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ABSTRACT

Pyridinium hydrogen sulfate ionic liquid (PHS) heterogenized on activated carbon (AC) is investigated for
the first time in the current paper. For that purpose, the xPHS/AC (x = 8, 17, 33 and 66 wt%) samples are
analyzed by a number of physicochemical methods such as N, adsorption-desorption measurements, X-
ray diffraction, X-ray photoelectron spectroscopy and Fourier transform infrared spectroscopy. Catalytic
activity and reusability of xPHS/AC are evaluated in the reaction of butyl acetate synthesis. Effect of the
reaction temperature and catalyst loading on the butyl acetate yield are examined in this work as well.
Important thermodynamic parameters such as equilibrium constant, activation energy, Gibbs free energy
and activation energy barrier for the reaction of butyl acetate synthesis in the presence of xPHS/AC are
determined.

Textural characterization revealed the that xPHS/AC are mixed micro-mesoporous materials. The PHS
heterogenization on AC affects both ionic liquid and support phases due to a surface PHS-AC interaction.
FT-IR and XPS showed that this interaction is: (i) manly expressed as a close contact between the pyri-
dinium cation and the functional groups on the AC surface and (ii) electrostatic in nature. The existence
of a PHS-AC interaction is found to be responsible for the formation of surface PHS particles of various
size. However, the catalytic activity of xPHS/AC is established to be affected by the surface active phase

amount, but not the PHS particle size.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Ionic liquids (ILs) are compounds of considerable interest due to
their unique properties such as a wide electrochemically stable
window [1], good electric conductivity [2], high ionic mobility
[3], a broad range of room temperature liquid compositions [4],
negligible vapor pressure [5], moderated chemical and thermal sta-
bility [6,7]. Hence, many of these materials have been applied in
different fields ranging from electrochemistry [8] and organic syn-
thesis [9] to separation approaches [10] and production of nanos-
tructured materials [11].

Although the pyridinium hydrogen sulfate (PHS) and its deriva-
tives are one of the simplest, low cost and easily-producible
Brensted acidic ionic liquids, their catalytic activity is mainly
investigated as homogeneous catalytic systems in different types
of acid-catalyzed organic reactions [12-14]. For example, the ion
pair [PyrSOsH][HSO4]™ is successfully applied as a recyclable
homogeneous catalyst for one-pot synthesis of functionalized
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tetrahydropyridines [12]. To study the catalytic behavior of PHS,
acetic acid esterification with butanol is carried out by Lunagariya
etal.[13] and Tao and co-workers [14]. As a result, values of 55 and
71%, respectively are noted as a butyl acetate yield. However, some
disadvantages are reported when ionic liquids are used as homoge-
neous catalysts: (i) large amounts of ILs are required for high reac-
tants conversion, (ii) high ILs viscosity hinders the mass transfer,
(iii) IL catalyst separation from the reaction products is a difficult
task [6]. To overcome these drawbacks, ILs immobilization on solid
supports is extensively studied [7]. While various solids such as
alumosilicates [15,16], metal oxides (Fe,0s, SiO,, Al,03) [17-19],
rice husk ash [20], chloromethylated polystyrene [21] are reported
as effective carriers for ionic liquids in different fields, a number of
works are focused on the activated carbon as an ILs support due to
its high abundance, large specific surface area and highly devel-
oped porosity structure [22-26].

The supported ionic liquid (SILs) catalysts combine the advan-
tages of the ILs and those of the solid support. Compared with pure
ILs, SILs offer further benefits such as easy separation, reusability
and application in fixed or fluidized bed reactors. It should be


http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2021.117192&domain=pdf
https://doi.org/10.1016/j.molliq.2021.117192
https://doi.org/10.1016/j.molliq.2021.117192
http://www.sciencedirect.com/science/journal/01677322
http://www.elsevier.com/locate/molliq

I. Tankov, H. Kolev and G. Avdeev

further emphasized that even a very low solubility of the catalyst
in the flowing liquidmedia will make long termstability of the SILs
catalyst system impossible due to slow but steady leaching. More-
over, almost identical catalytic activity between the SILs and their
homogenous counterparts is shown as well [18]. Different
approaches such as solid supports impregnation with IL, formation
of interface covalent interactions between IL and carrer, IL confine-
ment in the support material and copolymerisation of IL with a
suitable monomer are offered for SILs. Surface covalent bonds
between the IL and the support may be formed even when the SILP
is obtained by impregnation [27]. Non-covalent interactions of
functional groups with solid surfaces are also detected by IR mea-
surements [28].

It is generally accepted that the catalytic properties of a hetero-
geneous catalyst are notably affected by the carrier nature due to a
surface active phase-support interaction [29]. Therefore, to predict
the properties of SILs catalysts and choose one for a specific appli-
cation, a detailed analysis on the IL-support interaction needs to be
carried out. The ILs immobilization degree on a solid support sur-
face as well as the ILs-support interaction is successfully investi-
gated by different analytical techniques, namely N, adsorption-
desorption measurement (Sggr), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), spectroscopy in the ultraviolet
and visible regions (UV-vis), Fourier transform infrared spec-
troscopy (FT-IR) and thermogravimetric analysis (TGA).

The current work is a first attempt for investigation the surface,
textural and catalytic properties pyridinium hydrogen sulfate ionic
liquid heterogenized on activated carbon (xPHS/AC). For physico-
chemical characterization of the xPHS/AC systems, a combination
of analytical methods (XRD, Sger, XPS and FT-IR) is applied. The cat-
alytic activity of xPHS/AC is compared using the reaction of butyl
acetate synthesis. The results obtained are expected to be useful
for future experimental studies on the structure-activity relation-
ship in different types of heterogenized ionic liquids.

2. Experimental section
2.1. Synthesis of PHS

Pyridine (2.13 g, 0.0269 mol) and ultra clean water (1.45 g,
0.0807 mol) are loaded into a 0.020 1 three-necked flat bottom
reactor, equipped with a magnetic stirring, a reflux condenser
and a thermometer. The aqueous solution of pyridine is stirred at
room temperature for 0.5 h, where after the temperature is
reduced to 5 °C. Then, H,SO,4 (2.64 g, 0.0269 mol) is added drop-
wise over a period of 1.5 h under vigorous stirring. The reaction
mixture is stirred at reflux for a period of 5 h at 80 °C. For solvent
removing, the aqueous solution of pyridinium hydrogen sulfate is
distillated at 70 °C under reduced pressure (0.050 MPa) and the
product is dried at the same conditions for 8 h until the residue
mass remained constant. After cooling, the colorless solid is
washed tree times with diethyl ether (0.100 1) and dried under vac-
uum (0.050 MPa) at 80 °C for 12 h.

2.2. Heterogenization of PHS

The xPHS/AC samples are obtained by wetness impregnation of
activated carbon (3 g, Merck) with an aqueous solution of PHS. The
activated carbon is added to a solution of a known PHS amount (8,
17, 33 and 66 wt% with respect to the mass of support) and the
mixture is intensively stirred (1000 rpm) at ambient temperature
for 30 h. The water is slowly removed in a rotary evaporator at
70 °C and reduced pressure (0.010 MPa). The solids (xPHS/AC,
where x = 8, 17, 33 and 66 wt%) are dried at 110 °C and
0.1 MPa for 12 h.
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2.3. Physicochemical characterization of xPHS/AC

XRD analysis is performed by a computerized Seifert 3000XRD
diffractometer using Cu Kot (A = 0.15406 nm) radiation and a PW
2200 Bragg-Brentano 6/26 goniometer equipped with a bent-
graphite monochromator and an automatic slit. Diffraction peaks
are recorded in a 260 range of 10-90° with step size of 0.033 and
step scan of 10.0 s. Phase identification is carried out by compar-
ison with database cards. The crystallite size of PHS nanoparticles
is calculated from the full width at half maximum (FWHM) of the
diffraction peaks using Debye-Scherer’s equation:

k.
- pcoso (1)

where, “D” is the average crystalline dimension perpendicular
to the surface of the specimen, “A” is the wavelength of used X-
ray, “k” is Scherer’s constant (0.9), “f” is the FWHM intensity of a
Bragg reflection excluding instrumental broadening and “6” is the
Bragg diffraction angle. The values of the B and 6 parameters from
the XRD peak are estimated by Gaussian fitting.

