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ARTICLE INFO ABSTRACT

Keywords: To transfer high free fatty acid oil into biodiesel in mild conditions is still facing challenge, thereinto, the key is
Biodiesel efficient acid catalyst. In this study, 2,5-dimercaptoterephthalic acid was adopted to substitute terephthalic acid
UiO-66(Zr)

as ligand for UiO-66—(SH), synthesis, then the sulfydryl (-SH) was in-situ oxidized by hydrogen peroxide and
acidified via sulfuric acid thus generating sulfonic catalyst UiO-66—(SO3H),. To further reveal the relationship
between physico—chemical property and catalytic activity, catalyst was characterized via thermogravimetry
analysis (TG), X-ray diffraction (XRD), Ny absorption-desorption, scanning electron microscope (SEM), Fourier
transform infrared spectroscopy (FTIR), and pyridine absorption-Fourier transform infrared spectroscopy
(Py-FTIR). Results indicate the in-situ modification increases the quantity of acid sites for UiO-66(Zr), where the
acidity is aggrandized from 0.02 mmol/g to 2.28 mmol/g. The maximum conversion of oleic acid to biodiesel
was 86.52 % with catalyst amount of 10 wt% and molar ratio of methanol/oleic acid of 15 at 90 °C within 4 h.
Moreover, UiO-66—(SO3H), exhibited favorable reusability and water resistance, which maintained an excellent
esterification conversion after four cycles and no obvious impact was detected as the water content was 10 wt%.
The quality of obtained biodiesel in this study satisfied the European Union standard of EN 14214, which could
be used as transport fuel.

In-situ modification
Sulfonic acid group

1. Introduction transesterification are not applicable for WCOs and gutter oil, due to the

intrinsic higher water content and free fatty acid (FFA) would lead to
With the growing fossil energy shortage and environmental crisis hydrolysis and saponification.

aroused by fossil energy consumption, it is crucial to develop green

energy resources. Biodiesel, composed of fatty acid methyl esters HSC\

(FAME), is considered as an ideal substitute for fossil oil owing to its R OH Catalyst O

excellent combustion performance, environment friendly, and renew- \[( + CH;0H R—< + H,0

ability (Zeppini and van den Bergh, 2020; Zhou et al., 2022). Normally, O (6]

biodiesel is produced via transesterification of refined oils such as ani- FFA Methanol FAME

mal and plant oils with methanol. However, the refined oils account for
75 % of biodiesel production cost, thus restricting its popularization and
application (Xie and Wan, 2019). While, massive low-cost feedstock,
like waste cooking oils (WCOs) and gutter oil, are not effectively utilized
in China, which is expected as an ideal feedstock oil for biodiesel pro-
duction. The traditional basic catalysts (NaOH and KOH) used in

By contrast, acid catalyst could address the above demerits of basic
catalyst and achieve the esterification by transforming FFA into bio-
diesel (Eq. 1) (Alvear-Daza et al., 2021). Thereinto, heterogeneous acids
have been gained extensive attention like carbon-based solid acid
(Alvear-Daza et al., 2021), zeolite molecular sieves (Prinsen et al.,
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Fig. 1. Preparation process of UiO-66—(SO3H),.

2018), sulfated metal oxides (da Silva and Rodrigues, 2020), heteropoly
acid (Ning et al., 2020), etc. Although heterogeneous acids exhibit high
catalytic activity, they suffer from the reusability issues due to active site
leaching (Rahmani Vahid et al., 2018; Wang et al., 2020), besides, the
poor pore structure aggravates this drawback (Qi et al., 2016).

Metal organic frameworks (MOFs) are crystal materials of periodic
multi-dimensional pore structures composed of metal centers and
organic ligands (Wang et al., 2024). In light of the spectacular high
surface area, pore volume, and highly ordered topological structure (Liu
et al., 2019; Zheng et al., 2018), MOFs are widely used in adsorption
(Gaikwad et al., 2022; Yildiz and Erucar, 2022), photocatalysis (Qiu
et al., 2022; Xia et al., 2021), catalysis (Li et al., 2021c; Lu et al., 2022),
and so on. Moreover, MOFs can be modified through post-synthesis and
in-situ modification method to obtain the specific morphological,
controlled pores, and surface functionality. Zhang et al. (2023) prepared
the Bi-based MOFs and used to impregnate the phosphomolybdic acid
(PMA@BI-BTC) for catalyzing esterification of oleic acid and methanol.
With the optimum conditions, the conversion of 92.5 % was achieved
with molar ratio of methanol to oleic acid of 20:1 and 0.15 g catalyst at
160 °C in 3 h. Ruatpuia et al. ( 2023) achieved an efficient CaO/ZnO
catalyst through ZIF-8, it exhibits promising catalytic performance in
transesterification, in which the molar ratio of methanol to soybean oil
was 20:1 with 7 wt% catalyst amounts at 90°C for 50 min, resulting in
97.4 % biodiesel yield. Cong et al. (2023) constructed a magnetic
catalyst of NaySiO3/Ni-MOF, by assisted with microwave heating, a
desirable biodiesel yield of 95.3 % was obtained with catalyst dosage of
9 wt% and molar ratio of methanol to waste oil of 15:1 at 90 °C in
15 min.

