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Distribution of Methanol-Water and Ethanol-Water Mixtures
in Strongly Basic Polystyrene Anion Exchangers

in Free Base Form

EERO SJOSTROM®*, LALLI NYKANEN** and PEKKA LAITINEN

Lddiketehdas Orion Oy, Helsinki, Finland

The distribution of methanol-water and ethanol-water mixtures
in two strongly basic anion exchange resins (hydroxyl form) cross-
linked with 7.5 9% and 0.6 % divinylbenzene has been studied. Cen-
trifugation was used to separate the resin from the surrounding
solution and the concentrations in the resin phase were determined
after the elution of the solvent components. The hydroxyl-alkoxide
ion equilibrium, ROH + OH"~ = RO~ + H,;0, was taken into consi-
deration in the final calculations. For this an equation was derived
for the calculation of the hydroxyl and alkoxide ion contents of the
resin.

The water concentration was found to be higher inside the resin
than in the surrounding solution over the whole solvent composition
range. Compared with the same resin in chloride form, the salting-
out effect of the hydroxyl resin is greater up to a certain alcohol
concentration (about 70 9% (w/w) methanol and 83 9%, (w/w) ethanol)
but smaller at higher concentrations. A reasonable explanation for
this observation seems to be that the hydroxyl ions are converted into
alkoxide ions, as & result of which the ability of the resin to take up
alcohol is increased.

The internal solution volumes of the resins were calculated at
various alcohol concentrations. The data revealed that, compared
with the chloride resin, the hydroxyl resin takes up more solvent
and that only small changes take place in the swollen volume with
varying alcohol concentration.

Ithough many investigations have been published on the distribution of
solvent mixtures in ion exchange resins in various ionic states (see, e.g.,
Refs.2-3), only very few experiments seem to have beefl carried out with anion
exchange resins in the free base form. The main reason is that an anion
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exchange resin in its hydroxyl form is more or less unstable to organic solvents.
This special case is, however, of considerable interest from the standpoint of
a fundamental understanding of the catalysis of reactions by ion exchange
resins, for the rate and even the mechanism of a reaction depends on the com-
position of the solvent in the reacting phase ¢ The present investigation was
started in connection with our kinetic studies on resin-catalyzed ester hyd-
rolysis in alcohol-water mixtures.

EXPERIMENTAL

Resins. Two strongly basic polystyrene anion exchange resins cross-linked with 7.5 %,
and 0.5 % divinylbenzene were used. The former resin, a commercial sample of Dowex
1 (20 to 50 mesh), was ground and sieved in the air-dry state to a particle size of 0.15
to 0.30 mm before use. After the usual purification procedure the resin was air-dried in
chloride form and transferred to a glass bottle. The moisture content of the resin, deter-
mined by drying to constant weight in vacuo over magnesium perchlorate at 60°, was
12.0 %. The total capacity of the dry resin was 2.91 mequiv./g.

The resin containing 0.5 % divinylbenzene was prepared by a method similar to that
described by Gregor et al.® 49.55 g of styrene (Th. Schuchardt) and 0.45 g of a polymer
mixture containing 55 % divinylbenzene (Th. Schuchardt) were heated together with
0.5 g of benzoyl peroxide and 400 ml of water to 90°in a 1-1three-necked flask. The mix-
ture was then vigorously stirred for 15 min. After 5 g of soluble starch powder had been
added, the stirring was continued for 3 h. The reaction mixture was kept at 90° for a
further 24 h after which the product was separated, washed with water, and dried.

The chloromethylation process was exactly the same as described by Pepper, Paisley
and Young ¢ and Samelson and Hammet ?. The degree of chloromethylation was deter-
mined by burning a sample of the product in the presence of ethylene glycol and sodium
peroxide in an IKA-bomb and titrating the residue potentiometrically with silver nitrate.
The chloride content was found to be 24.3 % (theoretical value 23.19%,).

