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Abstract—Several water-stable ionic liquids with different acidity and affinity were synthesized and applied as both
solvents and acid catalysts for Fischer esterification of ethanol reacting with four aliphatic carboxylic acids (acetic acid,
n-hexanoic acid, lauric acid, and stearic acid). Among the studied ionic liquids, [(n-bu-SO,H) MIM][HSO,] (3-butyl-
1-(butyl-4-sulfonyl) imidazolium sulfate) and [(n-bu-SO;H) MIM][p-TSO] (3-butyl-1-(butyl-4-sulfonyl) imidazolium
toluenesulfonate) show higher reactivity for the production of ethyl esters. The catalytic activities of these ionic liquids
are strongly dependent on the acidity of their anions and cations, as well as their hydrophilicity and affinity with the
reactants. Water refluxing through the condenser may be another important reason for obtaining high conversion of
esterification, indicating a water-sequester process is still needed in order to obtain a higher yield of ester in the ionic
liquid catalyzed esterification system. Kinetics studies show the conversions of the acids increase with reaction tem-
perature and time, and reach equilibrium within about two hours. The apparent activation energies are 39.14+2.0, 49.7+
2.5,51.4+2.5 and 59.3+3.0 kJ-mol™" for the formation of ethyl acetate, ethyl n-hexanoate, ethyl laurate and ethyl stearate,

respectively.
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INTRODUCTION

Carboxylic acid esters are important intermediates for synthesis
of dopes, adhesives, plasticizers, flavors, and pharmaceuticals. They
are typically produced by Fischer esterification of carboxylic acids
and alcohols [1-3]. The Fischer esterification reactions are usually
catalyzed by bio-enzymes or acids including inorganic liquid acids
(such as hydrochloric acid and sulfuric acid) and solid acids [2,4,5].
As we know, inorganic acids can cause equipment corrosion and
bring serious environmental pollution. Solid acids have the disad-
vantages of less active sites, requiring extended reaction time, hav-
ing low thermal stability and rapid deactivation from coking. Bio-
enzymes are generally expensive for commercial use and difficult
to recycle without activity loss. As an alternative, Bronsted acidic
ionic liquid (IL) is becoming a popular choice of both solvent and
catalyst for the Fischer esterifications and the other acid-catalyzed
reactions [6-9]. This is because the Bronsted acidic ionic liquids
have many unique properties including tunable acidity from differ-
ent acid functional groups, low melting point, negligible vapor pres-
sure, good solubility for most organic and inorganic compounds,
and high thermal stability.

Deng’s group reported the esterification of carboxylic acids with
alcohols in acidic chloroaluminate ionic liquids [10]. Zhu et al. [11]
used 1-methylimidazolium tetrafluoroborate as a catalyst for the
esterification of carboxylic acids with alcohols and obtained a good
yield and an easy post-separation process. However, these ionic lig-
uids contain halogen atoms, which are poisonous when decomposed
under certain reaction conditions [12]. As an improvement, some
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greener ionic liquids that are free of halogen and relatively hydrol-
ysis-stable have been synthesized by incorporating quaternary pho-
sphonium cations and octyl sulfonate anion [13-16]. The emergence
of the Bronsted acidic ionic liquids that bear an alkyl sulfonic acid
group in an imidazole or triphenylphosphine cation [17-19] makes
it possible to synthesize an ionic liquid having the acidity as high
as that of sulfuric acid. In recent years, some new types of Bron-
sted acidic ionic liquids including pyridinium [20-22], alkyl ammo-
nium [23-26] and alkyl pyrolidonium [27] derivatives have also
been applied to catalyze the Fischer esterification reactions, and ex-
hibited good catalytic performance, which are summarized in Table 1.

Although many kinds of ionic liquids have been used to catalyze
the Fischer esterification reactions, it is still unknown which ionic
liquid has the highest reactivity for these reactions. More impor-
tantly, the reaction mechanism and process parameters affecting
the catalytic activity of ionic liquids are not well understood. The
object of this research is to differentiate the reactivity of different
ionic liquids for esterification reactions, and to elucidate the reac-
tion mechanism and process parameter affecting the catalyst activ-
ity. For this purpose, five ionic liquids with different acidities and
hydrophilicities are prepared for the esterification of aliphatic acids
with ethanol. The effects of acidity and solubility (hydrophilicity)
of ionic liquid, the length of carbon chains of carboxylic acids, and
the water content in the reaction system on the yield of esters will
be discussed. In addition, the apparent kinetic parameters will be
estimated based on a simplified second-order reaction kinetic model.