In most cases, post-synthesis modification is employed to synthesize
acid catalyst. For instance, Li et al. (2021c) adopted MIL-100(Fe) to
support ammonium sulfate ((NH4)2SO4) for solid acid preparation. The
synthesized catalyst exhibited favorable catalytic activity of 90.95 %
with molar ratio of methanol/oleic acid of 8:1, catalyst amount of 8 wt%
at 70 °C for 2 h. Lu et al. (2022) grafted acidic ionic liquid into
NH,-UiO-66, the obtained catalyst achieved the esterification conver-
sion of 95.22 % with molar ratio of methanol/oleic acid of 14:1, catalyst
amount of 5 wt% at 75 °C for 6 h. The homogeneity of active site dis-
tribution obtained from post-synthesis modification is unsatisfactory.
Furthermore, high temperature treatment is normally required to ach-
ieve the active site and strengthen the connection between support and
active site. Therefore, it is imperative to achieve a uniform dispersion of
active site on MOF. Inspired by the periodic arrangement of metal ion
and organic ligand, if the organic ligand could be modified with active
site, it could achieve the uniform distribution of active site.

UiO-66(Zr) is a representative MOFs, which is composed of
[Zr604(OH)4(R-CO32)12] metal cluster and 12—coordinated to tereph-
thalic acid (Jrad et al., 2021; Wu et al., 2022). This dense coordination
makes the whole structure stably connected. According to the reported
literature (Valenzano et al., 2011), UiO-66(Zr) is fairly stable as tem-
perature is up to 500 °C, even though in a wide range of chemical so-
lutions. Nonetheless, UiO-66(Zr) exhibits non-catalytic activity for
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esterification due to weak acid sites. To address this, Rokhum Group
functionalized UiO-66(Zr) by using defect site coordination strategy,
where UiO-66(Zr) was mixed with acid reagent, such as sulfamic acid
and chlorosulfonic acid, the obtained catalyst exhibited outstanding
catalytic activity in biodiesel production (Gouda et al., 2022; Gouda
et al., 2024).

The advantage of MOFs is functional tunability, wherein the func-
tional group can be in-situ tailored and modified. Inspired by this,
2,5-dimercaptoterephthalic acid (H,BDC-(SH)>) is adopted as organic
ligand to substitute the terephthalic acid (H,BDC) for UiO-66—(SH)2
synthesis, then the sulfhydryl group (-SH) is oxidized with hydrogen
peroxide and acidified with sulfuric acid into sulfonic group (-SO3H) to
obtain solid acid. In detail, HoO5 amount and oxidation time are con-
cerned to optimize the synthesis conditions. Furthermore, catalyst is
characterized via X-ray diffraction (XRD), thermogravimetric analysis
(TG), N, adsorption/desorption, scanning electron microscope (SEM),
Fourier transform infrared spectroscopy (FTIR), and Fourier transform
infrared spectroscopy of pyridine adsorption (py-FTIR). In addition, the
influence of esterification parameters including catalyst amount, molar
ratio of methanol/oleic acid, reaction time, and reaction temperature on
conversion are evaluated via single factor method. Ultimately, the
reusability and water resistance of UiO-66-(SOsH), are further
assessed.

2. Materials and methods
2.1. Materials

Analytical reagents of zirconium tetrachloride (ZrCly), acetic acid,
terephthalic acid, 2,5-dimercaptoterephthalic acid, N,
N-dimethylformamide (DMF), methanol (CH3OH), hydrogen peroxide
(H205), sulfuric acid (H2SOg4), ethanol (CH3CH,OH), and oleic acid
(C17H33COO0H) are directly used in catalyst preparation without further
treatment.