Textural characterization is evaluated from the N, adsorption-
desorption isotherms, determined at — 196 °C on an automatic
apparatus Surfer sorption analyzer (Thermo Scientific). The surface
area of the samples is determined by the BET method using data
from the adsorption isotherms in the range of relative pressures
(P/Pg) from 0.05 to 0.28 (for isotherms type IV). The total pore vol-
ume, known as volume of Gurvich, is determined based on the vol-
ume of adsorbate Vg g, recorded on the desorption branch of the
adsorption isotherm at P;/Py of 0.98. The micropore volume is cal-
culated by the Dubinin-Radushkevich equation up to P/Py < 0.15.
The pore diameters are obtained by applying the Nonlocal density
functional theory (NLDFT) on N, adsorption data.

Vibrational (FT-IR) frequencies are recorded in the middle infra-
red region (4000-400 cm~!) by means of a Nicolet iS 50 Thermo
Scientific FT-IR spectrophotometer equipped with DTGS KBr detec-
tor (4 cm™!) at scan’s number of 32.

XPS analysis is carried out using ESCALAB MKII (VG Scientific)
electron spectrometer at a base pressure in the analysis chamber
of 5 x 107'° mbar (during the measurement 10~8 mbar), using
AlKa Xray source (excitation energy 1486.6 eV). The pass energy
of the hemispherical analyzer is 20 eV, 6 mm slit widths (en-
trance/exit). The instrumental resolution measured as the full
width at a half maximum (FWHM) of the Ag 3ds,, photoelectron
peakis 1 eV. The energy scale is corrected to the C 1 s — peak max-
imum at 285.0 eV for electrostatic charging. The processing of the
measured spectra includes a subtraction of X-ray satellites and
Shirley-type background [30]. The peak positions and areas are
evaluated by a symmetrical Gaussian-Lorentzian curve fitting.
The accuracy of the BE values is + 0.2 eV. The relative concentra-
tions of the different chemical species are determined based on
normalization of the peak areas to their photoionization cross-
sections, calculated by Scofield [31].

2.4. Batch experiment

For butyl acetate synthesis (Scheme 1), acetic acid (8.34 g,
0.1388 mol) and a catalyst (10 wt%, with respect to the mass of
substrate) are placed in a three-necked round bottom flask of
0.100 1 capacity. The latter is equipped with a condenser, a port
for sample withdrawal and a thermometer. Mixing of the reaction
fluids is performed by a magnetic stirrer. Once the desired reaction
temperature (80 °C) is reached, an equimolar amount (10.29 g,
0.1388 mol) of 1-butanol, separately heated to the set reaction
temperature (80 °C) is added into the reactor. This time is
considered as zero reaction time (t = 0). The reaction progress is
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Scheme 1. Butyl acetate synthesis in the presence of xPHS/AC catalysts.

monitored by a GC analysis. At regular intervals of time (10 min), a
sample (1 ml) is withdrawn and cooled in an ice bath. The reaction
mixture is analyzed by GC 7890A (Agilent Technologies) equipped
with a flame ionization detector and a capillary column HP-
INNOWAX, 30 m x 0.32 mm x 0.25 pm. High purity helium at a
flow rate of 0.0015 I/min is used as a carrier gas. The oven temper-
ature is programmed at 70 °C for 2 min and then it is raised from
an initial value of 70 to 190 °C at a ramp rate of 5 °C/min. The injec-
tor and detector temperature are maintained at 250 and 300 °C,
respectively. The analytical uncertainty of GC is less than 4%, which
is in accordance with the acceptable limits. The acetic acid conver-
sion is calculated according to Eq. (2). It should be noted that side
reactions such as alcohol dehydration are not detected.

_Ca- G

Xa C.

(2)

0

where, X, is the acetic acid conversion, C,, denotes the initial
concentration (mol/l) of acetic acid and C, corresponds to the
acetic acid concentration (mol/l) at a given reaction time (t, min).

3. Results and discussion
3.1. Phase identification and textural properties
For identification of the phases present in activated carbon and

heterogenized pyridinium hydrogen sulfate ionic liquid, a XRD
analysis is applied. The XRD patterns of AC and xPHS/AC systems
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are shown in Fig. 1A. For comparison, the X-ray diffractogram for
the non-heterogenized (bulk) ionic liquid (PHS) is added as well.
The X-ray diffractogram of AC sample showed two broad
diffraction peaks with 20 maxima at 23.5° and 43.4° and a sharp
one 26 = 26.5° due to graphitic carbon (JCPDS, 75-1621). In details,
the XRD patterns at 20 = 23.5° and 26.5° correspond to the reflec-
tion of (002), while the peak at a higher diffraction angle expresses
the (100) lattice plane [32,33]. The broad shape of the XRD pat-
terns at 20 = 23.5° and 43.4° indicates that the activated carbon
structure is notably amorphous in nature. However, the well-
defined diffraction peak at 20 = 26.5° implies the presence of a
crystal phase of graphite. Using Eq. (1), a value of 44.7 nm is calcu-
lated as an average size (Dggy) of the graphite particles (Table 1). It
should be noted that the findings in this work are in a good agree-
ment with the data reported in the literature [34-36]. For example,
the preparation of synthetic graphite materials with hierarchical
pores from lignite by one-step impregnation and their characteri-
zation as dye absorbents is reported in a paper of Qiu et al. [35].
The description of phase composition via XRD revealed a sharp
diffraction peak at 20 = 26.5° referred as a crystal phase of graphite.
In another work, the X-ray diffraction analysis on activated carbons
obtained from waste materials impregnated with HsPO, estab-
lished a broad fuzzy peak at 20 within 15°-30° related to the
(002) lattice plane. Based on it, an amorphous carbon structure
is mainly denoted [36]. The XRD results for AC carrier in this paper
are found to be practically identical to those presented by Siburian
et al. [37], where a new route for synthesis of graphene nano sheets
is offered. The authors detected a sharp and tight peak (20 = 26.5°
and 23.8°) in the graphite diffractogram which corresponds to the
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Fig. 1. X-ray diffractograms of PHS, AC and xPHS/AC (A) and a size of crystallites in xPHS/AC as a function of the ionic liquid content (B).
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Table 1

Textural properties of AC and xPHS/AC samples.
Parameter Sample

AC 8PHS/AC 17PHS/AC 33PHS/AC 66PHS/AC

Sger (M?/g) 864 473 175 113 10
Viotal (cm?/g) 0.6400 0.4701 0.2722 0.2364 0.0611
Vineso (cm>/g) 0.3091 0.2846 0.2084 0.1957 0.0566
Viicro (cm/g) 0.3309 0.1855 0.0638 0.0407 0.0045
Dozo (nm) - 6.3 7.6 7.8 14.8
Dooz (nm) 447 413 34.9 35.7 31.8

diffraction line (002). Islam et al. investigated activated carbon
synthesized from coconut shell and established that the AC
obtained is characterized with an average crystallite size of
42.5 nm [38].

The X-ray diffraction analysis of the non-heterogenized PHS
exposed strong peaks appeared at 26 = 10.4°, 13.5°, 14.3°, 18.3°,
20.9°, 22.8°, 23.2°, 23.9° and 24.6°, which are assigned to the

(010), (011), (011), (002), (020), (111), (1)1 1, (111) and (111)
lattice planes, respectively (Fig. 1A). The registered XRD positions
for the PHS sample in this paper do not differ from these reported
in a work of Rogers and Bauer [39], where the crystal structure of
the ion pair PHS is firstly reported. For the lattice planes noted
above, XRD patterns at 20 values of 10.4°, 13.4°, 14.2°, 18.3°,
20.7°, 22.8°, 23.1°, 23.9° and 24.5° are recorded indeed. According
to Eq. (1), an average crystallite size (Dgyo) of 141.5 nm is calcu-
lated for the bulk ionic liquid.