EXPERIMENTAL

1. Materials
N-methyl imidazole and 1,4-butane sulfonate were purchased
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Table 1. Fischer esterification reactions catalyzed by ionic liquids from the literature

Ref.  TypeofIL Mole ratio of Reaction Reaction  Conversion Selectivity Recycle Phase
' acid : alcohol : IL temperature (K) time (h) (%) (%) times  separation
[27] [NMP]CH,;SO5 0.1:0.1:0.025 (mmol) r.t.-373 1-10 84-96 100 6 Yes
[23]  Quaternary ammonium  (1-1.3): (1-2.5): 1 r.t.-383 1.5-3 88.2-952 98.8-99.8 6 Yes
salts with single
substitution of alkane
sulfonic acid
[24]  Sulfonic acid substitution 15 : 45 : 10 (mmol) 363, 393 2.5-4 57-99 51-100° 2 Not
imidazolium salt’ mentioned
[25]  Triethylammonium satls (10-24) mmol : (20-24) 363, 393 4 56-99 - 3 Yes
mmol : (1-3) g
[26]  Alkylammonium salts 20 mmol : 24 mmol : 1 g363 4 18-94 - - Yes
[17,19] [(n-bu-SO;H)BIM] 17.5:17.5:4 (mmol) 295-448 45 min, 48 h 82, 96 - 4-5 Yes
CF,SO; and [Phy(n-pr-  0.38:0.38 : 1.9 (mmol)
SO,H)P][p-TSOJ"
[20]  N-propanesulfonic acid 1:(1-3):1 351-388 2-12 69.7-96.0 - 4 Yes
pyridinium
[22]  Pyridinium salts (10, 12) mmol : (10, 12) 363 4 68-87 98-100 2 Yes
mmol : (0.5,1) g
[39] Imidazolium and 1:(1,1.5):0.1 288-298 34 7.6-98.4 - 3 Yes
pyridinium sulfonic salts (yield)

“Esterification of olefins with alcohols or carboxylic acids
’Selectivity of main esterification products

‘Abbreviations: [NMP]CH,SO;: N-methyl-2-pyrrolidonium methylsulfonate; [(n-bu-SO,H)BIM]CF,SO;; 3-butyl-1-(butyl-4-sulfonyl) imidazo-
lium trifluoromethane sulfonate; [Ph;(n-pr-SO,H)P][p-TSO]: triphenyl (propyl-3-sulphonyl) phosphonium toluenesulfonate

N @ N N @ +NH_/
I eson IO N cason —/ Hso;
HSO, _@_Coo.

oI v v

Fig. 1. Structures of the five ionic liquids catalysts to be investi-
gated.

from Acros Organics (USA). 1,3-propane sulfonate was purchased
from TCI Chemical Co. (Japan). All the other reactants and solvents
were analytic reagent grade and used as received unless otherwise
stated.

1-Butyl-imidazolium tetrafluoroborate ((BHIM]BF,) (Catalyst I,
Fig. 1) and 1-butyl-imidazolium trifluoromethanesulfonate ((BHIM]
CF,S0;) (Catalyst 11, Fig. 1) were provided by Hangzhou Chemer
Chemical CO. LTD. The purity of these two ionic liquids is higher
than 99%, which was confirmed by analysis data from FT-IR (Bruker
Equinox 55, KBr) and NMR (Bruker Advance 500, CDCl,, TMS).
The other three ionic liquids [(n-bu-SO,H)MIM][HSO,] (Catalyst
111, Fig. 1), [(n-bu-SO;H)MIM][p-TSO] (Catalyst IV, Fig. 1) and
[(CH,CH,);NH]HSO,] (Catalyst V, Fig. 1) were synthesized accord-
ing to our previous work [28,29] and literatures [17,30]. The resid-

ual water contents of all the five ionic liquids were determined by
Karl Fischer Titrator (ZKF-1) to be less than 2%.

The physical and chemical properties of the five catalysts to be
investigated are summarized in Table 2.

2. Fischer Esterification Reaction Experiments

The Fischer esterification reaction was carried out in a 25 ml three-
neck flask equipped with magnetic agitation, a reflux condenser and
a thermometer. The outlet of the reflux condenser was connected
to a dry nitrogen gas at a constant pressure, and the reaction tem-
perature was controlled by placing the flask in an oil bath at con-
trolled temperatures.

