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The solubility of Na,0,.8 H,O in the multicomponent system H,0,-NaOH-KOH-H,O has
been investigated at temperatures of 12, 20, and 30°C. Comparison of the data with solubilities
of the same compound in the simpler system H,O,-NaOH-H,O shows that the presence of potas-
sium hydroxide increases the solubility at the same temperature and total content of hydroxide
ions. The effect of potassium ions on the solubility of Na,0,.8 H;0 is exbressed by an empirical
equation relating the apparent equilibrium constant of the dissolution reaction and the molalities
of the perhydroxyl and potassium ions at a given temperature.

A previous work! has indicated that the preparation of alkaline solutions of hydrogen
peroxide by cathodic reduction of oxygen can only be carried out in dilute solutions
of sodium hydroxide, since little soluble sodium peroxide octahydrate separates,
even at very small hydrogen peroxide content, from concentrated solutions (CMOH >
> 2mol dm™?) at a temperature of electrolysis of about 20°C. The separation first
occurs inside the pores of the carbonaceous cathodes where the hydrogen peroxide
concentration is highest as a consequence of concentration gradient?. The solid
Na,0,.8 H,O causes the plugging of pores and mechanical disintegration of the
porous cathodes, preventing long-term operation of the process. For these reasons,
solutions of up to 1—1-5moldm™2 NaOH can only be used in the electrolysis
at 20°C. A disadvantage of such dilute solutions, however, is their low electric
conductivity leading to relatively high voltage of the electrolyzer. Also, there is
a danger that the anolyte alkalinity may decrease below the value necessary to main-
tain the nickel anodes for oxygen evolution in the passive state.

When potassium hydroxide is used in the process, the solid phase will not separate
however high the degree of conversion of OH™ into O,H™ ions, and thus solutions
of highest electrical conductivity (about 7M-KOH) may be used. However, the potas-
sium hydroxide solutions have a major disadvantage of being much higher in cost
than sodium hydroxide, which makes their use unattractive from the economic
point of view. This is true especially where it is impracticable to make use of the
alkali after utilization of hydrogen peroxide dissolved in the solution. An improve-
ment of this situation may be achieved by using mixed solutions of sodium hydroxide
and potassium hydroxide. The present work was undertaken to supply hitherto
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lacking data on the solubility of Na,0,.8 H,O in the system H,0,-NaOH-KOH-
-H,0.

EXPERIMENTAL

Procedure. Stock solutions of molar ratios KOH : NaOH of about 1:1 or 2:1 and a total
hydroxide ion concentration of about 10 moldm™2 were prepared from saturated, ¢. 50%
solutions of NaOH and KOH containing only negligible amounts of carbonates (K,COj3
content lower than 1%). Appropriate amounts of c. 80% H,0, (Chemické zdvody, Sokolov)
were added to various volumes of the stock solutions and distilled water until desired amounts
of Na,0,.8 H,O crystals had separated. The mixtures were then maintained for at least one
hour at desired temperatures (30, 20, or 12°C) by passing thermostatted water through the jacket
of the reaction vessel fitted with a Bunsen valve to prevent the entrance of carbon dioxide from
the air. The reaction mixture was thoroughly stirred by a magnetic stirrer. When equilibrium
was established, the stirring was stopped, and a sample of the clear, saturated solution was
withdrawn for chemical analysis. The separated crystals were filtered off, and the remaining
clear solution was transferred to a polyethylene bottle and allowed to stand until the hydrogen
peroxide decomposed spontaneously. The density of the saturated solution was determined
pycnometrically. The decomposed saturated solutions were analyzed for the content of sodium
and potassium cations by the method of flame photometry.

The chemical analysis of the samples of saturated solutions consisted in the acidimetric de-
termination of the total alkalinity and permanganometric determination of the total hydrogen
peroxide, as in the previous work!. The actual total concentrations of sodium hydroxide and
potassium hydroxide in the saturated solutions were calculated from the total alkalinity at the
time of sampling and the potassium-to-sodium molar ratio as determined by flame photometry.
1t should be noted that this molar ratio was always higher than that of the starting solution,
since the separation of the Na,0,.8 H,O crystals resulted in an impoverishment of the solu-
tion with respect to sodium ions.

