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Abstract: In this study, Zr active species were implanted into a ZSM-5 zeolite framework to form
a solid acid catalyst through steam treatment and the liquid-solid isomorphous substitution process.
The as-synthesized Zr-ZSM-5-st catalyst ensured excellent esterification of trimethylolpropane and
fatty acids (FAs) to achieve a polyol ester production yield of 94.41%. Combined with N2 physisorp-
tion, X-ray diffraction, Fourier transform infrared spectroscopy, ultraviolet-visible spectroscopy,
transmission electron microscopy mapping, X-ray photoelectron spectroscopy, NH3 temperature-
programmed desorption, and inductively coupled mass plasma spectroscopy were conducted. The
results revealed that the excellent performance of Zr-ZSM-5-st catalyst could be attributed to the
enhanced acidity and the developed surface area and pore structure.

Keywords: Zr-containing solid acid catalyst; ZSM-5 zeolite; polyol ester; esterification; lubricating
ester oils

1. Introduction

Synthetic lubricating oils (SLOs) exhibit considerable potential for use in numerous
applications because of their stable and unique molecular structures, which results in
excellent high/low temperature resistance, viscosity–temperature performance, flame re-
sistance, and oxidation stability [1,2]. Polyol esters (POEs) are a type of high value and
efficient SLOs because of their high thermostability, viscosity, and biodegradability. SLOs
are typically prepared by esterifying carboxylic acids with the multi-hydroxyl groups
(polyol)-containing alcohol by using acidic catalysts. Efficient industrial esterification cata-
lysts such as sulfuric acid and hydrofluoric acid are acidic catalysts with high homogeneity.
However, homogeneous acid catalysts cause severe environmental problems and their
technical separation remains a concern. For solving the problems caused by homogeneous
acid catalysts, heterogeneous acidic catalysts such as solid acid catalysts have attracted
considerable research attention.

Among the solid acid catalysts, SO4
2−/ZrO2 catalysts exhibit excellent performance

in the esterification reaction because of their excellent acid strength, renewability, noncor-
rosiveness, and nonpolluting characteristics [3,4]. However, their low surface areas and
irregular pore structure result in poor mass transfer and catalytic selectivity, which limits
their application. Though conversion close to 100% and very high selectivity to triesters
can be obtained in the presence of a silica zirconia amorphous catalyst by F. Zaccheria [5],
there is still a strong demand for novelty catalyst. By contrast, ZSM-5 zeolite with large
surface area, excellent shape-selectivity, excellent hydrothermal stability, and tunable mi-
crostructure properties (crystal size, pore structure, acidity) have been widely used as
a catalyst [6–10]. However, compared with the conventional esterification catalysts, the
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acidity of the ZSM-5 zeolite is too weak to facilitate adequate esterification [11]. Therefore,
the development of a novel efficient solid acid zeolite catalyst through modification of the
ZSM-5 zeolite is critical. The incorporation of transition metal heteroatoms such as Fe, Ti,
Cu, and Zr into the zeolite framework has been studied extensively [12,13]. Materials that
contain Zr have attracted considerable interests because zirconium (Zr) exhibits advantages
such as enhancing the acidity of the synthesized materials. Zr4+ with a high oxidation
state exhibits considerable potential to accept electrons. Therefore, its compounds exhibit
strong Lewis acid acidity, which is conducive to catalyzing a series of esterification reac-
tions [14–16]. Therefore, the development of environment-friendly esterification catalysts
by combining the strong acidity of Zr species with the structural advantages of ZSM-5
zeolite is crucial.

In this study, a novel strategy was developed to implant Zr species into the MFI
framework through steaming treatment combined with the liquid–solid identical crystal
substitution method. The as-synthesized Zr-ZSM-5 catalyst exhibits excellent catalytic
performance in the esterification reaction. Such structure–performance relation of Zr-ZSM-
5-st catalyst has been comprehensively studied through several characterizations, such as
Fourier transform infrared spectroscopy (FT-IRS), ultraviolet-visible spectroscopy (UV-vis),
X-ray photoelectron spectroscopy (XPS), NH3-TPD, transmission electron microscopy map-
ping (TEM-mapping), X-ray diffraction (XRD), N2 physisorption, and inductive coupled
plasma optical emission spectrometry (ICP-OES). The implanted framework Zr species
elevates strong acid site quantity, whereas the developed surface area and pore structure of
Zr-ZSM-5-st improves mass transfer ability, thus enhancing catalytic efficiency. This study
contributes to designing and synthesizing Zr-containing solid acid catalysts with high
efficiency for esterification reactions. Furthermore, this study investigated the reusability
of analyzed composite catalysts.

