
Accepted manuscript (author version) 
 

 
This article has license CC BY 4.0 https://creativecommons.org/licenses/by/4.0/ 

 

To appear in:  

Iranian Journal of Catalysis (IJC) 

Online ISSN: 2345-4865  Print ISSN:  2252-0236 

 

This PDF file is not the final version of the record. This version will undergo further 

copyediting, typesetting, and review before being published in its definitive form. We are 

sharing this version to provide early access to the article. Please be aware that errors that 

could impact the content may be identified during the production process, and all legal 

disclaimers applicable to the journal remain valid. 

 

Received: 13 January 2026 

Revised: 02 April 2026 

Accepted: 16 April 2026 

Published Online: 28 July 2026 

 

 

 

 

 

 

 



Accepted manuscript (author version) 
  

      © Author(s) 2026     CC BY 4.0 https://creativecommons.org/licenses/by/4.0 

DOI: 10.57647/ijc.2026.1603.23 

RESEARCH PAPER 

A Novel Solid Acid Catalyst for the Esterification Reaction of n-

butanol and Acetic Acid: Sulfated Ceria and Amorphous Silica 

Kum-Hyok Song, Myong Yun, Un-Ha Kim*, Se-Ok Pak 

Faculty of Chemistry, Kim Il Sung University, Pyongyang, Democratic People’s Republic 

of Korea 

* E-mail: uh.kim0102@ryongnamsan.edu.kp (U. H. Kim) 

(https://orcid.org/0009-0004-6774-188X)  

Abstract 

A novel solid acid catalyst based on ceria and amorphous silica was successfully prepared 

by coprecipitation-impregnation method with ceric sulfate and sodium metasilicate. This 

research aimed to examine the availability of sulfated ceria and amorphous silica catalyst 

for the synthesis of n-butyl acetate. The catalyst was characterized by means of XRD, N2 

sorption, SEM, Hammett Indicator titration, FT-IR, TG-DTA. The experimental results 

show that this catalyst has the high catalytic activity and reusability because of the strong 

acidity and good thermal stability of sulfated ceria. With the catalyst, the maximum 

conversion of acetic acid was obtained as 97.3% under the optimum conditions (molar ratio 

of n-butanol to acetic acid 1.6, catalyst amount 2.3 wt%, reaction temperature 120 °C, 

reaction time 120 min). Moreover, even at temperatures higher than 120 °C, any by-

products were not formed and the conversion of acetic acid was up to 90% for five cycles. 
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We confirmed that sulfated ceria and amorphous silica-based solid acid catalyst could be 

used effectively for the esterification reaction. 

Keywords: Ceria, Silica, Solid acid, Esterification 

1. Introduction 

In the esterification reactions, conventional homogeneous acid catalysts, such as sulfuric 

acid and hydrochloric acid, have inevitable drawbacks because of their severe corrosion 

and environmental problems [1]. In order to overcome these deficiencies, a variety of 

solid acid catalysts have been developed. For instance, they include zeolites [2-5], 

bentonites [6-8], hetero-polyacids [9-11], metal oxides [12-17], carbon-based solid acids 

[18,19], and metal organic frameworks [20-23], etc. Currently, many studies have 

focused on the esterification of n-butanol with acetic acid [22-25]. 12-Tungstophosphoric 

acid-encapsulated metal-organic framework UiO-66 (30HPW@UiO-66) could be used 

to catalyze the esterification reaction of acetic acid with n-butanol, which resulted in the 

conversion of 80.21% at the optimum conditions [22] and HPW@UiO-67 has been 

studied as catalyst for this reaction, having the conversion of acetic acid above 63.1% 

after four reaction cycles [23]. The Porous Niobium Oxide (V) catalyst was utilized in 

the esterification reaction of acetic acid with n-butanol, where a maximum ester yield of 

89% was determined at the optimum conditions [24]. The catalyst showed stable activity 

over five cycles only with a little decrease in yield. SO4
2-/ZrO2@Nb2O5-NT catalyst was 

exploited as a solid acid catalyst for the esterification of acetic acid with n-butanol, in 

which the esterification rate reached up to 92.31% under the optimum conditions [25].  

