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ARTICLE INFO ABSTRACT

Keywords: Microporous HZSM-5 zeolite crystals of distinct Si/Al ratios (53, 33.3 and 14.4) were compared for linoleic acid
Zeolites esterification with methanol as a model reaction for the production of biodiesel. As-synthesized catalytic ma-
Si/Al o terials were characterized using XRD, SEM, TEM, N sorption, X-Ray fluorescence, FTIR, and ’Al MAS NMR. The
zz?gis::ystenﬁcatlon results showed that HZSM-5 with higher acidity and lower Si/Al ratio achieved high linoleic acid conversions at
Hydrophobicity earlier stages of the reaction, whereas more hydrophobic zeolites reached higher conversions as reaction time

increased. A maximum methyl linoleate yield of 79.78% was achieved for the esterification of linoleic acid using
HZSM-5 (Si/Al = 53) at 4 h reaction time, 6:1 methanol to linoleic acid molar ratio, 10 wt% catalyst loading and
180 °C. Linoleic acid is activated by being adsorbed on the acid sites of the zeolite surface with increased Si/Al
ratios and reacts to form the corresponding methyl ester.

1. Introduction

On account of the high demand for diesel fuel and the adverse effects
of its direct combustion on health and the environment, the production
of biodiesel and its application have been increasing worldwide as a
substitute for conventional petroleum diesel [1,2]. Biodiesel production
is traditionally accomplished by fatty acids (FAs) esterification and by
triglycerides transesterification from various oil feedstocks, with a
short-chain alcohol in excess as methanol, in the presence of a homo-
geneous base or acid catalyst [3]. However, large amounts of waste-
water are generated during biodiesel purification using homogeneous
catalysts, increasing thus the costs [4]. Other problems associated with
homogeneous catalysts include difficult catalysts separation from the
reaction mixture [5,6]. Heterogeneous insoluble acid catalysts minimize
the problems associated with homogeneous catalysis. They are easily
filtered and used numerous times after recycling [7]. They are also
non-corrosive, don’t promote soap formation and remove the step of
product purification offering thus, a more environmental and economic
pathway for biodiesel production [8]. Park et al. [9] compared acid solid
tungsten oxide zirconia, amberlyst 15, and sulfated zirconia catalysts for
biodiesel production from waste frying oils (WFOs) and recorded
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highest yield for tungsten oxide zirconia (WO3/ZrO5). Feng et al. used
the cation exchange resins D61, 001x7 and NKC-9 as acid heterogeneous
catalysts in biodiesel production from WFOs. NKC-9 had the best cata-
lytic activity yielding 90% conversion [10]. Gardy et al. produced
mesoporous TiO2/PrSOsH solid acid catalyst (4.5 wt%) for the trans-
esterification of WFOs which yielded 98.3% biodiesel at 60 °C [11].
ZSM-5 zeolite, which is most commonly synthesized using the hy-
drothermal route [12], is constituted of channels defined by
10-membered rings and of medium pore (5.1-5.6 f\) [13]. In reason of
its exclusive structural network, ion exchangeability, thermal stability,
solid acidity, and shape selectivity, ZSM-5 has been extensively
consumed in the petrochemical industry as catalyst [14]. The catalytic
characteristics of zeolites are usually affected by their physical and
chemical properties. Some studies reported that the conversion of oil
molecules decreases with increasing the acid zeolite Si/Al ratio [7,15,
16]. The concentration of acid sites decreases as the Si increases over Al
in the framework of the zeolite reducing thus its catalytic activity.
Chung et al. [7] evaluated the acidic properties and the performance of
HZSM-5 with various Si/Al ratios on the esterification of free fatty acids
(FFAs). The conversion of FFAs decreased with increasing Si/Al molar
ratio. The same pattern was reported by Meng et al. [16] whereby
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HZSM-5 with low Si/Al ratios were appropriate for propylene and
butylene formation. However, other studies found that zeolites have
better catalytic performance in transesterification reactions, with high
Si/Al ratios [17-19] as the strength of the acid sites increases despite
their lower number in comparison with zeolites of low Si/Al ratios.
Doyle et al. [18] assessed the esterification of oleic acid over zeolite
catalysts of various Si/Al ratios. The activity of oleic acid over the
catalyst with the higher Si/Al ratio improved as the acid strength and
catalyst hydrophobicity increases. Tarach et al. [19] also attributed the
enhanced activity of highly siliceous HZSM-5 zeolite to its high acid
strength. In the present study, acidic properties and Si/Al ratio of
HZSM-5 zeolite catalysts effect on the esterification of linoleic acid for
biodiesel production as a model reaction was discussed. The catalytic
behavior of HZSM-5 zeolites of Si/Al ratios of 14.4, 33.3, and 53 was
assessed by varying catalyst loading, methanol to linoleic acid molar
ratio, reaction temperature and reaction time. The external mass
transfer limitation of HZSM-5 zeolites was investigated and the corre-
lation between the surface hydrophobicity and acidity of the different
Si/Al ratios-zeolites with their catalytic activity was evaluated based on
experimental results.