2. Results and Discussion
2.1. Catalyst Characterization

A series of Zr-ZSM-5-st samples were prepared through steam treatment and liquid–
solid isomorphous substitution method introducing Zr4+ species. According to Figure 1a,
a Zr(40)-ZSM-5-st(500) sample maintained typical MFI topological diffraction peaks after
steam treatment and Zr implantation. Furthermore, no diffraction peak of Zr species was
observed, which indicated that Zr species are highly dispersed in Zr(40)-ZSM-5-st(500)
without agglomeration. With the increase in the steam treatment temperature from 400
to 700 ◦C, the crystallinity of Zr-ZSM-5-st samples decreased (Figure S1a) because steam
treatment could remove Al species from the zeolite framework, which resulted in the zeolite
framework being destroyed [17]. Moreover, with the decrease in the Si/Zr mole ratio from
133 to 12 (Figure S1b), a diffraction peak appeared at 2θ = 11.6◦, which represents the strong
agglomeration of Zr species in Zr(12)-ZSM-5-st(500). Therefore, XRD results revealed that
the Zr(40)-ZSM-5-st(500) sample can maintain excellent crystallinity, and the Zr species
were evenly dispersed in the zeolite framework.

Figure 1b displays the FT-IR spectra of Zr(40)-ZSM-5-st(500) and ZSM-5 samples. The
Zr(40)-ZSM-5-st(500) sample exhibited a novel band at 962 cm−1 compared with the parent
ZSM-5 zeolite, which can be ascribed to the antisymmetric stretching vibration of the Si-O-
Zr bond within the framework [18]. The aforementioned findings revealed that Zr species
are efficiently added to Zr(40)-ZSM-5-st(500). Furthermore, UV-vis spectra were obtained to
determine Zr species compositions (Figure 1c). UV-vis results revealed that Zr(40)-ZSM-5-
st(500) exhibited a dominant adsorption peak at approximately 207 nm, which is associated
with Zr4+ tetrahedral species, which revealed that Zr4+ species was introduced into the
zeolite framework [19]. No adsorption peak of extra-framework ZrO2 was detected at
230 nm, which indicated no bulk ZrO2 phase within Zr(40)-ZSM-5-st(500) [19,20]. Moreover,
a broad band can be detected at approximately 266 nm in Zr(40)-ZSM-5-st(500). This band
can be associated with the separated (Si-O)2-Zr=O species onto the zeolite framework
surface [18,19].
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Figure 1. (a) X-ray diffraction (XRD), (b) Fourier transform infrared (FT-IR), (c) ultraviolet-visible 
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Figure 1. (a) X-ray diffraction (XRD), (b) Fourier transform infrared (FT-IR), (c) ultraviolet-visible spectra
as well as (d) N2 adsorption–desorption isotherms for ZSM-5 with Zr(40)-ZSM-5-st(500) catalysts.

Figure 1d displays the N2 adsorption–desorption isotherms for Zr(40)-ZSM-5-st(500)
and ZSM-5 samples. Figure 1d reveals that the steam treatment process considerably
affected the Zr(40)-ZSM-5-st(500) pore structure. Relative to the ZSM-5 product, Zr(40)-
ZSM-5-st(500) sample considerably improved the mean pore diameter, pore volume, and
the surface area, which was attributed to the destruction of micropores and the formation of
secondary intracrystalline and inter-crystalline mesoporous caused by the dealuminization
of zeolite during steam treatment process [21,22]. Considering the synergistic reaction
of catalysis, the developed pore structure was conducive to the mass transfer diffusion
of reactants and products. When the steam treatment temperature increased to 700 ◦C
(Table S1), the surface area decreased from 383.72 to 325.21 m2/g, which was attributed
to the collapse of the inter-crystalline mesoporous of Zr-ZSM-5-st caused by the high
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temperature of steam treatment [23]. Therefore, the Zr(40)-ZSM-5-st(500) sample exhibited
the most optimized pore structure when the steam treatment temperature was 500 ◦C.