It is found that the AC impregnation with an aqueous solution of
pyridinium hydrogen sulfate changes the XRD profile of the sup-
port (Fig. 1A), namely the reflection at 20 of 26.5° (crystalline gra-
phite) gradually decreases with rising the PHS amount. In addition,
PHS crystallites are identified on the AC surface via appearance of
XRD pattern at 20 = 20.9° in the XRD profiles of xPHS/AC. To explain
the decreased XRD peak at 26.5°, different reasons such as support
amorphization and/or reducing the size of carbon crystallites are
introduced. It is well known that the number of parallel layers in
a crystalline material decreases during amorphization, i.e. a bigger
interlayer spacing (d-spacing) characterizes a low-crystallinity
material [40]. Speaking for d-spacing, the diffraction peaks shift
to lower angles when it increases. XRD analysis clearly shows that
the peak position at 20 = 26.5° in the X-ray diffractogram of AC
remains unchanged after the PHS immobilization. On the other
hand, calculations revealed that the AC particles size decreases
from 44.7 to 41.3 nm when 8 wt% PHS are heterogenized on the
support surface (Fig. 1B, Table 1). Further increasing of the PHS
content leads to Dgp, values of 34.9 nm (17PHS/AC), 35.7 nm
(33PHS/AC) and 31.8 nm (66PHS/AC). Consequently, the decreased
XRD peak intensity at 26.5° is related to a reduced carbon crystal-
lites size, rather than a support amorphization.

Considering the surface interaction as the most important
motive for reducing the size of a crystalline particle [20,41,42], it
is reasonable to propose that the Dy, decreasing after PHS hetero-
genization is due to a surface PHS-AC interaction. However, the
Dooz reducing (from 44.7 to 31.8 nm) is not noticeable, suggesting
that the PHS-AC interactions in the xPHS/AC samples are very sim-
ilar in nature. This is being observed in a greater extent for 17PHS/
AC and 33PHS/AC systems. On the other hand, values of 6.3, 7.6, 7.8
and 14.8 nm are found as a PHS particles size for 8PHS/AC, 17PHS/
AC, 33PHS/AC and 66PHS/AC samples, respectively (Table 1).
Excluding the 17PHS/AC and 33PHS/AC samples (possess practi-
cally identical Dg,o values), the PHS particles on the AC support
surface become larger with rising the PHS content. It can be
explained as follows. When a carrier (AC in this work) is impreg-
nated with moderated amounts of an applied material (PHS in this
work), presence of a great number of particles of this material on
the carrier surface is expected. These species can migrate on the

support surface forming agglomerates. In other words, the Dgyo
values raised with PHS content can be ascribed to the improved
ionic liquid amounts used for the XPHS/AC samples synthesis.

To describe the textural properties of AC and xPHS/AC, a N,
adsorption—-desorption study is carried out (Fig. 2). According to
the IUPAC classification [43,44], type IV-A isotherms characterize
the samples investigated in this work. All the adsorption isotherms
show a sharp increase in volume at low pressures. This increase in
volume is related to the presence of microspores and is followed by
slight increase at the middle (P/Py = 0.42) of the curve. A H-4 hys-
teresis loop results at the end of the curve, which is associated with
capillary condensation. This is characteristic of materials of micro-
porous nature due to a strong interaction potential between the
carbon surface and N,. The H-4 hysteresis observed above P/
Po = 0.4 may be due to narrow slit-like pores [45].

Analyzing the textural properties of the non-immobilized AC
sample, values of 864 m?/g and 0.6400 cm?/g are detected as a
specific surface area (Sggr) and a total pore volume (Viotar), respec-
tively (Table 1). The latter is found to consist of equivalent volumes
of mesopores (Vieso = 0.3091 cm?/g, 48.3%) and micropores (Vpi.
ero = 0.3309 cm®/g, 51.7%). However, the impregnation of AC with
small amounts (8 wt%) of PHS ionic liquid causes the Sger and Viota
to decrease by 45.3% and 26.5%, respectively. These effects are
related to a process of AC pores filling with PHS during the ionic
liquid heterogenization. It should be pointed out that the Viy
decreasing is mainly due to filling of the AC micropores. For
instance, Vimicro and Vieso are reduced by 43.9% (0.1855 cm?/g)
and 7.9% (0.2846 cm?®/g), respectively. The same tendency is
noticed when the 17PHS/AC, 33PHS/AC and 66PHS/AC samples
are investigated. Hence, values of 175 m?/g (0.2722 cm?/g),
113 m?/g (0.2364 cm?/g) and 10 m?/g (0.0611 m?/g) are deter-
mined as Sget (Viotar)- It is worth noted when the 66PHS/AC sample
is synthesized, the carrier’s pores are almost completely filled (V.
a1 diminishes by more than 90%) by ionic liquid particles. Thus, a
greater PHS amount is expected to present on the AC surface in
comparison with the PHS content in the case of 8PHS/AC, 17PHS/
AC and 33PHS/AC. This is in accordance with the XRD analysis,
where larger in size PHS species are registered on the 66PHS/AC
sample surface.

3.2. Surface effects

In was noted above that PHS particles of different size (6.3, 7.6,
7.8 and 14.8 nm) exist on the xPHS/AC surface, attributed to the
various ability of the particles to migrate on the support surface.
To clarify this, the surface effects in the xPHS/AC samples are inves-
tigated by means of FT-IR and XPS methods.

3.2.1. Vibrational analysis

Vibrational spectra of AC, PHS and xPHS/AC samples in the fre-
quency region 500-4000 cm ' are illustrated in Fig. 3. To describe
the surface effects in xPHS/AC systems accurately, FT-IR spectra of
AC and bulk PHS are firstly investigated. Thus, the infrared profile
of AC revealed a broad peak of very low intensity between 550 and
650 cm~! and peaks at 1037, 1113, 1239, 1574, 1722, 3359, 3445,
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Fig. 2. Adsorption-desorption isotherms and pore size distribution for AC and xPHS/AC samples.
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Fig. 3. FT-IR spectra of AC, PHS and xPHS/AC samples in the frequency region 500-
4000 cm™~'.

3576 and 3729 cm™!, indicating that different types of oxygen-
containing functional groups are available on the support surface.
The absorbance within 550-650 cm™! is mainly related to vibra-
tions in physisorbed carbon dioxide [46G]. This is in accordance with
the data presented in a work of Bonelli et al. [47], where a vibra-
tional study of CO, adsorption on zeolite Na-ZSM-5 at ambient
temperature is conducted. As a result, an infrared band at a
wavenumber value of 615 cm~' due to bending vibration in carbon
dioxide is registered. In another paper, FT-IR study of CO, adsorp-
tion in a dynamic copper(ii) benzoate-pyrazine showed an infrared
peak at 642 cm™!, assigned to a CO, bending mode [48]. However,
C-H out-of-plane bending vibrations at wavenumber values
between 550 and 650 cm™! are reported for various activated car-
bons as well [38,49].

While the infrared peaks at 1037 and 1113 cm™! appeared in
the FT-IR spectrum of the AC sample are denoted as stretching
vibrations in C-O groups [50,51], the band detected at
1239 cm™! is attributed to C-O-C stretching vibration [52]. It
should be pointed out that stretching modes due to C-OH [53]

and CO§' [54] groups on AC surface are described within 1000-
1120 cm~' as well. The presence of infrared bands at wavenumber
values of 1574 and 1722 cm™~! showed stretching vibrations from
C = O species [55-57]. It is worth noted that the infrared band at
1574 cm™! is notably broaden on the high-frequency side, proba-
bly due to presence of O-H component. It agrees well with the lit-
erature data, where appearance bending O-H modes at around
1600 cm™! is widely reported [58]. The broad vibrational band in
the region from 3350 to 3730 cm™' represents O-H stretching
vibration of hydroxyl functional groups [52]. The low-frequency
side of this band (<3400 cm~') mainly originates from the delocal-
ized O-H stretch modes that are linear combinations of symmetric
basis modes of participating water molecules with comparatively
large number of hydrogen bonds. The IR intensity in the range
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within 3400-3600 cm~' denotes the vibrational transitions of
delocalized modes that are linear combinations of either symmet-
ric stretch basis modes or those localized asymmetric stretch basis
modes. In light of this, the high frequency shoulder band
(>3600 cm™!) is produced by the localized asymmetric O-H stretch
modes [59].