2. Experimental section
2.1. Catalysts synthesis

ZSM-5 zeolite (Si/Al =53) was synthesized by dissolving 0.26 g of
sulfuric acid (Aldrich) and 3.19 g of tetraethoxysilane (TEOS, Aldrich,
98%) in 10.75 g of distilled water in a 45 ml stainless-steel ®teflon-lined
autoclave. 0.36 g of sodium hydroxide (Riedel de Haen, 99%) and 0.1 g
of Al5(SO4)3.18H50 (Rectapur, 99%) were supplemented to the mixture.
An amount of 3.03g of tetrapropylammonium hydroxide (TPAOH)
aqueous solution (25 wt%, Fluka) was finally added to obtain a gel molar
composition of: 100SiOy: 1Al,03: 30NapO: 18H3SO4: 20TPAOH:
4000H20 [20]. The gel was then stirred at 1000 rpm during 30 min,
heated at 60 °C for 4 h and finally placed in a 30-rpm tumbling oven for
4 days at 150 °C.

ZSM-5 zeolite (Si/Al = 33.3) were synthesized following a modified
method developed by Kim and Kim [19].To achieve a molar composition
of 100Si03: 2A1503: 10Nag0: 2250H20, 9.39 g of colloidal silica (Sig-
ma-Aldrich, LUDOX HS 40 wt% SiO, in water) and 3.27g of NaOH
(10 wt% in water) were added to 5.12 g of distilled water in an auto-
clave. The mixture was stirred at 200 rpm for 3 h, at room temperature.
In a separate beaker, 0.28 g of NaOH (10 wt% in water) and 0.24 g of
sodium aluminate (NaAlO; of 53 wt% Al;03, 42 wt% Nay0, and 5 wt%
H,0) were dissolved in 9.87 g of distilled water and stirred at 200 rpm
for 3h. An amount of 4.67 g of distilled water were then added to the
beaker mixture. At the end of the 3 h, the beaker content was added to
the solution present in the teflon-lined stainless-steel autoclaves, and the
gel was set aside for 1 h at room temperature, under stirring. The reac-
tion temperature was then increased to 190 °C for 2 h under stirring and
finally put in an oven for 35hat 150 °C.

For comparison, commercial ZSM-5 zeolite (Si/Al=14.4) was
purchased.

To change the produced ZSM-5 zeolites from their Na™ form to NH}
form, 1 g of prepared Na-ZSM-5 zeolites was added to 20 ml of 1 M so-
lution of NH4CI at 80 °C for 2h under stirring and by reflux. The ion
exchange process was repeated three times. NHJ-type zeolites were
separated by filtration, washed and dried at 105 °C for 6 h the samples
were finally calcined in air at 550 °C for 10 h to give zeolites in H' form.
The synthesized zeolites (H-ZSM5) were represented by their respective
Si/Al ratios in the parenthesis following each zeolite name: HZSM-5
(53), HZSM-5 (33.3) and HZSM-5 (14.4).

2.2. Catalysts characterization

A PANalytical MPD X'Pert Pro diffractometer equipped with an
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X’Celerator real-time multi-strip detector (2.122° 26 active length) and
operating with Cu Ka radiation (A = 0.15418 nm) was used to obtain the
patterns of the X-ray diffraction (XRD) and purity of the produced zeo-
lites. The zeolite diffractogram was recorded at 22 °C in the low range
0.5 < 26 < 5° and wide range 3 < 20 < 50° (220 s time step and 0.017°
20 angle step).

Homogeneity and morphology of the produced crystals were exam-
ined by 7 kV accelerating voltage scanning electron microscopy (SEM)
(Philips XL 30 FEG microscope).

Nitrogen adsorption-desorption isotherms were carried out with a
Micromeritics ASAP 2420 MP instrument at —196 °C. Prior to each
experiment, around 50 mg of calcined samples were outgassed to a re-
sidual pressure of less than 0.8 Pa at 300 °C for 15 h. Equivalent specific
surface areas were calculated using BET equation (10%< p/p° <£0.05)
according to the criteria given by Walton and Snurr [22] and micropore
volumes were obtained from the t-plot method [21].

X-ray fluorescence (XRF, Philips, Magic X) was used to determine the
samples Si/Al molar ratio and to evaluate their successful exchange.

