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Abstract: In this study, a Bronsted-Lewis bifunctional acidic catalyst PW/UiO/CNTs-OH
was synthesized via the hydrothermal method. The parameters for the esterification reac-
tion of oleic acid with methanol catalyzed by PW /UiO/CNTs-OH were optimized using
central composite design-response surface methodology (CCD-RSM). A biodiesel yield
of 92.9% was achieved under the optimized conditions, retaining 82.3% biodiesel yield
after four catalytic cycles. The enhanced catalytic performance of PW/UiO/CNTs-OH
can be attributed as follows: the [ZrgO4(OH)4]'?* anchored on the surface of multi-walled
carbon nanotubes (MWCNTs) can serve as nucleation sites for UiO-66, not only encapsu-
lating H3[P(W3010)4] (HPW) but also reversing the quadrupole moment of MWCNTs to
generate Lewis acid sites. In addition, introduction of HPW during synthesis of UiO-66
decreases the solution pH, inducing the protonation of p-phthalic acid (PTA) to disrupt
the coordination with the [ZrsO4(OH)4] cluster, thereby creating an unsaturated Zr* site
with electron pair-accepting capability, which generates Lewis acid sites. EIS analysis
revealed that PW/UiO/CNTs-OH has higher electron migration efficiency than UiO-66 and
PW /UiO. Furthermore, NH3-TPD and Py-IR analyses showed that PW /UiO/CNTs-OH
possessed high densities of Lewis acidic sites of 83.69 umol/g and Bronsted acidic sites of
9.98 umol/g.

Keywords: biodiesel; PW /UiO/CNTs-OH; Bronsted-Lewis dual acidic catalyst; response
surface methodology (RSM)

1. Introduction

Biodiesel is a fatty acid methyl ester (FAME) generated through the esterification
or transesterification of free fatty acids (FFAs) or triglycerides with methanol [1]. The
process requires catalysts that simultaneously satisfy technical specifications and economic
feasibility in application. The selection of an appropriate catalyst is a significant challenge
due to its intricate relationship with the characteristics of the oil feedstock [2,3].

Heterogeneous catalysts demonstrate superior technical advantages over homoge-
neous catalysts, including minimized corrosion risks, recyclability, and enhanced activity,
rendering them ideal for biodiesel synthesis from acidified feedstocks [2]. Keggin-type
12-tungstophosphoric acid (HPW) emerges as a prominent heteropolyacid catalyst due
to its structural integrity, synthetic accessibility, environmental compatibility, and strong
acidity, delivering consistent catalytic efficiency across reaction systems. Nevertheless, it
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suffers from limitations such as low specific surface area and poor recyclability [4,5]. To ad-
dress these challenges, researchers have explored immobilizing HPW on high-surface-area
materials, including mesoporous molecular sieves, metal-organic frameworks (MOFs) [1],
ion-exchange resins [6], multi-walled carbon nanotubes (MWCNTs) [7], and zeolites [8].
MWCNTs demonstrate exceptional chemical stability and elevated surface area [9], ren-
dering them ideal supports for synthesizing HPW-based solid acid catalysts. However,
their inherent chemical inertness results in weak interfacial interactions with HPW, thereby
limiting both achievable loading concentrations and thermal stability during catalytic
operations. Additionally, the strong van der Waals forces between MWCNT walls induce
agglomeration in the composite process, effectively negating their high surface area ad-
vantage. Consequently, surface functionalization of MWCNTs becomes imperative for
optimal HPW immobilization [10]. Existing functionalization strategies encompass solid-
phase mechanochemical treatments and covalent/non-covalent modifications [11]. Our
research group previously developed a La-PW-5iO, /SWCNT catalyst, which demonstrated
strong catalytic activity and stability in biodiesel synthesis via oleic acid—methanol es-
terification. The intensified Lewis acidity originates from strong electron-withdrawing
interactions between La®* and SWCNTSs [12]. Nevertheless, the microporous architecture of
La-PW-SiO, /SWCNTs restricts reactant accessibility, while the sol-gel-based HPW loading
procedure proves technologically cumbersome. Therefore, our current investigation focuses
on developing a streamlined methodology for immobilizing HPW onto MWCNTs that
simultaneously augments Lewis acidic site density and modulates pore architecture.

With the dual objectives of overcoming HPW loading constraints on MWCNTs and
increasing Lewis acid site density, the research group attempts to employ UiO-66 as a
bridging agent to bind HPW to MWCNTs. The strategic rationale originates from the unique
electron configuration of MWCNTs. Specifically, MWCNTs are composed of multiple
concentric graphite layers with an abundant 7-electron system on their surfaces. These 7t
electrons form a dense cloud of active electrons on the surface of MWCNTS, resulting in
significantly uneven charge distribution. In particular, the direction perpendicular to the
7t plane exhibits a negative quadrupole moment (Q, < 0) due to the dense distribution
of the electron cloud. This unique electron cloud structure not only gives MWCNTs
excellent electrical conductivity and mechanical strength, but also gives them unique charge
interaction capabilities [13]. UiO-66 is a porous metal-organic frame material (MOF) which
comprises [ZrsO04(OH)4] cluster nodes connected by p-phthalic acid (PTA). The structure
contains [ZrgO4(OH)4]'%* secondary structural units, which can be naturally attracted
by MWCNTs, thereby enhancing the interaction between the two [14]. The unsaturated
coordination site of UiO-66 can accept the electron pairs provided by HPW and form stable
coordination bonds. This interaction enables HPW to be immobilized either within the
framework or on the surface of UiO-66. Such bonding imparts the composite material with
dual advantages: HPW's catalytic activity combined with UiO-66’s high specific surface
area and pore structure, which improves the catalytic efficiency.