FT-IR spectrum of the non-heterogenized PHS ionic liquid
showed well-defined peaks at 582, 671, 746, 843, 884, 998, 1056,
1170, 1331, 1482, 1536, 1625, 2870, 3067, 3236 and 3408 cm™ .
Among these, the bands located at wavenumber values of 582
and 1331 cm™! are assigned as bending and stretching N-C vibra-
tions, respectively, while those appeared at 998, 1056 cm™! are due
to torsion N-C vibrations [60]. In light of this, torsion, symmetric
stretching and asymmetric stretching C-C modes are detected at
671, 843 and 884 cm™!, respectively. It should be noted that
stretching vibration of the S-OH in the anionic moiety appears at
843 cm™! as well [29]. In this regard, the bands detected at 746
and 1170 cm™! express bending and stretching S-O vibrations in
[HSO4]~ [61]. Presence of C-H vibrations in the PHS structure are
observed at 1482 (symmetric bending), 1536 (asymmetric bend-
ing), 3067 (symmetric stretching) and 3236 (asymmetric stretch-
ing) cm™! [62]. The infrared bands at 1625 and 2870 cm™!
denote protonated pyridine via formation of N-H bond between
aromatic ring and hydrogen sulfate fragments [29,63]. Similar to
the FT-IR spectrum of AC, the absorption above 3400 cm™! charac-
terizes O-H stretching modes [52,58].

The infrared profiles of xPHS/AC samples in the region from 500
to 1400 cm™! revealed that the infrared bands related to PHS con-
tinuously increase with rising of the PHS loading (Fig. 3). This
agrees well with the XRD analysis, where the highest PHS content
on the AC surface is found in the case of 66PHS/AC sample. Results
showed that: (i) the band at 582 cm ™' (N-C vibration) in XPHS/AC
is considerably more intensive than these at 671, 843 and
884 cm~! (C-C modes), (ii) the ratio between the peaks within
990-1060 cm ' (N-C vibration) and that at 1170 cm~! (S-0O vibra-
tion) in the FT-IT spectra of xPHS/AC is more noticeable in compar-
ison with the ratio between the same bands in the infrared
spectrum of bulk PHS and (iii) the shoulder at 1331 cm™! (N-C
vibration) in the FT-IT spectrum of PHS becomes a well-defined
peak (being observed in a greater extent for 66PHS/AC) when the
xPHS/AC samples are obtained. In other words, it seems that a
greater number of N-C interactions, probably in the form of (C-
N)pus-+-(C—C)ac bonds, characterizes the xPHS/AC samples in com-
parison with the number of N-C interactions in non-
heterogenized PHS. In the aforementioned interactions, the (C-
N)pus component denotes C-N bonds in the protonated pyridine
([H-Pyr]* cation) and the (C-C)ac expresses the activated carbon
surface. Another indication for an increased number of surface
(C-N)pys-<(C-C)ac interactions in xPHS/AC samples is obtained
analyzing the infrared bands at 1625 and 2870 cm™! (previously
denote as N-H vibrations in pure PHS). These are found to be sig-
nificantly suppressed (decreased in intensity) when the xPHS/AC
samples are obtained.

FT-IR analysis showed that the infrared band at 1113 (C-O
groups) cm~! in the infrared profiles of 8PHS/AC, 17PHS/AC and
33PHS/AC samples is notably more pronounced in comparison
with that of the same band in the infrared spectrum of non-
immobilized AC. Superior intensity of this band can be related to
the formation of additional C-O groups on the AC surface after
PHS heterogenization, most probably a consequence of a cleavage
of the hydrogen bond S-O---H-N in the PHS structure and forma-
tion of surface (S-0)pys---(C-C)ac and (S-0)pys---(C = O)ac interac-
tions. The (S-O)pys component denotes the S-O fragments in the
hydrogen sulfate anion, while the (C-C)ac and (C = O)ac express
the AC surface. At first sight, the presence of (S-0)pps:+-(C-C)ac
and (S-O)pys-+-(C = O)ac interactions suggests that the S-O bond
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vibrations in the pure ionic liquid should be hindered in some
extent after PHS immobilization AC. In other words, lower S-0O
bond strength is expected in xPHS/AC samples in comparison with
the S-O bond strength in bulk PHS. However, the small difference
in the electronegativity of hydrogen and carbon proposes that the
S-0 bond in PHS and xPHS/AC possesses similar strength. Indeed,
the FT-IR spectrum of PHS clearly exposed that the bands related
to S-0O bond vibrations do not change their position when the
XPHS/AC are obtained.

Except more intensive, the infrared band at 1113 cm™' in the
FT-IR spectra of 8PHS/AC, 17PHS/AC and 33PHS/AC is found to be
considerably broaden (ranges from 950 to 1350 cm~') with respect
to that in the vibrational spectrum of AC. It implies that a surface
PHS-AC interaction via formation of (H-C)pys-:(O-C)ac bonds
should not be excluded as well. The (H-C)pys component abbrevi-
ates the H-C bonds in the aromatic ring, while (O-C)sc one — AC
surface. The existence of (H-C)pys-<(O-C)ac surface interactions
can explain notably lower intensity of the H-C bands in the infra-
red spectra of xPHS/AC in comparison with the intensity of the
same bands in pure PHS. It worth noted that the intensity of the
band at 1113 cm™! in the infrared profile of 66PHS/AC is remark-
ably less pronounced in comparison with that in the case of
8PHS/AC, 17PHS/AC and 33PHS/AC. This could be attributed to
the presence of a great amount of agglomerated PHS particles on
the AC surface for 66PHS/AC, which hinders the FT-IR detection
[64-66]. Analyzing the vibrational modes in the infrared region
above 3400 cm™, it is seen that the peak due O-H vibrations in
xPHS/AC slightly increases in comparison with the FT-IR profile
of AC. It shows the presence of: (i) additional O-H groups on the
AC surface in the form of [HSO4]” fragments and/or (ii) surface
hydrogen bonds with participation of the aromatic ring, namely
(N-H)pps:--(0-C)ac and (C-H)pps:--(0-Cac.

In summary, the infrared bands registered in bulk PHS and AC
do not change its position after the xPHS/AC samples synthesis
which allows the surface PHS-AC interactions (identified as (H-
N)phs--(C-Clac, (S-0)pns(C-Clac and (H-C)pys--(0-Clac) to be
referred as primary electrostatic in nature.

1

3.2.2. Core-electron levels description

To confirm the FT-IR results, XPS analysis of AC and xPHS/AC
systems is conducted. XPS of O 1 s and C 1 s core-electron levels
for activated carbon,and 0 1s,C15s,N 1sand S 2p lines for hetero-
genized ionic liquid are illustrated in Fig. 4. The surface atomic
concentrations of the elements in the studied samples are depicted
in Table 2.

Results exposed that components with binding energy (BE) val-
ues of 285.0, 286.2, 287.9, 290.4 and 292.6 eV present inthe C1 s
spectrum of non-modified AC. The first of them describes sp> bulk
bonded carbon (C-C) in graphite structure [67], while the second
one (286.2 eV) is recognized as C-O chemical bonds [68]. In light
of this, the components with BE values of 287.9 and 290.4 eV are
due to C =0 [69] and O-C = O [70] groups, respectively. The com-
ponent with the highest binding energy (292.6 eV) is referred as a
shake-up satellite peak due to T — 7 conjugation [71]. Studying
the XPS O 1 s line of AC, the presence of above noted functional
groups on the support surface is undoubtedly confirmed. In details,
components at 531.7 (C = 0) [69], 533.5 (C-0) [51] and 535.6 eV
(0-C =0) [72] are detected. C 1 s and O 1 s effects for AC com-
pletely coincide with the corresponding phase composition analy-
sis (Fig. 1A) and FT-IR spectrum (Fig. 3), where: (i) a peak at
260 = 26.5° due to crystal graphite and (ii) infrared bands (within
1000-1120 and 1722 cm™!) related to different types of surface
oxygen-containing species are registered.

It is established that the sp® bulk bonded carbon (53 at.%) is the
most pronounced component in the XPS spectrum of AC, followed
by the C 1 s components at 286.2 (20 at.%), 287.9 (9 at.%), 290.4 (8
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at.%) and 292.6 eV (5 at.%). In light of this, contributions values of
1.5, 2.5 and 0.7 are established to characterize the O 1 s compo-
nents at 531.7, 533.5 and 535.6 eV, respectively. Based on the
above, carbon and oxygen concentrations of 95 and 5 at.%, respec-
tively denote the activated carbon surface. Notably lower contribu-
tion of surface oxygen in comparison with the surface carbon in the
XPS spectrum of AC agrees well with FT-IR profile of the carrier,
where the presence of surface oxygen-containing species is pre-
sented as bands of low intensity.

