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Rise in the pH of an Unfrozen Solution in Ice Due to the Presence of NaCl and Promotion
of Decomposition of Gallic Acids Owing to a Change in the pH
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Oxidative decomposition of gallic acid occurs in alkaline solutions but hardly arises in acidic solutions. We
have found that the addition of sodium chloride promotes the decomposition of gallic acid caused by freezing
even under neutral and acidic conditions. Even at pH 4.5, gallic acid was decomposed by freezing in the
presence of NaCl; however, in the absence of NaCl, it was hardly decomposed by freezing at pH lower than
7. Chloride ions are more easily incorporated in ice than sodium ions when the NaCl solution is frozen. The
unfrozen solution in ice becomes positively charged, and as a result, protons transfer from the unfrozen solution
to the ice. We measured the pH in the unfrozen solution which coexists with single-crystal ice formed from
a 5 mmol dm® NacCl solution and determined the pH to be 8.6 at equilibrium withy 6880 ppm or 11.3

in the absence of Crompared to pH 5.6 in the original solution. From the model calculation performed for
gallic acid solution in the presence of 5 mmol dhiNaCl, it can be estimated that the amount of OH
transferred from the ice to the solution corresponds to .26 mol dm 3. The amount of OH transferred

is concentrated into the unfrozen solution and affects the pH of the unfrozen solution. Therefore, the pH in
an unfrozen gallic acid solution in ice becomes alkaline, and the decomposition of gallic acid proceeds. It is
expected that other base-catalyzed reactions in weakly acidic solutions also proceed by freezing in the presence
of NaCl without the need for any alkaline reagents.

Introduction Oxidative decomposition of gallic acid occurs in alkaline
solutions but hardly arises in acidic solutions (eétijVe have
found that the addition of NaCl accelerates the decomposition
of gallic acid caused by freezing at pH 4.5. We report here that
the decomposition of gallic acid under acidic conditions is

Some reactions are reported to be accelerated by
freezing!~1® Most of them are believed to be accelerated due
to freeze concentration. Furthermore, it is reported that the

acceleration can be observed only in a dilute solution. The EﬁeCtpromoted by freezing in the presence of NaCl. Furthermore,

of freeze concentration is different depending on the kinds of \ o venort the estimated pH value in the unfrozen solution in
ions and their concentrations. If the effects of freeze concentra-;

tion for cations and for anions are different, an electric potential '

is generated between the ice and the unfrozen solution when COOH COOH
e 18 Thic § .
an ele_ctrolyte solution is frozéﬁ. This is called a freezing Ox Q OX_ broducts @
potential. The values of freezing potentials are reported to be HO o OH o) OH
o]

—90 to +210 V (the sign of the potential refers to the ié&).
The freezing potential generated is mainly relaxed not by
electrochemical reactions but by the transfer of 6t OH~
between the ice and the unfrozen solution. Bronshteyn and All reagents, obtained from Wako Pure Chemicals, Inc., were
Chernov reported that potassium ferricyanide at pH 10 was reagent grade and used without further purification. Pure water
hydrolyzed by freezing in the presence of NH#Glespite the ~ was prepared by Milli-Q Labo using distilled water. The
fact that potassium ferricyanide is stable at2pH < 123 resistivity of the pure water was higher than 18.22\¢m.
Furthermore, Bronshteyn and Chernov showed the mechanism An agueous solution mixture of gallic acid and sodium
of pH change by freezing in detdfl. Takenaka et al. reported ~ chloride in a polyethylene test tube was frozen in a coolant at
that the pH decrease by freezing is an important factor in the —5 to =30 °C. Normally, the sample was frozen a0 °C.
acceleration of the reaction of nitrite with dissolved oxygen by The temperature was kept at the preset temperaté °C.
freezing!2 Recently, Heger et al. reported the pH change of The pH of the sample solution was adjusted by sodium
the sample containing HF, HCI, HNOH,SOy, andp-toluene- hydroxide. The pH was measured with an M-13 Horiba Co.
sulfonic acid due to freezing by using cresol P8ds described ~ Ltd. pH meter with a 6069-10C glass electrode, and the pH
above, the change in pH occurs by freezing in the presence ofmeter was calibrated with a phosphate buffer (pH 7) and
salts. It is theoretically possible that acidic solutions become phthalate buffer (pH 4) or borate buffer (pH 9). After complete
alkaline or alkaline solutions become acidic, and the reaction freezing, the sample was thoroughly thawed, and the concentra-