Pyridine adsorption trailed by infrared spectrometry in a Thermo
Nicolet Magna 550-FT-IR spectrometer were used to measure the
quantities of Lewis and Brgnsted acid sites. Samples of zeolite were
squeezed into self-supported pellets of 20 mg. Each wafer was then
preheated at 450 °C in an analysis cell for 12 h, in air. The cell was later
placed under vacuum for 1 h to eliminate physisorbed molecules, sub-
sequent to decreasing the temperature to 200°C under air. Prior to
introducing pyridine in the cell for 5min, the temperature was
decreased to 150 °C. The amounts of Brgnsted [PyrH "] and Lewis [PyrL]
acid sites were established using extinction coefficients previously
determined by Guisnet et al. [24], following integrating peaks areas at
1545 cm™! and 1454 cm ™! respectively.

Z7Al(1=5/2) magic angle spinning (MAS) NMR was carried out with
a Bruker Avance II 400 spectrometer operating at Bo =9.4 T (Larmor
frequency vp=104.2MHz) equipped with a Bruker 2.5mm double
channel probe. The rotor was spun at 25 kHz, and free induction decays
(FID) were collected with a p/12 rf pulse (0.6 ms) and a recycle delay of
1s. Measurements were carried out with [Al(H20)6]3+ as an external
standard reference [23]. The decompositions of the spectra were per-
formed using the DMFit software [26] in order to determine the Si/Al
ratio of the framework (coupled with XRF results).

2.3. Esterification reaction procedure

Linoleic acid (ACROS, 99%) conversion into methyl linoleate in
methanol presence was adopted as a biodiesel production model reac-
tion. Experiments were carried out by triplicates in thermostatic oil bath
by reflux and under stirring at 550 rpm in 50 ml reactors. Increased
quantities of methanol (Riedel De Haen, 99.9%) were added to 0.6 mL of
linoleic acid (equivalent to 1 mol, 0.54 g), in order to achieve methanol
to linoleic acid molar ratios of 6:1, 12:1 and 25:1. Optimization of re-
action temperature was done by performing reactions at 60, 140 and
180 °C, respectively. The effect of different Si/Al ratios of the chemically
modified zeolites on fatty acid methyl esters (FAMEs) production was
investigated by using catalysts in loadings of 10 wt% relatively to the
quantity of linoleic acid. The needed loading of catalyst was dried before
the reaction at 105°C. The esterification reaction kinetics were also
studied under the same conditions using the optimal determined
methanol to oil molar ratio and reaction temperature.

At the end of the reactions, the reactors were extracted by two
dichloromethane (DCM) (Fisher, 99.8%) aliquots of 50mL each,
following their extraction with 50 ml methanol. The liquid extracts were
separated from the solid catalysts by gravity filtration through a bed of
filtration beads and 0.2 pm filter paper and analyzed for methyl esters
and residual linoleic acid.
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Fig. 1. Wide angle XRD patterns of exchanged and calcined HZSM-5 (53), HZSM-5 (33.3), and HZSM-5 (14.4).

2.4. Method of analysis

Gas chromatography (GC) analysis (Trace Ultragas chromatogram)
was used to obtain methyl linoelate content in the liquid extracts. The
GC was equipped with a HP-INNOWAX capillary column
(30m x 250 pm x 0.25 pm) and a flame ionization detector (FID). The
FID was set at 300 °C, the injector temperature was 250 °C at splitless
conditions, and the injection volume of the sample was 5 pl. Helium was
used as carrier gas at 1 mL/min. After the isothermal period (2 min at
60 °C), the oven temperature was increased from 60 °C to 200°C at a
10 °C/min heating rate, and lastly increased to 240°C at a 5°C/min
ramp and remained for 7 min. Peaks of methyl esters (namely Methyl
linoleate among other methyl esters) were identified based on reference
standards (Supelco 37 component FAMEs mix in DCM, TraceCert).
Equation (1) was employed to find the esterification reaction yield:

_ Z CME X Ve,\‘tracl

M 0 Linoleic acid

Yield (%) % 100 )

where, Cyg is the concentration of methyl esters in g/L quantified by
GC/FID, Veygac: is the extract volume (L), and My rinoteic acid, the initial
mass of linoleic acid added to the reactor (0.54 g).

To close the linoleic acid conversion mass balance, residual FAs were
quantified using high-performance liquid chromatography (HPLC) [25].
Bromophenacyl bromide (Fluka, Buchs SG, Switzerland) was used to
obtain the corresponding esters of FAs after derivatization. A chro-
matographic method with a UV visible diode array detector (Agilent
Technologies, CA, USA) was used to perform the analysis. A C8 column
(150 x 2.1 mm ZORBAX Eclipse XDB, 5 pm) was used for the same
purpose. The detection wavelength for the esters of FAs was 258 nm. The
mobile phase was formed of a mixture of water (A) and acetonitrile +
1% tetrahydrofuran (B) and a solvent gradient of 30% B at 0 min; 70% B
at 15 min; and 98% B at 25 min was used.

