Open Access Article. Published on 09 June 2025. Downloaded on 3/13/2026 6:04:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 19339

Received 7th April 2025
Accepted 28th May 2025

DOI: 10.1039/d5ra02407b

Efficient synthesis of tributyl citrate plasticizer via
esterification reaction using S0,427/ZrO,-TiO, as
catalystsy

Heyuan Song,*® Shuangtai Lei, &2 Weiguo Fang,? Fuxiang Jin,”> Meirong Kang,”
Jing Chen® and Hailong Liu*®

Tributyl citrate, an environment-friendly and nontoxic plasticizer, is commonly synthesized via the
esterification of citric acid and n-butanol. Highly effective SO42~/ZrO,-TiO, catalysts were prepared by
coprecipitation and impregnation for tributyl citrate production. The excellent conversion of 95.1% for
citric acid and selectivity of 98.8% for tributyl citrate were achieved over a 350,27/2r0,-TiO, (4:1)
catalyst with Zr/Ti mole ratio ~4/1 under optimal reaction conditions of 120 °C and acid-to-alcohol ratio
of 1/5. The textural and surface properties of the catalysts were characterized by nitrogen adsorption—
desorption, XRD, pyridine-FTIR, etc. The characterization results confirmed that the addition of TiO,
promoted the formation of ZrO, tetragonal phase to a certain extent, increased the specific surface area
of the catalyst, stabilized the combination of SO42~ and ZrO,, and reduced the loss of active sites. At the
same time, the 3504°7/ZrO,-TiO, (4:1) catalyst has stronger acidity and higher acid content, which
greatly improves the activity and stability of the catalyst. No significant decrease in the catalytic activity
and selectivity were found during 10 runs. A promising solid acid catalyst with an excellent performance
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Introduction

Recently, a variety of plasticizers such as phthalates, citrates, and
phosphates have been developed to change the properties of
different polymers for the various operating conditions. However,
plasticizer compounds containing aromatic rings are typically
toxic to humans and the environment." Tributyl citrate (TBC) and
acetyl-tributyl citrate (A-TBC), which have high thermal stabili-
ties, are new environment-friendly plasticizers that have been
gradually used in many polymer industries. In 2019, the global
TBC market size was approximately 14 500 tons, valued at
approximately $63 million. TBC is utilized as a solvent in the
production of poly-vinyl chloride (PVC) and its copolymers, which
are applied in the creation of food packaging films."* In addition,
TBC is extensively used as a safe and nontoxic plasticizer in
various sectors, including toy manufacturing, medical products
(such as enteric coatings for controlled drug release systems),
printing ink coatings, biodegradable polymers, cosmetics, and
food additives.** Nowadays, citric acid (CA) is largely produced
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was developed for esterification reactions.

via biological fermentation in industry. Esterification of CA
derived from renewable resources with n-butanol has created
a fully bio-renewable and eco-friendly approach for the efficient
production of the nontoxic TBC plasticizer in the presence of
various acidic catalysts (Scheme 1).° Classical esterification
reactions are generally catalyzed using concentrated protic acids,
such as inexpensive H,SO,, hydrochloric acid, etc. Although
protic acids exhibited high catalytic activity in the reactions,
serious corrosion of equipment occurred and increasing
byproducts existed during the total process. Additionally, a stoi-
chiometric base was employed to neutralize the acidic solution,
and a large amount of waste was generated. The utilization of
efficient and recyclable solid acid catalysts can avoid the insur-
mountable shortcomings of protonic acids.®

In recent years, a variety of solid catalysts have been devel-
oped for the synthesis of TBC, including solid superacids,
molecular sieves, supported heteropolyacids, poly-ionic liquid
and so on.”” Based on their strong acidity and high catalytic
activity, the solid acids for SO,*~ supported over M,O, oxides
have been paid much attention for the esterification of CA and
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Scheme 1 The esterification of CA with n-butyl CA to form TBC.
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n-butanol. Among them, SO,> /ZrO, catalysts, with high
activity, has been widely used in esterification.” Xu et al.**
prepared a solid superacid catalyst M-S,05> /ZrO, for esterifi-
cation of TBC,the conversion rate decreased to 85.5% after
repeated use for four times; Yang et al.' prepared a ZS/HMS
solid acid catalyst loaded with zirconium sulfate (ZS) on HMS
molecular sieves. In the esterification reaction of CA and n-
butanol, the conversion rate of CA was 93%. Nandiwale et al.**
loaded phosphorus onto USY molecular sieves and prepared
a P/USY catalyst with 2% phosphorus content, which could be
reused for 5 times in esterification reaction of CA and n-butanol.
Wang et al.® prepared a supported PTA/PANI catalyst with high
activity and stability, and the selectivity of TBC was 95% at 170 °
C. However, the industrial application of SO, /M,O, catalysts
is frequently limited by their instability in aqueous environ-
ments, mainly due to the leaching of SO,>~ ions resulting in
poor catalyst reuse.** Therefore, with the increasing market
demand for TBC, it is imperative to develop more efficient and
stable solid acid catalysts to promote the esterification of CA
and n-butanol in industry.

