
0 

 

SONOPHOTOCATALYTIC DEGRADATION OF 

ORGANIC POLLUTANTS IN AQUEOUS SOLUTIONS 

UNDER VISIBLE LIGHT USING METAL 

IMPREGNATED PHOTOCATALYSTS 

 

 

Ph.D THESIS  

BY 

FATIMA KHITAB 

 

 

 

 

INSTITUTE OF CHEMICAL SCIENCES 

UNIVERSITY OF PESHAWAR 

 PAKISTAN 

OCTOBER 2018 



0 

 

SONOPHOTOCATALYTIC DEGRADATION OF 

ORGANIC POLLUTANTS IN AQUEOUS SOLUTIONS 

UNDER VISIBLE LIGHT USING METAL 

IMPREGNATED PHOTOCATALYSTS 

 

BY 

FATIMA KHITAB 

 

DISSERTATION 

SUBMITTED TO THE UNIVERSITY OF PESHAWAR 

IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF DOCTOR 

OF PHILOSOPHY  

IN CHEMISTRY 

 

 

 

 

 

 

 

INSTITUTE OF CHEMICAL SCIENCES 

UNIVERSITY OF PESHAWAR  

PAKISTAN 

OCTOBER 2018 



0 

 

Certificate of Approval 

This is to certify that the research work presented in this thesis, entitled “Sonophotocatalytic 

Degradation of Organic Pollutants in Aqueous Solutions under Visible Light using 

Metal Impregnated Photocatalysts” was conducted by Ms. FATIMA KHITAB d/o 

ABDUL KHITAB under the supervision of Prof. Emeritus Dr. Muhammad Rasul Jan. 

No part of this thesis has been submitted anywhere else for any other degree. This thesis is 

submitted to the “Institute of Chemical Sciences” in partial fulfillment of the requirements 

for the degree of Doctor of Philosophy in the field of Chemistry. 

Institute of Chemical Sciences 

University of Peshawar. 

Student Name: Fatima Khitab          Signature: ____________ 

Examination Committee 

     a)  External Examiner 1:        Signature: ____________ 

          Dr. Amir Waseem 

          Professor, Department of Chemistry, 

          Quaid-i-Azam University, Islamabad. 

 

     b) External Examiner 2:      Signature: ____________ 

          Dr. Rashid Ahmad 

          Professor, Department of Chemistry, 

          University of Malakand, Dir Chakdara. 

 

    c) Internal Examiner:                  Signature: ____________  

          Dr. Imtiaz Ahmad 

          Professor, Institute of Chemical Sciences, 

          University of Peshawar. 

 

Supervisor: 
         Prof. Emeritus Dr. Muhammad Rasul Jan (PoP, S.I)           Signature: _____________ 

         Vice Chancellor 

         University of Poonch, Rawalakot, Azad Kashmir. 

Co-supervisor: 
         Dr. Jasmin Shah (T.I)                    Signature: _____________ 
         Meritorious Professor 

         Institute of Chemical Sciences, 

         University of Peshawar. 

Name of HOD: Professor Dr. Ghias Uddin             Signature: _____________ 

 

 



1 

 

Author’s Declaration 

I Ms. Fatima Khitab hereby state that my Ph.D thesis titled “Sonophotocatalytic 

Degradation of Organic Pollutants in Aqueous Solutions under Visible Light using 

Metal Impregnated Photocatalysts” is my own work and has not been submitted to 

previously by me for taking any degree from this University “University of Peshawar” or 

anywhere else in the country/world. 

At any time if my statement is found to be incorrect even after my graduation the university 

has the right to withdraw my Ph.D degree. 

 

         Fatima Khitab 

         Tuesday, Dec 2, 2019 

 

 

 

 

 

 

 

 

 

 



0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the name of ALLAH, the most Beneficent, the most Merciful. 

 

 

 

 

 

 

 

 



0 

 

 

 

 

To My Beloved Parents, 

My Husband and My Daughter 

Umme Hani Basit with Prayers and 

Love 

 

 



0 

 



i 

 

ACKNOWLEDGEMENTS 

 

To the Almighty ALLAH, the most gracious, the most compassionate, who is the creator of 

the heavens and the earth and He, who guides us in oceans of darkness and difficulties, the 

most merciful and beneficent, I bow my head and heart who blessed me the vigor, audacity, 

and comprehension to complete this project successfully, and showed me the right path in 

life. May Allah accept this work as Sadqa-e-Jaria for helping the environment and his 

creation, and reward us the highest level in Jannah. All respects for our Holy Prophet 

Rehamtul-lil-alamin, Muhammad (SALLALAHO ALAIHI WASSALAM). During my PhD 

a number of people contributed, to whom my words are insufficient to acknowledge. 

First, I submit my highest appreciation to my supervisor, Professor Emeritus Muhammad 

Rasul Jan (PoP, SI), whose thought provoking attitude, skilled discussions, highly 

specialized guidance, constant support and continuous feedback enabled me to complete this 

thesis. I am thankful to him and acknowledge his devotion and precious time. 

I am also obliged to my co-supervisor, Meritorious Professor Jasmin Shah (TI), whose 

institution elevated me to the stature I am today, who has been my parent, my mentor, my 

confidant, my colleague, and a never-ending fount of moral support. Whose guidance, 

stimulation, valuable suggestions, constant encouragement and affectionate behavior helped 

me to complete this work. She encouraged me to not only grow as a researcher and as a 

chemist, but also as an instructor and an independent thinker. She is an excellent example of a 

good and successful women chemist. 

In fact, I am truly thankful to both of them and find myself lucky to have such teachers who 

are considered as a pride of KP, who cared so much about me and my work. I pray, may 

Allah shower his endless blessing upon them and reward them according to his generosity. 



ii 

 

I express my humble gratitude to all the faculty members of the institute, especially the 

teaching faculty of our section Assistant Prof. Dr. Kashif Gul, Dr. Sajjadullah, Dr. 

Behisht Ara and Mrs. Saima Sohni. 

I am obliged to Mr. Iftikhar Ahmad, Mr. Zia ur Rehman, Mr. Muhammad Ilyas, Mr. 

Mumtaz,  Mr. Muhammad Ali, other clerical and para teaching staff. 

In my PhD lab. work, my lab. colleagues have a major role and they have to be mentioned 

individually. I am thankful to Ms. Mehwish Iqal for extreme sincerity, Dr. Adnan Rauf for 

his guidance in research and constant partnership, Ms. Salma Amir for her companionship 

and enhancing quench of knowledge, Mr. Mansoor Ahmed and Mr. Wali Muhammad for 

kind guide and gentle handling, Ms. Tasmia for her believes and approach toward gaining 

knowledge, Mr. Aamir Iqbal for his good attitude toward research and social work. Mrs 

Sobia Jamil for their joyful company. 

At the end, I have to mention my family; my father, my mother, my husband, my brothers, 

my sisters, my mother in law and my daughter Umme Hani Basit, whose prayers and 

continuous moral support enabled me to achieve this hard task done. 

Ameen 

Fatima Khitab 

  

 

 



iii 

 

Table of Contents 

LIST OF FIGURES ……………………………………………………………………...…...ix 

LIST OF TABLES ……………………………………………………………………....…xvii 

ABBREVIATIONS …………………………………………………………………….…xviii 

SUMMARY ……………………………………………………………………..……..…...xxi 

Chapter 1 .................................................................................................................................... 1 

Introduction ................................................................................................................................ 1 

Textile waste .......................................................................................................................... 2 

Dyes ........................................................................................................................................ 2 

Pharmaceutical waste ............................................................................................................. 5 

Wastewater treatment strategies ............................................................................................. 7 

Sonophotocatalytic degradation ............................................................................................. 8 

Aims and Objectives ............................................................................................................ 10 

Chapter 2 .................................................................................................................................. 11 

Literature Review .................................................................................................................... 12 

Chapter 3 .................................................................................................................................. 27 

Experimental ............................................................................................................................ 28 

3.1. Synthesis of Photocatalyst ............................................................................................. 28 

3.1.1. Material and Methods................................................................................................. 28 

i. Chemicals ...................................................................................................................... 28 

ii. Instrumentation ............................................................................................................. 28 



iv 

 

3.1.2. Synthesis of Cu-ZnO Photocatalyst ........................................................................... 29 

3.1.3. Synthesis of Ni-ZnO Photocatalyst ............................................................................ 29 

3.1.4. Synthesis of Ag-ZnO Photocatalyst ........................................................................... 29 

3.1.5. Synthesis of Cu-Al2O3 Photocatalyst ......................................................................... 30 

3.2. Characterization of Photocatalysts .................................................................................... 30 

3.2.1. SEM and EDX analysis .............................................................................................. 30 

3.2.2. XRD analysis.............................................................................................................. 30 

3.2.3. Surface area determination ......................................................................................... 30 

3.2.4. Band Gap energy determination ................................................................................. 31 

Chapter 4 .................................................................................................................................. 32 

Results and Discussion ............................................................................................................ 32 

Part 1 ........................................................................................................................................ 33 

Characterization of Metal impregnated photocatalysts ........................................................... 33 

4.1. Cu impregnated ZnO photocatalyst .................................................................................. 33 

i. SEM analysis ..................................................................................................................... 33 

ii. EDX analysis.................................................................................................................... 34 

iii. XRD analysis of the photocatalyst .................................................................................. 35 

iv. Surface area and band gap ............................................................................................... 38 

4.2. Characterization of Ni impregnated ZnO photocatalyst ................................................... 39 

i. SEM analysis ..................................................................................................................... 39 

ii. EDX analysis.................................................................................................................... 40 



v 

 

iii. XRD analysis .................................................................................................................. 42 

iv. Surface area and band gap ............................................................................................... 44 

4.3. Characterization of Cu impregnated Alumina photocatalyst ............................................ 45 

i. SEM analysis ..................................................................................................................... 45 

ii. EDX analysis.................................................................................................................... 46 

iii. XRD analysis .................................................................................................................. 49 

iv. Surface area and band gap ............................................................................................... 50 

4.4. Characterization of Ag impregnated ZnO photocatalyst .................................................. 52 

i. SEM analysis ..................................................................................................................... 52 

ii. EDX analysis.................................................................................................................... 53 

iii. XRD analysis .................................................................................................................. 54 

iv. Surface area and band gap ............................................................................................... 55 

Part 2: Sonophotocatalytic degradation of basic violet 1 and basic green 4 over Copper 

impregnated ZnO catalyst in aqueous solution under the irradiation of visible light .............. 57 

4.5. Results and Discussion ..................................................................................................... 57 

4.5.1. Photocatalytic study ....................................................................................................... 57 

4.5.2. Sonophotocatalytic study ............................................................................................... 58 

4.5.3. Photocatalytic activity .................................................................................................... 58 

4.5.4. pH effect ........................................................................................................................ 61 

4.5.5. Catalyst dosage effect .................................................................................................... 63 

4.5.6. Enhancers effect ............................................................................................................. 65 

4.5.7. Scavenger’s effect .......................................................................................................... 70 



vi 

 

4.5.8. Effect of initial dye concentration ................................................................................. 76 

4.5.9. Catalyst reusability ........................................................................................................ 77 

4.5.10. Sample application ....................................................................................................... 80 

4.5.11. Kinetic models ............................................................................................................. 80 

Part 3: Removal of hazardous dye acid violet 49 and acid blue 45 using Ni impregnated ZnO 

through sonophotocatalytic degradation under the visible light .............................................. 83 

4.6. Results and discussion ...................................................................................................... 83 

4.6.1. Photocatalytic activity .................................................................................................... 83 

4.6.2. pH effect ........................................................................................................................ 85 

4.6.3. Effect of oxidizing agents .............................................................................................. 85 

4.6.4. Effect of photocatalyst loading ...................................................................................... 87 

4.6.5. Effect of initial dye concentration ................................................................................. 88 

4.6.6. Effect of scavenger’s ..................................................................................................... 89 

4.6.7. Catalyst reusability ........................................................................................................ 91 

4.6.8. Sample application ......................................................................................................... 92 

4.6.9. Kinetic study of AV-49 and AB-45 degradation ........................................................... 93 

Part 4: Sonophotocatalytic degradation technology for the degradation of acid red 27 and 

direct violet 51 using Cu impregnated Al2O3 under visible light ............................................. 96 

4.7. Results and discussion ...................................................................................................... 96 

4.7.1. Photocatalytic activity .................................................................................................... 96 

4.7.2. Effect of pH ................................................................................................................... 98 

4.7.3. Effect of photocatalyst loading ...................................................................................... 99 



vii 

 

4.7.4. Enhancers effect ........................................................................................................... 100 

4.7.6. The influence of initial dye concentration ................................................................... 103 

4.7.7. Catalyst reusability ...................................................................................................... 104 

4.7.8. Sample application ....................................................................................................... 105 

4.7.9. Kinetic model ............................................................................................................... 106 

Part 5: Comparative study of Cu impregnated ZnO and Ni impregnated ZnO for the 

sonophotocatalytic degradation of Cefixime in aqueous solution ......................................... 109 

4.8. Results and discussion .................................................................................................... 109 

4.8.1. Photocatalytic activity .................................................................................................. 109 

4.8.2. pH effect ...................................................................................................................... 110 

4.8.3. Time effect ................................................................................................................... 111 

4.8.4. Catalyst dosage effect .................................................................................................. 112 

4.8.5. Enhancers effect ........................................................................................................... 113 

4.8.6. Scavenger’s effect ........................................................................................................ 115 

4.8.7. Effect of initial drug concentration .............................................................................. 115 

4.8.8. Catalyst reusability ...................................................................................................... 116 

4.8.9. Sample application ....................................................................................................... 117 

4.8.10. Kinetic models ........................................................................................................... 118 

Part 6: Comparative study of Cu impregnated ZnO and Ag impregnated ZnO for the 

sonophotocatalytic degradation of Cefpodoxime proxetil in aqueous solution ..................... 121 

4.9. Results and discussion .................................................................................................... 121 

4.9.1. Photocatalytic activity .................................................................................................. 121 



viii 

 

4.9.2. pH effect ...................................................................................................................... 122 

4.9.3. Time effect ................................................................................................................... 123 

4.9.4. Enhancers effect ........................................................................................................... 124 

4.9.5. Catalyst dosage effect .................................................................................................. 126 

4.9.6. Scavenger’s effect ........................................................................................................ 127 

4.9.7. Effect of initial drug concentration .............................................................................. 127 

4.9.8. Catalyst reusability ...................................................................................................... 128 

4.9.9. Sample application ....................................................................................................... 129 

4.9.10. Kinetic models ........................................................................................................... 130 

Conclusions ............................................................................................................................ 134 

References .............................................................................................................................. 137 

Part 7 ...................................................................................................................................... 152 

Published Work ...................................................................................................................... 152 

  

 

 

 

 

 

 



ix 

 

 

LIST OF FIGURES 

 

Figure 4.1. SEM of ZnO (a), Cu-ZnO (b) and reused catalyst (c) ……………….33 

Figure 4.2. Elemental analysis of photocatalyst using EDX; ZnO (a), Cu-ZnO (b) and 

reused Cu-ZnO (c) …………………………...………………………….. 35 

Figure 4.3. XRD Pattern of (a) ZnO, (b) Cu-ZnO (c) 9 cycles reused Cu-ZnO ……..…37 

Figure 4.4. Tauc plot for (a) ZnO and (b) Cu-ZnO ……………….……………….39 

Figure 4.5. SEM of (a) ZnO (b) Ni-ZnO (c) 5 cycles reused catalyst and (d) 5 cycles 

reused photocatalyst after treatment ……………………………..…………40 

Figure 4.6. EDX of (a) ZnO (b) Ni-ZnO and (c) reused Ni-ZnO (d) reused Ni-ZnO after 

treatment ………………………………………..………………...…….42 

Figure 4.7. XRD Pattern of ZnO, Ni-ZnO, 5 cycles reused Ni-ZnO and treated catalyst 

   ………………………………………………………..……………....43 

Figure 4.8. Tauc plot for ZnO and Ni-ZnO ………………………..………………45 

Figure 4.9. SEM of (a) Al2O3 (b) Cu-Al2O3 and (c) 5 cycles reused catalyst (d) 5 cycles 

reused catalyst after treatment …………………………..……………46 

Figure 4.10. EDX of (a) Al2O3 (b) Cu-Al2O3 and (c) reused Cu-Al2O3 (d) reused Cu-Al2O3 

after treatment  ……………………………………..…………………48 

Figure 4.11. XRD Pattern of Al2O3, Cu-Al2O3, reused Cu-Al2O3 and reused Cu-Al2O3 after  

treatment …………………………..………………..…….…………….50 



x 

 

 

Figure 4.12. Tauc plot for Al2O3 and Cu-Al2O3  ……………………………..…...........51 

Figure 4.13. SEM of (a) ZnO, (b) Ag-ZnO and (c) 5 cycles reused Ag-ZnO ……......52 

Figure 4.14. EDX spectra of (a) ZnO, (b) Ag-ZnO, (c) 5 cycles reused Ag-ZnO ……..…54 

Figure 4.15. XRD of (a) ZnO, (b) Ag-ZnO and (c) 5 cycles reused Ag-ZnO ……..…55 

Figure 4.16. Tauc plot for (a) ZnO and (b) Ag-ZnO ……………………………......56 

Figure 4.17. Degradation of dye using ZnO and Cu-ZnO in UV and Visible region at 

different time (min)   ……………………………..………....59 

Figure 4.18. Degradation of basic violet 1 using different percentages of Cu-ZnO at 

different time (min) …………………....…………..………………………59 

Figure 4.19. The effect of time on degradation of (a) basic violet 1 and (b) basic green 4 

under different conditions …………………...………..………………….61 

Figure 4.20. Degradation of (a) basic violet 1 and (b) basic green 4 using different pH at 

different time (min) ……………...………………………………..……….62 

Figure 4.20c. Comparison of the degradation of basic violet 1 and basic green 4 at different 

pH …………………………………………………..……………………63 

Figure 4.21. Degradation of (a) basic violet 1 and (b) basic green 4 using different weight 

of catalyst (Cu-ZnO) at different time (min) ……………..……………..…..64 

Figure 4.21c. Comparison of the degradation of basic violet 1 and basic green 4 using 

different weight of catalyst (Cu-ZnO) …………………………...…...65 

 



xi 

 

Figure 4.22. Degradation of (a) basic violet 1 and (b) basic green 4 using different mmol/L 

of H2O2 at different time (min) ………………………………..………67 

Figure 4.23. Degradation of  (a) basic violet 1 and (b) basic green 4 using different mmol 

of NaClO4 at different time (min) ……………………………………..…68 

Figure 4.24. Degradation of (a) basic violet 1 and (b) basic green 4 using different mmol of 

K2S2O8 at different time (min) …………………….…………...……..69 

Figure 4.25. Comparison of the degradation of (a) basic violet 1 and (b) basic green 4 using 

different mmol/L of oxidizing agents ……………………………..…...…….70 

Figure 4.26. Effect of different concentration of NaCl on degradation (a) of basic violet 1 

and (b) basic green 4 at different time (min) …………………………..……72 

Figure 4.27  Effect of different concentration of Na2CO3 on degradation of (a) basic violet 

1 and (b) basic green 4 at different time (min)  ………………..73 

Figure 4.28. Effect of different concentration of Na2SO4 on degradation of (a) basic violet 1 

and (b) basic green 4 at different time (min)  …………………..……74 

Figure 4.29. Effect of degradation of (a) basic violet 1 and (b) basic green 4 at different 

concentration of scavengers ……………………………………..…………75 

Figure 4.30. Degradation of different concentration of (a) basic violet 1 and (b) basic green 

4 at different time (min)  …………………..…………..…….….76 

Figure 4.31. Comparison of the degradation of basic violet 1 and basic green 4 at different 

initial concentration (mg/mL) of the dyes at optimized conditions ……..…77 

 



xii 

 

Figure 4.32. Reusability of Cu-ZnO for catalytic degradation of (a) basic violet 1 and (b) 

basic green 4  …………….………………………..……….………..79 

Figure 4.33. Degradation of basic violet 1 and basic green 4 vs reusability of Cu-ZnO

 …..………………………………..…………………………………..79 

Figure 4.34. Application sonophotocatalytic degradation to collected water samples ..80 

Figure 4.35. Pseudo first order kinetic model for basic violet 1 and basic green 4 ..81 

Figure 4.36. Pseudo second order kinetic model for basic violet 1 and basic green 4