2.5. Determination of the esterification reaction kinetics

To assess the reaction kinetics, time effect on linoleic acid conversion
was measured. A general equation of reaction rate based on the sto-
chiometric products and reactants relationship could be presented as
follows (eq. (2)):

__ldcy,

T = _S di =k.Cra.Cre (2)

wherer, isthereaction rate (mg.L’l.m’z.h’l), Cra isthelinoleic acid
concentration (mg.L_l), Cye that of methanol (mg.L_l), S is the surface
area of the solid catalyst (mz), and k’ the reaction rate constant (mg’l.L.
m~2h™h.

Eq. (2) follows a second order reaction rate law. Nevertheless,
methanol concentration throughout the reaction could be considered
constant due to the excess methanol added to attend the reaction in the
direction of the products. Consequently, methanol concentration does
not modify the order of the reaction which will behave as a first order
reaction and obey pseudo-first order kinetics (eq. (3)) [26,27]:

_ldcu,
S dt

=Kk.Cra.Cye = k.Cps 3

—ty =

where k (m’z.h’l) = k’.Cye =~ constant, when methanol is used in
excess.

The initial concentration of linoleic acid is set as Cy 14 at time t=0
and as C; 14 at time t. The integration of eq. (3) from t=0 to t=t, and
Co1a to C; 14 gives eq. (4):

InCopa—InC, 14 = kit 4)
From the mass balance of the reaction,

CLA

Cora

Xip=1-

where Xy, is the methyl linoleate yield. Upon rearrangement of eqgs. (6)—
(4), the kinetics of linoleic acid conversion could be expressed as follows
(eq. (5)):

In(1 =Xy)= —k.t 6)
3. Results and discussion
3.1. Catalyst characterization

As illustrated in Fig. 1, only signals of crystalline MFI-phase zeolites
were observed which confirms the high purity of the 3 zeolite samples.
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Fig. 2. Scanning electronic microscopy (SEM) images of (a) HZSM-5 (53), (b) HZSM-5 (33.3), and (c) HZSM-5 (14.4).

Table 1
Physico-chemical properties of the H-ZSM5 catalysts.
Zeolites Si/Al of the Si/Al of the Sger (m?/ Total porous volume Microporous volume [PyrH"1* (pmol. [PyrL]® (umol.
sample® framework® 2) (em®/g) (em®/g) g )
HZSM-5 (53) 45 53 395 0.17 0.17 351 44
HZSM-5 25 33.3 373 0.15 0.15 347 126
(33.3)
HZSM-5 11.5 14.4 387 0.15 0.15 749 173
(14.4)

4Si/Al molar ratio of the sample determined by XRF.

bSi/Al molar ratio of the zeolite framework determined from XRF and?’Al MAS NMR.
“Concentration of pyridine adsorbed on Brgnsted acid sites following the thermo-desorption at 150 °C.
dConcentration of pyridine adsorbed on Lewis acid sites following the thermo-desorption at 150 °C.

160

Adsorbed volume (cm?3/g STP)

60 W
“on —m—HZSM-5 (53)
—a—HZSM-5 (33.3)
20 —®—HISM-5 (14.4)
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Relative Pressure (p/p°)

Fig. 3. N, adsorption/desorption isotherms at —196 °C of HZSM-5 (53), HZSM-5 (33.3), and HZSM-5 (14.4) samples. Adsorption isotherms (full bullets) and

desorption isotherms (empty bullets).

XRD reflections of HZSM-5 (33.3) are broader than those of HZSM-5 (53)
and HZSM-5 (14.4). This is explained by the smaller crystal domain that
HZSM-5 (33.3) holds as compared to HZSM-5 (53) and HZSM-5 (14.4) as
confirmed by SEM imaging.

The SEM micrographs revealed in Fig. 2 show agglomerated pris-
matic HZSM-5 zeolites particles for the 3 samples. HZSM- 5 (53) crystals
have crystal sizes ranging between 3.4 and 7 ym (Fig. 2a). HZSM-5
(33.3) crystals show lower particle sizes of 1.5-5.5 pm (Fig. 2b) while
HZSM-5 (14.4) zeolites showed crystal sizes of 2-6 pm (Fig. 2c).