SO4
2-/MxOy metal oxide-based solid acids have the advantages of strong acidity, high 

catalytic activity, easy separation, low waste generation, good environmental friendliness, 
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etc. [13]. Among them, two main kinds of sulfated zirconia (SO4
2-/ZrO2) and sulfated 

titanium oxide (SO4
2-/TiO2) have been widely investigated due to their strong acidities in 

many reactions. However, they have some shortages like rapid deactivation and low 

service life, which hindered their application in practice [26-30]. For these problems, 

extensive efforts have been involved in improving the performance of SO4
2-/MxOy. The 

representative schemes involved the partial replacement of MxOy with different oxides 

such as SiO2, CeO2 and SnO2 [12,15-17] or the load of sulfated metal oxide on porous 

silica materials such as MCM-41 and SBA-15 [26-28,32]. Meanwhile, there are many 

literatures in which new types of modified SO4
2-/MxOy solid acid catalysts have been 

developed [13,31].  

However, there is very little attention to the usage of CeO2 as the main oxide of SO4
2-

/MxOy solid acid. Although the CeO2/SBA-15 catalyst with high specific surface area has 

been studied, its application is limited mainly to the NH3-SCR reaction [33]. Since the 

process of acid treatment to enhance surface acidity was not involved in the preparation 

of this catalyst, it is not suitable that CeO2/SBA-15 would be considered the solid acid 

catalyst for the esterification reaction.  

In this paper, a novel solid acid based on ceria and amorphous silica was prepared using 

ceric sulfate and sodium metasilicate and was characterized by different techniques. 

Moreover, its catalytic activity was examined for the esterification reaction. 

Combination of sulfated ceria and amorphous silica would be able to improve the 

catalytic activity and stability of the solid acid. First, sulfated ceria can exhibit a strong 

acidity and reusability. Ceric sulfate as a Lewis acid could become an effective catalyst 

for the esterification reaction, but it was difficult to use it repeatedly because of the 

considerable loss of ceric sulfate during the reaction. Conversion of ceric sulfate to 
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sulfated ceria can enhance the stability and reusability of the solid acid. Second, the 

utility of inexpensive amorphous silica instead of MCM-41 and SBA-15 gives rise to a 

considerable increase in the specific surface area of sulfated ceria. Therefore, our solid 

acid catalyst could have a promising application in the esterification reaction.  

2. Materials and Methods 

2.1 Catalyst preparation 

The materials used for the preparation of solid acids were Ce(SO4)2·4H2O (99%, 

analytical pure), Na2SiO3·5H2O (99%, analytical pure), 96wt% H2SO4 and 20wt% 

aqueous ammonia. 

Ceria and amorphous silica-based solid acid were obtained as follows: The calculated 

amount of Ce(SO4)2·4H2O was dissolved in 100 mL of a 0.2 mol/L sulfuric acid solution 

at 5 °C. Dissolving in dilute sulfuric acid solution was to prevent hydrolysis of 

Ce(SO4)2·4H2O. Then 42.4 g of Na2SiO3·5H2O (SiO2 0.2 mol) was added to and 300 mL 

of distilled water in the beaker, which resulted in SiO2 concentration below 5%. Sodium 

metasilicate solution was slowly added to ceric sulfate solution under magnetic stirring at 

10 °C to form silica and cerium hydroxide (IV) precipitates. The pH of the solution was 

maintained at 6 by the addition of 0.5 mol/L sulfuric acid or 0.5 mol/L aqueous ammonia. 

