figure for comparison. 1 eémperature in the miCropocket: yq fiqyre for comparison. Temperature in the micropocket: thick solid
thick solid black line,—15 °C; thick solid gray line—~2 °C; fine solid black line,—15 °C: thick solid gray line—~2 °C: fine solid black line,

black line,—0.2 °C. Temperature in the solution: thick broken line o ; P ; -

o~ g . . ; e ' —0.2°C. Temperature in the solution: thick broken line, Z5 fine
25 °C; fine b“’"e’? line, °C in the SOI.Ut'On' The activation energy broken line, (;)"C in the solution. The activation energy and pre-
and pre-exponential factor of the reaction are 50 kJfnahd 1x 10° exponential factor of the reaction are 100 kJ mMand 5.8x 107

2q|*11dm31?;, reslpgcti\slel_yr/h T?et ilnitial cor:cet_ntratio? tﬁf reactant -1 gnp s 1, respectively. The initial concentration of reactant A is
s - x mo? dm =. The lola’ concentrations Ol € SPECes 1 g-4mol dnr, The total concentrations of the species existing in

existing ;n the solution are (a) 8 10~* mol dnt3 and (b) 1x 10~ the solution are (a) % 10* mol dmr and (b) 1x 10 mol dnt =,

mol dn=. The pre-exponential factor is adjusted to be the same reaction rate as

If all solutes are assumed to be rejected from ice crystals to that in the Figure 1.

the unfrozen solution of ice, the concentrations of solutes A tration. The reaction rate of 1 in the micropocﬁt,is expressed
and B in the micropockets in the frozen ice, {Adnd [B}, as
respectively, can be expressed as follows:

Cy R = HATTEL = k(ﬁ[A] )a(ﬁ[sl)b ©)
[Al;= [A]a Cr Cr
Here, R; is a reaction rate when a reaction proceeds in the
B], = [B]% 4) micropockets. The total volume of the micropockeéican be
e, expressed as
Here, Ct denotes the sum of the concentration of all solutes V, = CTV ©6)

in the solution, andCy, is the total concentration in the Cp °

micropockets and is determined from the equilibrium

diagram of the solution and solid ice. Near the freezing Here, Vs denotes a volume of the original solution. The
point of water it is determined by the freezing point depres- acceleration of reactions in micropockets was usually observed
sion: Cp = AT(d/1.86), whered denotes the density of the after the sample was melted. After the sample is melted, solute
solution in the micropockets in kg dm For simplicity, concentrations are diluted by a factor\gfVs. If x is taken as

it is assumed thaCy, is equal to the activity at any concen- the concentration of A that is measured after the sample is
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expressed aAC, the reaction rate measured after thawing can
be written as

Cfp a
k(m([A] 0o~ X))

o b.1|!Cro + AC
(CTO ¥ AC([B]O N EX)) Co

d_X:
dt

8

The reaction rate of 1 in the micropocket is governed by eq 8.
Note, at temperatures lower than the eutectic temperature of
the system, the above mechanism should not be applied.
Diffusion of solutes in ice has been reported recently below
the eutectic point’~3! Furthermore, it has been reported that
the quisi-brine layer still exists below the eutectic pgifit!
However, the mechanism of reactions below the eutectic
temperature has not been well understood so far. We restrict

Figure 3. Temperature dependence of the rate coefficients at various the application of eq 8 between the freezing temperature of the

total concentrations. Total concentration: thick black broken line, 2
1074 mol dnm3; fine broken line, 1x 10~ mol dnr3; thick gray broken
line, 1 x 1072 mol dnT3; thick black solid line, 1x 107! mol dn3;
fine black solid line, 1 mol drm?; thick gray solid line, 2 mol dr®.
The initial concentration of reactant A is 1@fol dnr3. The activation
energy and pre-exponential factor of the reaction are 100 k3'raoH
5.8 x 10 mol~ dm?® s7%, respectively.
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T
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Figure 4. Time profile of the concentration on reactant A with and

without a change in the total number of moles by the reaction in the
unfrozen solution of ice. The initial total concentration and concentration

of reactant A are & 104 and 1x 104 mol dn3, respectively. The

initial solution and the eutectic temperatures of the unfrozen
solutions.

Results and Discussion

On the basis of eq 8, various reaction mechanisms in solution
are expressed as in the case of reactions in ice, and we show
what kinds of reactions are accelerated in ice.

