
 
International Journal of Recent Development in Engineering and Technology 

Website: www.ijrdet.com (ISSN 2347-6435(Online) Volume 14, Issue 11, November 2025) 

140 

 

Sulfated ZrO2–Al2O3 Nanocomposites: Advances in 
Microwave-Assisted Synthesis and Catalytic 

Applications. 
Dr. Rajwanti 

 State Institute of Advanced Studies in Teacher Education Jhajjar, Haryana , Affiliated by M.D.U. Rohtak  

Abstract— Sulfated ZrO2–Al2O3 nanocomposites have 

emerged as highly effective solid acid catalysts due to their 
high surface area, strong acidity, and thermal stability. 

Microwave-assisted synthesis has recently gained attention for 

the rapid, energy-efficient fabrication of these 

nanocomposites, yielding uniform particle sizes and enhanced 

catalytic performance. This review summarizes recent 
advancements in the synthesis, characterization, and catalytic 

applications of sulfated ZrO2–Al2O3 nanocomposites. 

Emphasis is placed on esterification, transesterification, and 

other organic transformations, highlighting the benefits of 

microwave irradiation over conventional methods. Key 
findings, advantages, limitations, and future perspectives are 

discussed to provide a comprehensive understanding of this 

important class of catalytic materials. 
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I. INTRODUCTION 

Nanocomposites are increasingly applied in catalysis due 

to their unique physicochemical properties. ZrO2–Al2O3 

nanocomposites combine the high thermal stability of 

zirconia with the mechanical strength of alumina, making 

them ideal candidates for solid acid catalysts. Sulfation 

introduces Brønsted acid sites, enhancing catalytic activity 

in organic react ions. Microwave-assisted synthesis offers 

advantages including reduced reaction time, unifo rm 

heating, and energy efficiency, making it a preferred  

method for producing high-performance nanocomposites. 

This review summarizes recent literature on microwave-

assisted sulfated ZrO2–Al 2O3  Nano-composites and their 

catalytic applications. 

II. SYNTHESIS AND  METHODS 

2.1 Conventional Methods 

Traditional synthesis methods include co-precipitation, 

sol-gel, and hydrothermal techniques . While effective, 

these methods often require high temperatures, long 

reaction times, and result in heterogeneous particle sizes. 

2.2 Microwave-Assisted Synthesis 

Microwave-assisted synthesis offers rapid heating, 

shorter reaction times, and uniform particle distribution. 

Common approaches include microwave sol-gel and 

combustion methods 

Table 1: 
Synthesis Methods of Sulfated ZrO2–Al2O3 Nanocomposites 

METHO

D 

PRECURS

ORS 

MICROW

AVE 

CONDITI

ONS 

PARTICLE 

SIZE (NM) 

ADVAN

TAGES 

REFER

ENCE 

Co-

precipit

ation 

ZrOCl2, 

Al(NO3)

3, H2SO4 

N/A 20–50 Simple, 

low-

cost 

[1] 

Sol-gel ZrO(NO3

)2, 

Al(NO3)

3, H2SO4 

N/A 10–40 Homog

eneous 

particle 

[2] 

Microw

ave-

assisted 

sol-gel 

ZrO(NO3

)2, 

Al(NO3)

3, H2SO4 

300–600 

W, 5–10 

min 

8–25 Fast, 

unifor

m size 

[3] 

Combus

tion 

synthesi

s 

Metal 

nitrates + 

fuel 

500 W, 

2–5 min 

15–35 Rapid, 

high 

surface 

area 

[4] 

Laser 

co-

vaporiza

tion 

ZrO2 + 

Al2O3 

target 

CO2 

Laser 

5–20 Precise 

size 

control 

[5] 
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Figure 1: Microwave-Assisted Synthesis Schematic 

III. CHARACTERIZATION OF NANOCOMPOSITES 

 Structural: XRD, SEM, TEM, BET 

 Chemical: FTIR, XPS, Raman spectroscopy 

 Acidity/Basicity: NH3-TPD, Pyridine-FTIR 

[ Zr & Al Precursors + H2SO4] → Gel Formation → 

Microwave Irradiat ion (300–600 W) → Sulfated ZrO2–

Al2O3 Nanocomposite → Characterization & Catalytic 

Testing 

IV. CATALYTIC APPLICATIONS 

4.1 Esterification and Transesterification 

The efficiency of biodiesel production and esterification  

reactions with conversion of 90 –98% under microwave 

irradiations is very high. 

