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Abstract 

Sulfated zirconia has been studied widely in recent years, particularly for its potential applications as solid catalysts in 

acid-catalyzed reactions. In addition, it has oxidizing properties that may play a role in synthesizing organic compounds. This 

paper introduces a series of SO4
2−/ZrO2 catalysts precipitated at different sulfuric acid concentrations (1–3 N) using a sol-gel 

method. The prepared catalysts were calcined at 300°C, 400°C and 500°C . In particular, surface acidity was measured using 

the n-butylamine method and by pyridine adsorption. A sulfated zirconia tetragonal phase was prepared in an acidic medium 

1N H2SO4. An amorphous to crystalline phase transformation occurred when the calcination temperature was increased. The 

incorporation of SO4
2− in ZrO2 increased the surface acidity of the catalysts. Moreover, acidity increased with increasing 

calcination temperature from 300°C to 500°C and then decreased. Hydrous zirconia was precipitated in an acidic medium 

followed by calcination to produce solid materials with useful properties that favor their application in photocatalysis by 

studying degradation of MB and MO dyes in water.  
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1. Introduction 

Zirconium oxide and zirconium compounds are 

increasingly recognized as valuable catalytic 

materials. In particular, zirconium oxide (zirconia) is 

an important support material for catalysis, having 

both acidic and basic properties [1]. Zirconia has an 

additional advantage in that the natures of the active 

sites are known and can be defined by the generated 

Brønsted and Lewis acid sites. Many methods have 

been explored to obtain superfine ZrO2 powders (e.g., 

hydrothermal process, vapor phases hydrolysis, gas 

condensation, sol-gel process, and combustion 

methods [2-3].  

Sulfated zirconia has attracted considerable 

interest and has been studied intensively in the last 20 

years [4]. Currently, it is recognized as very strong 

acid and possesses all the advantages of 

heterogeneous catalysts (e.g., easy separation, 

recovery, and reutilization). This material exhibits 

high catalytic activity in many industrially important 

reactions [5].  

SO4
2−-doped zirconia samples have attracted 

considerable interest because of their strong acid 

characteristics and their consequent potential as solid 

acid catalysts for selective hydrocarbon 

isomerization and several other acid-promoted 

reactions. This material is classically synthesized by 

the precipitation of zirconium hydroxide from the 

hydrolysis of ZrOCl2 aqueous salt solutions [6-8] 

The sol-gel template method is popular because of 

its distinctive advantages (e.g., high purity, 

homogeneous multicomponent nanoparticles, and the 

easy chemical doping of the prepared materials; [9-

10]. This method typically entails the hydrolysis of a 

solution to obtain colloidal particles (sol), and a gel 

then forms. The latter point of particular importance 

for the surface area of zirconia is usually relatively 

low at 20–50 m2/g, and different routes to obtaining 

high surface area zirconia have been reported [11-12] 

Several studies have confirmed that the acidity of 

sulfated zirconia is weaker than the acidity of pure 

sulfuric acid [13-14] 

This study provides evidence for the role of the 

sol-gel preparative variables and surface features of 

sulfated zirconia catalysts as well as the effect of the 

starting salts on the sol-gel method. In addition, this 

study examined the correlation between the catalytic 

properties of sulfated zirconia samples resulting from 

the calculations of a sulfated zirconium hydroxide 

between 300°C and 500°C and their acidic properties.  

 

2. MATERIALS AND METHODS 

Zirconium hydroxide was prepared by a sol-gel 

method from zirconium nitrate salt was dissolved in 

ethanol [15] and precipitated by the dropwise 
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addition of H2SO4 (Analar) with vigorous stirring. 

Subsequently, these gels were dried at 90°C for 3 hrs 

at rotary evaporator to obtain SZ powder , followed 

by calcination at 300°C, 400°C, and 500°C for 3 h. In 

the designation of these samples, the letters S and Z 

denote SO4
2− and ZrO2, respectively. The roman 

numbers I, II, and III refer to the calcination 

temperatures of 300°C, 400°C, and 500°C, 

respectively, while the Arabic numbers 1, 2, and 3 

represent the SO4 concentration. For example, the 

designation 1SZI indicates the sample precipitated by 

1N H2SO4 and calcined at 300°C. 