Besides ionic liquids, sulfuric acid was also used in the esterifi-
cation for comparison. In a typical esterification reaction entry, a
10 mmol of catalyst (ionic liquid or H,SO,) was first added into the
glass reactor, then heated to the reaction temperature and that lasted
2 hrs to further remove the water. 20 mmol of the carboxylic acid
(or 10 mmol of stearic acid) and 40 mmol of ethanol were added
to initiate the reaction and that lasted another 6 hrs. When a reaction
was finished, the reactor was cooled to room temperature and the
reaction solution settled into two layers. A sample was taken from
the top layer for analysis of esters and carboxylic acids by gas chro-
matography (HP5890, 25 m>0.32 mm capillary column of HP-FFAP,
FID detector) based on the standard method [31]. The remaining
mixture was extracted with diethyl ether for 4 times to recycle the
ionic liquid. For the kinetics experiment, the amount of catalyst and
reactants increased while the mole ratio was fixed. Samples were
taken during the reaction experiments and analyzed by using the
same method as described above.

Korean J. Chem. Eng.(Vol. 26, No. 3)
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Table 2. Physical and chemical properties of the five ionic liquids catalysts to be investigated

Tonic liquid [BHIMJBF,  [BHIMICF,SO; [(n-bu-SO,H)MIMJ[HSO,]  [(n-bu-SO;H)MIM][p-TSO]  [(CH:CH,);NH][HSO,]
Code | I 1 v Vv
H-NMR - - (500MHz, DMSO-d,, TMS): (500 MHz, D,0, TMS): (500 MHZ, CD,0D, TMS):
(Bruker advance 59.16(s, 1H), 7.78 (s,1H), 5846 (s, 1H), 749 (d,2H, 5124 (t,J=7 Hz, 9H, CH;),
DMX-500 771(s, 1H), 628 (s,2H),  J=8.0Hz),7.26 (s, IH),721  3.13 (q,/=7 Hz, CH,), 5.18
spectrometer 4.19 (t,2H,J~7.0Hz),3.86 (s, 1H),7.16 (d, 2H, J=8.0 Hz), (s, NH)
at 500 MHz) (s, 3H), 2.57 (t, 2H, J=7.7 Hz), 470 (s, 1H), 4.01 (t, 2H, J~7.0
1.89 (m, 2H), 1.56 (m, 2H)  Hz), 3.67 (s, 3H), 2.74 (t, 2H,
J=7.7Hz),2.19 (s, 3H), 1.78
(m, 2H), 1.54 (m, 2H)
FT-IR - - 3416 cm™ (O-H), 3,157 cm™ 3,399 cm™ (O-H), 3,153 cm™ -
(Nicolet NEXUS (unsaturated C-H), 2,960 cm™ (unsaturated C-H), 2,956 cm™
670 F7-IR) (saturated C-H), 1,655 cm™  (saturated C-H), 1,719 cm™
(S=0),1,576 e’ (C=N),  (S=0), 1,574 cm™ (C=N),
1,459 cm™ (C=C), 1,171 cm™ 1,458 cm™, (C=C at imidazole
(C-N), 1,040 cm (C-C)  ring), 1,235 em™! (C=C at
benzene ring), 1,187 cm™ (C-N),
1,034,1,009 cm™ (C-C)
ESI-MS of - - 219.0,437.0 219.0,437.0 -

positive-ion (m/z)
agilent 1100 series

LC/MSD trap SL
Acidity Weak Lewis acid Weak lewis acid Strong Bronsted acid with Strong Brénsted acid with one  Middle strong Bronsted
two acidic groups acidic group acid with one acidic group

Water content <0.5% <0.5% <2% <2% <2%

Water miscibility Not miscible Not miscible ~ Miscible Miscible Miscible

Other properties - - About 80% of total yield About 80% of total yield (1) m.p. 364-365 K
(literatures 364 K*,
356-358 K*)
(2) yield: 83%

RESULTS AND DISCUSSION than H,SO,. While, catalysts I and II have the poorest reactivity with

1. Esterification Catalyzed by Ionic Liquids

The ionic liquids used for esterification reactions in this paper
can be divided into four types: (1) ionic liquids with only weak Lewis
acidity and hydrophobic anions (catalysts I and II in Table 2); (2)
Bronsted ionic liquid with dual acidic function groups and a hy-
drophilic anion (catalyst III in Table 2); (3) Bronsted ionic liquid
with hydrophobic anion (catalyst IV); and (4) Bronsted ionic liquid
with a hydrophilic and acidic anion (catalyst V). Four aliphatic car-
boxylic acids, i.e., acetic acid, n-hexanoic acid, lauric acid and stearic
acid, were applied to react with ethanol using IL or sulfuric acid as
catalyst, which can be expressed as:

lonic liguid or HSO4

CH,(CH,), ,COOH + C,H,0H CH,(CH,), ,COOC,H;

358K, 6 hrs, N

=2, 6,12,18) @

The experimental results of Fischer esterification for CH;(CH,),.,
COOH reacting with ethanol are summarized in Table 3. The con-
version is based on the consumption of carboxylic acid.