 ……………………...………………………………………………....8

2 

Figure 4.37. Degradation of dye using ZnO and Ni-ZnO in UV and Visible region at 

different time (min) ………………………..……………………..………..83 

Figure 4.38. Degradation of (a) acid violet 49 and (b) acid blue 45 using degradation 

processes at different time (min) ………………………………………..84 

Figure 4.39. Degradation of dyes acid violet 49 and acid blue 45 using different pH

 ………………………………………..………………………………85 

Figure 4.40. Degradation of (a) acid violet 49 and (b) acid blue 45 using different 

concentrations of enhancers ……………………………………………..…87 

Figure 4.41. Degradation of acid violet 49 and acid blue 45 using different weight of 

catalyst (Ni-ZnO) ……………………………………..…………………88 

Figure 4.42.  Degradation of acid violet 49 and acid blue 45 at different concentration 

(mg/mL) ……………………………………………..………………....89 



xiii 

 

 

Figure 4.43. Effect different concentration of scavengers on degradation of acid violet 49 

and acid blue 45 ………………………….…………………………….91 

Figure 4.44. Degradation of acid violet 49 and acid blue 45 vs reusability of ZnO ..92 

Figure 4.45. Degradation of sample at different time using optimum conditions ………..93 

Figure 4.46.  Pseudo first order kinetic model for acid violet 49 and acid blue 45 ………..94 

Figure 4.47. Pseudo second order kinetic model for acid violet 49 and acid blue 45 ..95 

Figure 4.48.  Degradation of dye using Al2O3 and Cu- Al2O3 in UV and Visible light 

sources………………………………………………………………………..96 

Figure 4.49.  Degradation of (a) acid red 27 and (b) direct violet 51 under different 

conditions …………………………..…..………………………………..98 

Figure 4.50.  Degradation of acid red 27 and direct violet 51 at different pH

 …..……………………………………………………………………99 

Figure 4.51.  Degradation of acid red 27 and direct violet 51 using different weight of 

catalyst (Cu-Al2O3) ……………………………………………..………..100 

Figure 4.52.  Degradation of (a) acid red 27 and (b) direct violet 51 using different mmol/L 

of oxidizing agents …………………………………...………………….101 

Figure 4.53.  Effect of degradation of acid red 27 and direct violet 51 using different 

scavenger’s ………………………………………………..……………..103 

 

 



xiv 

 

 

Figure 4.54.  Degradation of acid red 27 and direct violet 51 at different concentration 

(mg/mL) ………………………..……………….…………………….104 

Figure 4.55. Degradation of acid red 27 and direct violet 51 vs reusability of Cu-Al2O3 

   …………………………………..……………………………..……105 

Figure 4.56.  Sample application ………………………………………………………106 

Figure 4.57.  Pseudo first order kinetic model for acid red 27 and direct violet 51

 ………………………………………………………..……………. 107 

Figure 4.58.  Pseudo second order kinetic model for acid red 27 and direct violet 51 107 

Figure 4.59.  Degradation of cefixime using ZnO, Cu-ZnO and Ni-ZnO in UV and Visible 

light sources ………………………………...…………………………….109 

Figure 4.60.  Degradation of cefixime using different degradation processes at different 

time (min) ……………...…….………………….…..………………….110 

Figure 4.61.  Degradation of cefixime at different pH using Cu-ZnO and Ni-ZnO as a 

photocatalyst …………………………………………………………..…..111 

Figure 4.62.  Degradation of cefixime at different time using Cu-ZnO and Ni-ZnO as a 

photocatalyst ……………………………………………………….…..….112 

Figure 4.63.  Degradation of cefixime using different weight of catalysts (Cu-ZnO) and (Ni-

ZnO) ………..……………………………..………………………………113 

Figure 4.64.  Degradation of cefixime for different mmol/L of oxidizing agents using Cu-

ZnO and Ni-ZnO as a photocatalysts …………...…………..…………….. 114 

 



xv 

 

Figure 4.65.  Effect of scavenger’s on the degradation of cefixime ………..……..115 

Figure 4.66.  Degradation of cefixime at different concentration (mg/mL) using (Cu-ZnO) 

and (Ni-ZnO) photocatalyst ………………………………...………….....116 

Figure 4.67.  Degradation of cefixime vs reusability of (Cu-ZnO) and (Ni-ZnO) 

photocatalyst ……………………………………………..………………..117 

Figure 4.68.  Sample application ………………………………………..……….…….118 

Figure 4.69.  Pseudo first order kinetic model for cefixime using (Cu-ZnO) and (Ni-ZnO) 

photocatalyst ………………………..………………..……………………119 

Figure 4.70.  Pseudo second order kinetic model for cefixime using (Cu-ZnO) and (Ni-ZnO) 

photocatalyst ………………………………………..……………………..120 

Figure 4.71.  Degradation of cefpodoxime proxetil using ZnO, Cu-ZnO and Ag-ZnO in UV 

and Visible light sources .................................................................…...121 

Figure 4.72.  Degradation of cefpodoxime proxetil under different catalytic conditions at 

different time (min) ……………………..………………………………..122 

Figure 4.73.  Degradation of cefpodoxime proxetil at different pH using Cu-ZnO and Ag-

ZnO as a photocatalyst .................................................................…...123 

Figure 4.74.  Degradation of cefpodoxime proxetil using different time with Cu-ZnO and 

Ag-ZnO as a photocatalyst ……………………………..………………..124 

Figure 4.75.  Degradation of cefpodoxime proxetil at different mmol/L of oxidizing agents 

using Cu-ZnO and Ag-ZnO as a photocatalysts ………………..……..125 



xvi 

 

Figure 4.76.  Degradation of cefpodoxime proxetil using different weight of catalysts (Cu-

ZnO) and (Ag-ZnO)  ………………………………...…………….126 

Figure 4.77.  Effect of scavenger’s on the degradation of cefpodoxime proxetil

 ……………………………………………………..…..……………127 

Figure 4.78.  Degradation of cefpodoxime proxetil at different initial drug concentration 

(mg/mL) using (Cu-ZnO) and (Ag-ZnO) photocatalyst …………...….128 

Figure 4.79.  Degradation of cefpodoxime proxetil vs reusability of (Cu-ZnO) and (Ag-

ZnO) photocatalyst ……………………………………..……………..…129 

Figure 4.80.  Application of sonophotocatalytic method for the degradation of synthetic 

sample  …………………………………………………...………….130 

Figure 4.81.  Pseudo first order kinetic model for cefpodoxime proxetil using (Cu-ZnO) and 

(Ag-ZnO) photocatalyst ……………………………..…………..……131 

Figure 4.82.  Pseudo second order kinetic model for cefpodoxime proxetil using (Cu-ZnO) 

and (Ag-ZnO) photocatalyst …………………………………………..…..132 

 

 

 

 

 

 



xvii 

 

LIST OF TABLES 

Table 1.1. Characteristics of Textile Pollutants …………………..……………………..5 

Table 1.2. Characteristics of Pharmaceutical Pollutants  …………..……………..7 

Table 4.1. X-Ray Diffraction data for ZnO ………………………………..………36 

Table. 4.2. X-Ray Diffraction data for Cu-ZnO ………………………………..…..…..36 

Table. 4.3. X-Ray Diffraction data for 9 cycles reused Cu-ZnO ………………….…….37 

Table 4.4. Comparison of kinetic studies for the sonophotocatalytic degradation of basic 

violet 1 and basic green 4 …………………………..……………………82 

Table 4.5. Comparison of kinetic studies for the sonophotocatalytic degradation of acid 

violet 49 and acid blue 45 ………………………………………………..94 

Table 4.6. Comparison of kinetic studies for the sonophotocatalytic degradation of acid 

red 27 and direct violet 51 ……………………..………………………..108 

Table 4.7. Comparison of kinetic studies for the sonophotocatalytic degradation of 

cefixime  ………………………………………..………………….….119 

Table 4.8. Comparison of kinetic studies for the sonophotocatalytic degradation of 

cefpodoxime proxetil …………………………………..…………………..131 

 

 

 

 



xviii 

 

ABBREVIATIONS 

 

Abbreviation Full name 

% 

Å  

Al 

Ag 

AB-45 

AR-27 

AV-49 

BG-4 

BV-1 

C 

Percent 

Angstrom 

Aluminium 

Silver   

Acid blue 45 

Acid red 27 

Acid violet 49 

Basic green 4 

Basic violet 1 

Carbon  

°C 

C.I. 

Cl 

cm 

Cu 

Degree centigrade 

Color index 

Chlorine  

Centimeter 

Copper  

µm Micrometer (unit of length) 

BET Brunauer, Emmett and Teller method 

C° 

DV-51 

Initial concentration 

Direct violet 51 

G 

g/L 

Gram (unit of mass) 

Gram per liter  

g/mL Gram per milli liter (unit of density) 

g/mol Gram per mole (unit of molar mass) 

H Hydrogen  



xix 

 

h Hour 

H2O2 Hydrogen per oxide 

ICDD number International centre for diffraction data 

k1 Rate constant for pseudo-first-order kinetics 

k2 

KH 

Rate constant for pseudo-Second-order kinetics 

Kilo hertz  

KJ/mol  Kilo joule per mol (Unit of energy per amount of 

material) 

mA Milli ampere (sub unit of electric current) 

m/s meter per second (unit of velocity)  

m2 g-1 Meter square per gram (Unit of surface area) 

mg L-1 Milligram per liter (unit of concentration) 

mg2/g Milligram square per gram (unit of surface area) 

min Minute  

 mL Milliliter 

mm Millimeter (sub unit of length measurement) 

Mol 

 

mmol 

Mole (unit for the expression of amounts of a 

chemical substance) 

mill mole 

mol L-1 Mole per liter 

Na Sodium  

N₂ Molecular nitrogen 

NaClO4 Sodium perchlorate 

Ni Nickel 

nm 

O 

Nano meter (sub unit of length) 

Oxygen  

pH Negative log of hydrogen concentration 



xx 

 

K2S2O8 

qe 

Potassium peroxydisulphate 

Degradation capacity 

qmax Maximum degradation capacity 

qt Degradation capacity at time t 

R Universal gas constant 

SEM Scanning electron microscopy 

S Sulphur  

t Time  

wt.%  

W 

Weight percent 

Watts 

XRD X-ray diffraction 

Zn 

α 

Zinc 

alpha 

θ Theta 

λ Lambda 

  

  

 

 

 

 

 

 

 

 

 

 



xxi 

 

SUMMARY 

 

Industrial effluents have become a serious threat to fresh water resources either directly 

through releases into water bodies or indirectly through leaching. Remedial measures are 

needed to safeguard these scarce natural resources. A lot of work is being reported for this 

purpose. The objective of the present work was to study the effectiveness of the 

sonophotocatalytic process for the degradation of potential water pollutants using 

photocatalysts impregnated with metal. 

The first chapter is based on the brief introduction of chemicals that are released by textile 

and pharmaceutical sector, the effect of these contaminants and various conventional methods 

used for their removal. Introduction to sonophotocatalytic process and the use of different 

metal impregnated photocatalysts are also presented. The aim and objectives of the present 

work is also included in this part of the presentation. 

The second chapter deals with a comprehensive review of the relevant literature reported for 

the sonophotocatalytic degradation of different organic pollutants using different 

photocatalysts. The review of the literature includes the use of different photocatalysts such 

as ZnO, ZnO nanoneedles ZnNs, ZnO doped with cobalt ions, Cu doped ZnO, iron doped 

ZnO, manganese doped ZnO, Bi2O3-CeO2-ZnO heterostructured photocatalyst, ZnO 

photocatalyst doped with carbon and SnO2, Sulphur doped TiO2 and CuO coated ZnO etc., 

for the photocatalytic, sonocatalytic and sonophotocatalytic degradation of different 

pollutants and their determination using different analytical techniques. 

The third chapter deals with experimental work focusing on synthesis of copper-impregnated 

zinc oxide (Cu-ZnO), nickel-impregnated zinc oxide (Ni-ZnO), copper-impregnated alumina 

(Cu-Al2O3) and zinc oxide impregnated with silver photocatalyst (Ag-ZnO). This chapter also 
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includes the characterization of the synthesized catalyst using a SEM, FTIR, XRD and EDX 

analysis. 

The fourth chapter includes the results and discussion of the work conducted. Metal 

impregnated photocatalysts using different characterization techniques. It includes the 

optimization of different experimental parameters like pH, time study, catalyst dosage effect, 

effect of different enhancers, effect of initial concentration, effect of scavengers’, catalyst 

reusability catalyst settling time and application of kinetic models to the results obtained for 

degradation studies. This chapter has been divided into different parts. 

Part 1 of the fourth chapter deals with the characterization of photocatalysts impregnated with 

metal. It includes the characterization procedure and the different instruments used for 

characterization of the photocatalysts. 

Sonophotocatalytic degradation of textile dyes over Cu impregnated ZnO (Cu-ZnO) in 

aqueous solution under visible light irradiation is presented in part two of this chapter. The 

effects of the copper impregnated ZnO (Cu-ZnO) catalyst on the degradation of two textile 

dyes basic violet 1 (BV-1) and basic green 4 (BG-4) were investigated using different 

parameters like pH, catalyst dose, amount of enhancer, radical scavenger and initial dye 

concentration. The addition of enhancer (H2O2) improved the degradation efficiency from 

35% to 95% at pH 10. At optimum conditions, maximum degradation of dyes was 100% in 

20 min using sonophotacatalytic degradation as compared to photocatalytic degradation (95-

98% in 60 min). With the addition of scavengers like carbonate, sulphate and chloride, the 

degradation efficiency decreased from 100% to 92%, 94% and 92% respectively. The 

degradation efficiency decreased only 5% after repeated use of Cu-ZnO catalyst. The 

sonophotocatalytic degradation of both dyes followed pseudo-first order kinetic and the rate 

of degradation of BG-4 is higher (k1= 6.1x10-2) than the BV-1 (k1=1.7x10-2). The method was 
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successfully applied to industrial dye effluent and synthetic dye sample with satisfactory 

results. 

Part 3 of the fourth chapter cover the sonophotocatalytic degradation of acid violet 49 (AV-

49) and acid blue 45 (AB-45) in the presence of Ni-ZnO photocatalyst under the irradiation 

of visible light. Impregnation of Ni on ZnO shift the band gap from UV to Visible region. 

The effect of different operational parameters such as pH, catalyst dosage, different oxidizing 

agents, initial dye concentration, different scavangers, catalyst reusability, catalyst settling 

time and its reusability kinetic models has been discussed. The addition of enhancers 

increases the degradation efficiency from 11.9% to 100%, 37.8% and 59.3% with 5 mmol of 

hydrogen peroxide, 3mmol of sodium perchlorate and potassium peroxydisulphate for AV-49 

while in case of AB-45, it was increased from 10.8% to 92.5%, 9.3% and 22.4% for these 

enhancers, respectively. It was observed that scavengers decrease the degradation efficiency 

and increases the time of degradation. Kinetics study reveals that both of the dyes undergo 

pseudo first order kinetic model. The method was successfully applied to samples with 

satisfactory degradation results. 

Part 4 of this chapter covers the sonophotocatalytic degradation study of acid red 27 (AR-27) 

and direct violet 51 (DV-51) using Cu-Al2O3 under visible light irradiation. 

Sonophotocatalytic degradation of dyes was found the best as compared to sonolysis and 

photolysis. Optimum conditions including the effect of scavengers, catalyst reusability, 

catalyst settling time were investigated. It was observed that enhancer increases the catalytic 

degradation of AR-27 from 26.8% to 85.1% and in case of DV-51 from 23.9% to 84.6% with 

8 mmol of hydrogen peroxide. Acid red 27 was degraded 100% in 50 minutes while 100% 

degradation for direct violet 51 was achieved in 60 minutes. Scavengers were found with 

increase of degradation time and decrease of percent degradation. Catalyst reusability studies 

showed that it could be reused up to 5 cycles effectively. Kinetics study reveals that both of 
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the dyes undergo pseudo first order kinetic model. The test on real sample that the 

sonophotocatalytic degradation using Cu-Al2O3 gives satisfactory results. 

A comparative study of Cu impregnated ZnO and Ni impregnated ZnO for the 

sonophotocatalytic degradation of cefixime in aqueous solution under visible light irradiation 

is presented in part 5 of this chapter. It is found that sonophotocatalytic efficiency of 

degradation is superior to photolysis, sonolysis, photocatalysis and sonocatalysis. Different 

operational parameters like pH, catalyst dosage, different enhancers, scavenger’s effect, 

initial concentration of drug, reusability of catalyst, and catalyst settling time were optimized. 

Optimum time of 30 minutes was found for the degradation of cefixime using Cu-ZnO and 

Ni-ZnO photocatalysts. The degradation of cefixime increased from 75.3% to 100% with 5 

mmol of hydrogen peroxide, while other oxidizing agents were found less effective using 

Cu–ZnO and Ni-ZnO photocatalyst. Catalyst reusability was checked up to three cycles and 

good results up to three cycles were achieved. The sonophotocatalytic degradation of 

cefixime followed pseudo-first order kinetic model using both Cu-ZnO and Ni-ZnO. The 

method was successfully applied on commercial and synthetic sample with satisfactory 

results. 

A comparative study of Cu impregnated ZnO and Ag impregnated ZnO for the 

sonophotocatalytic degradation of cefpodoxime proxetil in aqueous solution under visible 

light irradiation is given in part 6 of this chapter. Optimum conditions for degradation of 

cefpodoxime proxetil using Cu-ZnO and Ag-ZnO was investigated. Using optimum 

conditions and hydrogen peroxide as enhancers, 100% degradation was achieved using Cu-

ZnO and Ag-ZnO. The sonophotocatalytic degradation of cefpodoxime proxetil using Cu-

ZnO and Ag-ZnO followed pseudo-first order kinetic and the rate of degradation of 

cefpodoxime proxetil using Ag-ZnO was found higher (k1= 0.228) than the Cu-ZnO 
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photocatalyst (k1=0.185). The method has also been successfully applied in samples for 

sonophotocatalytic degradation. 
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Introduction 

 

The availability of clean drinking water is a big challenge worldwide as water sources have 

been contaminated through anthropogenic process. One of the most important sources of 

water pollution is Industrial effluents. Water pollutants from industrial sources depends upon 

the nature of industries, the raw material used and the side products. In Pakistan, there are 

two major industrial sectors that is textile and pharmaceutical industries. These industries 

release organic pollutants. A brief introduction of these industrial sectors and the nature of 

pollutants released are presented below.   

Textile waste  

In the world Pakistan has one of the largest textile industries. In Asia, 8th largest exporter of 

textile products is Pakistan. Textiles account alone for 65% of the country exports. Textile 

manufactories are contemplated to be the backbone of Pakistan's economy. In Pakistan there 

are 600 different textile units functioning. With growing population, the number of textile 

industries is also increasing accordingly. The textile industry and its effluents have increased 

proportionately, with the increasing demand for textile production, becoming one of the 

preeminent origins of water pollution in Pakistan. With few exceptions, all units discharge 

their effluent without treatment into the environment. Several wet processes are involving in 

textile production, each operation generates effluents containing divergent pollutants [1]. In 

particular the release of dyes into wastewater by various textile industries is one of the 

serious issues of water pollution in Pakistan.  

Dyes 

Dyes are the most persistent organic compounds in nature and as such are serious threat to 

water bodies. Dyes are used in almost 85% of the textile industries and wastewater of textile 
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industries is rich with the contaminants of dyes. These contaminations affect the plants, 

animals, humans and aquatic life directly or indirectly [2]. Their noxious influences on the 

nature are long standing. It is very important to control these waste containing dyes because 

synthetic dyes are carcinogenic, mutagenic, effect the kidney tissues and its metabolism [3–

6]. 

Dyes of organic origin are utilized in a vast range. On the basis of their structure several 

groups of dyes can be distinguished. Basic violet 1 (BV-1) and basic green 4 (BG-4) are basic 

dyes and are used as dying stuff in various industries like paper, silk, paints, printing ink and 

leather etc. BG-4 is also used in agriculture as a pesticide, in food, textile industries and as 

antifungal treatment in the fish farming industries [7–9]. BG-4 and BV-1 are persistent 

organic compounds that are carcinogenic [10], and causes mutagenesis, chromosomal 

fractures, and respiratory toxicity [11–14]. BG-4 affect the life occurring in water and causes 

detrimental effects in liver, intestine, kidney, pituitary gonadotrophic cells, gills, and gonads, 

when discharged into receiving streams from nearby industries [15]. Though use of BG-4 is 

prohibited in a number of countries and is not accepted by US Food and Drug Administration 

although it is in use in some countries due to its easy availability, low cost and efficacy [16–

18].  