Impregnation of the activated carbon carrier with small
amounts (8 wt%) of pyridinium hydrogen sulfate slightly
decreases/increases the surface carbon/oxygen concentration on
AC to 92/7 at.%, which could be attributed to a poorly covered AC
surface by ionic liquid particles. It is in accordance with the FT-IR
data, where the PHS phase on AC surface is presented as infrared
peaks of low-intensity. XPS C 1 s line of 8PHS/AC sample revealed
components at 285.0, 286.0 and 287.6 eV, which do not differ (as
contribution and position) from those (285.0, 286.2 and
287.9 eV) observed previously for AC. Hence, it is reasonable to
assume that the components within 285-288 eV in the in the
XPS spectrum of 8PHS/AC describe the support surface. It is inter-
esting to point out that the component at 290.4 eV in the C 1 s
spectrum of AC is characterizes with a notably lower BE value
(289.5 eV) when 8PHS/AC is obtained. This could be correlated to
the presence of a reductive atmosphere in the form of C-H and
N-H fragments in pyridine ring. As a result, hydrogen bonds such
as (N-H)pys:-(0-C)ac and (C-H)pys--(0-C)ac are present on the
carrier surface, being already proposed by FT-IR analysis. However,
this component can be interpreted as carbon attached to a less
electronegative atom such as hydrogen in the environment of
nitrogen one. In other words, the component at 289.5 eV in the C
1 s spectrum of 8PHS/AC may describe the aromatic H -C-N bonds
in the PHS structure. The existence of PHS particles on the AC sur-
face is confirmed when the highest binding energy components
(shake-up satellite peak due to m — 7 conjugation) in the C 1 s line
of AC and 8HS/AC samples are studied. It is revealed that the AC
impregnation with PHS ionic liquid causes BE variety from 292.6
(AC) to 291.6 eV (8PHS/AC), which corresponds to a change in
the activated carbon structure after PHS immobilization. The latter
agrees well with the XRD data, where a reduced graphite crystal-
lites size due to a surface PHS-AC interaction is observed.

Comparing the O 1 s lines of AC and 8PHS/AC samples, it is
found that the components at 531.7, 533.5 eV in AC spectrum
raised with 50 and 17 %, respectively after PHS deposition. It sug-
gests that additional amounts of C = O and O-C fragments (conse-
quence of surface PHS-AC interaction) on the AC surface in the
presence of PHS are formed, supporting the FT-IR data. On the
other hand, components with BE values of 531.7 and 533.5 eV
are found to characterize oxygen in the form of HSOz [73,74] and
SOf{ [65,75] groups. Hence, notably promoted participation of
the components at 531.7 and 533.5 eV in the O 1 s line of 8PHS/
AC system is manly attributed to oxygen in the heterogenized ionic
liquid. Similar to the components between 531 and 534eVin0O1s
line of AC, the contribution of this at 535.6 eV is discovered to
increase notably (30%) in the case of 8PHS/AC as well. Moreover,
its BE shifts from 535.6 (AC) to 536.4 eV (8PHS/AC). These observa-
tions propose that a large amount of weakly bonded oxygen-
containing species (such as O-H groups) populate the 8PHS/AC
surface.

An indication for the presence of PHS phase on the AC surface is
also obtained evaluating the S 2p and N 1 s core-electron levels
(Fig. 4, Table 2). The S 2p line of 8PHS/AC showed two characteris-
tic doublets at BE values of 169.9 (S 2p, ;) and 168.8 eV (S 2p; ),

which are typical for SOi‘ groups [76]. In this regard, the N 1 s
core-electron level of 8PHS/AC is presented as a single peak at
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Fig. 4. XPS core-electron levels for AC and xPHS/AC samples.

401.7 eV due to a protonated nitrogen atom (as C-N* and/or N-H")
in the PHS structure. Almost identical results are reported for the
ionic liquid [CgC;Im]*[Tf,N]~, where the nitrogen atom in the imi-
dazolium ring is detected as a signal at 401.9 eV in the N 1 s spec-
trum [77]. In another work, binding energy shifts for nitrogen-
containing graphene-based catalysts are studied [78]. The authors
established the presence of a quaternary nitrogen atom (C-N*) as a
peak appeared at 401.8 eV in the N 1 s line of the samples.
Results showed that the AC impregnation with moderated
amounts (17, 33 and 66 wt%) of pyridinium hydrogen sulfate leads
to a surface lower carbon concentration on the 17PHS/AC (88 at.%)
33PHS/AC (87 at.%) and 66PHS/AC (69 at.%) in comparison with

that (92 at.%) registered for 8PHS/AC sample. The latter is inter-
preted as a more covered AC surface by PHS particles in the case
of 17PHS/AC, 33PHS/AC and 66PHS/AC than 8PHS/AC. This state-
ment is confirmed by a higher surface oxygen concentration regis-
tered on 17PHS/AC (10 at.%), 33PHS/AC (10 at.%) and 66PHS/AC (21
at.%) with respect to that (7 at.%) on 8PHS/AC. Considering that the
surface carbon and oxygen concentrations on 17PHS/AC do not dif-
fer from the respective ones on 33PHS/AC, a very similar PHS rear-
rangement on the 17PHS/AC and 33PHS/AC surfaces is expected.
The latter is in accordance with the XRD (Table 1) and FT-IR
(Fig. 3) analyses where: (i) values of 7.6 and 7.8 nm are determined
as a PHS particles size for 17PHS/AC and 33PHS/AC, respectively
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Table 2
XPS core-electron levels and atomic concentrations for AC and xPHS/AC samples.
Core level Samples
AC 8PHS/AC 17PHS/AC 33PHS/AC 66PHS/AC
Cls (eV) 285.0 (53)° 285.0 (51) 285.0 (55) 285.0 (55) 285.0 (39)
286.2 (20) 286.0 (20) 286.2 (18) 286.3 (18) 286.2 (15)
287.9 (9) 287.6 (8) 287.8 (7) 287.9 (7) 287.0 (9)
290.4 (8) 289.5 (5) 289.7 (4) 289.8 (4) 289.1 (3)
292.6 (5) 291.6 (7) 291.5 (4) 291.8 (3) 291.6 (3)
01s (eV) 531.7 (1.5) 531.8 (3) 531.8 (5) 531.8 (5) 532.0 (10)
533.5 (2.5) 533.5(3) 533.6 (3) 533.7 (4) 533.1 (11)
535.6 (0.7) 536.4 (1) 536.5 (1) 536.2 (1) -
N1s (eV) - 401.7 (0.5) 401.7 (1) 402.0 (1) 402.1 (4)
S2p35(eV) - 168.8 (0.5) 168.7 (1) 168.8 (2) 169.1 (6)
" Component contribution (at.%)
and (ii) absorption bands of comparable intensity are detected in 70
the infrared spectra of17PHS_/AC and 33PHS/AC. Notably more pro- R T ———
nounced oxygen concentration on the 66PHS/AC surface in com-
parison with that on 8PHS/AC, 17PHS/AC and 33PHS/AC is 60 | —®—S8PHS/AC
attributed to the higher PHS content used for 66PHS/AC sample —8— 17PHS/AC

preparation.

A detailed XPS study of the 8PHS/AC, 17PHS/AC and 33PHS/AC
systems exposed that the ionic liquid content does not affect the
binding energy (position) of the components in C 15,0 1s,S 2p
and N 1 s lines. It implies that similar surface effects characterize
8PHS/AC, 17PHS/AC and 33PHS/AC systems. However, the BE of
the components at 287.0 and 289.1 eV in the C 1 s spectrum of
66PHS/AC is lower than those registered for 8PHS/AC (287.6 and
289.5 eV), 17PHS/AC (287.8 and 289.7 eV) and 33PHS/AC (287.9
and 289.8 eV). This could be related to an increased reductive
atmosphere (such as C-H and N-H moieties in aromatic ring) on
the AC surface, a consequence of the increased ionic liquid loading.

As expected, the components in S 2p (SO?{) and N 1 s (H-N") spec-
tra of 17PHS/AC, 33PHS/AC and 66PHS/AC enlarge with the ionic
liquid content in accordance with XRD, Sger and FT-IR studies.
Indeed, the surface PHS population is established to increase in
order 8PHS/AC < 17PHS/AC < 33PHS/AC < 66PHS/AC.