The textural data of the synthesized samples are reported in Table 1.
Adsorption-desorption isotherms of type I are obtained for conventional
MFI-type zeolites (Fig. 3), which is characteristic for entirely

microporous materials. A slight hysteresis was observed for the three
zeolite samples, due to the agglomeration of microcrystals and the for-
mation of inter-particular voids in which nitrogen was adsorbed. BET
surface areas of the three samples were also similar around 380 m? g1,
The microporous volume of HZSM-5 (53) sample was 0.17 cm®g™?
which is very close to the value expected (0.18cm®g™!) for a well
crystallized MFI microcrystals [30], while a lower value of 0.15 cm® g !
was measured for HZSM-5 (33.3) and HZSM-5 (14.4) which correspond
to 83.3% of crystallization rate.

27l solid state MAS NMR spectra for the 3 samples were recorded.
These samples contained a principal resonance at ca. 56 ppm corre-
sponding to Al species in tetrahedral coordination present in the zeolite
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25%

100 50 0 -50

Fig. 4. 27A1 MAS NMR spectra of (a) HZSM-5 (53), (b) HZSM-5 (33.3), and (c) HZSM-5 (14.4). (* peak attributed to resonance band).

framework (Fig. 4). 27A1 MAS NMR spectra also showed a second reso-
nance around O ppm attributed to extra framework Al. HZSM-5 (53),
HZSM-5 (33.3), and HZSM-5 (14.4), contain 15%, 25%, and 20% of Al
extra framework, respectively (Fig. 4) which coupled to the XRF Si/Al
ratios, helped determine the framework Si/Al ratios of the different
zeolites (Table 1).

The quantification of the acidity of different Si/Al ratios-HZSM-5 was
done by FTIR of adsorbed strong base pyridine molecule. In addition to
its ability to access the inner pores of the zeolites, it distinguishes be-
tween protonic Brgnsted acid sites (PyrH*) and coordinated Lewis acidic
sites (PyrL) as it forms pyridium ion on strong Brgnsted sites (PyrH™)
which mostly contribute to the catalysis of the esterification reaction,
and coordinates on weak Lewis acid sites (PyrL) [31]. Bands at
1454 cm™! and 1545cm™! (Fig. 5) were determined to calculate the
concentrations of Lewis and Brgnsted acidic sites, respectively and the
results are presented in Table 1. Pyridine interacting with both Lewis
and Brgnsted sites is observed at 1490 cm™! but it does not permit
differentiating between the two acidic sites and was thus not used to
characterize acidity.

It is interesting to discuss Si/Al ratio effect on zeolite acidity. As Si/Al
ratio increases for the HZSM-5 zeolites, acid sites total concentration
(PyrH" and PyrL) decreases, making total acid sites concentration a

function of the Si/Al ratio. This is not surprising since as Al content
decreases in the zeolite, charge imbalance associated to the Al content
also decreases, yielding a lower H' exchange capacity. However, the
strong Brgnsted acidic sites concentrations don’t undertake the same
trend towards Si/Al ratio for the different zeolites as the total acid sites
concentration does.

The concentration of Lewis acid sites in HZSM-5 (53), HZSM-5 (33.3)
and HZSM-5 (14.4) correlate fairly well with the extra-framework Al
species content of the three samples (Section S1 in supplementary in-
formation). Lewis acidity also exists in the intrinsic zeolite framework of
HZSM-5 (33.3) and HZSM-5 (14.4).

3.2. Optimized reaction conditions of esterification

3.2.1. Effect of reaction temperature on esterification

Reaction temperature effect on linoleic acid conversion was assessed
by conducting experiments with HZSM-5 (53), HZSM-5 (33.3) and
HZSM-5 (14.4) using three different temperatures of 60, 140 and 180 °C,
under the same reaction conditions (methanol to linoleic acid molar
ration = 12/1, stirring rate = 550 rpm, catalyst loading = 10 wt%, and
reaction time = 6 h). As shown in Fig. 6, catalytic activity increased with
increasing temperature except for HZSM-5 (53) and HZSM-5 (33.3)



E.G. Fawaz et al.

12 HZSM-5 (53)
oo eee HZSM-5 (33.3)
| | — =HZSM-S (14.4)

..o-oO""ﬁ"c..