This study presents a novel approach to prepare highly active
and stable solid acid catalysts (SO,> /ZrO,-TiO,) for selectively
producing nontoxic TBC plasticizers through the esterification
of renewable CA and n-butanol. The SO,> /Zr0O,-TiO, catalyst
with different SO,>~ contents and Zr/Ti mole ratios prepared by
the precipitation impregnation method showed the best cata-
lytic performance for TBC synthesis among the various solid
acid catalysts investigated. Additionally, a range of character-
ization methods, such as X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FT-IR), ammonia tempera-
ture programmed desorption (NH;-TPD), nitrogen adsorption—
desorption isotherms (BET), pyridine Fourier-transform
infrared spectroscopy (Py-FTIR), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and elemen-
tary analysis were utilized to determine the physical and
chemical characteristics of the catalysts. Finally, the reaction
conditions were optimized, and the structure-activity relation-
ship and reusability of the catalyst were studied.

Experimental section

Materials

Zirconium nitrate (Zr(NO;),-5H,0, AR) and tributyl citrate
(C18H3,07, AR) were purchased from Shanghai Macklin
Biochemical Co., Ltd. Citric acid (C¢H;00s, AR), n-butanol
(CH;3(CH,);0H, AR), ammonium hydroxide (NH;-H,O, 25-
28 wt%), and concentrated sulfuric acid (H,SO4, ~98%) were
purchased from Tianjin Fuchen Chemical Reagent Co., Ltd.
Titanium(wv) tetrachloride (TiCl,, AR) was obtained from Tianjin
Kemi Ou Chemical Reagent Co., Ltd. All chemicals and reagents
were used directly without any additional purification.

Catalyst preparation

The $O,*>/Zr0,-TiO, catalyst was prepared by coprecipitation-
impregnation method. In general, 0.5 M Zr(NOj;), and TiCl,
solutions are prepared respectively according to different Zr/Ti

19340 | RSC Adv, 2025, 15, 19339-19347

View Article Online

Paper

ratios, and then they are mixed. Under violent stirring, the
excess ammonia water (25%) was added into the mixed solution
until pH ~9 at room temperature. After aging for 3 h, the
precipitate is then filtered and wash with distilled water until no
Cl™ ions (detected with a 1 mol per L AgNO; solution). After
drying at 110 °C for 12 h, the obtained powder samples were
ground and impregnated in varying concentrations (1.0, 2.0,
3.0, 4.0, and 5.0 M) of H,SO, solution for 1 h. After filtration,
washing, and drying, the sample was calcined at 650 °C for 4 h.
The resulting catalysts, xSO,> /ZrO,-TiO, (m:n), where “x”
denotes the concentration of H,SO, used, where m : n stand for
the ratios of Zr/Ti.

Catalyst characterization

XRD patterns were acquired with a RigakuD/MAX-2400 diffrac-
tometer, utilizing Cu Ka radiation, and operated at voltages and
currents of 40 kV and 30 mA respectively.

FT-IR spectroscopy was performed using a Nicolet 5700
infrared spectrometer. The spectra were captured from 4000-
400 cm ™' at room temperature.

SEM was performed using an SU8020 (Hitachi, Japan) elec-
tron microscope. The microscope was operated at acceleration
and landing voltages of 15 kV and 1.0 kV, respectively. Prior to
the test, the powdered sample was uniformly glued to a sample
table coated with a conductive adhesive.

TEM was performed using an FEI JEM2010 electron micro-
scope operated at an accelerating voltage of 200 kV. Prior to the
analysis, the catalysts were finely ground into a powder,
dispersed in anhydrous ethanol using ultrasonic waves, and
then applied to a carbon-coated copper grid.

The specific surface area and pore structure of the catalyst
samples were measured using a Micromeritics Tristar IT 3020
analyzer at liquid-nitrogen temperature. Before the test, the
samples were degassed at 90 °C for 1 h and at 300 °C for 4 h to
remove the physically adsorbed water and impurities. The
Brunauer-Emmett-Teller (BET) equation was used to calculate
the specific surface area, and the pore volume and size of the
samples were calculated based on P/P, = 0.99 single point
adsorption.