The chloromethylated resin was amminated as follows (cf. Ref.%). 20 g of the chloro-
methylated resin was added to 500 ml of dioxane and the mixture cooled in an ice bath.
After 250 ml of dry trimethylamine (Fluka, purum) had been added, the reaction was
allowed to proceed for 48 h with occasional shaking. The amminated resin was purified
by alternate treatments with 1 N sodium hydroxide, 5§ N hydrochloric acid, and water.
The resin was then washed in its chloride form with water to remove excess acid, air-
dried to a constant weight, and transferred to a glass bottle. The moisture content of
the air-dried resin was found to be 11.79% by drying at 60° in vacuo over magnesium
perchlorate to constant weight. The total capacity of the dry resin was 3.80 mequiv./g.

Distribution experiments. Each experiment comprised four steps: (1) equilibration
of the resin with a solvent; (2) separation of the outer phase from the resin by centrifuga-
tion; (3) elution of the solvent from the resin (water with methanol and alcohol with
water); (4) determination of the water and alcohol in the effluents.

In detail, the experiments were carried out as follows. A sample of the air-dried resin
(1.000 g of the 7.59% and 0.1000 g of the 0.59%, cross-linked resin) was introduced into a
glass filter-tube (10 x 90 mm) fitted with a sintered glass disc of porosity 1. The resin
was allowed to swell in water for 18 to 20 h. It was then converted into the hydroxyl
form with 100 ml of 1 N sodium hydroxide solution and washed free of excess alkali
with de-ionized water. The resin tube was then placed in an air thermostat maintained
at 25 4 0.2°, and 200 ml of an aqueous alcohol solution at the same temperature was
passed through the resin bed at a flow rate of about 0.5 ml/min. The equilibrated resin
was allowed to stand for 18 to 20 h, after which it was washed with a further 100 ml of
the mixed solvent. The tube was then loosely stoppered, transferred to a centrifuge
(Martin Christ, Universal Junior I) and centrifuged for 30 min at a speed of 1 700 r.p.m.,
which corresponds to 480 g. After the centrifugation the water was displaced from the
resin phase with absolute methanol ingo a 100-ml volumetric flask. Similarly, water was
used to displace the alcohol. Since duplicate determinations were always performed, four
samples in all were required to determine the distribution of the components of each
solvent mixture.
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The alcohol-water mixtures were prepared by weighing and were allowed to stand
several hours in the 25-degree air thermostat before use. Methyl alcohol (guaranteed
reagent; water content < 0.03 %) from E. Merck AG, Darmstadt, and ethyl alcohol
(quality AaS; water content ~ 0.5 %) from Oy Alkoholiliike Ab, Helsinki, were used
in all the experiments. The water used was de-ionized by mixed-bed ion exchange and
had a specific conductivity of less than 10-¢ ohm-! cm™2,

Analytical methods. Water was determined by the Karl Fischer method as modified
by Johansson .| The difference between duplicate determinations was less than 2 9.
Methanol was determined by the chromotropic acid method described by Ahlén and
Samuelson *. A standard and a blank solution were prepared simultaneously with the
sample. The measurements were performed at 570 mu with a Unicam SP 500 spectropho-
tometer fitted with l-cm absorption cells. The difference between duplicate determi-
nations did not exceed 2 %. Ethanol was determined by titration with potassium dichro-
mate 1% The duplicate determinations differed less than 2 9%,.

CALCULATIONS

When a strongly basic anion exchange resin in hydroxyl form is equilibrated
with an aqueous alcohol solution, the hydroxyl ions are partly replaced by
alkoxide ions 4

ROH + OH™ = RO™ + H,0 1)

Consequently, when the water is displaced from the resin with methanol
in the elution step, the hydroxyl ions are converted into an equivalent amount
of water. Correspondingly, the alkoxide ions form an equivalent amount of
alcohol when, the resin is eluted with water. The water and alcohol thus formed
must be subtracted from the original water and alcohol contents in order to
obtain correct results for the solvent composition in the resin phase. The
hydroxyl and alkoxide ion contents of the resin can be calculated as follows.
The equilibrium constant for reaction (1) may be written:

[RO7] [H,0]
TROH] [OH |

For one equivalent of resin the sum of hydroxyl and alkoxide ion concentra-
tions

=K @)

[OH,] + [RO7] =1
hence [RO]=1—[0OH"] (3)
If [ROH], and [H,0], denote the total numbers of moles of alcohol and
water found in the effluent per equivalent of resin, then