The TEM and TEM-mapping images of Zr(40)-ZSM-5-st(500) sample are displayed in
Figure 2. Compared with ZSM-5 (Figure S2), the Zr(40)-ZSM-5-st(500) sample exhibited
obvious defective structure and excellent crystallinity. Moreover, TEM-mapping images
revealed that Zr species were evenly dispersed in the Zr(40)-ZSM-5-st(500) sample because
in the process of liquid–solid isomorphous substitution, Zr species easily bonded with the
widely distributed defective sites [24].
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Figure 2. (a,b) TEM and (c–e) TEM-mapping images of Zr(40)-ZSM-5-st(500) catalyst.

The plausible formation mechanism of Zr-ZSM-5-st illustrated in Figure 3 is speculated
to proceed as follows: (i) Al element was removed from the ZSM-5 zeolite framework
through steam treatment; (ii) Zr species were implanted and bonded to the defective sites
formed after dealuminization through liquid-solid isomorphous substitution process.
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Figure 3. Plausible formation mechanism of the Zr-ZSM-5-st catalyst.

Figure 4a displays the Zr 3d XPS spectra for the Zr(40)-ZSM-5-st(500) sample as well
as ZrO2. The binding energy values at 184.27 (Zr 3d5/2) together with 186.67 eV (Zr 3d3/2)
were observed for Zr(40)-ZSM-5-st(500), which considerably shifted with respect to that of
ZrO2 at 182.21 (Zr 3d5/2) with 184.61 eV (Zr 3d3/2). These shifts in the binding energies
of Zr 3d were attributed to the introduced Zr ions to the zeolite framework for forming
Si-O-Zr bonds because diverse electronegativity (Si atom > Zr atom) results in increased
zirconium positive charges [16,19].
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Esterification reaction performance is closely related to the acid properties of the
catalyst. NH3-TPD was adopted in Figure 4b to determine the total acidity of Zr(40)-ZSM-5-
st(500) and ZSM-5 samples. Both samples exhibited an NH3 desorption peak at 140–160 ◦C,
which can be associated with weak acid centers. ZSM-5 exhibited the moderate-strong
acid desorption peak at 339 ◦C, whereas Zr(40)-ZSM-5-st(500) revealed a moderate-strong
acid desorption shoulder peak shift to a temperature of 253 ◦C, which was caused by the
dealuminization during steam treatment [25]. Furthermore, Zr(40)-ZSM-5-st(500) exhibited
a strong acid desorption peak at 689 ◦C, which was attributed to the superacid site formed
by the implanted Zr binding with the zeolite defective sites after steam treatment.

Thus, through steam treatment and liquid–solid isomorphous substitution, Zr4+

species were introduced into the ZSM-5 zeolite framework. Moreover, for the Zr(40)-
ZSM-5-st(500) sample, excellent crystallinity was maintained, mass transfer ability was
improved, and Zr4+ species were evenly dispersed into the zeolite framework. Further-
more, Zr(40)-ZSM-5-st(500) sample exhibited strong acid strength because of the implanted
Zr species.

