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Esterifications in lonic Liquids with 1-Alkyl-3-Methylimidazolium Cation
and Hydrogen Sulfate Anion: Conversion and Phase Equilibrium
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Abstract: The esterification of ethanol, 1-propanol and 1-butanol with acetic acid in three ionic liquids with HSO,™ anion
and 1-alkyl-3-methylimidazolium cation was investigated. The ionic liquids are 1-methylimidazolium hydrogen sulfate
[HMIM][HSO,4], 1-ethyl-3-methylimidazolium hydrogen sulfate [EMIM][HSO,] and 1-butyl-3-methylimidazolium
hydrogen sulfate [BMIM][HSO,4], which have catalytic activity. Data and modeling on the reaction conversions and the
distribution of the compounds between the phases is reported here. Trends for the change in the liquid-liquid equilibrium,
with parameters like alkyl chain length on the cation or the alcohol, are discussed and used to estimate the phase behavior

of similar esterification systems.

INTRODUCTION

Esterifications are industrially important reactions and
have been widely studied. In the recent years there are a
number of publications concerning the use of ionic liquids
(IL) as catalyst and/or solvent for esterification reactions [1-
21]. It was stated that IL can be beneficial compounds for
these reactions, reducing the need for volatile solvents and
allowing easier separation of the ester and catalyst [2, 21]. In
the majority of published literature the IL used exhibited
Brgnsted acidity and were used as both catalyst and solvent
in bulk quantities. Typical examples are IL with HSO, or
H,PO, anion, otherwise the IL were only solvents and an
additional catalyst [4, 5] was added (e.g. p-toluenesulfonic
acid). In most cases the miscibility of the used IL with the
corresponding esters is reported, when the IL were used in
bulk quantities. The upper phase contained most of the ester
and the lower phase the ionic liquid and most of the water.
This phase splitting is beneficial for the separation of the
ester and offers the opportunity to shift the equilibrium
conversion towards products as reported in literature [2, 7,
16]. However, often the effect of the ionic liquid on the
conversion shift is not quite clear, since no comparison was
made with the homogeneous reaction without it. In few cases
no phase separation was observed, as the IL used was
miscible with esters. The latter cases were not suited for
biphasic operation, as even the addition of water did not
induce phase splitting [15].

The distribution of the compounds between the phases or
more detailed information on the phase equilibrium is
scarcely mentioned [7,15], although it is expected to be
important for achieving higher conversions. In general there
are few publications on liquid-liquid equilibria for systems
with ionic liquids and it is nearly impossible to conclude a
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priori whether an IL is suited for a given esterification
reaction. Besides the effect on reaction conversion, the phase
equilibrium will be important for processing the products of
the reaction. Since the reaction is seldom completed in one
stage the unreacted alcohol and acid need to be separated.
Also, the loss of IL, due to solubility in the organic product
phase, is usually neglected.

We already published [22] the phase equilibria for
ternary systems containing products/reactants of the
esterifica-tion reaction of ethanol with acetic acid and
several ionic liquids at 40 °C. Furthermore, we investigated
the effect of the alcohol/ester on the LLE in ternary systems
[23]. In this paper we expand our study to five component
systems. The focus is on the conversion of esterification
reactions in ionic liquids with differently substituted
methylimidazolium cation and hydrogen sulfate anion and
the distribution of the compounds between the two phases
for the five component systems containing alcohol + acetic
acid + ester + water + IL.

alcohol (ROH) + acid (CH;COOH) « ester (CH;COOR) +
H20 (1)

The investigated ionic liquids are 1-methylimidazolium
hydrogen sulfate [HMIM][HSO,4], 1-ethyl-3-methylimida-
zolium hydrogen sulfate [EMIM][HSO,] and 1-butyl-3-
methylimidazolium hydrogen sulfate [BMIM][HSO,4]. Also
in the experiments the alkyl chain on the alcohol is varied
(esterification of ethanol, 1-propanol and 1-butanol with
acetic acid). The change in phase equilibrium is discussed
and the obtained trends are used to make a rough estimate of
the behavior of systems with higher alcohols. Combining the
results with previous studies the relationship between
reaction conversion and phase equilibrium is discussed and
remarks on the choice of ILs for esterifications of aliphatic
alcohols with acids in ionic liquids are made.