Experimental Section

proceeds by the large pH change by freezing. tion of gallic acid was measured by a UV absorption method.
The maximum absorption wavelengths of gallic acid are 212
*To whom correspondence should be addressed. Pher@1)72-254- and 258 nm. The spectrum is different depending on the pH,

9322. Fax: $81)72-254-9910. E-mail: takenaka@chem.osakafu-u.ac.jp. and therefore, the pH of the sample solution was adjusted at
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Figure 1. Spectral changes in gallic acid solutions at pH 7: (a) in the 2
absence of NaCl, (b) in the presence of 5 mmol-éitNaCl, (solid g
line) initial spectrum, (dotted line) aftd h of maintaining the solution =10
at 20 °C, (dashed line) after five freez¢haw cycles. The initial
concentration of gallic acid was 56mol dnv3. A period of about 12

min was required for freezing at20 °C, while just a few minutes 0
was required for thawing.

pH 7.5 before measurements by using NaOH g8®,, and

; ; by freezing in the presence of 5 mmol dhiNaCl and 3.33 mmol dr?
absorbance of gallic acid at 212 nm does not reach zero evenNagSQ. The initial concentration of gallic acid was 56nol >,

yvhen the spectrum change no longer occurs, but the spectr_umA” results were obtained after only one freezbaw cycle. The total

is the same as that obtained by the reaction of gallic acid with jon concentration of additional salts was identical to 10 mmot-&im

hydrogen peroxide. Therefore, the concentration of gallic acid both systems to obtain the same freeze concentration. The freezing

was determined by the difference in the initial and final temperature£{20 °C), time to freezing (ca. 12 min), temperature of

absorbances. The difference between the initial and final the thawing hot water (ca. 60C), and time to thawing (ca. a few

absorbances was 1.1 for §lmol dm? gallic acid. The RIS Wt & B2 T 20 1 oot B e cases of Nad

spectrum does pot have ‘,’my isosbestic points, and this Mean3qdition angd NgBO, addition, respectively. The black solid and dotted

the product gallic acid quinifféalso decomposes. ) lines are fitting curves in the cases of NaCl addition andS@
Single-crystal ice formed fra a 5 mmol dm? NaCl solution addition, respectively. Calculated lines: (red solid narrow line) NaCl

was grown from the bottom up in an hourglass test tube. The addition and a distribution coefficierfgaiic acia= 0.1, (blue solid bold

design of the test tube, the detailed experimental equipment,line) NaCl addition andaiic acia= 0.001, (red dotted narrow line) Na

and the method have already been repotegriefly, the test ~ SQ: addition anckaiic acia= 0.1, (blue dotted bold line) N&C, addition

tube was moved very slowly from the upper warmer zone to 22335?;‘{%35"’ = 0.001. See the text for the other conditions of the

the lower colder zone. The temperatures of the upper part and '

the lower part were 282 and 264 K, respectively. The unfrozen

solution remaining in the upper part of the single-crystal ice

was separated, and the pH was measured at room temperature.
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Results and Discussion

Figure 1 shows changes in the UV spectra of gallic acid by
the reaction at pH 7. As shown in Figure 1a, without NaCl, it
did not decompose in solution even after five freetteaw
cycles. Some reactions are known to be accelerated by freezing
due to freeze concentration. However, the decomposition of .
gallic acid does not proceed by the simple freeze concentration
effect. In the presence of NaCl, gallic acid did not decompose 10 L L L L L
in solution at 20°C for 3 h asshown in Figure 1b. However, 0 10 F 20 th 30 o 4 50
about 30% of the gallic acid decomposed with five freeze ) reese-Thaw ayge )
thaw cycles in the presence of 5 mmol dhNaCl, as shown  F/9ure 3. Effects of repeated freezehaw cycles: ©) in the absence
P L of NaCl, @) in the presence of 5 mmol dri NaCl. The initial
in Figure 1b. These results indicate that b_oth the presence of ., centration of gallic acid was 5mol dnv2. The pH was 4.50. A
NaCl and the freezing process are the main factors of decom-period of about 12 min was required for freezing-e20 °C, and just
position. a few minutes for thawing.

