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ARTICLE INFO ABSTRACT

Keywords: Isoamyl acetate production from fusel oil was demonstrated in a heterogeneous system using sulfonated me-
Fusel oil soporous silica KIT-6 catalysts. These were prepared by co-condensation at different 3-mercaptopropyl(methyl)
Esterification dimethoxysilane (MPMDS):tetraethoxysilane (TEOS) ratios and subsequent oxidation (x-SO3H-KIT-6, where x is
SO;H-KIT-6 the molar ratio of MPMDS). Isoamy] acetate production was performed via esterification of fusel oil with acetic
Egj:;g“at;etate acid in a batch reactor at different reaction temperatures and reaction times. The optimal conditions were: 80 °C,

3 h, catalyst loading of 5 wt.%, and a 2:1 (v/v) acetic acid:fusel oil ratio. Under these conditions, a 95% yield of
isoamyl acetate was achieved. The efficiency in terms of turnover frequency (TOF) was strongly affected by the
number and accessibility of the acid sites, and therefore by the MPMDS:TEOS ratio. The highest yield was found
for 0.3-SO3H-KIT-6, while 0.1-SO3H-KIT-6 had the highest TOF. The 0.3-SO3H-KIT-6 catalyst also exhibited
excellent reusability over four cycles, with only a small reduction in isoamyl acetate yield in each cycle. Overall,
the 0.3-SO3H-KIT-6 catalyst exhibited catalytic activity comparable to that of a commercial esterification cat-

alyst. This novel catalyst has potential practical applications in selective production of isoamyl acetate.

1. Introduction

Awareness has grown that reserves of fossil fuels are limited, and
that their use produces greenhouse gases (GHGs). The transportation
sector is a major consumer of fossil fuels, and the number of trips has
increased in line with rapid increases in the global population and
economic growth [1,2]. The internal combustion engines on which
much of the transportation sector relies are major emitters of GHGs.
The use of sustainable and renewable energy resources is, therefore, of
increasing interest [3-6]. One approach is the use of gasohol, a blend of
ethanol and gasoline at (v/v) ratios from E10 to E85, which has been
promoted for use in road vehicles. Bioethanol production has increased
to meet the growing demand for gasohol. However, the production of
bioethanol also produces fusel oil, a mixture of C3-Cs alcohols. This
byproduct accounts for approximately 0.25% by volume of bioethanol.
In 2012, the output of fusel oil from the bioethanol industry in Brazil
(one of the main bioethanol producing countries) exceeded 59 million

gallons [7]. There is growing interest in adding value to this byproduct
and increasing the economic viability of bioethanol production.

Fusel oil mainly consists of isoamyl alcohol (Cs alcohol), which can
be used to produce isoamyl acetate via both enzymatic and chemical
catalytic esterification routes [8,9]. As high-purity isoamyl acetate is
used in the fragrance, food, and pharmaceutical industries, much of the
focus has been on this product. Two main approaches have been fol-
lowed: process improvement and catalyst development. Process im-
provement has focused on more effective design of product separation
units, to improve the purity of the ester product. One study examined
the thermodynamics of the vapor-liquid equilibrium in the binary
mixture of ester products [10], and proposed a reaction system in which
the reactor was coupled with separation. The proposed distillation
procedure reduced operating costs by almost 40%, and had a payback
period of 5-10 y [11]. In the second route, improvements have been
made both to biocatalysts and chemical catalysts. Typically, a lipase-
based enzyme immobilized on a support is applied in the esterification
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process. Five different commercial lipases were studied for isoamyl
laurate production in both batch and a continuous systems [12]. When
the lipase catalyst was used for isoamyl butyrate production under
microwave irradiation, a 95% conversion level was attained within 2 h
without the need for an organic solvent [13]. The application of ul-
trasonic agitation to the lipase-catalyzed esterification of isoamyl al-
cohol and acetic acid was found to achieve an up to six-fold reduction in
reaction time [14]. However, large amounts of liquid waste were pro-
duced, and a high level of impurities was observed during production.

