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Abstract

Background: Metal-organic frameworks (MOFs) represent tremendous potential as heterogeneous
catalyst in renewable energy production. In this study, biodiesel production using the modified MOF
nanocatalyst was investigated in the esterification reaction.

Methods: MOF nanocatalyst was prepared using solvothermal method and modified through sulfation
process. The nanocatalysts was characterized by XRD, FT-IR, FE-SEM, TEM, N, adsorption-desorption,
and NH,-TPD techniques. The performance of the nanocatalysts was evaluated in the esterification
reaction of free fatty acid (FFA) at different operating conditions.

Results: The results showed the high crystallinity, appropriate textural properties (995.6 m’g?’),
well-adjusted acidity, and high hydrophobicity. The sulfation degree of 4 cc g resulted in the best
nanocatalyst, which led to the highest FFA conversion (97%) at the optimal conditions: methanol to
FFA ratio of 10:1, 3wt.% nanocatalyst, 160 °C, and 6 hours. Surprisingly, the developed nanocatalyst had
a great reusability while the conversion reduction was only 8% after six sequence cycles.

Conclusion: These results proved the high capability of the developed nanocatalyst in the esterification
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Introduction

Fossil fuels are the main source of energy in the world,
which lead to serious environmental issues such as
global warming, acidification of rain, and thinning of
the ozone layer. Since fossil fuels are a limited energy
source, increasing demand for energy forces to find an
economically efficient and environmentally friendly
alternative sources. In this regard, biodiesel as clean
and renewable fuel, is a high potential candidate (1,2).
A wide range of raw materials for biodiesel production
including various categories of edible oils, non-edible oils,
waste oils, animal fats, and algae oils has been identified
(3,4). Biodiesel is defined as an oxygenated, sulfur-free,
biodegradable, non-toxic, and environmentally friendly
energy (1).

In general, biodiesel can be produced through
esterification and/or transesterification of oil with
alcohols (5,6). The heterogeneous alkali catalyst has high
capacity to produce biodiesel, but it is not appropriate for
feeds including free fatty acids (FFAs) and water. Also,
homogeneous alkaline catalysts bring drawbacks such
as non-reusability, soap production, difficult separation,
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and more wastewater (7). Therefore, heterogeneous acid
catalysts have appealed a lot of consideration owing to
addressing the mentioned drawbacks (7,8).

Zeolite imidazole framework-8 (ZIF-8) is a new class of
crystalline porous materials and a subset of Metal-organic
frameworks (MOFs), consisting of tetrahedral metal ions
(Zn**) with imidazole binders. ZIF-8 has attracted a great
deal of research as a heterogeneous catalyst due to its large
surface area, adjustable pore size, chemical and structural
stability, suitable capabilities, and most importantly
hydrophobic properties (9,10). Saeedi et al (11) studied
biodiesel production from soybean oil using modified
k-Na/ZIF-8 catalyst in the transesterification process.
They reported the conversion of 98% at methanol ratio
of 10:1 and 3.5 hours. Narenji-Sani et al (12) prepared
ZIF-like grafted HP W O, catalyst for the oleic acid
esterification. The highest conversion was 92% in the
optimum conditions, methanol ratio of 60:1, 3 wt.%
catalyst, 80°C, and 4 hours. The conversion dropped to
19% after four sequence runs. Moatamed Sabzevar et
al (13) applied F,O,@ZIF-8/TiO, catalyst in biodiesel
production through the esterification of oleic acid. They
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found that the optimum operating conditions were 50 °C,
methanol molar ratio of 30:1, 6 wt.% catalyst, and 62.5
minutes, resulting in the highest conversion (93%). Zhou
et al (14) studied ZIF-8 in the oleic acid esterification
at 130 °C, 10 wt.% catalyst, and 1 mL methanol. It is
worth noting that catalyst with hydrophobic surfaces are
desirable for biodiesel production because it prevents the
adsorption of polar products such as water and glycerol in
the reaction and increases the adsorption of hydrophobic
components of the oil that causes a high conversion (15).

In this study, the nanocatalyst was prepared by the
solvothermal technique and modified by sulfation process.
The developed nanocatalyst was evaluated in the FFA
esterification reaction to produce biodiesel. In addition,
the impact of the operating conditions and reusability of
the nanocatalyst were investigated.