NH;-TPD spectra were collected using a DAX-7000 automatic
chemisorption analyzer (Hunan Huasi Company). Before each
measurement, the samples were pretreated at 200 °C for 1 h
under 40 mL min~ " of He stream. The pretreated samples were
then exposed to 40 mL min~" of 10% NH;-N, gas stream at
100 °C for 1 h, and then heated to 800 °C at a heating rate of 10 ©
C min~" in 40 mL min~" of He stream. The NH; desorption
signal was collected using a thermal conductivity detector
(TCD), and the desorption peak of NH; was quantitatively
analyzed using the pulse method.

The presence of Lewis and Brensted acid sites on the catalyst
surface was determined using Bruker's Tensor 27 Fourier
Transform Infrared Spectrometer (Py-FTIR). Samples were pre-
treated at 400 °C and 10~* Pa for 1 h before testing, and
a blank experiment was conducted by collecting the spectrum of
the sample disk. Pyridine adsorption was performed at room
temperature, followed by desorption at 150-400 °C for 1 h. After

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cooling to room temperature, the infrared spectrum in the
range of 1700-1400 cm™ " was recorded.

The sulfur (S) element content of the catalyst was measured
using an Agilent 725-ES Inductively Coupled Plasma Emission
Spectrometer (ICP-OES). Prior to testing, the samples were
neutralized with nitric acid to slightly acidify the solution by
microwave ablation.

Catalytic tests

The esterification reaction of citric acid (CA) and n-butanol was
performed in a three-necked flask with a condenser and a water
konckout vessel with stirring at 500 rpm. Typically, 0.1 mol of
citric acid, 0.45 mol of n-butanol, and 1 wt% catalyst were added
into the reactor. The mixture was heated to at 120 °C and
maintained for 4 h. The resulting liquid products were quali-
tatively and quantitatively analyzed using an Agilent 7890A/
5975C Gas Chromatography-Mass Spectrometry (GC-MS)
system with an HP-5MS column,and an Agilent GC-7820N
instrument with an HP-5 capillary column (30 m x 0.32 mm
x 0.25 pm) and FID, respectively. The citric acid conversion and
product selectivity were calculated as follows:

(1) The all liquid after reaction were separated with the
catalyst and weighed as W.

(2) The reaction solution with mass W; was calibrated with
a KOH solution using phenolphthalein as an indicator.’
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Fig. 1 XRD patterns of 350,27/ZrO,-TiO, catalyst, (a) 350427 /ZrO,—
TiO5 (1: 4), (b) 350427 /ZrO»-TiO5 (1: 2), (€) 35042 /ZrO»-TiO5 (1: 1), (d)
350427/2r0,=TiO; (21 1), () 350427 /ZrO,=TiO, (4 : 1), (f) 350427 /ZrOs.
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All products were weighed to calculate the CA mass in the
remaining products and marked as 7,.

n7C><V><W
T 3w,

Conversion of CA(%) = %
1

x 100

WZ1/M|

Selectivity of TBC(%) = oy My 1 My + 1y M,

x 100

where W is the total mass of the reaction mixture, W; is the
calibrated mass of the reaction mixture, C is the KOH concen-
tration, V is the volume of KOH utilized, n, is the initial molar
quantity of citric acid, n, is the post-reaction molar quantity of
citric acid, m, is the concentration of TBC determined by GC, m,
is the concentration of MBC identified by GC, m; is the
concentration of DBC quantified by GC, M; is the molecular
weight of TBC, M, is the molecular weight of MBC, and M; is the
molecular weight of DBC.

Results and discussion

Catalysts characterization

The XRD patterns of the calcined 3S0,> /ZrO,-TiO, catalysts
with different Zr/Ti molar ratios are shown in Fig. 1. In all
catalysts, a pronounced and well-defined peak is visible at 26 =
30°, indicative of high crystallinity. In addition, in Fig. 1(d-f),
a moderate peak was observed near 50°, along with several
smaller peaks at 35°, 60°, and 63°."** These peaks are indicative
of ZrO,'s tetragonal phase, which is known to boost catalytic
performance.’*® The 26 peaks at 25.1° is characteristic of the
anatase phase of TiO,, whereas peaks at 26 values of 28.3°,
53.5° and 54.7° correspond to the monoclinic phase of ZrO,."**°
Evidently, with an increase of Zr/Ti molar ratios, the samples
3804>7/Zr0,-TiO, (4 : 1) and 3S0,> /Zr0,-TiO, (2 : 1) predomi-
nantly crystallize into the tetragonal structure, as indicated by
the broad peaks at 26 = 30°. Notably, higher crystallinity is
observed in the 350,>"/ZrO,-TiO, (4 : 1) sample when the Zr/Ti
molar ratio reaches 4: 1, as shown in Fig. 1(e). No other sulfur-
related peaks were detected apart from those of TiO, and ZrO,,
suggesting a high dispersion of SO,>~ ions within the catalyst.