Chemical catalysis has high potential for use in the catalytic ester-
ification of fusel oil at a commercial scale. Polymeric ion-exchange
resin, one type of catalyst material, has been shown to offer good cat-
alytic performance in esterification. One study investigated how
Amberlite IR-120 affected kinetic behavior in the esterification of iso-
amyl alcohol and acetic acid, and reported that the sorption affinity had
clear effects on the rate of reaction [15]. A second study investigated
the intraparticle mass transfer effect in Amberlyst 70 ion exchange, and
found that this played a major role in the reaction kinetics, while the
reaction temperature had no significant effect on the reaction equili-
brium [16]. Ion exchange resin supported (NH4)s[MnMogO3,].8H,0
has been used in the catalytic synthesis of isoamyl acetate, with effec-
tive catalytic performance and an ester yield of up to 95% within 2h
[17]. This resin also acts as an ionic liquid in the esterification of iso-
amyl alcohol with salicylic acid, giving excellent catalytic activity and
selectivity for isoamyl salicylate production, and with the potential for
reuse across six cycles or more [18]. However, this polymeric material
is limited by its low thermal stability and small surface area. The use of
inorganic materials may overcome the drawbacks of polymeric-based
catalysts. The kinetic behavior of esterification between isoamyl al-
cohol and lactic acid in the presence of a silica-gel-supported sodium
hydrogen sulphate catalyst has been investigated [19]. Acid-doped in-
organic materials, including sulfated Titania, have been used to cata-
lyze esterification in isoamyl acetate synthesis. Under optimal reaction
conditions of 130 °C for 5h with an alcohol:acetic acid molar ratio of
7:1, a 94% yield was achieved [20]. Heteropoly acid supported on or-
dered mesoporous carbon (HPW/OMC) has been proposed to improve
catalytic performance by increasing the surface area and providing pore
selection matched to the product. A 20% HPW/OMC system gave a 96%
isoamyl acetate yield with an alcohol:acid molar ratio of 2:1 [21]. The
use of magnetic solid acid catalyst (Fe30,4/SiO»-SO3H) in the ester-
ification of isoamyl alcohol was found to offer similar performance to
that of a homogeneous H,SO, acid catalyst, but allowing magnetic se-
paration of the catalyst and reuse for up to three reaction cycles
[22,23]. HZSM-5 zeolite has been used in the reaction between isoamyl
alcohol and vinyl acetate. The conversion of isoamyl alcohol increased
to 98%. However, the selectivity of isoamyl acetate was competed with
diisoamyl alcohol acetal [24] Catalytic separation has been applied in
the esterification of iso-pentanol and acetic acid using an HZSM-5
membrane reactor. The water from the esterification reaction was re-
moved during the reaction to increase the chemical equilibrium, giving
a steady isoamyl acetate yield of 98% over a 160 h operating time [25].
However, a high reaction temperature and lengthy reaction times are
required for production of isoamyl acetate at high yields. Meanwhile,
catalyst reusability is poor due to its rapid deactivation by the water
produced in the course of the reaction. The small pore size and/or low
surface area of the catalyst prevent access to reaction sites, encouraging
deactivation. There is still an outstanding need for catalysts that are
effective and selective. The sulfonic acid materials including sulfonated
carbon and sulfonic acid functionalized mesoporous silica have been
become important catalyst for acid catalyzed organic reaction due to
easy tuning the acidic properties [26,27]. Sulfonated carbon gave the
excellent in catalytic performance in the glycosylation of carbohydrate
and transformation of sugar into 2-formyl-5-ethoxymethylfuran with
good recyclability [28,29]. Meanwhile, Sulfonic acid functionalized
mesoporous silica SBA-15 performed good catalytic activity with high
selectivity to the specific product of enantioselective nitroaldol reaction
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Fig. 1. Representative N, sorption isotherms and the pore size distribution of
the: (i) KIT-6, (ii) 0.1-SOsH-KIT-6, (iii) 0.2-SOsH-KIT-6, and (iv) 0.3-SO3H-KIT-
6 catalysts.