Among the dyes, the most commonly used dyes are azo dyes, because they are cost effective 

as compared to natural dyes. In paint paper, textile, cosmetics, leather, pharmaceutical 

industries azo dyes are used. Azo dyes used in textile industries are the major part of all 

commercial dyes. Azo dyes and their derived products are known to present serious 

carcinogenic effects [19]. It is estimated that about 10% of the dye is lost during dyeing 

processes and discharge directly into aqueous effluents [20–22]. For our research work we 

have selected Acid red 27 and direct violet 51 dyes. AR-27 is an anionic monoazo dye. AR-

27 used as a textile dye for wool and silk, food dye as well as in photography. However in 
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1970 Russian studies showed that AR-27 was carcinogenic [23]. Direct violet 51 is used in 

textile, plastic and paint industry [24,25]. 

Acid violet 49 and acid blue 45 both are used in wool, nylon, silk, paper, inks, biological, 

stain, drugs and cosmetics. The most commonly used dyes their molecular formula along 

with maximum wavelength and structures are given in Table 1.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

Table 1.1.  Characteristics of Textile Pollutants 

Sr.no 

 

Pollutant 

 

Other 

names 

structure 

 

Molecular 

formula 

λmax 

 

C.I 

1.  Basic 

Violet 1 

 

Methyl 

Violet 

 

 

C24H28N3Cl 

 

585nm 

 

42535 

 

2.  Basic 

Green 4 

Malachite 

Green 

 

C23H25ClN2 615nm 42000 

3.  Acid Red 

27 

 

Amaranth 

 

 

C20H11N2Na3O10S3 

 

521nm 

 

16185 

 

4.  Direct 

Violet 51 

Violet 2B 

 

C32H27N5Na2O8S2 550nm 27905 

5.  Acid 

Violet 49 

 

Acid 

Violet 6B 

 

 

C39H40N3NaO6S2 

 

550nm 

 

42640 

 

6.  Acid 

Blue 45 

Acid 

Blue 2B 

 

C14H8N2Na2O10S2 590nm    63010 

Pharmaceutical waste 

There are around 650 different pharmaceutical units in Pakistan. Drugs of entire kinds enter 

the water system when the effluents from industries are improperly disposed of. 

Antidepressants, antibiotics, diabetics & heart medications and even codeine are all showing 

up in the water supplies of various American cities according to U.S geological survey  [26]. 
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In the city of Karachi, the existence of pharmaceuticals is also reported in wastewater and 

surface water [27]. Aquatic toxicity, resistant development in pathogenic bacteria, geno 

toxicity and endocrine disruption are caused by pharmaceutical products present in the 

environment  [13, 14]. Pharmaceutical compounds are actually designed to effect humans and 

animals psychologically and physiologically therefore, a very low concentration of 

pharmaceutical products effect the ecosystem badly [32]. Cefixime and cefpodoxime proxetil 

which are the subject of these thesis, is a third generation oral cephalosporin. Cefixime is 

active against gram positive and negative bacteria. Bacterial infections like urinary tract 

infections, strep throat, otitis media, Lyme disease, and pneumonia are treated by Cefixime 

antibiotic. This drug is poorly soluble in water and unstable with a low bioavailability of 

about 40–50% can be adsorbs from gastrointestinal track. Cefpodoxime Proxetil treats a 

range of infections, including those of the skin, bladder and respiratory system. These 

pharmaceutical waste are actually non-biodegradable and their presence even in low 

concentration results in the formation of antibiotic resistance bacteria [33,34]. The presence 

of minimal amounts of synthetic dyes and pharmaceuticals is inadmissible [35]. The 

molecular formula along with maximum absorbance wavelength and structures of cefixime 

and cefpodoxime proxetil are given in Table 1.2. 
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Table 1.2.  Characteristics of Pharmaceutical Pollutants 

Chemical Structure 

 

Molecular 

formula 

Molecular 

weight 

λmax 

(nm) 

Trade name 

 

 

 

C16H15N5O7S2 

 

453.4 g/ 

mol 

 

285 

nm 

 

Cefixime 

 

C15H17N5O6S2 427.458 

g/mol 

240 

nm 

Cefpodoxime 

Proxetil 

 

Wastewater treatment strategies 

There are several techniques which are common for pollutants removal viz. adsorption, 

microbial degradation, chemical oxidation, coagulation-flocculation [36], photocatalysis and 

filtration [37,38] have been used to remove these pollutants from wastewater. These 

techniques are quick and effective but are not generally employed due to the associated 

operational costs and complex sludge generation as well as high chemical. In Pakistan, 

biological treatment is one of the most commonly used methods but due to low 

biodegradability of many dye and chemicals used in various textile processes; the biological 

treatment alone is not a very good option [39]. In addition, some commercial dyes are 

harmful to some microorganisms.  
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Recently, adsorption and heterogeneous photocatalytic degradation of organic molecules has 

gained popularity as an effective and economic process for solving the toxic environmental 

impact of hazardous wastes and toxic pollutants in aqueous medium [36]. The main 

advantages of adsorption and photocatalytic degradation for the control of water pollution are 

less investment in terms of initial development cost, simplicity, easy operation and re-

usability of the adsorbent material [40,41]. The photocatalytic process leads to oxidation–

reduction and offers superior solution for decolorization, breakdown of dye. 

Sonophotocatalytic degradation 

Advanced oxidation process like Fenton process, ozonation, photolysis, sonolysis, 

sonocatalysis and photocatalysis have been used for the organic dyes removal from water 

samples [42,43]. There is growing interest in the mineralization of organic pollutants using 

sonophotocatalytic processes. In photocatalysis, the electron-hole pairs are created by photon 

in a semiconductor photocatalyst which further generate free radicals and these free radicals 

react with organic molecule. In sonocatalysis, ultrasonic waves produce rapidly cavitation 

bubbles which collapse and liberate high energy which leads to the formation of electron-hole 

pair in a semiconductor catalyst that further generate free radicals OH˙, which is an 

unprecedented reactive species that attacks a number of organic pollutants in water and 

results in degradation. The presence of photon, ultrasonic waves and a semiconductor catalyst 

results in increased degradation of organic pollutants [44,45]. The two systems, 

sonophotocatalysis when combine it produce an integrated synergistic affect which accelerate 

the catalytic degradation of organic compounds.  

The main advantages of sonophotocatalytic degradation for the control of water pollution are 

less investment in terms of initial cost, easy operation, simplicity and reusability of the 

catalyst [40,41].  
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Among the photocatalyst, ZnO is a known semiconductor used extensively for the 

photocatalytic degradation of different organic pollutants as a results of its high 

photosensitivity, good stability, low cost and nontoxicity [46-47]. Because of large band 

width of 3.2 eV (λ=380 nm), ZnO absorbs only in the UV region. As a pure photocatalyst, 

ZnO has certain limitations such as the fast rate of recombination of the generated electron-

hole pairs. The catalytic activity can be further improved with doping or impregnation of 

metal ions. To shift the photosensitive response of ZnO into the visible region doping or 

surface modification with transition metal cations have been considered as a possible way. 

The coordination environment of Zn in the lattice and modification in the electronic energy 

band structure of ZnO occurred by the introduction of transition metal cations into ZnO. The  

metal sites are considered to act as trapping sites by accepting the photogenerated electrons or 

holes from the ZnO, restraining recombination of the carriers and thus improving the 

photocatalytic activity of the materials [48]. ZnO have been modified with different non-

metals [49] metals [50] and also modified with different rare earth metals [51–55], addition 

of transition metals [56–58] as well as use of different coupled semiconductors [59,60]. 

These modified semiconductors play a very important role in photocatalytic degradation. 

Coupling of different semiconductors can reduce the band gap, extending the absorbance 

range to visible region leading to electron hole pair separation under irradiation and 

consequently, achieving a higher photocatalytic activity. 

Therefore, ZnO was modified with transition metal cations to increase its photocatalytic 

activity by trapping sites to decrease the rate of recombination of electron-hole and to boost 

the photocatalytic activity. Semiconductors ZnO photocatalyst was impregnated with copper 

(Cu-ZnO), nickel (Ni-ZnO) and silver (Ag-ZnO) and impregnated alumina with copper (Cu-

Al2O3) to increase the catalytic performance of ZnO and Al2O3 in the visible region of 
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spectrum with the aim to decrease the degradation time by combination with ultrasonic 

waves.  

Aims and Objectives 

The aims and objectives of the present work are to: 

• investigate the effectiveness of sonophotocatalytic process for the degradation of 

organic pollutants at optimum conditions. 

• prepare copper, nickel and silver impregnated photocatalysts using zinc oxide and 

alumina as base material. 

• apply the most suitable photocatalyst for the degradation of synthetic dyes and 

pharmaceutical pollutants in wastewater released from different textile and 

pharmaceutical industries. 
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Literature Review 

Ahmadet al., [61] reported the synthesis of Cu-doped ZnO nanoparticles embedded on multi 

walled carbon nanotubes (CNTs) having light responsive by sol method. They characterized 

the catalytic activities of photocatalyst using SEM, EDX, XRD, HR-TEM, TEM, XPS, BET, 

and by UV-Vis diffuse reflectance spectroscopy and photoluminescence spectroscopy (PL). 

They confirmed shift in band gap from UV to visible region and reported that the prepared 

photocatalyst give better charge separation because of CNTs electrical properties with large 

surface area as compared to ZnO, Cu-doped ZnO and ZnO/CNTs composite. They used the 

Cu-doped ZnO/CNTs photocatalyst for the degradation of methyl orange under visible light 

irradiation and claimed that the prepared photocatalyst results in better photocatalytic 

degradation as compared to ZnO, Cu-doped ZnO, and ZnO/CNTs composite. Monitoring of 

COD before and after photocatalysis process showed a marked decrease in COD, which 

prove the complete oxidation of organic compound along with color removal. 

Thennarasu and Sivasamy [62] reported the preparation of Co-doped ZnO (CDZ) 

photocatalyst using soft chemical method followed by calcination. They characterized the 

resulting visible light responsive photocatalyst using FE-SEM, XRD, TEM, DRS, FTIR, and 

EPR. It was reported that Co2+ is in a tetrahedral coordination in a matrix of ZnO with 5-30 

nm of nanoparticles size. The prepared photocatalyst was used for the degradation of phenol 

under the irradiation of visible light with effective oxidation of phenol in water. Various 

parameters like pH, catalyst weight and phenol concentration were optimized. The phenol in 

water monitored using UV-Vis spectrum and COD analysis. It was observed that the 

degradation of phenol follow pseudo first order kinetic model. Intermediates were analysed 

using ESI-Mass and HPLC. 

Ertugay and Acar [63] studied direct blue-71 (DB71) degradation in the presence of ZnO as a 

catalyst using sono, photo and sonophotocatalyic techniques. ZnO nanocatalysts were 
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characterized using scanning electrons microscopy (SEM) and XRD. The effect of different 

parameter like initial dye concentration, pH and catalyst dosage were investigated and the 

results showed that all the parameters effect the dye degradation sonochemically. They 

observed that on acidic pH, the sonocatalytic degradation of dye was increased by the 

addition of amount of catalyst and the reaction was further speed up by the addition of H2O2 

as an enhancer using ultrasonic power of 95W at 20 KHz at 20 ⁰C within 20 minutes. Photo 

and sonophotocatalytic oxidation of dye was also studied and it was observed that UV/ZnO 

combination is more effective for the treatment of DB71 dye stuff.  

Tripathy et al., [64] synthesized ZnO nano needles (ZNNs) on non-catalytic Si(100) 

substrates by thermal evaporation techniques in a very large quantity. They characterized the 

ZNNs using FESEM, TEM and XRD, which confirm the growth of nano structure in high 

density and good crystallinity and optical properties. They used ZNNs as a photocatalyst for 

the photocatalytic degradation of methyl orange and detected 95.4% degradation in 140 min 

under illumination of UV lamp. 

Saleh and Djaja [65] synthesized Fe-doped ZnO and used it for the degradation of methyl 

orange and methylene blue dyes under irradiation of UV light. They characterized the 

prepared photocatalyst using XRD, EDX, SEM, UV-Vis DRS, ESR and vibrating sample 

magnetometer techniques. Various parameters like pH, catalyst dosage, scavenger’s, initial 

dye concentration and photoactive species were optimized. It was reported that spin 

magnetization of Fe2+ is greater than Fe3+ resulting in the degradation of both dyes by Fe2+-

doped ZnO is more effective than Fe3+. 

Ahmad et al., [66] reported the synthesis of ZnO nanoparticles on multi-walled carbon 

nanotubes (ZnO/CNTs) composites using sol method. The prepared photocatalyst were 

characterized using SEM, HR-TEM, XRD, EDX, BET, XPS and UV-Vis DRS which 
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confirmed the shift in band gap from UV to visible region. They used the prepared 

photocatalyst and ZnO for the photocatalytic, sonocatalytic and sonophotocatalytic 

degradation of rhodamine B (RhB) dye under the irradiation of natural sunlight and low 

power ultrasound. It was observed that the ZnO/CNTs composites are more efficient than 

pristine ZnO. The degradation reaction followed the pseudo first order kinetic model with 

higher rate constant for sonophotocatalytic degradation. Further the sonophotocatalytic 

degradation of (RhB) dye was always higher than the photocatalytic and sonocatalytic, which 

was attributed to more radical formation in the combine process. 

Saleh  and Djaja [67] synthesized Mn-doped ZnO and Co-doped ZnO using co-precipitation 

method. They characterized the synthesized nanoparticles using XRD, SEM, FTIR, UV-Vis 

DRS and electron spin spectroscopy. The synthesized nanoparticles were used for the 

photocatalytic degradation of methyl orange (MO) dye under the irradiation of UV light. The 

various parameters like pH, catalyst dosage, initial dye concentration of irradiation time and 

reported that 12% Mn-doped ZnO is more efficient photocatalytically than 12% Co-doped 

ZnO.   

Banasal et al., [68] synthesized well crystalline monodispersed ZrO2 nanoparticles using 

chemical co-precipitation method. The synthesized nanoparticles were characterised by using 

TEM, FESEM, UV-Vis spectroscopy and FTIR. The nanoparticles were used for the removal 

of direct red 81 and victoria blue using sonocatalytic and photocatalytic processes. Various 

parameters like pH, catalyst dosage and initial dye concentration and reuse ability with good 

stability were optimized and reported that the degradation of the dye follow kinetic model of 

pseudo first order in both techniques but the rate constant of sonocatalytic technique is higher 

than the photocatalytic degradation. 
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Kumar et al., [69] synthesized ZnO nano-aggregates using solution combustion method at 

450 0C using dextrose as a fuel. They characterized the prepared photocatalyst using FESEM, 

FTIR, EDS and XRD which confirmed the high density, well crystallinity and good optical 

properties of nano-aggregates ZnO photocatalyst. The synthesized photocatalyst was used for 

the sonophotocatalytic degradation of methyl orange (MO) under the illumination of UV light 

and they found a strong synergy between photocatalyst and UV light and claimed that 

sonophotocatalytic degradation is more efficient than sonolytic and photolytic degradation. 

They claimed the complete mineralization of MO dye in 40 minutes.  

Ahmad et al., [70] synthesized Ce-doped ZnO and ZnO photocatalyst using combustion 

method with different concentration of cerium. The photocatalyst was characterized using 

SEM, TEM, XRD, EDX, BET, photoluminescence spectroscopy (PL) and UV-Vis 

Spectroscopy. They reported that cerium doping shift in the band gap towards the visible 

region. The photocatalyst was used for the removal of rhodamine B dye and textile mill 

effluent containing organic matter under UV and visible light. They claimed that Ce-doped 

ZnO having 3.0 wt % cerium is four time efficient than ZnO and reported that using Ce-

doped ZnO reduction in the (COD) in the waste water of textile mills revealed a complete 

degradation of organic molecule as well as color removal. 

Gomez-Solis et al., [71] synthesized ZnO from the mixture of nital solution and zinc acetate 

sat 700C followed by combustion at 1800C. The synthesized photocatalyst was characterized 

using FE-SEM, FTIR, XRD, PL and TEM. The synthesized photocatalyst was used for the 

removal of methyl orange under simulated sunlight. It was observed that the synthesized ZnO 

is more efficient photocatalytically than the commercially available ZnO. Though various 

electrochemical experiments they found that ZnO prepared by nital solution method is free of 

photocorrosion.  
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Khataee et al., [72] published the synthesis of Pr-doped ZnO sonochemically and its 

characterization using XRD, FTIR, SEM, TEM and XPS techniques. Under ultrasonic 

radiation the prepared catalyst was used for the complete destruction of the acid red 17 

(AR17) and observed that efficiency of sonocatalysis with doped ZnO was much better than 

sonolysis, sonocatalysis with un-doped ZnO i.e. 24% and achieved 100% degradation of 

(AR17) in 70 min sonocatalytically using doped ZnO. Degradation parameters like pH, 

scavenger’s study and enhancers effect were investigated. They reported that scavenger’s like 

chloride, carbonate and sulfate decreases the degradation from 100% to 65%, 71% and 89% 

and enhancers like peroxydisulfate and H2O2 improve the degradation rate and decreases the 

reaction time from 70 min to 50 min. 

Chakma and Moholkar [73] synthesized surface modified Fe-doped ZnO using ultrasonic 

assisted impregnation method. Two Fe-doped ZnO photocatalyst were prepared. In 

preparation of Fe-doped ZnO the reaction is conducted in the absence and presence of 

surfactant and sodium dodecyl sulfate. They characterized the ZnO and two Fe-doped ZnO 

using XDR, BET, FTIR, FESEM, EDX, TPR and UV-Vis DRS. The prepared photocatalysts 

was used for the removal of methylene blue (MB) and acid red B (ARB) using sonocatalysis 

and sonophotocatalysis. Fe-doped ZnO as a catalyst generated more ˙OH radicals which in 

turn result in rapid decolorization and degradation. A synergy was observed between 

sonolysis and photocatalysis. 

Saharan et al., [74] synthesized nanoparticles of Ni-doped ZnO using co-precipitation 

technique at low temperature. They characterized the nanoparticles using XRD, EDX, TEM, 

FTIR and UV/Vis spectroscopy. The synthesized nanoparticles were used for the degradation 

of the victoria blue and fast green dyes using sonocatalytic technique. Different experimental 

factors like pH, initial dye concentration, power dissipation and temperature were studied. 

They compared the sonocatalytic degradation of dyes using Ni-doped ZnO and ZnO as a 
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catalyst and suggested that ZnO based catalyst is promising for the purification of water 

contamination. 

Khataee et al., [75] synthesized Gd-doped ZnO using sonochemical process. The synthesized 

nanoparticles were characterized using XRD, FTIR, SEM and XPS. Gd-doped ZnO was used 

for the destruction of acid orange 7 (AO7) and they found that 5% Gd- doped ZnO 2.8 ev 

band gap exhibited superior sonocatalytic degradation. Various experimental parameters like 

pH, sonocatalyst dosage, initial dye concentration, effect of enhancers were studied and it 

was observed that in the presence of iodates 100% degradation of AO7 in 90 min was 

achieved. Scavenger’s effects revealed that sulfates carbonates and chlorides decreases the 

degradation efficiency from 90% to 78% 65% and 56% respectively. Degradation efficiency 

decrease 6% after 4 repeated runs. Gd-doped ZnO was found as a promising catalyst for the 

removal of organic contaminants sonocatalytically. 

Khataee et al., [76] synthesized Er-doped ZnO sonochemically and characterized the 

prepared sonocatalyst using SEM, XRD, TEM, UV/Vis spectroscopy  and XPS. The 

synthesized catalyst as well as ZnO was used for the removal of reactive orange 29 (RO29) 

sonocatalytically. It was observed that un doped ZnO showed better degradation efficiency 

i.e. 63%, 68%, 88% and 75% as compared to doped ZnO i.e. 2%, 4% and 6%. The effect of 

various parameters like catalyst dosage, pH, and initial dye concentration were optimized and 

it was observed that using K2S2O8 and H2O2 as enhancers the degradation rate increases and 

scavenger decreases the degradation efficiency. They analyzed all the intermediate products 

form during degradation process were analysed using GC-MS. 