It can be seen from Table 3 that catalysts III and IV have the same
or even better reactivity than H,SO, in catalyzing those esterifica-
tion reactions, and catalyst V has the same or a bit lower reactivity

May, 2009

the conversion of acids less than 60%. The catalytic activity order
obtained in this work can be explained by the acidity order of these
ionic liquids because the Fischer esterification reaction is an acid-
catalyzed reaction. Both catalysts III and IV have a sulfonic group,
which gives the strongest acidity among these ionic liquids, while
catalyst V has an HSO, anion ion, which has middle acidity, leading
to relatively less reactivity. Catalysts I and II have only weak Lewis
acidity, so they have the lowest catalytic reactivity. It should be noted
here that organic amine salt is generally not viewed as a Bronsted acid
even if it has H atom(s) connected to N, although only few studies
believe otherwise [27,32].

Another factor influencing the catalytic activity is the water sol-
ubility or hydrophilicity of ionic liquids. This is because the Fis-
cher esterification is a reversible reaction in which carboxylic acid
and alcohols form water and water-immiscible ester. If only ester is
the water-immiscible component in the reaction system, it is easy
to understand that the water miscibility of ionic liquids will improve
the catalytic activity, because the product ester phase will be sepa-
rated from the water miscible reaction phase, and drive the esterifi-
cation reaction to completion. As we can see from experimental
entries 1-12 in Table 3, while water-miscible acetic acid/n-hexanoic
acid were used as reactants, catalyst II had a higher reactivity than
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Table 3. Results of Fischer esterification for CH,(CH,),_,COOH
reacts with ethanol catalyzed by ionic liquids or H,SO,

Conversion  Selectivity

Entry - Catalyst ofacid (%) of ester (%)

1 [BMIM][BE,] 2 56 98
2 [BMIM][CESO;] 2 60 99
3 [(-bu-SO,H)MIMJ[HSO,] 2 91 100
4 [(nbu-SO,H) MIM][p-TSO] 2 88 98
5 ([(CH,CH,),N]J[HSO,] 2 85 98
6 HS0, 2 85 97
7 [BMIM][BF,] 6 20 99
8  [BMIM][CF,SO;] 6 44 97
9 [(nbu-SO,HMIM]J[HSO,] 6 100 100

10 [(n-bu-SO,H) MIM][p-TSO] 6 91 98

11 ([(CH,CH,)N][HSO,] 6 80 99

12 HSO0, 6 79 97

13 [BMIM][BF,] 12 2 99

14 [BMIM][CF:SO;] 12 2 100

15  [(n-bu-SO,H)MIM][HSO,] 12 91 99

16 [(n-bu-SO,H) MIM][p-TSO] 12 95 98

17 [(CH,CH,),N][HSO,] 12 73 97

18 H,S0, 12 89 100

19 [BMIM][BF,] 18 46 98

20  [BMIM][CF,S0,] 18 20 99

21 [(n-bu-SO,H)MIM][HSO,] 18 97 98

22 [(n-bu-SO,H) MIM][p-TSO] 18 97 100

23 ([(CH,CH,)N][HSO,] 18 73 97

24 HS0, 18 95 98

Note: reaction temperature: 358 K, time: 6 h. mole ratio of acid : al-
cohol : catalyst=2: 4: 1 in cases n=2, 6, 12. Mole ration of acid :
alcohol : catalyst=1:4: 1 in case n=18

that of catalyst I because [CF;SO;]" functional group in catalyst I is
more hydrophilic than [BF,]” group in catalyst II. This finding is
consistent with the results reported by other research groups [20,
26] as well as our former work [28]. However, when water-immis-
cible acid or alcohol is used as reactant, the hydrophobic group in
the ionic liquids will contribute to the miscibility between reactants
and catalyst, which may increase the reactivity of the catalyst. There-
fore, when n-lauric acid or n-stearic acid is used as reactant in entries
13 to 24, the reactant acids become more and more hydrophobic
and water-immiscible, the catalytic reactivity tends to be the reverse:
[BHIM][CF;SO;] (catalyst II) turns to have lower reactivity than
[BHIM][BEF,] (catalyst I) (entries 19 vs. 20), and [(n-bu-SO,HMIM]
[p-TSO] (catalyst IV) has comparable or even higher reactivity than
[(n-bu-SO,H)MIM][HSO,] (catalyst III) since [p-TSOJ" is more
hydrophobic than [HSO,]” (entries 15 vs. 16, 21 vs. 22), although
the latter is more acidic. This phenomenon was also observed in
our previous research in which catalysts Il and IV were applied to
catalyze the hydrolysis of isoflavone glycosides [29].