In fatty acid-rich lipid feedstocks, oleic acid serves as the predominant fatty acid
constituent, playing a pivotal role in determining the overall chemical characteristics of the
lipid matrix [15]. Consequently, conducting systematic studies on its esterification with
methanol provides a precise and comprehensive assessment of catalyst performance in the
catalytic conversion of such feedstocks to biodiesel.

This study attempts to synthesize a Bronsted—Lewis bifunctional acidic catalyst
PW/UiO/CNTs-OH with high catalytic performance from using HPW, UiO-66, and hy-
droxylated multi-walled carbon nanotubes (MWCNTs-OH) as raw materials via a one-step
hydrothermal method. Furthermore, the structure, morphology, crystal phase, and elemen-
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tal valence of the obtained catalyst were analyzed by various characterization methods, and
their activity and stability during the esterification of oleic acid and methanol were studied.

2. Results and Discussion
2.1. Catalyst Characterization

XRD was performed to characterize the crystalline phases of the synthesized samples.
Figure 1 shows the XRD patterns of the different materials and the standard XRD pattern
of UiO-66, generated from the original CIF file [16]. The observed diffraction peaks of
UiO-66 at 20 = 7.36°, 8.51°, 25.74°, and 30.78° were well matched with the simulated
pattern [17]. After HPW loading, the intensity of the aforementioned diffraction peaks
decreased. This reduction originated from HPW incorporation during catalyst preparation
inducing solution acidification, which resulted in the easy protonation of PTA. As a result,
the coordination of the [ZrgO4(OH),] cluster was inhibited, leading to a reduction in
crystallinity [14]. Furthermore, the XRD patterns of HPW could not be found in the
XRD patterns of the PW /UiO-66 and PW/UiO/CNTs-OH samples, indicating an even
distribution of HPW [18].
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Figure 1. XRD pattern of HPW, MWCNTs-OH, PW/UiO/CNTs-OH, PW /UiO, UiO-66, and simu-
late UiO-66.

The morphological features of HPW, MWCNTs-OH, UiO-66, PW /UiO, and PW /UiO/
CNTs-OH were characterized by SEM (Figure 2a—e). At the same time, the hydrophilicity of
aforementioned materials was determined by optical contact angle measuring instrument
(Figure 2f-j). The results indicated that the contact angles of the MWCNTs (Figure 2f) and
MWCNTs-OH (Figure 2g) were 140° and 35°, respectively, demonstrating a significant
enhancement in the hydrophilicity of MWCNTs-OH, which confirmed successful hydroxy-
lation. This phenomenon stemmed from HPW incorporation impeding the coordination of
PTA ligands with a [ZrgO4(OH)4] cluster, which resulted in an irregular shape and easy
agglomeration of PW /UiO [14], while enhancing the hydrophilicity of the material (contact
angle of 72°). When MWCNTs-OH was incorporated into PW/UiO (Figure 2e), it was
encapsulated within the composite, further enhancing the material’s hydrophilicity (contact
angle of 54°). However, compared to MWCNTs-OH, the hydrophilicity of PW/UiO/CNTs-
OH was slightly diminished, possibly because of interactions between UiO-66 and the
hydrophilic groups on MWCNTs-OH [19].
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Figure 2. SEM images of samples: (a) HPW, (b) MWCNTs, (c) UiO-66, (d) PW/UiO,
(e) PW/UiO/CNTs-OH, water contact angle measurements for (f) MWCNTs, (g) MWCNTs-OH,
(h) UiO-66, (i) PW/UIO, (j) PW/UiO/CNTs-OH.

The FI-IR spectra of the MWCNTs, HPW, UiO-66, PW /UiO, and PW /UiO/CNTs-OH
are shown in Figure 3. For UiO-66, the broad bands spanning 2500-3700 cm~! were charac-
teristic of O-H stretching vibrations originating from surface-bound Zr-OH groups [20],
while the absorption peaks at 1584 cm ™! and 1391 cm~! were attributed to the asymmetric
and symmetric O=C-O stretching modes of the carboxylic acid groups in PTA. The band
at 1660 cm~! aroused from asymmetric stretching vibrations of C=O bonds in residual
N, N-dimethylformamide (DMF) solvent molecules encapsulated within the framework
structure [16]. The absorption band observed at 1505 cm ! was attributed to the C=C
stretching vibration within the benzene ring, whereas the band at 1098 cm~! corresponded
to the Zr-O vibrational mode. The characteristic peaks at 822 em~ !, 743 cm~1, and 550 cm !
were, respectively, assigned to C-H deformation, C=C stretching, and Zr-(OC) asymmetric
stretching vibrations [18,21]. Following the incorporation of HPW, the characteristic bands
of the Keggin-structured polyoxometalate anion at 1072 cm~! (P=0), 955 cm~! (W=0),
882 cm~! (W-O.-W, where O, represents angularly shared oxygen atoms), and 715 cm ™!
(W-O¢-W, where O, represents edge-shared oxygen atoms) were observed, indicating that
HPW was successfully loaded onto UiO-66. Notably, the emergence of a new absorption
band at 648 cm ™!, attributed to the Zr-O-W stretching vibration, accompanied by blue
shifts of the Zr-O band at 1098 cm ™! and the W-O.-W band at 882 cm ™! confirmed the coor-
dination bonding between the zirconium sites in UiO-66 and the [PW1,040]%~ heteropoly
anion [22,23]. The carrier, MWCNTs-OH, was further introduced, and it was found that
these two bands exhibited additional blue shift. This spectral modification likely stemmed
from the dual-surface electron delocalization characteristics of MWCNTs, which created a
pronounced uneven charge distribution within the 7-plane, characterized by a negative
quadrupole moment perpendicular to the plane (Q, < 0). This phenomenon inherently
enabled the MWCNTs to attract and stabilize [ZrgO4(OH)4]'2* [13]. Consequently, the
Zr** jons exhibited a pronounced strong interaction with the 7t electrons of the MWCNTs,
leading to electron cloud displacement towards Zr. This phenomenon resulted in the
weakening of the Zr-O bond and a subsequent reduction in the vibration frequency.
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Figure 3. FT-IR spectra (a) and detail (b) of PW/UiO/CNTs-OH, PW/UiO, UiO-66, HPW,
and MWCNTs-OH.