RESULTS AND DISCUSSION

A survey of the compositions of saturated H,0,-NaOH-KOH-H,O solutions with
various contents of the basic components (in wt.%) at the temperatures 30, 20, and
12°C is given in Table I. These basic analytical data were used to calculate the molali-
ties of the individual ions in the saturated solutions. Since the total molality of hydro-
gen peroxide, my,q, o in the measured solution was in all the cases sufficiently
lower than the total molality of hydroxide ion, mgy- o it Was justified, in view
of a previous study?, to assume that nearly all of the hydrogen peroxide in the solu-
tion was present in the form of the O,H ™ anion, and that the amount of undissociated
H,0, molecules was negligible. As a result of the nearly complete ionization of hydro-
gen peroxide,

H,0, + OH™ = O,H” + H,0, %)

the true molality of the hydroxide ion is
Moy- = Mg+ T Mg+ = Mou- - ©)
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TaBLE I

Experimentally determined compositions of saturated solutions of the system H,0,-NaOH-
~KOH-H,0, calculated solubilities mg, i - cay1c, and apparent equilibrium constants K’ calculated
from experimental data

Saturated solution

W% mol/kg H,0 ];Z;S‘_% r K

H,0, KOH NaOH OH~ K* Na* O,H;, O,Hg,

30°C
065 2111 11469 976 565 439 029 016 13336 129 5410
128 2121 913 832 553 334 055 034 13006 166 5125
238 1853 783 640 463 275 098 082 12714 169 4746
657 1527 728 408 425. 284 301 384 12457 150 9913
1108 17:13  7-34 253 474 285 506 445 12419 166 10358
376 2204 641 653 579 236 163 099 [2835 245 5947
398 2185 629 633 574 232 I72 112 12695 248 5843
830 1996 613 404 550 226 372 290 12716 243 7690
1035 2214 594 388 641 241 494 493 12957 266 11129
1138 2087 628 316 505 255 544 503 12770 2:37 112:03

20°C
027 2068 1209 990 551 451 012 007 13344 122 2369
061 2149 856 835 552 309 026 019 12975 179 2053
IS4 1985 615 638 488 212 062 064 12817 230 17:90
372 1631 564 434 391 190 147 ©97) 12274 206 22:96
535 1833 541 429 461 191 222 298 12395 242 3462
932 1667 579 246 435 212 401 365 12405 2:05 4459
1037 1779 517 212 476 194 457 338 12318 245 3647
1389 1572 698 073 442 275 644 547 12390 161 3949
297 2322 474 645 599 172 126 094 12835 349 2392
309 2294 477 632 591 172 13l 095 12745 343 246)
903 2108 472 350 577 181 408 408 12694 319 4674
942 2371 406 394 673 162 44l 427 12910 416 4535
726 2295 407 452 622 155 325 303 12765 402 3521

12°C
011 1931 1385 1030 516 519 005 003 13468 0-99 12:89
024 2086 974 880 538 352 010 007 13062 153 1104
104 1995 557 632 484 190 042 041 12978 256 946
264 1655 488 447 389 161 102 108 12194 242 1182
368 2011 368 472 494 127 149 - 112363 390 1135
621 1766 428 333 438 149 254 258 12307 294 1880
739 1877 392 308 478 140 31l 25T 12315 341 1882
856 1717 413 225 436 147 359 239 12307 296 1750
252 2377 394 430 607 141 106 069 12755 430 1356
245 2336 388 429 590 138 094 080 12757 429 1122
1013 2076 433 279 S71 167 460 512 12665 342 3580
875 2420 324 400 677 127 404 448 12902 532 2613
628 2359 327 475 629 122 349 12736

2:76

514

19-62
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The molalities of the individual ions calculated in this way are also included in Table I.

At this point, it should be pointed out that in the treatment of the solubility data®
for the system H,0,-NaOH-H,O, due allowance was not made for enrichment of the
system with water generated from hydrogen peroxide in accordance with Eq. (1),
and the molalities my,+ and mg,,;- were identified with the total molalities My,om, 100
and my,o, 0 respectively. Consequently, the originally calculated! values of the
apparent equilibrium constant, K', for the dissolution of sodium peroxide octa-
hydrate

Na,0,8 H,0 = 2Na® + O,H™ + OH™ + 7H,0 3
K' = mi,. . Mo,u- - Moy- 4)

are subject to some error whose magnitude depends on the total alkalinity, and prima-
rily on the total hydrogen peroxide content of the solution. For very low hydrogen
peroxide content, however, the differences between mg, ;- and my,g, o, Or between
My, + and My,op, 0 are very small.