The recycling performance of [(n-bu-SO,H)MIM][HSO,] cata-
lyzing the esterification of n-hexanoic acid and ethanol was checked
while the initiate mole ratio of acid/alcohol/ionic liquid was 2 : 4 : 1,
and reaction temperature and time were 85 °C and 6 hr, respectively.

The ionic liquid was reused four times, with the yield of ethyl n-
hexanoate decreasing slightly from 100% to 95.8%, showing good
recycling performance of [(n-bu-SO;HMIM][HSO,].

It can be also seen from Table 3 that carboxylic acid is smoothly
transformed to ester with high selectivity in all cases, and no by-
products such as olefins and ethers are detected, which is in good
agreement with other reports [22,27].

2. Kinetics of Esterification Reactions Catalyzed by [(n-bu-
SO;H)MIM][HSO,]

Kinetics studies of the esterification reactions of the four car-
boxylic acids and ethanol were performed at 338 K, 348 K, 358 K
and 368 K using [(n-bu-SO,H)MIM][HSO,] ionic liquid as cata-
lyst (Fig. 2). The amount of the catalyst and reactants increased to
50 mmol (IL): 100 mmol (acid, for n-stearic acid only 50 mmol was
added): 200 mmol (alcohol) for convenience of sampling, while
the other reaction conditions were kept the same as that in section
3.1. It can be seen from Fig. 2 that the conversions of the acids in-
crease with reaction temperature and time, and reach to equilibrium
within about two hours.

Fischer esterification is known as a second-order reversible reaction.
Therefore, the consumption of carboxylic acid can be expressed by:

d(]’c o) =k

dt (7e€c) - (raca)— ks (yece) - (ywew)

=k (reee)- (e =g (ea)- (e | ®

Where subscript C stands for carboxylic acid, A stands for alcohol,
E stands for ester and W stands for water; ¢ and y are concentra-
tion and activity coefficients, respectively; k, and k, are formation
and back-forth rate constants, respectively; K is equilibrium con-
stant of the reaction, which equals to the ratio of k,to k;.

Strictly speaking, it is difficult to determine the intrinsic kinetic
parameters for such reversible reactions because a new phase that
is immiscible to reactants is generated during the reaction. There-
fore, we only estimate the apparent parameters by assuming all the
activity coefficients are kept constant during the reaction. Eq. (2)
can therefore be rearranged as:

dcc

1
_E:k/'(}/A'CCCA__'%/'CECW) (3)
C

Normalizing Eq. (3) by dividing initial concentrations of reac-
tants (cq, and c,,) at both sides:

1 dc k, L yepw
- —f=—" (74 C(TCA__'%'CECWJ @

CcosCyo dt  Cp-Cyo

Letting, X=1—(c/cq), which stands for the conversion of carbox-
ylic acid, the concentrations of other components can also be ex-
pressed by X as: ¢,=c,—cX; c;=C¢y=CxX. Eq. (4) can therefore
be reformed as:

1dX ( Cao )_lifuc_co 2
40 dt ar ~Rr1=%) AOX K 7 c40X ©)
Rearranging:

dXx
d&t —— =kyu(1-X)(Cs0—CcoX)— }/A CoX2
K/}/l'}/W

Ycva
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Fig. 2. Esterification conversion profile at different reaction temperature catalyzed by [(n-bu-SO;H)MIM][HSO,] (a) acetic acid+ethanol,
(b) n-hexanoic acid-+ethanol, (c) lauric acid+ethanol, (d) stearic acid-+ethanol. O T=338 K, A T=348 K, [ T=358 K, & T=368 K,
solid line is calculated from estimated kinetic parameters. Reaction conditions are the same as those in Table 2 except the ratio of
catalyst and reactants increased to 100 mmol: 200 mol acid: 400 mol alcohol.

’

' k,
=k (1-X)(c0—CcoX)— IZ”CCOXZ

:k_,cho—k,f(cAﬁCCO)X+1<_/CC(,(1—1/K hX? ©6)
Where k/=k,, K'=K/(%:5/%7:) are the apparent formation rate
constant and apparent equilibrium constant, respectively. The two
constants can then be simply estimated from Eq. (6) and the con-
version data in Fig. 2 by Least-Square regression method. Values
of the apparent activation energy were determined from the slope
of In k’ versus 1/T plots according to the Arrhenius equation, which
are 39.1+2.0, 49.7+2.5, 51.4+2.5 and 59.3+3.0kJ-mol™" for the
formation of ethyl acetate, ethyl n-hexanoate, ethyl laurate and ethyl
stearate, respectively. All the parameters are shown in Table 4. The
maximum relative error between the predicted and experimental con-
version of carboxylic acid was determined through, RE=max[abs
(X = Xeatea) X o] X 100%, which is found to be around 5%.

