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G R A P H I C A L A B S T R A C T
� UiO-66/SO3H is highly active for cata-
lytic esterification of PFAD to biodiesel.

� Catalytic optimization was performed
utilizing central composite design.

� The UiO-66/SO3H catalyst was reusable
and stable for up to 7 consecutive
reactions.

� Life cycle analysis revealed that the
acidification potential of PFAD biodiesel
was low.
A R T I C L E I N F O
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A B S T R A C T

Heterogeneous acidic Zr-MOF (metal-organic framework) catalyst, UiO-66/SO3H was synthesized for palm fatty
acid distillate (PFAD)-methanol esterification. The characterizations for catalyst precursor and active catalyst
were carried out using infrared spectroscopy, ammonia-temperature desorption analysis, thermogravimetric
analyser, X-ray diffraction, surface textural analyser, and field emission scanning microscopy. The surface area of
UiO-66 and UiO-66/SO3H was 714.77 m2/g and 503.02 m2/g, respectively. Meanwhile, the acidity strength
shown an increase in values, rising from 3.14 mmol/g to 7.98 mmol/g. Throughout the catalytic screening test
under fixed parameters, UiO-66/SO3H produced 72.3% of fatty acid methyl ester (FAME) while 45.9% catalyzed
by UiO-66. Then, UiO-66/SO3H was selected for response surface methodology-central composite design (RSM-
CCD) optimization. Following 31 experiments, the optimized conditions were determined to be 75 �C, 1.3 h,
4.2 wt% catalyst, and a methanol to PFAD molar ratio of 21:1, resulting in a yield of 98.6% FAME. Reusability
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tests demonstrated that the catalyst maintained its activity for seven cycles, averaging 72.4% yield but subse-
quently dropping to 53.8% after the eighth cycle. Environmental sustainability was evaluated using life-cycle
assessment (LCA) across seven impact categories: global warming potential, stratospheric ozone depletion,
acidification potential, terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, and fossil resource
scarcity. LCA analysis revealed that the PFAD process had a substantial global warming impact, with the exception
of microalgae-based biodiesel. The PFAD process has lower acidification potential than soybean or lignocellulosic
biomass. Our advanced biodiesel production method, with minimal methanol and low electricity, is an envi-
ronmentally friendly alternative.
1. Introduction

One such renewable energy source that has gained attention owing to
its biodegradability and sustainability is biodiesel, which is defined as an
alternative diesel fuel composed of mono-alkyl esters of long-chain fatty
acids derived from lipids [1]. Biodiesel is miscible in any proportion with
diesel fuel and generally possesses a superior cetane number, resulting in
faster autoignition and lower nitrogen oxide formation during combus-
tion in compression-ignition (diesel) engines [2]. The simplest method
for biodiesel production is (trans)esterification of vegetable oils, animal
fats, or other lipids with a stoichiometric excess of a short-chain alcohol
(methanol or ethanol) in the presence of a homogeneous catalyst. These
common liquid phase-catalysts, such as H2SO4, HCl, H3PO4, ClSO3H,
KOH, NaOH, KOCH3, and NaOCH3 are known in facilitating rapid reac-
tion rate due to homogeneity with reaction mixture [3,4]. However, the
main challenges in utilization of homogeneous catalysts include
non-reusability, the discharge of substantial quantities of effluent during
purification, and the potential corrosion to industrial reactors, which
results in increased operational costs [5].

Alternatively, heterogeneous catalysts have been developed that
mitigate these deficiencies. Heterogeneous catalysts can be acidic, basic,
or both and are bound to any of several solid supports with high surface
area, such as metal oxides, activated carbon, alumina, ionic liquid, and
silica [6]. For instance, Huang et al. [7] prepared photothermal super
basic potassium mono-atom embedded on graphene sheet (K-SAG) cat-
alysts that successfully processed Xanthium sibiricum oil into biodiesel
(99.6%) at room temperature. A microporous 2,5-furandicarboxylic
(FDCA)/SA-Hf metal-organic framework (MOF) catalyst (1080 m2/g,
1.89 nm) derived from biomass lignocellulosic ligand, 2,5-furandicarbox-
ylic (FDCA) acid, coordinated with hafnium chloride (HCl4), and fol-
lowed by stearic acid (SA) functionalization. The catalyst achieved a
98.6% conversion to methyl oleate and maintained a yield of over 90%
across six reuse cycles, attributed to its high wettability and hydropho-
bicity characteristics [8].

MOFs have attracted considerable attention in recent time owing to
their diverse range of applications, including catalysis, CO2 capture, drug
delivery, water waste treatment and adsorption of heavy metals and dyes
[9,10]. MOFs are highly favored as catalyst precursors because of their
unique surface properties, such as high surface area, porosity, and pore
size flexibility, which enable the even distribution of active components
within the framework [11,12]. For example, sulfonic acid functionali-
zation of MIL-100(Fe) produced a catalyst that successfully esterified
oleic acid to methyl oleate in 95.86% yield after 2 h and was reusable for
up to seven reaction cycles [13]. A Co-Nx bifunctional catalyst derived
from pyrolyzed ZiF-67 with enhanced acidity and basicity successfully
catalyzed transesterification of microalgal lipids at an optimized yield of
96.7% [14]. In another example, a Mo-MOF with a rod-like monoclinic
crystal structure was synthesized from Na2MoO4 and 4-piperidinecarbox-
ylic acid and was used to convert oleic and palmitic acids to the corre-
sponding methyl esters in nearly 100% yield [15].

Studies found that zirconium-based MOF known as UiO-66 are
thermally stable up to 500 �C and possesses a water-tolerant structure
which is mechanically and chemically stable over a broad pH range
[16]. These remarkable features make UiO-66 an excellent option as a
catalyst supportive material. Nowadays, the utilization of heteropoly
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acids immobilized on MOF structure for active site functionalization has
gained attention due to their low corrosivity and high Brønsted acidity
[17]. For example, immobilization of 12-tungstophosphoric acid (HPW)
on UiO-66 was shown by Ma et al. [18] for n-butyl acetate production.
Upon immobilization, the crystallinity patterns were unchanged, indi-
cating no impurities and the optimized 30HPW@UiO-66 catalyst ach-
ieved 80% yield of n-butyl acetate under the stated conditions of 120 �C,
2:1, 3 wt% and 3 h. Next, a UiO-66/SFN catalyst derived from ammo-
nium sulfate impregnated on UiO-66 followed by N2 carbonization at
500 �C was utilized in oleic acid-methanol esterification. The reaction
required 8 wt% of UiO-66/SFN, 8:1 of methanol-oleic acid molar ratio,
70 �C heating temperature and 2 h of reaction time to achieve 96.2% of
methyl oleate [18]. Nevertheless, studies on MOF-supported catalysis
for the esterification of biodiesel derived from long-chain poly-
unsaturated fatty acids (LC-PUFAs), such as waste cooking oil, palm
fatty acid distillate, and animal fats, are still limited. Yusuf et al. [19]
reported an adequate active surface area (827 m2/g) and acidity
(0.196 mmol/g) of 7% CuO/UiO-66 catalyst that esterified waste
cooking oil (WCO) to biodiesel with a yield of 90.1% within 4 h and
160 �C. Microwave-assisted catalytic transesterification of soybean oil
catalyzed by an alkali UiO-66 composite catalyst, CaO–ZrO2
(3.9 mmol/g), achieved a yield of 98.03% with a high catalyst loading
of 6.5 wt% and was heated at a temperature beyond the methanol
boiling point at 73.1 �C within 1.1 h of reaction time to utilize a lower
methanol-to-oil ratio of 9.7:1 [20]. Additional studies of UiO-66 active
site modification are still necessary to guarantee the suitability of
catalyst-feedstock characteristics for optimal fatty acid methyl ester
(FAME) generation.