Qamar et al., [77] reported the synthesis of CuO coated ZnO photocatalyst. They coated the 

surface of ZnO with Cu2+ ions by wet impregnation method and finally converted it into 

CuO@ZnO by calcination. The synthesized photocatalyst was characterized using DRS, PL, 
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Roman spectroscopy, XRD and FESEM. They used the prepared photocatalyst for the 

degradation of mononitrophenol (2-, 3- and 4- nitrophenol) dinitrophenol (2, 4-, 2, 5- and 2, 

6-dinitrophenol) under the illumination of sunlight. It was observed that 0.5% and 1% CuO 

coated ZnO showed much degradation efficiency. Prepared photocatalyst showed suppression 

in photo corrosion as compared to ZnO, analyzed by cyclic voltammeter. Reaction progress 

was monitored by HPLC, TOC and IC. 

Khan et al., [78] synthesized the S-doped TiO2 (S-TiO2) using sol-gel method and 

characterized the prepared nanoparticles using SEM-EDX, XDR and UV-Vis DRS. They 

used the prepared photocatalyst for the sonophotocatalytic degradation of reactive blue 19 

(RB19). Various experimental parameters like pH, initial dye concentration, catalyst dosage, 

effect of sulfur doping and ultrasonic power were investigated. Sonophotocatalysis was found 

more efficient than photolysis, sonolysis, catalysis, photocatalysis and sonocatalysis. 

Analysis were carried out by using GC-MS and 90% degradation was observed in 120 min 

using sonophotocatalysis. 

Shibin et al., [79] studied the photocatalytic removal of herbicide diquate in occurrence of 

ZnO as a photocatalyst under the irradiation of sunlight. Various parameters like pH, H2O2, 

O2, catalyst dosage and initial concentration of diquate were optimized. ZnO was found a 

promising catalyst for the removal of herbicides diquate using sunlight illumination. 

Khataee et al., [80] synthesized Nd-doped ZnO sonochemically and characterized the 

synthesized sonocatalyst using SEM, XDR and XPS. The prepared sonocatalyst was used for 

the removal of acid blue 92 (AB92) sonocatalytically and it was observed that 1% Nd-doped 

ZnO showed better efficiency 86.20% than ZnO 62.92% and sonolysis 45.73% in 150 min. 

They studied different parameters like pH, enhancers effect, scavenger’s and initial dye 

concentration, and reported that using H2O2, K2S2O8 and KIO4 as an enhancers the 
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degradation efficiency increases while different scavenger’s like chlorides, carbonates, 

sulfates and T-butanol decreases the efficiency of degradation. The degradation reaction was 

found to follow pseudo first order kinetic model. Degradation was confirmed using GC-MS 

and Lemna mirror. 

Rajamanickam et al., [81] studied the removal of 4-nitrophenol using ZnO photocatalyst 

under the irradiation of sunlight. They optimized the different experimental parameters like 

pH, catalyst dosage, initial concentration of 4-nitrophenol and enhancers like H2O2, K2S2O8 

and KBrO3 and reported the complete degradation of 4-nitrophenol under the irradiation of 

sunlight. They applied the Langmuir-Hinshelwood (L-H) kinetic model and analysed the 

intermediate formed during degradation reaction by GC-MS and COD measurements.  

Sudhaparimala et al., [82] synthesized the SnO2-ZnO semiconductor oxides nano 

composition using sol- gel method. They characterized the prepared photocatalyst using XRD 

and SEM. They used the synthesized nanocomposites semiconductor oxides for the 

degradation of methyl orange under the irradiation of visible light. They claim that their 

prepared photocatalyst is effective against the growth of staphylococcus aureus and E.coli at 

microgram level. 

Mahajan and Sonwane [83] synthesized ZnO nano catalyst using sol-gel method, and 

characterized using SEM, EDS and XRD. The prepared nanocatalyst was used for the 

degradation of textile wastewater using sonolysis, photocatalysis and sonophotocatalysis. 

Various parameters like contract time, pH and catalyst dosage was studied using TOC for 

percent removal. It was reported that sonophotocatalytic technique is more efficient than 

sonolysis and photocatalysis. 

Lavand Malghe [84] reported the photocatalytic preparation of C and Fe modified ZnO 

photocatalysts using microemulsion method. The photocatalysts were characterized using 
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different techniques like SEM, EDX, XRD, TG-DTA, FTIR, XPS, TEM, PL and UV-Vis 

spectroscopy. The prepared photocatalysts were used for the degradation of 2,4,6-

trichlorophenol (TCP) under the irradiation of visible light. It was observed that C, Fe co-

doped ZnO show better efficiency than Fe-doped ZnO, C-doped ZnO and ZnO. The prepared 

photocatalyst is very stable up to fourth cycle. 

Khataee et al., [85] synthesized the Sm-doped ZnO catalyst using sonochemical method and 

characterized it using XRD, SEM and PS. The prepared sonocatalyst was used for the 

degradation of acid blue 92 (AB92) and observed that 6% Sm-doped ZnO showed 90.10% 

degradation efficiency in contrast to undoped ZnO (63.9%) and sonolysis (45.7%). The 

degradation reaction followed pseudo first order kinetic model. Different parameters like pH, 

initial dye concentration, catalyst dosage, enhancers and scavenger’s were optimized.  

Intermediates obtained from degradation process during reaction were identified using GC-

MS. 

Perillo and Atia [86] synthesized C-doped ZnO nanorods photocatalyst by a simple 

precipitation method and characterized it using SEM, BET, TEM, XPS and XRD. They 

optimized different experimental parameters and found 97% degradation of p-aminobenzoic 

acid solution under the irradiation of sunlight, in the presence of 0.5 g/L C-doped ZnO 

nanorods. The photocatalyst was found reusable having good efficiency. The reaction follows 

pseudo first order kinetic model. 

Hezam et al., [87] developed a novel heterostructured semiconductor photocatalyst Bi2O3-

CeO2-ZnO using a combination of microwave assisted hydrothermal and thermal 

decomposition methods. They characterized the photocatalyst using PXRD, FE-SEM, 

EDAX, FT-IR, UV-Vis DRS, PL spectroscopy, elemental color mapping and Raman 

spectroscopy. Characterization confirms the structure, properties, formation and optical 
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properties of photocatalyst that exhibits wide range of visible light 400-780 nm. The prepared 

photocatalyst was used for the degradation of rhodamine B dye under the sunlight and 

compared with the degradation of prepared photocatalyst with ZnO, Bi2O3, CeO2 and 

commercial degussa TiO2-P25. The prepared photocatalyst Bi2O3-CeO2-ZnO gave better 

charge separation as compared to Bi2O3, CeO2 and ZnO. Improved photocatalytic activity of 

Bi2O3-CeO2-ZnO is because of efficient separation of electron and holes of photocatalysts, 

and wide visible light photoabsorption range.  

Ahmadi et al., [88] studied the degradation of tetracycline and real wastewater using 

MWCNT/TiO2 nanocomposite. Different operational parameters like pH, photacatalyst 

dosage, tetracycline concentration, irradiation time were optimized. Complete removal of 

tetracycline (10 mg/L) was reported using 0.2 g/L MWCNT to TiO2 ratio of 1.5 (W/W %) at 

pH 5 under the irradiation of UVC lamp. The experimental work follows pseudo first order 

kinetic model with R2 (square) = 0.91 – 0.98. TOC analysis showed that mineralization was 

increased from 37% to 83% at 300 minutes. For pharmaceutical waste water COD decreased 

from 2267 mg/L to 342 mg/L in 240 minute. 

Wu et al., [89] prepared a zinc oxide (ZnO) nanorods by pyrolysis method and used it as a 

photocatalyst for the degradation of perfluorooctanoic acid (PFOA). They characterized the 

catalyst using XRD. They optimized the various experimental parameters and found that 

acidic pH gives better degradation i.e. 70.5% in the presence of ZnO/UV/O3 system, while 

only 9.5% by sole ozonation and 18.2% with UV light irradiation. Hydroxyl radicals are 

believed to play a dominant role and the degradation process followed the photo kolbe 

reaction mechanism. 

Chu et al., [90] synthesized ZnO0.6S0.4 photocatalyst using co precipitation and calcination 

method for enhanced photocatalytic generation of hydrogen. Hydrogen is produced 
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photocatalytically by visible light driven (VLD) in the presence of sulfide/ sulfite system with 

the degradation of reactive violet 5 (RV5). With degradation of RV5 dye, production of H2 

increases and it reached to 110% with the initial concentration of RV5. The mechanism of the 

reaction and intermediates were investigated using FTIR and TOC. The photocatalyst did two 

tasks at the same time that is degradation of organic pollutants and energy production. 

Wang et al., [91] prepared the vanadium (V) doped TiO2 photocatalyst using sol gel method 

and compared the degradation of automobile exhaust (AE) for it and with pure TiO2 alone. It 

was observed that the photocatalytic degradation of 1.0% V-doped TiO2 to AE was higher 

than using pure TiO2 under UV and visible light. Degradation rate was higher in visible light 

and degradation efficiency of NOx and HC were higher than CO2 and CO. Under the two 

light irradiation the degradation follows pseudo first order kinetic model. 

Shirzad-Siboni et al., [92] synthesized Cu-doped ZnO photocatalyst by facile co precipitation 

method and characterized it using XRD, FESEM, EDX, VSM, XPS and pHzpc. The Cu-

doped ZnO was used for the degradation of organophosphorus pesticide under UV light at 

optimized condition of neutral pH, 0.2 g/L photocatalyst concentration. 96.97% degradation 

of pesticide was achieved using Cu-doped ZnO, following pseudo first order kinetic model. 

Moradi et al., [93] prepared a Ag-ZnO/CNT nanophotocatalysts with different multiwall 

carbon nanotubes loadings by precipitation-decomposition method and characterized using 

XRD, FESEM, EDX, BET, FTIR and DRS. The photocatalysts was used for the degradation 

of acid orange 7 dye under the irradiation of visible light. The Ag-ZnO/CNT with 5 wt % 

loading of functionalized multiwalled carbon nanotubes did better degradation than Ag-ZnO 

and ZnO.  

Ong et al., [94] synthesize ZnO/rGO nanocomposites by low temperature sol-gel method and 

characterized by TGA, DSC, XRD, TEM, FESEM and XPS. The combination of ZnO and 
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graphene sheets enhanced the surface area and rapid charge separation. The prepared 

photocatalyst was used for the degradation of perfluorooctanoic acid (PFOA) and methyl 

orange under solar irradiation.  

Anjum et al., [95] prepared ZnO-ZnS @ polyaniline (ZnO-ZnS@PANI) visible light 

semiconductor photocatalyst and characterized using XRD, FESEM, FTIR, UV-Vis DRS, 

Raman analysis and X-Ray photoelectron spectroscopy. The photocatalyst was used for the 

degradation of 2-chlorophenol under visible light at optimum conditions of pH, catalyst 

dosage, contact time and initial pollutant concentration. It was observed that 89 % 

degradation of 2-chlorophenol was achieved with ZnO-ZnS@PANI. ZnO-ZnS@PANI was 

suggested as an efficient photocatalyst for the decontamination of wastewater.  

Nasirian and Mehrvar [96] synthesized a nitrogen doped titanium dioxide (N-TiO2) using 

three different methods. Photocatalyst prepared using UV-assisted thermal synthesis show 

better degradation as compared to the one prepared by annealing and microwave technique. 

The prepared photocatalyst was used for the degradation of methyl orange under UV, visible 

and sunlight. Maximum degradation of 20.4% was achieved under visible light.  

Zheng et al., [97] synthesized TiO2/ WS2/ g-C3N4 composite photocatalysts by liquid-

exfoliation-solvothermal method from WS2/g-C3N4 nanosheets prepared by liquid-exfoliation 

method. The TiO2 nanoparticles grew on the WS2/g-C3N4 nanosheets by in-situ synthesized 

technique. Characterization was done using XRD, UV-Vis DRS, SEM, FTIR, XPS and PL. 

The photocatalyst was used for the degradation of methyl orange (MO) under visible light 

irradiation and reported that the prepared photocatalyst exhibited higher photocatalytic 

activity as compared to TiO2/g-C3N4 and TiO2, g-C3N4 composite. Free radicals ˙O2 plays a 

very active role in the degradation of MO.  
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Rokade et al., [98] synthesized ZnO nanorods ZnO NRs and ZnO/CdS core shell using 

electrodeposition and chemical bath deposition. They characterized the prepared 

photocatalyst using UV-Vis absorption, Raman spectroscopy, SEM, PEC, EIS and efficiency 

measurement. They reported that ZnO/CdS is more efficient for photocurrent conversion in 

water splitting than ZnO NRs under the irradiation of visible light. 

Zhang et al., [99] reported the inactivation of E.coli using ZnO nanofluids using 

sonophotocatalytic technique at optimized reaction parameters like frequency, power density 

and time. The order of inactivation of E.coli was higher in sonophotocatalysis. They proposed 

the mechanism of reaction. They reported that 20 % of inactivation of E.coli and permeability 

of membrane of E.coli was increased by applying sonophotocatalysis. From the study of 

reactive oxygen species (ROS) and zinc ions (Zn2+) release indicate that ROS play a key role 

in inactivation of E.coli. 

May-Lozano et al., [100] synthesized Fe2O3-TiO2 (1 % Fe) photocatalyst by wet 

impregnation method and used it for the degradation of orange II dye under the illumination 

of visible light photocatalytically and sonophotocatalytically. The photocatalyst was 

characterized using BET, SEM, XRD and EDX. The degradation of orange II with 500 KHz 

ultrasonic frequency under visible light irradiation was found much better than with 250 

KHz, 1000 KHz ultrasonic frequency and photocatalysis. 

Zhang et al., [101] synthesized La-doped ZnO using precipitation method and characterized 

the prepared photocatalyst using SEM, XRD and UV-Vis DRS. The photocatalyst was used 

for the degradation of pefloxacin using photocatalysis under the irradiation of UV light. La-

doped ZnO was found more efficient as compared to pure ZnO in degradation and 93 % 

degradation of pefloxacin was achieved in 6 hours. 



25 

 

Agarwal et al., [102] synthesized molybdenum trioxide (MoO3) and molybdenum disulfide 

(MoS2) nanocatalyst using hydrothermal and co-precipitation method and characterized using 

XRD, SEM, TEM and EDX. The prepared photocatalysts was used for the degradation of 

morphine at optimum condition of pH, contact time, catalyst dosage and pollutant 

concentration. It was observed that MoO3 and MoS2 degraded morphine 95% and 98%, 

respectively at 30 minutes under the irradiation of UV or Visible light sonophotocatalytically.  

Roge et al., [103] synthesized ZnO nanowires using metal organic chemical vapor deposition 

method and characterized it using SEM, EDX, XRD, PL and XPS. The synthesized 

photocatalyst was used for the degradation of seven xenobiotics like carbamazepine, 

diclofenac, lidocaine, metoprolol, propranolol, sulfadimidine and atenolol under the 

irradiation of using UV light. The prepared catalyst was found promising for the degradation 

of seven xenobiotics present in wastewater. 

Liang et al., [104] synthesized Bi2WO6 photocatalyst using hydrothermal method in the 

presence of polyvinylpyrrolidone followed by characterization using XRD, FE-SEM and N2 

adsorption-desorption technique. The photocatalyst was used for the degradation of 

rhodamine B dye under the illumination of visible light at optimized experimental conditions 

of catalyst dosage, light intensity and ultrasound pulse mode. Degradation of dye up to 99.5% 

was achieved in 40 minutes using sonophotocatalysis and the degradation rate was high in 

sonophotocatalysis as compared to photocatalysis and sonocatalysis. 

Dewidar et al., [105] studied the degradation of phenol under the irradiation of UV light 

using photocatalysis at optimum conditions of initial concentration of phenol, catalyst 

dosage, pH and air superficial velocity. They reported 78.2% photocatalytic degradation 

using COD as a measuring tool and the photocatalytic reaction was found to follow the 

kinetic model of pseudo second order.  
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Trandafilovic et al., [106] synthesized Eu-doped ZnO photocytalyst in three different solvents 

that is water, methanol and ethanol and characterized the prepared photocytalyst using XRD, 

TEM, XPS, PL and optical absorption. The prepared photocytalyst was used for the 

degradation of methyl orange (MO) and methylene blue (MB) photocatalytically under the 

illumination of sunlight. The photocatalytic properties of ZnO were improved with the 

doping of Eu 3+. The photocatalytic pathway of MB and MO were examined using HPLC. 

Mahmoodi et al., [107] synthesized ZnO nanoparticles and used it for the photocatalytic 

degradation of basic red 46 (BR 46) and basic blue 41 (BB 41) after characterization using  

XRD, FTIR and SEM. The experimental work was conducted using response surface 

methodology (RSM) and genetic algorithm (GA). Various parameters like pH, contact time, 

catalyst dosage and initial dye concentration were optimized. Under optimized condition 

72.56% of BB 41 and 67.89% of BR 46 degradation was achieved based on RSM and 

72.36% for BB 41 and 68.34% for BR46 according to GA.  

Hu et al., [108] reported the synthesis of CdS/MIL-53 (Fe) composite using solvothermal 

method and characterized the prepared composite using XRD, SEM, TEM, XPS, FTIR and 

UV- Vis DRS. The prepared photocatalyst was used for the degradation of rhodamine B dye 

under the illumination of visible light at optimized parameters like pH, catalyst dosage, dye 

concentration. For rhodamine B 92.5% degradation was achieved and the reaction followed 

pseudo first order kinetic model. 
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Experimental 

3.1. Synthesis of Photocatalyst 

 

Metal impregnated photocatalysts over zinc oxide (ZnO) and alumina (Al2O3) support were 

synthesized, characterized and used for further investigations. 

3.1.1. Material and Methods 

i. Chemicals 

All chemicals used were of analytical grade purity and were used without further purification. 

Zinc oxide (ZnO), alumina (Al2O3), copper chloride dehydrated (CuCl2. 2H2O), nickel nitrate 

(Ni (NO3)2), silver nitrate (AgNO3) were purchased from BDH Supplies, Poole, BH151TD, 

England.  Basic Violet 1, Basic Green 4, Acid Red 27, Direct Violet 51, Acid Violet 49 and 

Acid Blue 45 dyes were purchased from Merck Darmstadt, Germany. Standard reference 

active ingredients of drugs were provided by Cirin Pharmaceutical (Pvt) Ltd., Hatter, 

Pakistan. Commercial formulations of Cefixime (magnetic caps 400 mg, S J & G Fazal Elahi 

(Pvt) Ltd was purchased from local market. Britton Robinson buffer was used to adjusted pH 

of the dyes solutions. 

ii. Instrumentation 

UV/Vis Spectrophotometer (Model SP-3000 plus, Optima, Japan), with matched 1 cm quartz 

and glass cells was used for absorbance measurement at maximum wavelength of dyes and 

drugs. Kum Sung Ultrasonic bath with 40 KH frequency was used as Ultrasonic radiation 

source. Magnetic stirrer model XMTD-702 china used for stirring. For photocatalytic 

degradation of dyes tungsten filament lamp of 200W was used as a visible source. 
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3.1.2. Synthesis of Cu-ZnO Photocatalyst 

For synthesis of copper impregnated ZnO, different concentrations of salt of Cu (CuCl2. 

2H2O) as 5%, 10%, 15%, 20% and 25% were calculated based on the weight of the metal for 

a known dose of ZnO. The hydrated copper salt was dissolved in a suitable amount of water 

and poured into the ZnO carrier slurry and at 900 rpm the solution was stirred at 60 ºC for 1 

h. After stirring the solution was filtered, washed with distilled water and for 12 h dried in an 

oven at 110 ºC. The photocatalyst (Cu-ZnO) sample for 4 h was then calcined at 500 ºC and 

cooled in desiccators [109]. The dried sample was crushed to powder and sieved to a particle 

size of less than 150 μm. 

3.1.3. Synthesis of Ni-ZnO Photocatalyst 

For synthesis of Ni-ZnO photocatalyst Ni (NO3)2 metal salt was dissolved in a suitable 

amount of water and poured into the ZnO carrier slurry and at 900 rpm the solution was 

stirred at 60 ºC for 1 h. After stirring the solution was filtered, washed with distilled water 

and for 12 h dried in an oven at 110 ºC. The photocatalyst (Cu-ZnO) sample for 4 h was then 

calcined at 500 ºC and cooled in desiccators. The dried sample was crushed to powder and 

sieved to a particle size of less than 150 μm and stored for further investigation. 