It can be seen from Table 4 that the formation rate of the ester
decreases with the increase of the carbon chain of aliphatic acid,
while the other reaction conditions are kept the same. This phe-

May, 2009

nomenon is reasonable since the steric effect of the carbon chain
on the reactivity of carboxyl group becomes stronger as the carbon
chain becomes longer. Furthermore, the viscosity of carboxyl acid
increases with the increase of the carbon chain, which slows down
the reaction rate as the mass-transfer resistance becomes larger.
3. Effect of the Formed Water on Esterification

One may also notice from Fig. 2 that the conversion of acids at
6 hr and T=358 K is less than 92%, which is obviously lower than
those in Table 3 (entries 3, 9, 15 and 21). However, the only dif-
ference between these two experiments is the proportional magni-
fication of the amount of the catalyst and reactants in the kinetics
experiment (data in Fig. 2). Since for both experiments a flask with
a reflux condenser was used as reactor, the formed water during
the reaction will reflux through the condenser and probably will be
partly adhered on the inner-wall of the condenser, which will push
the esterification reaction to the right side because part of the formed
water is removed out from the reaction solution. For the experiment
in section 3.1, the theoretical maximum amount of formed water is
only 10 mmol. Such little amount of formed water is likely to evap-
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Table 4. Calculated apparent kinetic parameters of esterification reactions catalyzed by [(n-bu-SO;H)MIM]|[HSO,]

Product Temperature (K) k/ (I'mol™"-h™") K' Apparent activation energy E (kJ-mol™")
Ethyl acetate 338 0.13+0.01 1.66+0.09 39.1+£2.0
348 0.34+0.02 5.88+0.30
358 0.75+0.03 9.59+0.50
Ethyl n-hexanoate 338 0.10+0.01 5.06+0.25 49.7£2.5
348 0.34+0.02 7.15+0.36
358 0.95+0.05 9.56+0.50
Ethyl laurate 348 0.38+0.02 3.28+0.16 51.4+2.5
358 1.23+0.06 5.80+0.29
368 3.50+0.10 8.12+0.40
Ethyl stearate 348 0.45+0.02 1.02+0.05 59.3+3.0
358 1.84+0.09 1.90+0.10
368 5.83+£0.10 4.87+0.25

orate from the reaction liquid phase and hardly drop back. This might
be an important reason that the conversion of esterification runs to
very high (nearly 100%) in our results as well as in many reports
[20,25-27] that used the same ‘flask-reflux’ reactor and small amount
of reactants as ours. Contrarily, the amount of formed water in the
kinetics experiment (Fig. 2) is larger and may drop more back to
the reaction phase which inhibits the formation of the ester, leading
to a lower final equilibrium conversion of the acids.

To verify this idea, we further conducted the esterification reac-
tion of acetic acid with ethanol in (1) 10 ml sealed tube; (2) 10 ml
sealed tube with 1 g dried 4A zeolite (pore size 0.38 nm, BET sur-
face area 550 m*-g"' and pore volume: 0.25 cm’-g™); and (3) 25 ml
flask with reflux condenser. Results are shown in Table 5.

It is well known that Fischer esterification is a reversible reac-
tion. The removal of the formed water or ester from the reaction
bulk will be favorable to the right-shift of the reaction, leading to a
higher yield of ester. In most reports, ionic liquid is regarded as a
kind of high-efficient acidic catalyst that can either combine (seques-
ter) the water or isolate the ester to another phase so that the con-
version of esterification runs to nearly 100% [10,20,23,25-27,32,33],
in which a general “flask-reflux’ reactor was used. Whereas others
do not believe the ionic liquids can sequester water or esters with
enough efficiency, and they used other strategies such as membrane
separation to isolate water in order to obtain higher esterification
conversion [34,35]. Moreover, Forbes et al. considered the exist-

Table 5. Esterification of acetic acid with ethanol carried out in
different reaction containers

Entry Reaction container iozl?::plei qolfl d Dehydrator aczgig ?;0 )
25 10 ml sealed tube I - 84.5+2.1
26 10 ml sealed tube A" - 82.3+2.1
27 10 ml sealed tube I 1 g4A zeolite 93.6£1.2
28 10 ml sealed tube v 1 g4A zeolite 91.1£1.3
29 25 ml refluxed flask I - 914+1.6
30 25 ml refluxed flask v - 88.7+1.1

Note: reaction temperature: 358 K, time: 6 h. mole ratio of acid : al-
cohol : IL=20 mmol : 40 mmol : 10 mmol

ence of some water might be necessary to enhance the catalytic ac-
tivity of sulfonic acid based ionic liquid [18,19]. To sum up, so far
the role of water and the water-sequestered effect of ionic liquid on
ionic liquid catalyzed esterification seems ambiguous.