EXPERIMENTAL
The ionic liquids [EMIM][HSO,4] and [BMIM][HSO,]
were provided by BASF with a purity of > 95 % and were
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Table 1. Literature Values of the Equilibrium Ratio K, and the Corresponding Equilibrium Conversions
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System Ref. Kx Conversion Temperature
Ethylacetate [24-26] 4(3.96) 66.7 % 155 °C, n.d.”
[27] 3.56 65.4 % 60 °C
[5] - 63.3% 60 °C
[29] - 63 % 60 °C
1-Propylacetate [28] 49 68.9 % 80 °C”
[24] 4.07 66.9 % 155 °C
1-Butylacetate [24] 4.24 67.3% 155 °C
[5] 69.2 % 60 °C

“-not dependent on temperature, ““-extrapolated.

used without further purification. The ionic liquid
[HMIM][HSO,4] was synthesized from 1-methylimidazole (>
99.5 %) and sulfuric acid. Its purity was estimated to be 98
% [22]. The water content of the ionic liquids was usually
less than 0.1%. Otherwise the initial water quantity is
indicated in the Tables 2a to 4a. Ethanol (99.8 %), n-
propanol (99.8 %), n-butanol (99.5 %), acetic acid (99.8 %),
n-propylacetate (98%), n-butylacetate (99.5 %) and methanol
(99.8 %) were used without additional purification.

The desired amounts of the alcohol, acetic acid and the
ionic liquid were placed in a 100 ml flask, which was
immersed in a water (or oil) bath at the desired temperature
(T £ 0.1 K). The reaction mixture was mechanically stirred.
Although some of the (alcohol + IL) systems reveal
miscibility gap at room temperature, all starting mixtures
were homogeneous at the temperature of the reaction
experiments (60 °C or 80 °C). After some time, depending
on the system (usually between 15 min and 2 hours), the
formation of a second liquid phase was observed. Methanol
was added (used as internal standard) to the organic phase
sample, and it was analyzed by GC to determine the volatile
compounds (alcohol, acetic acid and ester). The organic
phase, when placed in the GC vial at room temperature,
usually becomes milky and methanol also acts as a modifier
to yield a single phase. Water (in both phases) was measured
by Karl-Fischer titration. Acetic acid and the IL (in both
phases) were determined by titration with 0.1M NaOH. The
reaction conversion was calculated from the water and/or
acetic acid content. For this purpose the mass of both phases
had to be determined as well. For some preliminary
experiments only the water content of the phases was
determined and used to calculate the conversion. Since the
alcohol and the ester in the IL were not directly measured,
their concentration was calculated by a mass balance. Due to
experimental uncertainties the calculated values for alcohol
and ester in the IL have a high relative error (approx. 10-20
%). When these concentrations are low, e.g. below 0.05 mass
fractions, the relative error can be much higher. However,
the knowledge of alcohol and ester in the ionic phase is, in
any case, useful when calculating the reaction conversion.

RESULTS AND DISCUSSION

Esterifications are relatively well studied reactions.
Typical values of the equilibrium ratio Ky = XesterXwater/
(Xalconol’Xacia) found in the literature for the investigated
reactions using conventional catalysts, e.g. H,SO,, are

presented in Table 1. These values are very close and the
theoretically obtained conversions are in the range of 66-69
% (except [5] and [29], see Table 1). It is generally stated
that these esterifications have negligible heat of reaction and
the K is, therefore, almost independent of the temperature
for all reactions.