Materials and Methods

Materials

The chemical materials were FFAs (palmitic (16%),
oleic (66%), linoleic (15%)), zinc nitrate hexahydrate
(Zn(No,),.6H,0, 99%), 2-methylimidazole (Hmim,
C,HN,, 98%), N,N-dimethylformamide (DMF, C,H,NO,
99%), ammonia (NH,, 25% solution in water), methanol
(CH,OH, 99%), and sodium sulfate (Na,SO,, 98%) that

were provided by Merck Company (Germany).

Nanocatalyst preparation

The ZIF-8 nanocatalyst was synthesized with solvothermal
technique at 25°C. The initial solution was prepared by
zinc nitrate and ammonia. The second solution contained
Hmim and DMEF. The molar composition of the synthesis
solution was Zn**/Hmim/DMF/NH,: 1/2/41/30. After
mixing the solutions, the final solution was converted to
milky color and stirred at 25 °C for 6 hours. The mixture
was then centrifuged and the obtained powder was
washed three times with methanol. The drying process
was carried out at 110 °C for 12 hours.

The sulfation process was performed with different
ratios of 1M sodium sulfate solution to ZIF-8 nanocatalyst
weight (4, 8, 16, and 24 cc g') under reflux in an oil bath at
70 °C for 2 hours. Then, the reduction process was carried
out by NaOH, deionized water, and NaBH,. The solution
was then stirred for 1 hour. Finally, the resulting solution
was centrifuged and washed with deionized water. The
modified nanocatalyst was dried in an oven at 110 °C for
12 hours. The modified nanocatalysts were denoted by
XS where X indicated the ratio of sodium sulfate to ZIF-8
nanocatalyst weight.

Characterization

Fourier transform infrared (FT-IR) spectra of zeolites
were collected using Nexus Model Spectrophotometer
(Nicolotco, USA) with the wavenumber of 400-4000 cm-
!. The field-emission scanning electron microscopy (FE-

SEM) was performed by KYKY (Model, EM3200) device
at a potential difference of 26 kV. Transmission electron
microscopy (TEM) was performed on keV80 (Model,
EM900) instrument. X-ray diffraction (XRD) was carried
out with a D8 Advance Bruker AXS X-ray diffractometer
with Ni-filter Cu Ka radiation. N, adsorption-desorption
isotherms were studied at -196.2 °C (Quantachrome,
USA). Temperature programed desorption of ammonia
(NH,-TPD Micromeritics, USA) with an on-line TCD
detector evaluated acidity.

Esterification reaction

The esterification reaction was performed in a Teflon-
lined stainless-steel autoclave at different operating
conditions: methanol to FFA molar ratio (5:1, 10:1, 20:1,
and 40:1), amount of nanocatalyst (1, 3, 5, and 10 wt.%),
reaction time (4, 6, 8, and 10 h), reaction temperature
(100, 130, 160, and 190 °C), and stirring velocity of
700 rpm. At the end, the 0.1M KOH solution and
phenolphthalein indicator were applied for the titration.
The FFA conversion was calculated by Eq. (1).

Conversion (%) =(V-V) / V., x100 (1)

where V and V are the volume of the applied KOH for
titration of the feed and product, respectively.

Results

Effect of sulfation degree

The impact of sulfation degree was studied at four levels of
the sodium sulfate to nanocatalyst ratio (4, 8, 16, and 24 cc
g"). The operating conditions were the methanol to FFA
molar ratio of 10:1, 10wt.% of nanocatalyst, temperature
of 160 °C, and reaction time of 4 hours (Figure 1).