The valence states and chemical bonding configurations of the elements in the
MWCNTs-OH, Zr-CNTs-OH, UiO/CNTs-OH, and PW/UiO/CNTs-OH catalysts were
investigated by XPS (Figure 4a—d). The C 1s spectra of the samples are shown in Figure 4a.
The C 1s spectrum of MWCNTs-OH primarily comprised three distinct peaks. Specifically,
the predominant peak at 284.80 eV corresponded to C=C and C-C bonds, while those
at 286.90 eV and 291.13 eV corresponded to C-O and 7-7* bonds, respectively. In Zr-
functionalized derivatives (Zr-CNTs-OH, UiO/CNTs-OH, PW /UiO/CNTs-OH), the C-O
binding energy exhibited a 0.40 eV downshift from 286.90 eV to 286.50 eV compared with
MWCNTs-OH. Correspondingly, the O 1s spectrum of Zr-CNTs-OH (Figure 4b) displayed a
0.46 eV C-O energy reduction from 532.66 eV to 532.20 eV, arising from Zr covalent bonding
at oxygenated defect sites on the MWCNTs-OH. The formation of C-O-Zr interactions weak-
ened the C-O bond strength, thereby leading to a reduction in the binding energy [19,21].
The O 1s spectrum of UiO/CNTs-OH exhibited two distinct peaks. Specifically, the peak
at a binding energy of 531.91 eV corresponded to Zr-O,-C (where O, represents oxygen
in carboxylic acid groups), while the peak at 530.16 eV was attributed to Zr-O,, (where Oy,
denotes lattice oxygen) [24]. HPW incorporation induced a 0.10 eV binding energy decrease
in Zr-O,-C (531.91 — 531.81 eV) and a 0.18 eV increase in Zr-O,, (530.16 — 530.34 eV),
demonstrating an interaction between HPW and UiO-66 [25]. The Zr 3d spectra of samples
are presented in Figure 4c. In conjunction with the C 1s spectral peak analysis, it confirmed
that Zr clusters had been successfully loaded onto MWCNTs-OH. Notably, after the in-
troduction of HPW, the Zr 3d3,, peak (185.09 eV) and the Zr 3d5,, peak (182.71 eV) in
PW /UiO/CNTs-OH shifted to higher binding energies, reaching 186.30 eV and 183.91 eV,
respectively, compared to UiO/CNTs-OH. The W 4f spectrum of PW/UiO/CNTs-OH,
shown in Figure 4d, revealed 0.91 eV (W 4f;,,: 35.8 — 36.71 eV) and 0.88 eV (W 4f5,:
37.9 — 38.78 eV) increases relative to pristine HPW [26]. Additionally, the peak observed
at 42.18 eV corresponded to Zr-O-W [7], confirmed oxygen-bridged coordination between
Zr and [PW1,040]3~ heteropolyanions, consistent with FI-IR analysis.

The W content in PW /CNTs, PW/CNTs-OH, PW /UiO, and PW /UiO/CNTs-OH was
systematically analyzed using ICP-OES (Table 1). It was found that the W contents were
determined to be 1.49 wt% and 1.67 wt% for PW/CNTs and PW/CNTs-OH, respectively,
indicating that MWCNTs exhibited limited HPW loading capacity. In contrast, signif-
icantly higher W contents of 4.39 wt% and 14.87 wt% were observed in PW/UiO and
PW/UiO/CNTs-OH, respectively. The remarkable increase in W content after MWCNTs-
OH incorporation was attributed to the 77t stacking interactions between MWCNTs
and PTA. Furthermore, it was demonstrated that MWCNTs-OH could effectively anchor
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[Z1604(OH)4] clusters through C-O-Zr bonding, which provided additional nucleation
sites for UiO-66 synthesis and consequently enhanced the encapsulation efficiency of HPW
within UiO-66 [27].
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Figure 4. (a) C 1s, (b) O 1s, and (c) Zr 3d spectra of MWCNTs-OH, Zr-CNTs-OH, UiO/CNTs-OH,
PW/UiO/CNTs-OH, (d) W 4f spectra of PW/UiO/CNTs-OH.

Table 1. The actual content of W element in different catalysts.