Table 1 Element content of ICP-OES and physical N2 adsorption and desorption isotherms analysis results

Zr contents” Ti contents” S contents® Surface area” Pore volume? Pore size”
Catalysts (Wt%) (Wt%) (Wt%) (m*>g™) (em*>g ™) (nm)
350,>7/Zr0, 70.55 — 0.44 25.8 0.06 8.7
350,27 /Zr0,-TiO, (1:4) 14.91 59.84 0.46 30.8 0.12 16.1
350,> /Zr0,-TiO, (1:2) 20.92 42.41 0.60 33.1 0.20 24.6
350,27/Zr0,-TiO, (1:1) 32.67 32.25 0.38 34.8 0.13 15.0
380,>7/Zr0,-TiO, (2:1) 43.86 22.70 0.71 471 0.19 16.1
3580,27/Zr0,-TiO, (4:1) 55.58 13.85 0.55 58.9 0.18 12.0

“ Determined by ICP-OES analysis. ” Calculated from the BET method.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 19339-19347 | 19341


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02407b

Open Access Article. Published on 09 June 2025. Downloaded on 3/13/2026 6:04:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ICP-OES was used to analyze the elemental content of the
synthesized catalyst (Table 1). It was found that the elemental
content ratio was consistent with that of the designed catalyst,
indicating that the designed catalyst was successfully prepared.

Table 1 summarizes the results of physical N, adsorption
and desorption isotherm analyses. As the mole ratios of Zr to Ti
in the 3S0,> /Zr0,-TiO, catalyst increase, the BET surface area
of the catalyst continuously increasing from 30.8 to 58.9 m*g .
However, the pore volume and average pore diameter initially
increased and then decreased, which reached the maximum
value for the catalyst with Zr/Ti mole ratios ~1/2. For the
380,%7/Zr0,-TiO, catalyst, the degree of aggregation of the
metal oxide precursors was significantly affected by the free
hydroxide content on the surface of the particles.?® The 350>/
Zr0O,-TiO, (4:1) catalyst with the largest Zr/Ti ratio had the
largest specific surface area, which is significantly high
compared with other catalysts, but the void volume and average
pore size are not the largest. This change was caused by the
addition of a certain amount of TiO,, which ultimately
improved the catalytic activity.”® The type IV isotherms of
350,%7/Zr0,-TiO, catalysts all indicate the presence of typical
mesoporous structural features, and H, type hysteresis loop
indicates that the catalyst is irregularly close-packed spherical
pore (Fig. S1t). The high specific surface area and moderate
average pore size are conducive for enhancing the exposure of
active sites and the diffusion of substrates and products, thus
improving the catalytic performance.

As shown in Fig. 2, FT-IR spectroscopy was employed to
analyze the skeletal structure of the 350,> /ZrO,-TiO, series
catalysts with different Ti/Zr mole ratios. All the catalyst
samples displayed similar structural characteristics, as evi-
denced by the comparable absorption bands across the spectra.
In the 350,> /ZrO,-TiO, series catalysts, distinct bands at 3427
and 1635 cm™' were identified, indicative of the stretching
vibration absorptions of surface hydroxyl groups and chem-
isorbed water molecules, respectively.'* The bands at 1139 cm ™ *
and 1046 cm " relate to the stretching vibrations of the
0=S=0 and 0O-S-O bonds, whereas the 1245 cm~* band is

I'ransmittance(a.u.)

T T T T T
2500 2000 1500 1000 500
Wavenumber(cm™')

T T
4000 3500 3000

Fig. 2 FI-IR spectra of SO427/ZrO,-TiO, catalyst series. (a) SO4>/

ZrO,=TiO, (1:1), (b) SO427/ZrO,-TiO, (1: 4), (c) SO4>/ZrO,-TiO, (1
2), (d) SO427/ZrO,-TiO; (2: 1), (€) SO427/ZrO,~TiO, (4 :1).
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Fig. 3 SEM images of 35047 /ZrO,-TiO, catalysts, (a) SO4° /ZrO,—-
TiO, (1:1), (b) SO42~/ZrO,-TiO, (1:4), (€) SO42/ZrO,-TiO, (1:2), (d)
SO427/ZrO,-TiO5 (2 : 1), (€) SO42/ZrO,-TiO5 (4:1).

linked to the bidentate chelation of SO,>~ ions with the metal
oxide, implying that sulfate groups were introduced into the
ZrO, framework.”** And the covalent double bond properties
can induce acid properties. The 510 cm ' frequency band
corresponds to the vibrations in the Ti-O-Ti, Zr-O-Zr, or Ti-O-
Zr networks within the catalyst.

