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Abstract The composition of the vapor and liquid phases of the KOH + CH30H system
has been studied by the gas chromatography (GC) method at 25 °C. It has been found that
the methanol vapor concentration, and the quantity of potassium methoxide formed as a
result of the acid—base reaction of potassium hydroxide with methanol, both depend on the
KOH/CH;OH mole ratio. The maximum mass fraction of potassium methoxide that forms
is 2.6% at the mole ratio 0.018.

Keywords Potassium hydroxide - Methanol - Potassium methoxide - Vapor-liquid
equilibrium

1 Introduction

It is known that an acid-base reaction according to Eq. 1 can be used for the production of
alkali metal alkoxides [1, 2]:

ROH + MOH = ROM + H,0 (1

where R represents an alkyl group C, H,,11, n ranges from 1-4, and M represents an alkali
metal (Na, K). This process has some advantages over alcoholysis of alkali metals (Eq. 2):

ROH +M — ROM + 0.5H; (g) 2)

because hydroxides of alkali metal elements (alkali) are cheaper raw material than their
corresponding alkali metals. The known methods, as a rule, utilize the shift of equilibrium
of Eq. 1 according to Le Chatelier’s principle, by removing water from the reaction mixture
with the use of drying agents, by distillation or other procedures. These processes have
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been appropriately studied and published [1]. On the contrary, composition data for the
MOH + ROH reaction system at equilibrium has not been studied in detail.

The systems consisting of an alkali metal hydroxide and alcohol were described for the
first time by Engel [3], where it was reported that an ethanol solution of potassium hydroxide
at room temperature yielded crystals of C,HsOK-C,HsOH upon being cooled. This complex
decomposed rapidly into potassium ethoxide and alcohol at 60 °C. It was identified by an
indicator color change method [4] that showed in KOH (0.1 mol-dm~3)+ ethanol solution,
96% of the total base consists of the ethoxide ion. Analysis of the solubility of KOH in
water + ethanol mixtures at 30 °C showed that the formation of potassium ethoxide takes
place in ethanol when the mass fraction of water is less than 2% [5]. The authors of a later
study [6] established that values of the photoelectron emission threshold energy for solutions
of KOH in C; to C4 alcohols were the same as those for the corresponding solutions prepared
with metallic potassium. It was concluded that alkoxide ions predominate, even if there is
about a 50% by mass excess of water with respect to the hydroxide. Using IR-spectroscopy,
Williams and Bost [7] found that the yield of sodium ethoxide, after boiling ethanol with
NaOH, was 75-100% within one hour.

The constants for the acid-base equilibrium given by Eq. 1 have been determined sev-
eral times by different methods [4, 8—12]. However data comparing the acidity of lower
aliphatic alcohols and water are substantially contradictory. Caldin and Long [4], on the
basis of equilibrium constant measurement for Eq. 1 with R = C,Hs and M = Na at 25 °C,
concluded that the acidities of water and ethanol are comparable. By using conductimet-
ric measurements and cryoscopic studies, Unmack [13] found that methanol is about three
times more acidic than water, and from potentiometric data [14] is twice as acidic. The au-
thors [15] reached the same conclusion when they determined the relative acidity constants
of water and methanol by measuring optical densities. These values at the temperature of
27°C are 1.2 and 4.0 for water and methanol, respectively. However, calculations based on
the autoprotolysis constants of these compounds indicated that water is twice as strong an
acid than methanol [16].