Response surface methodology (RSM) is a derived formula combi-
nation between mathematical and statistical that useful in improving and
optimizing the biodiesel production's process variables [21]. RSM can
reduce the number of experiments by merging two variables or more
simultaneously in the response of biodiesel yield as comparison to con-
ventional method that opted single variable [22]. The significance level
for the individual variable, variables interaction and optimization can be
determined as the indication is known when the p-value <0.05. For
instance, a study found that the p-value of these parameters and in-
teractions of second-order model, A2, B2, C2, A, B, C, and AC (A:
methanol-oil ratio, B: temperature, C: catalyst loading) were meaningful
for esterification of Quercus brantii Lindl oil [23]. Besides, p-value <0.05,
the order of independent reaction factors significancy also can be
accessed via F-value as per revealed in analysis of variance (ANOVA)
table [24]. Research by Zheng et al. [25] adopted full quadratic function
for transesterification of Koelreuteria integrifoliola oil catalyzed by meso-
porous bifunctional acid-base MP-ZnF, emphasizing that time is the most
significant factor of the reaction due to its highest F-value score (1348).

Life-cycle assessment (LCA) is a vital tool that systematically gathers
data on inputs and outputs to quantify the environmental footprint
associated with biodiesel production [26]. This comprehensive assess-
ment examines various factors, such as inputs, processes, infrastructure,
and equipment, among others [26]. In the context of catalyst utilization
within biodiesel production, there arises a compelling need for envi-
ronmental assessments to scrutinize and predict the potential long-term
ecological impacts [27]. When evaluating the environmental impact of
biodiesel production using waste palm (cooking) oil and a heterogeneous
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catalyst composed of calcium oxide derived from chicken eggshells, it is
important to consider the differences in CO2 emissions when compared
to the homogenous potassium hydroxide method. This distinction can
significantly affect the contribution to climate change, as demonstrated
in a study by Mu et al. [28]. For example, optimization esterification
microalgae biodiesel (96.8%) by acidic graphene like catalyst
(S-NGL-600) conducted by Huang et al. [29] in a light induced photo-
thermal assembly showed better performance compared to conventional
H2SO4 catalyst as the LCA predicting the 0.87 MJ/MJ energy-saving and
�89.42 CO2eq/MJ environment protection, respectively. This study ex-
plores the critical role of LCA in evaluating the sustainability of biodiesel
and delves into the intricate dynamics of environmental considerations,
shedding light on the environmental implications of catalysts in biodiesel
production.

This implies that the UiO-66/SO3H catalyst has not yet been utilized
to demonstrate its effectiveness in the esterification of palm fatty acid
distillate using palm fatty acid distillate (PFAD) as the feedstock. In this
study, we aimed to produce UiO-66/SO3H by functionalizing UiO-66
with sulfonate groups, and subsequently tested this acidic catalyst for
the esterification of waste PFAD, a low-cost residue obtained from the
palm oil refining process. To examine the physical and chemical prop-
erties of the pristine and post-functionalized samples, we conducted
thermogravimetric analysis (TGA), ammonia-thermal desorption anal-
ysis (NH3-TPD), infrared spectroscopy, Brunauer–Emmett–Teller (BET)
surface area analysis, and field-emission scanning electron microscopy
equipped with energy dispersive X-ray spectroscopy (FESEM-EDX).
Additionally, we used a response surface methodology-central composite
design (RSM-CCD) to optimize the production of biodiesel from PFAD
and evaluated the impact of reaction variables on biodiesel yield. We also
conducted catalyst reusability experiments and compared the properties
of the spent catalysts with those of a fresh UiO-66/SO3H catalyst.
Furthermore, this study aimed to systematically analyze the environ-
mental footprint of biodiesel production and establish a sustainable
production pathway from biowastes, specifically palm oil, with a specific
focus on the catalytic role of UiO-66/SO3H.

2. Experimental section

2.1. Materials

All solvents and chemicals, including methanol (99.8%, R&M), n-
hexane (99.8%, R&M), dimethylformamide (99.5%, R&M), zirconium
oxychloride octahydrate (ZrOCl4⋅8H2O, AR grade, QR€eC), benzene-1,4-
dicarboxylic acid (BDC, 98.0%, Sigma-Aldrich), sulfuric acid (H2SO4,
98.0%, R&M), acetic acid (CH3COOH, 98%, R&M), and hydrochloric
acid (HCl, 37%, R&M), were analytical reagent grade and used without
further purification. PFAD was obtained from a local palm oil refinery in
Malaysia.
Table 1
Factors and levels investigated during RSM-CCD optimization of PFAD esterifi-
cation using UiO-66/SO3H catalyst.

Factor Code Level

�2 �1 0 1 2

Catalyst loading (wt%) A 1 2 3 4 5
Time (h) B 1 2 3 4 5
Methanol-to-PFAD molar
ratio

C 9 12 15 18 21

Temperature (�C) D 75.0 87.5 100.0 112.5 125.0
2.2. Preparation of UiO-66 and UiO-66/SO3H

ZrOCl4⋅8H2O (5 mmol) and BDC (7.5 mmol) were dispersed in a
mixture of dimethylformamide (30 mL) and acetic acid (2 mL), followed
by the addition of HCl (1.5 mL) dropwise. The mixture was transferred to
a Teflon-lined reactor for crystallization at pressurized conditions at
160 �C for 12 h. After cooling to room temperature, the suspension was
transferred to a centrifuge tube and separated from DMF. The UiO-66
sample was washed with methanol and ethanol to remove unreacted
linker. The washed UiO-66 suspension was dried overnight in a vacuum
oven at 120 �C to obtain UiO-66 as an activated powder. Activated UiO-
66/SO3H was sulfonated by soaking in 50 mL of 1 MH2SO4 and refluxing
for 30min at 150 �C. After the sample was subjected to sulfonation, it was
washed with warm distilled water to remove any excess H2SO4. The
sample was then left to dry overnight at a temperature of 100 �C in an
oven.
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2.3. Catalyst characterization