(1) First-Order Reaction without Change in the Total
Concentration by the Reaction, A— P. A change in the total
concentration of species does not occur. Therefore, eq 8 can be
expressed as eq 9.

ax

C
= k{ oAl - x)}f;—f;’ =k[Al,—%  (9)

Cro

Here,x is defined as the concentration of A reacted. The integral
form of eq 9 is

Ao _ Kt

n [A]O_X_

(10)

Equation 10 has the same form as that in the solution and,
therefore, the reaction is not accelerated in the unfrozen solution
in ice when the activation energy is positive. In other words, in

the case of the first-order reaction, the rate equations of the

activation energy and pre-exponential factor of the reaction are 100 kJ 'eactions, accompanying a change in the total concentration in

mol~! and 5.8x 10" mol~ dm?® s72, respectively. The temperature is
—2 °C. Thick solid line: no change in the total number of moles by
the reaction 2A— 2P. Fine solid line: increase in the total moles by
the reaction 2A— 3P. Thick broken line: decrease in the total number
of moles by the reaction 2A> P.

melted, the reaction rate measured after thawiRg, is
expressed as

the unfrozen solution of ice, are also the same as those in
solution. The reaction rate in the unfrozen solution also obeys
the temperature dependence of the solution. The lack of
acceleration of the first-order reaction by freezing was reported
by Kiovsky and Pincock2

(2) Second-Order Reaction without Change in the Total
Concentration by the Reaction, 2A— 2P. A change in the
total concentration of species does not occur. Equation 8 can
be expressed as

dX C alC b\/,
Rmzaz k(ﬁ[A]) (ﬁ[B]) Vf: ,
CT CT s dx = Kk Cfp CTO _ 2Cfp
C alC oC, =K =([Al,— 0 == k(Ao — X" (11)
el - 0] [{Blo - 24| &= @ @ 1o S Cro
Cr Cr al) Cyp . .
The integrated form of the eq 11 is
Here, [A] and [B} are the initial concentrations of A and B, K
respectively. Equation 7 has the same form as that reported X — CTP+ (12)

by Pincock! The total concentration in the micropockets is

[Al(Al,—% Cro

changed when the reaction proceeds according to the molar
change by the reaction. When the initial total concentration is The calculated results at0.2, —2, and—15 °C with E; = 50
expressed a€to and the molar change due to the reaction is kJ mol~? are shown in Figure 1, with those in the solution at
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TABLE 1: Rate Equations of Several Reactions

reactiort rate equatiohdx/dt = integrated forrhkt =
A—P k([Alo — X) [Al,
In [Alp— X
A—2P k([Alo — X) [Alo
n [Alg— X
2A—P C — [A] x [Alo—x
K(IAT - — )2 fp i((CTO [Alo - 0 )
Ko~z Co\Al,—0MAl, " Al
2A— 2P C (O
ki _ 2t X >0
(Alo=2"c (IAT, — 9I[Al, Cp
2A— 3P c + [A] )X [Al, — X
K(TAT - — )2 fp i((cm o 0 )
Ao =9 x Co\lo—9IAl, " Al
2A — nP c + (n — 2)[Al )X [Alp— X
K(IAT . — 2 fp i(CTO o) _ 0 )
Ao = 9" (1 cfp( (A, A, AT
S K(Al, — X)([B]o — X} “o 11 e agn—e .
Cro— X Cy (AT, - [Blo) (Cro []o)n([A]O_X)
1 1 [Alo
= = —(Cty—[A]) IN ——— +
Cy (Alo—Blg| T PNy =
[Blo
— [B])In —————
(Cro— [Blp) ([B]O_X)]
A+B—2P C Cr ([Aol —X)[B]
k(AT — X)([B], — =2 o1 :
([Alo = x([Blo =) Co| (AT, — [Bl9) " (Bl — WIAT,
A+B—3P
C 1 1 [Alo
k([Al, — X([Bl, — x)CTOf_'T_ < c_fp (Al, — [B]O)[_(CTO +[Alo) In —([A]o m— +
[Blo
(Cro+ [Blo) In gy = x)]

a A and B are reactants. P indicates a product, and species of products are not distinguished. If two kinds of products are formed, it is represented

as 2P and not P¥ P2.° For each symbol, see text.

25 and O°C. Figure 1a shows the results at a total concentration the ice. In this case also, the acceleration of the reaction in the
of 2 x 1074 mol dnm3 and an initial concentration of reactant ice or by freezing cannot be observed.