On recalculation of the analytical data as presented in the previous paper' to the
true molalities of the individual ions, the dependence of the apparent equilibrium
constant K’ on the molality of O,H™ ions in the system H,0,~-NaOH-H,O in the
temperature range 0—40°C may be expressed with sufficient accuracy by the rela-
tion

K' = Ko(1 + 0-3385mg,u- + 005937m3 y;-). %)

The dependence of the apparent equilibrium constant K, obtained by extrapolation
to infinitely low concentration of O,H™ ions in saturated solution, on temperature
in the above specified range is expressed by the relation

log Ky = 10-7706 — 2 276:5|T . (6)

The temperature dependence of the solubility of pure sodium peroxide octahydrate
in water, where in consequence of the dissolution reaction (3) it holds

Mpgs = 2Mou- = 2Moy- = 2iMg,,, (7)

is expressed by the relation
4m? Ky — 0-05937mZ, — 0:3385m,,, — 1 =0 (8)
which has been obtained by combining Egs (4), (5}, and (7). Substituting into Eq. (8)
K, values as calculated from Eq. (6) for the individual temperatures, we obtained
solubilities of Na,0,.8 H,O in mol kg~', which are listed in Table IT. Also included
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in the table are the values of the solubility product, K, defined', on the basis of Egs (3)
and (4), as K, = 4m?,,. The temperature dependence of this quantity is expressed as

log K, = 12:46966 — 3 199:74/T. (9)

The data presented here are to replace those published in the previous paper’,
as the former result from a more accurate treatment of the previously determined
data on the solubility in the system H,0,-NaOH-H,O. The basic analytical data
on the compositions of saturated solutions in terms of wt.% NaOH,, and H,0, .,
as reported in ref.", remain unchanged.

The evaluation of the solubility data for the multicomponent system H,0,-
-NaOH-KOH-H,O is based on the same assumption that the solubility equi-
librium is determined by the equilibrium constant of reaction (3). With respect
to the above given condition, i.e., My,o, 100 < Mou- 0 NOWever, the concentration
of the OH" ions is given by Eq. (2). Substituting this equation into Eq. (4) for the
apparent equilibrium constant yielded K’ values for the individual saturated solu-
tions at a given temperature, which are also listed in Table I. The dependence of K’
on the true molality of O,H™ ions is shown in Fig. 1 from which it is seen that the
experimental points follow essentially the same trend as found for the basic ternary
system' (denoted by full lines) but there is not a quantitative agreement. Though
there is a greater scatter in the experimental data for the quaternary system as com-
pared to the ternary system,which is due to the different molar ratio of potassium
to sodium ions as a result of the above mentioned impoverishment of the solution
with respect to sodium ions, and to the lower accuracy of the analytical determina-

TasLE If
Values of characteristic solubility quantities for Na,0,.8 H, O in the temperature range 0 to 40°C

Mgat K
1,°C Ky
a b a b
0 4-035 1-098 1-092 5-824 5694
10 9-222 1-382 1-386 14-581 14-763
12 10-805 1-445 1-451 17-425 17-718
20 19-922 1-720 1-730 35-022 35-863
30 40-904 2:122 2-129 81-242 82:167
40 80-212 2:601 2:585 183-046 178-549

“ Calculated from Eq. (8), b calculated from Eq. (9).
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tion of the ratio of the alkali metal ions by flame photometry, it is obvious that the
deviations from the curves for the ternary system arise from the presence of potas-
sium ions in the saturated solutions. Therefore, it seems justified to assume that the
deviations reflecting the effect of potassium ions on the value of the apparent equi-
librium constant K’ may be described by an empirical equation, which has been
found to be of the form

KJ(Ko(1 + 0:3385mp- + 0:05937md =) = 1 — 0:053my. . (10)

Here, the denominator on the left-hand side represents the value of the apparent
equilibrium constant for the basic ternary system at an actual molality of O,H™ ion
and temperature considered (Egs (5) and (6)). Owing to the relatively low accuracy
in determining the potassium-to-sodium concentration ratio in saturated solutions
by flame photometry the coefficient on the right-hand side of Eq. (10) exhibits
a rather large standard deviation (0-053 + 0-030).