The Agilent Cary 630 attenuated total reflectance Fourier transform
infrared spectrometer was utilized to identify the functional groups and
bonding interactions of MOF and sulfonated MOF. The analysis was
conducted within the range of 4000 to 650 cm⁻1 using 32 scans and a
spectral resolution of 8 cm⁻1. Surface area and porosity of a degassed
UiO-66 sample were measured using nitrogen adsorption-desorption
isotherms at �196.15 �C with a Micrometrics Tristar II Plus surface
analyzer. Microscopic morphology of platinum precoated UiO-66 and
UiO-66/SO3 samples were observed using an FEI Novananosem 230
FESEM at 200 K magnification power. Elemental compositions were
determined by an Oxford instrument Max 20 energy dispersive x-ray
spectrometer (EDX). TGA was performed using a Mettler Toledo TGA
under inert nitrogen flow from 25 to 600 �Cwith a temperature ramp rate
of 10 �C/min. Acidity was measured using NH3-TPD, which was equip-
ped with a thermal conductivity detector (TCD). The chemisorption
process was carried out by absorbing NH3 in helium gas at a flow rate of
30 mL/min, while simultaneously heating the system from 50 to 950 �C
during absorption and desorption.
2.4. Esterification

A single batch reactor equipped with a condenser and thermocouple
was utilized for catalytic esterification of PFAD. A fixed weight of PFAD
(approx. 10 g) was mixed and continuously stirred with known amounts
of catalyst (1 wt% ‒ 5 wt%) and methanol (methanol:PFAD molar ratios
of 9:1–21:1) and heated (75–125 �C) for 1–5 h. Excess methanol was
removed from the esterified PFAD using a rotary evaporator. The UiO-
66/SO3H catalyst was then separated from biodiesel using gravitational
filtration. Lastly, the biodiesel was washed with hot distilled water and
dried with ammonium sulfate.
2.5. Design of experiment and statistical analysis

The experimental design for optimizing PFAD esterification was
selected as RSM-CCD. The design comprised five levels of four factors,
including catalyst loading (wt%), methanol-to-PFAD molar ratio, reac-
tion time (h), and temperature (�C), resulting in 31 experimental runs in
a randomized order, as presented in Table 1. The statistical analysis was
performed by Minitab v21 statistical software. The significant factors and
their interactions were calculated by ANOVA, where the significant level
was set at 95% with a p-value of 0.05. A correlation coefficient (R2) was
obtained through a model fitting equation correlating the interaction
between the response variable and independent variables, as given in Eq.
(1).

Yield ð%Þ¼ γ0 þ
Xk

i¼1

γiXi þ
Xk

i¼1

γiiX
2
i þ

Xk

i<j

γijXiXj þ ε (1)

where Yield (%) is the response, γ0 is the intercept, γi is the linear co-
efficient, γii is the interaction coefficient, γij is the quadratic coefficient,
and Xi and Xj are independent variables.
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2.6. Catalyst reusability

Catalyst reusability was evaluated by mixing 4.2 wt% of recovered
UiO-66/SO3H catalyst with methanol (methanol:PFAD molar ratio of
21:1). PFAD was esterified at constant optimized conditions of 1.3 h and
75 �C. At the end of each reaction cycle, biodiesel and spent catalyst were
separated by gravity filtration. The catalyst was then washed with n-
hexane and dried overnight at 105 �C. The catalytic esterification cycles
were repeated for 8 cycles and yields were determined by gas chroma-
tography (GC) following EN 14103.
2.7. Biodiesel yield analysis

An Agilent 7890A GC equipped with a flame ionization detector (FID)
and a polar capillary column (BPX-70, 60 mm � 0.25 mm � 0.25 mm)
was used for determination of biodiesel yield following EN 14103. The
biodiesel sample was combined with a 1000 ppm solution of methyl
heptadecanoate in n-hexane to produce a diluted solution. One microliter
of the diluted biodiesel was then injected into the system at a tempera-
ture of 250 �C. At this temperature, the fatty acid methyl ester (FAME)
components of biodiesel were vaporized and carried by hydrogen gas.
The oven temperature gradually increased from 100 to 250 �C at a rate of
10 �C per minute. The eluted FAME components were identified by
comparing their retention times of reference FAMEs in elution order of
methyl myristate, methyl palmitate, internal standard (IS), methyl stea-
rate, methyl oleate, and methyl linoleate, respectively. Percent biodiesel
yield was determined following Eq. (2).

Yield ð%Þ¼
PðAME � AISÞ

AIS
�CIS � VIS

Wt
� 100 (2)

where AME is the area of methyl ester, AIS is the area of the internal
standard, CIS is the concentration of the internal standard, Wt is the
weight of biodiesel, and VIS is the volume of the internal standard.
Table 2
2.8. Life-cycle assessment (LCA) of biodiesel production

Utilizing established LCA methodologies, as outlined by ISO 14040
and 14044 standards, four key phases were incorporated: goal and scope
definition, life cycle inventory analysis, impact analysis, and interpreta-
tion [30]. Employing this methodology, a LCA was implemented to
evaluate the environmental implications of biodiesel production from
PFAD using the UiO-66/SO3H catalyst. The LCAs were performed using
SimaPro commercial software, drawing upon the comprehensive Ecoin-
vent database [31]. To maintain precision, the system boundary was
carefully defined, encompassing the cradle-to-gate lifecycle,
commencing with PFAD and culminating in biodiesel (as depicted in
Fig. 1), while exempting impacts arising from the UiO-66/SO3H catalyst
preparation. The functional unit for analysis was set at 1 kg of biodiesel,
and evaluations were conducted across seven key environmental impact
categories: global warming potential (GWP), stratospheric ozone deple-
tion (SOD), acidification potential (ACP), terrestrial ecotoxicity (TETP),
freshwater ecotoxicity (FETP), marine ecotoxicity (METP), and fossil
resource scarcity (FRS).
Fig. 1. Block flow diagram of biodiesel production using UiO-66/SO3H catalyst.

97
In the biodiesel production process, a combination of resources was
utilized, including PFAD, the UiO-66/SO3H catalyst, water, methanol,
and electricity, as detailed in Table 2. Typically, PFAD emerges as a
consequential waste product of the palm oil refining process, which
primarily aims to yield refined palm oil (RPO) [32]. In the realm of LCA
frameworks, PFAD is variously regarded as a residue, byproduct, or
coproduct, with each classification carrying distinct environmental
impact allocations. To comprehensively address variability, this study
undertakes LCA in alignment with all three classifications, building upon
prior work by Xu et al. [32].

3. Results and discussion

3.1. Fourier transform infrared spectroscopy (FTIR) analysis of UiO-66
and UiO-66/SO3H catalysts

The FTIR spectra of UiO-66 and UiO-66/SO3H are depicted in Fig. 2a.
The broad absorption bands at 3500-3200 cm⁻1 were due to the
stretching bands of OH from adsorbed moisture and residual solvent
(DMF). Absorption bands associated with symmetrical C¼O, asymmet-
rical O–C¼O, and C–O stretching vibrations of the MOF were detected at
1675, 1413, and 1018 cm⁻1, respectively [33,34]. The bands at
1569 cm⁻1 and 1514 cm⁻1 were attributed to stretching absorption of the
C¼C bonds of benzene rings [33] from the organic ligand and tereph-
thalic acid. A symmetric vibration absorption band at 726 cm⁻1 was
correlated with the coordination of Zr4þ with terephthalic acid by for-
mation of O–Zr–O bonds [20]. Two additional absorption bands at 1055
and 674 cm⁻1 on UiO-66/SO3H confirmed the presence of the sulfonate
and hydroxy groups [16,20], thereby indicating that sulfonation of
UiO-66 was successful.