The experimental conditions and the conversions, based
on the reaction limiting reactant, for the three reactions are
listed in Tables 2a, 3a and 4a. The composition of the phases
in mass fractions is presented in Tables 2b, 3b and 4b. The
results for the esterification of acetic acid with ethanol at
60°C are presented in Tables 2a and 2b, with n-propanol in
Tables 3a and 3b and with n-butanol in Tables 4a and 4b.
The cation ([HMIM], [EMIM], [BMIM]) and the alcohol
was varied (ethanol, n-propanol and n-butanol) allowing to
study the effect of the alkyl chain length. The reaction
temperatures were chosen so that they are below the boiling
point of the lowest boiling compound at atmospheric
pressure and are 60°C for the ethylacetate and 80°C for the
propylacetate and butylacetate systems. In a typical
experiment the mass of the ionic liquid is about 1/3 of the
overall mass, higher or lower IL quantities showed only a
weak influence on the conversion in the studied range.
Reaction times were mostly kept at 24h to achieve both
phase and reaction equilibrium in all cases. These reaction
times are high compared to the ones reported in the literature
for other IL and esterification systems, though it is clear that
often even 8 to 12h would be sufficient (see e.g. Table 3a).
The obtained results indicate that these IL act as weak
catalysts. For shorter reaction times in an industrial
application the addition of e.g. H,SO,4 would be helpful.

It was found, that in some cases, particularly when the
alcohol is better soluble in the ionic phase, it may react with
the HSO, anion to produce an alkylsulfate anion:

ROH+HSO4_ g RSO4_+H20 (2)

This reaction is accelerated by higher temperatures and
free acids like H,SO,. Its presence is indicated by the higher
quantities of produced water in comparison to the consumed
acetic acid. This side reaction is not mentioned so far in the
available literature on esterifications in IL with HSO, anion.

Variation of the Cation of the IL

The [HMIM][HSO,] systems exhibited about 10 %
increased conversion compared to homogeneous systems
without IL and was the best of all IL being investigated.
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Table 2a. Esterification of Acetic Acid with Ethanol in Different lonic Liquids at T=60°C: Initial Conditions

o % 23 - c
‘E - % % % Q % § £ §
(i - i 3 z * 23 g
< i 53 o
Mass/g - h %
1 HMIM 34.347 30.097 39.293 11 6 66
2 39.975 30.004 39.401 11 8 70
3 39.474 30.033 39.436 11 25 79
4 25.264 30.789 40.128 11 24 77
5 39.322 19.43 50.285 1:2 24 92
6 EMIM 39.868 30.255 39.232 11 8 71
7 29.407 29.988 39.217 11 8.5 67
8 29.984 30.000 39.100 11 25 71
9 29.987 30.238 39.436 11 26 73
10 30.213 30.188 39.436 0.2 11 24 72
11 30.401 19.314 50.348 0.2 1:2 24 88
12 30.122 42.237 27.625 0.2 2:1 24 84
13 BMIM 35.277 27.068 35.355 26.04 11 24 58,65
14 40.528 184 24.044 31.11 11 23 51.3;62.6
15° 36.027 27.053 35.319 26.04 11 24 62; 66
16° 36.212 27.047 35.306 26.09 11 24 65.9
17t 38.85 30.342 39.568 0 11 45 68

®-at room temperature 25°C.

Table 2b. Esterification of Acetic Acid with Ethanol in Different lonic Liquids at T=60°C: Composition of the Coexisting Phases (in

Mass Fractions)