It was noted above that the surface carbon concentration
decreases with rising the PHS content and these effect was corre-
lated to a moderated number of PHS particles covering the support
surface. However, the ionic liquid applied in this work contains a
significant amount of carbon atoms (in the form of [H-Pyr]"), i.e.
the surface carbon concentration on the 8PHS/AC, 17PHS/AC,
33PHS/AC and 66PHS/AC samples should increase (as the oxygen
concentration does). To avoid this discrepancy, it is assumed that
the cationic moiety is mainly involved in the surface PHS-AC inter-
action during heterogenization. As a result, the PHS species are ori-
ented perpendicularly to the support surface and the oxygen-
containing fragment in the ionic liquid, namely [HSO,4]~, is predom-
inantly recorded by XPS. This statement agrees with the FT-IR data
spectra of xPHS/AC samples, where bands due to C-H and N-H
vibrational modes in [H-Pyr]" are hard to be observed. At the same
time, the infrared peaks related to S-O vibrations in the [HSO4]"
moiety become more noticed with increasing the PHS content.

3.3. Catalytic performance

The catalytic activity of PHS heterogenized on AC is evaluated in
a process of butyl acetate synthesis at reaction temperature of
80 °C, initial reactants molar ratio of unit and a catalyst loading
of 10 wt% (Fig. 5). For comparison, the butyl acetate yield for the
non-catalyzed (blank) reaction is also added.

Results showed that the acetic acid esterification without a cat-
alyst leads to an ester yield of 4.91 % after 90 min reaction time. In
other words, synthesis of butyl acetate practically does not occurre

—8—33PHS/AC
—8—66PHS/AC

wn
[
T

&
(]

Butyl acetate yield, %

0 20 40 60 80 100
Reaction progress, min

Fig. 5. Butyl acetate yield in the presence of XPHS/AC. Reaction conditions: 10 wt%
catalyst, initial reactants molar ratio of unit, reaction temperature of 80 °C.

in the absence of a catalyst. However, the addition of 8PHS/AC,
17PHS/AC, 33PHS/AC and 66PHS/AC catalyst causes the ester yield
to increase notably up to 18.66, 23.00, 27.34 and 56.63%, respec-
tively. The latter is found to be notably higher than that (40.55%)
registered in the butyl acetate synthesis using tris(2-amino-1,3-
thiazolium) hydrogen sulfate sulfate monohydrate immobilized
on o-Al,03 [79]. In another work rice husk ash supported pyri-
dinium hydrogen sulfate gerates a butyl acetate yield of 51.20%
[20].

Variety of the ester yield in the presence of XPHS/AC catalysts is
connected with the fact that the activation of a carboxylic acid
(such as acetic acid) during esterification proceeds via protonation
of carbonyl oxygen, a consequence of a proton (H") transfer from
the acidic catalyst toward the substrate [79-82]. As a result, an
active complex due to a carboxylic acid-catalyst interaction is
formed. On the other hand, the greater the number of active com-
plexes, the higher the degree of substrate conversion [83]. Hence,
the presence of a greater number of active complexes on the sup-
port surface can explain superior butyl acetate yield in the pres-
ence of xPHS/AC systems. Moreover, the latter may explain the
increasing of acetic acid conversion with rising the PHS content
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as well. It is in accordance with the XRD, FT-IR and XPS data which
undoubtedly exposed that the amount of surface PHS particles
increases in order 8PHS/AC < 17PHS/AC < 33PHS/AC < 66PHS/AC.
Similar catalytic performance of 17PHS/AC and 33PHS/AC samples
correlates with the almost identical size (Fig. 1, Table 1) and pop-
ulation (Figs. 3 and 4, Table 1) of PHS particles on their surfaces.

It was established earlier (see pt. 3.1.) that the PHS particles size
on the AC surface increases as follows: 8PHS/AC (6.3 nm) < 17PHS/
AC (7.6 nm) ~ 33PHS/AC (7.8 nm) < 66PHS/AC (14 nm). At first
sight, it assumes that a notable PHS moiety on the 66PHS/AC sur-
face will not be available for substrate activation, i.e. the ester yield
in the case of 66PHS/AC catalyst is expected to be lower than that
for 8PHS/AC, 17PHS/AC and 33PHS/AC. However, FT-IR and XPS
measurements established that the surface PHS-AC interaction
for all of the xPHS/AC catalysts is primary electrostatic in nature
and it does not depend on the PHS content applied for AC impreg-
nation. Hence, the catalytic activity of xPHS/AC is affected by the
surface active phase amount, but not the PHS particle size. Since
66PHS/AC sample possesses the highest catalytic activity, it is pre-
ferred as a catalyst for further thermodynamic (equilibrium con-
stant, reaction enthalpy and entropy) and kinetic (influence of
the catalyst loading reaction and temperature) studies.

3.4. Recycling of the heterogenized PHS ionic liquid

The feasibility and sustainable development of any catalytic
process depends on the reusability of the catalyst. One of the pri-
mary aims of this study is to investigate the recycling of heteroge-
nized PHS ionic liquid (66PHS/AC). Since the 66PHS/AC sample is in
a solid state (a heterogeneous catalyst), it can be separated from
the liquid reaction mixture by decantation. Separated 66PHS/AC
catalyst is then regenerated by vaporization in vacuum
(0.005 MPa) at 90 °C for 1.0 h to ensure that there are no other
chemical residued in the sample to affect the calculation of catalyst
recovery. The catalyst recycle results are shown in Table 3. It is
found that five cycles have been successively completed and no
obvious change is observed on the recovered catalytic activity
and quantity. The slight decrease in the yield of butyl acetate is
ascribed to the slight loss of exposed surface PHS phase due to
the transferring of samples during the regeneration.

3.5. Equilibrium constant, reaction enthalpy and entropy

Considering that the esterification process is a reversible reac-
tion, the substrate conversion is highly affected by the chemical
equilibrium, even at a large alcohol-to-acid molar ratio [84]. Hence,
equilibrium constant (expresses the composition of a system at
equilibrium) needs to be known.

Based on the equilibrium reactants concentrations, the equilib-
rium constant (K¢) values for the reaction of butyl acetate produc-
tion at different reaction temperatures are obtained (Eq. (3)).

Table 3
Recycling of 66PHS/AC catalyst for butyl acetate synthesis.™

Run Esteryield, Catalyst weight at each Cumulative recovery of
% run, g catalyst, %

1 56 2.50 100

2 55 2.48 99.2

3 54 241 96.5

4 54 2.38 95.1

5 53 2.37 94.8

¢ Reaction conditions: acetic acid 0.4161 mol; butanol 0.4161 mol; 10 wt% cat-
alyst with respect to the mass of acetic acid; reaction temperature 80 °C; reaction
time 90 min.
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where, k; and k, are forward and backward rate constants,
respectively (I/mol x min); G, (i = A, Y, B, Z) corresponds to
equilibrium concentration (mol/l) of acetic acid, butanol, butyl
acetate and water; X,, abbreviates the acetic acid conversion at
equilibrium conditions.

It is revealed that K¢ increases with the reaction temperature
rising, which means that the biodiesel synthesis is an endothermic
process. In details, values of 3.778, 4.621, 5.232, 6.208 and 7.295
are exposed as K¢ at reaction temperature of 40, 50, 60, 70 and
80 °C, respectively (Table 4). The K¢ values registered in this paper
correlate well with the generally accepted statement that the equi-
librium constant of esterification reactions have values within 1-
10 [85]. Vojtko and co-authors [86] and Sarlo et al. [87] analyzed
the esterification of secondary alkan-2-ols with acetic acid at
60 °C using H,SO4 as a catalyst and reported for K¢ values between
0.23 and 3.85. In another work, a kinetic study of the esterification
of lactic acid by ethanol at 70, 75 and 80 °C in the presence of Pre-
issler acid exposed equilibrium constant of 0.044, 0.053 and 0.055,
respectively [88]. Temperature dependence of the equilibrium con-
stant, expressed by means of the classical relation of van’t Hoff (Eq.
(4)), allows enthalpy and entropy of a reaction to be determined.