 

 

 

 

 

 

 

 

Table 2: 
Catalytic Performance 

REACTION CATALYST REACTI

ON 

CONDITI

ONS 

CONV

ERSIO

N (%) 

REUSAB

ILITY 

REFER

ENCE 

Transesterif

ication 

Sulfated 

ZrO2–

Al2O3 

65°C, 3 h 92 4 cycles [1] 

Alkylation Sulfated 

ZrO2–

Al2O3 

80°C, 1 h 88 3 cycles [2] 

Esterificatio

n 

(biodiesel) 

Sulfated 

ZrO2–

Al2O3 

(microwav

e) 

60°C, 5 

min, 

methanol 

95–98 5 cycles [3] 

Dehydratio

n of 

alcohols 

Sulfated 

ZrO2–

Al2O3 

70°C, 2 h 90 4 cycles [4] 

4.2 Organic Transformations 

Used in alkylation, acylation and dehydration reactions; 

microwave-assisted methods reduce reaction times 

significantly. 

4.3 Environmental Applications  

ZrO2 –Al2O3 nano-composites are effective in pollutant 

degradation and waste water treatment due to high surface 

area and acidity. 
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Figure 3  The Fabrication of sulfated ZrO2–Al2O3 Nano-composites 

via Combustion method for esterification reactions. 

V. MECHANISM OF CATALYSIS 

 Sulfated sites provide Brønsted acidity for proton-

catalyzed reactions. 

 Particle size and surface area directly influence 

catalytic efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VI. COMPARATIVE LITERATURE (2020–2025) 

Table 3: 

Microwave-Assisted Synthesis and Catalytic Applications 

STUDY SYNTH

ESIS 

METHO

D 

MICROWA

VE 

CONDITIO

NS 

CATALYT

IC 

APPLICAT

ION 

KEY 

FINDINGS 

REFER

ENCE 

Nayebza

deh et 

al. (2019

) 

Microw

ave 

combus

tion 

300–600 

W, 5–10 

min 

Esterifica

tion 

High 

catalytic 

activity, 

95–98% 

conversion; 

5 cycles 

Link 

Mu et 

al. (2022

) 

Microw

ave-

assisted 

sol-gel 

600 W, 10 

min 

Supporte

d ZrO2 

on 

MWCNT

s 

Enhanced 

dispersion 

and 

performanc

e 

Link 

Negrón-

Silva et 

al. (2008

) 

Microw

ave-

assisted 

synthes

is 

Not 

specified 

Biodiesel 

productio

n 

Improved 

yield and 

catalyst 

stability 

Link 

Pappalar

do et 

al. (2022

) 

Sulfatio

n of 

ZrO2 

Not 

specified 

Chitosan 

depolyme

rization 

Effective 

depolymeri

zation 

without 

acids 

Link 

Kahanda

l et 

al. (2023

) 

Review 

on 

sulfated 

oxides 

N/A Various 

organic 

reactions 

Comprehen

sive 

overview 

of sulfated 

oxide 

catalyst 

Link 

 

 

 

 

 

https://link.springer.com/article/10.1007/s40097-019-0304-y
https://www.sciencedirect.com/science/article/pii/S0378382022001321
https://pmc.ncbi.nlm.nih.gov/articles/PMC6245303/
https://www.frontiersin.org/articles/10.3389/fchem.2022.1057461/full
https://www.sciencedirect.com/science/article/pii/S2773223123000304
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VII. ADVANTAGES AND CHALLENGES 

Advantages: High acid ity, thermal stability, reusability , 

rapid microwave synthesis. Challenges: Scale-up, cost of 

microwave reactors, potential leaching of sulfates.  

VIII. FUTURE PERSPECTIVES 

 Explore hybrid or multi-component nanocomposites. 

 Develop greener and energy-efficient synthesis 

methods. 

 Expand industrial applications in biodiesel,  

pharmaceuticals, and environmental remediat ion. 

IX. CONCLUSION 

Sulfated ZrO2–Al2O3 nanocomposites are versatile  

solid acid catalysts. Microwave-assisted synthesis improves 

particle uniformity, surface area, and catalytic efficiency. 

Future research should focus on sustainable fabrication and 

industrial-scale applicat ions. 
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