2.2. Catalyst preparation

2.2.1. UiO-66—(SH); synthesis

0.227 mmol ZrCly and 0.227 mmol H;BDC—(SH), are mixed with
34 mmol DMF and stirred at 50 °C for 30 min. Afterwards, 11.35 mmol
acetic acid is added to the above mixtures, and then placed in a tef-
lon-lined stainless steel autoclave reactor at 120 °C for 24 h. With that,
the obtained solid is washed three times in DMF and methanol,
respectively, then it is dried at 100 °C for 8 h and eventually dried
vacuum at 100 °C for 5 h labeled as UiO-66—(SH),.

2.2.2. UiO-66—-(S0OsH), preparation

0.2 g UiO-66—(SH)- is blended with 10 mL methanol in a flask sealed
with nitrogen. Next, 20 mL H20; (concentration 30 wt%) is added into
flask to oxidize —SH group and further protonated with 20 mL HSO4
(0.1 mol/L) for 1 h. The solid is isolated via centrifugation and rinsed
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Fig. 2. Schematic diagram of the instrument of oleic acid esterification.

with deionized water until the filtrate is neutral. After that, the rinsed
solid is dried at 100 °C for 12 h, and then transferred to a vacuum drying
oven at 100 °C for 6 h resulting in catalyst of UiO-66—(SO3H); as show in
Fig. 1.

2.3. Catalyst characterizations

Thermal property of catalyst is evaluated by using TGA/DSC3+
thermal gravimetric analyzer (Mettler Toledo Co., Ltd, Switzerland), in
which the temperature is linearly increased from 30 °C to 800 °C with
heating rate of 20 °C/min under nitrogen atmosphere. Crystalline phase
is operated on SmartLab X ray diffractometer (Rigaku Co. Ltd., Japan),
the diffraction pattern is recorded from 5° to 90° with voltage of 40 kV
and 40 mA. To measure catalyst surface area and pore volume, catalyst
is degassed at 150 °C for 8 h before the test and nitrogen absorption/
desorption is conducted in Belsorp—-Max (Microtrac Inc Co., Ltd., Japan)
at —198 °C. The catalyst morphology is taken via ZEISS SUPRA 55 field
emission scanning electron microscope (Carl Zeiss, Co., Ltd, Germany).
The acid site property of catalyst is evaluated via py-FTIR, wherein the
catalyst firstly absorbs pyridine and then desorbs at 70 °C, 200 °C, and
350 °C, the FTIR spectrum is obtained from 1200 cm™ to 2600 cm™
through Nicolet 6700 FTIR spectrometer (Thermo Nicolet Co., Ltd,
USA). To evaluate the acidity, catalyst is mixed with 0.05 mol/L sodium
chloride solution, then 0.05 mol/L NaOH is adopted to neutralize the
mixture, in which phenolphthalein is used as an indicator. The
consumed NaOH amount is acidity. Surface functional group is
measured via Tensor 27 Fourier transform infrared spectrometer
(Bruker Co., Ltd, Germany), the FTIR spectrum is recorded with wave-
length range of 500-4000 cm™! at room temperature.

2.4. Catalytic performance

Catalytic activity is examined by esterification of oleic acid and
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methanol, the esterification conversion (%) is adopted to describe cat-
alytic performance determined by Eq. (2). Typically, a certain amount of
oleic acid and methanol are blended in a three-neck flask connected
with condenser tube, which is magnetically stirred until reaching the
preset temperature (Fig. 2). Then, the prepared catalyst is added to the
reactants and stirred for a certain time. After that, catalyst is separated
via centrifugation and the upper layer is biodiesel. During this process,
esterification parameters of catalyst amount (5), molar ratio of meth-
anol/oleic acid (¢), reaction temperature (¢), and reaction time (zr) are
studied.

AVi-AV;

Conversion = x 100%

(2)

Where AV; and AVt is the initial and final acid value of oleic acid, mg
KOH/g.

2.5. Catalyst reusability and water resistance

Catalyst reusability is evaluated via consecutive batch experiment
with optimal esterification parameters, where the catalyst is isolated via
centrifugation and used directly to catalyze fresh oleic acid and meth-
anol without further treatment. The water resistance is tested by adding
a certain amount of water into oleic acid, the conversion variation is
recorded to signify the ability of water resistance.

3. Results and discussion
3.1. Influence of HyO2 amount and oxidation time on catalytic activity

Hydrogen peroxide (H2O») is essential for -SH transforming into
—SOsH, as a result, the strong Brgnsted acid sites are introduced into the
organic ligand (Andreoli, 1993). Influence of HyO, amount, which is
defined as HyO» volume required to oxidize per gram of UiO-66—(SH),,
and oxidation time (h) on catalytic activity are explored to optimize the
synthesis factors. The esterification of oleic acid and methanol is pro-
gressed with catalyst amount of 10 wt%, molar ratio of methanol/oleic
acid of 15 at 70 °C for 4 h.