3.2. Thermal degradation analysis of UiO-66 and UiO-66/SO3H catalysts

Fig. 2b depicts the thermal degradation curves of UiO-66 and UiO-66/
SO3H, as determined by TGA under an inert (N2) atmosphere. The first
degradation stage of both samples (21–210 �C) was due to removal of
moisture and adsorbed solvent [35] from the surfaces of UiO-66 and
UiO-66/SO3H, with weight losses of 1.36 wt% and 12.82 wt%, respec-
tively. The weight loss of 14.87 wt% occurring at 210–345 �C was
attributed to the decomposition of the sulfonate groups and complete
removal of solvent molecules from UiO-66/SO3H [36–38]. Dihydrox-
ylation of zirconium oxo-clusters and organic linkers of UiO-66 and
sulfonated UiO-66 were recorded at 345–480 �C by mass losses of
90.06 wt% and 6.45 wt%, respectively, indicating that thermal stability
was significantly improved after sulfonate functionalization [39].
Further degradation at temperatures above 480 �C was attributed to the
residual phase of UiO-66 [40].

3.3. BET surface properties of UiO-66 and UiO-66/SO3H catalysts

MOF surface properties were measured by the N2 absorption tech-
nique, as shown in Fig. 2c and Table 3. The UiO-66 and UiO-66/SO3H
Inventory data for production of biodiesel using UiO-66/SO3H catalyst based on
the functional unit (1 kg of biodiesel).

Input Output

Flow Value Unit Flow Value Unit

UiO-66/SO3H
catalyst

0.0424 kg Biodiesel 1 kg

UiO-66 support 0.5053 kg UiO-66/SO3H
catalyst

0.0444 kg

Water 10.1061 kg Wastewater 10.1061 kg
Methanol 2.8934 kg Methanol 2.3295 kg
PFAD 1.0106 kg Moisture 0.0005 kg
Electricity 6.1 kWh



Fig. 2. UiO-66 and UiO-66/SO3H analysis using (a) FTIR spectroscopy, (b) material stability degradation test, (c) textural surface measurement, and (d) temperature
programmed acidity strength measurement.

Table 3
Surface property analysis of UiO-66 and UiO-66/SO3H using the N2 adsorption-
desorption technique.

Catalyst Surface
area/(m2/g)

Pore
volume/
(cm3/g)

Average pore
size/nm

Total NH3

absorption/
(mmol/g)

UiO-66 714.77 0.56 4.26 3.14
UiO-66/
SO3H

503.02 0.25 3.30 7.98
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materials demonstrated hysteresis loops with type-IV isotherms indica-
tive of a bimodal micro-mesoporous framework. These micro-
mesoporous structures were categorized as H2, implying narrow and
disordered pores of MOF interconnected with metal centers and organic
ligands, which was also observed previously in pore width distribution
plots [41,42]. The surface area of UiO-66 was measured at 714.77 m2/g,
while the post-sulfonated material had a surface area of 503.02 m2/g.
The decrease in surface area after sulfonation indicated that the sulfonate
ions were impregnated and packed onto the surface and inside cavities of
the UiO-66 mesoporous structure [12]. This was confirmed by average
pore size measurements of 4.26 and 3.30 nm for UiO-66 and UiO-66/-
SO3H, respectively, as determined by the Barrett, Joyne, and Halenda
(BJH) method. The reduction of pore volume from 0.56 to 0.25 cm3/g
after sulfonation confirmed pore blockage and pore depth reduction due
to the dispersion of sulfonate groups onto the surface of UiO-66 which
agrees with Tang et al.’s findings [43]. We speculate that the resulting
pore size and volume reduction produced specific active sites for catalytic
esterification that facilitated effective diffusion of fatty acids and meth-
anol molecules in the formation of FAME [44]. Furthermore, it appears
that an improperly sized catalyst pore that is larger than the molecules of
98
the reactants is effortlessly deactivated, perhaps as a result of an un-
controllably high diffusion rate that amplifies active site masking or
leaching during the esterification reaction [45].

3.4. Catalyst acidity of UiO-66 and UiO-66/SO3H catalysts

The acidity properties of UiO-66 and UiO-66/SO3H were probed by
NH3-TPD, as shown in Fig. 2d and Table 3. Intense peaks of ammonia
absorption-desorption formed at 400–700 �C, which were attributed to
strong Brønsted acidity [46] for both UiO-66 and UiO-66/SO3H. As ex-
pected, the total acidity of UiO-66/SO3H (7.98 mmol/g) was higher than
for UiO-66 (3.14 mmol/g). The desorption pattern of UiO-66/SO3H
occurred at a higher temperature and intensity than UiO-66, which was
attributed to the encapsulation of SO3H groups inside the framework.
Lastly, the weak desorption peak at 143 �C in UiO-66/SO3H was attrib-
uted to the desorption of ammonia from sites of weak acidic strength,
which contributed overall acidic strength to the catalyst [47]. These re-
sults suggested that the UiO-66/SO3H catalyst had excellent overall
acidic strength toward catalytic esterification of PFAD into FAME pri-
marily due to its high acid density which drives the reaction forward. The
presence of sulfonate group (-SO3H) increases the acid strength by of-
fering additional protonic active sites (Hþ) to enable fatty acid carbon
protonation on active pores, followed by methanol's nucleophilic attack
to form an ester bond [48] where UiO-66/SO3H demonstrated more yield
than UiO-66 in the esterification screening test.

3.5. Catalyst morphology of UiO-66 and UiO-66/SO3H catalysts

Fig. 3 shows themicrostructure of Zr-basedmetal organic frameworks
magnified at 50 k. The UiO-66 material (Fig. 3a) exhibited near-cubic



Table 4
Elemental composition of UiO-66 and UiO-66/SO3H.