2.1 Characterization 

 XRD patterns was evaluated using PW 150 

(Philips) using Ni-filtered Cu Kα radiation in the 2θ 

range of 10º-80º to identify the formation of SZ 

nanoparticles phases and crystal size as a non-

destructive method [16]  using the following 

equation:  

  

 
The crystallite size was calculated to be 30.15 nm 

from the reflection of the tetragonal zirconia phase at 

2 h using the Scherer relationship  

, 

Where k, λ, β, and θ are the crystallite shape 

constant (≈1), radiation wavelength (Å), line breadth 

(radians), and Bragg angle, respectively.  

The total acidity of all the catalysts was 

determined using the n-butyl amine titration method 

[17] using an Orion 420 digital A model with a 

double junction electrode. In this method, 0.2 g of 

catalyst was heated under a vacuum, and 10 mL of 

acetonitrile was added. The suspension was titrated 

with 0.01 N n-butyl amines in acetonitrile after 2-h 

agitation. The addition continued until no further 

change in mV was recorded. The wavelength and 

absorbance of the prepared photocatalysts were 

measured using an ultraviolet–visible (UV–Vis) 

reflectance spectrophotometer to determine the 

bandgap from the Kubelka–Munk equation. The 

particle sizes of ZrO2 and SO4
2−/ZrO2 particles were 

determined by scanning electron microscopy (SEM; 

JSM-5900 LV) at an accelerating voltage of 20 kV. 

The Fourier-transform infrared (FTIR) spectroscopy 

of the adsorbed basic molecules, particularly 

pyridine, is used to examine the surface acidity (both 

Lewis and Brønsted types) of the catalysts. The FTIR 

spectra of pyridine adsorbed on the acid sites of the 

catalysts exhibited bands characteristic of Lewis and 

Brønsted acid sites. The percentage of Lewis–

Brønsted acid sites can be calculated using the 

integrated areas or the relative intensity of the 

characteristic bands of pyridine adsorbed on Lewis 

and Brønsted acid sites.. Photocatalytic activities of 

the SO4
2−/ZrO2 nanoparticles were estimated by 

studying the degradation of MB and MO dyes in 

water using UV–Vis light irradiation at 20°C by 

external lamp (Halogen Mercury lamp, 400 W 

UV/Vis lamps). 

 

3. RESULTS 

3.1 XRD 

This study investigated the main features of 

zirconia samples precipitated by sulfuric acid. The 

beneficial effect of the SO4
2− group on the surface and 

tetragonal phase of zirconia were examined by XRD. 

The phase composition and crystallite sizes were also 

determined for all the precursors and calcined 

samples, as described in the characterization section. 

Figures 1 and 2 shows the effects of the sulfuric acid 

concentration and calcination temperature on the 

crystal size and percentage of the tetragonal phase. 

The tetragonal phase increased with increasing SO4
2− 

concentration to 2 N and then decreased.  

 

 
  Fig. 1: X-ray diffraction patterns of the different SZI  

concentration, 1SZ I,  2SZ I  and 3SZ I  

 

A phase change from amorphous to crystalline 

(tetragonal and monoclinic) occurred as the 

calcination temperature increased as shown in Fig 2.  

 

 
Fig. 2:  X-ray diffraction patterns of 2SZ samples 

calcined at (a) 300oC,(b) 400oC, (c) 500oC 

 

3.2. UV–Vis absorption spectroscopy analysis 

Figures 3, 4 present the band gap variation. The 

absorbance was analyzed using the Kubelka–Munk 

equation to obtain the (αhv)2 values32. An 

extrapolation of the linear region of (αhν)2 vs. hν for 

the SO4
2−/ZrO2 films indicated that the band gap of 

the nanocomposites decreased slightly with an 
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increasing ZrO2 quantity in SO4
2−/ZrO2. The ZrO2 

bandgap energy was determined as 3.25 eV. The 

bandgap of the ZrO2/SO4
2− nanocomposite films 

ranged from 3.95 to 3.2 eV. The bandgap energy 

caused a redshift in the absorption peak with 

increasing ZrO2 content. This decrease in bandgap 

energy may be due to the formation of a charge–

transfer complex from the trap levels between the 

HOMO and LUMO energy states of SO4
2−, which 

promotes lower energy transitions leading to the 

observed change in the bandgap. 