Figure 2 shows the XRD pattern of the nanocatalysts,
including the ZIF-8 index peaks at 20=7.29, 10.32,
12.65, 16.50, and 18.01°. The results confirm the correct
synthesis of the ZIF-8 nanocatalysts based on the standard
XRD pattern for the ZIF-8 (JCPDS: 00-035-0609) (16).
It is also worth noting that the small difference in peak
position and their crystallization intensity may result
from the flexibility of the ZIF-8 structure (17). The lack
of additional peaks confirms the appropriate sulfation
process and homogeneous scattering of the sulfate groups.
FT-IR spectrum of the nanocatalysts was recorded in the
range of 400-4000 cm™ (Figure 3). The band at 3138 and
2933 cm™ can be assigned to the tensile vibrations of the
C-H chain in the methyl group and the imidazole ring,
respectively. The band at 1595 cm™ can be attributed to
the C=N ring. The band in the range of 1100-1400 cm
can be attributed to the C-H ring. The bands in 900-1100
cm™ are related to the C-N stretching vibrations and the
band at 421 cm™ is assigned to the Zn-N tensile vibrations
(18,19). The band at 588 cm™ is assigned to the sulfate
groups (20), confirming the sulfation process.
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Figure 1. Effect of sulfation degree on the FFA conversion. Reaction conditions: methanol molar ratio of 10:1, 10 wt.% catalyst, temperature of 160°C, and

reaction time of 4 h
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Figure 2. XRD pattern of the parent and 4S nanocatalysts

FE-SEM and TEM images show that morphology of
the parent and 4S nanocatalysts includes spherical shape
and scattered particles (Figure 4), which is consistent
with the literature (16). Figure 5 shows the textural data
of the nanocatalysts. The results show that the sulfate
group loading decreases the surface area from 1313.6
to 995.6 m?g!. The reduction of the surface area of the
4S nanocatalyst can be explained by slight framework
destruction. According to the IUPAC classification, the
nanocatalysts show a type IV Langmuir isotherm that
is related to the porous structure (Figure 5a). The high
absorption volume at the low relative pressure of P/
P,<0.2 indicates a microporous structure (16,21). The
average pore diameter of the parent and 4S nanocatalysts
was 1.73 and 1.74 nm, respectively, indicating the impact
of the sulfate groups on the pore structure. Furthermore,

the Barrett-Joyner-Halenda (BJH) results confirm the
mesopore structure of the 4S nanocatalyst (Figure 5b).
The large pore size favors the low mass transfer resistance
and the high performance in the biodiesel production.
Figure 6 shows the NH,-TPD results for the nanocatalysts.
The density of the acid sites can be determined by the
peak area and the strength of the acid sites is specified
by the location of the peaks. The first peak represents the
weak acid sites and the second one represents the strong
acid sites. The two desorption peaks in the temperature
range of 102 °C and 335 °C reveal the weak and strong
acidic sites of the parent nanocatalyst, respectively. The
4S nanocatalyst has two desorption peaks at 321°C and
379 °C, showing the huge strong acidity. The sulfation
enhances the strong acid sites and decreases the number
of the weak acid sites (22). Furthermore, the higher peak
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Figure 3. FT-IR spectrum of the parent and 4S nanocatalysts
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Figure 4. FE-SEM and TEM images of the nanocatalysts: Parent (left) and 4S (right)

temperature of the second peak indicates the higher
strength of the acid sites for the 4S nanocatalyst compared
with the parent nanocatalyst.

The impact of the nanocatalyst amount

The esterification reaction over the 4S nanocatalyst was
studied using different levels of the nanocatalyst (1, 3, 5,
and 10 wt.%) and the following conditions: methanol ratio
0f 10:1, temperature of 160 °C, and reaction time of 4 hours
(Figure 7a). The increase of the nanocatalyst concentration
(up to 3 wt.%) enhances the FFA conversion (up to 96%).

The impact of reaction time

The progressive of the esterification reaction over the 4S
nanocatalyst was studied at different reaction times (4,
6, 8, and, 10 hours) at the following reaction conditions:
methanol ratio of 10:1, 3wt.% nanocatalyst, and
temperature of 160 °C (Figure 7b).

The impact of temperature

It is believed that temperature significantly influences
the catalytic activity and reaction progress, especially in
the equilibrium reaction like esterification. The effect of
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temperature on the esterification over the 4S nanocatalyst was
investigated at different temperatures (100, 130, 160 and, 190
°C) and the following conditions: methanol molar ratio of 10:1,
3 wt.% nanocatalyst, and reaction time of 6 hours (Figure 7c).
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D Srarel 1316 9956

Viotal, cm® gt 0.57 0.44

Vinicro, cm® gt 0.52 0.39

- Vineso, cm® gt 0.05 0.05
)
Q
b
@
£
=
S

T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure, P/P,

DesorptionDv(log d), cc g

0.0

o 10 30 40 50 60 70 80 90 100

Pore diameter, nm

Figure 5. (a) N, adsorption-desorption isotherm and (b) BJH pore size
distribution of the parent and 4S nanocatalysts

The impact of methanol ratio

This parameter was studied at different methanol molar
ratios (5:1, 10:1, 20:1, and 40:1) and the following
conditions: 3 wt.% nanocatalyst, temperature of 160 °C,
and reaction time of 6 h (Figure 7d).