Entry Organic Phase lonic Phase
he) % ke ‘B
= 2 s 5 'S 8
g 3 g ) o 2 g 2 9 J
w 3 £ w 3 =
< {0 < i
1 HMIM 0.0326 0.1252
2 0.0283 0.1243
3 0.076 0.101 0.799 0.0249 0 0.043 0.058 0.086 0.148 0.71
4 0.098 0.118 0.747 0.038 0.005 0.04 0.069 0.057 0.189 0.66
5 0.026 0.31 0.67 0.0264 <0.001 0.005 0.214 0.078 0.0944 0.6
6 EMIM 0.119 0.098 0.752 0.0275 0.058 0.114 0.108 0.1172
7 0.0345 0.1310
8 0.0347 0.1450
9 0.114 0.0355 0.113 0.15
10 0.101 0.112 0.746 0.0346 0.009 0.063 0.112 0.089 0.151 0.607
11 0.03 0.297 0.62 0.0365 0.051 0.022 0.295 0.225 0.0845 0.396
12 0.291 0.052 0.58 0.0447 0.061 0.196 0.044 0.088 0.111 0.554
13 BMIM 0.089 0.106 0.71 0.0337 0.079 0.092 0.127 0.437 0.0605 0.288
14 0.062 0.075 0.858 0.015 0.024 0.083 0.119 0.330 0.0495 0.390
15* 0.083 0.091 0.78 0.0235 0.02 0.082 0.123 0.267 0.0855 0.520
16* 0.076 0.085 0.794 0.020 0.012 0.072 0.113 0.221 0.0902 0.570
17? 0.094 0.102 0.751 0.0284 0.029 0.089 0.127 0.258 0.0899 0.468

“-calculated by mass balance.
®-at room temperature 25°C.
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Table 3a. Esterification of Acetic Acid with Propanol in Different lonic Liquids at T=80°C: Initial Conditions

— k=l 23 c
g 2 £ < Q g s g 2
g = 3 g T 5 £ £ g
& g g ° S
Mass/g - h %
1 HMIM 37.36 21.559 21.694 11 6 77
2 39.427 21.587 21.461 11 12 81
3 39.429 21.588 21.462 11 24 80.5(74.8;81.9)
4 39.758 21.557 21.491 11 24 83
5 25.076 21.561 21.508 11 24 81
6 25.33 14.352 28.667 1:2 24 92
7 EMIM 31.066 30.395 30.289 0.217 11 24 74
8 31.691 20.227 40.424 0.222 1:2 24 91
9 BMIM 31.093 30.119 30.197 11 8 66
10 31.651 30.392 30.329 11 24 64
11 31.645 30.408 30.363 11 12 66

Table 3b. Esterification of Acetic Acid with Propanol in Different lonic Liquids at T=80°C: Composition of the Coexisting Phases (in

Mass Fractions)

Entry Organic Phase lonic Phase
_ b £ - b s
g g 2 2 2 3
g ° s 2 = g Q 3 2 =
o 3 2 - o 5 2 T
o o o a S o
< = < o
o o
1 HMIM 0.014 0.115
2 0.089 0.05 0.846 0.011 0.106
3 0.054 0.01 0 0.04 0.096
4 0.072 0.054 0.89 0.011 0 0.031 0.035 0.032 0.099 0.81
5 0.085 0.069 0.87 0.016 0.002 0.053 0.046 0.008 0.134 0.8
6 0.023 0.265 0.75 0.018 0.002 0.013 0.191 0.027 0.089 0.703
7 EMIM 0.108 0.074 0.785 0.02 <0.002 0.069 0.091 0.027 0.138 0.666
8 0.015 0.264 0.76 0.02 0 0.024 0.216 0.111 0.085 0.529
9 BMIM 0.025 0.084
10 0.1 0.103 0.699 0.027 0.042 0.119 0.125 0.296 0.073 0.33
11 0.105 0.087 0.74 0.027 0.037 0.113 0.126 0.283 0.078 0.346

“-calculated by mass balance.

Similar to the results obtained for the ternary systems [22]
we also observe the largest miscibility gaps here. This is
verified by the fact that the mutual solubilities of ester and
IL are low and that for the [HMIM][HSO,] systems the
formation of a relatively small amount of the ester through
reaction already leads to phase splitting. The most of the
formed ester (85-90 %) is found in the organic phase, since
its solubility in the ionic phase is lower, compared to the
other IL systems. This is, as we believe, the main reason for

the better results achieved with this IL. Both ethanol and
acetic acid, are somewhat better soluble in the organic phase
than in the ionic phase, which was expected, taking into
account the ternary systems with [HMIM][HSO,] [22].
Typical for this IL is the slightly lower distribution ratio of
water between the two phases, Do = W /w'" compared to
the other systems. When less IL is used (e.g. entry 4 in Table
2a) only slightly lower conversion is achieved. Thus, there is
a potential for optimizing the IL quantity and lowering the
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Table 4a. Esterification of Acetic Acid with Butanol in Different lonic Liquids at T=80°C: Initial Conditions
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he) L3 - c