The Eg values of ZrO2 and SO4
2−/ZrO2 were 3.27 

and 3.55 eV, respectively. The band gaps of the 

samples containing SO4
2− were 3.10–3.16 eV, which 

were smaller than those of pure oxides. 
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Fig 3 UV–Vis absorbance of the different SZI 

concentration, 1SZ I, 2SZ I and 3SZI 
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Fig 4 UV–Vis absorbance of 2SZ samples calcined at 

(a) 300oC, (b) 400oCand (c) 500oC 

3.3. SEM analysis 
Figure 5and 6 present SEM images of selected 

ZrO2 and SO4
2−/ZrO2 photocatalysts with various 

SO4
2− contents (1N, 2N, and 3N) in which 

agglomeration can be observed for all the samples to 

some extent. This particle aggregation may lead to 

the difference observed in the particle size obtained 

through the XRD and SEM analyses for ZrO2 and 

SO4
2−/ZrO2. In addition, SEM showed that the 

hexagonal phase increased with increasing SO4
2− 

content. Small crystals with various phases were 

interwoven, producing strongly bound nanoclusters. 

SEM was also used to confirm the distribution and 

size of ZrO2 in crystal structure. ZrO2 appeared as 

white spots and its particles were well spread. This 

showed that good adhesion between the surface of the 

ZrO2 nanoparticles and ZrO2 was achieved by 

modifying the surface of the ZrO2 nanoparticles. 

Fig 5 SEM image of the different SZI  

concentration, 1SZ I,  2SZ I  and 3SZ I  

3.4. Surface acidity  

The surface acidity of the investigated catalysts 

was determined by a nonaqueous titration of n-butyl 

amine (pKa = 10.73), which is a basic molecule 

suitable for titrating the medium and strong acid sites 

on the surface of the investigated catalysts[18]. The 

buffer behavior was more apparent as the acid sites 

of the solid become neutralized. Thus, the trend of the 

titration curve is asymptotic, leading to a 

characteristic value on the potential (in mV) axis, 

which in turn is related to the n-butyl amine volume 

per gram needed to neutralize surface acidity [15]. 

The magnitude of the change for the electrode 

potential in this method is related to the surface 

acidity of the catalyst [19]. Table 1 shows the volume 

of n-butyl amine per gram required to neutralize the 

surface acidity of some prepared catalysts and the 

total number of acid sites per gram. This technique 

was conducted by measuring the electrode potential 

(in mV) and pH as a function of the n-butyl amine 

concentration added (in mmole n-butyl amine per 
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gram catalyst). The total number of acid sites per 

gram of the catalysts was calculated using the 

following equation:  

Total number of acid sites per gram = (mL 

equiv/g) × N × 1,000 (where N is the Avogadro’s 

number).  

Table 1. Acidity parameters of the investigated 

catalysts: 

Total no. of 

acid sites  

Concentration 

(N) 

Calcination 

(0C) 

1.44x1023 1 

033 3.90x1023 2 

1.00x1024 0 

1.20x1023 1 

033 5.78x1023 2 

1.05x1024 0 

5.48x1023 1 

033 8.60x1023 2 

9.33x1023 0 

 

Fig 6 SEM  images for  2SZ samples calcined at 

(a) 300oC,(b) 400oC, (c) 500oC 

FTIR spectroscopy was conducted at room 

temperature [20]. A 0.05-g sample was degassed for 

~2 h at 250°C to reduce the amount of adsorbed 

molecular water. The samples were maintained in 

contact with pyridine vapor at room temperature for 

1 month before mixing 0.05 g of the sample with 0.1 

g of potassium bromide to produce a 30-mm diameter 

self-supporting disk. The FTIR spectra of the 0.05 g 

of the samples were recorded at room temperature in 

the 1,700–1,400 cm−1 region. 