([ AH.\  [AS,
ancf (— RT>+<T>

where, AH, (k]/mol) is the standard enthalpy change of a reac-
tion and AS, (J/mol x K) is the change in entropy of the reaction
system.

Standard enthalpy represents the amount of absorbed/released
heat in a reaction, i.e. it indicates whether a reaction is endother-
mic/exothermic in nature. A plot of the equilibrium constant
(InKc) as a function of the reaction temperature (1/T) is given in
Fig. 6. As can be seen, a line with a negative slop of (—AH,/R)
and an intercept of (AS, /R) is obtained. The negative slop confirms
that the reaction of butyl acetate synthesis is endothermic in nat-
ure, being revealed by K¢ increasing with the reaction temperature.
Based on Eq. (4), AS. and AH. for the butyl acetate synthesis in the
presence of 66PHS/AC catalyst are calculated as 59.69 J/mol x K
and 15.26 kJ/mol, respectively. The positive AS, value is another
indication that the increasing of reaction temperature favors the
reaction of butyl acetate synthesis.

Knowing AH,and AS, values, Gibbs free energy (AG, ) at different
reaction temperature is found by means of the relation
AG, = AH, — TAS,. Thus, values of -3.423, -4.019, -4.617, -5.214
and -5.811 kj/mol characterize AG, for the reaction of butyl acet-
ate synthesis at 40, 50, 60, 70 and 80 °C, respectively. Analyzing
AG; as a function of the reaction temperature, an inverse trend is
observed, namely the AG, values reduce with the temperature
increasing. Considering that reacting systems are characterized
with a minimum of the Gibbs free energy [89], the AG, diminishing
with reaction temperature rising is another conformation that ele-
vated temperatures favors the butyl acetate production.

(4)

3.6. Influence of the catalyst loading

In the previous subsection was noted that the rate determine
step in a catalyzed esterification process is a substrate-catalyst
interaction, which leads to formation of an active complex (a pro-
tonated form of the substrate. Since a high value described the sub-
strate concentration at the start of the esterification reaction, a
great number of active complexes should be expected as well.
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Table 4

Kinetic and thermodynamic parameters for butyl acetate synthesis using 66PHS/AC.
Temperature® Reaction rate constants (I/mol x min) Kc Xae AGr°kJ/mol AGr~kj/mol

ki 1074 Ky, 1074

40 °C 6.12 £ 0.23 1.62 £ 0.09 3.778 0.6603 -3.423 96.36
50 °C 7.76 £ 043 1.68 £ 0.12 4.621 0.6825 -4.019 99.43
60 °C 9.65 + 0.75 1.84 £ 0.18 5.231 0.6958 -4.617 102.51
70 °C 15.45 + 0.96 249 £ 0.19 6.208 0.7136 -5.214 105.59
80 °C 2432 £ 1.16 3.29 £ 0.26 7.295 0.7298 -5.811 108.69
Catalyst loading”
5 wt% 12.15 £ 0.77 1.62 £ 0.24
10 wt% 2432 £ 1.16 3.29 £ 0.26
12 wt% 28.95 £ 1.22 3.61 +0.31
15 wt% 30.98 £ 1.25 413 £0.33

¢ Reaction conditions: 10 wt% catalyst; initial reactants molar ratio of unit; reaction time 90 min.
b Reaction conditions: initial reactants molar ratio of unit; reaction time 90 min; reaction temperature 80 °C.
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Fig. 6. Van't Hoff plot for finding the enthalpy and entropy of butyl acetate
synthesis. Reaction conditions: 10 wt% 66PHS/AC catalyst, initial reactants molar
ratio of unit, 90 min reaction time.

However, the substrate concentration decreases during reaction
progress, which overturns the active complex formation and the
catalyst loading (L,;) becomes poorer. Thus, to increase the overall
reactants conversion, Le,; plays a major role. Effect of L., (5-15 wt
%) on the butyl acetate yield is investigated at reaction tempera-
ture of 80 °C and initial reactants molar ratio of unit (Fig. 7A). Blank
reaction of butyl acetate synthesis is added for comparison.

Results revealed that the usage of small amounts (5 wt%) of
66PHS/AC catalyst improves the acetic acid esterification, being
observed by remarkably increased butyl acetate yield from 4.91
(blank reaction) to 40.95%. It is found that the 66PHS/AC amount
increasing up to 10 wt% promotes the reaction of acetic acid ester-
ification, where a value of 56.63% is registered as an ester yield.
However, further L., rising up to 12 and 15 wt% favors insuffi-
ciently butyl acetate synthesis, since ester yields of 59.37 and
62.12% are reached, respectively. Taking into account that the cat-
alyst loading within 12-15 wt¥% slightly changes the main product
yield, a value of 12 wt% can be referred as an optimal 66PHS/AC
content. Improved butyl acetate production when L., increases is
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related to the formation of a greater number of active carbonyl
complexes (more species of protonated substrate). This statement
correlates well with a work of Wanchoo and co-authors [90],
where methylation of propylacetic acid is investigated at 60 °C in
the presence of Amberlyst 15 catalyst. A notably promoted car-
boxylic acid conversion is registered when the catalyst loading var-
ies within 32.87-65.80 g/l due to an enhanced number of H* ions,
available for substrate activation.

Findings that: (i) the presence of a catalyst favors the butyl acet-
ate production and (ii) 12 wt% is an optimal 66PHS/AC loading are
confirmed by the calculated forward rate constant. For that pur-
pose, the following kinetic model is applied:

Xi, Xa, — (2Xp, — 1)Xa

(Z—ZXE\Q)CAO { Xa, — Xa =Y =kt

(5)

Plotting Y as a function of the reaction time (t), a straight line
passing through origin is ocurred. The slope of the line represents
the forward rate constant value. Based on the Eq. (5), k; value of
12.15 x 10~ 1/mol x min is obtained for the reaction of butyl acet-
ate synthesis in the presence of 5 wt% 66PHS/AC, which is more
than 13 times higher than k; (0.88 x 107 l/mol x min) for the
blank reaction (Fig. 7B, Table 4). In this regard, the rate constant
(24.32 x 107 1/mol x min) for butyl acetate production using
Lcae of 10 wt% is higher than that of the process conducted with
Lt = 5 wt%. In accordance with the similar butyl acetate yields
reached in the presence of 12 and 15 wt% 66PHS/AC, values of
28.95 and 30.98 x 10™*1/mol x min are evaluated as a forward rate
constant, respectively.

3.7. Influence of the reaction temperature

Effect of the reaction temperature on the butyl acetate yield
(Fig. 8A) and forward rate constant (Fig. 8B) is investigated in the
temperature interval within 40-80 °C, initial reactants molar ratio
of unit and 10 wt% 66PHS/AC catalyst.

Results exposed that values of 26.41% and 6.12 x 107 I/-
mol x min characterize butyl acetate yield and forward rate con-
stant at 40 °C, respectively. It is found that increasing the
reaction temperature up to 50, 60, 70 and 80 °C promotes the butyl
acetate production, since values of 31.55, 36.69, 46.66 and 56.63%
are registered as an ester yield, respectively. In addition, the for-
ward rate constants are determined as 7.76 (50 °C), 9.65 (60 °C),
15.45 (70 °C) and 24.32 (80 °C) x 107 1/mol x min (Table 4).
Appling Eq. (3), the respective backward rate constants (k) at
40, 50, 60, 70 and 80 °C can be easily calculated. Superior butyl
acetate yield and rate constants (k; and k;) at high temperature
is related to the fact that the elevated temperature helps the reac-
tant molecules to obtain adequate energy to cross the energy bar-
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rier [91]. In this sense, the reaction of butyl acetate synthesis is
endothermic in nature, as it was noted earlier (see pt. 3.4.).
Although the butyl acetate synthesis is denoted as an endother-
mic reaction in the present work, quite different point of views
about the temperature influence on the reactants conversion (equi-
librium constant) in terms of esterification are present in the liter-
ature. For example, the kinetics of acetic acid methylation in the
presence of Indion 130 and showed K¢ values of 5.009, 6.521 and
9.265 at temperature of 60, 70 and 80 °C, respectively [92]. Based
on these, the authors classify the methyl acetate production as an
endothermic reaction, as it was stated in the current work for butyl
acetate synthesis. Unlike Saidutta et al. [92] and the data presented
in the current paper, Tao et al. [14] denoted the reaction of butyl
acetate synthesis as exothermic in nature since the rise in temper-
ature from 60 to 80 °C diminishes K¢ from 13.931 to 12.947. In
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other words, the increase in temperature shifts the system in the
backward direction to alleviate the stress of additional heat. How-
ever, in the same work [14] reported that the rise in temperature
improves the acetic acid conversion toward ester. Accordingly,
their statement that K¢ decreases with the temperature rising
seems very speculative. The lack of consensus about the tempera-
ture dependence of K¢ in terms of esterification reaction is con-
firmed by the work of Akyalcin and Altiokka [93], where octyl
acetate synthesis in the presence of Amberlyst 36 is conducted.
An equilibrium constant (60.7) which is independent of tempera-
ture within 60-80 °C is reported in that case. Temperature inde-
pendence of K¢ is noted in the case of heterogeneously-catalyzed
esterification of succinic acid with ethanol as well [94].