[30].

In this research, mesoporous silica KIT-6 functionalized with alkyl
sulfonic acid (SO3H-KIT-6) was proposed for the catalytic esterification
of fusel oil with acetic acid. This material has a three dimensional (3D)
structure of KIT-6, improving the intra-particle diffusion effect [31].
The SO3H-KIT-6 catalyst was synthesized using a hydrothermal process.
The physicochemical properties of the SO3H-KIT-6 catalyst were char-
acterized by N, sorption, SAXS, XPS, and NH5-TPD. The catalyst was
tested for isoamyl acetate production via esterification of fusel oil and
acetic acid. Raw fusel oil was obtained from a bioethanol production
plant and was used without purification. The effects of turnover fre-
quency (TOF), reaction temperature, reaction time, and molar ratio of
acetic acid:fusel oil were investigated, using the criterion of isoamyl
acetate yield. The performance of the proposed catalyst was compared
with those of commercial acid catalysts H,SO4 and Amberlyst-35 under
optimal conditions. Catalyst reusability was tested over four cycles,
without regeneration. To the best of our knowledge, no previous studies
have reported the use of SO;H-KIT-6 as a catalyst for esterification of
fusel oil. This catalyst has potential applications in practical ester-
ification of fusel oil.

2. Experimental
2.1. One-step synthesis of x-SO3H-KIT-6 catalysts

The x-SO3;H-KIT-6 mesoporous catalysts were prepared by co-con-
densation of tetraethoxysilane (TEOS) with 3-mercaptopropyl(methyl)
dimethoxysilane (MPMDS) in the presence of Pluronic triblock copo-
lymer (P123) at molar compositions of (1-x) TEOS: x MPMDS: 0.017
P123: 1.31 n-butanol: 1.83 HCI: 195 H,0, where x (the molar content of
MPMDS) was varied from 0.1-0.3 [32]. For synthesis, 2.0 g of P123
(Aldrich) as structure-directing agent was completely dissolved in
3.75g HCl (QREC chemical, 37%) and 73.0 g deionized water. Then,
2.0 g of n-butanol (QREC chemical) was added under vigorous stirring
at 35°C for 1 h. A mixture of 4.3 g TEOS (Aldrich) and the appropriate
amount of MPMDS (Aldrich) was added dropwise with stirring at 35 °C
for 24h and subsequently hydrothermally treated in a Teflon-lined
stainless-steel autoclave at 100 °C for 24 h. The solid product obtained
was filtered and dried at 80 °C for 12 h. The residual surfactant was
removed by Soxhlet extraction with a 10/1 (v/v) ratio of ethanol:HCl to
obtain sulfhydryl functionalized KIT-6 mesoporous silica (SH-KIT-6).
Finally, the SH-KIT-6 was oxidized with H,O, (QREC chemical, 30%) at
room temperature for 24 h to form the sulfonic acid-functionalized KIT-
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Table 1

Physical and chemical properties, along with the catalytic performance in theesterification between isoamyl alcohol and acetic acid, of the different x-SO3H-KIT-6

catalysts.
Catalyst Sper (m2g™)  BJH pore size (nm)  BJH pore volume (cm®g™)  Acidity (mmol g')  Acid density (mmol (m?®)™?) Isoamyl acetate yield (%)° TOF (h'))”
KIT-6 872 6.20 0.88 0.02 n/d n/d n/d
0.1-SO°H-KIT-6 269 4.70 0.21 0.69 0.0026 86.6 78.2
0.2-SO°H-KIT-6 157 4.60 0.10 1.25 0.0080 92.4 42.7
0.3-SO°H-KIT-6 225 4.50 0.13 1.53 0.0068 95.3 35.3

@ Reaction conditions: 80 °C, 3 h, 5wt.% catalyst loading, acetic acid/ fusel oil molar ratio of 2:1.
b TOFis0amyl acetate: (moles of formed ester)/ (moles of H* in the catalyst) (reaction time).
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Fig. 2. Representative SAXS patterns of the: (i) KIT-6, (ii) 0.1-SO3H-KIT-6, (iii)
0.2-SO3H-KIT-6, and (iv) 0.3-SO3H-KIT-6 catalysts.