The sulfated zirconia samples contain a mixture 

of Brønsted and Lewis acid sites, calculated from 

pyridine adsorption (Figure 7). Moreover, the 

Brønsted and Lewis acidity were quantified from the 

integrated areas of the absorbance bands at 1,541 and 

1,446 cm−1, respectively. The number of Brønsted and 

Lewis acid sites was calculated. The advantages of this 

technique are as follows. The Brønsted (B) and Lewis 

(L) acid sites can be distinguished because the IR 

spectra of adsorbed pyridine show characteristic 

differences. In situ pretreatments can be given to the 

catalyst, and the acid strength distribution of sites can 

be investigated by monitoring the pyridine 

thermodesorption [21]. The acid types on the surface 

of a solid acid can be differentiated because the 

spectrum of pyridine coordinately bonded to the 

surface is very different from that of the pyridinium 

ion [22]. The shift in the band wavenumber to higher 

values suggests that the strength of the acid sites 

increases based on the frequency shift of one of the 

bands of coordinately bonded pyridine compared to 

that in the liquid phase. In contrast, the shift to a lower 

wavenumber suggests that the strength of the acid sites 

decreases. 

 

3.5. Photocatalytic activity 

The photocatalytic activity of the prepared ZrO2 

and SO4
2−/ZrO2 catalysts for MB and MO degradation 

under irradiation with UV–Vis light was evaluated. 

First, a dry clean bottle containing 50 mL of a dye 

solution (10 ppm) and a 0.1 mg/L catalyst were stirred 

for 30 min in the dark. Subsequently, the bottle was 

irradiated with UV–Vis light for a certain time. A 1 

mL aliquot was taken, diluted 10 times, and 

centrifuged for 15 min to allow the catalyst to settle. 

The dye concentration was measured using a UV–Vis 

spectrophotometer at a certain wavelength according 

to the λmax of each dye (666 nm for MB and 464 nm 

for MO). The percentage removal was evaluated using 

the following equation: 
 

% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =
𝑐o − 𝑐t

𝑐o
∗ 100 

C0 is the initial concentration of dye (in 

milligrams per liter) and Ct is the concentration of dye 

(in milligrams per liter) at time t (in minutes). 
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Fig 7 : FT-IR spectra of pyridine adsorbed of the different SZ  samples 

. 

The effect of the SO4
2− concentration on the MB 

degradation was examined. Doping is an effective 

method of improving the activity of a wide band gap 

photocatalyst (e.g., ZrO2). The results summarized in 

figs 8, 9 shows that ZrO2 exhibited lower 

photocatalytic activity and a higher number of acid 

sites than those of SO4
2−/ZrO2. For the MB cationic 

dye, the low ZrO2 photocatalytic activity may be due 

to rapid electron–hole recombination and participation 

of a small part of these electrons and holes in the 

photocatalytic reaction. 

Among the SO4
2−/ZrO2 catalysts, ZrO2/5SO4

2− 

had the optimal doping level, leading to the maximum 

photocatalyst activity, which stems from the influence 

of SO4
2− in decreasing the recombination rate and 

creating a new ZrO2 energy level. The photocatalytic 

activity decreased with increasing SO4
2− content 

beyond 2N(Fig 8). This was attributed to the high 

SO4
2− content increasing the electron–hole 

recombination rate. 

The effect of the calcination temperature on MB 

degradation was examined. SEM, XRD, and UV–Vis 

spectroscopy showed that the calcination temperature 

has a significant effect on the bandgap and structure of 

the catalysts, eventually affecting the photocatalytic 

performance. The photocatalytic activity of 

ZrO2/SO4
2− for the photodegradation of the MB 

cationic dye at calcination temperatures of 300°C, 

400°C, and 500°C is presented in Figure 9. The 

SO4
2−/ZrO2 nanocomposite exhibited the best 

photocatalyst activity at a calcination temperature of 

400°C, as confirmed by SEM and XRD. 

.  
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Fig 9 Photocatalytic degradation curve of 2SZ samples 

calcined at (a) 300oC, (b) 400oC, (c) 500oC. 