The decomposition of gallic acid by freezing is also promoted
by the concentration of dissolved oxygen, but the decomposition gallic acid was investigated. Figure 2 shows the effect of the
cannot be prevented in the absence of oxygen. The decomposiinitial pH of the sample on the decomposition of gallic acid in
tion of gallic acid could be due to oxidation by oxygen and the presence of 5 mmol driNaCl. The black circles indicate
alkaline hydrolysis. Some organic compounds are known to the results in the presence of NaCl. At pH higher than 9, most
aggregate at higher concentratidd¥he maximum absorption  of the gallic acid was decomposed by one freethaw process.
wavelengths 212 and 258 nm did not change at’16 1072 At pH lower than 7, it decomposed, and even at pH 4.5, a small
mol dm3, and therefore, gallic acid was considered not to amount of gallic acid decomposed. The gallic acid concentration
aggregate and change the reactivity by freeze concentration orwas about 1/3 at p##.5 (the subscript “0” indicates the initial
by preceding the decomposition. condition) after 50 freezethaw cycles as shown in Figure 3.

Effect of pH and the Concentration of NaCl on the In the solution, gallic acid was stable for several days at pH
Decomposition.The pH dependence of the decomposition of 4.5, and furthermore, in the absence of NaCl, gallic acid did

[Gallic acid] jumol dm™
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Figure 4. Effect of the NaCl concentration on the decomposition of Figuré 5. pH values in an unfrozen solution in a single-crystal ice
gallic acid with freezing at pH 7: @) after 1 h in solution at 20°C, formation: @) measured pH, (solid line) calculated pH. The concentra-

(®) after five freeze-thaw cycles. The initial concentration of gallic ~ tion of NaCl was 5 mmol dn¥. Single-crystal ice was produced from
acid was 5Qumol dnt3. A period of about 12 min was required for the bottom up in a test tube. The unfrozen solution, which existed only

freezing at—20 °C, while just a few minutes was required for thawing. I the upper part of the sample, was sucked out with a syringe. The
temperatures of the upper warmer part and the lower colder part of the

setup for single-crystal ice formation wet® and—9 °C, respectively.
not decompose after 50 freezthaw cycles. These results also P gle-cry P y

show that the presence of NaCl plays a very important role in
the decomposition.

Figure 4 shows the effects of the concentration of NaCl on
the decomposition of gallic acid. In the solution, the decomposi-
tion of gallic acid does not proceed at any NaCl concentration.
It is apparent that only the presence of NaCl has no effect on
the decomposition of gallic acid. Both the presence of NaCl
and freezing are required for the decomposition of gallic acid.
With freezing, it was observed that, in the presence of NaCl,

change upon freezing. In particular, the concentration of Na
SOy in Figure 2 is much higher than the concentration from
which the maximum potential is obtained, and therefore, the
pH change due to the freezing potential could be very small.
The total ion concentrations @ 5 mmol dnt3 NaCl solution

and a 3.33 mmol dr? N&,SO, solution are the same, i.e., 10
mmol dnT3; hence, the effects of freezing point depression can
be expected to be almost the same. Therefore, the results for
gallic acid decomposed. The maximum decomposition was N@&SQs in Figure 2 can be considered as a reference. Further-
observed at 5 mmol dnd NaCl. It was also observed that, even MOre, the pH dependence of the decomposition in the presence
in the presence of severalmol dnr3 NaCl, gallic acid of NaQSQ4 was almost the same as that in the absence ef Na
decomposed with freezing. The reason the decomposition S This result suggests that p&0; does not effect any pH
decreased at higher NaCl concentrations will be explained later.change by freezing.

Change in pH in the Unfrozen Solution by FreezingThe To confirm that an increase in the pH takes place by freezing
acceleration of the reaction by freezing is mainly due to the in the presence of NaCl, single-crystal ice was formed from a
freeze concentration, as described above. The pH change ca® mmol dn3 NaCl solution, and the pH of the unfrozen solution
also increase (or decrease) the reaction rates in the unfrozerwas measured (see the Experimental Section). The results are
solution in ice. The pH of the aqueous solution is determined shown in Figure 5. The pH in the unfrozen solution increased

by the simple charge balance relationship as ice formed. This is due to the fact that the chloride ion is

more highly incorporated into the crystal than the sodium ion.