Catalyst Elemental composition, wt%

C O Zr S

UiO-66 56.00 21.77 22.23 –

UiO-66/SO3H 52.28 28.25 14.47 4.00
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particles of relatively consistent size. However, in Fig. 3b, UiO-66/SO3H
displayed an irregular agglomerated pattern of blocky-shaped particles
due to the electrostatic interaction between sulfonate ions and the parent
framework structure. The elemental analyses of UiO-66 and UiO-66/
SO3H are reported in Table 4. As anticipated, both samples contained C,
O, and Zr. However, S was detected exclusively in the UiO-66/SO3H
sample after sulfonation. The incorporation of a sulfonate group resulted
in a slightly higher oxygen weight percentage in UiO-66/SO3H. Addi-
tionally noteworthy was the lower relative amounts of C and Zr in UiO-
66/SO3H, which was once again attributed to sulfonation.
3.6. Catalyst screening and optimization via RSM-CCD model analysis

The methanolysis of PFAD catalyzed by UiO-66 and UiO-66/SO3H
was investigated and compared under fixed reaction parameters at 2 wt
%, 9:1 of methanol-PFAD ratio and reaction temperature at 75 �C with
reaction time ranging from 1 to 5 h, as depicted in Fig. 4a. The curves
showed that FAME yield increased with the extension of time (up to 4 h)
of equilibrium reaction by maximizing the contact time for the methanol
and fatty acids to reach active sites to convert into methyl ester [5,49].
The trends revealed that UiO-66/SO3H has better catalytic performance
(51.7%–72.3%) compared to UiO-66 (32.5%–45.9%) due to synergic
effect of sulfonate group, which provide high acidity to promote FAME
conversion from high free fatty acid (FFA) feedstock [50]. Hence, the
acidity from sulfonic group significantly contributed to the catalytic
esterification. Additionally, the pore size distribution of both UiO-66 and
UiO-66/SO3H catalysts contributed to their catalytic performances.
Abdullah et al. [44], mentioned that the palm-based fatty acid possessed
2.5 nm of approximate molecular diameter, therefore smaller average
pore diameter of UiO-66/SO3H (3.3 nm) was appropriate to enhance the
diffusion of feedstocks to pack inside the acidic functionalized pores [51,
52] for the reaction to occur effectively than UiO-66 (4.26 nm). Further
investigation of the reaction parameters and their interactions of PFAD
catalyzed by UiO-66/SO3H was studied using RSM-CCD approach.

The optimization of biodiesel synthesis from PFAD was conducted by
RSM-CCD using 31 randomized experimental runs of 5 levels and 4
variable factors. The variables were catalyst loading (A), reaction time
(B), methanol to oil molar ratio (C), and reaction temperature (D). A CCD
design matrix with experimental and predicted yields was tabulated
(Table 5). The experimental responses (biodiesel yields) were formulated
through multiple regression analyses, such as linear, 2-way-interactions
(2WI) and quadratic, to define an appropriate estimated coefficient
RSM-model. The model that best fit biodiesel yield prediction was the
second-order polynomial quadratic model depicted in Eq. (3) where the
positive coefficient variables indicated positive effects on yield, while
Fig. 3. FESEM images (50k magnification)
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negative coefficient variables indicated the opposite.

Yield ðwt%Þ¼ � 18:4þ 10:24Aþ 8:86Bþ 7:461Cþ 0:970D� 2:352A2

� 1:033B2 � 0:1069C2 � 0:004485D2 � 0:409ABþ 0:2060AC

þ 0:0297ADþ 0:0619BC� 0:0224BD� 0:04842CD

(3)

The residual data set for 31 experimental runs also tabulated in
Table 5, refer to the difference between the experimental biodiesel yield
and predicted yield of the proposed regression model, which is a crucial
measurement in consideration of model fitness. In Fig. S1a, the model for
FAME yield was set to the normal probability plot in which the illustrated
data points (percent yield against residual) were distributed in a linear
pattern. The residual values were distributed randomly (refer to Fig. S1b)
within the error range from �1 to 1 possessing the model fitness com-
plementary for the actual results. In addition, the histogram residual plot
(Fig. S1c) presenting the bell-shaped pattern confirmed the regression
model equation accuracy and validity in Eq. (3). The residuals random-
ness fluctuation of observation orders around the center line behaving no
correlation errors among the independent terms (Fig. S1d). Thus, anal-
ysis residual supports the model appropriately fit the experimental data.

The ANOVA test results and coefficient determination (R2 ¼ 99.70%
and R2-adj ¼ 99.44%) are summarized in Table 6. The RSM model
estimation was considered reliable because the observed yields from
experiments were close to the estimated yields. This result was also
supported by a parity plot (Fig. 4b) of predicted yield versus experi-
mental yield, with both side values distributed uniformly in a linear line.
This demonstrated that the sets of data were in good agreement,
revealing accurate estimation of biodiesel yield with respect to changes
in the independent variables. Using a significance level of 5%, the model
was found to be significant, with a p-value of< 0.0001 and a high F-value
of 381.03. The adequacy of the model was also validated by non-
significant lack of fit (p > 0.062), indicating that the theoretical model
agreed closely with the experimental data.

Considering a 95% confidence interval, all interactions, except for the
independent variable representing reaction time (B) as well as 2WI be-
tween reaction time and methanol to PFAD molar ratio (BC) and reaction
of (a) UiO-66 and (b) UiO-66/SO3H.



Fig. 4. (a) Catalyst screening at fixed temperature of 75 �C, 2 wt% catalyst loading and 9:1 methanol-PFAD ratio. (b) Parity plot of predicted biodiesel yield versus
actual biodiesel yield. (c) Pareto chart of standardized variables ordered from most to least significant.
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time and temperature (BD), were not significant (p> 0.05), as changes to
these factors did not significantly affect biodiesel yield. The significance
effect of the reaction variables and the interaction between the variables
were arranged from the highest impact to the lowest impact by a Pareto
chart, as seen in Fig. 4c. The sequence of the most to least significant
reaction variables affecting biodiesel yield were as follows:
D> AA> CD> BB> CC> A> DD> C> AC> AB> AD> BD> BC> B.
3.7. Influence of reaction parameters on biodiesel yield

The effect of changing various binary reaction parameters on bio-
diesel yield was carried out by RSM-CCD and interpreted in the form of a
contour plot is shown in Fig. 5. The interaction of catalyst loading and
reaction time on biodiesel yield is shown in Fig. 5a. Biodiesel yield
increased proportionally to more than 85% when the catalyst load was
increased from 1 to 3.8 wt% within reaction times of 1–4 h. As the
number of catalytic active sites increased with longer reaction time, the
methanol and fatty acid molecules were able to diffuse and remain on the
active sites long enough for esterification to achieve maximum yield
[53]. However, the yield decreased when esterification was performed
with catalyst loads beyond 3.8 wt% and longer reaction time (> 4 h).
Under such conditions, the reaction mixture became saturated, which led
to mass transfer limitations between PFAD-methanol-catalyst, along with
simultaneous hydrolysis up to 5 h, thus causing the reaction to digress
towards reactants and lower biodiesel yield (< 75%) [54]. These results
indicated that the highest yield can be achieved using moderate catalyst
loadings and reaction times.

Fig. 5b illustrates the influence of catalyst loading and methanol to
PFAD molar ratio at constant reaction temperature (100 �C) and time
(3 h) on biodiesel yield. The yield increased from 70% to > 84% when
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the catalyst loading was increased from 1 to 4 wt% at given methanol to
PFAD molar ratio. The rate of reaction was improved proportionally with
increases to methanol and catalyst levels until achieving an equilibrium
state due to sufficient active sites for the methanol to infuse and react
with PFAD [55–57]. Reversible effects promoting biodiesel yield reduc-
tion emerged when catalyst loadings approached 5 wt% due to the
adsorption of FAME onto the available active sites of the catalyst, which
hindered the absorption of unreacted fatty acids and thus reduced bio-
diesel yield [58]. This was similar to the findings of Maleki et al. [59]
who reported that catalyst loads beyond the optimum amount enhanced
unwanted mass transfer resistance.