From our results in Table 5, however, one can clearly see that
the existence of water in the reaction bulk obviously decreases the
yield of acetate (entries 25 vs. 29 and 26 vs. 30), as the container is
sealed so that the formed water cannot be easily evaporated. Where-
as when zeolite 4A (a zeolite that is believed to only adsorb water
from the above esterification system [36,37]) was used to adsorb
the formed water, the yield of acetate slightly increased by ca 3%,
compared to the corresponding reactions carried out in the general
“flask-reflux’ reactors (entries 27 vs. 29 and 28 vs. 30). Based on
our results, we therefore conclude that the removal of water from
the ionic liquid-catalyzed esterification reaction system is necessary
in order to obtain a higher yield of ester, although ionic liquid is
generally viewed as a kind of water-sequester solvent and can be
used to tailor the equilibrium conversion of esterification [38,39].

CONCLUSION

Five water-stable ionic liquids [BHIM]BF,, [BHIM]CF;SO;, [(n-
bu-SO;H) MIM][HSO,], [(n-bu-SO;H) MIM][p-TSO] and [(Et)N,H]
HSO, were applied as both solvents and acid catalysts for Fischer
esterification reactions of ethanol and four aliphatic carboxylic acids
(acetic acid, n-hexanoic acid, lauric acid, and stearic acid).

Among the studied ionic liquids, [(n-bu-SO,H) MIM][HSO,] and
[(n-bu-SO;H) MIM][p-TSO] have higher reactivity for the produc-
tion of ethyl esters. The catalytic activity of these ionic liquids is
strongly dependent on the acidity of their anions and cations. The
hydrophilicity of the ionic liquid and its affinity with the reactants
affects a great deal of its catalytic reactivity: when lower-molecular
water-miscible acids react with alcohol, the water miscibility of the
ionic liquids will improve catalytic activity; in contrast, when water-
immiscible long-carbon-chain acids or alcohol are used as reactant,
the hydrophobic function group of the ionic liquid will improve its
catalytic activity. Water refluxing through the condenser may be
another important reason for obtaining high conversion of esterifi-
cation, while esterification that occurs in a sealed container leads to a
lower conversion, indicating a water sequester process is still needed

Korean J. Chem. Eng.(Vol. 26, No. 3)
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in order to obtain a higher yield of ester in the ionic liquid catalyzed
esterification system. Kinetics studies of carboxylic acids reacting
with ethanol at 338 K, 348 K, 358 K and 368 K show the conver-
sions of the acids increase with reaction temperature and time, and
reach equilibrium within about two hours. The apparent activation
energies are calculated to be 39.1+£2.0, 49.7+2.5, 51.442.5 and 59.3
+3.0kJ-mol™" for the formation of ethyl acetate, ethyl hexanoate,
ethyl laurate and ethyl stearate, respectively.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the support from the National
Natural Science Foundation of China (No. 20506023), Zhejiang
Provincial Natural Science Foundation (No. Y406250), the Foun-
dation of the “Top Disciplines” of Zhejiang province in China, and
the Foundation of the “State Key Laboratory Breeding Base of Green
Chemistry Synthesis Technology”.

REFERENCES

1. N. N. Gandhi, N. S. Patil, S. B. Sawant, J. B. Joshi, P. P. Wangikar
and D. Mukesh, Cat. Rev. Sci. Eng., 42,439 (2000).
2. H. E. Hoydonckx, D. E. De Vos, S. A. Chavan and P. A. Jacobs, Top.
Catal., 27, 83 (2004).
3.J. Otera, Angew. Chem. Int. Ed., 40,2044 (2001).
4. B. Dragoi and E. Dumitriu, Prog. Catal., 12, 1 (2003).
5. K. Kulesza and P. Bartoszewicz, In modern polymeric materials for
environmental applications, 2 ed., Krakow, Poland, 93 (2006).
6. H. E. Lanman, R. V. Nguyen, X. Q. Yao, T. H. Chan and C. J. Li, J.
Mol. Catal. A: Chem., 279, 218 (2008).
7. H. Y. Ju,J. Y. Ahn, M. D. Manju, K. H. Kim and D. W. Park, Korean
J. Chem. Eng., 25,471 (2008).
8.Z.Y.Duan, Y. L. Guand Y. Q. Deng, J. Mol. Catal. A: Chem., 246,
70 (2006).
9. R. Sugimura, K. Qiao, D. Tomida and C. Yokoyama, Catal. Com-
mun., 8, 770 (2007).
10. Y. Q. Deng, F. Shi, J. J. Beng and K. Qiao, J. Mol. Catal. A: Chem.,
165, 33 (2001).
11. H. P. Zhu, F. Yang, J. Tang and M. Y. He, Green Chemistry, 5, 38
(2003).
12. T. Welton, Chem. Rev., 99, 2071 (1999).
13. J. Fraga-Dubreuil, K. Bourahla, M. Rahmouni, J. P. Bazureau and
J. Hamelin, Catal. Commun., 3, 185 (2002).
14. P. Wasserscheid, M. Sesing and W. Korth, Green Chemistry, 4, 134
(2002).
15. P. Wasserscheid, R. van Hal and A. Bosmann, Green Chemistry, 4,
400 (2002).