6 catalyst (x-SO3H-KIT-6).

2.2. Catalyst characterization

The pore arrangement of each catalyst was characterized using
small-angle X-ray scattering (SAXS) on a Rigaku TTRAX III X-ray dif-
fractometer, scanning in a 20 range of 0.5-5° using Cu Ka radiation
with a resolution of 0.02°. The textural properties of surface area, pore
diameter, and pore volume were obtained from the nitrogen (N)
sorption isotherm, measured at —196 °C in a V-Sorb 2800 P (Gold APP
Instruments Corporation). The Brunauer-Emmett-Teller (BET) equation
was applied to calculate the specific surface area, while the pore dia-
meter and pore size distribution were calculated from the N, desorption
region of the isotherm following the Barrett-Joyner-Halenda (BJH)
method. The total pore volume of the samples depended on the ad-
sorbed N, volume at a relative pressure P/Po of 0.99. Before analysis,
the samples were pretreated under vacuum at 60 °C for 16 h. The ele-
mental composition on the catalyst surface was analyzed by X-ray
photoelectron spectroscopy (XPS) using a ULVAC-PHI, PHI 500
VersaProbe II with Al Ka X-ray radiation. The binding energy (BE) was
corrected to the Cls peak at 284.5 eV, with S2p spectra fitted using a
common Gaussian/Lorentzian peak shape to confirm the presence of
sulfonic acid on the KIT-6 surface. The acid properties were in-
vestigated by ammonia-temperature programmed desorption (NHj-
TPD) using a BELCAT (BEL) instrument. In a typical acidity measure-
ment, the catalyst was charged in a U-shaped quartz cell and preheated
at 750 °C for 1 h under He flow (flow rate of 50 cm®/min) to eliminate
moisture within the catalyst structure. Thereafter, the catalyst was sa-
turated with a mixed gas of 5%NH3/95%He at ambient temperature for
1 h under He flow. After stabilization, NH; desorption was performed
by heating to 400 °C at a heating rate of 5 °C/min under He flow. The
NH;-desorption peak was detected using a TCD, and the adsorbed NH3
concentration was quantified from the peak area by calibration using
the standard gas.

2.3. Esterification of fusel oil and acetic acid

The chemical composition of the fusel oil was determined to be
primarily isoamyl alcohol, at 71.83% (Table S1). Isoamyl acetate was
produced by esterification of fusel oil and acetic acid. In a typical run,
mixtures of fusel oil, acetic acid, and the catalyst were placed inside a
small glass bottle and stirred at 600 rpm. The reaction was run at a
specified reaction time, reaction temperature, and catalyst concentra-
tion. When the reaction completed, the reaction mixture was cooled
and filtered to separate the catalyst. The liquid product was washed
with cold water and neutralized by 5% (w/w) sodium bicarbonate so-
lution before analysis. The organic layer was dehydrated using anhy-
drous sodium sulfate to obtain the final product. In reusability tests, the
used catalyst was washed with acetone, dried at 70 °C, and oxidation
with H,0, [33]. The catalytic activity of catalysts with and without
reoxidation was then retested under the original conditions.

The isoamyl acetate content was determined using gas chromato-
graphy (GC; Shimadzu GC-17A) with a DB-WAX capillary column
(length, 30m; internal diameter, 0.25mm; and film thickness,
0.25mm) and a flame ionization detector (FID, mm), following EN
14103 with methyl heptadecanoate as internal standard. A GC tem-
perature of 250 °C was used in the injector and detector, with He as
carrier gas at a flow rate of 2 mL/min. Split mode was used for product
injection at a split rate of 27 ml/min. The oven temperature was set
initially to 50 °C with an equilibration time of 3 min. The oven was then
heated to 100 °C at a rate of 30 °C/min and held for 2 min. The tem-
perature was further increased to 200 °C at a rate of 25 °C/min and held
for 3min. All experiments were repeated at least three times under
fixed conditions to minimize error and variation in the reaction.