Fig. 3 presents SEM images of the samples with different Zr/
Ti mole ratios. Fig. 3(a)-(d) show significant aggregation of the
nanoparticles. These aggregations led to fewer interparticle
voids, resulting in lower BET surface areas ranging from 30.8 to
47.1 m”> g, as indicated in Table 2. Additionally, Fig. 4(e)
shows some irregular spherical crystal particles. They are closely
packed, forming an abundance of intercrystalline pores within
the materials. This structural arrangement likely contributed to
the larger BET surface areas observed in these samples.”> With
increasing Zr/Ti ratios, the catalyst particle size decreased,
thereby increasing the specific surface area and catalytic
activity.

Table 2 Elemental content of ICP-OES and physical N2 adsorption
and desorption isotherms analysis results

Acitidy® (umol g™)

Catalyst Weak Moderate Strong Sum
350,>7/Zr0,-TiO, (1: 4) 82.1 82.8 80.7 245.6
3580,%/Zr0,-TiO, (1:2) 65.3 72.0 70.5 207.8
350,% /Zr0,-TiO, (1:1) 62.8 61.4 52.3 176.5
3580,%7/Zr0,-TiO, (2: 1) 82.1 87.6 93.6 263.3
3580,>7/Zr0,-TiO, (4: 1) 69.1 80.6 153.5 303.2

¢ Calculated from the NH;-TPD method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM images of 350,27/ZrO,-TiO, catalysts, (a) SO4>~/ZrO,—-
TiO, (1:1), (b) SO42~/ZrO,-TiO, (1:4), (c) SO4>/ZrO,-TiO, (1:2), (d)
SO427/ZrO,-TiO5 (2: 1), (€) SO42/ZrO,-TiO, (4 : 1).

Fig. 4 shows TEM images of samples with different Zr/Ti
ratios. They all have similar crystal structures. As the Zr/Ti
ratio increases, the grain arrangement becomes more
compact, forming a smaller grain spacing. In addition, placing
titanium oxide in zirconium crystals and sulfate ions caused the
zirconium crystals to decompose, inhibiting the tetragonal
monoclinic phase transition that occurs in coarser grain sizes.>®
Moreover, the monotonic structure of the titanium oxide crystal
affected the zirconia crystal, thereby improving its catalytic
activity of the zirconia crystal.””*

Fig. 5 shows a comparison of the NH;-TPD curves of all five
catalysts. The ammonia desorption curve of the catalyst showed
desorption peaks at 200, 400 and 600 °C, which are ascribed as
weak, moderate and strong acid sites, respectively. With the
increase of the Zr/Ti ratio, the acid site of the catalyst decreases

B 3so4 /ZrOz-Tlol(l.l)
S| ki
= f“ )
E] 350,%/2:10 -T|Oz(21)
Y I Sy
g _,a | 7 L P —— “W
8 .
=

380,%/Zr0. -Tl02(4 1)z

T T T
200 300 400 500 600 700
Temperature(°C)

Fig. 5 NHs3-TPD profiles of prepared catalysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Py-FTIR spectra of $0427/ZrO,-TiO, catalyst, (a) desorption
spectra of different catalysts at 200 °C, (b) desorption spectra of
SO427/ZrO5-TiO, (4:1) catalyst at different temperatures.

first and then increases. When the Zr/Ti ratio is 1, the acid site
of the catalyst is the least and the total acid content is 176.5
umol g~ *. When the Zr/Ti ratio continues to increase to 4, the
catalyst has a strong peak at 600 °C, which is the strong acid
site, and the total acid content also increases to 303.2 pmol g~*
(Table 2). Generally, in esterification reactions catalyzed by solid
acids, the more strongly acidic the sites are, the more conducive
the catalytic reactions and the more significant the effect of the
catalyst.”

Fig. 6 displays the Py-FTIR spectra of pyridine adsorbed on
350, /Zr0,-TiO, at varying temperatures, with the desorption
profiles of pyridine at 150, 300, and 400 °C corresponding to

Table 3 Comparison of catalytic activity of SO42~/ZrO, with different
sulfuric acid concentrations®

Selectivity/%
Catalyst Conversion/% MBC DBC TBC
1S0,%7/Zr0, 64.8 25.5 30.5 44.0
2580,%7/Zr0, 68.9 24.8 31.3 43.9
350,27/Zr0, 78.9 21.4 29.3 49.3
450,>7/Zr0, 73.7 22.6 29.6 47.8
550,%7/Zr0, 72.7 26.5 30.4 43.1