Catalyst Average Mass of W (g/g of Catalyst) The Actual W Loading (wt%)
PW/CNTs 0.0149 1.49
PW/CNTs-OH 0.0167 1.67
PW/UiO-66 0.0439 4.39
PW/UiO/CNTs-OH 0.1487 14.87

N, adsorption—desorption tests were conducted to evaluate the textural properties of
MWCNTs-OH, UiO-66, PW /UiO, and PW /UiO/CNTs-OH catalysts (Figure 5a—d). The
adsorption and desorption isotherms of UiO-66 (Figure 5b) exhibited type-I isotherm, char-
acteristic of microporous materials, whereas both PW /UiO (Figure 5c) and PW /UiO/CNTs-
OH (Figure 5d) displayed type-1V isotherms with hysteresis loops (P/Py = 0.45-1.0), in-
dicating mesoporous structures. Upon loading HPW, the specific surface area decreased
from 997 m? /g to 700 m?/g (Table 2), while the average pore size increased from 2.197 nm
to 3.173 nm (Table 2). Subsequent MWCNTs-OH incorporation enhanced the surface area
to 857 m? /g (Table 2), improving the reactant—catalyst contact efficiency.
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Figure 5. The N; adsorption—-desorption isotherms and pore size distribution of MWCNTs-OH (a),
UiO-66 (b), PW/UiO (c), and PW/UiO/CNTs-OH (d).

Table 2. Pore volume, pore diameter, and surface area analysis of the catalysts.

Catalyst Mean Pore Size (m?/g) Pore Volume (cm3/g) Mean Pore Size (nm)
HPW 2.830 0.005 7.178
MWCNTs-OH 163.590 1.347 32.939
UiO-66 997.531 0.547 2.197
PW/UiO 700.046 0.555 3.173
PW/UiO/CNTs-OH 857.147 0.517 2411

The acidic properties of UiO-66, PW /UiO, and PW /UiO/CNTs-OH were character-
ized by NH3-TPD and Py-IR. As shown in Table 3 and Figure 6a, the acidic distribution
and total acidity were quantified. Three distinct ammonia desorption peaks were ob-
served for UiO-66 in the temperature ranges of 25-120 °C, 120-310 °C, and 310450 °C.
The absorption peak at 25-120 °C corresponded to the weak acid sites, attributed to the
weak Bronsted acidic sites originating from the framework p3-OH [24]. The 120-310 °C
desorption peak was assigned to Lewis acid sites created by unsaturated Zr sites formed
owing to the lack of organic linkers in UiO-66. The medium-strong acid absorption peak
at 310450 °C was derived from the Bronsted acid sites associated with Zr-OH [28-30].
Acid characterization revealed significant modifications in PW /UiO compared to UiO-66.
The weak acid density decreased from 4.57 to 3.64 mmol/g, while the medium-strength
acid density increased from 1.23 to 2.58 mmol/g. Concurrently, the Lewis acid density
rose from 34.72 to 44.54 pmol/g (Figure 6b). This phenomenon was likely attributed to
the interaction between the heteropolyacid anion [PW1,049]*~ and Zr, which resulted in a
decrease in the number of p3-OH sites and an increase in unsaturated Zr sites, thereby en-
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hancing the Lewis acidity. Concurrently, the inherent Bronsted acidity of HPW was found
to augment the corresponding acid sites in PW /UiO [31]. Significant acid enhancement
was observed in PW/UiO/CNTs-OH following MWCNTs-OH incorporation, with weak
acid density increasing from 3.64 to 4.36 mmol/g and medium-strength acidity rising from
2.58 to 3.05 mmol/g. The Bronsted acid density increased from 3.65 to 9.98 umol/g, while
the Lewis acidity nearly doubled to 83.63 umol/g (Figure 6b). This improvement was me-
diated by the strong electron-withdrawing effect of the [ZrsO4(OH)4] cluster on the highly
delocalized 7t electrons present in MWCNTs-OH [13], which intensified the Lewis acidity.
Additionally, the carbon atoms in MWCNTs-OH could coordinate with [ZrsO4(OH)4 "%+
through oxygen, and a 7t-7t stacking interaction existed between MWCNTs-OH and PTA.
These interactions provided additional nucleation sites for the synthesis of UiO-66 [27],
enabling greater HPW encapsulation and consequent Bronsted acid enhancement.

Table 3. Acid content and acidic distribution of the catalysts.

Catalyst Weak Acidic Site Moderate Acidic Bronsted Acidity Lewis Acidity Total Acidity Bronsted/Lewis
atalys (mmol/g) Site (mmol/g) (umol/g) (nmol/g) (mmol/g) Acidity Ratio (B/L)
Ui0-66 4.57 1.23 3.63 34.72 5.79 0.10
PW/UiO 3.64 2.58 3.65 44.54 6.21 0.08
PW/UiO/CNTs-OH 436 3.05 9.98 83.69 7.40 0.12
a b — PW/UiO/CNTs-OH
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Figure 6. NH;3-TPD profile of (a) UiO-66, PW /UiO, and PW /UiO/CNTs-OH, FT-IR spectra of (b) UiO-
66, PW /UiO, and PW /UiO/CNTs-OH, EIS plots of (c) UiO-66, PW /UiO, and PW/UiO/CNTs-OH,
and TG curves of (d) MWCNTs, UiO-66, PW /UiO, and PW /UiO/CNTs-OH catalysts.

