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Abstract

Before proposing an innovative process for the coproduction of ethyl and bu-
tyl acetates, the individual syntheses of ethyl acetate and butyl acetate by two
different routes were first studied. These syntheses involved the reaction of
ethanol or n-butanol with acetic acid or acetic anhydride in the presence of
ion exchange resins: Amberlyst 15, Amberlyst 16, Amberlyst 36 and Dowex
50WX8. Kinetic and thermodynamic studies were performed with all resins.
The lowest activation energy (E,) value was obtained with Dowex 50WX8,
which was identified as the best-performing resin, able to be reused at least in
four runs without regeneration. The presence of water-azeotropes during the
synthesis of ethyl acetate makes its purification difficult. A new strategy was
adopted here, involving the use of ethanol and acetic anhydride as the starting
material. In order to minimize acetic acid as co-product of this reaction, a
novel two-step process for the coproduction of ethyl and butyl acetates was
developed. The first step involves the production of ethyl acetate and its puri-
fication. Butyl acetate was produced in the second step: n-butanol was added
to the mixture of acetic acid and the resin remaining after the first-step distil-
lation. This process yields ethyl acetate and butyl acetate at high purity and
shows an environmental benefit over the independent syntheses by green
metrics calculation and life cycle assessment.
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1. Introduction

Ethyl acetate (EAc) and butyl acetate (BAc) are among the solvents most fre-
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quently used in the coating, adhesive, ink and cosmetic industries [1]. They are
conventionally produced by the esterification of acetic acid (AcOH) with excess
alcohol (ethanol (EtOH) and n-butanol (BuOH), respectively) in the presence of
homogeneous acid catalysts. Strong liquid mineral acids, such as sulfuric acid,
p-toluenesulfonic acid (PTSA) and hydrochloric acid, are the most effective
catalysts for achieving high esterification yields [2] [3] [4]. However, these proc-
esses require the use of alkaline salt solutions for catalyst neutralization, result-
ing in the generation of aqueous waste [5].

The use of ion-exchange resins bearing sulfonic acid (-SO;H) groups as het-
erogeneous catalysts in esterification reactions is well documented [6]-[12].
These resins generally give results similar to those obtained with homogeneous
acid catalysts [13]. The use of a heterogeneous ion exchange resin as a catalyst is
advantageous in a number of ways. In particular, by contrast to processes in-
volving the use of homogeneous acid catalysts, there is no need to neutralize the
medium. This limits waste production [14]. Side reactions are also limited, re-
sulting in higher reaction yield and higher product purity [15]. The resin is easy
to remove from the reaction medium by filtration or decantation [16] [17]. The
recovered resin can be reused without regeneration, but can also be regenerated
for further use [18] [19] [20] [21].

Esterification reactions are known to be equilibrium-limited. The equilibrium
is often shifted by adding an excess of one of the reactants or by removing one of
the products (i.e. water) during the reaction (Le Chatelier’s principle). However,
the presence of azeotropes makes purification more difficult, due to the need for
energy-intensive processes. Ethyl acetate is generally purified by rectification, in
several distillation steps. However, each step reduces the yield and additional
recycling is required. It can also be extracted through extractive distillation with
an agent containing DMSO [22], polyethylene glycol or dipropylene glycol [23]
or using ionic liquids (ILs) [24] [25]. More recently, pressure-swing distillation
has been explored [26] [27] [28]. Reactive distillation (RD) has also been studied
as a method for producing this ester, to avoid azeotropic limitation and to in-
crease yield and purity [29]-[35].

In this study, a novel coproduction process for ethyl acetate and butyl acetate
was studied, with the aim of rendering the syntheses of these two molecules
greener and easier to perform in terms of ester purification. Firstly, we studied
the individual syntheses of ethyl acetate and butyl acetate by two different
routes, using acetic acid or acetic anhydride with the corresponding alcohols
(ethanol or n-butanol). Four ion exchange resins were compared: Amberlyst 15
(A15), Amberlyst 16 (A16), Amberlyst 36 (A36) and Dowex 50WX8 (D50). Ki-
netic studies were performed for all reactions, for both syntheses and routes, to
ensure the selection of the best resin for the coproduction process. The recycling
of the most effective resin was also evaluated by studying its activity over several
production cycles.

The coproduction of ethyl and butyl acetates has already been reported by
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Tian and coworkers [34] [36]. They studied the feasibility of coproduction with
the Aspen Plus” simulation tool and then checked the simulated model experi-
mentally. However, the process described requires two reactive distillation col-
umns: one for the synthesis of ethyl acetate and the other for butyl acetate.

The coproduction process proposed here consists of two steps. The first con-
sists of the production of ethyl acetate from ethanol and acetic anhydride in the
presence of the ion exchange resin selected in preliminary studies of the catalytic
effects of resins on the separate syntheses of the two acetates. In this synthetic
route, acetic acid is produced, and water formation is limited, making it possible
to purify ethyl acetate by simple distillation. In the second step, n-butanol is
added to the residual mixture of acetic acid and resin remaining after distillation
to purify the product of the first esterification. Finally, the butyl acetate obtained
is purified by distilling the heteroazeotrope formed after the addition of a selec-

tive entrainer facilitating the liquid/liquid separation of water in the decanter.

2. Experimental
2.1. Chemicals

Ethanol, n-butanol, acetic anhydride, acetic acid, cyclohexane and methyl iso-
butyl ketone, all analytical grade, were purchased from Sigma Aldrich Co.

(France). Sodium chloride was also obtained from Sigma Aldrich Co. (France).

2.2. Catalyst

Heterogeneous ion exchange resins: Amberlyst 15, Amberlyst 16, Amberlyst 36
and Dowex 50WX8 were supplied by Sigma Aldrich Co. (France). They were
used as catalysts for the esterification reactions, after washing in water, filtration

and drying to constant weight in an oven at 50°C to eliminate any moisture.