[H] + Z[cation]z K /[H + By using the experimental pH values, the difference between
. . .. the concentrations of Cland Na can be determined. The

Z[carbonate ions} Z[anlon] (if) concentration of carbonate ions is assumed to be in equilibrium

with 380 ppm CQ. The amounts of compounds incorporated
The units are equiv dn?, andK,, denotes the ion product of  in ice are proportional to the concentrations of the compounds.
water. When the pH of the original solution is h_|gher than 7,in gor simplicity, the distribution coefficient&, ([X]ice/[X] unfroz
other words, when the amounts of the cations except H . .. of all compounds are independent of the concentration.

included in the unfrozen solution are more than those of the The concentration in the unfrozen solutih, is expressed as
anion except OH, the pH of the unfrozen solution in ice

becomes very high due to the freeze concentration effect, and
vice versa. Actually, at a pH lower than 7, gallic acid does not
decompose by freezing in the absence of NaCl, as shown in
Figure 2. The black triangles in Figure 2 show the results of Here, Ci and Co indicate the concentrations in the unfrozen
the decomposition by freezing in the case of addition oj-Na  solution and initial solution, respectively, akdandV; indicate

SQy. In this case, gallic acid did not decompose at a pH lower the volumes of the unfrozen solution and initial solution,
than 7.5. The freezing potentials of NaCl are reported as arespectively. The unfrozen solution exists in the upper part of
negative value (the maximum is43 V for a 250umol dn3 the sample, and therefore, the carbonate species are equilibrated
NaCl solution)!® This means that the pH of an unfrozen solution with atmospheric C@ The pH can be calculated from the

in the presence of NaCl is expected to increase. On the otherfollowing charge balance relationship:

hand, the freezing potentials of M0, are reported at a slightly

positive value (the maximum i58 V for a 20umol dm 3 Nap- [H'] + C(Na)=[OH ] + C(Cl) +

SO, solution)!® This means that the pH in an unfrozen solution ‘ ! B o .

in the presence of N8Oy is not expected to have a significant [HCO; ] + 2[CO7 ] (iv)

C = Co(Vy/ V)™ (i)
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Here,Cy(Na) andCy(Cl) indicate the concentrations of sodium
ions and chloride ions, respectively, in the unfrozen solution.
In the calculation of the concentrations of bicarbonate and
carbonate ions, the Henry’s law constalf;, and acid dis-
sociation constants,; and Ky, have the following valued
Ky = 0.0311 exp[2423(T — 1/298)] M atnT?, Ky = (4.3 x
1077) exp[-913(1T — 1/298)], Kaz = (4.7 x 10711) exp[-
1760(1m — 1/298)]. The pH measurements were carried out at
room temperature, and therefore, we calculate the pH values at
25 °C. If we adopt the reported value of the distribution
coefficient of CI of 2.78 x 107324 the measurement data are
best fitted with the calculated curve (bold line) in Figure 5 when 2 ) , , , ,
the distribution coefficient of the sodium ion is 2.631073, 0 10 20 30 40 50 60
The correlation coefficient? was 0.983. By extrapolation, the Time / hour
pH value of the unfrozen solution is calculated to be 8.60 when Figure 6. Change in the gallic acid concentration in long-time storage
the solution is concentrated to a factor of 480, which corresponds(2 days) at a constant temperature in the presence of 5 mmol dm
to an ice/solution equilibrium of the NaCl aqueous solution at NaClat pH 7: &) solution at 20°C, () freezing at-5 °C, (O) freezing
264 K25 Furthermore, in the absence of g@he pH in the at—10°C, _(0) freezw_lg at_f20 °C, (@) freezlng athO‘fC. The mmal_
P concentration of gallic acid was 0nol dn3. The rapid decreases in
unfro_z_en solution in ice |s_calculated to be 11.3 under the samey " . (1 -ontration at the beginning-a80, —20, —10, and—5 °C are
conditions. Sola and Corti reported that the pH of the 0.1 mol gye to the decomposition that occurred until the whole sample was
dm™ NacCl solution changed from 7.5 to 9 when about 50% of frozen. After that, the temperatures reached the set temperature.
the sample was frozen with rapid freezi#fgThe presence of
NaCl causes a large pH increase by freezing, and the decom
position of gallic acid by freezing occurs at a high pH.

If we assume that the promotion of the decomposition of
gallic acid is due to an increase in the pH, the amounts of OH
transferred from the ice to the solution can be calculated. From
Figure 2, the two curves were best fitted by using a computer
and then, the amount of OHvas calculated from the difference
in the pH at the same amounts of gallic acid decomposed in
the case of NaCl addition and that of J$& addition. The
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sibilities for the inconsistency of the two curves; for example,
the distribution coefficient may be concentration-dependent or
may depend on the existence of other ions, or the reaction may
also take place below the eutectic point of the system. We
adopted—16.7 °C (the eutectic point of the sample as shown
in the next section) in the calculation, but the experiment was
' done at—20 °C. Further investigations are required to estimate
the more accurate pH value in the unfrozen solution.