The reusability
The reusability of the 4S nanocatalyst was studied. After
each run, the spent nanocatalyst was recovered from the
products. Then, it was washed twice with n-hexane and
dried for 12 hours in an oven at 110 °C. The reusability was
evaluated at the obtained optimal conditions (methanol
ratio of 10:1, 3 wt.% nanocatalyst, 160 °C, and 6 hours).
Figure 8 shows the high stability and catalytic activity
of the 4S nanocatalyst through the several cycles of the
esterification reaction.

Figure 9 shows the characterization results of the used
4S nanocatalyst, which includes the index XRD peaks
related to the ZIF-8 structure.

Discussion

Effect of sulfation degree

The results show that the 4S nanocatalyst results in the
best performance and the high conversion of 95.5%,
which represents a significant improvement compared the
FFA conversion (31%) over the parent nanocatalyst. This
result can be explained by the formation of an appropriate
acidic intensity and density on the nanocatalyst through
the sulfation process. Furthermore, it is reported that
sulfation improved the hydrophobicity of the surface
(22), enhancing the adsorption of the FFA molecules as
well as the desorption of the produced water over the
4S nanocatalyst through the esterification reaction. It
is worth noting that the higher sulfation degrees (>4)
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Figure 6. NH,-TPD results of the parent and 4S nanocatalysts
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Figure 8. The reusability of the 4S nanocatalyst. Reaction conditions:
methanol molar ratio of 10:1, 3 wt.% nanocatalyst, temperature of 160°C,
and reaction time of 6 h

reduce the accessibility of the acidic sites due to pore
blockage, leading to the low FFA conversion. Therefore,
the sodium sulfate to nanocatalyst ratio of 4 is the optimal
ratio for loading the sulfate groups.

The impact of the nanocatalyst amount

The results can be explained by more active sites and the
appropriate contact between the feed and nanocatalyst,
which is consistent with the results reported in the

literature (23,24). However, more increase of the
nanocatalyst amount (10 wt.%) decreases the FFA
conversion (93%) because of the increased viscosity of the
mixture and the limitation of penetration. Furthermore,
the excess nanocatalyst disrupts the reaction because
the required amount of nanocatalyst is proportional
to the amount of reactant (25,26). Thus, the optimum
nanocatalyst amount for the esterification reaction over
the 4S nanocatalyst is 3 wt.%.

The impact of reaction time

The long-time reaction (6 hours) increases the high
FFA conversion (97%) owing to the sufficient feed-
nanocatalyst contact. But, the longer reaction time (10
hours) reduces the FFA conversion (95%). It is accepted
that the esterification reaction is reversible and very long
time of reaction leads to the backward reaction and the
reduction of the FFA conversion. Narenji-Sani et al. (12)
reported that oleic acid conversion over the ZIF-like
Grafted HP,W O, catalyst did not change after 6 hours
owing to the equilibrium. Therefore, 6 h is selected as the
optimum reaction time over the 4S nanocatalyst.

The impact of temperature
The results show that the FFA conversion increases with
temperature. The highest conversion (97%) is obtained

326 |

Environmental Health Engineering and Management Journal 2023, 10(3), 321-329



Oghabi and Rostamizadeh

Intensity, a.u.

ZIF8 o

. Used 45
AAa

SEM MAG: 330 kx Det: InBeam
WD: 4.45 mm BI: 7.00 100 nm
View field: 0.62 ym_Date(m/dly): 01/09/20

MIRA3 TESCAN

Figure 9. The characterization of the used 4S nanocatalyst (a) XRD, (b) FE-SEM, and (c) EDX

at 160 °C. This phenomenon can be explained by the
endothermicnatureoftheesterificationreaction,leadingto
the more forward reaction by temperature increasing. It is
accepted that the high reaction temperature favors the low
viscosity of reaction solution, and so the low mass transfer
resistance between feed and nanocatalyst, improving
the FFA conversion (27). However, more increase of
temperature (190 °C) reduces the FFA conversion (94%)
due to the equilibrium. Thus, temperature of 160 °C is
selected as the optimum temperature for the esterification
over the 4S nanocatalyst.