2.3. Synthesis of Ethyl Acetate (EAc): Selection of Catalyst and
Reaction Conditions

In a typical run, a mixture of 0.20 g ethanol (4.4 mmol, 1 equiv.) and 0.26 g ace-
tic acid (4.4 mmol, 1 equiv.) was stirred at 80°C in the presence of the resin (5%
w/w relative to ethanol). The reaction was also carried out with 0.25 g ethanol
(5.4 mmol, 1 equiv.) and 0.28 g acetic anhydride (2.7 mmol, 0.5 equiv.) or 0.56 g
acetic anhydride (5.5 mmol, 1 equiv.). The ethyl acetate obtained was then puri-

fied by simple distillation.

2.4. Synthesis of Butyl Acetate (BAc)

Butyl acetate was produced in a 2 L jacketed glass reactor equipped with a
Dean-Stark apparatus. A solution of 800 g n-butanol (10.8 mol, 1 equiv.), 648 g
acetic acid (10.8 mol, 1 equiv.) and 80 mL cyclohexane (as an entrainer, to re-
move water from the reaction medium) was stirred in the presence of the resin
(5% w/w relative to butanol) at 105°C for 4 h. The cyclohexane was then re-

moved from the reaction mixture by distillation. The butyl acetate was recovered
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by filtration of the resin.

2.5. Coproduction of Ethyl Acetate and Butyl Acetate

A mixture of 400 g ethanol (8.7 mol, 1 equiv.) and 889 g acetic anhydride (8.7
mol, 1 equiv.) was stirred in the presence of the resin (5% w/w relative to etha-
nol) in a 2 L jacketed glass reactor at room temperature for 4 h. The ethyl acetate
formed was then distilled off from the reaction medium. We then added 400 g
n-butanol (5.4 mol, 1 equiv.) and 45 mL cyclohexane (5% v/v relative to the re-
action mixture) to the reactor containing the remaining acetic acid and resin
mixture. The reactor was equipped with a Dean-Stark apparatus (to remove wa-
ter from the reaction medium). The resulting medium was stirred at 105°C for 4
h. At the end of the reaction, cyclohexane was removed by simple distillation

and the butyl acetate was recovered after catalyst filtration.

2.6. Analysis Methods

The reaction products were analyzed with a gas chromatograph (VARIAN 3600)
equipped with a flame ionization detector. A DB-624 column (AGILENT, 0.25
mm X 30 m, df = 1.4 um) was used for the analyses. The oven temperature was
maintained at 50°C for 2 min, then gradually increased to 100°C at a rate of
5°C/min and then to 190°C at a rate of 25°C/min. The temperature of the detec-
tor and the injector was fixed at 300°C. The injection volume of samples was 1
uL, with a 1:100 split. Methyl isobutyl ketone (MIBK) was used as the internal
standard. Water content was determined by Karl Fisher titration (SCHOTT Ti-
troline).

2.7. Statistical Analyses

Statistical analyses were performed with Minitab 16 software. Data were ana-
lyzed by analysis of variance (ANOV A) and with Tukey’s test, with an alpha risk
of 0.05 (p < 0.05).

2.8. Life Cycle Assessment

The Life Cycle Assessment was performed using the ISO 14040 [37] and 14044
[38] standards. The LCA analyses were “cradle to gate” in order to evaluate the
impacts related to the syntheses. The production of 1 kg of BAc was chosen as
functional unit. Then, it was calculated that 1.235 kg of EAc (functional unit for
EAc) needed to be synthesized for producing the amount of acetic acid (0.749
kg) necessary for the synthesis of 1 kg of BAc.

All the data for the Life Cycle Inventory were collected from the experimental
results at laboratory scale. The emissions and extractions data were obtained
from the Ecoinvent 3.1 database. The environmental impacts were analyzed
through a derivative of the ILCD 2011 1.05 method. Indicators of resources de-
pletion of this method were replaced by water depletion and energy consump-

tion indicator, based on the Cumulative Energy Demand method, because of the
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lack of confidence. 17 midpoint impact categories were studied. The inventory

and the impact calculations were done on SigmaPro 8.1.1.

3. Results and Discussion

3.1. Synthesis of Ethyl Acetate Starting from Ethanol
and Acetic Acid

The main industrial process for ethyl acetate (EAc) production involves the es-
terification of acetic acid (AcOH) with ethanol (EtOH) in the presence of a ho-
mogeneous catalyst, generally sulfuric acid. We decided to circumvent the prob-
lems relating to the use of homogeneous catalysts, such waste production and
separation, and to use a greener approach. We therefore replaced the acid cata-
lyst with a heterogeneous ion exchange resin.

Experiments were carried out with different ion exchange resins, to evaluate
the efficiency of conversion of ethanol and n-butanol into ethyl acetate and
n-butyl acetate (BAc), respectively. Four ion exchange resins were used: Amber-
lyst 15 (A15), Amberlyst 16 (A16), Amberlyst 36 (A36) and Dowex 50WX8
(D50). The beads of these resins consist of styrene-divinylbenzene copolymers.
Al5, Al16 and A36 are macroporous resins with multichannel structures,
whereas Dowex 50WX8 is a gel resin. The properties of these resins are pre-
sented in Table 1.

The capacity of each resin was determined in terms of exchangeable counte-
rions per unit dry weight, with a 0.2 M solution of NaOH. Ion exchange capacity
is expressed in milliequivalents per gram of resin. The highest resin capacity was
obtained with Amberlyst 16 (Table 1). The other resins had similar capacities.

We therefore began by studying the synthesis of ethyl acetate starting from
ethanol and acetic acid in a 1:1 molar ratio (Equation (1)), replacing the homo-
geneous catalyst with each of the ion exchange resins described in Table 1.