3. Results and discussion
3.1. Physico-chemical properties of the catalysts

The porous structures of the KIT-6 and x-SO3;H-KIT-6 catalysts were
identified from the characteristic N,-sorption isotherms (Fig. 1). The
KIT-6 showed a characteristic IUPAC type IV isotherm with H1 hys-
teresis, producing a well-defined cylindrical mesoporous structure. The
x-SO3H-KIT-6 catalysts showed IUPAC type IV isotherms but with H4
hysteresis, suggesting a narrow-slit mesoporous structure. The presence
of mercaptoalkyl silane in the synthesis process hindered the formation
of an ordered structure, but the pore size distribution was nevertheless
uniform. The BET surface area, average pore diameter, and pore volume
of the KIT-6 and three x-SO3H-KIT-6 catalysts are reported in Table 1.
The surface areas of the x-SO3H-KIT-6 catalysts were drastically de-
creased by more than 80% than that of the pure KIT-6, due to the loss of
the ordered porous structure. The pore diameter decreased as the
concentration of sulfonic acid (-SOsH) increased. The presence of the
sulfhydryl group in the MPMDS hinders pore formation in the sol-gel
process, and the porous structure of x-SO3H-KIT-6 derives instead from
the inter-particle spaces between particles of uniform size [26]. Inter-
estingly, when the MPMDS:TEOS ratio was raised to 0.3 (0.3-SO3H-KIT-
6), the surface area and pore size was greater than at 0.2, suggesting
that a new mesoporous structure was generated. Extra pore structure
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Fig. 3. Representative XPS spectra of the (A) wide scan, (B) Ols, (C) S2p, (D) Si2p and (E) C1s scans of the (i) 0.1-SO3H-KIT-6, (ii) 0.2-SOsH-KIT-6, (iii) 0.3-SO3H-

KIT-6 catalysts and (iv) used 0.3 SO;H-KIT-6 catalysts after 3¢ cycle.

can therefore be formed by adjusting the MPMDS:TEOS ratio. However,
the structure of KIT-6 may be changed if excessive MPMDS is added. In
this study we therefore used a maximum of 0.3.

The three-dimensional (3D) ordered porous structure of KIT-6 was
observed from the SAXS analysis (Fig. 2). At 26, peaks were evident at
0.76° 0.89°, and 1.53° and were ascribed to the scattering plane of (2 1
1), (2 2 0), and (3 3 2), respectively. The structure of the KIT-6 was
disturbed by the presence of the sulfonic acid functional group, so that
the scattering plane of (3 3 2) was lost and the peaks of (21 1) and (2 2
0) became broader. Although the 3D porous structure of the x-SO;H-
KIT-6 catalysts was lost, an ordered structure with a uniform pore
diameter was still evident. The presence of surface functional groups,
including sulfonic acid (-SO3H), was supported by the XPS analysis
(Fig. 3). The wide scan spectra showed four peaks at BEs of 103.5eV
and 284.8 eV. These were attributed to Si2p and Cls, respectively. As

shown in Fig. 3B, Ols showed a broad spectrum in the range 530 eV to
535 eV, representing the SiO, in the mesoporous silica framework and
sulfonic acid (S = O and S-O-H) [34]. A peak at 168.9 eV was observed
in the S2p of the alkyl sulfonic structure (Fig. 3C). In addition, the fact
that the sulfur S2p spectra revealed only a single peak suggested that
the sulfhydryl (-SH) groups had been completely oxidized to sulfonic
acid (-SOsH) groups. However, the S2p spectra of spent catalyst (iv)
gave the lowest intensity, due to leaching of active sites and/or binding
with impurities in the fusel oil. The presence of an SiO, framework was
represented by the single XPS peak at a BE of 103.5eV, shown in
Fig. 3D. The presence of functionalized molecules on the KIT-6 surface
was confirmed by the Cls XPS spectra (Fig. 3E). Three different peaks
were observed, with the major peak at a BE of 284 eV being attributed
to the C-C bonds of the alkyl sulfonic molecules and the two smaller
peaks at BEs of 285eV and 289 eV to C-O and O-C = O, respectively
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and reaction times.