> °© ) T 8 s o
= = g P T3 g 5
e -_— = = < = >
i & 8 S5 3 g
< S O

Mass/g h %

1 HMIM 30.033 33.141 26.862 11 24 83
2 30.01 22.904 37.115 1:2 24 94.6
3 EMIM 30.171 33.151 26.859 11 24 78
4 30.105 22.921 37.185 1:2 24 91
5 BMIM 30.114 33.149 26.864 11 24 71
6 30.138 22.937 37.199 1:2 24 88

Table 4b. Esterification of Acetic Acid with Butanol in Different lonic Liquids at T=80°C: Composition of the Coexisting Phases (in
Mass Fractions)

Entry Organic Phase lonic Phase
s | % g : Z E
o 5} ) =
5 i g 2 2 g i : 2 2
> = > T - = = = T -
s} 3 5 @ 3 =
< @ < a
1 HMIM 0.096 0.054 0.85 0.013 <0.002 0.032 0.040 0 0.151 0.825
2 0.015 0.241 0.73 0.016 <0.002 0.012 0.191 0.012 0.103 0.712
3 EMIM 0.122 0.055 0.84 0.014 <0.002 0.041 0.078 0 0.142 0.719
4 0.024 0.184 0.80 0.016 <0.006 0.021 0.256 0.04 0.093 0.61
5 BMIM 0.119 0.059 0.81 0.016 <0.002 0.095 0.114 0.1 0.106 0.563
6 0.029 0.176 0.77 0.017 <0.002 0.031 0.262 0.172 0.072 0.47

“-calculated by mass balance.

costs. A two-fold excess of acetic acid can shift the
conversion to 92 % of the alcohol (an improvement of ca. 7
% compared to the case without IL) at the expense of higher
purification costs.

Lower conversion shifts were achieved for the
[EMIM][HSO,4] systems, compared to the [HMIM][HSO,].
The ethanol conversion is 72 to 73 % (about 5-6 % shift
compared to systems without IL) compared to about 78 %
conversion (corresponding to ca. 10-11 % shift) with
[HMIM][HSO,4]. A surplus of acetic acid to ethanol (2:1)
gave 88 % conversion, which is hardly any improvement to
the case without IL. With a ratio of ethanol to acetic acid of
2:1 only 84 % conversion was achieved, attributed to the
side reaction. Any nonstoechiometrical ratio of the reactants
typically leads to significantly higher solubilities of the IL in
the organic phase. While there is only 0.9 % EMIM in the
ester phase (Table 2b, entry 10), about 5-6 % IL are found
for ratios lower or higher than unity (entries 11 and 12 (1:2
and 2:1)). Interestingly the distribution coefficient of acetic
acid between the two phases is near unity, and (entry 12 in
Table 2b) it is slightly better soluble in the organic phase

than in the IL. This was not expected, as already published
elsewhere [22], acetic acid in the ternary system acetic acid
+ ethylacetate + [EMIM][HSO,] is better soluble in the IL at
40 °C.