CH,COOH + CH,CH,OH = CH,COOCH,CH, +H,0 (1)

The reactions were carried out at 80°C and the final composition of the reac-

tion medium was analyzed by gas chromatography. The changes in the ethanol,

Table 1. Characteristics of the resins used for the synthesis of ethyl and butyl acetates.

Catalyst Physical form

Amberlyst 15 Opaque beads

Amberlyst 16 Opaque beads

Amberlyst 36 Opaque beads

Dowex 50WX8 Crystalline
200 - 400 powder or powder

Concentration of Shipping . Surface Mean pore Ion exchange
L. i Fine content  Coarse beads ) . .
acid sites weight (g/L) area (m*/g) diameter capacity (meq/g)*
2>1.7 eq/L <0.300 mm: > 1.18 mm: 5% o
610 53 300 A 4.9
24.7 eq/kg 0.5% max max
>1.7 eq/L <0.355mm: > 1.18 mm: 5% .
780 52 300 A 6.1
>4.7 eq/kg 1% max max
>1.95 eq/L 25.4 <0.425mm: > 1.18 mm: 4% o
800 33 240 A 4.9
eq/kg 0.5% max max
>1.7 eq/L 802 NA NA NA 10-20 A 4.8

a. Ion exchange capacity of resins determined in this work. Standard deviation = 0.2 meq/g.
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Amberlyst 15

acetic acid and ethyl acetate contents of the reaction medium are reported in
Figure 1.

Equilibrium was reached more rapidly with Dowex 50WX8than with the
macroporous resins A15, A16 and A36 (90 mins versus 180 minutes). These re-
sults are consistent with the report from Lee et al of a greater efficiency for the
gel-type Dowex 50WX8 than for the macroreticular resin Amberlyst 15 in the
esterification of acetic acid and amyl alcohol [39]. Similarly, better conversion of
2-propanol with acetic acid was obtained with a gel-type resin (Dowex 50) than
with a macroreticular catalyst (Ali et a/). The authors suggested that the water
formed during the reaction affects gel-type and macroreticular catalysts in dif-
ferent ways, decreasing the activity of macroreticular, but not gel-type catalysts
[10]. Indeed, water influences the swelling of Dowex 50WX8, enhancing the ex-
posure of its acid sites and, thus, its activity [4] [7]. By contrast, greater
cross-linking, as in macromolecular resins, such as Amberlyst 15, decreases wa-
ter absorption [40], limiting mass transfer within the polymer beads.

Gel-type resins have thus been recommended for reactions in which water is
one of the products [19].

The conversion of ethanol and the yield of ethyl acetate were then determined

at equilibrium (Table 2). Similar results were obtained for all the resins tested.
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Figure 1. Kinetic study of the synthesis of ethyl acetate from ethanol and acetic acid (molar ratio: 1/1) at 80°C, in the presence of
the various ion exchange resins: A15, A16, A36 and D50 (catalyst loading: 5% w/w relative to ethanol).
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The low ethanol conversion can be attributed to the formation of water, which
shifts the equilibrium toward the reactants, thereby limiting ethyl acetate pro-

duction.

3.2. Effect of Reaction Temperature

The effect of temperature on ethanol conversion was assessed by setting the
temperature to 90, 80, 65, 50 and 40°C. The ethanol conversion plots as a func-
tion of reaction temperature are presented in Figure 2. Similar profiles were ob-
tained with all the resins tested (data shown only for Dowex 50WX8). The reac-
tion rate increased with temperature. For the esterification of ethanol and acetic
acid, reaction equilibrium was reached after 60 minutes at 90°C, but after 5 h at
50°C.

The effect of temperature on the reaction rate was investigated by setting the

Table 2. Comparison of the various resins in terms of their ethanol conversion and ethyl
acetate yields, for reactions starting from ethanol and acetic acid (molar ratio: 1/1).

Composition of reaction media (%mol)

Ion exchange  Conversion of Yield of EAc

resins ethanol (%) (%) AcOH Ethanol EAc Water?
Amberlyst 15 71 69 17 14 35 34
Amberlyst 16 71 69 16 14 34 36
Amberlyst 36 71 69 16 14 35 35
Dowex 50WX8
70 68 16 15 34 35
200 - 400

Conditions: resin loading 5% w/w relative to EtOH, 80°C, 4 h, a. Determined by Karl Fisher titration. SD: * 2.

70~
" E AR noA
) I... A A & e ~ [ ] [ &
60 .l . A . L ] e o <.> o o &
[ ]

& 1,2 o < A A A

S o i o ©

s L e A

= & A

5 404 @ & A

2 | A

S 30 N N

— °

g 1 °4
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& 50°C
A 40°C
0 . , , , . . . . ,
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Figure 2. Effect of temperature on ethanol conversion with Dowex 50WX8 as the catalyst.
Reaction starting from ethanol and acetic acid (1/1). Catalyst loading: 5% w/w relative to
EtOH.
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temperature to 40°C, 50°C, 65°C and 80°C. The molar ratio of ethanol and ace-
tic acid was kept at 1:1, with a catalyst loading of 5% dry w/w relative to ethanol.
Assuming that the esterification reaction is a second-order reaction, the appar-
ent activation energy (Ea) was determined for all resins, by applying the Ar-
rhenius equation to the early part of the reaction. The k value was calculated by
plotting In [EtOH] against time. The k value was obtained from the slope of the
tangent to the curve at the origin, which was calculated from the second-degree
polynomial equation (Figure 3).