As shown in Fig. 3(a), HyO, amount exerts impact on catalytic ac-
tivity, where the conversion is gradually increased from 70.94 % to
82.28 % with aggrandizing HoO5 amount from 30 mL HyO3/g to 100 mL
H204/g. While the conversion is tardily decreased to 81.18 % as Hz02
amount is further increased. -SH would be transformed into disulfide
(-S=S-) rather than -SO3H when H30, amount is inadequate (Ude-
nigwe et al., 2016), thus leading to the insufficient acquisition of —-SO3H.
With regard to this, -SH is gradually oxidized into -SOsH with
increasing HoO2 amount, wherein the maximum acidity of 2.28 mmol/L
is obtained with 100 mL Hy02/g. Afterwards, the acidity is decreased as
Hy0, amount exceeds 150 mL Hy02/g indicating the oxidation equi-
librium point is achieved with 100 mL H0,/g. Hence, the HyO, amount

2 Conversio,/*
o Aeids ik L,
804 *— Acidity " ?,/
* —_
20
] L1 £
E
&
60 g
<
-0
50
F-1
40-

6
Oxidation time (h)

Fig. 3. Influence of H,O, amount (a) and oxidation time (b) on catalytic activity (6=10 wt%, (= 15, p= 70 °C, 7= 4 h).
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of 100 mL H»0,/g is selected for next step.

It can be seen from Fig. 3(b) the oxidation time imposes profound
influence on catalytic activity. In detail, the catalytic activity is only
52.94 %, when the oxidation time is 1 h. Then prolonging oxidation time
from 3 h to 6 h, the catalytic activity is accordingly aggrandized from
77.11 % to 82.28 %. However, the catalytic activity is declined as the
oxidation time is further extended to 9 h and 12 h. This demonstrates
increasing oxidation time during a rational range can promote the for-
mation of Brgnsted acid sites. While excessive oxidation time would
impair the parent structure of UiO-66—-(SH)- thus leading to decrement
of active centers. The acidity variation tendency is identical to that of
conversion, where the maximum acidity is achieved at 6 h. Thereby, the
oxidation time of 6 h is selected to obtain active sites.

Consequently, the optimum catalyst preparation condition is HyO4
amount of 100 mL Hy05/g mL and oxidization tine of 6 h.

3.2. Effects of esterification parameters on conversion
It can be seen from Fig. 4(a) the esterification conversion is

Table 1
Catalytic activity comparison of different solid acids.

Catalysts Feedstock and reactions Conversion (%)
UiO-66— Molar ratio of methanol/oleic acid of 10, 65.25
(SH), catalyst amount of 8 wt% at 70 °C for 4 h
UiO-66— Molar ratio of methanol/oleic acid of 15, 86.21
(SO3H), catalyst amount of 10 wt% at 90 °C for 4 h
ZrO, Molar ratio of methanol/oleic acid of 12, 82 (Marchetti
catalyst amount of 7 wt% at 70 °C for 9 h et al., 2007)
S0%/Zr0, Molar ratio of methanol/ palmitic acid of 40, 91 (Chen et al.,
catalyst amount of 10 wt% at 95 °C for 6 h 2013)
S0%/Zr0, Molar ratio of methanol/ oleic acid of 40:1, 90 (Patel et al.,
catalyst amount of 0.5 g at 60 °C for 12 h 2013)
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monotonically increased from 46.12 % to 82.5 % as catalyst amount
ranging from 5 wt% to 12.5 wt%. The active site is in parallel rela-
tionship with catalyst amount, namely, more active site is obtained with
higher catalyst amount (Li et al., 2021b). However, as the catalyst
amount is over 12.5 wt%, the conversion is tardily decreased to 80.95 %
with catalyst amount of 15 wt%. This is probably caused by viscosity
increment of reaction medium, thus increasing mass transfer resistance
between reactants and catalyst (Barros et al., 2020). Meanwhile, it is
ought to be noted that the conversion increment is merely 0.49 % when
the catalyst amount is increased from 10 wt% to 12.5 wt%. From the
view of economy, catalyst amount of 10 wt% is selected for further
study.