The [BMIM][HSO,] experiments differ from the HMIM
and EMIM systems, here the addition of ethylacetate was
needed to induce phase separation at 60°C. Addition of ester
to induce phase separation was not needed for the systems
with n-propylacetate and n-butylacetate. Due to the very
small two-phase region for the [BMIM][HSO,] systems,
there is a significant amount of ester present in the IL (in
some cases up to 2/3 of the formed ester is in the IL-phase)
,as well as a high IL amount in the organic phase (up to 8 %
BMIM in ethylacetate). The high ester content in the ionic
phase is, as we believe, the main reason for the lower
conversions achieved with BMIM, compared to the other
two IL. At lower temperatures the miscibility gap widens
(Table 2a, entry 15 to 17) and there was a second phase
(entry 17) without addition of ester. The obtained conversion
in this case was about 67-68%, corresponding to that without
IL. Especially for the experiments with BMIM at 60°C, it
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was found that in some cases the conversions based on water
(63 %) and acetic acid (51 %) differ significantly, which
means that there is more water in the system than produced
by the esterification reaction. The side reaction is not
observed or passes only to a low extent in the cases where
the alcohol is better soluble in the ester than in the IL.

The phase behavior of the five component systems
corresponds to that experimentally determined for the ternary
systems [22]. A decrease in the size of the two phase region
with increasing the alkyl chain length on cation is found.
HMIM systems have the largest miscibility gaps with the
lowest mutual solubility of ester and IL and the reactants are
better soluble in the organic phase. For the [BMIM][HSO,4] +
ethylacetate systems the two-phase region is so small at
60 °C, that the system remains homogeneous at reaction
equilibrium. The distribution of the reactants between the
two-phases corresponds to that of the ternary systems, as the
reactants are better miscible with the IL than with the ester.
Additionally, there is a clearly recognizable trend in the
reaction conversion with the cation of the IL. Increasing the
alkyl chain length of the cation leads to lower conversion for
all three reactions. This may be explained with the better
solubility of the ester in the catalytic phase, promoting the
back reaction and leading to lower reaction conversions.
These observations are in agreement with literature [14],
where similar effects are observed for IL with an
alkylammonium cation.

Variation of the Alkyl Chain of the Alcohol

The increase of the alkyl chain length of the alcohol and
the ester leads to an increase of the miscibility gap for the
ternary systems alcohol + ester + IL and acetic acid + ester +
IL [23]. The same is true for the five component reactive
systems. For example, as mentioned above, with BMIM
(entry 13 in Table 2a) the formation of second phase is only
observed if ethylacetate is added, with butylacetate (entry 5
in Table 4a) addition was not necessary. As a general rule,
the less ester is found in the ionic liquid the longer the alkyl
chain of the alcohol is. During the experiments the formation
of second phase is observed earlier, compared to the ethanol-
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ethylacetate systems. As a consequence of this bigger
miscibility gap, the biphasic esterification of the higher
alcohols (propanol, butanol) is possible at higher concen-
trations of the reactants. This also allows the operation at a
nonstoechiometric feed ratio and the use of less IL to induce
the phase separation. Due to the smaller miscibility gaps in
the ethanol/ethylacetate systems it is disadvantageous to
have nonstoechiometric ratios (particularly with [EMIM]
[HSO,] and [BMIM][HSO,]), since the mutual solubility of
ester and IL may increase significantly. In some cases
biphasic operation would be impossible as the operating
points may lie outside the immiscibility region. When
increasing the alkyl chain length, the solubility of alcohol in
the ionic (catalytic) phase is decreased and, for higher
alcohols (and esters), this could lead to slower kinetics and
minor conversions.

The reaction conversions in one stage were at maximum
10-15% higher than the values for the homogeneous
esterifications without IL. Values over 85% were obtained
only if the reactants were in a nonstochiometrical ratio.
Higher conversion (> 90%, 1:1) for similar reactions in these
ionic liquids may only be expected if they exhibit anyway
high K, values. Although all three IL are almost fully
immiscible with the studied esters, the size of the two phase
region differs markedly with the cation of the IL. Systems
with shorter alkyl chain on the cation exhibit sufficiently big
miscibility gaps. Biphasic operations with [BMIM][HSO4]
and lower alcohols are only possible in a very limited
concentration range. For all systems most of the water
formed is found in the IL phase and typical distribution
ratios Dyoo = WOP/W'" are about 0.2. Generally it is observed
that the distribution ratio rises slightly with increasing alkyl
chain length on the alcohol/ester and decreases with the alkyl
rest on the cation of the IL.