 

 

4. DISCUSSION  
XRD highlighted the importance of the SO4

2− 

introduction step in the crystal phase development of 

sulfated zirconia. This feature could have been 

expected based on the already reported role of the 

SO4
2− in stabilizing the tetragonal polymorph [13] 

and delaying the growth of zirconia crystallites [14]. 

The tetragonal phase increased with increasing the 

SO4
2− concentration to 2 N and then decreased at 

higher concentrations. All the sample precursors 

calcined below 300°C were amorphous. In contrast, 

the samples calcined at temperatures 400°C behaved 

differently and began to crystallize. The monoclinic 

(28° and 31° 2θ) and tetragonal (30° 2θ) phases 

appeared as shown in XRD, depending on the SO4
2− 

content, accompanied by crystallite growth and 

instability of the tetragonal phase, indicating the 

sintering of zirconia particles due to the elimination 

of H2O and SO3. 

 XRD showed that the tetragonal phase increased 

with increasing sulfuric acid concentration up to 2 N, 

followed by a decrease.  

 The potentiometric titration curves were obtained 

to calculate the total number of acid sites. The 

number of acid sites increased with increasing 

sulfuric acid concentration due to the number of 

SO4
2− groups bonded to the zirconia surface. 

Therefore, an SO4
2−–Zr interaction could be 

responsible for the acidity of the catalysts. The 

samples calcined at 400°C produced higher surface 

acidity and was the optimal calcination temperature 

where the total surface acidity was maximum. A 

further increase in calcination temperature to 500°C 

led to a significant decrease in total acidity. The loss 

of surface acidity at higher calcination temperatures 

(500°C) for all samples may be due to the evolution 

of SO3 that decomposes from the SO4
2− group bonded 

to the zirconia surface. 

The pyridine adsorption technique enables an 

evaluation of the surface and the bulk acidity because 

of the high absorptivity of the SO4
2− acid catalyst to 

polar molecules as pyridine [23-24,16]. In addition to 

the reaction with the surface protons, pyridine also 

penetrates and reacts with the bulk acid sites of SZ. 

The integrated area of the pyridine band is a measure 

of the number of Brønsted and Lewis acid sites. The 

intensity of the Brønsted band pyridine (1,541 cm−1) 

and that for the Lewis band (1,446 cm−1) changed with 

the SO4
2− concentration on zirconia and the calcination 

temperature. 

SO4
2− groups generate strong Lewis and Brønsted 

acidity when adsorbed on the surface of SZ. SO4
2− 

species are Lewis acid sites that, by attracting 

electrons, generate Lewis acid centers on the oxide 

surface. These Lewis acid sites increased the Brønsted 

acid strength of the surface of hydroxyl groups present 

on the surface. Moreover, the chemical state of the 

SO4
2− groups sometimes determined the acidity of the 

oxide surface [25]. These results suggest that the 

distribution and the number of SO4
2− groups on the 

zirconia surface is a maximum responsible for the 

higher acidity reaching a maximum at 400°C. At 

calcination temperatures higher than 500°C, the SO4
2− 

group on the zirconium oxide surface decomposes. 

Hence, the surface acidity decreases. 

5. CONCLUSION 

Based on the aforementioned findings, the 

following are the main points that could be 

summarized. The tetragonal phase in the zirconia 

samples increased with increasing SO4
2− concentration 

to 2 N and then decreased at higher concentrations. By 

contrast, the sample calcined at 300°C–500°C was 

amorphous or poorly crystalline, while an increase in 

calcination temperature resulted in tetragonal and 

monoclinic phases. The SO4
2−–Zr interaction and the 
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calcination temperature could be responsible for the 

acidity. The acidity increased with increasing H2SO4 

concentration due to the increase in SO4
2− 

concentration. The calcination temperature, up to 

400°C, increased the acidity, but the acidity decreased 

at calcination temperatures higher than 500°C because 

The SO4 decomposed to SOx. Photodegradation of MB 

and MO dyes in water by SZ was the best at 

calcination 400°C and 2N concentration of H2SO4. 
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