Owing to esterification is a reversible reaction, the equilibrium point
could be shifted to the right direction of biodiesel production by
enlarging methanol amount (Masteri-Farahani et al., 2020). Specifically,
the conversion is increased from 66.42 % to 82.55 % with increasing
molar ratio of methanol/oleic acid from 5 to 20 (Fig. 4(b)). Yet the
conversion is reduced to 80.36 % as the molar ratio of methanol/oleic
acid is 25. This is due to excessive methanol would dilute the catalyst
concentration, thus reducing the effective contact between reactants and
active site (Sangar et al., 2019). Notably, the conversion is only 0.45 %
as molar ratio of methanol/oleic acid of 20 in comparison to that of 15,
and the excessive methanol would raise the recovery cost. Thereby, the
molar ratio of methanol/oleic acid is set as 15 for further study.

High temperature is in favor of esterification owing to it is an
endothermic reaction (Li et al., 2021a). As depicted in Fig. 4(c), the
conversion is only 70.69 % at 60 °C and the maximum conversion of
86.21 % is obtained at 90 °C. However, the conversion is decreased to
80.25 % at 100 °C. In theory, high temperature is in favor of accelerating
mass transfer of reactants on catalyst surface. While excessive temper-
ature would expedite methanol evaporation. As a result, the bubbles are
generated and wrapped around catalyst, hindering the contact between
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catalyst and reactants and leading to conversion decrement (Alismaeel
et al., 2018). In addition, higher temperature causes much energy con-
sumption, hence, the reaction temperature is selected as 90 °C.

Once the above three parameters are confirmed, the corresponding
equilibrium time is determined. It can be observed from Fig. 4(d) the
conversion is increased with prolonging reaction time from 2 h to 4 h.
After that, the conversion increment is negligible indicating the equi-
librium point is obtained at 4 h.

In summary, the optimal esterification parameters are catalyst
amount of 10 wt%, molar ratio of methanol/oleic acid of 15, reaction
temperature of 90 °C, and reaction time of 4 h. In comparison to the
reported solid acid (Table 1), UiO-66-(SOsH); possesses favorable cat-
alytic activity. For instance, UiO-66—(SO3H), achieves the comparable
conversion in comparison to that of SO%’/ZrOz, yet, UiO-66-(SO3sH),
could evidently reduce the methanol and reaction time. This confirms
UiO-66—(SO3H)> is an efficient catalyst for biodiesel production.

In order to further verify the promising catalytic activity of UiO-66—
(SO3H)y, the kinetic parameters of activation energy and reaction order
are calculated, which is specified in the supplementary material. The
average reaction order for oleic acid is 0.011, this indicates the reaction
rate is almost irrelevant with the oleic acid concentration. The activation
energy is calculated as 15.35 kJ/mol. According to the reported litera-
ture, the activation energy for esterification of oleic acid and methanol
catalyzed by 4-dodecylbenzenesulfonic acid was 58.5 kJ/mol (Alegria
and Cuellar, 2015). El Saey et al. (El Saey et al., 2023) used the sulfo-
nated biochar to catalyze oleic acid and methanol with 7.5 wt% catalyst
amount and molar ratio of methanol to oleic acid of 12 in 2 h, the cor-
responding activation energy was 29.93 kJ/mol. In comparison,
UiO-66—(SO3H), evidently reduces the activation energy of esterifica-
tion of oleic acid and methanol. Therefore, UiO-66-(SO3sH), is a highly
efficient solid acid catalyst for esterification on the purpose of biodiesel
production.

3.3. Catalyst reusability and water resistance

To further evaluate the reusability of UiO-66—(SO3H)a, the catalyst is
isolated via centrifugation and used directly for fresh oleic acid and
methanol without further treatment. As shown in Fig. 5(a), UiO-66—
(SO3H), exhibits favorable reusability performance, where only 3.54 %
conversion decrement is observed during four cycles. It is reported that
the catalytic activity decrement was principally originated from the
active sites leaching (Alcaniz-Monge et al., 2018). To refresh the cata-
lytic activity, the used catalyst is purified by cyclohexane and ethanol to
eliminate the absorbed methyl ester and other organic impurities, which
is then acidified by 0.1 mol/L dilute sulfuric acid for 30 min to regen-
erate acid site. As expected, the catalytic activity is assuredly recovered,
where the conversion of 86.48 % is achieved with molar ratio of
methanol/oleic acid of 10:1, catalyst amount of 8 wt% at 70 °C for 4 h.
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This demonstrates the catalytic activity of UiO-66-(SOsH)y could be
simply regenerated.