Modeling

We simulated the reaction conversion using a mathe-
matical model presented elsewhere [30]. It is assumed that
the reaction occurs only in the ionic phase. The reaction
equilibrium is approximated for all three reactions by an
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Fig. (1). Comparison of the calculated and experimental reaction ¢
(s. Tables 2a and 2b).

onversions for the esterification of ethanol with acetic acid at 60°C.
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equilibrium constant Ky = 4. The side reaction was neglected
and the phase equilibrium was approximated by the
distribution coefficients obtained from the corresponding
experiment. A comparison of the experimental and calcul-
ated conversions is presented in Figs. (1 to 3). With these
assumptions we obtained good results for the esterifications
of ethanol and 1-propanol with acetic acid, but high
deviations for 1-butanol. It is obvious, however that when
the ratio of 1-butanol to acetic acid is 1:2 the match is much
better. Also, for the esterifications in BMIM we obtained
better compliance than for the other ionic liquids. The
highest deviations in the conversion are usually observed
when the concentrations of the alcohol and ester in the ionic
phase are low. So we suppose that this higher difference is
caused by the higher error in the calculation of the alcohol
and ester mass fractions giving inaccurate values of the
distribution ratio.
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Using this model we performed a parameter study,
varying the distribution ratios D = w°"/w'" of the compounds
to obtain the influence of the phase equilibrium on the
conversion. The simulations gave higher conversions when
there is a good separation of the products. The more ester
removed from the ionic phase (high Deger Values) the better
the calculated conversions. Under similar other conditions
(Dester» DH2o and Dy constant) somewhat higher conversions
are simulated, if both reactants (alcohol and acid) are better
soluble in the catalytic phase (Dreactant < 1) cOmpared to being
better soluble in the organic phase (Dregctant >1). Also the
calculated ester content of the organic phase is higher when
the reactants are better miscible with the ionic phase, giving
higher product purity. If the value of Dyeaetant 1S much higher
than 1, this may lead to the decrease of conversion. It is
obvious that in this case the reactants are extracted from the
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Fig. (2). Comparison of the calculated and experimental reaction conversions for the esterification of 1-propanol with acetic acid at 80°C.

(s. Tables 3a and 3b).
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Fig. (3). Comparison of the calculated and experimental reaction conversions for the esterification of 1-butanol with acetic acid at 80°C.

(s. Tables 4a and 4b).



24 The Open Chemical Engineering Journal, 2009, Volume 3

Naydenov et al.

1,8

Distribution of acetic acid

1,6 -

1,4 -

1,2 A

08 -
06 -
04 -
0,2 -

0 - :

Distribution ratio, -

HHMIM

EMIM
H BMIM

Ethylacetate 60°C Propylacetate 80°C Butylacetate 80°C

Fig. (4). Distribution ratio D = w°"/w'- for acetic acid. The data for esterification of ethanol with acetic acid in BMIM is at room

temperature.

ionic (catalytic) phase, which may have a negative effect on
the reaction conversion.

SUMMARY

The miscibility gaps for esterification of lower alcohols
with lower acids are small (particularly when BMIM is
used), so that the biphasic operation is almost impossible or
the addition of ester is necessary to induce phase separation.
The two-phase region increases by decreasing the alkyl chain
length of the cation and increasing the alkyl chain of the
alcohol. Thus, for higher alcohols biphasic operation is
always possible using any of the studied IL, also in the cases
of a nonstoichiometric feed ratio. The distribution of the
reactants between the ester and IL is also dependent on the
cation and alkyl chain length of alcohol or acid (See Figs. 4
and 5). Only for the esterification of the lower alcohols (up
to propanol) with lower acids (up to acetic acid), one can

expect to have one or both reactants in the catalytic (ionic)
phase and this only for cations with longer alkyl chain
([EMIM] and [BMIM]). For all other cases we expect to
have both the alcohol and the acid in the organic phase with
the distribution ratio Dyeactant rising when the alkyl chain
length of the alcohol or acid is increased.