To date, there is no information for the quantitative composition of the liquid phase of
MOH + ROH systems except for the data of Caldin and Long [4] and Murray [17]. This
information is not enough to conclusively characterize the efficiency of alkoxide formation
in these systems (Table 1). Furthermore, in these earlier studies, nonselective methods such

Table 1 Published data on the liquid phase composition of MOH + ROH systems

No R M Initial solution of MOH/ t/°C Cvon)/ Crom)?/ Ref.
(g-dm=3) (gdm™)  (gdm™d)
CHj3 Na saturated solution 28 239.00 - [17]
2 CyHjs Na saturated solution 28 136.00 - [17]
4.00 25 0.32 6.75 [4]
20.00 25 0.74 32.74b [4]
40.00 25 2.76 63.31° [4]
3 CHj3 K saturated solution 28 405.00 - [17]
4 CyHjs K saturated solution 28 290.00 - [17]

4The author of [17] did not take into account the formation of alkali alkoxide according to Eq. 1

bRecalculated based on values for the NaOH/(NaOH + C,Hs5ONa) ratio
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as titrimetry and colorimetry were used for hydroxide- and alkoxide-ion determination when
both are present.

Much less is known about the vapor phase composition of these systems [18, 19].
In reference [19], vapor pressure data for methanol were measured at 24.9 °C in the
NaOH + CH;OH system at different NaOH concentrations. It was found that the vapor-
pressure depression of methanol increased with increasing NaOH concentration.

In the present paper, the vapor and liquid phase compositions of the KOH + CH;OH
system have been studied at 25 °C. The quantitative determination of the concentrations of
volatile components, both in the liquid and vapor phases of this system, was accomplished
with the GC method.

2 Experimental
2.1 Chemicals

The chemicals used were obtained from Merck and Aldrich. Methanol (CH3OH, 99.9 mass-
%) was stored over 3 A molecular sieves. The water mass fraction in methanol was de-
termined by the GC method and it did not exceed 0.1%. Potassium hydroxide (KOH,
99.8 mass-%) was previously dried in a vacuum oven at 140 °C for 5 h. Potassium carbonate
(K,CO3, 99.9 mass%) was previously heated at 120 °C for 1 h.

2.2 Apparatus and Procedure

A Chrom-5 gas chromatograph, with a 1.5 m glass column filled with Separon CHN of
(0.125-0.200) mm and a thermal conductivity detector, was used. The temperatures of the
column oven and sample chamber were 96 and 220 °C, respectively. Helium (purity 99.9%)
was used as a carrier-gas with a flow rate of 0.5 cm?-s~!. The GC sample from a liquid phase
was taken through a gasket of the vial using a Hamilton micro syringe (sample volumes
about 0.5 x 10~3 cm?®). Four parallel runs were usually accompanied by sampling at an
interval of about 0.5 h. A gas syringe preheated to the same temperature as the sample vial
was used for the analysis of a vapor phase. The sampling and analysis of the vapor phase
were carried out similarly to that for the liquid phase analysis (sample volume about 3 cm?).
The experimental setup and apparatus for testing are described in detail in our previous
work [18].

The mixtures consisting of methanol and potassium hydroxide were prepared gravimet-
rically. For each experiment, various quantities of methanol from (4 to 11) g and KOH from
(0.1 to 3.5) g were charged into the 20 cm? sample vial containing a Teflon® stirrer. The vial
was hermetically sealed by a silicone rubber gasket and placed in a temperature-controlled
cell. The sample was continuously stirred for 1 h at the target temperature.

Liquid sample calibration was performed using water + methanol solutions of known
concentrations. The area of the water peak was normalized to that of the methanol peak.
Calculation of the quantity of water in a sample was made based on the ratio of the peak
areas of water and methanol taking into account the stoichiometry of Eq. 1. The relative
standard deviation of the water determination in the liquid phase did not exceed 9% (at the
confidence level 0.95).