The contour plots depicted in Fig. 5c–d and f represent the interaction
of reaction temperature with catalyst loading, reaction time and meth-
anol to PFAD molar ratio, respectively, on the yield of biodiesel from
PFAD. As expected, the reaction rate increased with increasing temper-
ature due to increased kinetic energy in the system. However, increases
beyond an optimum temperature resulted in lower yields due to un-
wanted hydrolysis reactions andmethanol vaporization [5,60]. As shown
in Fig. 5c, at a fixed reaction time of 3 h andmethanol to oil molar ratio of
15:1, yields of > 90% were obtained at reaction temperatures of
75–94 �C while yield decreased to 60% when the temperature was
increased to 125 �C. As seen in Fig. 5d, yields of 90%–95%were achieved
at reaction temperatures of 75–85 �C, but lower yields were observed
when the reaction temperature was increased beyond 85 �C. The inter-
action of temperature and methanol to PFAD molar ratio on yield is
displayed in Fig. 5f. The results indicated that yield approached 100%
after 3 h at 75–80 �C with a catalyst loading of 3 wt%. On the contrary,
catalyst loading, reaction time and methanol-PFAD molar ratio did not
significantly affect yields, thereby proving that these variables were not
correlated with yield, as predicted by the regression model.



Table 5
Experimental and predicted yields for 31 esterification runs suggested by RSM-CCD.

Standard order Run order Catalyst loading, wt% Time, h Methanol:PFAD Temperature, �C Yield,% Predicted yield, wt% Residue

6 1 4 2 18 87.5 93.15 92.783 0.367
24 2 3 3 15 125 68.72 67.858 0.862
20 3 3 5 15 100 82.85 82.540 0.310
7 4 2 4 18 87.5 92.07 91.521 0.549
28 5 3 3 15 100 86.02 86.439 �0.419
30 6 3 3 15 100 86.31 86.439 �0.129
23 7 3 3 15 75 98.64 99.413 �0.773
5 8 2 2 18 87.5 89.73 89.536 0.194
19 9 3 1 15 100 81.85 82.071 �0.221
29 10 3 3 15 100 86.51 86.439 0.071
10 11 4 2 12 112.5 75.71 76.150 �0.440
15 12 2 4 18 112.5 70.28 70.808 �0.528
22 13 3 3 21 100 83.53 83.886 �0.356
14 14 4 2 18 112.5 74.12 74.679 �0.559
26 15 3 3 15 100 87.04 86.439 0.601
8 16 4 4 18 87.5 93.15 93.131 0.019
13 17 2 2 18 112.5 70.52 69.945 0.575
3 18 2 4 12 87.5 87.82 87.459 0.361
21 19 3 3 9 100 81.74 81.295 0.445
31 20 3 3 15 100 86.05 86.439 �0.389
27 21 3 3 15 100 86.62 86.439 0.181
16 22 4 4 18 112.5 73.91 73.905 0.005
25 23 3 3 15 100 86.52 86.439 0.081
1 24 2 2 12 87.5 86.32 86.216 0.104
2 25 4 2 12 87.5 87.32 86.991 0.329
9 26 2 2 12 112.5 73.67 73.888 �0.218
4 27 4 4 12 87.5 86.13 86.596 �0.466
18 28 5 3 15 100 79.49 78.966 0.524
11 29 2 4 12 112.5 73.75 74.008 �0.258
12 30 4 4 12 112.5 74.24 74.632 �0.392
17 31 1 3 15 100 74.66 75.095 �0.435

Table 6
ANOVA of the quadratic polynomial derived for prediction of biodiesel yield.

Source DF Adjusted
sum of
squares

Adjusted
mean
squares

F-Value p-
Value

Remark

Model 14 1782.79 127.34 381.03 0.000 Significant
Linear 4 1526.47 381.62 1141.86 0.000 Significant

A 1 22.48 22.48 67.28 0.000 Significant
B 1 0.33 0.33 0.98 0.336 Not

Significant
C 1 10.08 10.08 30.15 0.000 Significant
D 1 1493.58 1493.58 4469.03 0.000 Significant

Square 4 190.76 47.69 142.70 0.000 Significant
AA 1 158.19 158.19 473.34 0.000 Significant
BB 1 30.53 30.53 91.35 0.000 Significant
CC 1 26.47 26.47 79.19 0.000 Significant
DD 1 14.04 14.04 42.02 0.000 Significant

2WI 6 65.56 10.93 32.70 0.000 Significant
AB 1 2.68 2.68 8.02 0.012 Significant
AC 1 6.11 6.11 18.29 0.001 Significant
AD 1 2.21 2.21 6.62 0.020 Significant
BC 1 0.55 0.55 1.65 0.217 Not

Significant
BD 1 1.26 1.26 3.77 0.070 Not

Significant
CD 1 52.74 52.74 157.82 0.000 Significant

Error 16 5.35 0.33
Lack-
of-fit

10 4.60 0.46 3.68 0.062 Not
Significant

Pure
error

6 0.75 0.12

Total 30 1788.14

R2 99.70% R2(pred) 98.46%
R2-adj 99.44% SD 0.58
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The influence of reaction time and methanol to PFAD molar ratio
were investigated by varying reaction time from 1 to 5 h and molar ratio
from 9:1 to 21:1, as displayed in Fig. 5e. Esterification is a reversible
reaction that requires longer reaction time and higher molar ratios of
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methanol to PFAD to shift the reaction toward the products by providing
sufficient time for methanol to form methoxide groups and interact with
fatty acids to diffuse onto the catalyst active sites and produce FAME
[61]. The yield increased from 80% to > 86% from 1 to 3.8 h at molar
ratios of 9:1 to 18:1. Yield gradually decreased when the reaction time
was increased to 5 h and higher methanol to PFAD molar ratios (>18:1)
due to methanol flooding on the catalyst surface that prevented fatty acid
protonation [62].

Considering the results of the RSM-CCD procedure and significant
variables that affected biodiesel yield, certain levels of input parameters
were selected. The RSM-CCD model estimated that an optimized yield of
99.42% could be achieved at reaction conditions of 75 �C, 1.3 h, 4.2 wt%
catalyst, and a molar ratio of methanol to PFAD of 21:1. The theoretical
prediction was validated experimentally in triplicate under the optimized
conditions to provide an average yield of 98.6%.