Electrochemical characterization was conducted to assess charge transfer behavior
in UiO-66, PW/UiO, and PW/UiO/CNTs-OH catalysts. As shown in Figure 6¢c, the
electron transfer efficiency followed the sequence: UiO-66 > PW /UiO > PW/UiO/CNTs-
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OH. Notably, PW/UiO/CNTs-OH exhibited the smallest EIS arc diameter, indicating
superior electron migration efficiency, which facilitated the reaction process.

The thermal stability of MWCNTs-OH, UiO-66, PW /UiO, and PW /UiO/CNTs-OH
was evaluated by TG. As shown in Figure 6d, all the samples exhibited three distinct
steps in the weight loss stages. For UiO-66, three weight-loss stages were observed in
the temperature ranges of 26-100 °C, 100-300 °C, and 485-610 °C, which were centered
at 55, 222, and 557 °C, respectively. The initial stage (26-100 °C) was attributed to the
evaporation of the physically adsorbed H,O and methanol. This was followed by a weight-
loss stage (100-300 °C) resulting from DMF solvent removal from the UiO-66 pores and
decomposition of residual PTA [24]. Structural collapse and thermal degradation of the
framework to ZrO, were observed in the final stage (485-610 °C) [17]. In addition, no
further weight loss was detected above 610 °C. The PW /UiO-66 sample exhibited identical
first two stages of decomposition to UiO-66, with its third stage of mass loss (400-610 °C)
attributed to the structural collapse of the framework combined with HPW decomposition
into WO3 and P,Os [32]. Collectively, the thermal stability analysis confirmed that all
materials maintained structural integrity below 400 °C.

The formation mechanism of the Lewis acid sites in PW/UiO/CNTs-OH and the
bridging function of UiO-66 are schematically illustrated in Figure 7. Specifically, the
[Zr404(OH)4] cluster within UiO-66 coordinates with tungsten atoms in the [PW1,040]~
polyoxometalate anion via oxygen linkages, anchoring HPW. Simultaneously, it formed
oxygen-mediated coordination bonds with MWCNTs-OH. This dual coordination mech-
anism effectively bridges HPW and MWCNTs-OH. Simultaneously, the m-electrons of
MWCNTs exhibited a strong electron-withdrawing effect on the [ZrsO4(OH)4] cluster,
causing electrons to migrate to the surface of MWCNTs and delocalize within their aro-
matic structures. This enhanced the charge imbalance in the PW /UiO/CNTs-OH catalyst
system, leading to an excess positive charge. This enhances the charge imbalance in the
PW/UiO/CNTs-OH catalyst system, leading to an excess positive charge. Ultimately, this
results in the formation of Lewis acid sites in the region where the MWCNTs adsorb the
[ZrsO4(OH)4] cluster, significantly improving the catalytic activity.

& Lewis acid centre

Figure 7. The bridging role of UiO-66 in PW /UiO/CNTs-OH and the formation mechanism of Lewis
acid sites.

2.2. Catalytic Activity

The catalytic performance of UiO-66, PW /UiO, and PW /UiO/CNTs-OH in esterifi-
cation reactions was evaluated under standardized conditions (a methanol-to-oleic-acid
molar ratio of 14:1, a catalyst loading of 6 wt%, and a reaction temperature of 70 °C), as
illustrated in Figure 8. Notably, PW/UiO/CNTs-OH exhibited superior catalytic activity,
with a methyl oleate yield of 92.0%, attributed to its higher concentration of acidic sites and
electron migration efficiency compared with UiO-66 and PW /UiO.



Catalysts 2025, 15, 412

10 of 17

100

Yield(%)

60f

50

. ov
0-‘0_66 oW o « l\y‘olcﬂ‘s
v

Figure 8. The yield of FAME catalyzed by UiO-66, PW /UiO and PW/UiO/CNTs-OH.

A central composite design was implemented with three independent variables:
methanol-to-oleic-acid molar ratio (X;, mol/mol), catalyst loading (X;, wt%), and reaction
temperature (X3, °C), while the yield of FAME (Y, %) served as the response variable.
The experimental matrix containing 20 experimental runs and corresponding results are
systematically presented in Table 4, with the ANOVA analysis for the RSM detailed in
Table 5. Through statistical evaluation, the quadratic regression equation was derived
as follows:

Y = 91.1 + 1.74X] + 6.29X; — 1.5X3 4 0.39X; Xy — 0.64X1X3 — 0.59X,X3 — 11.48X3 — 10.26X3— 11.16X3 (1)

Table 4. Results of FAME yield from the experimental design.

Std. Xz (mol/mol) Xy (Wt%) X3 (°O) Y (%) Predicated Y (%)
1 14 6 70 90.3 91.0
2 14 6 70 90.8 91.0
3 12 8 80 52.1 52.8
4 17.3636 6 70 62.4 62.9
5 14 2.6364 70 52.3 52.8
6 10.6364 6 70 55.8 56.0
7 16 8 60 73.8 74.8
8 12 4 60 50.3 51.3
9 12 4 80 59.9 58.4
10 14 6 70 90.8 91.0
11 16 4 60 51.1 49.9
12 14 9.3636 70 68.8 69.0
13 16 4 80 54.1 54.5
14 14 6 70 91.4 91.0
15 14 6 70 92.0 91.0
16 16 8 80 63.7 62.2
17 12 8 60 63.7 62.8
18 14 6 86.8 57.2 58.1
19 14 6 53.2 62.8 62.6
20 14 6 70 90.8 91.0