The stirring continued until the formation of a pale yellow precipitate. The reaction 

mixture was kept undisturbed for 24 h and the precipitate was separated. Then, the 

precursor obtained when drying the precipitate at 90 °C for 12 h was impregnated in 5.0 

mol/L of sulfuric acid solution for 8 h and then filtered, followed by calcination at 600 °C 

for 2 h. We will adopt S/C-S designation for the obtained solid acid catalyst. 
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2.2 Esterification reaction 

The esterification reaction was carried out in a three-necked flask under atmospheric 

pressure, which is equipped with a magnetic stirrer, a thermometer and a refluxing 

condenser tube. The reaction conditions were as follows: the molar ratio of n-butanol to 

acetic acid was 1.6, the catalyst amount was 2.3 wt% (weight percentage of the reaction 

mixture), the reaction time was 120min and the reaction temperatures were 120 °C. After 

the reaction, the catalyst was immediately separated from the reaction mixture by 

filtering. Then, the titration experiment was rapidly performed, which was used to 

determine the residual acid. Namely, 0.50 mL reaction mixture was added in 20.00 mL 

absolute alcohol and titrated by 0.10 mol/L NaOH solution using phenolphthalein as an 

indicator. Then, the conversion of acetic acid was measured using the following equation:  

The conversion of acetic acid(%) =
(୑బି୑భ)

୑బ
× 100                  (eq.1) 

M0: Acid value before reaction  

M1: Acid value after reaction 

In order to examine the stability, prepared solid acid catalyst was repeatedly used for the 

batch reaction process. After each catalytic examination was completed, the catalyst was 

filtered from the reaction mixture, and dried at 70 °C for 10 h in air. Then, the catalyst 

without any further intermediate reactivation was repeatedly used in a new reaction cycle 

under the same reaction conditions. 

2.3 Catalyst characterization 

The crystalline structure and phase composition of the prepared solid acids were analyzed 

by Rigaku Miniflex X-ray diffractometer with a Cu Kα radiation source at 40kV and 

100mA, and the XRD patterns were recorded by scanning the samples in a 2θ range of 5-

60°, applying a scan speed of 3°/min. The average crystallite size of the product was 
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estimated with the help of Scherrer equation. A specific surface area of the sample was 

determined by using N2 adsorption isotherms at -196 °C by the multipoint Brunauer-

Emmett-Teller (BET) method using a Quantachrome Autosorb Automated Gas Sorption 

system. The surface area was calculated with the BET equation and the pore volume and 

diameter were calculated by using the BJH method. The morphologies and sizes were 

observed using a JSM-6610A scanning electron microscope at an accelerating voltage of 

20 kV. Acid strength of the samples was determined by titration with n-butylamine using 

thymol blue (H0= +1.2), anthraquinone (H0= -8.20) and p-nitrotoluene (H0= -11.35) as 

the Hammett indicators and benzene as the solvent. The titration was carried out by 

dispersing 0.10 g of catalyst in 5 mL of dry benzene; two indicator drops in benzene 

solution were then added to the resulting dispersed solution and the titration was done 

with a solution of n-butylamine (0.01N). The acidity strength was expressed in terms of 

the Hammett acidity (Ho). Fourier transform infrared (FT-IR) spectra of the prepared 

solid acid and product were recorded on a Nicolet 6700 IR spectrometer at 4 cm−1 

resolution in the spectral range of 4000-500 cm-1 using the conventional KBr pellet 

technique. FT-IR of adsorbed pyridine spectra was recorded on a Frontier FT-IR 

spectrometer. Before measurement, the sample was pretreated at 300 °C for 1 h in a 

vacuum followed by being cooled to 30 °C and adsorbed pyridine vapor for 0.5 h. The 

adsorbed pyridine was subsequently degassed for 1 h at 150 °C and removed. Then, the 

FT-IR spectrum of the adsorbed pyridine was recorded. Thermogravimetric analysis 

(TGA)/differential thermal analysis (DTA) of samples was carried out using the 

instrument Shimadzu TGA-5H and Shimadzu DTA-50. The sample was placed in a 

platinum container and TGA was carried at a ramping rate of 20 °C/min with the sample 

gas as Nitrogen at a flow rate of 60.0 ml/ min up to 950 °C. The sample was decomposed 
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by combustion and all the sulfur species were converted into SO3. The formed SO3 was 

absorbed in calcium iodide solution and the sulfur content was determined by titration. 