May, 2009

16. M. T. Garcia, N. Gathergood and P. J. Scammells, Green Chemis-
try, 7,9 (2005).

17. A. C. Cole, J. L. Jensen, 1. Ntai, K. L. T. Tran, K. J. Weaver, D. C.
Forbes and J. J. H. Davis, J. Am. Chem. Soc., 124, 5962 (2002).

18. D. C. Forbes, J. H. Davis, D. W. Morrison, K. L. T. Tran and K. J.
Weaver, Abstr. Pap. Am. Chem. Soc., 225, U416 (2003).

19. D. C. Forbes and K. J. Weaver, J. Mol. Catal. A: Chem., 214, 129
(2004).

20. H. B. Xing, T. Wang, Z. H. Zhou and Y. Y. Dai, Ind. Eng. Chem.
Res., 44, 4147 (2005).

21. H. B. Xing, T. Wang, Z. H. Zhou and Y. Y. Dai, J. Mol. Catal. A:
Chem., 264, 53 (2007).

22. P. A. Ganeshpure and J. Das, React. Kinet. Catal. Lett., 92,69 (2007).

23.D. Fang, X. L. Zhou, Z. W. Ye and Z. L. Liu, Ind. Eng. Chem. Res.,
45, 7982 (2006).

24.Y.L. Gu, F. Shi and Y. Q. Deng, J. Mol. Catal. A: Chem., 212, 71
(2004).

25. P. A. Ganeshpure, G George and J. Das, ARKIVOC, 273 (2007).

26. P. A. Ganeshpure, G. George and J. Das, J. Mol. Catal. A: Chem.,
279, 182 (2008).

27. H. B. Zhang, F. Xu, X. H. Zhou, G Y. Zhang and C X. Wang, Green
Chemistry, 9, 1208 (2007).

28. Z.J. Wei, Y. Huang, S. G Deng, D. Saha, Y. X. Liu and Q. L. Ren,
React. Kinet. Catal. Lett., 95, 257 (2008).

29. Q. W. Yang, Z. J. Wei, H. B. Xing and Q. L. Ren, Catal. Commun.,
9, 1307 (2008).

30. C.M. Wang, L. P. Guo, H. R. Li, Y. Wang, J. Y. Weng and L. H. Wu,
Green Chemistry, 8, 603 (2000).

31. Animal and vegetable fats and oils-analysis by gas chromatography
of methyl ester of fatty acids. In National Standard of China, GB/T
17377 (1998).

32. H. P. Nguyen, S. Znifeche and M. Baboulene, Synth. Commun., 34,
2085 (2004).

33. T. Joseph, S. Sahoo and S. B. Halligudi, J. Mol. Catal. A: Chem.,
234,107 (2005).

34. P. Izak, N. M. M. Mateus, C. A. M. Afonso and J. G Crespo, Sep.
Purif. Technol., 41, 141 (2005).

35. K. Belafi-Bako, N. Dormo, O. Ulbert and L. Gubicza, Desalina-
tion, 149, 267 (2002).

36. M. Pera-Titus, C. Fite, V. Sebastian, E. Lorente, J. Llorens and F.
Cunill, /nd. Eng. Chem. Res., 47,3213 (2008).

37. S. Al-Asheh, F. Banat and A. L. Al-Lagtah, Trans. IChemE, Part A4,
82, 855 (2004).

38. T. Jiang, Y. H. Chang, G Y. Zhao, B. X. Han and G Y. Yang, Synth.
Commun., 34,225 (2004).

39. X.Z.Liand W. J. Eli, J. Mol. Catal. A: Chem., 279, 159 (2008).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