The activation energy (Ea) was higher for the macroporous resins: it was
highest for Amberlyst 15 (40.9 kJ-mol™), followed by Amberlyst 36 (35.5
kJ-mol™") and Amberlyst 16 (30.1 kJ-mol™"). The lowest value obtained was that
for Dowex 50WX8: 28.3 kJ-mol™". These values are considerably lower than pub-
lished values for this reaction catalyzed with 5% sulfuric acid (65.6 kJ-mol™) [41]
or or 0.38 wt% H2SO4 (57 kJ-mol™) [42]. Higher Ea values have also been re-
ported for various macroporous resins as catalysts of the esterification of acetic
acid and alcohols, such as methanol (SAC 13: 51.8 kJ/mol [4], Indion 30: 38.13
kJ-mol™, [18] A15: 58.5 kJ-mol™" [43]); isobutanol (Amberlite IR120: 49 kJ-mol™)
[15], isoamyl alcohol (Purolite CT175: 47 kJ-mol™") [8] and amyl alcohol (Dowex
50WX8: 47.9 kJ-mol™") [39]. Our results confirm that Dowex 50WX8 catalyzes
the esterification of ethanol and acetic acid more efficiently than the macromo-
lecular resins A36, A16 and Al5. This higher efficiency can be attributed to
greater accessibility of the active sites to reagents, thanks to the swelling and low

levels of cross-linking (8% divinylbenzene) of the resin.

= Amberlyst 15
o Amberlyst 16
-3.0 4 A  Amberlyst 36
< Dowex 50WX8
-3.5 1
<
-4.0
&
g 4.5 A
= ° © D50: In(k,) =—3406.57 + 62432
n
-5.0 4 A
]
4 A36: In(k,) = - 42799/, + 8.2486
| ]
-5.5 1
A16: In(k,) = -3635.7/. + 62103
6.0 - = A15: In(k,) = —4921-6T +9.7878
0.00280 0.0(;290 ' 0.0(;300 ' 0.00l3 10 ' 0.0(;320

1/Temperature (°K™)

Figure 3. Activation energy determination, natural logarithm of the equilibrium constants as a function of the

inverse of temperature.
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3.3. Synthesis of Ethyl Acetate Starting from Ethanol
and Acetic Anhydride

We tried to increase reaction yield and to shift the equilibrium towards ester
formation, by testing the resins in another synthetic route, starting from ethanol

and acetic anhydride (Equation (2)).
(CH,CO), 0+2CH,CH,0H = 2CH,COOCH,CH; +H,0  (2)

There are fewer published descriptions of the synthesis of esters from an an-
hydride. Kolena et al patented a method for synthesizing ethyl acetate by reac-
tive distillation, using a mixture of acetic acid and acetic anhydride [44]. The
synthesis of methyl acetate by this route has also been reported [45] [46]. This
reaction has the advantage of decreasing water formation due to the reaction
stoichiometry and partial consumption for the hydrolysis of acetic anhydride
into acetic acid.

The esterification reaction starting from ethanol and acetic anhydride (Equa-

tion (2)) is best summarized by the following steps:

(CH,CO), O+ CH,CH,0H = CH,COOCH,CH, +CH,COOH 3)
CH,CH,OH +CH,CH,0OH = CH,COOCH,CH, +H,0 (4)
(CH,CO), 0+H,0 = CH,COOH (5)

We checked our findings suggesting a greater efficiency of Dowex 50WXS8, by
testing all the resins for catalysis of the esterification of acetic anhydride with
ethanol. The reactions were carried out with an ethanol:acetic anhydride molar
ratio of 2:1, at 80°C, with A 15, A16, A36 or Dowex 50WX8 as the catalyst. The
course of the reactions was followed over a period of 180 min (Figure 4).

The equilibrium of the reaction was reached more rapidly if acetic anhydride
was used in place of acetic acid. For the macroporous resins A15, A16 and A36,
equilibrium was reached after 90 min with acetic anhydride, and 180 min with
acetic acid (Figure 4). The reaction performed with acetic anhydride in the
presence of Dowex 50WX8 was also slightly faster, reaching equilibrium at 60
min, versus 90 min with acetic acid (Figure 1 vs Figure 4).

The ethanol conversion and the yield of ethyl acetate were determined by GC
and similar values were obtained for all four resins at equilibrium. Higher con-
version and yields were obtained for reactions starting from acetic anhydride
rather than acetic acid (10% increase in conversion; Table 2 vs Table 3). This
may be due to the smaller amount of water in the medium (from 34 to 20%mol,
with acetic acid and acetic anhydride, respectively) due to its consumption in the
hydrolysis of acetic anhydride into acetic acid, as described in Equation (5),
shifting the equilibrium to the right.

Based on these kinetic results, Dowex 50WX8 was considered to be the most
efficient acidic ion exchange resin for the rapid production of high yields of ethyl
acetate. Higher ethanol conversion and reaction yields were also obtained for the

reaction starting from ethanol and acetic anhydride. We therefore decided to use
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Figure 4. Kinetic study of the synthesis of ethyl acetate from ethanol and acetic anhydride (molar ratio: 2/1) at 80°C, in the pres-
ence of different ion exchange resins: A15, A16, A36 or D50 (catalyst loading: 5% w/w relative to ethanol).

Table 3. Comparison of the different ion-exchange resins in terms of their ethanol con-
version and ethyl acetate yields, for the reaction starting from ethanol and acetic anhy-

dride (2/1).

Ton exchange resins

Conversion of  Yield of EAc

Composition of reaction media (%mol)

ethanol (%) (%) AcOH  Ethanol EAc Water®
Amberlyst 15 81 78 15 13 53 19
Amberlyst 16 80 83 15 13 53 18
Amberlyst 36 80 80 15 13 54 18
Dowex 50WX8 200 - 400 79 83 15 14 54 17

Conditions: resin loading 5% w/w relative to EtOH, 80°C, 4 h, a. Determined by Karl Fisher titration. SD: * 2.

these reactants as the starting materials, with Dowex 50WX8 as the catalyst, in

subsequent studies.