@ Reaction conditions: n-butyl alcohol/CA = 4.5, 120 °C, 1 wt% catalyst,
4 h reaction time.
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weak, medium, and strong acid sites, respectively. The charac-
teristic peak of pyridine ion was formed at the Lewis acid site at
1446 cm ', the coordination bond between pyridine and
Bronsted and Lewis acid site was formed at 1490 cm ™!, and the
formation of pyridine at the Brgnsted acid site occurred at
1540 cm™'.3%% Fig. 6(a) shows the pyridine characteristic peaks
of 350,>7/Zr0,-TiO, catalysts with different Zr/Ti ratios. As
shown in Table 3, with increasing Zr/Ti ratios, the number of
acidic sites gradually increased and 35S0, /ZrO,-TiO, (4:1)
catalyst contained the most acid sites. As observed in Fig. 6(b),
there is a noticeable decrease in the number of both Brgnsted
and Bronsted + Lewis acid sites with an increase in the pyridine
desorption temperature across each spectrum. At the desorp-
tion temperature of 300 °C, the Brgnsted acid site disappeared.
When the desorption temperature increased to 400 °C, the
Lewis acid site was not completely desorbed, but the peak of the
Bronsted + Lewis acid site became much weaker. All the strong
acid sites in 3S0,>7/Zr0O,-TiO,(4 : 1) catalysts were Lewis acid
sites. This is primarily because of the transformation of
Bronsted acid sites into Lewis acid sites through dehydrox-
ylation, leading to the scenario where peaks associated with
Bronsted + Lewis acid sites predominantly represent Lewis acid
sites.

Catalytic performance

The catalytic activity of SO,> /ZrO, catalyst at different sulfuric
acid concentrations of 1-5 M was investigated (Table 3). As the
amount of H,SO, impregnation increased from 1-3 M, the
catalytic effect has also been significantly enhanced. In the
esterification reaction, the conversion rate of CA and selectivity
of TBC continuously improved, the conversion rate increased
from 64.8% to 78.9%, and the selectivity increased from 44.0%
to 49.3%. At this time, the selectivity of the by-products mon-
obutyl citrate (MBC) and dibutyl citrate (DBC) decreased to
21.4% and 29.3%, respectively. When the impregnation amount
increased from 3 M to 5 M, both the conversion rate of CA and
the selectivity for TBC started declining. This was mainly
because the SO, bound to the catalyst was saturated.
According to the characterization results of NH;-TPD, the
amount of acid on 3 SO,>/ZrO, catalyst was the largest (Fig. S2
and Table S17). Therefore, 350,>/ZrO, catalyst showed the best
catalytic performance with CA conversion of 78.9% and TBC
selectivity of 49.3%. The influence of reaction parameters was
also studied.

The effect of different metals on SO,> /ZrO, catalyst was
investigated under the condition of 3 M H,SO, concentration.
The catalytic activity of different oxides on the modification of
380,%7/ZrO, catalyst was examined. The 350,> /ZrO, catalyst
was modified by adding Al,0;, MgO, Fe,O;, and TiO,. The
activity of the modified catalyst was investigated, and it was
found that the conversion of CA was not significantly improved,
but the selectivity for TBC was significantly improved after TiO,
modification (Table 4). The TBC selectivity increased from
49.3% to 57.2%. Therefore, 350, /ZrO,-TiO, catalyst was
selected as the catalyst for esterification. Combining the BET
and XRD results, the 350,>/Zr0O,-Al,0; and 3S0,%~/ZrO,-TiO,
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Table 4 Comparison of catalytic activity of 3504%7/ZrO, modified
with different oxides®

Selectivity/%
Catalyst Conversion/% MBC DBC TBC
350,%7/Zr0,-Al,05 74.3 28.9 26.4 44.7
350,%/Zr0,-MgO 71.8 30.4 26.5 43.1
350,%7/ZrO,-Fe,0; 73.1 27.1 27.2 45.7
350,%7/Zr0,-TiO, 79.5 18.5 24.2 57.2

“ Reaction conditions: n-butyl alcohol/CA = 4.5, 120 °C, 1 wt% catalyst,
4 h reaction time.

catalysts were found to have larger specific surface areas than
the 3S0,%/Zr0,-Fe,0; and 350> /ZrO,-MgO catalysts (Fig. $3
and Table S271). However, 380,%7/Zr0,-Al,0; is an amorphous
material, and its catalytic activity is not as good as that of
380,27 /Zr0,-TiO,. Therefore, 350,% /ZrO,-TiO, was selected
as the catalyst to study the catalytic performance.

The influence of different Zr/Ti ratios on 350,%/ZrO,-TiO,
catalyst was investigated under the condition of 3 M H,SO,
concentration. The catalytic activity of 3S0,> /ZrO,-TiO,
composite catalysts with different ratios was examined. Table 5
presents the results of CA esterification catalyzed by 350,>7/
Zr0,-TiO, complex catalysts with different Zr/Ti ratios. With an
increase in the TiO, content, the conversion of CA and the
selectivity for the TBC both decreased, and the addition of
a small amount of TiO, improved the catalytic activity. When
the Zr/Ti ratio of the catalyst was 4: 1, the CA conversion and
TBC selectivity were the highest at 84.8% and 73.9%, respec-
tively. According to BET and NH;-TPD characterization results,
3580, /Zr0,-TiO, (4 : 1) catalyst had the largest specific surface
area and most acid sites.