3. Results and Discussion 

3.1 Characterization of the prepared solid acid 

3.1.1 XRD analysis 

The XRD pattern of the prepared S/C-S solid acid is shown in Fig. 1. The strong 

characteristic peaks at 2θ values of 27-29°, 32-34°, 47-49°, 56-58° are assigned to ceria. 

 

Figure 1. XRD pattern of S/C-S solid acid with 40 wt% ceria sulfate loading 

obtained after calcinations at 600 °C for 2 h 

As indicated in Fig. 1, the peaks corresponding to CeO2 were observed in the diffraction 

pattern of the solid acid, which is consistent with the standard database of Cerianite 

(PDF43-1002). No crystalline phases of impurities were found in the diffraction patterns, 

but the crystallization was not completed enough. The absence of the diffraction peaks 

corresponding to silica indicates the presence of amorphous silica.   

The broad diffraction peaks of CeO2 elucidate particles being of the little size.  
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By using the Scherrer equation (eq.2), the average crystallite size of the prepared solid 

acid at various peak positions was 12.7 nm. 

DC = 
௄ఒ

ఉ௖௢௦ఏ
                  (eq.2) 

The definitions of the equations’ symbols are as follows: The full width at half maximum 

(FWHM) in radians = β, the degree of diffraction angle = θ, the crystallite size = Dc, X-

ray wavelength=λ, the shape factor is equal to Scherrer’s constant, K = 0.94. 

The small crystallite size shows that coordinated SO4
2- on the surface of CeO2 suppressed 

the crystal growth. This allows the particles of the prepared solid acid to get further 

smaller size and the specific surface area to be increased, which is advantageous to 

increasing the activity of solid acid catalyst. 

3.1.2 The surface morphology analysis 

SEM images of the prepared S/C-S solid acid are shown in Fig. 3. As shown in Fig. 2, the 

size and shape of the particles are similar, and the particle size ranges from 100 to 300 

nm. A mass of small pieces is formed and has pores inside. This means that the obtained 

solid acid may have a relatively large specific surface area. 

     

Figure 2. SEM images of S/C-S solid acid with 40 wt% ceria sulfate loading obtained 

after calcinations at 600 °C for 2 h ((a) 1000 times and (b) 10,000 times) 
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3.1.3 BET specific surface area 

The N2 adsorption isotherm of S/C-S solid acid is shown in fig.3. The isotherm belongs to 

type Ⅳ and the solid acid still maintains the mesoporosity structure after calcination of 

600 °C. 

 

Figure 3. Nitrogen adsorption isotherm of S/C-S solid acid with 40 wt% ceria 

sulfate loading obtained after calcinations at 600 °C for 2 h 

The BET specific surface area, pore volume and pore diameter of S/C-S solid acid are 

reported in Table 1. 

Table 1. Surface area and porosity properties of S/C-S solid acid 

sample 
BET specific surface 

area / m2·g-1 

BJH cumulative 

pore volume / 

cm3·g-1 

BJH average pore 

diameter / nm 

S/C-S 440 0.52 5.61 
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The specific surface area of the solid acid is 440 m2/g, which is comparable to that of 

CeO2/SBA-15 catalyst for NH3-SCR reaction [33]. It is shown that amorphous silica can 

provide a specific surface area of the solid acid more than 400 m2/g. Also, pore volume 

and pore size data show that sulfated ceria/amorphous silica solid acid is a mesoporous 

material. The fact that the prepared solid acid catalyst has a large specific surface area 

and is a porous material is beneficial to improve the catalytic activity. 