3.4. Evaluation of Dowex 50WX8: Catalyst Loading and Reusability

The influence of catalyst loading on the ethyl acetate yield obtained at equilib-
rium was evaluated with a 2:1 molar ratio of ethanol:acetic anhydride. The reac-

tion was carried out at 80°C for 4 h, with a catalyst loading of 2.5%, 5% and 10%
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dry weight relative to the weight of ethanol. Ethyl acetate yield increased with
resin loading (Figure 5). Nevertheless, for confirmation of the positive effect of
the increase in catalyst loading on ethyl acetate yield, an analysis of variance
(ANOVA) was performed. Ethyl acetate yield differed significantly between
resin loadings (a = 0.05, p = 0.041). Nevertheless, a Tukey test showed that there
was no significant difference between catalyst loadings of 5% and 10%. We
therefore considered a catalyst loading of 5% to be sufficient to obtain the
maximum yield of ethyl acetate.

The reusability of Dowex 50WX8 was then assessed by evaluating ethyl acetate
yield after several recycling runs (Figure 6). The test was performed with the
same catalyst for four consecutive runs, under the same conditions; the catalyst
was filtered and washed with water between runs. The analysis of variance
(ANOVA) showed that there was no significant difference in ethyl acetate yield
between the runs on reused resin (a = 0.05, p = 0.073). The catalyst is thus reus-

able and resin reactivation is not required, at least in these conditions.

3.5. Purification of Ethyl Acetate

In the ethyl acetate reaction system, there are three binary azeotropes and one
ternary azeotrope. As the boiling point of the pure components (ethyl acetate
77.2°C, ethanol 78.3°C, water 100°C, acetic acid 118°C) and the azeotropes they
form are very similar, it is difficult to achieve efficient purification by distillation.
The composition and boiling points of the azeotropes are shown in Table 4.

The use of extractive methods for ethyl acetate purification is also limited be-
cause this compound forms azeotropes with conventional solvents used for wa-
ter removal, such as benzene (bp = 102.45°C), cyclohexene (bp = 100.87°C),
cyclohexane (bp = 102.45°C), 1-hexene (bp = 91.47°C) and hexane (bp =

100 V2.5 %
5%
90 1 10 %

80 4

70 A

60

50 A

40 4

7

30 A

Ethyl acetate yield (% mol)

20

7
Catalyst loading (% w dry resin/ w EtOH)

Figure 5. Evaluation of the effect of catalyst loading on EAc yield
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80
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Ethyl acetate yield (% mol)

Cycles of reused resin

Figure 6. Effect of the reused resin on EAc yield

Table 4. Boiling points and molar fractions of the various azeotropes in the ethyl acetate

system [47].
Molar fractions
Azeotropes Boiling Point ("C)
EtOH EAc H,0
EtOH/EAc/H,0 70.09 0.1069 0.6073 0.2858
EAc/H,0 70.37 - 0.6869 0.3131
EtOH/EAc 71.81 0.4572 0.5428 -
EtOH/H,0 78.18 0.9016 - 0.0984

101.32°C) [48].

The yield and purity of ethyl acetate (limitation of water formation) can be
improved by reactive distillation (RD), to shift the chemical equilibrium and
overcome azeotropic limitations [30] [49] [50]. Pervaporation (PV) has been
proposed for the separation of azeotropes or the dehydration of organic com-
pounds [31] [51] [52]. Hybrid processes, combining pervaporation with other
separation techniques, for example, have also been described [31] [53] [54], but
these techniques involve a complex analysis of the configuration of the columns
and require special equipment. We therefore developed an alternative strategy
for improving yield and facilitating ethyl acetate purification with conventional

laboratory equipment.

3.6. Synthesis of Butyl Acetate Starting From n-Butanol
and Acetic Acid

After studying the synthesis of ethyl acetate, we decided to evaluate Dowex
50WXS8 as a catalyst for the production of butyl acetate (Bac). The synthesis of

butyl acetate starting from a 1/1 molar ratio of n-butanol and acetic acid (Equa-
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Amberlyst 15

tion (6)) was first studied, with each of the four ion exchange resins tested for
ethyl acetate synthesis as the catalyst (A15, A16, A36 and D50).

CH; (CH, ), OH + CH,COOH = CH,COO(CH, ), CH, +H,0 (6)

The reactions were performed at 100°C, and changes in the composition of
the reaction medium were followed for 4 h (Figure 7).

Equilibrium was reached after about 50 minutes with Dowex 50WX8. A simi-
lar profile was obtained with A16, whereas it took 100 minutes to reach equilib-
rium with A15 and A36.

The n-butanol conversion and the yield in n-butyl acetate were determined at
equilibrium, by GC analyses (Table 5).

The n-butanol conversion and the yield of BAc were similar for all four resins.
As for ethyl acetate, the low conversion was attributed to the formation of water,
shifting the equilibrium towards the reactant side.