0.8

Microporous and Mesoporous Materials 294 (2020) 109855

El
s
(]
Q
C
S 06
k=
€
wv
c
o
[
0.4
0.2
0
1400 1420 1440 1460 1480 1500 1520 1540 1560 1580 1600
Wavenumber (cm™?)
Fig. 5. FTIR spectra after zeolites saturation with pyridine and desorption at 150 °C.
807 @ Hzsws (53)
O  HZSM-5 (33.3)
¥ ZSM-5(14.4)
60
Ky
@
=
©
Q40 o
._g
E .
R o i
20 - 2
v
0 T T T
60 140 180

Temperature (°C)

Fig. 6. Reaction temperature variation effect on the esterification of linoleic acid using HZSM-5 (53), HZSM-5 (33.3), and HZSM-5 (14.4) catalysts at the molar ratio
of methanol to linoleic acid molar ratio of 12:1, catalyst loading of 10 wt%, stirring rate of 550 rpm, and reaction time of 6 h.

which showed no significant difference in linoleic conversion when the
reaction temperature changed from 60 to 140 °C. Measured FAME:s yield
for HZSM-5 (53) and HZSM-5 (33.3), was, respectively, 34.40% (stan-
dard deviation (SD)=1.18) and 29.36% (SD =0.89) at 60°C, and
31.83% (SD = 4.36) and 27.96% (SD = 0.38) at 140 °C. For all zeolites,
the highest linoleic acid conversions were reached at the optimal reac-
tion temperature of 180 °C, with the order of conversion being HZSM-5
(53) (45.76%, SD = 4.85) > HZSM-5 (33.3) (43.73%, SD = 4.43) > HZSM-

5 (14.4) (27.96%, SD =2.23). Higher temperatures achieved higher
conversions which is explained by the decrease of the FA viscosity at
high temperatures, promoting thus a better methanol/linoleic acid
phase mixture, increasing thus methyl linoleate yield. It is noteworthy to
mention that at the different reaction temperatures used, linoleic acid
conversions using HZSM-5 (53) were the highest, followed by HZSM-5
(33.3) and HZSM-5 (14.4), respectively. While HZSM-5 (14.4) has the
highest strong Brgnsted acid sites concentration, it exhibits the lower
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Fig. 7. Methanol to linoleic acid molar ratio variation effect on the esterification of linoleic acid using HZSM-5 (53), HZSM-5 (33.3), and HZSM-5 (14.4) catalysts at
catalyst loading of 10 wt%, reaction temperature of 180 °C, stirring rate of 550 rpm and reaction time of 6 h.

catalytic performance. The increase of Brgnsted acidity doesn’t seem to
be the only factor affecting the conversions obtained, as will be later
discussed.

3.2.2. Effect of methanol to linoleic acid ratio on esterification

For the different types of tested catalysts, the effect of methanol to
linoleic acid molar ratio on the conversion of linoleic acid was evaluated
by varying the volume of methanol used. Methanol to linoleic acid molar
ratios of 6:1, 12:1, and 25:1 were used to provide excess methanol to
direct the reversible esterification reaction towards the production of
methyl linoleate [32]. Similar reaction conditions were used for the
esterification reactions and consisted of 10 wt% catalyst loading, 6 h
reaction time, 550 rpm stirring rate, and fixed optimal temperature of
180 °C. Fig. 7 shows that linoleic acid conversion rate decreased for all
zeolite catalysts as the molar ratio of methanol to linoleic acid increased
from 6:1 to 12:1 and from 12:1 to 25:1. While it is expected that at
increased methanol to linoleic acid molar ratios the equilibrium shifts
towards the direction of methyl esters formation [33], the influence of
reverse reaction was in this case potentially greater than the forward
esterification reaction. This phenomenon is due to the slight recombi-
nation of methyl linoleate and water to form linoleic acid. Excess
methanol could increase the miscibility of water in methyl linoleate
favoring thus the backward reaction to take place [31]. Also, the con-
version may have decreased due to the adsorption of more water pro-
duced when the quantity of methanol was further increased to react with
linoleic acid. The optimal molar ratio of methanol to linoleic acid was
6:1 with an order of conversion of HZSM-5 (53) (78.62%, SD =0.63) ~
HZSM-5 (33.3) (61.56%, SD=2.30) > HZSM-5 (14.4) (27.96%,
SD =1.99).

For all the experiments carried out, residual linoleic acid was
quantified using HPLC and mass balance closure was inspected. Section
2 in supplementary information presents numeric methyl esters yields
and residual linoleic acid content at the different reaction conditions.

3.2.3. Effect of external mass transfer limitation
Microporous HZSM-5 zeolites have a small pore size (5.1-5.5 A) and
linoleic acid molecules possess a kinetic diameter of 8.08 A estimated

using eq. (6) [32].
6=1234.(My)"" (6)

where o is the kinetic diameter estimated for hydrocarbon molecules,
and My, is the molecular weight of linoleic acid in g mol ™.

Meaning that it is unlikely for such a molecule to penetrate the pores
and reach the internal active sites of the microporous zeolite such as
microporous HZSM-5.