[(H,0] = [H,0], — [OH] (4)
and )

[ROH] = [ROH]}, — (1—[OH]) (5)
When [RO7], [H,0] and [ROH] are eliminated from eqn. (2) by means of
(3), (4) and (5), one obtains

(1—[OH"]))([H,0:—[OH"}))

((ROH], + [OH"] — 1)[OH"]
After rearrangement, it is found that

K (6)
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Table 3. Distribution of methanol-water mixtures in Dowex 1 (Cl).*

Solution Resin Phase
Total Total

MeOH Xyeor| MeOH H;0 solvent MeOH MeOH H,;0 solvent Xyeom Vs
wt. % g g g wt. % Moles Moles Moles m]
0 0.000 — 286 286 — — 15.9 15.9 0.000 259
20 0.123 51.8 230 282 184 1.62 12.8 144 0.112 261
30 0.194 78.1 202 280 27.9 244 11.2 13.6 0.179 265
50 0.360 122 130 252 484 3.82 7.23 11.1 0.346 248
70 0.568 147 87.1 234 62.8 4.60 4.84 9.44 0.487 238
90 0.8356 187 34.4 221 84.6 5.84 1.91 7.75  0.7563 239
100 1.000 214 — 214 100.0 6.70 — 6.70 1.000 245

* The values are given per one equivalent of resin.

(K—K [ROH]t—[Hzo]t— 1)+ V (K—K[ROH]—[H,0];—1)>+4[K—1 )[Hzo]t
SE—1) ()

The hydroxyl ion content of the normal resin (Dowex 1), in equilibrium
with an aqueous alcohol solution, cannot be exactly calculated using earlier
reported values for K. The condition in the resin phase is far from ideal and
when the unknown activities are neglected, the K in eqn. (2) will not represent
a true thermodynamic equilibrium constant and will probably vary with solvent
composition. However, by using earlier reported values for K, it is possible
to approximately estimate the influence of the chemical reaction on the ana-
lytical figures. Kinetic measurements with a porous resin have given a value
of 11.8 for K for methanol-water mixtures 1! (c¢f. Ref.??); from other studies
the K value for ethanol-water mixtures again, can be evaluated as approxi-
mately 0.813 (cf. Refll%). As can be seen from Table 1 the calculated values
based on these constants differ considerably from experimental values,
especially for methanol-water mixtures of low methanol content (Table 1).
For ethanol-water mixtures, however, the corrections are smaller owing to
the lower K value (Table 2).

Considering a porous resin with an extremely large swollen volume, the
additional amounts of water or methanol resulting from chemical reaction
can obviously be neglected within the limits of experimental error. For in-
stance, when the hydroxyl ion content of the porous resin in equilibrium with
a methanol-water mixture containing not more than 5 9%, methanol is calculated
from eqn. (7) using for K a value of 12, it is seen that the methanol and water
formed in the elution step correspond to less than 0.39, and 39, of the
total (found) methanol and water contents, respectively. For methanol con-
centrations exceeding 59, the corresponding figures are 0.2 9%, and 29,.

[OH]=

RESULTS AND DISCUSSION

All the experimental data obtained with the normal resin (Dowex 1) and
the calculated values are summarized in Tables 1 and 2. For comparison, the

Acta Chem. Scand. 16 (1962) No. 2
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Fig. 1. Distribution of aleohol-water mixtures in Dowex 1.

@® Methanol-water mixtures. Resin in OH-form.

V Methanol-water mixtures Resin in Cl-form.

O Ethanol-water mixtures. Resin in OH-form.

+ Ethanol-water-mixtures. Resin in Cl-form. (Dowex 2). According to data of
Riickert and Samuelson 1.

distribution of methanol-water mixtures in the same resin in chloride form
was also determined (Table 3). For the ethanol-water mixtures the distribution
data reported by Riickert and Samuelson ! for a resin (Dowex 2) in chloride
form were used. The mole fractions of methanol and ethanol in the external
solution are plotted agaist the mole fractions in the resin phase in Fig. 1. It is
seen, in agreement with general rules presented earlier (see, e.g., Ref.18), that
the resin favours the more polar solvent component water throughout the whole
solvent composition range. The salting-out effect is, of course, more pronounced
in ethanol-water mixtures than in methanol-water mixtures. The dipole
moments of water, methanol and ethanol are of same order of magnitude
(ﬂmo: 1.85 D, HUMeOH = 1.68 D and HUEtOH = 1.70 D) 18 but OWing to its
largest molar volume, ethanol has the lowest dielectric constant em,o =
78.0 17, EMeOH = 32.6 18, and EEtOR = 24.318 at 250).