3.8. Plausible esterification mechanism of UiO-66/SO3H

The esterification of PFAD was catalyzed by the sulfonated UiO-66
catalyst, as shown in the proposed mechanism in Fig. 6. The reaction
was initiated by deprotonation of a –SO3H group after interaction with an
oxygen atom from a fatty acid carbonyl group, leading to new bond
formation between the free proton and the electrophilic carbon of the
carbonyl group. The protonated carbon then underwent a nucleophilic
attack by methanol, followed by proton transfer from methanol to one of
the hydroxyl (-OH) groups of the fatty acid intermediate. Subsequently,
water was released to form the FAME after a few steps of rearrangement.
Finally, the ester was deprotonated to release a proton that was free to
react with another PFAD fatty acid, thereby perpetuating the process.

3.9. Catalyst reusability and deactivation analysis

The UiO-66/SO3H catalyst was recovered and reused for eight
consecutive esterification cycles. The properties of the reused sample
were studied, as shown in Fig. 7 and Table 7. The reusability tests



Fig. 5. Contour plots for the effect of various binary reaction parameters on biodiesel yield: (a) catalyst loading and reaction time, (b) catalyst loading and methanol to
PFAD molar ratio, (c) catalyst loading and reaction temperature, (d) time and temperature, (e) time and methanol to PFAD molar ratio, and (f) temperature and
methanol to PFAD molar ratio.

B. Hazmi et al. Green Chemical Engineering 7 (2026) 94–108
demonstrated that catalytic esterification by UiO-66/SO3H was efficient
for seven reaction cycles with yields of > 70%, but yield dropped to 53%
during the eighth cycle (Fig. 7a). The yield reduction was due to the loss
of active sites by deposition of unreacted fatty acids, excess methanol,
and biodiesel on the active pores [63]. The analysis of textural and ab-
sorption measurements of surface area and total acidity were reduced
from 503.02 to 276.04 m2/g and 7.89 to 1.46 mmol/g, respectively, after
the eighth catalytic cycle (Table 7, Fig. 7b and c), indicating that the
pores were covered by reactants. The active pores blockage by these
contaminants caused N2 adsorption and NH3 absorption to reduce their
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affinity for textural [51,52] and acidity measurement [64], which liter-
ally led to ineffective catalytic activity. In Fig. 7d, the infrared absorption
of spent UiO-66/SO3H catalyst clearly exhibited two additional bands
corresponding to aliphatic -C-H-H stretching [65], recorded at
2916 cm�1 and 2858 cm�1, confirming the presence of unreacted fatty
acids and biodiesel on the catalyst surface. Meanwhile the other func-
tional groups remained unchanged, aside from a slight shift and reduc-
tion in intensity particularly in the symmetrical stretching absorption
bands of SO3

� and O¼S¼O at 1108 cm�1 and 1024 cm�1 [66], respec-
tively. This change is possibly due to the overlapping absorption of



Fig. 6. Proposed mechanism of biodiesel production from PFAD and methanol using acidic UiO-66/SO3H.

Fig. 7. Catalyst reusability analyses comparing fresh and spent UiO-66/SO3H after eight reaction cycles: (a) reusability cycle, (b) TPD-NH3 adsorption peaks, (c) BET
adsorption-desorption, and (d) infrared absorption analysis.
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contaminants masked on the spent catalyst porous surface compared to
fresh UiO-66/SO3H. Thus, the reduction of available active sites reduced
the mass transfer activity of methanol and fatty acids for esterification
and lowered biodiesel yield [67].
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3.10. Comparison of catalytic performance with reported UiO-66-based
catalysts

Table 8 summarizes the comparative evaluation of the esterification
performances of UiO-66 based catalysts for the reported and current



Table 7
Surface properties of pristine and spent UiO-66/SO3H after eight reaction cycles.

Catalyst Surface area/
(m2/g)

Pore diameter/
nm

Total absorption NH3/
(mmol/g)

UiO-66/SO₃H 503.02 3.30 7.98
Spent UiO-66/
SO3H

276.04 2.00 1.46

Table 8
List of current and reported UiO-66-based catalysts in preforming catalytic
esterification of biodiesel.

Catalyst Biodiesel
feedstock

Acid
density/
(mmol/g)

Reaction
parameters
(Methanol:
oil, catalyst
loading,
reaction time,
temperature)
(Yield,%)

Reusability Ref.

UiO-66/
SO3H

PFAD 7.98 21:1, 4.2 wt
%, 1.3 h,
75 �C
(98.2%)

8 Current
study

UiO-66-
100 �C

Tributyrin 1.16 52:1, 9 wt%,
5 h, 120 �C
(96.0%)

4 [68]

UiO-66 Lauric
acid

– 26:1, 8 wt%,
2 h, 60 �C
(94%)

– [69]

UiO-66-
SO3H

Oleic acid – 9:1, 6 wt%,
3 h, 80 �C
(85.0%)

4 [70]

UiO-66/SA Oleic acid 1.40 21.9:1, 7.6 wt
%, 1.8 h,
85 �C
(94.4%)

5 [71]

FDCA/SA-
UiO-

Oleic acid 0.06 39.1:1, 6.1 wt
%, 60.2 �C,

6 [72]
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work. In this study, functionalized UiO-66 (UiO-66/SO3H) demonstrated
efficient catalytic esterification of PFAD, achieving a maximum yield of
98.2% at a lower reaction temperature within a reaction time of less than
2 h, with less catalyst consumption. In addition, the UiO-66/SO3H
catalyst possesses a high acidic density (7.98 mmol/g), which makes it
highly catalytically selective for the conversion of PFAD into FAME with
better mechanical stability to sustain up to 8 reaction cycles. In com-
parison with other reported UiO-66-based catalysts, most of these re-
actions only esterified a single type of fatty acid with longer reaction
times, higher reaction temperatures, high catalyst loadings, and high
volumes of methanol. In conclusion, the UiO-66/SO3H catalyst investi-
gated in the present study demonstrated superior performance with
respect to acid density, reaction conditions, yield, catalyst efficiency, and
reusability compared to similar catalysts reported in the literature
[68–73]. Thus, the UiO-66/SO3H catalyst synthesized in the present
study warrants further investigation as a viable option for large-scale
biodiesel production.
66(Zr) 24.5 h
(98.4%)

PTSA@UiO-
66(Zr)

Oleic acid 0.18 12:1, 8 wt%,
2 h, 70 �C
(91.3%)

4 [73]
3.11. LCA results of the production of biodiesel from PFAD

Fig. 8 presents the comprehensive outcomes of our LCA, encom-
passing seven distinct environmental impact categories and examining
three different classifications for PFAD. Notably, the assessment reveals
that the global warming impact, quantified in kilograms of CO2 equiva-
lent (kg CO2 eq) emissions, varies significantly depending on the classi-
fication of PFAD: 5.71 kg CO2 eq when considered a residue, 5.79 kg CO2
eq as a byproduct, and 6.68 kg CO2 eq when categorized as a coproduct.
Among these environmental categories, it becomes evident that elec-
tricity exhibits the most substantial influence on global warming, ac-
counting for 55.24%–64.60% of CO2 equivalent emissions.