3.7. Effect of Reaction Temperature

The effect of temperature on the conversion of n-butanol and the esterification
of butanol and acetic acid was also studied, by setting the temperature at 100°C,

80°C, 70°C, 60°C and 50°C. Butanol conversion was plotted as a function of
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Figure 7. Kinetic study of the synthesis of butyl acetate from n-butanol and acetic acid (molar ratio: 1/1) at 100°C in the presence
of different ion exchange resins: A15, A16, A36 and D50 (catalyst loading: 5% w/w relative to butanol).
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Table 5. Comparison of the various ion exchange resins in terms of z-butanol conversion
and butyl acetate yield, for reactions starting from n-butanol and acetic acid (1:1)

Butanol Yield of BAc Composition of reaction media (%mol)
Ion exchange resins . N N
conversion (%) (%) AcOH Butanol BAc  Water®
Amberlyst 15 68 74 17 16 38 29
Amberlyst 16 71 61 17 16 35 32
Amberlyst 36 72 68 18 16 37 29
Dowex 50WX8 200 - 400 71 66 17 16 36 31

Conditions: resin loading 5%w/w BuOH, 100°C, 4 h. a: determined by Karl Fisher titration. Standard devia-
tion: + 2%.
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Figure 8. Effect of temperature on the conversion of n-butanol.

temperature (Figure 8). The reaction rate increased with increasing temperature,
with the fastest conversion of butanol observed at 100°C. Equilibrium was reached
after about 80 - 100 min at this temperature, whereas it took 180 minutes at 60°C.
The activation energy (Ea) was determined from the Arrhenius plot between
In(k) and 1/T, at 80°C, 70°C, 60°C and 50°C. The molar ratio of n-butanol:acetic
acid was maintained at 1:1, with a catalyst loading of 5% w/w BuOH. The k value
was calculated from the slope of the tangent to the curve at the initial time point,
for the second-degree polynomial equation. The values of Ea were: Al5, 59.5
kJ-mol™; Al6, 32.2 kJ-mol™; A36, 67.7 kJ-mol! and Dowex 50WXS8, 47.6
kJ-mol™. Similar values have been reported for Dowex 50WX8 for the esterifica-

tion of isobutanol/acetic acid at a molar ratio of 1:1 (59.3 kJ-mol™) [6].

3.8. Synthesis of Butyl Acetate Starting from n-Butanol
and Acetic Anhydride

Following the same route as for ethyl acetate, and to increase butyl acetate yield,
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n-butanol and acetic anhydride were used as the starting reactants, at a molar
ratio of 2:1.

CH, (CH, ), OH +(CH,C0), O = 2CH,COO(CH, ), + H,0 (7)

The reactions were carried out in the same conditions as for acetic acid:
100°C, for 4 h, with a catalyst loading of 5% w/w relative to butanol. The
changes in n-butanol, acetic acid and butyl acetate content were plotted over
time (Figure 9).

Equilibrium was reached more rapidly with Dowex 50WX8 (10 min) than
with the other resins. For the macroporous resins A15, A16 and A36, butyl ace-
tate content reached a maximum after 50 min. These results are consistent with
those for ethyl acetate production, for which Dowex also had the most rapid ki-
netics.

Butanol conversion and butyl acetate yield increased by 10% (from 70% to
80%) when acetic acid was replaced with acetic anhydride (Table 5 and Table 6).
Water content was reduced from 30% to 15% if acetic anhydride was used as the
starting material. This decrease in the water content of the reaction medium dis-

placed the equilibrium to the right, enhancing butyl acetate production.
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Figure 9. Kinetic study of the synthesis of butyl acetate with n-butanol and acetic anhydride (molar ratio: 2:1) as the starting ma-
terials, at 100°C, in the presence of various ion exchange resins. A15, A16, A36 and D50 (catalyst loading: 5% w/w relative to bu-

tanol weight).
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The best results were obtained with n-butanol and acetic anhydride as the

starting materials, and Dowex 50WX8 as catalyst.

3.9. Purification of Butyl Acetate

In the synthesis of butyl acetate (bp = 126.1°C) from n-butanol (bp = 117.7°C)
and acetic acid (bp = 118.1°C), three binary azeotropes and one ternary
azeotrope are present (Table 7) [1] [48] [55].

For butyl acetate production, an entrainer, such as cyclohexane (80.74°C), can
be used to remove the water produced during the reaction, shifting the equilib-
rium and increasing both butanol conversion and butyl acetate yield. A Dean
Stark apparatus was used (in the reaction from acetic acid) to produce an
azeotropic mixture of cyclohexane and water (69.5°C), and the azeotrope was
distilled out of the reaction mixture. The composition of the reaction medium

after butyl acetate purification is presented in Table 8.

Table 6. Comparison of the various ion exchange resins in terms of n-butanol conversion
and butyl acetate yield, starting from n-butanol and acetic anhydride (2:1).

Butanol Yield of BAc Composition of reaction media (%mol)
Ton exchange resins N o
conversion (%) (%) AcOH Butanol BAc  Water®
Amberlyst 15 79 68 17 16 51 17
Amberlyst 16 81 82 16 13 55 16
Amberlyst 36 81 81 14 13 57 16
Dowex 50WX8 200 - 400 81 83 15 13 57 15

Conditions: catalyst loading of 5% w/w relative to BuOH, 100°C, 4 h. a: determined by Karl Fisher titration.
Standard deviation: +2.

Table 7. Boiling points and molar fractions of the various azeotropes in the butyl acetate
system [1] [55] [56].

Molar fractions

Azeotropes Boiling Point (*C)
BuOH BAc H,0
BAc/H,O 90.2 - 0.2876 0.7134
BuOH/BAc 117.6 0.7329 0.2671 -
BuOH/H,0 93.0 0.2218 - 0.7782
BuOH/BAc/H,0 89.4 0.0551 0.24 0.7049

Table 8. Composition of the purified butyl acetate obtained by the esterification of bu-
tanol and acetic acid in a molar ratio of 1:1.

Butanol conversion  Yield of BAc Composition of reaction media (%mol)
%
(%) (%) AcOH BuOH BAc H,0
mol 0.8 1.7 91.2 6.4
29 76
wiw 0.4 1.1 97.4 1.1

Conditions: loading of 5% w/w Dowex 50wx8/BuOH, 100°C, 4 h. a: determined by Karl Fisher titration. SD: +2.
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After separation, n-butyl acetate was obtained at a purity of 97.4%, with only
very small amounts of n-butanol and acetic acid that did not react and a small
amount of residual water in the mixture. Butanol conversion was increased from
70% to 99% by removing water during the reaction but the yield of butyl acetate
increased by only 10% (from 66% to 76%; Table 6 vs Table 9).