In addition, hot filtration test is conducted to verify the stability of
Ui0-66—(SO3H),, in which the UiO-66—(SH), is also examined for
comparison. In detail, 4 g UiO-66-(SH), and UiO-66-(SO3H), are mixed
with certain amount of methanol under each optimal conditions as
presented in Table 1. After that, UiO-66—(SH), and UiO-66—(SO3H), are
separated from methanol, the filtered methanol is used react with oleic
acid. Result indicates the conversion obtained by the filtered methanol
from UiO-66-(SH), and UiO-66-(SO3H), are 1.65 % and 2.97 %,
respectively. On the other hand, the isolated UiO-66-(SH)2 and UiO-66—
(SO3H), are used to catalyze fresh methanol and oleic acid under cor-
responding optimal conditions, the obtained conversion is 64.76 % and
86.03 %, respectively, which is basically same to their original catalytic
activity. It can be reasonably concluded that UiO-66-(SOsH), is the
heterogeneous catalyst with satisfying stability.

On account of water is the by-product of esterification (Eq. 1), it
leads to the active sites immersing in water. Thereby, water resistance is
also a critical property for solid acid and it is necessary to investigate the
influence of water on catalytic activity of UiO-66-(SOsH). As can be
observed from Fig. 5(b), the conversion of 84.88 % and 82.73 % is
achieved with water content of 5 wt% and 10 wt%, respectively. It
manifests UiO-66-(SO3sH), is barely affected by water when water
content is less than 10 wt%. While, the conversion is decreased by 6.62
% with 20 wt% water content, this is ascribed to the partial hydrolysis of
—SOsH. Park et al. (2010) previously reported the catalytic activity of
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Fig. 8. FTIR spectra of UiO-66(Zr), UiO-66-(SH), and UiO-66—(SO3H),.

sulphuric acid was rapidly reduced by 76 % with 20 wt% water content.
By contrast, UiO-66-(SOsH), owns favorable water resistance for bio-
diesel production.

In light of the excellent stability, it is essential to characterize
UiO-66—(SOsH); to reveal the relationship between physicochemical
structure and catalytic activity.
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3.4. Catalyst characterizations

As depicted in Fig. 6, the thermal stability shifts to low temperature
region once UiO-66(Zr) is modified into UiO-66—(SH), and UiO-66—
(SO3H)5. In detail, both UiO-66(Zr) and UiO-66—(SH), exhibits three
mass loss steps, the first mass loss about 3.2 % is originated from
elimination of residual water and DMF. The second mass loss of UiO-66—
(SH)3 occurs at 200 °C is attributed the dehydroxylation of ZrgO4(OH)4
clusters resulting in ZrgOg formation (Lozano et al., 2018), which is
ended at 370 °C. While for UiO-66(Zr), the second mass loss is termi-
nated at 437 °C. The third mass loss step initiated from 370 °C to 592 °C
is ascribed to the framework collapse and organic ligand degradation.
Since -SH is oxidized into -SOsH, the thermal stability of UiO-66—
(SO3H)3 is further weakened, the first mass loss of 12.3 % is originated
from the elimination of physically adsorbed water owing to the strong
hydrophilicity of -SOsH. The second mass loss occurred between 370
°C-557 °C is aroused by structure collapse. Even so, the thermal stability
of UiO-66—(SO3H)> is still satisfying for esterification which is normally
conducted below 120 °C.

It can be observed from Fig. 7, Ui0O-66—(SH),, UiO-66—(SO3H), and
UiO-66(Zr) exhibit similar XRD pattern, and the diffraction peaks are
appeared at same diffraction angle. In detail, 260 at 7.34° and 8.48° are
the characteristic peaks of UiO-66(Zr) (CCDC 733458) (Li et al., 2019;
Sarango-Ramirez et al., 2020). The identical diffraction peaks at 7.34°
and 8.48° are also detected in UiO-66—(SH),, which are attributed to the
crystal planes (111) and (200), confirming UiO-66—(SH); is topologi-
cally equivalent with the face-centered cubic lattice of UiO-66(Zr).
Furthermore, UiO-66-(SOsH), also exhibits (111) and (200) crystal
planes, indicating the crystal structure is basically stable. However, it
can be seen the prepared UiO-66(Zr) possesses higher crystallinity than
that of UiO-66-(SOsH),, which is attributed to organic ligand of
Ui0-66—(SO3H)2 is hung with —-SO3sH thus leading to the decrease of
crystallinity. In addition, UiO-66—(SO3H), has no obvious characteristic
peak of sulfonic acid groups, it might attributed to the high dispersion of
sulfonic acid groups in the framework structure, further ensuring the
high utilization of active sites.