3.1.4 Acidity strength 

The acid strength of the catalyst was determined by Hammett indicator method, and the 

results are listed in Table 2. In this table, (+) indicates that the color of the base form has 

been changed to that of the conjugated acid form, while (-) means that there is no color 

change. S/C-S solid acid exhibited obvious color change corresponding to thymol blue 

and anthraquinone indicators, but no color change for p-nitrotoluene.  

Table 2. Acidity of solid acid with Hammett indicators 

sample thymol blue anthraquinone p-nitrotoluene 

S/C-S + + - 

As can be seen from Table 2, the two indicators except p-nitrotoluene exhibited 

obvious color change. Thus, the prepared solid acid has at least the acidity of -

11.35<H0<-8.2 

3.1.5 Acid sites structure 

The infrared absorption spectrum of the prepared S/C-S is shown in Fig. 4. 
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Fig.4 IR spectra of S/C-S solid acid with 40 wt% ceria sulfate loading obtained 

after calcinations at 600 °C for 2 h 

As can be seen in Fig. 4, the band located at 3290 cm-1 corresponds to the stretching 

vibration of -OH, which is related to some adsorbed water of solid acid, and the band in 

the region of 809, 657 and 591 cm-1 corresponds to Ce-O bonds of ceria. The bands at 

1732, 1176 and 1096 cm-1 correspond to the Si-O-Si bonds of silica and the absorption 

area at 968 cm-1 is attributed to -OH stretching vibration of Si-OH groups. According to 

the previous researches, the significant absorption band of the bidentate anion in SO4
2-

/MxOy solid acid is observed in the region of 980~1230 cm-1 [34] and 957~1243 cm-1 

[35]. Therefore, the absorption bands at 1006, 1061 and 1129 cm-1 can be attributed to the 

bidentate coordinated sulfate ions.  
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The characteristic bands at 1006 and 1129 cm-1 is attributed to the symmetric stretching 

vibration of the O=S=O bond in the structure of the bidentate sulfate ion, and the 

characteristic bands at 1061 cm-1 are attributed to the asymmetric stretching vibration of 

the O=S=O bond. Such a bidentate structure seems to account for many acidic sites on 

surface of sulfated metal oxides, causing the sample possess acidity [13]. From the IR 

spectra of the prepared solid acid, it can be seen that SO4
2- is coordinated to ceria in the 

form of O=S=O bonds on the surface of the solid acid, which is the significant reason for 

the formation of the active acid centre on the surface of S/C-S solid acid. 

3.1.6 Types of acids 

The pyridine absorbed to the prepared S/C-S was used to determine Brønsted and Lewis 

acid sites. The FTIR-pyridine adsorption spectra of the S/C-S solid acid are shown in Fig. 

5. As pointed out in fig. 5, significant peaks exist in the area of 1450 and 1600 cm-1.  The 

pyridinium ions (PyH+) formed by the transfer of protons from the acidic hydroxyl 

groups in the solid acid to the organic base [34]. The band at 1450 cm-1 is assigned to the 

adsorption of coordinated pyridine in Lewis sites and wide bands from 1600 to 1640 cm-1 

correspond to Brønsted acid sites. Fig. 5 shows that the transmittance of the Lewis acid 

site is stronger than that of the Brønsted acid site. This indicates the presence of Lewis 

acid sites on the surface of the catalyst is more dominant. 
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Fig. 5 Pyridine adsorption FT-IR spectra of S/C-S solid acid with 40 wt% ceria sulfate 

loading obtained after calcinations at 600 °C for 2 h 

3.1.7 The content analysis of coordinated SO4
2- on the solid acid surface 

Thermogravimetric profile of the prepared solid acid was shown in Fig. 6.  TG profiles of 

solid acids show several weight losses. The weight loss in the range of 21-205 °C causes 