Regarding terrestrial ecotoxicity, which measures impacts on kilo-
grams of 1,4-dichlorobenzene (1,4-DCB) equivalent (kg 1,4-DCB eq), we
obtained values of 3.24, 3.44, and 5.82 kg 1,4-DCB eq for the residue,
byproduct, and coproduct classifications of PFAD, respectively. Notably,
when PFAD is considered as a coproduct, the primary contributors to
terrestrial ecotoxicity are methanol and PFAD. Interestingly, fossil
resource scarcity appears relatively unaffected by PFAD classification,
with methanol and electricity accounting for over 90% of the total im-
pacts in this category.

An intriguing finding is that, in most environmental impact cate-
gories, water plays a minor role, with methanol emerging as a prominent
contributor. Particularly noteworthy is the substantial impact of PFAD
when classified as a coproduct in the palm oil refining process, as it
contributes over 40% of impacts related to stratospheric ozone depletion,
terrestrial ecotoxicity, freshwater ecotoxicity, and marine ecotoxicity.
These findings underscore the importance of considering PFAD classifi-
cation in the context of sustainable biodiesel production.

A comparative analysis of our LCA results was conducted, specifically
focusing on two critical environmental impact categories: global warm-
ing potential and acidification potential. For the sake of meaningful
comparison, we standardized the functional unit at 1 MJ of biodiesel.
Notably, we categorized PFAD as a byproduct arising from the produc-
tion of RPO. The outcomes of this comparative evaluation are presented
in Table 9 and illustrated in Fig. 9. Our study revealed that while the
acidification potential remained relatively low, the global warming po-
tential was the largest, apart from cases involving microalgae-based
biodiesel production.
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Furthermore, a sensitivity analysis was employed to pinpoint the
pivotal parameters influencing our study. To gain a deeper understanding
of these parameters' effects, we systematically altered their values within
a range of �30% while maintaining all other factors constant. The out-
comes of this sensitivity analysis were depicted in Fig. 10. Our findings
revealed that when manipulating input variables, electricity emerged as
the most influential factor, exerting the most significant impact. In
contrast, the influence of water on global warming potential remained
minimal and almost imperceptible. On the other hand, when assessing
acidification potential, it was evident that altering the quantity of
methanol was the primary driver of change, with water exerting a rela-
tively minor influence.

From the perspective of ACP, PFAD with the catalyst in this study
exhibits potential compared to other feedstocks. Through the environ-
mental assessment and sensitivity analysis conducted in this study, it was
found that the environmental impact due to electricity consumption is
significant. If process optimization regarding electricity consumption is
achieved, the process of producing biodiesel using the catalyst developed
in this study is expected to be environmentally competitive against other
feedstocks. In addition to environmental assessment of biodiesel pro-
duction using emerging technologies, economic benefits are also a crucial
method for evaluating the feasibility of industrial application [26]. PFAD
have typically higher economic potentials in the biofuel sector compared
to palm oil [85,86]. If process optimization can be achieved and the
biodiesel production process using PFAD and the catalyst from this study
can secure environmental competitiveness, it would then be appropriate
to analyze the economic viability to assess the feasibility of actual in-
dustrial application.

4. Conclusions

We successfully designed and prepared an acid-functionalized
(-SO3H) heterogeneous UiO-66 MOF nanocatalyst for the esterification
of PFAD into biodiesel. Sulfonation of pristine UiO-66 afforded UiO-66/
SO3H with high acidity, surface area, and thermal stability. Both pristine



Fig. 8. Environmental impacts of the production biodiesel in this study for assuming PFAD as residue, byproduct, and coproduct. Each environmental impact is
calculated based on the functional unit of 1 kg of biodiesel. (GWP: Global warming potential, SOD: Stratospheric ozone depletion, ACP: Acidification potential, TETP:
Terrestrial ecotoxicity, FETP: Freshwater ecotoxicity, METP: Marine ecotoxicity, and FRW: Fossil resource scarcity).

Table 9
Comparison of PFAD LCA data with other biodiesel studies based on 1 MJ of
biodiesel.

Feedstock Global warming
potential/(kg CO2

eq/MJ biodiesel)

Acidification
potential/(kg SO2 eq/
MJ biodiesel)

Ref.

PFAD (as byproduct) 0.1523 1.847E-04 Present
study

Lignocellulosic
biomass (lignin-rich
stream)a

0.0561 3.800E-04 [74]

Lignocellulosic
biomass (corn
stover)a

0.0584 4.860E-04 [74]

Palm oil1a 0.0031 5.210E-05 [75]
Palm oil2a,b 0.0018 8.833E-05 [75,76]
Palm oil3a,b 0.0052 1.054E-04 [75,77]
Palm oil4a,b 0.0033 5.773E-05 [75,78]
Palm oil5a,b 0.0129 2.014E-04 [75,79]
Palm oil6c 0.0344 5.500E-05 [80]
Soybeanc 0.1364 3.485E-04 [81]
Used cooking oilc 0.0135 1.346E-04 [82]
Estuarine microalgaec 0.0207 1.429E-04 [81]
Microalgae1a 5.74 2.640E-02 [83]
Microalgae2a 3.62 4.160E-02d [84]

a Data taken directly from the original studies.
b Sourced from a study by Rocha et al. [75], based on the inventory data

presented in the individual references.
c Based on a functional unit of kg of biodiesel as presented in the respective

references, converted to 1 MJ of biodiesel.
d Converted to kg SO₂ eq based on mol H⁺ eq as presented in Soratana et al.

[84].

Fig. 9. The comparison of global warming potential and acidification potential
with other biodiesel studies based on 1 MJ of biodiesel.
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UiO-66 and UiO-66/SO3H possessed micro-mesoporous crystalline
structures with high surface areas. As anticipated, the acidity of the
sulfonated material was higher than the pristine precursor. The catalytic
activity of UiO-66/SO3H was verified by the esterification of PFAD with
methanol to produce FAME (biodiesel). The effects and interactions
among the reaction parameters on yield were examined and optimized by
RSM-CCD. Yield prediction by RSM and experimental yields were in close
agreement. A yield of 98.6% was attained under optimized reaction
conditions. Reusability experiments showed that the catalyst was active
for seven cycles with an average yield of 72.4%, but the yield decreased
to 53.8% after the eighth cycle. Analysis of spent catalyst revealed that
active sites were lost due to deposition of reactants and FAME on the
surface, thus explaining the cause of yield reduction. These results indi-
cated that the acidic MOF catalyst is useful for biodiesel production. In
the context of categorizing PFAD as a byproduct, our research identified a
global warming potential of 5.79 kg CO2 eq and an acidification potential
of 7.02E-03 kg of SO2 eq. Further exploration through sensitivity analysis
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elucidated the dominant drivers of these environmental impacts,
revealing that electricity prominently influenced global warming po-
tential while methanol played a pivotal role in affecting acidification
potential. This research thus revealed a new heterogeneous catalyst for
production of biodiesel from inexpensive, low-quality feedstocks. Future
work will be directed at lowering reaction conditions and increasing
catalyst reusability to further improve process economics and environ-
mental impact.
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Fig. 10. Sensitivity analysis for biodiesel production in terms of (a) global warming potential and (b) acidification potential.
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