To further confirm the presence of -SH and -SOsH in UiO-66—(SH)»
and UiO-66-(SO3H),, FTIR spectra are depicted in Fig. 8. It can be
clearly seen that the spectra of UiO-66-(SH); and UiO-66-(SO3H), are
similar to that of UiO-66(Zr), where the stretching vibration of Zr-O-Zr,
the symmetric vibrations of carboxyl (O—C-O) are recorded at
1390 cm™! and 1581 em™! (Li et al., 2021a), respectively. In addition,
the stretching vibration at 2752 em! is detected in UiO-66—(SH), cor-
responding to —-SH, which is invisible in the spectrum of UiO-66(Zr). By
contrast, the vibration band of -SH is disappeared in UiO-66-(SOsH),.
Meanwhile, the asymmetric and symmetric stretching vibration band of
S=0 is shown at 1237 cm ™! and 1179 em™ in UiO-66—(SO3H); (Chen
et al., 2019), respectively. The band at 1025 cm™ is assigned to S-O
stretching vibration for UiO-66-(SOsH), (Fernandez-Morales et al.,
2019), verifying —SH is oxidized and acidified to —-SO3H. Therefore, it is
verified that sulfonic acid and organic ligand are connected by covalent

Fig. 9. Surface morphologies of (a) UiO-66(Zr), (b) UiO-66—(SH), and (c) UiO-66-(SO3H),.

718



H. Li et al.

300

200 ~

¢ —Q@— Ui0-66(Zr)
Ui0-66—(SH),
K —H- UiO-66—(SO;H),

—

(4

<
I

Quantity absorbed/(cm®/g STP)

-

>
1

0.0 0.2

T T
0.4 0.6 0.8 1.0

Relative pressure (P/P)

Fig. 10. N, absorption/desorption isotherm curves of UiO-66(Zr), UiO-66—
(SH)-, and UiO-66-(SO3H)-.

Table 2
Surface area, pore volume, and average pore diameter of catalysts.

Sample Specific Pore volume Average pore
surface area (em®/g) diameter (nm)
(m*/g)
UiO-66(Zr) 861.82 0.46 2.17
UiO-66-(SH), 454.46 0.36 2.34
UiO-66-(SO3H)2 32.18 0.15 10.53
SO%/Zr04/Al,03 ( 13.2 0.029 9.7
Rahmani Vahid et al.,
2018)
SO?{/C (Mardhiah et al., 1.92 0.0032 6.67
2017)
1.5-SZ-MT (Yang et al., 8.9 0.03 21.01
2020)

bond, in which the eight-electron stable structure is formed between C
and S (Zheng et al., 2021).

The surface morphology is also compared between UiO-66-(SH),
and UiO-66-(SO3H), as illustrated in Fig. 9. Even though the replace-
ment of terephthalic acid, the octahedral structure is still observed in
UiO0-66—(SH); (Fig. 9 (b)) and UiO-66—(SOsH), (Fig. 9 (c)), which is
similar to that of UiO-66(Zr) (Fig. 9 (a)), confirming the structure of
UiO-66—(SH), and UiO-66—-(SO3H), is inherited from UiO-66(Zr), this
is in accordance with XRD result. It also verifies the crystal structure
remains stable during the oxidation process. Nevertheless, it seems the
particles of UiO-66—(SH); and UiO-66-(SOsH), are stuck together,
which is might attributed to the hydrogen bond generated among
-SOsH.

As depicted in Fig. 10, the isotherm pattern of UiO-66—-(SH), is
similar to that of UiO-66(Zr), which is the type I isotherm pattern
equipped with hysteresis loop, indicating it is a micro-pore material. The
absorbing quantity of UiO-66-(SH), is evidently lower than that of
UiO-66(Zr). As a result, the surface area and pore volume of UiO-66—
(SH), are 454.46 mz/g and 0.36 cmg/g (Table 2), respectively.

After being oxidized and acidified, the obtained UiO-66—(SOsH)»
shows type III isotherm pattern, its specific surface area and pore volume
are decreased to 32.18 m?/g and 0.15 cm®/g. Nonetheless, the pore
diameter of UiO-66—(SO3H); is expanded to 10.52 nm, this is beneficial
to mass transfer thus accelerating esterification. In comparison to
UiO-66(Zr), the surface area and pore volume of both UiO-66-(SH),
and UiO-66—-(SO3H), are vastly decreased due to the porosity is occu-
pied by the connected sulfydryl (-SH) and -SOsH. Even so, UiO-66—

719

Chemical Engineering Research and Design 205 (2024) 713-721

Absorbance (a.u.)