2.2. Catalytic Activity Test

The performance of ZSM-5, Zr-ZSM-5, and diverse Zr-ZSM-5-st catalysts prepared
through steam treatment and liquid–solid isomorphous substitution for catalysis were
systematically investigated through the esterification of TMP with n-caprylic acid (Table 1).
The catalytic behavior in the esterification of TMP with n-caprylic acid was chosen for the
reaction scheme because of the reaction is widely representative. As shown in Table 1, the
reaction yield of ZSM-5 was only slightly higher than that of the blank experiment (Table 1,
entry 1–2), which indicated that ZSM-5 exhibited weak catalytic activity because its acid
strength was insufficient and its microporous structure was not conducive to mass transfer
for esterification reaction. Subsequently, the effect of implanted Zr species on the catalytic
performance was investigated in detail. For the Zr-ZSM-5 sample without steam treatment,
its reaction yield increased from 80.51% to 88.33% primarily because the implanted Zr
species exhibited a strong ability to accept electrons, which formed the strong acid centers
(Table 1, entry 3). However, Zr-ZSM-5-st catalysts treated with steam exhibited excellent
catalytic ability and outperformed Zr-ZSM-5. For proportion of the Si/Zr molar ratio (12,
40, 67, 133) under the same steam treatment (500 ◦C), the reaction yield of product with
Zr(12)-ZSM-5-st(500) catalyst was higher than others (Table 1, entry 10). As the proportion
of Zr increases, the residual Zr in the product also increases correspondingly, which is
not an ideal result. However, when the proportion decreases to 40, the reaction yield of
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product was still higher with 94.41%. This phenomenon shows that the introduction of Zr
on ZSM-5 only needs a certain proportion to achieve a good catalytic effect. As for steam
temperature from 400 ◦C to 700 ◦C, the ideal temperature was 500 ◦C. This shows that the
higher the temperature of steam treatment, the catalytic activity is not better. Among those
Zr-ZSM-5-st samples prepared at various steam treatment temperatures and different Si/Zr,
the best reaction yield of 94.41% was achieved for Zr(40)-ZSM-5-st(500) (Table 1, entry 5),
which was probably associated with strong acidity (Figure S3) as well as superior mass
transfer capacity (Table S1). The results of the activity tests show that the steam treatment
and introduction of Zr on ZSM-5 has a positive effect on triglycerides conversion and yield
of products.

Table 1. Catalytic activities for ZSM-5, Zr-ZSM-5 as well as various Zr-ZSM-5-st catalysts for lubricat-
ing ester synthesis reaction.

Catalyst a TAN b Yield c (%) Zr (wt.%) d Al (wt.%) e

None 75.0 80.51 0 0
ZSM-5 63.1 82.32 0 1.35

Zr(40 f)-ZSM-5 42.7 88.33 4.63 1.34
Zr(40)-ZSM-5-st(400 g) 29.7 91.91 4.79 1.07
Zr(40)-ZSM-5-st(500) 20.9 94.41 4.77 0.95
Zr(40)-ZSM-5-st(600) 20.2 94.38 4.81 0.88
Zr(40)-ZSM-5-st(700) 25.9 92.82 4.74 0.82

Zr(133)-ZSM-5-st(500) 55.13 84.72 1.30 0.96
Zr(67)-ZSM-5-st(500) 31.89 91.39 2.44 0.94
Zr(12)-ZSM-5-st(500) 19.9 94.47 10.37 0.94

a Reaction conditions: 3 mL toluene, 0.045 mol FA, 0.015 mol trimethylolpropane and 0.045 mol n-caprylic acid;
reaction time and temperature: 5 h and 160 ◦C, respectively. b Total Acid Number: ASTM D 974 was used to
test the value, which was subsequently used in determining conversion: conversion (%) = [(1 − reacted acid
value/unreacted acid value) × n acid/n alcohol/3] × 100%. c Yield: HR-MS and 1H NMR were performed to
identify products. TMP served as the endogenous control to determine the yield based on 1H NMR. d Zr element
level measured through ICP-OES. e Al element level measured through ICP-OES. f This value represents Si/Zr
mole ratio. g This value represents steam treatment temperature.

The Zr-ZSM-5-st catalyst exhibits superb catalytic activity, and its mechanism is
elaborated as follows. First, implanted framework Zr species elevate strong acid site
quantity while improving catalytic activity; second, the developed surface area and pore
structure for Zr-ZSM-5-st improved catalytic mass transfer ability.

The stability of the Zr(40)-ZSM-5-st(500) catalyst was tested according to the reusability
test, as displayed in Figure 5. Following six cycles of TMP-n-caprylic esterification, the ob-
tained catalyst exhibited reduced activity. The yield of TMP ester reflected catalyst stability,
and the value was approximately 90%. HR-MS and 1H NMR were conducted for identify-
ing products, with triphenylmethane used as the endogenous reference to determine the
yield based on 1H NMR. Supplementary materials display details of the procedure.