3.1.4. Synthesis of Ag-ZnO Photocatalyst 

For synthesis of Ag-ZnO photocatalyst AgNO3 metal salt was dissolved in a suitable amount 

of water and poured into the ZnO carrier slurry and at 900 rpm the solution was stirred at 60 

ºC for 1 h. After stirring the solution was filtered, washed with distilled water and for 12 h 

dried in an oven at 110 ºC. The photocatalyst (Cu-ZnO) sample for 4 h was then calcined at 

500 ºC and cooled in desiccators. The dried sample was crushed to powder and sieved to a 

particle size of less than 150 μm and stored. 
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3.1.5. Synthesis of Cu-Al2O3 Photocatalyst 

For synthesis of copper impregnated Al2O3, copper metal salt CuCl2. 2H2O was dissolved in a 

suitable amount of water and poured into the Al2O3 carrier slurry and at 900 rpm the solution 

was stirred at 60 ºC for 1 h. After stirring the solution was filtered, washed with distilled 

water and for 12 h dried in an oven at 110 ºC. The photocatalyst (Cu- Al2O3) sample for 4 h 

was then calcined at 500 ºC and cooled in desiccators. The dried sample was crushed to 

powder and sieved to a particle size of less than 150 μm and stored. 

3.2. Characterization of Photocatalysts 

3.2.1. SEM and EDX analysis  

Surface morphology of photocatalysts was analysed by Scanning electron microscope (SEM) 

using JSM5910 (JEOL, Japan). The specimens for SEM analysis were prepared by coating 

the samples with a thin layer using double adhesive carbon tape over aluminium stubs. 

Elemental compositions of photocatalysts were determined using Energy dispersive X-ray 

(EDX) INCA 200, UK Oxford Instrument. 

3.2.2. XRD analysis 

Phase analysis was carried out with an X-ray diffractometer (JEOL model JDX-9C, Japan) at 

room temperature, using monochromatic Cu-Kα radiation (λ=1. 5418Å) at 40 KV and 30 mA 

in the 2θ range of 10-80⁰ with 1.03⁰ per minute. 

3.2.3. Surface area determination 

The surface area of the synthesized photocatalysts was determined by a surface area analyser 

(Quantachrome, Nova Station, A) with nitrogen adsorption–desorption isotherms. The 

samples were degassed prior to analysis at 100 ºC for 2 h using high vacuum line in order to 
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remove all the adsorbed moisture or gases from the photocatalyst surface and pores. Surface 

area of the sample was calculated using the Brunauer-Emmett- Teller (BET) method. 

3.2.4. Band Gap energy determination 

The optical properties of the photocatalysts were determined by UV-visible 

spectrophotometric method and the band gap energy of the photocatalysts was determined 

using the Tauc graph. The transmission spectrum (%) of the 0.05% sample suspension was 

measured from 200 nm to 900 nm. Absorbance was measured using A = 2-log% T, and the 

absorbance of the sample was multiplied by the energy of the photons hv (ev), then the 

(Ahv)2 (direct forbidden band) as a function of hv (ev) was the energy of the photons was 

calculated from the equation Eg = 1240 / wavelength (λ). 
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Part 1 

Characterization of Metal impregnated photocatalysts 

4.1. Cu impregnated ZnO photocatalyst 

i. SEM analysis 

The morphology of ZnO, Cu-ZnO and reused Cu-ZnO are depicted in Figure 4.1 (a-c). As 

can be seen from SEM micrograph that the morphology of ZnO (4.1 a) support changed after 

impregnation with copper (4.1 b) and different shapes of small particles are present on the 

surface of ZnO particles. The morphology of 9 cycles reused photocatalyst (4.1 c) also shows 

the impregnated Cu particles. 

                         

                 (4.1 a) ZnO       (4.1 b) Cu-ZnO 

 

                          (4.1 c) Reused Cu-ZnO 

Figure 4.1. SEM of ZnO (a), Cu-ZnO (b) and reused catalyst (c)  
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ii. EDX analysis 

The EDX spectra for ZnO, Cu-ZnO and reused Cu-ZnO are shown in Figure 4.2 a, b and c 

respectively. The EDX spectra shows that copper is successfully impregnated on ZnO while 

Figure 4.2 c shows the concentration of copper after nine times repeatedly use of Cu-ZnO 

catalyst for photocatalytic degradation. The change in concentration of copper is negligible, 

hence the catalyst has the ability for its re usability without any loss in its catalytic efficiency. 

 

(4.2 a) ZnO 

 

 

(4.2 b) Cu-ZnO 
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(4.2 c) reused catalyst 

Figure 4.2. Elemental analysis of photocatalyst using EDX; ZnO (a), Cu-ZnO (b) and reused 

Cu-ZnO (c) 

 

iii. XRD analysis of the photocatalyst 

The XRD for ZnO, Cu-ZnO and the 9 cycles reused Cu-ZnO is given in (Figure 4.3.). Figure 

4.3a is of ZnO and its pattern according to ICDD number 30888, 11136, 11244 and 361451 

shows peak at 28°,31°,32°, 34°, 36°, 47°,50°, 56°, 62°,66°, 67° and 69°, Figure 4.3b is of Cu-

ZnO and shows pattern according to ICCD number  50661, 30879, 11136, 50664 and 30981,  

whereas Cu shows peak at 43.6°, 50.7° and 74.4°, Figure 4.3c is of 9th time used Cu-ZnO, it 

shows pattern at ICDD number  450912, 501381, 11136, 30888, 30884, 410254, 11117,and 

250322. In Figure 4.3. the corresponding peaks at angle >30° show residue peaks that might 

have been absorbed from any residue present in water.  The intensity of peaks is decreased in 

the 9th run of catalyst. It can be easily observed that 2Ѳ values for major reflections ranges 

from 28° to 69° for ZnO, while 28° to 74.4° for Cu-ZnO and 9 cycles reused Cu-ZnO.  

Height, area of the peak and their respective thickness calculated by the Scherer’s 

respectively, one can easily observe that 2Ѳ values for major reflections ranges from 28° to 

69° in case of ZnO and 28° to 74.4° in case of Cu-ZnO and 9 cycles reused Cu-ZnO given in 
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Table 4.1-4.3. The thicknesses of the crystal lattice calculated by Scherer’s equation 

demonstrate that crystal thickness ranges from 17.8 to 44.8 nm in case of ZnO, 20.6 to 61.9 

nm in case of Cu-ZnO and 12.2 to 35.5 nm for 9 cycles reused Cu-ZnO. By applying Bragg’s 

law, particle to particle distance (d) was found to be in the range of 0.271 to 0.63 nm for 

ZnO, 0.25 to 0.63 nm for Cu-ZnO and 9 cycles reused Cu-ZnO.   

Table 4.1. X-Ray Diffraction data for ZnO 

2 Ѳ Height from 

base 

Width (at half 

height) 

Area Thickness  

(nm) 

d 

Bragg’s 

law 

28 295.7 0.003098 55.87795 44.87743 0.636819 

31 3150 0.003399 709.4 40.62334 0.576491 

32 166.375 0.007735 3296.17 17.80451 0.558924 

34 2215 0.003536 538.725 38.75043 0.526933 

36 7055 0.00319 1563.55 42.71223 0.49855 

47 853.880 0.003986 207.59 32.96249 0.386359 

50 172.233 0.003143 33.018 41.3129 0.364538 

56 1537 0.004615 476.825 27.40891 0.328157 

62 1032.85 0.004628 291.619 26.53342 0.299124 

66 137.73 0.005023 42.193 23.9231 0.282866 

67 799.594 0.004946 241.288 24.15509 0.279126 

69 354.362 0.005463 118.1712 21.61482 0.271996 

 

Table. 4.2. X-Ray Diffraction data for Cu-ZnO 

2 Ѳ Height from 

base 

Width (at half 

height) 

Area Thickness  

(nm) 

d 

Bragg’s 

law 

28 

31 

32 

34 

36 

43.6 

47 

50 

50.7 

56 

62 

66 

67 

69 

74.4 

255.58 

3122.68 

479.313 

2043.41 

5852.85 

5643.45 

835.022 

121.667 

2063.12 

1184.739 

925.992 

104.782 

722.054 

306.221 

2012.21 

0.002244 

0.003216 

0.002947 

0.003257 

0.003302 

0.003182 

0.003799 

0.003653 

0.003313 

0.004399 

0.004985 

0.005819 

0.004991 

0.005701 

0.003182 

34.97812 

612.54 

86.13948 

405.90 

1178.89 

1089.89 

835.022 

27.1105 

489.76 

317.843 

281.546 

37.1881 

219.813 

106.472 

309.98 

61.95299 

42.92697 

46.74014 

42.06875 

41.2608 

41.80613 

34.58585 

35.54216 

39.0767 

28.75961 

24.63559 

20.64974 

23.93634 

20.71222 

35.86502 

0.636819 

0.576491 

0.558924 

0.526933 

0.49855 

0.414846 

0.386359 

0.364538 

0.359831 

0.328157 

0.299124 

0.282866 

0.279126 

0.271996 

0.254813 
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Table. 4.3. X-Ray Diffraction data for 9 cycles reused Cu-ZnO 

2 Ѳ Height from 

base 

Width (at half 

height) 

Area Thickness  

(nm) 

d 

Bragg’s 

law 

28 

31 

32 

34 

36 

43.6 

47 

50 

50.7 

56 

62 

66 

67 

69 

74.4 

188.194 

1164.580 

135.911 

707.683 

1913.884 

1123.64 

340.646 

85.736 

689.702 

446.529 

312.261 

52.389 

282.440 

111.322 

602.298 

0.003911 

0.004302 

0.004292 

0.004881 

0.003883 

0.004089 

0.004313 

0.010565 

0.004639 

0.005119 

0.00536 

0.004008 

0.00549 

0.007505 

0.003935 

44.887 

305.586 

35.580 

210.681 

453.277 

298.232 

89.6111 

55.248 

208.546 

139.403 

102.085 

12.807 

94.575 

50.952 

201.546 

35.54825 

32.09031 

32.08562 

28.0694 

35.09087 

32.52995 

30.46293 

12.29007 

27.91298 

24.71371 

22.91177 

29.97836 

21.76162 

15.73395 

28.99996 

0.636819 

0.576491 

0.558924 

0.526933 

0.49855 

0.414846 

0.386359 

0.364538 

0.359831 

0.328157 

0.299124 

0.282866 

0.279126 

0.271996 

0.254813 

 

 

Figure 4.3. XRD Pattern of (a) ZnO, (b) Cu-ZnO (c) 9 cycles reused Cu-ZnO 
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iv. Surface area and band gap 

Surface area was determined using BET method and for ZnO it was observed as 185.274 

m2g–1 and for Cu-ZnO it was 182.736 m2g–1. The results indicate that the small decrease 

observed in surface area of ZnO is due to the impregnation of copper. 

The optical properties of ZnO and Cu-ZnO were determined and the results show that copper 

impregnation shift the band gap energy from UV (ZnO = 3.3 ev) to visible region (Cu-ZnO = 

2.6 ev). The results revealed that the band gap decreased between the valence band and 

conduction band of ZnO after impregnation with copper (Figure 4.4.). 

 

 

 

(a) ZnO 
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(b) Cu-ZnO 

Figure 4.4. Tauc plot for (a) ZnO and (b) Cu-ZnO 

4.2. Characterization of Ni impregnated ZnO photocatalyst  

i. SEM analysis 

SEM analysis were performed in order to know the morphology of the photocatalyst and to 

confirm that the nickel after impregnation was effectively dispersed throughout the surface of 

ZnO photocatalyst. The morphology of  ZnO, Ni-ZnO, 5 cycles reused Ni-ZnO and 5 cycles 

reused photocatalyst Ni-ZnO after washing are depicted in Figure 4.5 a, b, c and d.  

 

(a) ZnO                          (b) Ni-ZnO 
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(c) Reused photocatalyst                           (d) Reused photocatalyst after treatment 

Figure 4.5. SEM of (a) ZnO (b) Ni-ZnO (c) 5 cycles reused catalyst and (d) 5 cycles reused 

photocatalyst after treatment 

ii. EDX analysis 

The EDX spectra for ZnO, Ni-ZnO, 5 cycles reused Ni-ZnO and reused catalyst Ni-ZnO after 

washing are given in Figure 4.6. The EDX spectra of Figure 4.6 b shows that nickel is 

successfully impregnated on ZnO while Figure 4.6 c and d shows the concentration of nickel 

after five times repeatedly use of Ni-ZnO catalyst for photocatalytic degradation. The change 

in concentration of nickel is negligible. 

 

(a) ZnO 
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(b) Ni-ZnO 

 

(c) Reused Ni-ZnO 
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(d) Reused Ni-ZnO after treatment 

Figure 4.6. EDX of (a) ZnO (b) Ni-ZnO and (c) reused Ni-ZnO (d) reused Ni-ZnO after 

treatment 

iii. XRD analysis 

The XRD for ZnO, Ni-ZnO and 5 cycles reused Ni-ZnO and after washing is given in Figure 

4.7. As can be seen from Figure 4.7a that ZnO and its pattern according to ICDD number 

361451, 11244, 11136, and 30888  shows peak at 28°,31°,32°, 34°, 36°, 47°,50°, 56°, 

62°,66°, 67° and 69°, figure 4.7b is of Ni-ZnO and it shows pattern according to ICCD 

number 30891, 30888, 211486, 50664, 11025 and 471019. While figure 4.7c is of 5 cycles 

used Ni-ZnO, it shows pattern at ICDD number 11136, 30891, 471019 and 361451. Figure 

4.7d is of reused Ni-ZnO after catalyst washing show ICDD 11136, 30891, 50664, 211486, 

11238, 330989 and 380474.  

Height, area of the peak and their respective thickness calculated by the Scherer’s equation 

for ZnO, Ni-ZnO, 5 cycles reused Ni-ZnO and reused Ni-ZnO after catalytic treatment, one 

can easily observe that 2Ѳ values for major reflections ranges from 28° to 69°. The 

thicknesses of the crystal lattice calculated by Scherer’s equation demonstrate that crystal 
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thickness ranges from 17.8 to 44.8 nm in case of ZnO, 18.2 to 37.4 nm in case of Ni-ZnO and 

19.8 to 38.1 nm for 5 cycles reused Ni-ZnO and 20.2 to 41.9 nm for reused Ni-ZnO after 

treatment. By applying Bragg’s law particle to particle distance (d) was found to be in the 

range of 0.271 to 0.63 nm for all. After Ni impregnation on ZnO, XRD patterns attain similar 

spectra to ZnO, except decreased peak intensities which occur due to impregnation of Ni ion 

into ZnO. As atomic radii of Ni2+ is slightly less than Zn2+, therefore no additional peaks have 

been observed. 

 

Figure 4.7. XRD Pattern of ZnO, Ni-ZnO, 5 cycles reused Ni-ZnO and treated catalyst 
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iv. Surface area and band gap 

Surface area was determined using BET method and it was observed that ZnO has surface 

area 185.274 m2g–1 and while Ni-ZnO has 180.88 m2g-1. The results indicated that the small 

decrease in surface area of Ni-ZnO is due to the impregnation with nickel. 

The optical properties of ZnO and Ni-ZnO were determined through UV-visible 

spectrophotometric method (Figure 4.8). Impregnation with nickel shift band gap energy 

from UV (ZnO = 3.3 ev) to visible region (Ni-ZnO = 2.4 ev).  

 

 

 

(a) ZnO 
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(b) Ni-ZnO 

Figure 4.8. Tauc plot for ZnO and Ni-ZnO 

 

4.3. Characterization of Cu impregnated Alumina photocatalyst  

i. SEM analysis 

SEM analysis were performed in order to know the morphology of the catalyst, impregnated 

catalyst and reused catalyst. Figure 4.9 show the morphology of alumina (Al2O3), copper 

impregnated alumina (Cu- Al2O3), 5
 cycles reused catalyst Cu-Al2O3 and reused catalyst Cu- 

Al2O3 after washing. As can be seen from the figure that morphology of Al2O3 changed after 

impregnation with copper and different shapes of small particals are observed on the surface 

of Al2O3. The morphology of reused and treated reused catalyst shows the presence of 

impregnated copper particals. 
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                      (a) Al2O3     (b) Cu-Al2O3 

 

        

            (c) Reused Cu-Al2O3                                   (d) Reused Cu- Al2O3 after treatment 

 

Figure 4.9. SEM of (a) Al2O3 (b) Cu-Al2O3 and (c) 5 cycles reused catalyst (d) 5 cycles 

reused catalyst after treatment 

 

ii. EDX analysis 

The EDX spectra for Al2O3, Cu-Al2O3, 5 cycles reused and reused catalyst Cu-Al2O3 after 

washing as shown in Figure 4.10. The EDX spectra show that copper is successfully 

impregnated on the surface of Al2O3. Comparison of the spectra indicates the change in 

concentration of copper used and reused is negligible. 
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(a) Al2O3 

 

 

(b) Cu-Al2O3 
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(c) Reused Cu-Al2O3 

 

 

(c) Reused Cu-Al2O3 after treatment. 

 

Figure 4.10. EDX of (a) Al2O3 (b) Cu-Al2O3 and (c) reused Cu-Al2O3 (d) reused Cu-Al2O3 

after treatment 
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iii. XRD analysis 

The XRD for Al2O3, Cu-Al2O3 and 5 cycles reused and washed reused Cu-Al2O3 is given in 

Figure 4.11. The Al2O3 pattern (figure 4.11a) according to ICDD number 11243, 21422, 

50712, 100173, 110661, 461131, 490134 and 501496 shows peak at 13.2°, 17°, 23°, 25°, 32°, 

35°, 37°, 39°, 44°, 52°, 57°, 62°, 67°, 68°, 77° and 78°. Figure 4.11b is of Cu-Al2O3 which 

shows pattern according to ICCD number 11117, 11142, 11296, 11305, 11307, 20921, 

21421, 30892, 40878, 50661, 50667, 80013 and 90440 and shows peak at 43.6°, 50.7° and 

74.4°, 5 cycles used Cu-Al2O3 shows pattern at ICDD number 90185, 351401, 11117, 11243, 

11296, 50712, 110661, 231009 and 260016, Cu-Al2O3 after catalytic treatment show ICDD 

90185, 351401, 11117, 11243, 11296, 11304, 21373, 50661, 50712, 110661, 160394, 190010 

and 260016. . It can be easily observed that 2Ѳ values for major reflections ranges from 13.2° 

to 78° for Al2O3 and Cu-Al2O3, while 32° to 75° for 9 cycles reused and after poisoning Cu-

Al2O3. Some residual peaks are also present in figure 4.11 that might be due to the absorption 

of any residue present in water. 

Height, area of the peak and their respective thickness calculated by the Scherer’s. One can 

easily observe that 2Ѳ values for major reflections ranges from 11.6° to 78.1°. The 

thicknesses of the crystal lattice calculated by Scherer’s equation demonstrate that crystal 

thickness ranges from 1.55 to 42.56 nm in case of Al2O3, 0.72 to 60.4 nm in case of Cu-Al2O3 

and 1.56 to 34.1 nm for 5 cycles reused Cu- Al2O3 and 2.1 to 26.8 nm for reused Cu-Al2O3 

after treatment. By applying Bragg’s law particle to particle distance (d) was found to be in 

the range of 0.24 to 1.34 nm for Al2O3, 0.24 to 1.29 nm in case of Cu-Al2O3 and 0.25 to 1.39 
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nm for 5 cycles reused Cu-Al2O3 and 0.25 to 1.52 nm for reused Cu-Al2O3 after treatment.

  

Figure 4.11. XRD Pattern of Al2O3, Cu-Al2O3, reused Cu-Al2O3 and reused Cu-Al2O3 after 

treatment 

iv. Surface area and band gap 

Surface area was determined using BET method and it was found that for Al2O3 it was 

197.964 m2g – 1 and for Cu-Al2O3 it was 195.426 m2g – 1. The optical properties of Al2O3 and 

Cu-Al2O3 were determined through UV-visible spectrophotometric method and are shown in 

Figure 4.12. Copper impregnation shift band gap energy from UV (Al2O3 = 3.6 ev) to visible 

region (Cu- Al2O3 = 2.7 ev).  
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                                                     (a) Al2O3 

 

 

 

(b) Cu- Al2O3 

Figure 4.12. Tauc plot for Al2O3 and Cu- Al2O3 
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4.4. Characterization of Ag impregnated ZnO photocatalyst 

i. SEM analysis 

The morphology of ZnO, Ag-ZnO and reused Ag-ZnO are depicted in Figure 4.13. As can be 

seen from SEM micrograph that the morphology of  ZnO support changed after impregnation 

with silver different shapes of small particles are present on the surface of ZnO particles. The 

morphology of 5 cycles reused photocatalyst also shows the impregnated Ag particles 

indicating the stability of the photocatalyst. 