A of 1 x 1074 mol dm3. The reaction rates in the micropocket Figure 3 shows the change in the reaction rate coefficients
at lower temperatures are much faster than those in the solutionswith temperature at various total concentrations. The reaction
at higher temperatures. In this case, the acceleration of therate coefficients of reactions in ice increase with decreasing
reaction rate in the unfrozen solution of ice can be observed. temperature, reach to the maximum at a certain temperature
Figure 1b shows those with the total concentration of 0.1 mol (—6 °C in the case of Figure 3), and decrease with decreasing
dm~3 and an initial concentration of A equal to>1 1074 mol temperature. When the freezing point of the sample solution is
dm~3. The total concentration in Figure 1b is much higher than lower than the temperature at which the maximum rate coef-
that in Figure la. The reaction rates at 25 antCOn Figure ficient is obtained, the rate coefficient in ice decreases with
1b are the same as those at 25 and@ in Figure 1a, decreasing temperature without any rate coefficient peak. On
respectively. In Figure 1b, the reaction rate-& °C is almost the other hand, when the eutectic temperature of the sample
the same as that at 2%C. It is difficult to observe the solution is higher than the temperature at which the maximum
acceleration of the reaction in the micropockets when consider-rate coefficient is obtained, the rate coefficient in ice increases
ing the time in the liquid state of the sample (e.g., the time with decreasing temperature without any rate coefficient peak.
prior to freezing and the time after thawing until analysis). In Figure 3, the concentration of reactant A is<110~4 mol
Figure 2 shows the calculated results under the same conditionsim=3. When the total concentrations are low, the reaction rates
as Figure 1 except th&t, = 100 kJ mot’. Panels a and b of  in the ice are much faster than those in the solution, while at
Figure 2 show results at total concentrations of 20~ mol high total concentrations, the reaction rates in the ice are not
dm-3and 1x 10~ mol dnv3, respectively. The pre-exponential  very fast, compared to those in the solution. In the case of high
factor is adjusted to produce the same reaction rate &C2s total concentration, the ratio of [Ajo Cs, is low, and the
that in Figure 1. Thus, the reaction rates in the solution &25  reaction is slow due to the low freeze-concentration effect for
are the same in the four figures (i.e., Figures 1la,b and 2a,b). Inreactant A. In most studies of reactions in solution, the addition
Figure 2a, the reaction rates in ice are faster than those inof buffer solution and/or a high concentration of additional salts
solution, but the effects are smaller than those in reaction with to adjust ion strength are used, and therefore, the acceleration
lower E,. Conversely, in Figure 2b, the reaction rate at°25 in ice cannot be observed due to the high concentrations
in the solution is faster than those in the unfrozen solution in produced. This is probably the main reason why the acceleration
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Figure 5. Time profile of the concentration on reactant A in the case
of the high reactant concentration (2A 2P). The results at 25 and 0
°C in the solution are also shown in the figure for comparison.
Temperature in the micropocket: thick solid linell °C; fine solid
line, —4 °C. Temperature in the solution: thick broken line, Z5;
fine broken line, @C. The activation energy and pre-exponential factor
of the reaction are 50 kJ mdland 3x 10" mol~* dm?® s™%, respectively.
The initial concentration of reactant A is 1 mol dfn The total
concentration of the species existing in the solution is 2 motdm
The freezing point of the solution is assumed to-+h&8 °C.

of reactions in the ice are not well known in general. In Figure
2a,b, the reaction rate atl5 °C is slower than that at2 °C.
This can be confirmed in Figure 3; that is, the maximum reaction
rate can be obtained at a certain temperature. This result wa:
also shown by PincockThe temperature at which the maximum

reaction rate is observed depends on the reaction mechanism
magnitude of the freeze concentration effect, and the value of

the activation energy. In the case of Figure 3, the first two factors

are the same in all cases, and only the freeze-concentration effect

controls the reaction rate. In this case, the freeze-concentratio
effect is proportional to the ratio of concentration of the reactant

to total concentration, and the reaction rate coefficients peaks
are observed at the same temperature. When the reaction ha

the lower activation energy, the temperature that exhibits the
maximum reaction rate is lower or showed no maximum until
the eutectic point of the solution. Thus, the eutectic point, the

n

Takenaka and Bandow

[A]o— X
[Alo

Cro+ AT

(Al — 9IA, (16)

= kGt

The time profiles of the observed concentration of reactant A
with and without change in the total concentration by the
reactions in ice are shown in Figure 4. The effect of the change
in the total concentration by the reaction is not very large and
is smaller at higher total concentration. When the total concen-
tration decreases by the reaction, the reaction is the fastest
among the three. This is due to the increase in the relative
concentration of reactant A as the reaction proceeds. The total
concentration in the unfrozen solution in the ice is dominated
by the temperature, specifically, the solid/liquid equilibrium.