2.3. Discussion

The catalyst plays an indispensable role in the catalytic process of preparing oil by
the reaction of acid and alcohol with high molecular weight and large steric structure.
As a common molecular sieve catalyst, ZSM-5 has low acidity and is not suitable for the
esterification of TMP with n-caprylic acid from the above results. Kiss et. al. [26] posited
that lower catalytic activity of zeolites is due to the small pores, which limit diffusion
of large fatty acid molecules. Heterogeneous catalysts such as ZnO, SnO or ZrO show
high activity at T > 160 ◦C, but form small amounts of soaps that are hardly removed [5].
Interestingly, the structure of ZSM-5 also allows the introduction of alternative T-atoms
during synthesis [27]. Sani et al. [28] reported that Zr/ZSM-5 exhibited highest total acidity
(0.75 mmol/g), and activity in converting > 95% used frying oil (48 wt.%) over SZr/Ag,
SZr/Ti, and SZr/W. Inspired by the above methodologies, Zr2+ species was introduced in
the positive ion of ZSM-5 by liquid–solid isomorphous substitution method in this paper.
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The results showed that the ratio of Zr2+ species determines the acidic catalytic power. In
addition, Almutairi et. al. [29] considered that steam treatment helps to increase the acid
content of Brønsted acid for ZSM catalytic reaction. Thus, steam treatment of Zr(40)-ZSM-5
obviously enhanced the esterification capacity from the results of Table 1.

No matter what the methane sulfonic acid or heterogeneous-like solid acids are used
in traditional industry fields or in literatures, the synthesis process inevitably needs the sep-
aration of these catalysts from the polyol esters mixture [30,31]. Compared with the above
catalysts, Zr-ZSM-5-st not only improved catalytic mass transfer ability, but also produced
less metal ion residue. Therefore, it has a good catalytic effect on the oil synthesis reaction.
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3. Materials and Methods
3.1. Catalyst Preparation

ZSM-5 synthesis: In this study, ZSM-5 catalyst (Al/Si ratio, 1:30) was prepared as
follows. First, 33.4 mL tetraethylorthosilicate (TEOS, 99.99 wt%, Aladdin, Shanghai, China)
was mixed with 34.5 mL tetrapropylammonium hydroxide solution (TPAOH, 25.0 wt%,
Cairui, Shanghai, China) under stirring at 40 ◦C for 1 h. Next, 0.76 g aluminum isopropoxide
(AIP, 99.99%, Aladdin, Shanghai, China) was hydrolyzed in 75 mL deionized (DI) water
(Prepared in laboratory) for a 1.5 h-period at 85 ◦C. Subsequently, under the stirring
condition, the aluminum-containing solution was subsequently dropped into the silicone-
containing solution. Next, we added the resultant solution into the Teflon-lined stainless
steel autoclave (Changyi, Xi’an, China) to heat for a 72 h-period at 170 ◦C. After cooling to
ambient temperature post-crystallization, products were subject to centrifugation, washing,
and drying overnight. Finally, the template was eliminated through calcination at 550 ◦C
for obtaining the ZSM-5 catalyst.

Post-treatment of ZSM-5: The ZSM-5 catalyst was treated with steam within the hori-
zontal quartz tube oven (Kejing, Hefei, China). Next, 0.5 g ZSM-5 powder was heated until
the desired temperature (400–700 ◦C) at the 10 ◦C/min rate. Subsequently, to introduce
steam, the N2 steam (100 mL/min) was passed through a water-containing saturator at
80 ◦C (water partial pressure, 47.4 KPa). We maintained the steam flow at 90 mL/min.
These zeolite samples were named ZSM-5-st(x), in which x represents the steaming tem-
perature (400, 500, 600 and 700 ◦C). The ZSM-5-st samples were post-treated in an H2ZrF6
solution at room temperature as follows: a certain amount of H2ZrF6 (45.0 wt.% in H2O)
and ZSM-5-st powder were dissolved into DI water for 1 h with stirring. The molar com-
position of the synthetic solution was 1.0 SiO2:mH2ZrF6:83.3 H2O. The products were
centrifuged, washed, and dried at 200 ◦C to obtain the final Zr(y)-ZSM-5-st catalyst, where
y represents the Si/Zr molar ratio (12, 40, 67, 133).
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3.2. Catalyst Characterization