Therefore, the esterification reaction is more likely to happen on the
external surface of microporous HZSM-5 [36,37]. However, the mass
transfer amid the bulk fluid and the external catalytic surface should be
examined. In a homogeneous catalytic reaction, the effect of mass
transfer is negligible, as all substances (reactants, catalysts and prod-
ucts) are in one phase. However, the catalyst does not belong to the same
phase of the reactants in a catalytic heterogeneous reaction as is the case
in this study, and reactants diffusion from the bulk phase to the external
catalyst particle surface could be hindered if proper stirring is not
provided.

At 550 rpm rate of stirring, the external mass transfer limitation ef-
fect is determined by the dimensionless Mears criterion (Cy) [38]:

ropdn
Cy= 7
M=k Co )
where, ry is the initial reaction rate that is equal to the
linoleic acid esterification rate at 60 min ( =

moles ofmethyl esters produced in the reaction time(mol) . :
catalyst loading(g) xreaction time(min) [36]’ p1s the den51ty of the

HZSM-5 matrix, d is the mean diameter of the catalyst, n is the reaction
order (the esterification reaction obeyed the pseudo first-order reaction
kinetics as shown in Section S3 (supplementary information) reaction
coefficients of 3.63 x 10 'm2h™1, 2.20 x 10 'm2h~, and 1.79 x
10"'m2h! for HZSM-5 (53), HZSM-5 (33.3) and HZSM-5 (14.4),
respectively), Cp is the linoleic acid initial concentration, and k. is the
mass transfer coefficient, calculated using the equation developed by
Dwivedi and Upadhyay [40]:
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Fig. 8. Reaction time effect on the esterification of linoleic acid using HZSM-5 (53), HZSM-5 (33.3), and HZSM-5 (14.4) catalysts at catalyst loading of 10 wt%,
methanol to linoleic molar ratio of 6:1, reaction temperature of 180 °C, and stirring rate of 550 rpm.

2D, (A 1
k=" 1 0.31N; (W) ®
d p

-

where Dap is the molecular diffusion coefficient of solute A (linoleic
acid) at low concentration in solvent B (methanol), calculated based on
the Wilke-Chang method, accounting for the reaction temperature of
180°C [41], u. is the solvent viscosity, d, is the catalyst particle
diameter, Ng is the Schmidt number, g is the gravitational acceleration,
and Ap is the variation between the catalyst and the solution densities
and p, is the solvent density.

In the kinetic study, the external mass transfer diffusion resistance is
insignificant when the Mears criterion value is lower than 0.15. Cy were
2.71 x 1077, 1.35 x 1077, and 2.84 x 1077 for HZSM-5 (53), HZSM-5
(33.3) and HZSM-5 (14.4) respectively. This indicates that the solid-
liquid interface-external mass transfer limitations were surmounted
when the stirring speed was 550 rpm and that the esterification reaction
mostly happened on the totality of the external surface of the zeolite.

3.2.4. Effect of reaction time on esterification

Reaction time effect on the conversion of linoleic acid was studied by
carrying out experiments using HZSM-5 (53), HZSM-5 (33.3), HZSM-5
(14.4) catalysts at the optimal reaction conditions (catalyst loading of
10%, reaction temperature of 180 °C, methanol to linoleic acid molar
ratio of 6:1, and stirring rate of 550 rpm) with a reaction time variation
in the range of 0-24 h. Fig. 8 displays the reaction time effect on methyl
linoleate yield for the different Si/Al ratio catalysts. According to the
results, an increase in the reaction time from 0.5 to 4h shows a
noticeable linoleic acid conversion increase which reached respective
maxima of 79.78% and 62.60% for HZSM-5 (53) and HZSM-5 (33.3) at
4 h. For these two zeolites, no further significantly different conversion
was observed from 4 to 8 h, making thus the 4h the optimal reaction
time for the model reaction of biodiesel. A maximum yield of 48.66%
was however achieved at 6h reaction time for HZSM-5 (14.4). The
general increase in catalytic performance for the HZSM-5 zeolites of
higher Si/Al ratios will be explained in detail below. A decrease in the
methyl ester yield was significant after 16 h of the reaction. Extended
heating times of linoleic acid had resulted in its polymerization. A

rubber-like deposit which remained insoluble in DCM was found at the
bottom of the reactor. Aside from yielding lower linoleic acid conver-
sions, higher reaction times are not favorable for the esterification re-
actions due to the higher energy consumption they require.