The conversion rate of CA and selectivity of the TBC were
different under different reaction conditions. Thus, the effects
of reaction parameters such as the alcohol-acid ratio, catalyst
dosage, reaction temperature, and reaction time on TBC
production were optimized over the most active 3S0,> /ZrO,-
TiO, (4:1) to achieve a high CA conversion rate and TBC
selectivity.

Optimizing the n-butyl alcohol to CA molar ratio is crucial, as
a lower ratio may prevent chemical equilibrium, whereas
a higher ratio could dilute and reduce catalytic efficiency. This

Table 5 Comparison of catalytic activity of 350,27/ZrQ,-TiO, with
different Zr/Ti ratios®

Selectivity/%
Catalyst Conversion/% MBC DBC TBC
3580,% /Zr0,-TiO, (1:4) 79.8 16.8 17.4 65.9
380,>7/Zr0,-TiO, (1:2) 76.8 20.6 24.2 55.3
3580,%7/Zr0,-TiO, (1:1) 79.5 18.5 24.2 57.2
380,>7/Zr0,-TiO, (2:1) 81.3 14.3 19.3 66.4
3580,%/Zr0,-TiO, (4: 1) 84.8 9.8 16.3 73.9

“ Reaction conditions: n-butyl alcohol/CA = 4.5, 120 °C, 1 wt% catalyst,
4 h reaction time.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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butyl alcohol, reaction conditions: 120 °C, 6 wt% catalyst, 4 h reaction
time.

effect was examined by varying the concentration of CA from 3 :
1 to 7:1 ratio. At lower ratios of 3:1 and 4: 1, the CA conver-
sions were 75.4% and 79.4%, respectively (Fig. 7). Increasing the
n-butyl alcohol concentration to 5:1 improved the CA conver-
sion to 86.0%. However, at higher molar ratios (6:1 and 7: 1),
a slight decrease in CA conversion was observed, likely due to
dilution effects. Therefore, the most effective reactant molar
ratio was determined to be 5 : 1, which achieved the highest CA
conversion of 86.0% and TBC selectivity of 81.1%. At this time,
the selectivity of the by-products MBC and DBC decreased to
8.2% and 10.7%, respectively.

The effect of temperature on the reaction was evaluated
using the 350,> /ZrO,-TiO, (4:1) catalyst across a range of
110-150 °C (Fig. 8). An increase in temperature from 110 to
140 °C resulted in an increase in CA conversion from 62.5 to
93.8%. At 110 °C, the CA conversion and TBC selectivity were
relatively low, at 62.5 and 29.8%, respectively. Increasing the
temperature to 120 °C increased both CA conversion and TBC
selectivity to 86.0% and 81.1%, respectively. Further tempera-
ture increasing up to 140 °C enhanced CA conversion to 93.8%

~Q— conversion of CA

100 4 ~@— sclectivity of MBC
@ sclectivity of DBC
@~ sclectivity of TBC

80 +

60 4

40 4

conversion and selectivity(%)

20 4

T T T T T
110 120 130 140 150
Temperature(°C)

Fig. 8 Effect of temperature on the esterification of CA with n-butyl
alcohol, reaction conditions: n-butyl alcohol/CA = 5, 6 wt% catalyst,
4 h reaction time.
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and TBC selectivity to 96.6%. However, a slight decrease in both
CA conversion and TBC selectivity was noted at 150 °C. Thus,
140 °C was identified as the optimum temperature for the
reaction with the 3504> /ZrO,-TiO, (4 : 1) catalyst.

The effect of varying the catalyst dosage of 3S0,> /ZrO,-
TiO,(4:1) from 2 wt% to 8 wt% relative to the total reactant
mass was explored. The results showed that increasing the
catalyst dosage from 2 wt% to 6 wt% led to an increase in the CA
conversion from 89.0% to 93.9%, respectively; however, beyond
this, the conversion decreased to 92.5% (as shown in Fig. 9). The
TBC selectivity improved from 82.9% to 96.4%. However, with
8 wt% catalyst, the TBC selectivity decreased from 96.4% to
91.2%.