When the forward and backward rate constants at different
reaction temperatures are known, the activation energy and pre-
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exponential factor for the forward (butyl acetate synthesis) and
backward (butyl acetate hydrolysis) reactions in the presence of
66PHS/AC catalytic system are calculated via Arrhenius’s law:

Ep

RT (6)

where, E, is activation energy (kJ/mol), A is pre-exponential fac-
tor (I/mol x min), R is gas constant (8.314 J/mol x K) and T is abso-
lute temperature (K).

Plotting Ink versus 1/T (Fig. 9A), values of 31.53 and 16.51 KJ/-
mol are calculated as activation energies for the forward (Ea)
and backward (E,,) reactions, respectively. In light of this, Ar and
A, are established to be 10.03 and 0.08 x 10° 1/mol x min, respec-
tively. It is obvious that the activation energy of the forward reac-
tion in about two times higher than that of the backward one,
which can be explained as follows. During the course of a given
reaction, there exists an intermediate stage (transition state),
where chemical bonds are partially broken and partially formed.
This transition state is at a higher energy level than the starting
reactants and it is very unstable. The energy required to reach this
transition state is called activation energy. In the case of an
endothermic reaction (such as butyl acetate synthesis), the reac-
tants are at a lower energy level compared to the products. It
means that a higher energy (E,) is required to force the reaction
in the forward direction in accordance with the relation
Ea, = Ea, + AH'. Based on the latter, the difference (15.02 kJ/mol)
between Ea, and E,, is found to be identical to the calculated reac-

tion enthalpy (AH,), namely 1526 kJ/mol. Since the pre-
exponential factor expresses the number of effective impacts
between reactants in a chemical process, the remarkably higher
Ar value (10.03 x 10° l/mol x min) with respect to A,
(0.08 x 10° I/mol x min) agrees well with notably more favored
butyl acetate synthesis than butyl acetate hydrolysis at selected
reaction conditions.

Speaking for activation energy and transition state, enthalpy
(AH™) and entropy (AS™) of activation for the reaction of butyl
acetate production are calculated as well (Fig. 9B). For that pur-
pose, the Eyring’s equation is used:

Ink=InA —

kg kg\ AS® AH”
n(3)=0(3) T T @)
-5
A
-6 ®  Vioriwa=-3.7928x+4.6082
R2=0.9659
R=
g 7t
X
© 2
E
\;s“ -8 F [ ]
- L)
\.\.\.
9
Voaciosaad = -1.9855x-2.4807
R2=0.9185
-10 e —
275 285 295 305 315 325
1000/T, 1/K
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where, kg is Bolzmann constant (1.38 x 10723 J/K), h is Planck
constant (6.63 x 10734] x s), AH™ is enthalpy of activation (kJ/mol)
and AS” is entropy of activation (J/mol x K). If the experimental
kinetic data In(k; /T) are plotted versus (1/T), the enthalpy of acti-
vation can be calculated from the slope —(AH”/R). The corre-
sponding entropy of activation is obtained from the intercept
In(ks/h)+(AS™ /R). Using AH” and AS™, the activation energy bar-
rier (AG” = AH” — TAS™,k]/mol) for the process of butyl acetate
production is revealed.

Data showed that values of 28.77 k]/mol and -307.76 J/mol x K
characterize AH” and AS™, respectively. It is well known that the
AS™ equals the change in entropy when the reactants change from
their initial state to the transition state [95]. Thus, AS™ provides
clues about the molecularity of the rate determining step in a reac-
tion. Negative AS™ value indicates that entropy decreases on form-
ing the transition state, which shows an associative mechanism in
which two reaction partners form a single activated complex. It
confirms above statement that the butyl acetate synthesis includes
pre-formation of a transition state through a substrate-catalyst
interaction.

Based on the AH” and AS™ values, Gibbs free energy of activa-
tion (AG™) can be easily found. Thus, AG”™ at reaction temperature
of 40, 50, 60, 70 and 80 °C, AG” is calculated to be 96.36, 99.43,
102.51, 105.59 and 108.69 kJ/mol, respectively (Table 4). Consider-
ing that the bonds cleavage during a chemical reaction requires a
certain amount of energy, positive AG™ values are expected.
Increased AG™ value with rise of the reaction temperature indi-
cates that elevated temperatures favor the butyl acetate
production.

4. Conclusions

Surface effects and textural properties for the new catalytic sys-
tem xPHS/AC (x = 8, 17, 33 and 66 wt%); PHS - pyridinium hydro-
gen sulfate ionic liquid; AC - activated carbon support) are studied
by means N, adsorption-desorption measurements, XRD, XPS and
FT-IR. Catalytic behavior and recycling of xPHS/AC are investigated
in the process of butyl acetate synthesis. Influence of the reaction
temperature and catalyst content on the ester yield is also
revealed. The thermodynamic functions equilibrium constant, acti-

-11.60

-11.90

y=-3.4607x-2.1981
R*=0.9599

-12.20

-12.50

-12.80
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Fig. 9. Arrhenius plot for finding the activation energy and the pre-exponential factor (A) and Eyring plot for finding the entropy and enthalpy of activation (B) of butyl aceate
synthesis in the presence of 66PHS/AC catalyst. Reaction conditions: 10 wt% 66PHS/AC catalyst, initial reactants molar ratio of unit, 90 min reaction time.
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vation energy, Gibbs free energy and activation energy barrier for
the reaction of butyl acetate production in the presence of xPHS/
AC are determined.

The specific surface area and the total pore volume decrease
with rise in the PHS content during heterogenization due to filling
of the support pores with ionic liquid species. These can migrate on
AC surface and a PHS particles size order 8PHS/AC < 17PHS/AC ~
33PHS/AC < 66PHS/AC is noted. On the other hand, surface PHS-
AC interactions in the form of (H—N)pHs"~(C—C)Ac, (S—O)pHs~~~(C—C)
ac and (H-C)pys:--(0-C)ac bonds are detected on the AC surface. It
is stated that these surface bonds are electrostatic in nature and
their strength is independent on the PHS content applied for AC
impregnation. Hence, the PHS particles size variety on the AC sur-
face is attributed to the PHS loading, rather than the PHS-AC inter-
action strength.

Catalytic activity increases in order 8PHS/AC < 17PHS/AC ~
33PHS/AC < 66PHS/AC, a consequence of a moderated amount of
a surface PHS phase. No obvious change on the recovered catalytic
activity and quantity after five cycles is observed. Variety of the
catalyst loading (Lc,) within 5-12 wt¥% increases the butyl acetate
yield and rate constant due to a higher number of active carbonyl
complexes. Further L., increasing up to 12 and 15 wt% does not
affect notably the ester yield and rate constant. Rise in the reaction
temperature between 40 and 80 °C promotes the butyl acetate pro-
duction and forward rate constant, since the reactant molecules
possess adequate energy to cross the energy barrier. Values of
31.53 kJ/mol and 10.03 x 10° 1/mol x min, 59.69 J/mol x K and
15.26 kJ/mol are calculated as Ea, A, AS, and AH,, respectively
for the process of butyl acetate synthesis at 80 °C. Moreover,
AH” and AS”,AG,, and AG™ are found to be 28.77 kj/mol, -307.7
6 J/mol x K, -5.811 kJ/mol and 108.69 kj/mol, respectively at the
same reaction temperature.
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