The model adequacy and predictive reliability were statistically validated through
ANOVA-derived metrics including the p-value, F-value, and R? metrics. A correlation
coefficient R? 0.9975 was obtained, demonstrating the model’s capability to reliably predict
methyl oleate yields. Moreover, the difference between the Pred R? (0.9808) and the Adj
R? (0.9953) was less than 0.2, demonstrated robust alignment of the regression model with
experimental reality. This minimal discrepancy further validated the goodness-of-fit of the
formula. Experimental repeatability was verified by a coefficient of variation (C.V. = 1.60%)
below the 2% acceptability threshold. However, the lack-of-fit analysis (p < 0.05) indicated
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the presence of systematic errors in the model. Nevertheless, the model demonstrates high
reliability in practical applications. As shown in Table 4, the predicted and experimental
values exhibit close agreement. Therefore, the observed lack-of-fit potentially stems from
systematic measurement errors, with their impact demonstrating negligible relevance to the
primary objectives of this study. To further verify the model’s credibility, residual analysis
was supplemented (Figure 9d), revealing no clear patterns in error distribution and no
outliers interfering with the conclusions. Thus, the model can be considered credible.

Table 5. ANOVA for response surface quadratic model.

Source Sum of Squares Degree of Freedom  Factor F-Value p-Value
Model 491043 9 545.60 545.60 <0.0001
X1 56.59 1 56.59 56.59 <0.0001
Xz 315.58 1 315.58 315.58 <0.0001
X3 25.11 1 25.11 25.11 0.0011
X1X, 89.11 1 89.11 89.11 <0.0001
X1X3 3.25 1 3.25 3.25 0.1330
X2X3 147.06 1 147.06 147.06 <0.0001
X;2 1794.60 1 1794.60 1794.60 <0.0001
Xp? 1633.50 1 1633.50 1633.50 <0.0001
X532 1693.71 1 1693.71 1693.71 <0.0001
Residual 12.16 10 1.22
Lack of Fit 10.39 5 2.08 5.88 0.0372
Pure Error 1.77 5 0.3537
Total sum of squares 4922.59 19
Std. Dev 1.10 R? 0.9975
mean 68.70 Adj R? 0.9953
C.V.% 1.60 Pred R? 0.9808

The effect of catalyst loading, methanol-to-oleic-acid molar ratio, and reaction tem-
perature on biodiesel yield are presented in Figure 9a—c. The interaction between catalyst
loading and the molar ratio of methanol to oleic acid under fixed reaction duration at
the central point (70 °C) is displayed in Figure 9a. A significant increase in methyl oleate
yield was observed as the catalyst loading rose from 2.6 wt% to 6 wt%, with the maximum
yield reaching 92.0% at 6 wt% catalyst loading, attributable to optimal utilization of active
sites. However, further increasing the catalyst loading to 10 wt% resulted in marginal
yield reduction despite continued dosage escalation, due to the reversible nature of the
esterification reaction and potential catalyst deactivation [33]. Figure 9b demonstrates the
interaction between catalyst loading and methanol-to-oleic-acid molar ratio under fixed
reaction duration at the central point (6 wt% catalyst loading). A significant improvement
in methyl oleate yield was observed as the molar ratio increased from 10.6:1 to 14:1. How-
ever, further elevation of the molar ratio to 17.3:1 resulted in marginal yield reduction,
attributable to the reversible nature of the esterification reaction. Increasing reactant ra-
tios thermodynamically favors the forward conversion, where methanol concentration
(expressed as methanol-to-oleic-acid molar ratio) dominates in the esterification system.
While methyl oleate yield increases with methanol addition, exceeding the critical molar
ratio threshold of 14:1 induces methanol accumulation on the catalyst surface. This accu-
mulation reduces the oleic acid—catalyst contact area and may ultimately cause catalyst
deactivation through active site blockage [34]. The interaction between catalyst loading and
reaction temperature under fixed reaction duration at the central point (70 °C) is displayed
in Figure 9¢, where methyl oleate yield showed progressive improvement with elevated
temperatures due to the endothermic nature of esterification that thermodynamically fa-
vors forward reaction kinetics. The parameter significance ranking derived from Figure 9
demonstrated X; > X; > X3. The model-predicted optimal parameters (14.3:1 molar ratio



Catalysts 2025, 15, 412

12 of 17

of methanol to oleic acid, 6.54 wt% catalyst loading, 68.8 °C reaction temperature) were

determined to yield 91.9% methyl oleate through balanced activation energy and mass

transfer optimization.
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Figure 9. Combination effect of (a) the molar ratio of methanol to oleic acid and catalyst loading,

(b) the molar ratio of methanol to oleic acid and temperature, (c) catalyst loading and temperature on

biodiesel yield, and (d) residuals versus std. number of the fitted model.