logk'

-05 logmayr 05
»
Fic. 1 FiG. 2
The apparent equilibrium constant K’ as Experimental and calculated ( ) solu-
a function of the molality mg,y-. Full bility curves for Na,0,.8 H,O in the system
curves calculated on the basis of Eq. (10) H,0,~NaOH-H,0 at 0(0), 10(1), 20(2),
(— ) for the system H,0,-NaOH-H,0 30 (3), and 40°C (4), and calculated solubility
for 30(l), 20(2), and 12°C (3); experi- curves for the same compound in the system
mentally obtained values for the system H,0,-NaOH-KOB-H,0 at 20°C (-~~~ )
H,0,-NaOH-KOH-H,O0 at 30 (0), 20 (e), for molar ratios p = 1 (2) and 2 (2)

and 12°C (@)
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Combining Eqgs (10) and (4) allows one to derive an expression for calculating
the solubility curve for Na,0,.8 H,O in terms of the molality mg,y-, applicable
at any molar ratio of sodium hydroxide to potassium hydroxide in the mixed system
H,0,-NaOH-KOH-H,0. Denoting this ratio as p = my+[my,+, and introducing,
for the case where mg,u- < Moy- o1, the relation

Mmon- = (p + 1) Mpa+ — Moyu- » (11)
we obtain a quadratic equation whose roots

Mou-1,2 = (P + 1) m+ — AKG(1 + pCmy,s) £ (((p + 1) mias —
— AKY(1 4+ pCmyy+))* — 4Kp(mb, + BKo(1 + pCimy,+))
(1 + pCmy, ) *))(2(mie+ + BKy(1 + pCrmig,+))) (12)

represent the desired solubility values. The symbols 4, B, and C stand for the coef-
ficients of Eq. (10), i.e., A = 0-3385, B = 0-05937, and C = —0-053. Substituting
into Eq. (12) K values obtained from Eq. (6) for the relevant temperatures, we first
calculated the solubility curves for Na,0,.8 H,O in the basic system H,0,-NaOH-
-H,0 (i.e,, for p = 0) for temperatures of 0, 10, 20, 30, and 40°C. The results are
shown in Fig. 2 which provides comparison between the calculated solubility curves
for the above temperatures and the experimental data. As can be seen from the figure,
Eq. (12) gives a very good fit to the experimental data’.

The extent of agreement between the solubility data calculated from Eq. (/2)
and the experimentally obtained values for the quaternary system is demonstrated
in Table I which includes values of the quantities mg,y- ) and Mg, y- oy, Com-
parison of the corresponding pairs reveals that the agreement is less satisfactory
than in the case of the basic ternary system, as has been discussed earlier. This is
also reflected in the large standard deviation for the coefficient C.

Fig. 2 also shows the calculated solubility curves for Na,0,.8 H,O in the quater-
nary system H,0,-NaOH-KOH-H,O at 20°C for molar ratio values p equal
to 1 and 2 (dashed lines). It is seen from the figure that as the potassium-to-sodium
molar ratio is increased, the crystallization region of Na,0,.8 H,O diminishes,
or in other words, at the same total alkalinity of the solution, given for the mixed
system by the expression

MoH- 1ot = Mna+ + Mg+ = (1 + P) Mya+ (13)

the solubility of Na,0,.8 H,O quite markedly increases. For example, for p = 1,
i.e. for mixed solutions of sodium hydroxide and potassium hydroxide of a molar
ratio of 1 : 1, the increase in the solubility at 20°C is nearly equivalent to that induced
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in the basic ternary system by a temperature increase to about 38°C. This means that
the use of mixed NaOH + KOH solutions of a total alkalinity coy- o = 2 mol.
.dm™* and molar ratio p as 1 should permit smooth operation of the electrolytic
preparation of hydrogen peroxide by cathodic reduction of oxygen, and that it should
do so at degrees of conversion of OH™ to O,H™ as high as 0:7 to 0-8. This con-
clusion has been fully confirmed by experimental studies on the preparation of hydro-
gen peroxide in a laboratory-scale continuously working electrolyzer*. By contrast,
the use of solutions of sodium hydroxide alone of the same concentration resulted,
under otherwise the same conditions, in disintegration of the carbonaceous cathodes
after several tens to hundreds of hours of operation.
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