A larger increase might have been expected given the improvement in conver-
sion. This relatively low yield after distillation, even with the removal of water,
may be due to the double distillation required to remove first water, and then
cyclohexane from the medium.

The purity of the butyl acetate obtained was further increased by removing the
1.1% of water remaining in the medium by adding molecular sieves (3A) in dis-
tilled BAc. The water content measured 24 hours later was 0.002% (Karl Fisher
titration).

These studies of the esterification of ethanol or butanol with acetic acid or
acetic anhydride show that alcohol conversion and reaction yields are higher if
acetic anhydride is used (rather than acetic acid), but the use of this starting ma-
terial leads to the generation of acetic acid as waste. Thus, to meet the require-
ments of a circular economy, we decided to use co-product of the reaction in a

second esterification, as described below.

3.10. Coproduction of Ethyl Acetate and n-Butyl Acetate

As previously stated, ethyl acetate is difficult to purify due to the formation of
azeotropes with water. Thus, to facilitate the purification of ethyl acetate and to
avoid the production of waste when acetic anhydride is used as a reactant (in-
stead of acetic acid), an acetate coproduction strategy was adopted (Scheme 1).
In the first step, the esterification of ethanol and acetic anhydride at an equi-

molar ratio generates ethyl acetate and acetic acid in the presence of the ion

-----------------------------------------------------------------------------
B

w o (o )

S0 o0
H + s +
)LO)K OH )J\O/\ )J\OH
¢ acetic anhydride ethanol ethyl acetate acetic acid
\ ;/ NN
1L cat. | HO
0 butanol
)k + HO
. o
: thyl acetat i H,0
ST RSTERTFICATION ethyl acetate +
L ESTERITICATION . Ao~~~ ’
butyl acetate

v"" ESTERIFICATION j

Scheme 1. Coproduction of ethyl acetate and n-butyl acetate.
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exchange resin Dowex 50WX8. Ethyl acetate is easily removed from the reaction
mixture by simple distillation.

The second step involves a second esterification reaction between the acetic
acid generated in the first reaction and n-butanol, which is added to the reactor
to produce butyl acetate (Figure 10).

First step: synthesis of ethyl acetate and production of acetic acid

In the synthesis of ethyl acetate from ethanol and acetic anhydride (molar ra-
tio of 1:1), acetic acid is also produced. The reaction is exothermic and no heat-
ing is required (Scheme 2).

As shown in Table 10, water content was reduced from 20% to 3% (molar per-
centage) by using an equimolar ratio of acetic anhydride and ethanol (Table 3 vs
Table 9). The stoichiometry of the reaction is consistent with a total absence of
water formation, but the presence of this small amount of water can be ex-
plained by a slower competitive esterification between the acetic acid generated
in the first reaction and the remaining ethanol (Scheme 2). The water generated
in this way can also be consumed in the hydrolysis of acetic anhydride to gener-
ate acetic acid, with the release of heat. The use of an equimolar ratio of ethanol
and acetic anhydride thus gave very high yields of ethyl acetate (98%) and a high
ethanol conversion (99.4%) at the end of the reaction (Table 9).

—> | Ethyl acetate

Acetic anhydride —>| Esterification Separation
1

Ethanol —>

Figure 10. Coproduction process for ethyl and butyl acetates

™| (Distillation)
|
Y - Esterification »| Separation » H0
-
f )
Butanol
O o o~ 0] o

+ +
)J\O)J\ OH /U\OH )J\o/\
acetic anhydride ethanol acetic acid ethyl acetate

\ | /

Wl

o +
Pe 20
0/\
ethyl acetate

Scheme 2. First step in the coproduction process: synthesis of ethyl acetate from acetic anhy-
dride and ethanol at a molar ratio of 1/1.
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AL

acetic anhydride

The low water content of the crude mixture facilitates the purification of ethyl
acetate. Simple distillation yields a mixture composed principally of ethyl acetate
and small amounts of acetic acid and water (Table 9).

Second step: synthesis of n-butyl acetate

From the reaction of ethanol and acetic anhydride at a molar ratio of 1/1, a
mixture of acetic acid and ethyl acetate (77.5% and 22.5% w/w, respectively) re-
mains in the reactor in large amounts, together with the resin, after the removal,
by distillation, of most of the ethyl acetate. With a view to preventing waste and
recycling this mixture, we propose the addition of n-butanol to the reactor for a
second esterification reaction to produce n-butyl acetate (Scheme 3).

The use of the acetic acid/ethyl acetate mixture generated by the first esterifi-
cation had no influence on the synthesis of butyl acetate. As in the individual
synthesis of this molecule, the reaction was carried out with a Dean Stark appa-
ratus and the addition to the mixture of a small amount of cyclohexane to re-
move water from the reaction. Similar butanol conversion was obtained for both
the individual and coproduction syntheses (99% and 94%, respectively). After
the purification of butyl acetate, a mixture consisting principally of butyl acetate
was obtained (97.1% w/w). Traces of acetic acid, butanol, ethyl acetate and water
were detected (Table 10).

Table 9. Composition of the crude reaction mixture and of the distilled ethyl acetate obtained from
ethanol and acetic anhydride, at a molar ratio of 1/1, at room temperature for 4 h.

Butanol Yield of Composition of the reaction medium
conversion (%) BAc (%) % AcOH EtOH  EAc H,0

mol 48.4 0.3 48.5 2.8

At the end of reaction 99.4 98

wiw 40.1 0.2 59.0 0.7

mol 9.1 0.0 85.4 5.4
After distillation 100 87

wiw 6.7 0.0 92.1 1.2

O O
o OH
ethanol ethyl acetate acetic acid

AYon

butanol

)
H,O
)ko(/\)?’\ T

butyl acetate

Scheme 3. Coproduction of ethyl acetate and butyl acetate.
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The proposed novel coproduction process is an interesting way to produce
ethyl acetate and butyl acetate, as it generates no waste, and all the reactants are
consumed in the reaction, resulting in high yields of the desired esters. Recycling

of the resin is also possible.