[35,36].

The acid properties were determined using NH3-TPD analysis, with
representative profiles shown in Fig. 4. The desorption study was lim-
ited to 350 °C to take account of decomposition of the sulfonic acid
functionalized molecules at higher temperatures [37]. Such decom-
position was confirmed by thermogravimetric analysis (Figure S1). The
KIT-6 presented a single desorption peak at 130 °C, representing the
weak acid sites of the silanol group (Si-OH). The x-SO3H-KIT-6 catalysts
showed two distinct peaks in the NH3-TPD profiles. The first was a
desorption peak similar to that of KIT-6, as the acid sites of the silanol
group weakened at 130 °C. This was slightly higher (143 °C) in the case
of 0.3-SO3H-KIT-6, because of the presence of sulfonic acid [38]. The
second peak at 265-300 °C reflected desorption of the strong sulfonic
acid sites. This effect shifted to higher temperatures as the sulfonic acid
content increased, due to large charge-charge interactions between the
sulfonic acid sites and NH;3 gas. The acidity was related to the area of

the desorption peak, which increased with the sulfonic acid content
(Table 1). The acidity increased from 0.69 mmol g to 1.53 mmol g as
the molar MPMDS:TEOS ratio increased from 0.1 to 0.3. Increased
acidity affects both catalytic performance and the accessibility of the
reactant [32]. The acid density plays a role in the catalytic performance
of each active site, and the 0.2-SO°H-KIT-6 catalyst had the highest acid
density (8 x 10 mmol m™) in this study.

3.2. Catalytic activity in esterification reaction between fusel oil and acetic
acid

3.2.1. Effect of MPMDS:TEOS molar ratio

The catalytic activity of the x-SO3H-KIT-6 catalysts formed at dif-
ferent molar ratios of MPMDS:TEOS was compared by the isoamyl
acetate yield and turnover frequency (TOF). The results are shown in
Table 1. The isoamyl acetate yield increased from 87% to 95% as the
MPMDS:TEOS ratio was increased from 0.1 to 0.3. The mechanism of
acid-catalyzed isoamyl acetate production is understood [24]. The
formation of electrophilic carbonyl carbon is initiated by protonation of
the acid sites. The electrophilic carbonyl carbon then further reacts
with nucleophilic isoamyl alcohol to yield isoamyl acetate. The isoamyl
acetate yield is therefore strongly dependent on the number of acid sites
available. In this study, the TOF (catalyst active sites) was highest in the
0.1-SO3H-KIT-6 and markedly decreased at the higher MPMDS:TEOS
ratios. A high TOF suggests that each active site produces a large yield
of isoamyl acetate [39]. As the 0.1-SO3H-KIT-6 catalyst had a low acid
density, the reactant could readily approach the active sites. In the
higher acid density 0.3-SO3H-KIT-6, this was restricted by hindrance
from neighboring active sites.

3.2.2. Effects of reaction time and reaction temperature

Fig. 5 shows the effect of reaction time and reaction temperature on
the catalytic activity of the 0.3-SO3H-KIT-6 catalyst. As expected, the
isoamyl acetate yield initially increased as the reaction time was ex-
tended, reaching equilibrium at 3h. More facile formation of isoamyl
acetate was generally found as the reaction temperature increased. The
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highest yield of isoamyl acetate was found at a reaction temperature of
80 °C. It should be noted that, while the esterification reaction favored a
high temperature, the isoamyl acetate yield reduced when the tem-
perature exceeded 80 °C. This was probably due to the reversible exo-
thermic reaction [40], though it is also possible that acetic acid changed
from liquid to vapor phase in the reactor, reducing the availability of
acetic acid. In this study, the optimal conditions for isoamyl acetate

yield were 80 °C for 3 h.