3.2.5. Effect of Si/Al ratio on esterification

The difference in performance between HZSM-5 zeolites with
different Si/Al ratios is interesting (Fig. 8). At early stages of the ester-
ification reactions (up to 2 h), a higher catalytic activity was detected for
the HZSM-5 zeolite with the lower Si/Al, agreeing with the fact that the
activity improves as the Brgnsted acid sites amount increases (at lower
Si/Al ratios). After 4 h, linoleic acid activity on zeolites increased with
increasing Si/Al ratio. Doyle et al. found a similar increase in activity for
the HY zeolites with lower Si/Al ratio, during the initial stages of the
reaction [18]. However, a lower Si/Al ratio gives the zeolite a more
hydrophilic character allowing surface adsorption of water produced
from the esterification reactions and blocking thus the access of the fatty
acids to the external active sites. As water is produced, it competes with
less polar methanol and linoleic acid for the adsorption sites of the ze-
olites surface. This explains the lower linoleic acid conversions regis-
tered for the more hydrophilic HZSM-5 (14.4) zeolites after 4 h reaction
time. Ben Mya et al. [42] concluded that hydrophilic zeolites absorb
high quantities of water which inhibit the conversion of FAs in esteri-
fication reactions. On another hand, although zeolite acidity decreases
with increasing Si/Al ratio, their hydrophobicity increases, allowing
them to rapidly desorb the produced water during the esterification
reaction which could lead to the catalyst deactivation. This results in an
increase in the surface coverage of linoleic acid. Liu et al. [43] reviewed
solid acids development with suitable hydrophobicity to enhance cata-
lytic activities in reactions such as the esterification reaction. Therefore,
Si/Al ratio of HZSM-5 determines the acidity and relative hydrophobic
character of the zeolite, both influencing the kinetics and ultimate yield
from the esterification reactions. Similarly, Prinsen et al. [44] showed
that the conversion of palmitic acid was dependent on the hydro-
phobic/hydrophilic character of the microporous zeolite and reactants.

At initial phases of the esterification reaction the acidity of the ze-
olites took over the hydrophilic character of HZSM-5 (14.4) as water
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Fig. 9. Methyl ester yield after HZSM-5 (53) reuse in linoleic acid
esterification.

molecules were not yet produced in quantities high enough to compete
with linoleic acid adsorption to acid sites. HZSM-5 (14.4) registered a
maximum conversion of 30.28% at 2 h reaction time in comparison with
21.49% and 21.15% for HZSM-5 (33.3) and HZSM-5 (53), respectively.
However, at later stages of the reactions (beyond 4 h), the relative hy-
drophobic character of HZSM-5 zeolites allowed rapid desorption of
produced water molecules and more coverage of linoleic acid which
resulted in higher methyl esters production) yields despite the lower
acidity. Linoleic acid conversion reached a maximum of 79.78% and
62.60% for HZSM-5 (53) and HZSM-5 (33.3) at 4h reaction time,
respectively, whereas it only reached a maximum of 45.27% at a similar
reaction time for HZSM-5 (14.4). Thus, HZSM-5 (14.4) zeolite exhibited
the highest acidity but the lower catalytic adaptability, and the zeolites
with high Si/Al ratios showed better catalytic efficiency.

3.2.6. Catalyst regeneration

The ability of HZSM-5 (53) catalyst reusability was assessed by
performing five successive 4h linoleic acid esterification cycles at
methanol, linoleic acid molarities and reaction temperature similar to
the optimum conditions obtained in this study. Subsequent to each
cycle, gravitational filtration was performed to separate the used cata-
lyst from the liquid reaction. The catalyst was then heated in air at
105 °C for 6 h. The liquid product mixture yielded around 80% for the
first 4 cycles and decreased to 68.25 (SD = 0.84) at the end of the 5th
cycle (Fig. 9). This shows that HZSM-5 (53) catalyst retains catalytic
activity after 5 consecutive cycles despite the slight methyl esters
decrease.

4. Conclusion

Esterification of linoleic acid with methanol was performed over
HZSM-5 zeolites with distinct Si/Al ratios. A maximum methyl ester
yield of 79.78% was reached for the esterification of linoleic acid using
HZSM-5 (53) at 4 h reaction time, 10 wt% catalyst loading, 6:1 methanol
to linoleic acid molar ratio and 180 °C and maintained after 4 consec-
utive reaction cycles after catalyst regeneration, with a slight decrease to
68.25% at the end of the fifth cycle. decreasing Si/Al ratio of HZSM-5
zeolites increases their acidity and decreases their hydrophobic char-
acter with a consequent effect on the esterification reactions. As the
reaction time progresses, water molecules are produced and are rapidly
adsorbed to more hydrophilic surfaces (zeolites with low Si/Al),
decreasing the surface coverage of linoleic acid and yielding lower
conversions despite the zeolites higher acidity. Linoleic acid conversion
rate with methanol can thus be improved by synthesizing zeolites with
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adequate relative hydrophobicity and acidity.
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