An interesting difference is noted when data for the hydroxyl resin are
compared with data for the chloride resin. As can be seen from Figs. 1 and 2,
the salting-out effect of the hydroxyl resin is greater than that of the chloride
resin only up to a certain alcohol concentration. The solvent distributions in
the hydroxyl and the chloride resins are equal when the methanol concentra-
tion in the external sclution is about 709, (Xmeom = 0.57) and when the
ethanol concentration is 83 9%, (Xgtom = 0.66). At higher alcohol concentra-
tions the distribution is reversed. The experiments of Riickert and Samuelson !
have shown that the salting-out effect of an anion exchange resin in various

ionic states increases for ethanol-water mixtures in the order: ClO; << CI" << SOg”~,

Acta Chem. Scand. 16 (1962) No. 2
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Moles (alcohol and water) /equiv. resin

1.0

0.5
Xalcohol (resin phase)

Fig. 2. Uptake of alcohol and water by Dowex 1 as a function of mole fraction of alcohol
in the resin phase.

V=---V Methanol, V—Y Water. Resin in OH-form.
@~--—@ Methanol, @ —@ Water. Resin in Cl-form.
O~-==0O Ethanol, O-—O Water. Resin in OH-form.

and that this order prevails throughout the whole solvent composition range.
The exceptional behaviour of the hydroxyl resin can be explained by the fact
that the hydroxyl ions are replaced by alkoxide ions more and more when}the
alcohol content of the solvent mixture increases. Consequently the hydroxyl
resin is able to take up more alecohol than the chloride resin.

The uptake of water and alcohol (methanol or ethanol) in moles is plotted
against the mole fraction of the component in the internal solution in Fig. 2.
That the uptake of water by the hydroxyl resin slightly increases with increas-
ing alcohol concentration is indicated by the hardly perceptible maximum at
the beginning of the water curve. For comparison, the values from the experi-
ments with the chloride resin are plotted in Fig. 2. It is seen that the hydroxyl
resin takes up considerably more solvent than the chloride resin, which is a
natural consequence of the greater solvation tendency of the hydroxyl ion
compared with that of the chloride ion.

The experiments of Pepper, Reichenberg and Hale 1° with cation exchange
resins have shown that there is a linear relationship between the total volume
of the system (Vi) and the weight of water absorbed by the resin (W) given
by the equation Vi = W/]o + const., where g is the density of water at
the temperature in question. The value of the constant in this equation was
found to be about 10 9%, lower than the specific volume of the dry resin as deter-
mined pycnometrically. This indicates that when a dry resin is allowed to
swell in water the total volume of the system first undergoes a contraction.
However, as shown by Boyd and Soldano 292 this contraction is in general
considerably smaller for anion than for cation exchange resins.

Acta Chem. Scand. 16 (1962) No. 2
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Vs /Vs (H20)

0.5

1 1 I 1 1 1 1 I 1

I
0.5 Xaicohol (resin phase) 1.0

Fig. 3. Relative volume change of the internal solution as a function of alcohol concentra-

tion (mole fraction) in the resin phase.

Vs = internal solution volume for alcohol-water mixtures.

Vs (H;0) = internal solution volume in water.

V Methanol-water mixtures. Dowex 1 (OH).

@ Moethanol-water mixtures. Dowex 1 (Cl).

O Ethanol-water mixtures. Dowex 1 (OH).

+ Ethanol-water mixtures. Dowex 2 (Cl). According to data of Riickert and

Samuelson 1.

Methanol-water mixtures. Anion exchange resin with 0.5 9% DVB (OH).