The change in the TOF with different reaction times could be re-
flected in the rate of production. The TOF decreased as the reaction
time increased, becoming constant at 6 h. The results suggest that the
reactant had ready access to the active sites when the reaction time was
short, whereas at longer reaction times access to active sites was de-
termined by the diffusion effect and the number of unoccupied sites.

3.2.3. Effect of acetic acid:fusel oil molar ratio

Fig. 6A shows the effect of the acetic acid:fusel oil molar ratio on
production of isoamyl acetate. The yield increased abruptly when the
molar ratio was changed from 1 to 2, then decreased as the ratio was
increased further. It is well known that the stoichiometry of the ester-
ification reaction requires a 1:1 ratio of acetic acid to fusel oil. How-
ever, since the reaction is reversible, Le Chatelier's principle states that
an excess of acetic acid is required to shift the equilibrium forward to
isoamyl acetate. For economic reasons, the acetic acid remaining after
the reaction completes may be recovered by evaporation. As shown in
Fig. 6A, a decline in isoamy] acetate yield was observed at molar ratios
of acetic acid to fusel greater than 2:1. This was due to dilution of the
fusel oil by the excess acetic acid, blocking acetic acid chemisorption by
nucleophilic reaction. The optimal acetic acid to fusel oil molar ratio
was therefore 2:1.

3.2.4. Effect of catalyst loading

Fig. 6B shows the effect of the catalyst loading on the activity of the
0.3-SO3H-KIT-6 catalyst. The isoamyl acetate yield increased as the
catalyst loading level was increased from 3 to 5 wt.%, suggesting that
the number of available active sites increased and the esterification
reaction was enhanced. However, when the catalyst loading was further
increased to 7 wt.% the isoamyl acetate yield fell. Presumably, the non-
homogeneity of the reaction mixture became important at this higher
catalyst loading [41]. This may be due to poor mixing in the highly
viscous slurries, creating resistance to mass transfer in the multi-phase
system. Yang et al., [42] reported that excessive loading of catalyst
promoted the conversion of some of the acetic acid to acetic anhydride,
suppressing the formation of isoamyl acetate. The formation of by-
products including water also increases under highly acidic conditions,
speeding deactivation of the catalyst. A possible reaction mechanism for
the synthesis of isoamyl acetate via esterification has been reported
[42]. Initially, an acetic molecule accepts a proton from the acid cat-
alyst, forming a protonated C = O group. Attraction between the iso-
amyl alcohol and protonated carbonyl group then leads to the forma-
tion of a tetrahedral intermediate. In this step, a proton is lost from one
oxygen atom, and a second intermediate is formed. With the release of
water, a protonated ester also forms. Finally, proton transfer to an
acetic or water molecule forms the target isoamyl acetate product.
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Table 2
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Comparison of the catalytic performance in the esterification of isoamyl alcohol and acetic acid of the 0.3-SO3H-KIT-6 catalyst in this study with those previously

reported solid acid catalysts.

Raw material Catalyst Reaction temperature (°C) Reaction time (h) Isoamyl acetate yield (%) References
Isoamyl alcohol H,S04 120 1.5 85.0 [44]
Isoamyl alcohol FeCl3.6H,0 110-118 2.5 90.0 [45]
Isoamyl alcohol Cation exchange resin (Purolite® CT-275) 85 6 88.1 [46]
Isoamyl alcohol Cation exchange resin (Purolite® CT-175) 85 6 80.0 [47]
Isoamyl alcohol Expandable graphite Boiling point 1.5 96.0 [48]
Fusel oil 0.3-SO3H-KIT-6 80 3 95.3 This work