(5) Higher-Order Reactions. From the above results, it is
clear that the acceleration depends Gg/[Cro + pX)]™. Here,
pxis a molar change by the reaction, anis$ the reaction order.
Therefore, the higher-order reaction is expected to be extremely
accelerated by the freezing. The rate equations of each reaction
order are summarized in Table 1.

(6) Pseudo-First-Order Reaction.The pseudo first-order
reactions are usually treated as the first-order reactions in
solution since one of the reactants is constant. In the calculation,
the concentration of this reactant is combined with a rate
coefficient, for exampldd = K[A]. In the case of pseudo-first-
order reactions without molar change due to the reactions, it is
possible to perform the same treatment, that is, combine the
term for the constant concentration of the reactant with a rate
Scoefficient. However, for reactions with molar change by
reactions, they cannot be treated as pseudo first-order reactions
but must be treated as the second- or the higher-order reactions,
because the apparent reaction rate coeffickénis also changed
by reactions.

(7) High Concentration of the Reactant.Figure 5 shows

he time profile of the concentration of reactant A in the
circumstance of a high initial concentration of A, that is, 1.0
mol dnm3 of reactant A and 2.0 mol dm of the total
goncentration in the case of no molar change of the second-
order reaction (2A— 2P). In this case also, the reaction at 25
°C is faster than the reactions in the unfrozen solution in ice.
Similar results can also be observed in Figure 3, although the

t

temperature exhibiting the maximum reaction rate (i.e., governed pre-exponential factor arfg, are different. Under the condition

by Ej), the total concentration, and the initial reactant concentra-
tion are important factors controlling the reaction rate in ice.

(3) Second-Order Reaction with a Decrease in the Total
Concentration by the Reaction, 2A— P. The change in the
total concentration of species sx.

dx C 2Cro—x_ ([Alo— X)z,,
-a—-{cmixwua—n} ¢ e,
The integrated form of eq 13 is

(Cro — [Al o)X I [Alp — x — KGyt (14)

([Alo — M)Al

(4) Second-Order Reaction with an Increase in the Total
Concentration by the Reaction, 2A— 3P. The change in the
total concentration of species Hsx.

Cfp C

) Cro+x_ (Alg— %
Cro+ X T (Crotn P

Cfp
The integrated form of the eq 15 is

[Alo

ax_
dt

(Alo— X)} (15)

of Figure 5, the maximum rates in ice are obtained-ai °C.

In the case of the second-order reaction without molar change
by the reaction, the rate coefficient measured after thavking,

is represented as

¢\ Co_ Gy
Cr Cr

Even if the concentration of reactant A is high, the concentration
factor, Cp/Cr, controls the reaction rate in ice. In Figure 3, the
concentration of reactant A in the micropockets is only twice
the concentration in the solution. If the effect of the activation
energy to depress the reaction rate is larger than the effect of
freeze-concentration to increase the reaction rate, the reaction
rate decreases.

Thus the reactions accelerated by freezing are as follows:

(i) second- or higher-order reactions,

(i) low total initial concentration (e.g., lovCro) and low
reactant concentration (e.g., low [A]), and

(i) small activation energy of the reaction.

This formulation clearly shows that reactions with a buffer
solution or additives in order to adjust ion strength, zero- or
first-order reactions, or reactions in the case of the high reactants

A exp—E/RT) a7
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concentrations in order to accelerate the reactions cannot be 100

accelerated in the ice. ?