The performance of the 350, /ZrO,-TiO, (4 : 1) catalyst was
assessed over a reaction time ranging from 2 h to 10 h (Fig. 10).
After 2 h, CA conversion and TBC selectivity stood at 84.9% and
63.3%, respectively. Extending the reaction time to 8 h resulted
in a CA conversion of 95.1% and TBC selectivity of 98.8%. When
the reaction time was increased to 10 h, the CA conversion
reached 96.8%, with a TBC selectivity of 100%. The minimal

=@ conversion of CA
100 4~ selectivity of MBC

~Q— sclectivity of DBC
~Q— selectivity of TBC =

(%)

80 4

60

rsion and selectivity

: 40

convel

20
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Catalyst amount(wt%)

Fig. 9 Effect of catalyst dosage on the esterification of CA with n-
butyl alcohol, reaction conditions: n-butyl alcohol/CA = 5 and 120 °C,
4 h reaction time.
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Fig. 10 Effect of reaction time on the esterification of CA with n-butyl
alcohol. Reaction conditions: n-butyl alcohol/CA = 5 and 120 °C,

6 wt% catalyst.
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change in the CA conversion and attainment of 100% TBC
selectivity between 8 and 10 h suggests that 8 h is the optimal
reaction time.

Catalyst reuse cycle

Recycle test of the catalyst was conducted under optimal
conditions (n-butyl alcohol/CA = 5: 1, catalyst amount: 6 wt%,
and 120 °C), with a run time of 8 h for each test (Fig. 11). In our
study, the effect of catalyst reuse on catalytic activity was the key
focus, particularly in terms of CA conversion and TBC selec-
tivity. After each reaction, the catalyst was removed from the
reaction mixture, cleaned with methanol, and dried for subse-
quent use. This process is exemplified using the 350,>/ZrO,-
TiO, (4 : 1) catalyst in esterification reactions. As observed from
Fig. 11, both the conversion of CA and the selectivity of TBC
using the 380,> /ZrO,-TiO, (4:1) catalyst exhibited a slight
decline with each successive reuse of the catalyst. After ten
cycles, there was a noticeable decrease in performance: the
conversion rate of CA decreased from 95.1% to 87.3%, and the
selectivity of TBC decreased from 98.8% to 91.6%. This trend
highlights the need to consider the durability and longevity of
catalysts in practical applications, especially when they are
reused multiple times. By collecting the catalyst after the reac-
tion, the physical loss was found to be 6.3%. The catalysts were
characterized before and after the reaction. As presented in
Table S3,7 the specific surface area of the catalyst after use was
reduced from 58.9 m* ¢~ ' to 44.5 m” g~ ', which was caused by
the collapse of the catalyst pore. Simultaneously, the S content
in the catalyst decreased from 0.48% to 0.22%, indicating that
the SO,>~ supported by the catalyst was lost, but the decrease in
catalytic activity was not significant.

Catalyst mechanism

The esterification of CA with n-butanol can be explained by the
interaction between the adsorbed CA and free n-butanol, which
adheres to the Eley-Rideal (E-R) model, as outlined in ref.
32-35. Scheme 2 present the E-R mechanism for the esterifi-
cation process under the influence of the 3S0,>~/Zr0O,-TiO, (4 :
1) catalyst based on the proposed model.>**” Typically, the CA

I Conversion of CA
100 4 [ Selectivity of TBC
Q
<80
2
z
1
2
260
2
‘740 -
5
z
S
204
0
1 2 3 4 5 6 7 8 9 10

Recycle times

Fig. 11 Reusability of 350,427/ZrO,=TiO, (4 : 1) in the TBC production
process.
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Scheme 2 Mechanistic representation of esterification of CA mono-
hydrate with n-butanol to synthesize TBC on Lewis acid sites.

carboxyl group is first adsorbed and activated by a catalyst,
leading to the formation of a carbonyl ion and its subsequent
reaction with a hydroxyl group. This step is followed by
hydrogen transfer and dehydration, resulting in the formation
of an intermediate that ultimately yields the TBC via a desorp-
tion process. Notably, the mass transfer resistance of large
molecular substances, such as CA and its ester, can affect the
efficiency of the catalyst, as indicated in ref. 38. Thus, the
catalyst performance is influenced not only by the number of
active sites but also by its textural properties.

Conclusions

This study demonstrated that the incorporation of TiO, into the
380,%7/Zr0, catalyst markedly improved its specific surface
area and pore size. All samples tested in this study exhibited the
formation of only a tetragonal ZrO, crystal phase. The results
showed that while synthesizing TBC through the esterification
of CA and n-butanol, modifying 3S0,> /ZrO, with TiO,
substantially enhanced the activity and stability of the catalyst.
The 3S0,> /Zr0,-TiO, catalyst demonstrated optimal catalytic
performance, achieving a CA conversion rate of 93.9% and TBC
selectivity of 96.4% under specific conditions of a 5:1 molar
ratio of n-butanol to CA, 6.0 wt% catalyst dosage, 4 h reaction
time, and a temperature of 120 °C. Notably, the catalytic activity
of the 350,%7/Zr0,-TiO, (4 : 1) catalyst remained robust after 10
cycles. This underscores its potential as an efficient and
environment-friendly catalyst for the esterification of CA and n-
butanol.
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