The reusability of PW /UiO/CNTs-OH was evaluated under optimal reaction condi-
tions. The spent catalyst was recovered via centrifugation and subsequently subjected to

three methanol washing cycles to eliminate surface-adsorbed methyl oleate and residual

oleic acid, followed by vacuum activation at 130 °C for 12 h. The model-predicted methyl

oleate yield of 91.9% showed close alignment with the experimental value (92.9%), with

a deviation of only 1.0% demonstrating model accuracy. As shown in Figure 10, a yield

reduction to 82.3% was observed after the fourth reuse cycle, attributed to potential pore

channel blockage that compromised active site accessibility.
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Figure 10. The yield of FAME catalyzed by PW/UiO/CNTs-OH in five reaction cycles.
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3. Materials and Methods
3.1. Materials

Reagents and materials were procured as follows: 12-tungstophosphoric acid, multi-
walled carbon nanotubes, and zirconium chloride from Sigma-Aldrich (Sigma-Aldrich,
Shanghai, China); nitric acid, glacial acetic acid, and N,N-dimethylformamide from Xirong
Chemical Engineering Co., Ltd. (Xirong Chemical Engineering Co., Ltd., Shantou, China);
oleic acid and p-phthalic acid from Shanghai Macklin Biochemical Co., Ltd. (Shanghai
Macklin Biochemical Co., Ltd., Shanghai, China); methanol from Sinopharm Chemical
Reagent Co., Ltd. (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China). All chemicals
were of analytical pure (AR) grade unless otherwise specified.

3.2. PW/UiO/CNTs-OH Catalyst Preparation

The preparation method of the MWCNTs-OH catalyst is as follows: first, 1 g of multi-
walled carbon nanotubes (MWCNTs) was dispersed in 60 mL of HNO3. The mixture was
mechanically stirred at 700 rpm for 1 h at 20 °C, followed by ultrasonic treatment for
30 min. Subsequently, the mixture was filtered and washed with deionized water until
the filtrate was neutral (detected with pH test paper). Finally, the obtained black powder
was dried in a vacuum oven at 60 °C for 12 h to yield hydroxylated multi-walled carbon
nanotubes (MWCNTs-OH).

The preparation of UiO-66 catalyst was as follows: initially, 0.50 g of ZrCly was
dissolved in 64 mL of DMF under continuous stirring (30 min). After adding 8 mL of
CH3COOH, the solution was sonicated (30 min). The mixture was then transferred to a
Teflon-lined autoclave and heated at 130 °C for 4 h. Subsequently, 0.36 g of PTA (ensuring
a molar ratio of ZrCly:PTA = 1:1) was introduced, and the mixture underwent a second
hydrothermal synthesis at 100 °C for 36 h. Finally, the product was collected by centrifu-
gation, washed sequentially with DMF and methanol (three times each), and dried in a
vacuum oven at 80 °C for 12 h to obtain UiO-66.

The preparation of PW /UiO-66 catalyst was as follows: following the initial steps
identical to those used for UiO-66 synthesis (dissolution of 0.50 g ZrCly in 64 mL DMF,
addition of 8 mL CH3COOH, and hydrothermal treatment at 130 °C for 4 h), 0.40 g of HPW
and 0.30 g of PTA (ensuring a ZrCl4:PTA molar ratio of 1.2:1) were added after cooling.
The mixture was then subjected to a hydrothermal reaction at 100 °C for 36 h. Finally, the
product was collected by centrifugation, washed sequentially with DMF and methanol
(three times each), and dried in a vacuum oven at 80 °C for 12 h to yield PW/UiO.

The preparation of PW/UiO/CNTs-OH catalyst was as follows: the procedure fol-
lowed the protocol for PW/UiO synthesis with the following modifications: after the
initial hydrothermal step (130 °C for 4 h), 0.01 g of MWCNTs-OH was dispersed into the
cooled mixture via ultrasonication for 30 min. Subsequently, 0.40 g of HPW and 0.30 g
of PTA (ensuring a ZrCly:PTA molar ratio of 1.2:1) were added to the mixture. The final
hydrothermal reaction was conducted at 100 °C for 36 h. The product was then collected
by centrifugation, washed sequentially with DMF and methanol (three times each), and
dried at 80 °C for 12 h, yielding PW/UiO/CNTs-OH.

3.3. Characterization of the Catalysts

Chemical characterization of the catalyst was performed through multiple analytical
techniques. Fourier transform infrared spectra (FI-IR) were recorded on a Nicolet iS50
spectrometer (Thermo Fisher, Waltham, MA, USA) in the 4000400 cm™! range using KBr
pellets. The samples were prepared at room temperature using the KBr pellet method.
X-ray diffraction (XRD) was used to examine the crystalline phases of the catalyst, utilizing
Cu K« radiation at 3 kW and scanning from 5 to 85° (SmartLab SE, Nippon Science, Tokyo,
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Japan). Under a vacuum condition (p < 10~ Pa), the surface chemical states of catalysts
were analyzed using X-ray photoelectron spectroscopy (XPS) with a monochromatic Al
Ko X-ray source (hv = 1486.6 eV) at 100 W power (K-Alpha, Thermo Fisher, Waltham, MA,
USA). An inductively coupled plasma optical emission spectrometer (ICP-OES) was used
to analyze the W content in the catalyst (Thermo ICAP PRO, Thermo Fisher, Waltham,
MA, USA). Scanning electron microscopy (SEM) was employed to examine the surface
morphology (MLA650F, FEI company, Hillsboro, OR, USA). The affinity of the catalyst
towards deionized water was measured with an optical contact angle measuring instrument
(JYC, ShangHai FangRui Instrument Ltd., Shanghai, China). The nitrogen adsorption—
desorption isotherm of catalysts was measured by N; adsorption instrument (ASAP2020,
Micromeritics Instrument Ltd., Nokomis, GA, USA) at 77 K to determine the specific surface
area, pore volume, and pore size distribution. The analysis of acidic active sites” content
and strength in catalysts was performed using NH3; temperature programmed desorption
(NH3-TPD), across a temperature range of 50-750 °C (AutoChem II 2920, Micromeritics
Instrument Ltd., Nokomis, GA, USA). Pyridine adsorption IR spectra (Py-IR) were used to
measure the Bronsted (B) and Lewis (L) acid sites on the catalyst surfaces (Bruker tensor 27,
Bruker, Karlsruhe, Germany). Electrochemical impedance tests (EIS) were carried out with
an electrochemical workstation (CHI660D, ShangHai HuaChen Ltd., Shanghai, China). A
thermal gravimetric analyzer (TG) was used to measure the weight loss and stability of the
samples at various temperatures (STA449F5, Netzsch, Selb, Germany).