In order to prepare calibration samples for the vapor phase, various mixtures of methanol
and water were completely vaporized in a 1000 4 0.1 cm? vessel at 25 4 0.1 °C, and vapor
samples were injected into the chromatograph. The water and methanol peak areas were
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Table 2 Liquid phase composition of the KOH 4+ CH3OH and CH3OK + CH3OH + H;O systems at 25 °C

No  Initial 100-w? Liquid 100-w? Yield/%
KOH CH3;OH CH3;0K H,0 KOH CH30H CH;0K H,0

1 2.15 97.85 - - 0.08 96.66 2.60 0.66 96.7
2. =€ 94.96 3.64 1.40 1.70 94.95 2.50 0.85 -

3. 16.98 83.02 - - 8.28 77.98 10.94 2.80 51.2
4 36.05 63.95 - - 23.23 56.61 16.02 4.14 35.7

4w is the mass fraction

bCalculated from the quantity of water formed according to Eq. 1
€K, COj3 used rather than KOH

normalized to the air peak area to yield calibration factors. The relative standard deviation of
the analysis of vapor phase components did not exceed 20% for water and 10% for methanol
(at the confidence level 0.95).

The concentration of “background” water was determined both by the calibration and
at the performance of the experiments, using blank sample analysis. As a rule, the “back-
ground” water mass fraction did not exceed 0.1% and it was taken into account for calcula-
tions of the liquid sample’s composition.

Potassium methoxide obtained by reaction of methanol and potassium carbonate was
used in an experiment (Table 2, experiment 2). Potassium carbonate (5 g) and about 20 cm?
of dry methanol were placed in the circulation device [20]. The repeated circulation of
methanol through a layer of potassium carbonate was performed analogously to hot per-
colation in the device. Potassium methoxide was obtained as a strong solution in methanol
according to Eq. 3:

CH;O0H + K,CO3; == CH3;0K + KHCO; 3)

The concentration of CH;OK, after treating a corresponding sample with water, was deter-
mined by a titrimetric method [21]. The methanol solution of CH3;0K was adjusted to a
desired concentration by addition of pure methanol and then used according to a procedure
described above for the KOH + CH3;0H system.

3 Results and Discussions
3.1 Liquid Phase Composition

We established that the quantity of water generated in the liquid phase (Eq. 1) regularly
increases with increasing concentration of potassium hydroxide (Fig. 1).

Figure 2 illustrates the correlation between reaction yield according to Eq. 1 at 25 °C,
as calculated from the quantity of water formed and the mole ratio of KOH/CH3;OH. The
curve has a maximum close to 100% at the KOH/CH;OH ratio of 0.018. This means that a
methanol solution of KOH prepared in the KOH/CH3OH mass proportion of 1:30 contains
potassium methoxide, water and only minor quantities of potassium hydroxide (Table 2,
item 1). Increasing the KOH/CH;OH ratio results in a decrease of the yield of potassium
methoxide and water. Equilibrium is shifted in the reverse direction, and is accompanied by
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a gradual increase of the viscosity until the appearance of a solid phase at an KOH/CH;OH
ratio above 0.4 (Fig. 2).

Thus, the equilibrium of Eq. 1 gives rise to nearly complete formation of potassium
methoxide only in dilute solutions. The decreasing yield of Eq. 1 at KOH/CH3;OH mole
ratios less than 0.018 is probably due to a small amount of water being present in methanol
under the experimental conditions. According to the data from blank runs, the mass fraction
of this “background” water is about 0.1% in methanol. This amount is comparable to the
quantity of water forming from the reaction at low KOH concentrations. As a result, the
equilibrium is shifted to the left and the reaction yield decreases.

In order to clarify the influence of water on the quantity of CH;OK formed in methanol,
a solution of potassium methoxide was prepared from K,CO3 and dry methanol at a mole
ratio of CH3;OK/CH;OH close to 0.018 (when converted to the equivalent amount of KOH).
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After that, water was added to this solution equivalent to an amount 20% higher than the
number of moles of potassium methoxide. Analysis of this mixture shown that water had
reacted with only 30% of the potassium methoxide. The mixture compositions calculated
on the basis of GC data for the water concentration are presented in Table 2 (item 2). The
composition of potassium methoxide and water are close to those obtained from KOH and
methanol when the KOH/CH3;OH mole ratio is 0.018 (compare experiments 1 and 2 of Ta-
ble 2). This means that the widespread use of the term “solution of potassium hydroxide in
methanol” or “methanol solution of KOH” is not quite correct. In fact, when preparing a so-
called “methanol solution of KOH” at about 17% (or 3 mole-L~!) potassium hydroxide, the
mixture will contain approximately equal quantities of CH;OK and KOH in the presence of
wi,0 = 2.8% in weight per cent (Table 2, experiment 3). Moreover, for certain proportions
of KOH and CH3;OH (Table 2, experiment 1), the system consists of a solution of potassium
methoxide in methanol having a small water concentration. Thus, the KOH + CH3;O0H sys-
tem is more properly described as a four-component mixture whose component ratios may
vary.