                 

(a) ZnO          (b) Ag-ZnO 

 

 

(c) 5 cycles reused Ag-ZnO 

Figure 4.13. SEM of (a) ZnO, (b) Ag-ZnO and (c) 5 cycles reused Ag-ZnO 
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ii. EDX analysis 

The EDX spectra for ZnO, Ag-ZnO and reused Ag-ZnO are given in Figure 4.14 a, b and c 

respectively. The EDX spectra shows that silver is successfully impregnated on ZnO while 

Figure 4.14 c shows the concentration of silver after 5 cycles repeatedly use of Ag-ZnO 

catalyst for photocatalytic degradation. The little change in concentration of silver is 

observed after repeatedly use. 

 

(a) ZnO 

 

 

 

(b) Ag-ZnO 
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(c) Reused Ag-ZnO 

Figure 4.14. EDX spectra of (a) ZnO, (b) Ag-ZnO, (c) used Ag-ZnO 

 

iii. XRD analysis 

The XRD of ZnO, Ag-ZnO and 5 cycles used Ag-ZnO is shown in figure 4.15. Height, area 

of the peak and their respective thickness calculated by the Scherer’s equation for ZnO, Ag-

ZnO, and 5 cycles reused Ag-ZnO and it was observed that 2Ѳ values for major reflections 

ranges from 28° to 69° in case of ZnO, Ag-ZnO, and 5 cycles reused Ag-ZnO. The 

thicknesses of the crystal lattice calculated by Scherer’s equation demonstrate that crystal 

thickness ranges from 17.8 to 44.8 nm in case of ZnO, 20.6 to 61.9 nm in case of Ag-ZnO 

and 12.2 to 35.5 nm for 5 cycles reused Ag-ZnO. By applying Bragg’s law particle to particle 

distance (d) was found to be in the range of 0.271 to 0.63 nm for both ZnO and Ag-ZnO 

while it reused from 0.254 to 0.63 nm for 5 cycles reused Ag-ZnO.   

Figure 4.15a is of ZnO and its pattern according to ICDD number 11136, 30888, 361451 and 

11244  shows peak at 28°,31°,32°, 34°, 36°, 47°,50°, 56°, 62°,66°, 67° and 69° while 4.15b is 

of Ag-ZnO and it shows pattern according to ICCD number 30888, 40783, 361451, and 

11136,  whereas Ag shows peak at 36°and 45°. Figure 4.15c is of 5 cycles used Ag-ZnO, it 
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shows pattern at ICDD number 361451, 411104 and 40783. In Figure 4.15 the corresponding 

peaks at angle >30° show residue peaks that may be due to residue present in water.  

 

Figure 4.15. XRD of (a) ZnO, (b) Ag-ZnO and (c) 5 cycles reused Ag-ZnO 

iv. Surface area and band gap 

Surface area was determined using BET method and for ZnO it was observed as 185.274 

m2g–1 and for Ag-ZnO it was 181.736 m2g–1. The results indicated that the small decrease in 

surface area of ZnO is due to the impregnation of silver. 

The optical properties of ZnO and Ag-ZnO were determined and the results showed that 

silver impregnation shift band gap energy from UV (ZnO = 3.3 ev) to visible region (Ag-ZnO 

= 2.3 ev). The results revealed that the band gap decreased between the valence band and 

conduction band of ZnO after impregnation with silver (Figure 4.16.). 
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(a) ZnO 

 

 

(b) Ag-ZnO 

Figure 4.16. Tauc plot for (a) ZnO and (b) Ag-ZnO 
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Part 2: Sonophotocatalytic degradation of basic violet 1 and basic green 4 over Copper 

impregnated ZnO catalyst in aqueous solution under the irradiation of visible light 

4.5. Results and Discussion 

4.5.1. Photocatalytic study 

In a photocatalytic experiment, 100 mL solution with the desired initial concentration was 

mixed with the required amount of photocatalyst in a photoreactor. The suspension in the 

photoreactor was placed in the dark for 30 minutes to ensure the establishment of adsorption-

desorption equilibrium of the dye on the surface of the photocatalyst. After this period, pH of 

the suspension was adjusted to pH 10 and the optimum concentration of H2O2 was added. 

The entire photoreactor set-up was covered in a wooden box to prevent any stray irradiation 

and inside was covered with aluminium foil to increase reflection. The photocatalytic 

degradation process was initiated by illuminating the tungsten filament lamp. At a given time 

intervals, 5 mL aliquots of the reaction suspension were sampled, centrifuged at 1500 rpm for 

30-45 min to remove dispersed photocatalyst. The resultant solution was analysed for the 

degradation efficiency of the dye using UV-Vis spectrophotometer at optimized wavelength 

of each dye solution. The degradation efficiency or (%) removal was calculated using the 

following equation: 

% Degradation =
CO− Cf 

Co
 × 100                             (1) 

Where Co is the initial concentration and Cf is the final concentration of dye solution after 

irradiation at time t. All the experiments were carried out in triplicate. The degradation 

conditions were investigated by varying pH, catalyst weight, oxidizing agent, radical 

scavenger and initial dye concentration under photocatalytic degradation. 
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4.5.2. Sonophotocatalytic study 

The optimized conditions of photocatalytic degradation were used for the sonophotocatalytic 

degradation. The dye solution under tungsten filament lamp in an ultrasonic bath (40 kHz 

ultrasonic waves) with optimum amount of catalyst, enhancer and pH value was placed for 

sonophotocatalytic degradation. All the experiments were carried out in triplicate. The same 

procedure was used for determination and calculation of % degradation of organic 

compounds   as used for the photocatalytic degradation process. 

4.5.3. Photocatalytic activity 

The photocatalytic activity of ZnO and Cu-ZnO were compared under UV and visible light 

irradiation to confirm the shift in conduction band of ZnO from UV region to visible region 

after impregnation with copper. The catalytic performance of ZnO shifted to visible region 

after impregnation with copper (Cu-ZnO) (Figure 4.17.). The photocatalytic performances of 

the Cu-ZnO with different concentration of copper were also investigated to find an optimum 

concentration of copper for impregnation of ZnO (Figure 4.18.). The results show that 

maximum degradation of BV-1 was achieved with 5% Cu-ZnO.  
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Figure 4.17. Degradation of dyes using ZnO and Cu-ZnO in UV and Visible region at 

different time (min) 

 

 

Figure 4.18. Degradation of basic violet 1 using different percentages of Cu-ZnO at different 

time (min) 
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The degradation of basic violet 1 (BV-1) and basic green 4 (BG-4) were studied under 

different conditions like adsorption, photolysis, photocatalysis, sonolysis, sonocatalysis and 

sonophotocatalysis. Adsorption process leads to 15% adsorption of dye on Cu-ZnO catalyst. 

No degradation of dye was found in the process of photolysis and sonolysis. However, 

degradation was observed in photocatalysis and sonocatalysis which got further enhanced in 

the process of sonophotocatalysis (Figure 4.19.). 

 

 

(a) basic violet 1  
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(b) basic green 4 

Figure 4.19. The effect of time on degradation of (a) basic violet 1 and (b) basic green 4 

under different conditions 

4.5.4. pH effect  

The pH of solution affects the surface characteristics of catalyst as well as the form of 

inorganic and organic compounds. Therefore, the pH effect on photocatalytic degradation of 

BV-1 and BG-4 was studied in the range of pH 2-10 (Fig. 4.20 a-c). BV-1 was degraded up 

to 34.5% and BG-4 up to 90.7% at pH 10. The effect of pH on degradation process is due to 

the acid-base properties of the catalyst. The point of zero charge of 5% Cu-ZnO catalyst was 

determined and was found pH 8. The surface of catalyst is positively charged below pH 8 and 

negatively charged above pH 8. Electrostatic repulsion occurred between positively charged 

catalyst and cationic BV-1 and BG-4 at pH less than 8 and prevents the reaction between OH. 

and the dye compounds. At pH higher than point of zero charge, the surface of catalyst is 

negatively charged and electrostatic attraction between the negatively charged catalyst and 

cationic dye occurred, which enhances the rate of OH. radical’s production. 
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Figure 4.20 a basic violet 1  

 

 

Figure 4.20 b basic green 4 

Figure 4.20. Degradation of (a) basic violet 1 and (b) basic green 4 using different pH at 

different time (min) 
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Figure 4.20 c. Comparison of the degradation of basic violet 1 and basic green 4 at different 

pH 

4.5.5. Catalyst dosage effect 

The effect of catalyst dosage on the degradation of dye was studied to improve the cost 

efficiency of the photocatalytic degradation process. The weight of catalyst was varied in the 

range of 0.05-0.3 g/L at optimum pH (pH 10) using 10 mg/L dye concentration (Figure 

4.21.). It was observed that with increasing weight of catalyst (0.05 g/L to 0.2 g/L) there was 

an increase in degradation of BV-1 and BG-4 dyes. Maximum degradation of BV-1 and BG-

4 that is 95.5% and 100% was found with 0.2 g/L dose of catalyst, respectively. Further 

increase in the weight of catalyst leads to decrease in the degradation of both dyes. It may be 

due to aggregation of catalyst particles in the solution which results in decreasing the active 

sites of the catalyst for generation of OH. radicals.  Further the excess amount of catalyst 

results in the light scattering and in turn reduce the rate of degradation process. Moreover, it 

also leads to decrease in transparency of solution which prevents radiation penetration.  
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Figure 4.21 a basic violet 1  

 

 

Figure 4.21 b basic green 4 

Figure 4.21. Degradation of (a) basic violet 1 and (b) basic green 4 using different weight of 

catalyst (Cu-ZnO) at different time (min) 
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Figure 4.21 c. Comparison of the degradation of basic violet 1 and basic green 4 using 

different weight of catalyst (Cu-ZnO) 

4.5.6. Enhancers effect 

Different oxidizing agents such as hydrogen peroxide, sodium perchlorate and potassium 

peroxydisulphate were studied as enhancer on the photocatalytic degradation of BV-1 and 

BG-4 dyes. The results of the study are presented in (Figure 4.22- 4.25) for BV-1 and BG-4. 

The concentration of each enhancer was varied from 3 mmol to 8 mmol and other conditions 

were kept constant (pH = 10, catalyst dose = 0.2 g/L and dye initial concentration 10 mg/L). 

The catalytic degradation of BV-1 increased from 34.5% to 95.6%, 89.9% and 93.4% with 5 

mmol of hydrogen peroxide, 8 mmol of sodium perchlorate and 8 mmol potassium 

peroxydisulphate, respectively. While the catalytic degradation of BG-4 increased from 

90.7% to 100%, 93.4% and 95.6% with 8 mmol of all three oxidizing agents. In case of 

hydrogen peroxide, the increased in dye degradation is mainly due to the enhanced generation 

of OH. radicals in the solution. Hydrogen peroxide in a solution promotes the rate of OH. 

radicals formation by the combined effect of photon (hv) and ultrasonic waves (us) and the 

conduction band of photocatalyst. Steps involved in the degradation of dyes in the presence 

of enhancers (hydrogen peroxide) are given below. 
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Cu-ZnO + hν/us  → Cu-ZnO (h+ + e-)         

H2O2 + hν/us  → OH˙ + H+                            

H2O + hν/us   → OH¯+ H+    

OH¯+ h+  → OH˙                   

OH˙ + Dye  → CO2 + H2O               

O2 + e¯   → ˙O2                              

˙O2+ Dye  → CO2 + H2O              

Sodium perchlorate effect on the degradation of dye is due to capturing the electron which 

generated on the photocatalyst conduction band. Steps involved are given below. 

ClO4
-+ 8e- + 8H+  →       Cl- + 4H2O          

 

Potassium peroxydisulphate as an enhancer also increase the degradation of dye due to 

formation of sulphate radicals, which react with water and form OH. radicals as given below. 

S2O8
2-   +   hυ   →      2SO4

.- 

SO4
.-+  H2O   →      SO4

2-  + OH.  + H+ 

SO4
.-+  dye   →      SO4

2-  + dye + H+  

SO4
.-  + dye.   →     SO4

2- + CO2 + H2O + other inorganics     
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Figure 4.22 a basic violet 1 

 

 

Figure 4.22 b basic green 4 

Figure 4.22. Degradation of (a) basic violet 1 and (b) basic green 4 using different mmol/L of 

H2O2 at different time (min) 
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Figure 4.23 a basic violet 1 

 

Figure 4.23 b basic green 4 

Figure 4.23. Degradation of (a) basic violet 1 and (b) basic green 4 using different mmol of 

NaClO4 at different time (min) 
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Figure 4.24 a basic violet 1 

 

 

Figure 4.24 b basic green 4 

Figure 4.24. Degradation of (a) basic violet 1 and (b) basic green 4 using different mmol of 

K2S2O8 at different time (min) 
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Figure 4.25 a basic violet 1 

 

 

Figure 4.25 b basic green 4 

Figure 4.25. Comparison of the degradation of (a) basic violet 1 and (b) basic green 4 using 

different mmol/L of oxidizing agents 

4.5.7. Scavenger’s effect 

Keeping in mind application of the method for environmental samples, effect of scavenger’s 

was also studied. As these samples contain anions such as Cl¯,SO4
−2 ,CO3

−2 , PO4
3− , BrO3

− , 

HCO3
−  therefore, the effect of these anions was also investigated for both dyes. It was noticed 
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that these anions decrease the efficiency of sonophotocatalytic degradation because these 

anions trap the formation of free oxidizing radicals and react with OH˙. Three different types 

of scavenger’s were studied such as chlorides, sulphates and carbonates. Possible chemical 

reactions are given below.  

Cl¯ + OH˙       → Cl˙ + OH¯               

CO3
−2+ OH˙ →      CO3

˙¯+ OH¯                                

2CO3
−2+ 2H2O →      2CO2 +  HO2

−+ OH¯                  

OOH¯ + OH˙ →      OH¯ + OOH                               

SO4
−2+   OH˙ →       SO4

˙−+ OH¯                               

In a scavenger studies, first the effect of chloride was determined for BV-1 and BG-4 dyes. 

Keeping all the conditions constant and different concentrations of chloride in the range of 

0.025-0.150 M was used in sonophotocatalytic degradation. It was found that the degradation 

time was increased and the removal of BV-1 decreased from 100% degradation in 20 minutes 

to 91% in 60 minutes while in case of BG-4 the time of 100% degradation increased from 10 

minutes to 40 minutes (Figure 4.26 a). 

Effect of different concentrations of carbonate in the range of 0.025-0.150 M on degradation 

of dyes was studied (Figure 4.27). It was found that in case of BV-1 the time for degradation 

of dye changed from 20 minutes with 100% degradation to 60 minutes with 92% degradation 

and in case of BG-4 the time for 100% degradation increased from 10 min to 40 min. 

The effect of sulphate anion as a scavenger was also studied for both dyes (Figure 4.28). It 

was found that different concentrations of sulphate ranging from 0.025-0.150 M decreased 

the time of degradation for BV-1 from 20 minutes with 100% degradation to 95% in 1 hour 

and in case of BG-4, the time of 100% degradation shifted from 10 minutes to 30 minutes. 
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The degradation time increased for BV-1 as well as BG-4. Comparison of degradation of the 

dyes with different concentration of scavenger’s is presented in figure 4.29. 

 

Figure 4.26 a basic violet 1 

 

Figure 4.26 b basic green 4 

Figure 4.26. Effect of different concentration of NaCl on degradation (a) of basic violet 1 and 

(b) basic green 4 at different time (min) 
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Figure 4.27 a basic violet 1 

 

Figure 4.27 b basic green 4 

Figure 4.27. Effect of different concentration of Na2CO3 on degradation of (a) basic violet 1 

and (b) basic green 4 at different time (min) 
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Figure 4.28 a basic violet 1 

 

Figure 4.28 b basic green 4 

Figure 4.28. Effect of different concentration of Na2SO4 on degradation of (a) basic violet 1 

and (b) basic green 4 at different time (min) 
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Figure 4.29 a basic violet 1 

 

 

Figure 4.29 b basic green 4 

 

Figure 4.29. Effect of degradation of (a) basic violet 1 and (b) basic green 4 at different 

concentration of scavenger’s 
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4.5.8. Effect of initial dye concentration  

The effect of initial concentration of each dye was studied on sonophotocatalytic degradation 

in the range of 10 mg/L to 100 mg/L. It was found that by applying ultrasonic radiations for 

10 mg/mL of BV-1 using optimized conditions (0.2 g of Cu-ZnO, pH 10 and 5 mmol of 

H2O2) 100% degradation of BV-1 was achieved in 20 minutes, while in case of 10 mg/mL of 

BG-4 at optimized conditions (0.2g of Cu-ZnO, pH 10 and 8 mmol of H2O2) 100% 

degradation was achieved in 20 minutes (Figure 4.30, 4.31). The degradation of dye 

decreased with increase in initial concentration of BV-1 and BG-4. As shown in figure, the 

catalyst efficiency decreased slowly with increase in BV-1 and BG-4 initial concentration. 

BV-1 concentration of 100 mg/L was degraded 95.2% in 60 minutes while 100 mg/L 

concentration of BG-4 was degraded 100% in 60 minutes. The decrease in degradation with 

increase in dyes concentration is due to the fixed amount of OH. ion. 

 

Figure 4.30 a basic violet 1 
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Figure 4.30 b basic green 4 

Figure 4.30. Degradation of different concentration of (a) basic violet 1 and (b) basic green 4 

at different time (min) 

 

Figure 4.31. Comparison of the degradation of basic violet 1 and basic green 4 at different 

initial concentration (mg/mL) of the dyes at optimized conditions 
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After degradation of dye, the catalyst was collected through centrifugation and washed with 

different polar organic solvents (ethanol, methanol, acetone and acetonitrile) and then with 

distilled water. The effect of the solvents used for washing of catalyst was the same due to 

solubility of the adsorbed dye in organic solvents. Therefore, ethanol was selected due to its 

low cost, availability and safety point of view for further washing of catalyst. After drying the 

catalyst was used again with fresh dye solution at the optimized conditions of degradation. 

Catalyst was run for 9 cycles (Figure 4.32, 4.33) it was found that in case of BV-1, the 

degradation decreased from 100% to 90.6% and increased the degradation time by reusing 

the catalyst again and again. Reusability of BG-4 was also checked and found that it could be 

used up to 9 cycles and it was observed that at 9th cycle the BG-4 was 100% degraded in 60 

minutes. The decrease in activity of the photocatalyst may be due to the adsorption of 

intermediate compounds on the surface of photocatalyst. Keeping in mind its utilization for 

commercial application the settling time of catalyst was studied and it was found that settling 

time for 0.2 g/L catalyst was 150 minutes while for 0.05g/L it was 60 minutes.  

 

Figure 4.32 a basic violet 1 
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Figure 4.32 b basic green 4 

Figure 4.32. Reusability of Cu-ZnO for catalytic degradation of (a) basic violet 1 and (b) 

basic green 4 

 

 

Figure 4.33. Degradation of basic violet 1 and basic green 4 vs 

 reusability of Cu-ZnO 
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4.5.10. Sample application 

The proposed sonophotocatalytic method was applied to two different water samples. One 

sample was collected from wastewater of fabric dyeing small scale industry and the second 

was prepared synthetically. The sonophotocatalytic degradation of both the samples was 

carried out at optimized conditions of pH, H2O2, catalyst weight and the degradation was 

calculated. It was observed that synthetic sample was degraded 92% and for industrial sample 

91% dye was removed in 60 minutes (Figure 4.34). 

 

Figure 4.34. Application sonophotocatalytic degradation to collected water samples 

4.5.11. Kinetic models 

The kinetic aspect of the sonophotocatalytic degradation of BV-1 and BG-4 dyes was 

explored and the rate constants were determined by the different kinetic models. The linear 

form of pseudo-first-order kinetic equation is as follow: 

log(qe −  qt) = logqe −   
k1t

2.303  
                                                                      (19) 

Similarly, the linear form of pseudo-second-order kinetic equation is as: 
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t

qt
=  

t

qe
+ 

1

k2qe
2       (20) 

Where qe is the amount of dye degraded (mgg-1) at equilibrium, qt is the amount of dye 

degraded (mgg-1) at any given time (min) while k1 is the rate constant for pseudo-first-order 

kinetic model (min-1). A linear plot of log(qe-qt) against t was plotted in order to determine 

the rate constant and degradation efficiency for pseudo-first-order (Figure 4.35) and pseudo 

second order kinetic model (Figure 4.36). The sonophotocatalytic degradation of both dyes 

followed pseudo-first order kinetic and the rate of degradation of BG-4 is higher (k1= 6.1x10-

2) than the BV-1 (k1=1.7x10-2) (Table 4.4.). 