The results from this study, combined with the
experimental data from ternary liquid-liquid equilibria
studies presented elsewhere [22, 23], lead to following
conclusions in respect to the reaction conversion. For
esterifications of aliphatic alcohols with acids, the most
decisive parameter is the size of the immiscibility region. As
shown, there is a relationship between the reaction
conversion and the miscibility gap. A bigger one leads to
better separation of the products and higher conversion. As
mentioned, when increasing the alkyl rest R (both of alcohol
and acid), it is guaranteed that the immiscibility region will

3,5

Distribution of the alcohol

2,5

Distribution ratio,-

Ethylacetate 60°C Propylacetate 80°C Butylacetate 80°C

B HMIM
EMIM
HBMIM

Fig. (5). Distribution ratio D = w°"/w'" for ethanol. The data for esterification of ethanol with acetic acid in BMIM is at room temperature.
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rise, having a positive effect on the reaction conversion for
the esterification of higher alcohols or acids. A second aspect
is the distribution of the reactants between the phases. An
unsuitable one (reactants less soluble in the catalytic phase,
which will be typical for alcohols higher than butanol and
acids higher than butyric acid) may lead to lower
conversions or slower kinetics. In such cases it will be better
to have the catalyst in the organic phase or a higher mass
transfer area will be needed to promote kinetics. The
preference is, when a larger miscibility gap is combined with
the presence of both reactants in the catalytic phase. As
shown, a longer alkyl chain of the cation improves the
solubility of the reactants in the IL but leads to a smaller
miscibility gap. For this reason we will not observe this case
for esterifications of aliphatic alcohols with carbon acids
using IL with 1-alkyl-3-methylimidazolium cation and
hydrogen sulfate anion. This may explain the obtained
moderate conversions compared to values reported in
literature [11, 13, 16, 20].

CONCLUSIONS

Although all studied ionic liquids are immiscible with
esters, the size of the two-phase region for the systems varies
significantly with, e.g. the cation of the IL. Thus, from the
immiscibility of the IL with esters it cannot be simply
concluded that the system will allow optimal biphasic
operation. While the systems with a shorter alkyl chain of
the cation (e.g. [HMIM][HSO,4]) generally exhibit bigger
miscibility gaps, the systems with [BMIM][HSO,],
especially these with lower alcohols, have very small ones,
thus biphasic operation is only possible in a limited
concentration range. For all systems, most of the formed
water is found in the ionic phase and the formed ester
usually generates a second phase. However, depending on
the size of the miscibility gap up to 2/3 of the ester may
remain in the ionic phase. A better separation of the products
leads to better conversion and, for this reason, the systems
with bigger two-phase regions (([HMIM][HSO,4]) gave higher
reaction conversions than those with a smaller one
([BMIM][HSO4]). The obtained conversion shift, in one
stage, was not higher than 10-15% in the best case. Values
over 85% were obtained only if the reactants were used in a
nonstoechiometrical ratio. Higher conversions (> 90%, 1:1)
for similar reactions in these ionic liquids can only be
expected if anyway higher K, values are involved.

The phase equilibrium (both the size of the two-phase
region and the distribution of the compounds between the
phases) varies with the cation of the ionic liquid or with the
alcohol. lonic liquids with a longer alkyl chain of the cation
are better miscible with one or both reactants, while e.g. for
[HMIM][HSO,] in all studied cases, both the alcohol and the
acid were better miscible with the organic phase. The trends
in phase equilibrium obtained for the five-compound-
systems agree, in general, with the results from the three-
compound-systems. These results allow the estimation of the
phase behavior in esterification systems with IL with 1-
alkyl-3-methylimidazolium cation and hydrogen sulfate
anion.

NOTATION
D =
Ky =

Distribution ratio

Reaction equilibrium ratio defined with mole
fractions
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w = mass fraction, kg/kg

X = mole fraction, mol/mol
OP = Organic Phase

IL = lonic liquid
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