It has also been reported that the electric potential decreases
at a high concentration of electrolyt&sThe pH change by
average amount of OHtransferred was (1.26 1.10) x 10°° freezing is expected to be small. This is also confirmed from
mol dm. However, in this value, the changes in the ratios of o5t by Pincock When the total concentration is very high,
bicarbonate and carbonate concentrations and gallic acid ande freeze concentration effect becomes small because the final
gallate ion concentration, etc. with pH change are not included. equilibrium concentration at a certain temperature in the

Then, we calculated the pH in the unfrozen solution with the nfrozen solution is the same. This is the reason the decomposi-
distribution coefficients of ions and the charge balance relation- (ion s inhibited at higher NaCl concentrations in Figure 4.

ships. We adopted distribution coefficients of chloride and  Effect of the Eutectic Point on the Decomposition The

sodium ions of 2.78< 10~° and 2.63x 107% obtained from  gecomposition of gallic acid with freezing in the presence of
Figure 5, respectively. The distribution coefficient of sulfate Nac| was investigated at various temperatures, and the results
was assumed to be half that of sodium ions since the freezingare shown in Figure 6. At pH 7, gallic acid gradually
potential of NaSO, is nearly zero. The distribution coefficient decomposed in solution. At5, —10, and—20 °C, it decom-

of gallate, kgaiiate ion Was altered to be suitable for both the pH  posed quickly until the sample was completely frozen, and then
values in the unfrozen solutions in ice in the case of NaCl jt decomposed further and more slowly with time. A80 °C,
addition and those of N80, addition. The concentration factor  rapid decomposition was apparent during freezing, but after
and temperature of the solution are assumed to be 785264 complete freezing, the decomposition was inhibited. The eutectic
°C, respectively. The reasons to adopt these values are discussegbint of the sample was measured to-b#6.7°C as shown in

in the next section. The calculated curves are shown in Figure Figure 7. This result implies that the unfrozen solution cannot
2. The bold solid curve and the bold dotted curve indicate the exist in ice at—30 °C, while it does exist a5 and—10 °C.
results forkgaiate ion = 0.1 in the cases of NaCl addition and At temperatures higher than16.7 °C, the concentration of
NaSO, addition, respectively. The fine solid curve and the fine gallic acid can become very high by freeze concentration, and
dotted curve indicate the results fRaiateion = 0.001 in the  the pH values in the unfrozen solution can also become higher
cases of NaCl addition and B8O, addition, respectively. An by the induced freezing potential in the presence of NaCl.
acid dissociation constantKg of gallic acid of 4.41 (25°C) Therefore, gallic acid is expected to decompose continuously
was used for the calculatidi,and the error of the&, value at temperatures higher tharl6.7°C in the presence of NaCl.
could be 56-200%. However, the final error in the calculation On the contrary, the decomposition can be prevented by
is considered to be negligibly small. This can be confirmed in lowering the temperature below the eutectic point. However,
Figure 2. The difference between the calculated line&dg@se ion gallic acid was decomposed slowly-a0 °C after the sample

= 0.1 and 0.001 was very small. This result indicates that the was completely frozen, despite being below the eutectic point.
Kqaliate ion Value cannot be determined from the present experi- There are several reports about the importance of a quasi-liquid
mental methods and calculations. The calculated pH depend-layer (QLL) in the behavior of solutes in the grain bounchrsp.
encies of the decomposition of gallic acid in the unfrozen The thickness of the QLL of pure ice has been measured by
solution in NaCl addition and N&O, addition are not in Kuroda and Lacman#f. They reported that the thickness of the
complete agreement with each other. There are several posQLL decreases with decreasing temperature and becomes very
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275 decomposed with freezing. The concentration of NaCl ranges
from severalimol dm 2 in clean rain in urban areas to several
hundredumol dnm2 in fog, dew, and riverd>3 Hence, NaCl

270 - would have a great influence on the behavior of humic acids in
the environment. Furthermore, it decomposes at pH higher than
4.5. The pH value of natural water, such as that in lakes, rivers,
rain, and dew, is generally between 4 and 8; therefore, the
decomposition of gallic acid as a result of freezing ordinarily
takes place in the presence of NaCl. Even with a small degree
260 - of decomposition, in nature the total is significant considering
that the freezing and thawing processes have been repeated a
number of times.

Temperature / K
N
[~
(3]
T

255 1 I 1 I
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