3.3. Comparison of SO3H-KIT-6 and commercial catalysts, and catalyst
reusability

The performance of SO3H-KIT-6 catalyst at 80 °C for 3h was com-
pared with those of a homogeneous catalyst (18 M H,SO,) and a
commercial solid acid catalyst (Amberlyst-35). The results are sum-
marized in Fig. 7. As expected, the SO3H-KIT-6 catalyst gave the highest
isoamyl acetate yield, due to its large surface area and high acidity. In
addition, the silica framework of the KIT-6 3D structure offered good
chemical and thermal stability. Although the acidity of Amberlyst-35
(> 5.00 mmol/g) was significantly higher than that of SO3H-KIT-6, its
catalytic activity was lower. This phenomenon was attributed to the
abundance of acid promoting the formation of side-products. Moreover,
the strongly hydrophilic structure of Amberlyst-35 means that hydro-
philic molecules such as water are readily adsorbed onto its surface,
restricting access to active sites and speeding deactivation by acid
leaching. The superior catalytic performance of SO3H-KIT-6 may be due
to the conjunct existence in its structure of the methyl and sulfonic
groups (derived from MPMDS). The adsorption of polar molecules such
as water was well suppressed by methyl group, encouraging mass
transfer of reactants into active sites and improving stability.

The reusability of the 0.3-SO3H-KIT-6 catalyst was evaluated under
the optimum reaction conditions of 80 °C and 3 h, 2:1 acetic acid:fusel
oil molar ratio, and catalyst loading of 5 wt.%. The catalyst was washed
with acetone, dried at 70 °C, and oxidized with HO,. The reusability of
catalysts both with and without oxidation was investigated. Without
oxidation, reductions were observed in the isoamyl acetate yield over
the 1°¢, 24, and 3™ cycles of 7%, 9%, and 11%. After the 3™ cycle the
yield dropped by a further 24%, from 95% to 71%. This was probably
caused by active sites becoming occupied by impurities, including mi-
nerals, from the fusel oil [43]. This reduction in active sites was con-
firmed by the XPS spectra shown in Fig. 3. Catalyst with oxidation
showed no significant reduction over the first three cycles, with isoamyl
acetate yields exceeding 92%. The results are shown in Figure S2. The
fresh catalyst had the appearance of a white powder, and the post-re-
action catalyst that of a brown powder. The used catalyst was returned
to a white powder by oxidation with H>O,. The 0.3-SO3H-KIT-6 was
benchmarked against the previously-reported catalysts listed in Table 2.
It showed excellent activity, with a 95% yield under mild conditions
(80 °C for 3 h). The fusel oil used in this study was not purified prior to
use to give a more realistic and economically viable evaluation. The
catalyst showed good performance despite the presence of impurities in
the oil. Given the mild reaction conditions and presence of impurities in
the raw fusel oil, 0.3-SO3H-KIT-6 proved to be a promising candidate
catalyst in the esterification of fusel oil for isoamyl acetate production.

4. Conclusions

The x-SO3H-KIT-6 catalysts exhibited highly efficient conversion of
fusel oil to isoamyl acetate via esterification with acetic acid. The cat-
alysts were prepared by co-condensation at different TEOS:MPMDS
molar ratios. The performance, including the isoamyl acetate yield and
TOF, was strongly affected by the number and accessibility of acid sites.
Overall, SO3H-KIT-6 gave the highest isoamyl acetate yield, while 0.1-

SO3H-KIT-6 showed the highest TOF. The increase in the number of
acid sites hindered the accessibility of reactants to the active sites. The
optimal reaction condition used a 0.5 wt.% loading of 0.3-SO3;H-KIT-6
catalyst at 80 °C for 3 h with an acetic acid:fusel oil molar ratio of 2:1.
The 0.3-SO3H-KIT-6 showed good catalytic activity at these mild con-
ditions with a yield of up to 95%. It compared well with catalysts from
previous reports and with a homogeneous and commercial solid acid
catalyst. 0.3-SO3H-KIT-6 was demonstrated to be an efficient catalyst
for the esterification of fusel oil for isoamyl acetate production.
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