T
1600

T
1500

1700 1400
Fig. 11. Py-FTIR spectra of UiO-66—-(SO3H),.
Table 3
Lewis acid and Brgnsted acid amounts of UiO-66, UiO-66—(SH),, and UiO-66—
(SO3H)s.
Sample Desorbed temperature (°C) Acid amount (pmol/g)
B acid L acid Total acid
Ui0-66 70 2.83 27.55 30.38
200 1.62 15.12 17.04
350 0.32 2.97 3.29
UiO0-66-(SH), 70 3.06 32.65 35.71
200 1.86 20.57 22.43
350 0.59 10.99 11.58
UiO-66-(SO3H), 70 3.74 69.06 72.81
200 217 56.37 58.54
350 0.97 21.93 22.90

(SO3H);, still provides considerable specific surface area and pore vol-
ume in comparison to the congeneric solid acid (Table 2). For instance,
the surface area and pore volume of SO%/Zr05/Al,03 was merely
13.2 m%/g and 0.029 cm®/g. By contrast, UiO-66-(SO3H) could ach-
ieve full contact between active site and reactants, thus enhancing cat-
alytic activity (Bjork et al., 2017).

UiO-66—(SO3H)3 is further characterized via py-FTIR to evaluate the
acid site property in depth. It can be observed from Fig. 11, UiO-66—
(SO3H); is equipped with Lewis (L) acid and Brgnsted (B) acid. There-
into, L acid is found at 1600 cm™ and 1450 cm™ originating from the
unsaturated coordination of Zr. Additionally, the absorption band at
1540 cm™ is assigned to B acid due to the existence of -SOsH (Li et al.,
2021b). As for the absorption peak at 1490 cm™, it is a combination of L
acid and B acid (Zhang et al., 2019). The existence of B acid is beneficial
to protonating carboxylic acid to generate more positive charge of
carbonyl carbon, which enhances the nucleophilic reaction with alcohol
and increases esterification conversion. While the L acid could prevent
active site from hydration (Shu et al., 2019), this is the reason for the
promising reusability of UiO-66-(SO3H)2 shown in Fig. 5. As expected,
the amount of L acid is evidently higher than that of B acid on account of
the larger corresponding peak area. Based on the reported literature
(Zhang et al., 2009), the strength order of acid site is determined by
pyridine evacuation temperature: weak (50-150 °C) < medium
(150-300 °C) < strong (350 °C).

As presented in Table 3, the acidity amount of UiO-66-(SH), is
obviously higher than that of UiO-66 when the organic ligand is changed
from terephthalic acid to 2,5-dimercaptoterephthalic acid. Once the
sulfydryl is further oxidatively protonated, both L acid and B acid of
UiO-66-(SO3H)2 are obviously higher than that of UiO-66—(SH), at
different acid strength. For instance, the L acid of UiO-66—(SO3sH), is
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Table 4
Biodiesel property comparison with EN 14214 standard.

Index Biodiesel in this study EN 14214 standard
Cetane number 59 >51

Kinetic viscosity (40 °C, mm2/s) 4.1 3.5-5.0

Density (15 °C, g/cm®) 0.89 0.86-0.9

Flash point (°C) 122 120

Residual carbon (%) 0.005 <0.03

about 2 times higher than that of UiO-66-(SH),, this is beneficial to
improving catalyst stability.

3.5. Biodiesel property

Physicochemical properties of cetane number, viscosity, density,
flash point, residual carbon for the biodiesel obtained by the catalyst of
UiO-66—(SO3H), is evaluated and compared with that of EN 14214
standard (Table 4). Satisfyingly, the biodiesel meets all of EN 14214
standard limits, especially the cetane number, it is obviously higher than
that of EN 14214 standard, which means it possesses good firing per-
formance and homogeneous combustion in diesel engine. Therefore, the
biodiesel obtained in this study could be directly used as transport fuel.

4. Conclusions

In this study, the organic ligand of UiO-66(Zr) is replaced with
2,5-dimercaptoterephthalic acid, and then the -SH is oxidized and
acidified into —~SO3H. With this strategy, -SOsH is connected to organic
ligand through covalent bond with formation of UiO-66—(SO3H),. It
inherits the original structure from UiO-66(Zr) and the acidity is
2.28 mmol/g, which is beneficial to enhancing catalytic activity. As a
result, the maximum esterification conversion of 86.21 % is achieved by
UiO-66—(SO3H)2 with catalyst amount of 10 wt%, molar ratio of
methanol/oleic acid of 15 at 90 °C for 4 h. The conversion decrement is
merely reduced by 3.54 % during four successive cycles, the physico-
chemical property of the obtained biodiesel satisfies the EN 14214
standard. This study provides a new approach to synthesize stable and
efficient solid acid catalyst for biodiesel production.
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