 

 

 

Figure 4.35. Pseudo first order kinetic model for basic violet 1 and basic green 4 
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Figure 4.36. Pseudo second order kinetic model for basic violet 1 and basic green 4 

 

Table 4.4. Comparison of kinetic studies for the sonophotocatalytic degradation of basic 

violet 1 and basic green 4 

Catalyst 

Pseudo 1st Order Pseudo 2nd Order 

qe(exp) 

(mgg-1) 

k1 

(min-1) 

qe 

(mgg-1) 
R2 

k2 

(min-1) 

qe 

(mgg-1) 
R2 

Basic 

violet 1 

Basic 

green 4 

0.194 

0.197 

0.0170 

0.0610 

0.277 

0.126 

0.8338 

0.9903 

3.5×10+3 

6.3×10+6 

0.25 

0.05 

0.9903 

0.9984 
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Part 3: Removal of hazardous dye acid violet 49 and acid blue 45 using Ni impregnated 

ZnO through sonophotocatalytic degradation under the visible light 

4.6. Results and discussion 

4.6.1. Photocatalytic activity 

 

The photocatalytic activity of ZnO and Ni-ZnO were compared under UV and visible light 

irradiation to confirm the shift in conduction band of ZnO from UV region to visible region 

after impregnation with nickel. The catalytic performance of ZnO shifted to visible region 

after impregnation with nickel (Ni-ZnO) (Figure 4.37).  

 

Figure 4.37.   Degradation of dye using ZnO and Ni-ZnO in UV and Visible region at 

different time (min) 

 

In order to investigate the degradation of acid violet 49 (AV-49) and acid blue 45 (AB-45) 
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Ni-ZnO catalyst. No degradation of dye was observed in the process of photolysis and 
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sonolysis. However, degradation was observed in photocatalysis and sonocatalysis which got 

further enhanced in the process of sonophotocatalysis (Figure 4.38). 

 

(a) acid violet 49 

  

 

 

(b) acid blue 45 

Figure 4.38.  Degradation of (a) acid violet 49 and (b) acid blue 45 using different 

degradation processes at different time (min) 
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4.6.2. pH effect  

The pH effect on photocatalytic degradation of AV-49 and AB-45 was studied in the range of 

pH 2-10 (Fig. 4.39). AV-49 was degraded up to 11.1% and AB-45 up to 10.8% at pH 10. At 

alkaline pH, the surface of AV-49 and AB-45 becomes negatively charge, which acts as 

strong nucleophiles. These strong nucleophiles will be very reactive towards the electrophilic 

attack of the OH﮲ radicals. As well as alkaline pH also results in the increased formation of 

OH. radicals. At acidic pH the decrease in the degradation of dyes may be due to decrease in 

the concentration of OH. radicals. As the amine groups are basic in nature, it may be 

protonated by the acidic medium becoming electrophilic, which cannot be attack by 

electrophilic OH. radicals.    

 

 

 

Figure 4.39. Degradation of dyes acid violet 49 and acid blue 45 using different pH 

4.6.3. Effect of oxidizing agents  
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AB-45. Results of the study are presented in Figure 4.40. The concentration of each enhancer 

was varied from 3 mmol to 8 mmol and other conditions were kept constant (pH = 10, 

catalyst dose = 0.2 g/L and dye initial concentration 10 mg/L). For AV-49 a maximum 

degradation of 100%, 37.8% and 59.3% was achieved with 5 mmol of hydrogen peroxide, 3 

mmol of sodium perchlorate and potassium peroxydisulphate, respectively. While in case of 

AB-45 maximum degradation of 92.5%, 9.3% and 22.4% was achieved with 5 mmol of 

hydrogen peroxide, sodium perchlorate and potassium peroxydisulphate respectively.  

Maximum degradation was achieved with H2O2 at pH 10 in both cases.  

 

 

(a) acid violet 49 
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(b) acid blue 45 

Figure 4.40.  Degradation of (a) acid violet 49 and (b) acid blue 45 using different 

concentrations of enhancers 

4.6.4. Effect of photocatalyst loading 

The effect of catalyst dosage on the degradation of dye was studied in the range of 0.01-0.35 

g/L at pH 10 using 10 mg/L dye concentration and 5 mmol of H2O2 (Figure 4.41). It was 

observed that with a very small quantity of catalyst i.e. 0.01 g/L of Ni-ZnO gave 100% 

degradation for AV-49 while 92.5% degradation was achieved for AB-45 with 0.1 g/L dose 

of catalyst. Further increase in the weight of catalyst leads to decrease in the degradation only 

in case of AB-45 dye.   

0

10

20

30

40

50

60

70

80

90

100

2 3 4 5 6 7 8 9

D
eg

ra
d

at
io

n
 (

%
)

Oxidizing agent conc. mmol/L

H₂O₂ K₂S₂O₈ NaClO₄



88 

 

 

Figure 4.41.  Degradation of acid violet 49 and acid blue 45 using different weight of catalyst 

(Ni-ZnO) 

4.6.5. Effect of initial dye concentration  

Effect of initial concentration of each dye was studied using sonophotocatalytic degradation 

in the range of 10 mg/L to 100 mg/L. It was found that by applying ultrasonic radiations 10 

mg/mL of AV-49 at optimum conditions (0.01 g of Ni-ZnO, pH 10 and 5 mmole of H2O2) 

degraded 100% in 20 minutes. In case of 10 mg/mL of AB-45 at optimum conditions (0.1g of 

Ni-ZnO, pH 10 and 5 mmole of H2O2) 100% degradation was also achieved in 20 minutes 

(Figure 4.42). The degradation of each dye decreased with increase in initial concentration of 

both AV-49 and AB-45. As shown in figure, the catalyst efficiency decreased slowly with 

increase in initial concentration of the dyes. AV-49 of 100 mg/L was degraded 94.1% in 60 

minutes while 100 mg/L of AB-45 was degraded 35.6% in 60 minutes. Further it was 

observed that there was a drastic decrease in the degradation with increase in initial 

concentration of the dye in case of acid blue 45, while the increase in initial concentration 

had little or no effect on degradation in case of acid violet 49. 
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Figure 4.42.  Degradation of acid violet 49 and acid blue 45 at different concentration 

(mg/mL) 

4.6.6. Effect of scavenger’s 

Three different types of scavenger’s that is chlorides, sulphates and carbonates were studied 

at optimum conditions while using different concentrations of scavenger’s in the range of 

0.025-0.150 M for the sonophotocatalytic degradation of the two dyes (Figure 4.43). 
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Effect of sulphate anion as a scavenger was also studied and was found that 0.1 M 

concentration of sulphates increases 100% degradation from 20 minutes to 30 minutes for 

AV-49 and for AB-45 with the presence of sulphate a similar pattern as for chloride was 

observed i.e. decrease in degradation coupled with increase in degradation time. 
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(b) acid blue 45 

Figure 4.43. Effect different concentration of scavenger’s on degradation of acid violet 49 

and acid blue 45 

4.6.7. Catalyst reusability 

The reusability of Ni-ZnO photocatalyst was studied. After degradation of dye, the catalyst 

was collected through centrifugation and washed with ethanol and then with distilled water. 

After drying the catalyst was used again for degradation of fresh dye solution at the 

optimized conditions. Catalyst was run for 5 cycles, it was found that in case of AV-49 it 

decreases the degradation up to 88.5% and increase the degradation time. Reusability for AB-

45 was also checked and it was found that it could be used up to 5 runs and it was observed 

that at 5th run the AB-45 was 34.8% degraded with 60 minutes degradation time  (Figure 

4.44). Keeping in view its commercial application the settling time of catalyst was also 

studied. It was found that 0.2 g/L catalyst settling time was 154 minutes while for 0.05g/L it 

was 60 minutes. Decrease in catalyst weight decreases the time of settling. 
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Figure 4.44.  Degradation of acid violet 49 and acid blue 45 vs 

 reusability reaction of Ni-ZnO  

 

4.6.8. Sample application 

The proposed sonophotocatalytic method was applied to two different samples of water. One 

sample was collected from wastewater of small scale fabric dyeing industry and the second 

was prepared synthetically. The sonophotocatalytic degradation of the samples was carried 

out at optimized conditions of pH, H2O2, catalyst weight and the degradation was calculated. 

It was observed that synthetic sample was degraded 92.3% at optimum conditions and 

industrial sample was removed 88.5% in 60 minutes (Figure 4.45) degradation time beyond 

60 minutes had no effect on the degradation of the dyes. The decrease in degradation of 

industrial sample may be due to presence of salts which act as a scavenger’s in the 

degradation process. 
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Figure 4.45. Degradation of sample at different time using optimum conditions 

4.6.9. Kinetic study of AV-49 and AB-45 degradation 

The kinetics of the sonophotocatalytic degradation of AV-49 and AB-45 dyes was performed 

and the rate constants were determined by the different kinetic models. The linear form of 

pseudo-first-order kinetic equation is as follow: 

𝑙𝑜𝑔(𝑞𝑒 −  𝑞𝑡) = 𝑙𝑜𝑔𝑞𝑒 −   
𝐾1𝑡

2.303
 

Where qe is the amount of dye degraded (mgg-1) at equilibrium, qt is the amount of dye 

degraded (mgg-1) at any given time (min) while k1 is the rate constant for pseudo-first-order 

kinetic model (min-1). A linear plot of log (qe-qt) against t was plotted in order to determine 

the rate constant and degradation efficiency for pseudo-first-order (Figure 4.46). The 

sonophotocatalytic degradation of acid violet 49 and acid blue 45 followed the pseudo first 

order kinetic model as R2 value of pseudo first order kinetic model is higher than pseudo 

second order kinetic model and qe experimental value of pseudo first order is nearer to the qe 

value of pseudo first order kinetic model. The rate of degradation of AV-49 is higher (k1= 
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0.044) than the AB-45 (k1=0.040). A comparison of the kinetic data for both dyes is given in 

Table 4.5 and figure 4.46 and 4.47. 

Table 4.5. Comparison of kinetic studies for the sonophotocatalytic degradation of acid 

violet 49 and acid blue 45 

Catalyst 

Pseudo 1st Order Pseudo 2nd Order 

qe(exp) 

(mgg-1) 

k1 

(min-1) 

qe 

(mgg-1) 
R2 

k2 

(min-1) 

qe 

(mgg-1) 
R2 

Acid 

violet 49 

Acid blue 

45 

0.00362 

0.0638 

0.044 

0.040 

1.436 

1.288 

0.9619 

0.9786 

0.010 

4.94×10-4 

5.64 

109.8 

0.3733 

0.2818 

 

 

Figure 4.46. Pseudo first order kinetic model for acid violet 49 and acid blue 45 
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Figure 4.47. Pseudo second order kinetic model for acid violet 49 and acid blue 45 
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Part 4: Sonophotocatalytic degradation technology for the degradation of acid red 27 

and direct violet 51 using Cu impregnated Al2O3 under visible light  

4.7. Results and discussion 

4.7.1. Photocatalytic activity 

To investigate the shift in band gap of Al2O3 after impregnation with copper from UV to 

visible region, degradation experiments were carried out in the presence of UV and visible 

irradiation sources (Figure 4.48). The results show that degradation of dye was higher in the 

presence of UV light as compared to visible light using Al2O3, under the illumination of UV 

light using Cu-Al2O3 catalyst decrease in degradation was observed as compared to 

degradation in the presence of visible light which confirms the shift in band gap from UV to 

visible region. 

 

Figure 4.48. Degradation of dye using Al2O3 and Cu- Al2O3 in UV and Visible light sources 
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study the effect of these processes. AR-27 was adsorbed 6.2% on the surface of catalyst and 

DV-51 adsorbed 17.5%. It was found that no degradation of dyes were observed during the 

photolysis and sonolysis, however during photocatalysis and sonocatalysis AR-27 was 

degraded up to 12.3% and small removal of dyes were observed during the photolysis and 

sonolysis, it was increased to 18.2% photocatalytically and 16.3% sonocatalytically, which 

increased to 22.6% sonophotocatalytically in case of DV-51 (Figure 4.49).  
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(b) direct violet 51 

 

Figure 4.49.  Degradation of (a) acid red 27 and (b) direct violet 51 under different conditions 

4.7.2. Effect of pH 

An important parameter that effect the catalytic activity of catalyst and degradation of dye is 

the solution pH. The effect of pH on the degradation of AR-27 and DV-51 was studied in the 

range of 2-10. The degradation of AR-27 starts above pH 8 and maximum degradation 

(26.8%) was observed at pH 10 (Figure 4.50). DV-51 degradation was 21.0% at pH 2 and 

then decrease in degradation was observed with the increase of pH up to pH 8. After pH 8, 

again degradation increased and 23.90% was achieved at pH 10. The photcatalytic 
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increase in degradation of AR-27 at higher pH may be due to increase in the formation OH﮲ 

radicals. In alkaline solution the OH﮲ radicals are also formed from hydroxide ions.  

OH-  + hv/us → OH﮲ 

Maximum degradation of DV-51 was observed at pH 2 and pH 10. The results at pH 10 were 

more reliable and satisfactory. Because the time required for DV-51 degradation was longer 

at pH 2 than pH 10. At lower pH (pH 3), the increased degradation is due to increased 

adsorption of DV-51 through electrolytic interaction between positively charged surface of 

catalyst and negatively charged DV-51 dye. The electrostatic attraction decreased with 

increase in pH and resulted in decrease of degradation of DV-51. At higher pH (pH-10), 

increase in concentration of hydroxyl ions leads to increase in concentration of OH﮲ radicals 

which resulted in increased degradation of DV-51. 

 

Figure 4.50.  Degradation of acid red 27 and direct violet 51 at different pH 
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quantity of catalyst i.e. 0.02 g/L of Cu- Al2O3 give 87.3% degradation of AR-27. In case of 

DV-51 the addition of catalyst speeds up the reaction up to 0.04 g/L (89.7%). Further 

increase in the amount of catalyst leads to decrease in degradation of AR-27 and DV-51 dyes 

(Figure 4.51). The decrease in degradation of dyes may be due to the decrease in active sites 

of the catalyst for generation of OH. radicals due to aggregation of catalyst particles in the 

solution. Large amount of photocatalyst also cause scattering of light and in turn decreases 

the degradation rate. Furthermore, it also decreases the transparency of solution which 

prevents the penetration of radiation down into solution. 

 

Figure 4.51.  Degradation of acid red 27 and direct violet 51 using different weight of catalyst 

(Cu-Al2O3) 
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85.1%, 11.8% and 26.8% to 47.3% with 8 mmol of hydrogen peroxide and sodium 

perchlorate respectively  while it dropped with increasing concentration of potassium 

peroxydisulphate. While the catalytic degradation of DV-51 increased from 23.9% to 84.6%, 

47.3% and 40.3% with 8 mmol of hydrogen peroxide, sodium perchlorate and potassium 

peroxydisulphate respectively (Figure 4.52). 

 

(a) acid red-27 

 

(b) direct violet-51 

Figure 4.52.  Degradation of (a) acid red 27 and (b) direct violet 51 using different mmol/L of 

oxidizing agents 
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4.7.5. Effect of scavenger’s 

For studying the effect of scavenger, 0.1 M chlorides was added while keeping all optimized 

conditions for the sonophotocatalytic degradation AR-27 and DV-51 dyes. It was found that 

the addition of scavenger’s decreases the degradation and increases the time of degradation 

AR-27 from 100% degradation in 50 minutes it dropped to 81.8% in 60 minutes while in case 

of DV-51, 100 % to 77.7 % degradation achieved with 60 minutes dropped. 

For carbonates 0.1 M at optimum conditions for AR-27 100% degradation achieved in 50 

minutes was slowed down in its absence dropped to 94.6% even in 60 minutes while in case 

of DV-51 degradation dropped from 100% to 92.9%. 

For 0.1 M sulphates scavenger the degradation time of AR-27 increased to 60 minutes with 

dropping degradation of 100% to 93.5%.  In case of DV-51 its presence the degradation to 

92.2% (Figure 4.53). 

The presence of all three studied scavenger’s in the solutions of dye caused decrease in the 

degradation efficiency of AR-29 and DV-51 which confirm that the free radical attack is the 

dominant controlling mechanism of sonophotocatalytic degradation.  
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(b) direct violet 51 

Figure 4.53.  Effect of degradation of acid red 27 and direct violet 51 using different 

scavenger’s 

4.7.6. The influence of initial dye concentration 
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H2O2) 100% degradation of AR-27 was achieved in 50 minutes, while for 10 µg/mL of DV-
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degradation was achieved in 60 minutes (Figure 4.54). For studying the effect of dye 
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Figure 4.54.  Degradation of acid red 27 and direct violet 51 at different concentration 

(mg/mL) 

4.7.7. Catalyst reusability 

In order to check the Cu-Al2O3 catalyst reusability, after the degradation of dye, the solution 

was filtered and the catalyst was washed with ethanol and then with distilled water. After 

drying was catalyst was used again with fresh dye solution for sonophotocatalytic 

degradation of dyes at the optimized conditions. Catalyst was run for 5 cycles and it was 

found that in case of AR-27 the removal efficiency of dye dropped to 79% along with 

increase in the degradation time by using the reused catalyst. Reusability of DV-51 was also 

checked and found that it could be used up to 5 cycles and it was observed that at 5th run the 

DV-51 was 84.6% degraded in 60 minutes (Figure 4.55). Keeping in mind its commercial 

application the settling time of catalyst was investigated and for 0.2 g/L catalyst settling time 

was observed to be 142 minutes while for 0.05 g/L catalyst it was 74 minutes. 
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Figure 4.55.  Degradation of acid red 27 and direct violet 51 vs 

 reusability of Cu-Al2O3 

4.7.8. Sample application 

The proposed sonophotocatalytic method was applied to two different samples. One sample 

was collected from waste water of fabric dyeing small scale industry and the second was 

prepared synthetically. The sonophotocatalytic degradation of the samples was carried out at 

optimized conditions of pH, H2O2, catalyst weight and degradation was calculated. It was 

observed that synthetic sample was degraded 85.9% and industrial sample was removed 

91.6% in 60 minutes (Figure 4.56). 
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Figure 4.56. Sample application 

4.7.9. Kinetic model 

The kinetics of the sonophotocatalytic degradation of AR-27 and DV-51 dyes was conducted 

and the rate constants were determined by the different kinetic models. The values were fitted 

into the linear form of pseudo-first-order kinetic and pseudo-second-order kinetic model. 

It was found that acid red 27 and direct violet 51 followed the pseudo first order kinetic 

model as R2 value of pseudo first order kinetic model and pseudo second order kinetic model 

are close to each other in case of acid red 27 where as in case of direct violet 51, R2 value of 

pseudo first order kinetic model is higher than pseudo second order kinetic model and qe 

experimental value is nearer to the qe value of pseudo first second order kinetic model in both 

cases (Figure 4.57 and 4.58) and the rate of degradation of AR-27 is higher (k1= 0.0582) than 

the DV-51 (k1=0.0384). (Table 4.6.). 
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Figure 4.57. Pseudo first order kinetic model for acid red 27 and direct violet 51 

 

 

Figure 4.58. Pseudo second order kinetic model for acid red 27 and direct violet 51 
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Table 4.6. Comparison of kinetic studies for the sonophotocatalytic degradation of acid 

red 27 and direct violet 51  

Catalyst 

Pseudo 1st Order Pseudo 2nd Order 

qe(exp) 

(mgg-1) 

k1 

(min-1) 

qe 

(mgg-1) 
R2 

k2 

(min-1) 

qe 

(mgg-1) 
R2 

Acid red 

27 

Direct 

violet 51 

1.3263 

0.3908 

0.0582 

0.0384 

13.74 

4.720 

0.9297 

0.9614 

15.3×10+4 

62.5×10+2 

1.4205 

0.5 

0.8331 

0.6617 
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Part 5: Comparative study of Cu impregnated ZnO and Ni impregnated ZnO for the 

sonophotocatalytic degradation of Cefixime in aqueous solution 

4.8. Results and discussion 

4.8.1. Photocatalytic activity 

In order to shift ZnO band gap energy to visible region study was carried out under different 

experimental conditions which confirmed the conversion of energy gap to visible region 

(Figure 4.59). 

 

Figure 4.59.   Degradation of cefixime using ZnO, Cu-ZnO and Ni-ZnO in UV and Visible 

light sources 
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photocatalytic and 7.1% for sonocatalytic procedure which was further increased to 9.42% 

using sonophotocatalytic degradation process (Figure 4.60). 