The data cited from [5, 17] were based on a titrimetric determination of the total amount
of base (KOH + CH3OK) in this system, but the alkalinity was assigned only to potassium
hydroxide. We have mixed KOH and CH3;OH at 25 °C in the proportions according to Ta-
ble 1, experiment 3, i.e. at a KOH/CH3;OH mole ratio equaled 0.315. As a result, a mixture
was obtained that contains 292.6 g-dm~* KOH, 201.8 g-dm~—> CH30K, and 51.7 g-dm~>
H,0. The liquid phase composition of this mixture is presented in Table 2, experiment 4. The
subsequent recalculation of KOH and CH;OK concentrations to the equivalent amount of
potassium hydroxide alone gives the value 410.9 g-dm—>. This value is close to 405 g-dm—3
reported by Murray [17].

3.2 Vapor Phase Composition

Analysis of the vapor phase for the equilibrium system described by Eq. 1 has shown that
the methanol vapor concentration changes according to the concentration of Kt present as
both hydroxide and methoxide. The concentration of methanol vapors decreases by a factor
of 3.5 with increasing K* concentration in the solution (Fig. 3). The same correlation for
the methanol vapor concentration was also found for the methanolic solution of CH;0K
obtained from K,COj3;. The authors of [18] observed a decreasing methanol concentration
in the vapor phase of the NaOH + CH30H system at 24.9 °C, with a slightly greater vapor
pressure depression in comparison with the KOH + CH3;OH system. The increasing vapor
pressure depression values correlate with the decreasing cationic radii in going from K* to
Na* [19].

The water vapor concentration varies with the mole ratio of KOH/CH3;O0H (Fig. 4). The
maximum water vapor concentration occurs in the interval where the KOH/CH3;OH mole
ratio ranges from 0.14 to 0.18 and exceeds the concentration level of the “background”
water by approximately three fold, as determined by the air humidity over the liquid phase.
It is necessary to note that the amount of water in the vapor phase is insignificant and does
not exceed 0.07% of the amount of water formed according to Eq. 1. The shape of a curve
presented in Fig. 4 can, apparently, be explained by the changes of relative quantities of
CH;3;0K and KOH upon increasing the KOH/CH;OH mole ratio. It seems that increasing
the potassium hydroxide concentration leads to a greater retention of water in the solution
phase and thus to a lower water vapor concentration.

In our previous work [18] we measured the mole fractions of methanol in the vapor phase
at different initial KOH/CH3;OH mole ratios. In the present paper, the fluid phase component
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concentrations are presented in molar concentration units. This information clearly shows
where a maximum of the reaction yield occurs.

4 Conclusion

It has been demonstrated that when KOH is dissolved in dry methanol at 25 °C, equilibrium
among all components of the reaction mixture is established as a result of acid-base interac-
tion. The equilibrium composition and amount of potassium methoxide formed depend on
the KOH/CH;OH mole ratio. At the mole ratio 0.018 and 25 °C, the liquid phase at equi-
librium contains the follow mass fractions: 2.6% CH;0K, 0.66% H,O and 0.08% KOH. In
the vapor phase, the methanol vapor concentration decreases by a factor of 3.5 when the
KOH/CH;OH mole ratio is changed from 0.01 to 0.20.
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