The above mechanism can be applied to reactions accelerated % 80
due to the freeze-concentration effect. Several reactions are E
known to take place by the other mechanisms during freezing. Eeo
For example, the pH is changed and hydrolysis reactions are §
accelerated:?*3334n addition, solutes migrate from the ice to £ 40
the solution even below the eutectic point, and reactions £
occur?®2® For solutes confined in the grain boundary, the 20
circumstances are different from the solution (i.e., relatively low
amounts of water molecules), and the reaction pathway is %0 30 60 90 120 150
changed® In order to clarify the chemistry in freezing 100 Time / min
completely, it is necessary to investigate these reaction mech- b)
anisms. Here, we explained the mechanism of the freeze- % 80
concentration effect and how it alters the kinetics of chemical s
reactions. E 60

Application of the Present Kinetic Theory to the Reaction 5
in the Unfrozen Solution in the Ice. The reaction of nitrite 240'
with dissolved oxygen is very fast in the frozen system. The ]
reaction rate at-21 °C at pH 4.5 is about 200 000 times faster 8 20
than that in the solution at 25C.1* The reactions terminate
when the entire sample is frozen and has established a thermal 0
equilibrium at temperatures lower tharB °C .16 Therefore, the o x N 15 100 125
above theory was applied to the reaction after the entire sample 100 )
was frozen at-0.5, —1, and—2 °C. Under these conditions, .
the reaction continues after the entire sample was frozen. The £80
reaction of nitrous acid with dissolved oxygen is expressed as g °
follows. 60 °

2HNO, + 0, — 2NO,™ + 2H" (18) £ 40 .
£ ‘~Q@ o

In the calculation, we assume that the concentration of °20 Cteelll °
dissolved oxygen was constant and equilibrated with the partial e
pressure of the atmospheric oxygen. Air bubbles were formed 0o 20 20 50 30
in the micropocke®® and the composition of the bubbles were Time / min

expected to be mainly Nand Q. The dissolved oxygen that  Figure 6. Time profile of the reaction of nitrous acid with dissolved
was consumed by the reaction would be supplied from the air oxygen in ice at (a)-0.5°C, (b) —1.0°C, and (c)—2.0°C. The initial
bubbles in the unfrozen solution. Thus, the reaction can be Nitrous acid and dissolved oxygen concentrations are .00~* and
treated as second-order kinetics, and the molar chax@ecan 4.5 x 10" mol dnt?, respectively. The time zero in the figure is the
be considered as2. Figure 6 shows the calculated results (black time when the entire S"_’lmp-le- was frozen. The reaction proceeds during
. ) - ; freezing. White circle: nitrite (nitrite ion+ nitrous acid) in the
solid and broken lines) with the experimental results (black and experiment. Black circle: nitrate in the experiment. Broken lines: nitrite
white circles). In Figure 6, the time O represents the time when (nitrite ion + nitrous acid) in the calculation. Solid lines: nitrate in
the entire sample was frozen. The initial concentration, tem- the calculation. Black lines: the present model. Gray lines: the model
perature, andv; were different in three cases. As shown in by Pincock.
Figure 6, the results calculated by the proposed theory simulate
the experimental results. The deviation of the calculated results
for nitrite at—0.5 and—2 °C were observed. The reason is not

SCHEME 1: Reaction Mechanism of the Reaction of
Thiosulfate and Hydrogen Oxide

clear, but some nitrites were already incorporated in ice crystals. H,0, + S,0.% LTA HOS,0, + OH-
In order to simulate the experimental results more precisely, i
the study of distribution coefficients of solutes into ice is H,0, + HOS,0,  —2> 2HSO, + H*

required. Furthermore, in order to compare the present model
with considering molar change by reaction to the model

proposed by Pincock without considering molar change by
reaction, the calculated results by the Pincok’s model are also

k
8,02 + 5,0, =% 5,04%

k
H,0 == H*+ OH-
ky

shown in Figure 6 (gray lines). The differences are very small, H,0, + HSO, kg SO,2 +H,0 + H
but the present model simulates the experimental results better K
than Pincock’s model except for nitrite at0.5 °C. H,0, + HSO, + H* —> 50,2 + H,0 +2H*
The reaction of thiosulfate with hydrogen peroxide is also K
: ; o i i HSO, = H* + SO,
accelerated by freeziri§.The reaction mechanism in solution 3 kg 3

is reported as Scheme138The calculation is very complicated.

If we assume the effect of molar change can be ignored, the
calculation becomes simple. The calculated results are shown
in Figure 7 with the experimental results. The time O represents the experiments, £:2-, SO, sulfite, and $0¢2~ were
the time when the entire sample was frozen. The calculated measured, but the intermediategD$and HOSOs~, were not
results are in good agreement with the experimental results. Inmeasured. In the calculation, the sum of 480 $0s, and

k-
HOS,0, + H* % 8,0, + H,0
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