The volume of the solvent inside the resin (V,) was calculated by assuming
that its density was the same as that of the solvent in the free state. Thus

Table 4. Distribution of methanol-water mixtures in 0.5 9%, cross-linked resin (OH-form).*

Solution Resin Phase
Total Total
MeOH Xpyeom | MeOH H,0 solvent MeOH MeOH H,0 solvent Xyeon Vs

wt. % g g g wt. % Moles Moles Moles ml
0 0.000 — 5994 5994 —_ — 333 333 0.000 6000
1 0.0067 61.1 5976 6037 1.01 1.91 332 334 0.0058 6060
2 0.0113 118 6084 6202 1.90 3.68 338 342 0.0107 6240
3 0.0171 152 5868 6020 2.52 4,76 326 331 0.0144 6060
4 0.0229 217 5868 6085 3.57 6.79 326 333 0.0204 6150
5 0.0287 279 5724 6003 4.65 8.71 318 327 0.0267 6060
7.5 0.0436 400 5292 5692 7.03 12,5 294 307 0.0407 5760
10 0.0588 541 5400 5941 9.11 16,9 300 317 0.0534 6030
15 0.0903 810 5040 5850 13.8 25.3 280 305 0.0826 6000
20 0.123 1059 4572 5631 18.8 33.1 254 287 0.115 5790
30 0.194 1434 3762 5196 27.6 44.8 209 254  0.177 5410
40 0.273 1808 3330 5138 35.2 56.5 185 242 0.233 5440
50 0.360 2256 2790 5046 44.7 70.5 155 226 0.313 5440
60 0.458 2592 2052 4644 55.8 81.0 114 195 0.415 5120
70 0.568 2784 1472 4256 65.4 87.0 81.8 169 0.515 4820
80 0.692 2992 938 3930 76.1 93.5 52.1 146 0.642 4590
90 0.835 3232 446 3678 87.9 101 24.8 126 0.802 4940
100 1.000 3264 —_ 3678 100.0 102 — 102 1.000 4090

* The values are given per one equivalent of resin.

Acta Chem. Scand. 16 (1962) No. 2
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Fig. 4. Distribution of methanol-water
mixtures in 0.5 %, cross-linked resin (OH-
form).

METHANOLWATER

401

Moles (methanol and water)/equiv. resin

300

200

100

05 1.0
Xmethano! ( resin phase)

Fig. 5. Uptake of methanol and water by
0.5 9% cross-linked resin (OH-form) as a
function of mole fraction of methanol in

the resin phase. — Methanol,
Water.

Vo = W/p, where W is the weight of solvent in grams absorbed by one equi-
valent of resin and g the density of the solvent at 25°. Even if this assumption
is not fully correct, especially in view of the observations referred to above,
the deviations from the true volumes are probably within the limits of the
experimental error. The relative volume changes can be seen from Fig. 3,
where the ratio V,/V, (H,0) is plotted against the mole fraction of alcohol in
the resin phase. It is seen that a slight increase in the internal volume of the
hydroxyl resin takes place at very low methanol concentrations. Only a hardly
perceptible volume change seems to occur when the methanol concentration is
increased, but the volume is somewhat lower in pure methanol. Essentially the
same behaviour is noted for the ethanol-water mixtures. Since the hydroxyl
resin is not stable in pure ethanol, no experiments were carried out with ethanol
concentrations exceeding 90 9%,. As far as the chloride resin is concerned, it is
observed that its volume changes are greater and a maximum appears in the
ethanol-water curve.

The solvent distribution data from the experiments with the porous resin
are shown in Table 4. Here again, the methanol concentration is lower in the
resin phase than in the external solution (Fig. 4). The salting-out effect is,
however, much smaller than with the normal resin.

Due to its high degree of swelling, the porous resin absorbs much more
solvent than the normal resin. The uptake of water and methanol in moles is
plotted against the mole fraction of the internal solution in Fig. 5.

Acta Chem. Scand. 16 (1962) No. 2
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The volume of the solution in the porous resin is about 15 times as great
ag the volume of solution in the normal resin. Up to an internal methanol
concentration of 10 9, there is no marked change in the swelling, but then
the volume decreases continuously with increasing methanol concentration
and is about 33 9, smaller in pure methanol than in water (cf. Fig. 3).

This work has been supported by Finnish State Scientific Board.
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