by the adsorbed water of the solid acid, and the weight loss between 205 °C and 422 °C is 

observed because of some bound water. It can also be seen that weight loss of 2.484 wt% 

caused ranging from 422 °C to 846 °C corresponds to the thermal decomposition of the 

remained Ce(OH)4, silanol groups of silica, a little of sulfated ceria. This phenomenon 

may be attributed to the fact that a significant weight loss in the range of 422 °C ~ 846 °C 

must be expected, yet there is only weight loss of 2.484 wt% if SO4
2- in the calcined solid 

acid exists mostly as the form of Ce(SO4)2. This indicates that SO4
2- may be bound to the 

surface of CeO2. The sulfur-containing components on surface of the solid acid were lost 

relatively gradually in the region of 422 °C ~ 846 °C and then lost rapidly beyond this 

temperature range. The weight loss of 6.806 wt% in the temperature range from 846 to 

983 °C corresponds to the decomposition of sulfated ceria. The thermogravimetric 

analysis displays that SO4
2- content coordinated to the prepared solid acid is considered as 
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more than 7 wt%. From this result, it is proved that the obtained S/C-S exhibits low 

losses of sulfur-containing components at temperatures below 400 °C, and the SO4
2-

coordinate bond on the solid acid surface is stable, so that it is not easily lost during the 

reaction. 

 

Fig. 6 TG profiles of S/C-S solid acid with 40 wt% ceria sulfate loading obtained 

after calcinations at 600 °C for 2 h 

3.2 Optimization of esterification conditions 

The main factors on the conversion of acetic acid are molar ratio of n-butanol to 

acetic acid, the catalyst amount, reaction time, reaction temperature.  

3.2.1 Effect of molar ratio of n-butanol to acetic acid on catalytic activities  
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Fig. 7 shows the effects of the molar ratio of n-butanol to acetic acid on the esterification 

efficiency of S/C-S solid acid. It can be observed that the conversion of acetic acid 

increases from 76.1 to the maximum 92.4% as the molar ratio of n-butanol to acetic acid 

increases from 0.7 to 1.6. Because an excess of n-butanol is normally used to allow the 

equilibrium to move into the production of butyl acetate. When the molar ratio of n-

butanol to acetic acid exceeds 1.6, there is a decrease in the conversion of acetic acid. A 

high molar ratio of n-butanol to acetic acid may dilute the concentration of acidity and 

slow down the reaction. Thereby, the molar ratio of 1.6 is enough suitable to achieve a 

high yield. 

 

Fig. 7 Effect of molar ratio of n-butanol to acetic acid on conversion of acetic acid 

(Reaction conditions: catalyst amount 3 wt%, reaction time 150 min, and reaction 

temperature 120 °C) 
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The reaction of butyl acetate synthesis is influenced strongly by the catalyst and the time 

to reach equilibrium depends on the type and catalyst amount. The variation of 

conversion of acetic acid with catalyst amount is shown in Fig.8. As can be seen in Fig.8, 

with the increase of catalyst amount, the conversion of acetic acid increases and then 

tends to decrease slightly from more than 2.3 wt%. This is attributed to the fact that the 

higher catalyst loading increases the loss of the product adsorbed on the catalyst during 

the separation of the product and S/C-S solid acid. Hence, a reasonable catalyst amount 

of 2.3 wt% was chosen. 

 

Fig. 8 Effect of catalyst amount on conversion of acetic acid (Reaction conditions: 

molar ratio of n-butanol to acetic acid 1.6, reaction time 150 min, and reaction 

temperature 120 °C) 

3.2.3 Effect of reaction time on catalytic activities 

The conversion variation of acetic acid with reaction time is shown in Fig. 9. As shown in 
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conversion of acetic acid reaches a maximum. Hence, a reasonable reaction time of 120 

min was chosen. 