3.11. Evaluation of the Environmental Benefit of
the Developed Process

For the studied chemical processes, the evaluation of several indicators related to
their environmental impacts and the implementation of green chemistry princi-
ples is a way to guide the choice of the greener process among different alterna-
tives. In order to verify that the new coproduction process developed in this
work for the syntheses of ethyl and butyl acetates is more eco-friendly than the
two independent syntheses, two approaches have been considered: the green
metrics evaluation and the Life Cycle Assessment (LCA).

Green metrics provide a quantitative analysis of the efficiency and the envi-
ronmental performance of chemical reactions and processes [57], which helps to
determine which of the chemical synthesis is closest to the definition of green
chemistry. They can be related to one or more principles of green chemistry
[58]. Table 11 shows the relation between green metrics and the principles of
green chemistry that have been considered in the development of the
co-production process of acetates using ion exchange resins as catalyst (1%, 2™,
5" and 9" principles). It is important to highlight that the toxicity (3™ principle)
and the handling hazards (12" principle) were reduced with the developed
coproduction pathway, due to the replacement of the sulfuric acid (H314, H318,
R35; related to burns risk), used in the current industrial process, by the ion ex-

change resin Dowex 50WX8 as catalyst. It is noteworthy that the 7 principle

Table 10. Composition of the purified butyl acetate obtained with the coproduction
process.

Butanol conversion  Yield of Composition of the reaction medium

(%) BAc(%) o  AcOH BuOH EtOH BAc EAc H,0
mol 0.2 2.9 00 927 02 3.9
99.4 98
w/w 0.1 1.9 0.0 97.1 0.2 0.6

Table 11. Green metrics for the analysis of the co-production process of acetates.

Green metrics Calculation C01.1ce.rn1ng
principles
Atom economy AE = Mproduct 100 2nd
M reactants
t
E-Factor E —factor = M 1%, 5%, gt
product (g)
mass of renewable material 0
Percentage from renewable sources ~ PRS= %100 7
mass of product
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related to the use of renewable feedstock was taken into account because ethanol
and n-butanol can be from bio-based origin. Indeed, nowadays several compa-
nies supply bio-ethanol and bio-butanol (for example GreenBiologics, ZeaChem,
Abengoa, Shell Global and Pacific ethanol Inc) in the current market.

The atom economy (AE), the environmental (E-factor) and the percentage
from renewable sources (PRS) have been calculated for: i) the individual synthe-
ses starting from acetic anhydride and ethanol (1:1) for the production of ethyl
acetate and from acetic acid and butanol (1:1) for the preparation of butyl ace-
tate, and ii) the co-production process of ethyl and butyl acetates.

According to the green metrics gathered in the Table 12, the developed
co-production pathway resulted in a more efficient process compared to the in-
dividual syntheses. The AE was higher with the co-production process thanks to
the recycling of the acetic acid produced in the first esterification as it was used
as reagent in the second one for the synthesis of butyl acetate. As it was expected,
the E-factor of the co-production was lower (0.31) than the individual syntheses
thanks to the smaller amount of generated waste. Furthermore, regarding the
percentage of renewable sources, same values were calculated when bio-based
ethanol and n-butanol were used in the individual syntheses and in the
co-production process (Table 12).

As these green metrics do not show the environmental contribution of the
whole process and in particular they do not take into account any energy con-
sumption, the life cycle assessments of both pathways of production of ethyl and
butyl acetates (Sc.1: individual syntheses and Sc.2: the co-production) have been
compared [59]. The LCA analyses have shown that the co-production process
generates lesser impacts on the environment than the individual syntheses of
ethyl and butyl acetates (Figure 11). These results can be explained by two prin-
cipal factors: 1) the reduction of the amount of waste thanks to the use of the
acetic acid (co-product for the first esterification) in the second reaction, and 2)
the recycling of the ion exchange resin in the second esterification (without re-

generation treatment).

4. Conclusions

We propose here a sustainable and innovative process for the coproduction of
ethyl acetate and butyl acetate that respects the principles of green chemistry.
Ion exchange resins were used to replace homogeneous catalysts, to reduce waste

Table 12. Green metrics for the classical individual synthesis and the co-production
process developed in this work.

Process % AE E-factor % PRS
Ethyl and butyl acetates through individual synthesis 724 0.68 57.90°
Ethyl and butyl acetates through coproduction process 91.9 0.31 57.90°

*Percentage from renewable sources calculated considering that ethanol and butanol are from bio-based
feedstock.
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Figure 11. Comparison between the independent syntheses and the co-production process of acetates. Normalization of the
impacts by a derivative of the ILCD 2011 1.05 method.

generation. The gel-type resin Dowex 50WX8 outperformed the other macro-
porous resins tested, for the production of ethyl and butyl acetates.

The first step in the coproduction process was the synthesis of EAc from ethanol
and acetic anhydride at a 1:1 molar ratio. This reaction produces EAc and acetic
acid and decreases water production, thereby facilitating the purification of ethyl
acetate. In the second step, the acetic acid generated by the first reaction is used as
a starting material for a second esterification to produce butyl acetate.

The environmental benefit for the coproduction process respect to the inde-
pendent syntheses of ethyl and butyl acetates was demonstrated through the
calculation of the green metrics and the LCA analyses. This coproduction proc-
ess has the advantages of preventing waste, facilitating the purification of the de-

sired acetates and reusing the co-products and the catalyst.
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