The Rigaku D/Max2550VB/PC X-ray diffractometer (Rigaku, Tokyo, japan) was uti-
lized to collect the X-ray diffraction patterns (XRD) with Cu-Kα radiation. The Nicolet
NEXUS 670 spectrometer (Nicolet, Madison, KY, USA) was used to obtain Fourier transform
infrared spectroscopy (FT-IR) spectra by using KBr as the background. The Perkin-Elmer
Lambda 35 spectrophotometer (Perkin-Elmer, Waltham, WA, USA) was used for determin-
ing ultraviolet-visible spectroscopy (UV-vis) spectra within the range 200–800 nm, with
pure BaSO4 as the control. The Micromeritics ASAP 2020 machine (Micromeritics, Norcross,
GA, USA) was used for measuring N2 adsorption-desorption isotherms. Furthermore, the
JEOL JSM-2100 microscope (JEOL, Tokyo, japan) was used for obtaining TEM images. Next,
Quantachrome ChemBET TPR/TPD (Anton Paar QuantaTec, Boynton Beach, FL, USA) was
applied for obtaining ammonia temperature-programmed desorption (NH3-TPD) spectra.
The Perkin-Elmer PHI 5000C ESCA system (Perkin-Elmer, Waltham, WA, USA) was used
for performing XPS spectra. Zr and Al contents of Zr-ZSM-5-st catalysts were measured
using the Agilent 730 ICP-OES spectrometer (Agilent, Santa Clara, CA, USA).

3.3. Activity Test

The conditions for esterification reaction were described as follows. First, trimethylol-
propane (Macklin, Shanghai, China) was esterified with n-caprylic acid (macklin) within
the 100 mL three-necked round-bottomed flask (Shuniu, Chengdu, China) under magnetic
stirring. Subsequently, we added catalyst (0.5 wt%), 0.015 mol trimethylolpropane (2.01 g),
as well as 0.045 mol n-caprylic acid (trimethylolpropane to n-caprylic acid ratio, 1:3). Addi-
tionally, 3 mL toluene (Sinopharm chemical reagent co., Ltd, Shanghai, China) was added to
be the water-removing agent for a 5 h-reaction under 160 ◦C. Next, the mixed solution was
centrifuged for collecting the Zr-ZSM-5-st catalyst, which was then subjected to vacuum
drying before subsequent use. The solution was concentrated under rotational evaporation
for producing ester, and those by-products (water, nonreacted substrates) were eliminated.

To test the reusability of the chosen Zr(12)-ZSM-5-st(500) catalyst, the aforementioned
process was repeatedly conducted with the catalyst used. In addition, HR-MS and 1H NMR
were conducted for identifying products, with triphenylmethane used as the endogenous
reference to determine the yield based on 1H NMR. Supplementary materials display
details of the procedure.

4. Conclusions

Zr active species were implanted into the ZSM-5 zeolite framework to form a solid
acid catalyst through steam treatment and liquid–solid isomorphous substitution process.
The synthesis conditions of the Zr-ZSM-5-st catalysts were systematically investigated, and
the optimum synthesis conditions were determined. The as-synthesized Zr(40)-ZSM-5-
st(500) catalyst revealed superb catalytic activity in the esterification of trimethylolpropane
and FAs, with polyol esters production reaching 94.41%. FT-IR, XRD, N2 physisorption,
UV-vis, TEM-mapping, XPS, NH3-TPD and ICP, the structure-performance relationship
of the catalyst was clarified. The excellent catalytic performance of Zr-ZSM-5-st can be
attributed to the following causes. First, the implanted framework Zr species increases the
acidity of the catalyst, which provides catalytic active sites; second, the developed surface
area and pore structure of Zr-ZSM-5-st is conducive to the improvement of catalytic mass
transfer ability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12080901/s1, Figure S1: XRD patterns of Zr(40)-ZSM-5-st
treated at 400–700 ◦C (a) and Zr-ZSM-5-st(500) with Si/Zr mole ratio of 12–133 (b); Figure S2: TEM im-
ages of ZSM-5 zeolite; Figure S3: NH3-TPD spectra of Zr(40)-ZSM-5-st treated at 400–700 ◦C (a) and
Zr-ZSM-5-st(500) with Si/Zr mole ratio of 12–133 (b); Table S1: Surface area and pore volume
distribution of ZSM-5, Zr-ZSM-5 and a series of Zr-ZSM-5-st catalysts.

https://www.mdpi.com/article/10.3390/catal12080901/s1
https://www.mdpi.com/article/10.3390/catal12080901/s1
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