 

Fig. 9 Effect of reaction time on conversion of acetic acid (Reaction conditions: 

molar ratio of n-butanol to acetic acid 1.6, catalyst amount 2.3 wt%, and reaction 

temperature 120 °C) 

3.2.4 Effect of reaction temperature on catalytic activities 

The conversion variation of acetic acid with reaction temperature is shown in Fig. 10. As 

can be seen in Fig. 10, with the increase of reaction temperature, the conversion of acetic 

acid increases and reaches a maximum at 120 °C, and then decreases. The reason for the 

decrease in conversion at reaction temperatures above 120 °C is that the higher the 

reaction temperature, the higher the amount of butanol dissolves in water and is lost. 
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Fig. 10 Effect of reaction temperature on conversion of acetic acid (Reaction 

conditions: molar ratio of n-butanol to acetic acid 1.6, catalyst amount 2.3 wt%, and 

reaction time 120 min) 

Eventually, the optimum conditions for the synthesis of butyl acetate were as follows: the 

molar ratio of n-butanol to acetic acid was 1.6, the catalyst amount was 2.3 wt%, the 

reaction time was 120 °C and then the reaction time was 120 min. At these conditions, the 

conversion of acetic acid was 97.3%. 

The catalytic activity of S/C-S solid acid compared to the other heterogeneous catalysts, 

as shown in Table 3. In the concept of optimum reaction condition, a lower molar ratio of 

n-butanol to acetic acid and shorter reaction time than those of other catalysts were 

obtained. Also, the catalyst amount was about 2.3%, which was a relatively low value 

than that of other catalysts. The conversion of acetic acid at the optimum reaction 

conditions was 97.3%, higher than the 30 HPW@UiO-66 and SO4
2-/ZrO2@Nb2O5-NT 

catalysts. 

Table 3 shows that the prepared catalyst has a relatively high catalytic activity compared 
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100 105 110 115 120 125 130 135
70

75

80

85

90

95

100

Reaction temperature (°C)

C
on

ve
rs

io
n 

of
 a

ce
tic

 a
ci

d 
(%

)



Accepted manuscript (author version) 
  

      © Author(s) 2026     CC BY 4.0 https://creativecommons.org/licenses/by/4.0 

Table 3 Comparison of S/C-S with other heterogeneous catalysts for the 

esterification of n-butanol with acetic acid 

Catalyst 

Reaction condition 
Conversion 

of acetic acid 

/% 

Reference 
n-butanol to 

acetic acid 

molar ratio 

Catalyst 

amount / 

wt% 

Temperature/ 

°C 

Time/ 

h 

S/C-S 1.6 2.3  120 2 97.3  

30HPW@UiO-66 2.0 3.0  120 3 80.2 [22] 

SO4
2-

/ZrO2@Nb2O5-

NT 

2.7 11 118 7 92.31 [25] 

S2O8
2-/Al-2.5  

wt%Ce–Zn–O 
3.0 1.55 115-118 3 98.71 [31] 

 

3.3 Selectivity and reusability of S/C-S solid acid 

Fig. 11 shows the IR spectra of the crude products obtained at 120 °C, 140 °C and 160 

°C. At 120 °C, the absorption peaks at 2961 and 2875 cm-1 correspond to the stretching 

vibration of two -CH3, and the absorption peak at 2936 cm-1 is assigned to the stretching 

vibration of -CH2-. The product butyl acetate is confirmed at wave number 1743 cm-1. 

According to Fig. 11, a strong peak was observed at 1743 cm-1 which indicated the 

presence of ester-carbonyl group(C=O). Also, the peak of C-O stretching vibrations was 

observed at 1241 cm-1. The IR spectrum of the product at 120 °C coincides with the 

standard spectrum of n-butyl acetate. The IR spectra of the products at 140 °C and 160 °C 

contain the bands at 3542 cm-1 and 2165 cm-1, which correspond to water, besides the 
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characteristic absorption bands of n-butyl acetate. Therefore, the reaction products were 

found to be n-butyl acetate and a small amount of water. The absence of characteristic 

bands relating to ether (1070-1150 cm-1) and alkene (1650 cm-1) means that there are no 

other side products in addition to n-butyl acetate, which displays that the prepared solid 

acid is a highly selective catalyst. 