The impact of methanol ratio

The esterification is a reversible reaction and its
stoichiometric molar ratio for methanol and fatty acid
is 1:1. According to the Le Chatelier principal, extra
methanol forces the reaction to progress toward the
products, and also, minimizes the backward reaction.
The highest conversion (97%) is obtained at the methanol
ratio of 10:1. The increase of methanol molar ratio
(40:1) reduces the FFA conversion (94%) owing to the
competitive adsorption of methanol and FFA molecules
on the nanocatalyst surface. Furthermore, the high
methanol molar ratio results in the low nanocatalyst
concentration in the reaction medium, the low contact
between feed and nanocatalyst, and the low conversion

(28). So, the methanol ratio of 10:1 is the optimum ratio
for the esterification reaction.

The reusability

From economic point of view, the development of a long-
term and high-efficient nanocatalyst can significantly
influence biodiesel production. Surprisingly, the FFA
conversion drops only 8% after six sequence runs,
indicating the suitable structural and physic-chemical
properties of the developed nanocatalyst. It is accepted
that the active phase leaching is one of the most important
factors through the reusability, which reduces the catalytic
activity. The development of the 4S nanocatalyst and
incorporation of the sulfate active phase on the parent
structure addresses the leaching issues, resulting in the
durable and long lifetime for the nanocatalyst in the
esterification reaction. Obviously, this achievement can
significantly affect the economical aspect of the biodiesel
production. The results confirm the high stability of the
nanocatalyst without significant framework destructions
through the experiments that are consistent with the
reusability results. However, the intensity of the index
peaks is reduced for the used nanocatalyst due to the
deactivation of the active phase. The FE-SEM image of the
used 4S nanocatalyst represents no significant change in
the morphology, size, and shape of the particles through

Environmental Health Engineering and Management Journal 2023, 10(3), 321-329 | 327



Oghabi and Rostamizadeh

Table 1. Comparison between performances of different catalysts in the biodiesel production

Catalyst Feedstock Catalyst Amount, wt.%  Alcohol to Oil Ratio Temperature (°C) Conversion (%) Ref.
ZIF-8 Oleic acid 1 - 130 88 (14)
Fe,0,@ZIF-8/TiO, Oleic acid 6 30 50 80 (13)
Fe,0,@ZIF-8/TiO, Oleic acid 6 30 50 92 (13)
HP,W.,O,,/ZIF-8 Oleic acid 3 60 80 92 (12)
48 Oleic acid 3 10 160 97 This work

the esterification reaction (Figure 9b), which supports
the XRD results as well as the high stability through the
sequence runs.

Table 1 compares the reported performance of the
different catalysts in the literature and the present study.
As shown in this table, the developed 4S nanocatalyst
had the highest conversion. The high performance of
the developed nanocatalyst can be resulted from the
well-adjusted properties. The key benefits of the 4S
nanocatalyst are the low amount of the required catalyst,
low methanol ratio, and high reusability. From industrial
point of view, these can reduce the size of equipment and
energy requirements.

Conclusion

In this study, biodiesel production using the modified
MOF nanocatalyst was investigated in the esterification
reaction. The synthesis of the nanocatalyst was carried
out with the solvothermal method at 25 °C, which was
modified through sulfation process. The nanocatalyst
characterization showed the high crystallinity, high
surface area, appropriate acidity, and homogeneous
dispersion of the active sites. The highest FFA conversion
was obtained over the nanocatalyst with the low sulfation
degree in the following operating conditions: methanol
to FFA ratio of 10:1, 3 wt.% nanocatalyst, 6 hours, and
160 °C. Surprisingly, the 4S nanocatalyst exhibited a high
reusability and a low FFA conversion drop through six
sequence runs. These results proved the high capability of
the developed nanocatalyst in the esterification reaction
to produce biodiesel.
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