3.4. Esterification Process Catalyzed by PW/UiO/CNTs-OH

The esterification process was conducted as follows: oleic acid and methanol were
precisely mixed at a predetermined molar ratio. Subsequently, the homogeneous mixture
along with a specified amount of catalyst was transferred into a sealed stainless steel
autoclave reactor. The reaction system was maintained under isothermal conditions for a
predetermined duration.

Upon completion of the reaction, 1 mL of crude product was collected and subjected to
solvent evaporation in a drying oven (60 °C, 1 h) to remove residual methanol and aqueous-
phase byproducts. The concentrated sample was then diluted to 5 mL with HPLC-grade
methanol to ensure homogeneity. The resulting solution was filtered through a 0.45 pm
membrane filter to eliminate particulate matter and residual catalyst particles. Finally, the
concentration of FAME was determined by gas chromatography and quantified based on
the external standard method. The formula for calculating the yield (%) is as follows:

yield = 4 = MO 109, 2)
mo Moleic acid
where my is the initial mass of oleic acid (g), m; is the mass of FAME after reacting a certain
time (g), and myo are the mass of methyl oleate.

Upon completion and cooling of the reaction, the resulting mixture separated into
two distinct layers. The upper layer consisted of FAME and a minor amount of unre-
acted oleic acid, while the lower layer was a turbid mixture containing the solid catalyst
PW/UiO/CNTs-OH, methanol, and water. To recover the catalyst, PW/UiO/CNTs-OH
was isolated from the mixture via suction filtration, washed three times with tert-butanol,
subsequently reactivated at 130 °C for reuse.

3.5. Gas Chromatographic Conditions

The analytical separation utilized a three-stage temperature gradient: beginning with
an isothermal phase at 50 °C, the DB-5 column (30 m x 0.25 mm x 0.25 um) was heated
at 20 °C-min ! to 180 °C, followed by a slower 2 °C-min~! ramp to 200 °C, and finally a
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10 °C-min~! increase to 250 °C with 5 min stabilization. All measurements on the Agilent
7820A system employed 1 uL split injections (20:1) under 25 mL-min~! nitrogen flow.

3.6. Experimental Design

In this study, the esterification reaction parameters were optimized using central
composite design-response surface methodology (CCD-RSM). A three-factor, five-level ex-
perimental framework was implemented through Design Expert software (version 10.0.7.0,
Stat-Ease, Minneapolis, MN, USA) for both design generation and statistical analysis. The
central composite design examined the effects of molar ratio of methanol to oleic acid
(X1, mol/mol), catalyst loading (X, wt%), and reaction temperature (X3, °C) on methyl
oleate yield (Y, %) were investigated through CCD, employing a second-order polynomial
model (equation 2). A total of 20 experiments were designed (20 = 2n + 2n + ny, where
n = 3 factors and ng = 6 center points), including 8 factorial points, 6 axial points, and
6 repeated central points. The model’s adequacy was assessed via analysis of variance
(ANOVA) and significance tests. The levels of independent variables and their experimental
ranges are summarized in Table 6.

n n 2 3
Y =g+ Z oG X; + Z CXiiXIz + Z Z O(inin 3)
i=1 i=1 i—-1j=1+1

where Y is the expected response value (methyl oleate yield) and &g and «; are the co-
efficient constant and linear constant, respectively. oj; and «;j terms are the quadratic
coefficients and interaction coefficients, respectively. The terms X; and X;j denote indepen-
dent parameters [35].

Table 6. Range and levels of each process parameter based on the CCD-RSM methodology.

Range and Levels

Factor Code
—o (—1.682) -1 0 1 o (1.682)
The molar ratio of methanol to oleic acid (mol/mol) X1 10.64 12 14 16 17.36
Catalyst loading (wt%) X5 2.64 4 6 8 9.36
Reaction temperature (°C) X3 53.18 60 70 80 86.82

4. Conclusions

In this study, a Bronsted—Lewis solid acid catalyst PW /UiO/CNTs-OH was synthe-
sized through UiO-66-mediated bridging of HPW and MWCNTs. Under optimal condi-
tions, where the molar ratio of methanol to oleic acid was 14.27:1, the catalyst loading was
6.54 wt%, the reaction temperature was 68.8 °C, and the reaction time was 90 min, the
yield of methyl oleate reached 92.9%. Furthermore, after four cycles, the catalyst retained
a methyl oleate yield of 82.3%, demonstrating operational stability. The enhanced perfor-
mance of PW/UiO/CNTs-OH originated from electron-withdrawing interactions between
the [ZrsO4(OH)4] clusters in UiO-66 and the m-electrons of MWCNTSs, which promoted
the formation of numerous strong Lewis acid sites. This work introduced an MOF-based
chemical bridging strategy that establishes a groundbreaking paradigm for heterogeneous
catalyst design, thereby substantially expanding viable industrial applications.
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