 

Fig. 11 IR spectra of the synthesized reaction product at various esterification 

temperatures (Reaction conditions: molar ratio of n-butanol to acetic acid 1.6, catalyst 

amount 2.3 wt%, and reaction time 120 min) 

 

To examine the reusability of the S/C-S solid acid catalyst, the conversion of acetic acid 

was measured in the esterification reaction for five runs. The data of the reusability under 

the optimum synthesis conditions are shown in Fig. 12.  
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Fig. 12 Conversion of acetic acid with the times of the cycles (Reaction 

conditions: molar ratio of n-butanol to acetic acid 1.6, catalyst amount 2.3 wt%, reaction 

temperature 120 °C and reaction time 120 min) 

As shown in Fig. 12, the conversion of acetic acid declined slightly in each cycle, but the 

conversion still reached over 90% for five cycles of S/C-S solid acid. It is well known 

that loss of sulfur species as well as carbon deposition accounts for the deactivation of 

SO4
2−/MxOy solid acid catalysts.  

FT-IR analysis was performed to confirm the deactivation of S/C-S due to acid site 

blockage by carbon species. Figure 13 shows the IR spectra in the range of 500–4000 cm-

1 for the reused S/C-S of the first run and the fifth run. The absence of strong peaks at 

1600–1800 cm-1 indicated that carbonaceous materials were not present on the surface of 

the S/C-S.  

After five cycles, the color of S/C-S surface didn’t get dark, meaning that surface coking 

didn’t take place during the reaction.  
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In order to verify the loss of the sulfur in the catalyst, the sulfur contents of the fresh and 

used S/C-S solid acids were measured, as shown in Table 4. It was found that when the 

catalyst was repeatedly applied for five cycles, the sulfur content decreased slightly from 

2.88 wt% in the fresh catalyst to 2.57 wt% in the used catalyst. This means that the less 

leaching of the sulphonic groups into the reaction medium by solvation occurred. 

 

Fig. 13 IR spectra of S/C-S solid acids for different repeated reaction runs: a first 

use, b fifth use 

Table 4. Conversion of acetic acid over the fresh and used S/C-S solid acids and 

their sulfur content 

Item Fresh S/C-S 

Used S/C-S 

(after fifth recycling) 

Conversion of acetic acid /% 97.3 2.88 
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Sulfur content wt% 90.2 2.56 

The high catalytic activity even in the final cycle confirms that S/C-S solid acid 

has excellent stability. 

However, if the conversion was decreased to less than 80% with the cycles, the 

catalyst should be regenerated. Concentrated sulfuric acid could be available for the 

regeneration of the deactivated catalyst.   

4. Conclusion 

In this paper, we prepared and characterized a novel solid acid catalyst based on 

ceria and amorphous silica. The results of experiments show that the prepared solid acid 

can be used as an effective catalyst for the esterification reaction. The various 

instrumentations including XRD, N2 sorption, SEM, Hammett Indicator titration, FT-IR, 

TG-DTA analysis indicated that that the obtained catalyst was composed of CeO2 and 

amorphous silica and exhibited the acidity by sulfated ceria. Under the optimum reaction 

conditions, the highest conversion of acetic acid was observed as 97.3%. When the 

prepared solid acid was used in the synthesis reaction of butyl acetate, no any side-

products such as ether or alkene were formed even at temperatures higher than the 

optimum reaction temperature, and the conversion of acetic acid reached above 90% for 

five cycles. It means that sulfated ceria and amorphous silica solid acid catalyst has good 

selectivity and reusability, which has potential applications for many reactions catalyzed 

with any other acids. 
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