 

Figure 4.60.  Degradation of cefixime using different degradation process at different time 

(min) 

4.8.2. pH effect 

The pH was optimized in the range of 2-10 using Britton Robinson buffer and pH 10 was 

found as the ideal pH for degradation of cefixime. Using Cu-ZnO as photocatalyst 45.7% 

degradation was observed for cefixime while it was 42.2% by using Ni-ZnO as a 

photocatalyst (Figure 4.61). At alkaline pH, cefixime will be negatively charge due to 

deprotonation of acidic groups (-COOH), making it strong nucleophile which will be very 

reactive towards the electrophilic attack of the OH. radicals. In alkaline solutions the OH. are 

also formed from the hydroxide ions. At acidic pH, the decrease in degradation of cefixime 

may be due to decrease in the concentration of OH﮲ radicals as well as the amine groups are 

protonated making the molecule electrophilic, therefore electrostatic repulsion occurs 

between the cefixime and photocatalyst. 

0

2

4

6

8

10

0 10 20 30 40 50 60 70

D
eg

ra
d
at

io
n
 (

%
)

Time (min)

Photolysis Adsorbtion Photocatalysis

Sonolysis Sonocatalysis sonophotocatalysis



111 

 

 

 

 

 

Figure 4.61.  Degradation of cefixime at different pH using Cu-ZnO and Ni-ZnO as a 

photocatalyst 

4.8.3. Time effect 

The effect of time on the sonophotocatalytic degradation of cefixime using Cu-ZnO and Ni-

ZnO as photocatalyst was studied in the range of 0-100 minutes. A steady increase in 

degradation was observed up to 30 minutes using Cu-ZnO and Ni-ZnO. No increase in 

degradation was observed beyond 30 minutes (Figure 4.62). For subsequent studies, 30 

minutes were selected as optimized timing.  
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Figure 4.62.  Degradation of cefixime at different time using Cu-ZnO and Ni-ZnO as a 

photocatalyst 

4.8.4. Catalyst dosage effect 

The effect of catalyst dosage on the degradation of cefixime was studied to improve the cost 

efficiency of the sonophotocatalytic degradation process. The weight of catalyst was varied in 

the range of 0.01-0.3 g/L at pH 10 using 10 mg/L drug concentration (Figure 4.63). It was 

observed that with increasing weight of catalyst (0.01 g/L to 0.1 g/L) using Cu-ZnO and (0.01 

g/L to 0.15 g/L) using Ni-ZnO there was an increase in degradation of cefixime. Maximum 

degradation of 75.3% was achieved with 0.1 g/L of Cu-ZnO and 0.15 g/L of Ni-ZnO. Further 

increase in the weight of the catalyst leads to a decrease in the degradation of the cefixime. 

This may be due to the aggregation of the catalyst particles in the solution, resulting in a 

decrease in the active sites of the catalyst for the generation of OH. radicals. Excessive 

amount of catalyst also leads to light scattering and, in turn, reduces the speed of the 

degradation process. In addition, it also leads to a decrease in the transparency of the solution 

that prevents the penetration of radiation. 
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Figure 4.63.  Degradation of cefixime using different weight of catalysts (Cu-ZnO) and (Ni-

ZnO) 

4.8.5. Enhancers effect 

Various oxidants, such as hydrogen peroxide, sodium perchlorate and potassium 

peroxydisulfate, have been studied as activators of the sonophotocatalytic degradation of 

cefixime using Cu-ZnO and Ni-ZnO as photocatalyst at optimum conditions (pH 10, catalyst 

dose for Cu-ZnO = 0.1 g/L, Ni-ZnO = 0.15 g/L and the initial drug concentration 10 mg/L for 

30 minutes). The concentration of each activator ranged from 3 mmol to 8 mmol. The 

degradation of cefixime increased from 75.3% to 100% with 5 mmol of hydrogen peroxide, 

and to 77% with 8 mmol of sodium perchlorate and 8 mmol of potassium peroxydisulfate, 

respectively, using Cu -ZnO as photocatalyst. Whereas for Ni-ZnO catalyst degradation 

increased from 75.3% to 99.8%, 82.8% and 79.5% with 5 mmol of hydrogen peroxide, 8 

mmol of sodium perchlorate and 8 mmol of potassium peroxydisulfate, respectively (Figure 

4.64). Among the enhancers hydrogen peroxide was found the most effect with both 

catalysts.  

0

10

20

30

40

50

60

70

80

90

100

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

D
eg

ra
d
at

io
n
 (

%
)

Catalyst loading (g/L)

Cu-ZnO Ni-ZnO



114 

 

 

 

(a) Cu-ZnO 

 

(b) Ni-ZnO 

Figure 4.64.  Degradation of cefixime for different mmol/L of oxidizing agents using Cu-

ZnO and Ni-ZnO as a photocatalysts 
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4.8.6. Scavenger’s effect 

Given the application of the method to environmental samples, the effect of scavenger’s has 

also been studied. Three different types of scavenger’s, such as chlorides, sulphates and 

carbonates, have been studied for the degradation of cefixime. The concentration of 

scavenger’s was kept constant, i.e. 0.1 M. It was observed that these anions reduce the 

effectiveness of the degradation of cefixime. The decreasing efficiency of chlorides was 

greater than that of carbonates and sulphates. Chloride anions reduce the efficiency of 

degradation from 100% to 77.6%, carbonates to 80.5% and sulphates 79.8% using Cu-ZnO 

and Ni-ZnO (Figure 4.65). 

 

Figure 4.65.  Effect of scavenger’s on the degradation of cefixime 
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hydrogen peroxide) 100% degradation of cefixime was obtained using Cu- ZnO as 

photocatalyst while 99.8% degradation using Ni-ZnO. The percent degradation decreased 

with increasing initial concentration of the drug with both catalysts (Figure 4.66). 

 

Figure 4.66.  Degradation of cefixime at different concentration (mg/mL) using (Cu-ZnO) 

and (Ni-ZnO) photocatalyst 
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Reuse of the catalyst is important to evaluate its practical utility. For reuse, the 
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water. The effect of the solvents used to wash the catalyst was the same because of the 

solubility of the adsorbed drug in the organic solvents. Therefore, ethanol was chosen due to 
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time, whereas in case of Ni-ZnO, the degradation efficiency dropped from 99.8% to 64.9% in 

the third cycle of catalyst reuse (Figure 4.67). 

 

Figure 4.67.  Degradation of cefixime vs reusability of (Cu-ZnO) and (Ni-ZnO) photocatalyst 

4.8.9. Sample application 

The proposed sonophotocatalytic method was applied to the synthetic cefixime sample. The 

sonophotocatalytic degradation of the samples was performed under optimized conditions of 

pH, H2O2, catalyst weight and degradation was calculated for each photocatalyst. It was 

observed that the commercial cefixime sample in the presence of excipients was degraded up 

to 89.6% using Cu-ZnO and 91.8% using Ni-ZnO as a photocatalyst with 60 minutes reaction 

time (Figure 4.68). 
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Figure 4.68. Sample application 

4.8.10. Kinetic models 

The kinetics of the sonophotocatalytic degradation of cefixime was performed and the rate 

constants were determined by the different kinetic models.  

A linear plot of log (qe-qt) against t was plotted for the pseudo first order kinetic equation in 

order to determine the rate constant and degradation efficiency using Cu-ZnO and Ni-ZnO as 

photocatalyst (Figure 4.69). Similarly kinetic values for pseudo second order kinetic model 

were also calculated for Cu-ZnO and Ni-ZnO as photocatalyst (Figure 4.70). The 

sonophotocatalytic degradation of cefixime followed pseudo first order kinetic model using 

Cu-ZnO and Ni-ZnO and the rate of degradation of cefixime using Ni-ZnO and Cu-ZnO was 

found the same (Table 4.7). 
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Table 4.7. Comparison of kinetic studies for the sonophotocatalytic degradation of 

cefixime  

Catalyst 

Pseudo 1st Order Pseudo 2nd Order 

qe(exp) 

(mgg-1) 

k1 

(min-1) 

qe 

(mgg-1) 
R2 

k2 

(min-1) 

qe 

(mgg-1) 
R2 

Cu-ZnO 

Ni-ZnO 

0.255 

0.247 

0.10 

0.11 

1.267 

0.912 

0.989 

0.999 

0.0014 

1.1587 

0.166 

0.003 

0.389 

0.330 

 

 

 

Figure 4.69. Pseudo first order kinetic model for cefixime using (Cu-ZnO) and (Ni-ZnO) 

photocatalyst 
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Figure 4.70. Pseudo second order kinetic model for cefixime using (Cu-ZnO) and (Ni-ZnO) 

photocatalyst 
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Part 6: Comparative study of Cu impregnated ZnO and Ag impregnated ZnO for the 

sonophotocatalytic degradation of Cefpodoxime proxetil in aqueous solution 

4.9. Results and discussion 

4.9.1. Photocatalytic activity 

For the shift of ZnO band gap energy from UV to visible region study was carried out under 

different experimental conditions which confirmed the shift of energy gap to visible region 

(Figure 4.71). 

 

Figure 4.71.   Degradation of cefpodoxime proxetil using ZnO, Cu-ZnO and Ag-ZnO in UV 

and Visible light sources 
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sonolysis, while it increased to 22.9%, 26.1% and 26.7% by using photocatalytic,  

sonocatalytic methods and sonophotocatalytic procedure respectively (Figure 4.72). 

 

Figure 4.72.  Degradation of Cefpodoxime proxetil under different catalytic conditions at 

different time (min) 

4.9.2. pH effect 

The effect of pH was studied in the range of pH 2-10 in the presence of Britton Robinson 

buffer and pH 4-10 was found as the ideal pH for the degradation of cefpodoxime proxetil. 

The degradation of cefpodoxime proxetil was 93.4% using Cu-ZnO as photocatalyst while it 

was 94.3% using Ag-ZnO (Figure 4.73). pH, photocatalyst and ultrasonic waves had a 

significant effect on the degradation of cefpodoxime proxetil. As the alkaline pH increases 
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Cefpodoxime proxetil degradation also occurred in acidic pH, it may be because of the 

hydrolysis of the ester linkage. 

 

 

 

Figure 4.73.  Degradation of cefpodoxime proxetil at different pH using Cu-ZnO and Ag-

ZnO as a photocatalyst 
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Figure 4.74.  Degradation of cefpodoxime proxetil using different time with Cu-ZnO and Ag-

ZnO as a photocatalyst 

4.9.4. Enhancers effect 

Various oxidants, such as hydrogen peroxide, sodium perchlorate and potassium 

peroxydisulfate, have been studied as activators of the sonophotocatalytic degradation of 

cefpodoxime proxetil using Cu-ZnO and Ag-ZnO as photocatalyst at neutral pH, catalyst 

dose= 0.05 g/L and the initial drug concentration 10 mg/L with reaction time of 30 minutes. 

The concentration of each activator ranged from 3 mmol to 8 mmol. The degradation of 

cefpodoxime proxetil increased from 86.2% to 99% with 8 mmol of hydrogen peroxide and 

up to 92.3% with 8 mmol of sodium perchlorate and up to 87.2% with 8 mmol of potassium 

peroxydisulfate, respectively, using Cu-ZnO as photocatalyst. Whereas in the case of the 

degradation of Ag-ZnO, it increased to 99.7% with 5 mmol of hydrogen peroxide up to 

92.3% and 90.6% using 8 mmol of sodium perchlorate and of potassium peroxydisulfate 

respectively (Figure 4.75). 
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(a) Cu-ZnO 

 

(b) Ag-ZnO 

Figure 4.75.  Degradation of cefpodoxime proxetil at different mmol/L of oxidizing agents 

using Cu-ZnO and Ag-ZnO as a photocatalysts 
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4.9.5. Catalyst dosage effect 

The effect of catalyst dosage on the degradation of cefpodoxime proxetil was studied to 

improve the cost efficiency of the sonophotocatalytic degradation process. The weight of 

catalyst was varied in the range of 0.01-0.3 g/L at neutral pH using 10 mg/L drug 

concentration and 8 mmol of hydrogen peroxide (Figure 4.76.). It was observed that with 

increasing weight of catalyst (0.01 g/L to 0.1 g/L using Cu-ZnO and 0.01 g/L to 0.04 g/L 

using Ag-ZnO) there was an increase in degradation of cefpodoxime proxetil. Maximum 

degradation i.e. 100% was achieved with 0.1 g/L of Cu-ZnO and 0.04 g/L of Ag-ZnO. A 

further increase in the weight of catalyst leads to a decrease in the degradation of 

cefpodoxime proxetil. This may be due to aggregation of the catalyst particles in solution, 

resulting in a decrease of the active sites of the catalyst for the generation of OH. radicals. In 

addition, an excessive amount of catalyst leads to light scattering and, in turn, reduces the 

speed of the degradation process. In addition, it also leads to a decrease in the transparency of 

the solution that prevents the penetration of radiation. 

 

Figure 4.76.  Degradation of cefpodoxime proxetil using different weight of catalysts (Cu-

ZnO) and (Ag-ZnO) 
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4.9.6. Scavenger’s effect 

Keeping in view the potential application of the method to environmental samples, the effect 

of scavenger’s has also been studied. Three different types of scavenger’s, such as chlorides, 

sulphates and carbonates, have been studied for the degradation of cefpodoxime proxetil. The 

concentration of scavenger’s was kept constant, i.e. 0.1 M. It was observed that the presence 

of these anions reduce the effectiveness of the degradation of cefpodoxime proxetil. The 

decreasing efficiency of chlorides was greater than that of carbonates and sulphates. Chloride 

anions reduce the efficiency of degradation up to 63.5%, carbonates down to 71.9% and 

sulphates up to 70.3% (Figure 4.77). 

 

Figure 4.77.  Effect of scavenger’s on the degradation of cefpodoxime proxetil  
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and Ag-ZnO as photocatalyst. The percent degradation of the drug decreased with increasing 

initial concentration. It decreased from 100% to 90.8% with 10 mg/L for Cu-ZnO and from 

100% to 95.1% with 10 mg/L using Ag-ZnO as photocatalyst (Figure 4.78). 

 

 

Figure 4.78.  Degradation of cefpodoxime proxetil at different initial drug concentration 

(mg/mL) using (Cu-ZnO) and (Ag-ZnO) photocatalyst 

 

4.9.8. Catalyst reusability 

The reuse of the catalyst is important to evaluate its practical utility. For reuse, the 

sonophotocatalytic activity of photocatalysts Cu-ZnO and Ag-ZnO were studied after 

successive uses. For the degradation of cefpodoxime proxetil, the catalyst was collected by 

centrifugation and washed with different polar organic solvents (ethanol, methanol, acetone 

and acetonitrile) and then with distilled water. The effect of the solvents used to wash the 

catalyst was the same because of the solubility of the adsorbed drug on the organic solvents. 

Therefore, ethanol was chosen due to low cost, easy availability and safety for subsequent 

0

20

40

60

80

100

120

0 20 40 60 80 100 120

D
eg

ra
d
at

io
n
 (

%
)

Initial conc. of cefpodoxime proxetil (mg/L)

Cu-ZnO Ag-ZnO



129 

 

catalyst washing. After drying, the catalyst was again used with a fresh drug solution under 

optimized degradation conditions. In the case of Cu-ZnO, the degradation decreased from 

100% to 99% and increased the degradation time, whereas in Ag-ZnO, the degradation 

efficiency decreases to 99.3% (Figure 4.79). 

 

Figure 4.79.  Degradation of cefpodoxime proxetil vs reusability of (Cu-ZnO) and (Ag-ZnO) 

photocatalyst 
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Figure 4.80. Application of sonophotocatalytic method for the degradation of synthetic 

sample  

4.9.10. Kinetic models 

For the kinetics of the sonophotocatalytic degradation of cefpodoxime proxetil was 

performed and the rate constants were determined by the different kinetic models.  

A linear plot of log (qe-qt) against t was plotted in order to determine the rate constant and 

degradation efficiency for pseudo-first-order for Cu-ZnO and Ag-ZnO (Figure 4.81) and 

pseudo second order kinetic model for Cu-ZnO and Ag-ZnO (Figure 4.82). The 

sonophotocatalytic degradation of cefpodoxime proxetil using Cu-ZnO and Ag-ZnO followed 

pseudo-first order kinetic and the rate of degradation of cefpodoxime proxetil using Ag-ZnO 

is higher (k1= 0.228) than the Cu-ZnO photocatalyst (k1=0.185) (Table 4.8). 
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Table 4.8. Comparison of kinetic studies for the sonophotocatalytic degradation of 

cefpodoxime proxetil 

Catalyst 

Pseudo 1st Order Pseudo 2nd Order 

qe(exp) 

(mgg-1) 

k1 

(min-1) 

qe 

(mgg-1) 
R2 

k2 

(min-1) 

qe 

(mgg-1) 
R2 

Cu-ZnO 

Ag-ZnO 

0.251 

0.253 

0.185 

0.228 

1.892 

4.961 

0.992 

0.977 

5.8×10+4 

4.2×10+4 

0.181 

0.212 

0.524 

0.785 

 

 

Figure 4.81. Pseudo first order kinetic model for cefpodoxime proxetil using (Cu-ZnO) and 

(Ag-ZnO) photocatalyst 
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Figure 4.82. Pseudo second order kinetic model for cefpodoxime proxetil using (Cu-ZnO) 

and (Ag-ZnO) photocatalyst 
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Conclusions 

Various photocatalysts have been synthesized and investigated for the sonophotocatalytic 

degradation of textile effluents and pharmaceutical wastewaters. Copper impregnated zinc 

oxide photocatalyst (Cu-ZnO) was prepared by wet impregnation to improve the ZnO's 

ability to absorb visible light. The photocatalyst has been characterized using SEM, XRD, 

EDX, and UV-visible spectroscopic techniques. The results showed a successful 

impregnation of copper on the ZnO surface. The degradation of two basic dyes, BV-1 and 

BG-4, was studied in the presence of Cu-ZnO photocatalyst. The results revealed an 

increased degradation process under visible light in the presence of ultrasonic waves. 

Ultrasonic waves are believed to have increased the amount of free radicals due to the 

cavitation energy that is responsible for the degradation process. The degradation efficiency 

for BG-4 and BV-1 at optimum conditions was found to 100%. The photocatalyst also 

showed good stability as a function of recycling performance.  

Nickel impregnated zinc oxide (Ni-ZnO) photocatalyst was also synthesized by wet 

impregnation method to shift the band gap of ZnO to visible light. The photocatalyst was 

characterized using SEM, XRD, EDX and UV-visible spectroscopic techniques. The results 

showed successful impregnation of nickel onto ZnO surface. The degradation of two acidic 

dyes, AV-49 and AB-45, were investigated in the presence of Ni-ZnO photocatalyst at 

optimized conditions. The results revealed increase in degradation process under visible light 

in the presence of ultrasonication. Scavenger’s study was also carried out in order to check 

the effect of anions present in different environmental samples. Chlorides, sulphates and 

carbonates in case of AV-49 increases the degradation time while in case of AB-45 decrease 

the degradation efficiency from 100% up to 68.4% while sulphates decrease degradation up 
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to 23.2% and 91% with carbonates. Ultrasonic waves increased the formation of free radicals 

due to cavitation energy which are responsible for the degradation process. A degradation 

efficiency of 100% was observed with AV-49 and AB-45, respectively at optimum 

conditions. The photocatalyst also showed a good stability according to the recycling 

performance.  

Copper impregnated alumina (Cu-Al2O3) photocatalyst was synthesized by wet impregnation 

method to improve the ability of Al2O3 to absorb visible light. The photocatalyst was 

characterized using SEM, XRD, EDX and UV-visible spectroscopic techniques. The results 

showed successful impregnation of copper onto Al2O3 surface. The degradation of two dyes, 

AR-27 and DV-51, were investigated in the presence of Cu-Al2O3 photocatalyst at optimized 

conditions. The photocatalyst was found promising for the degradation of textile effluents. 

Impregnation of Cu on Al2O3 shifts the band gap to the visible region. It was observed that by 

applying ultrasonic waves for 10 µg/mL of AR-27 with 0.02 g of Cu- Al2O3, at pH 10 and 8 

mmole of H2O2, 100% degradation of AR-27 was achieved in 50 minutes while 10 µg/mL of 

DV-51, 0.04 g of Cu-Al2O3, pH 10 and 8 mmole of H2O2, 100% degradation was achieved in 

60 minutes. Chlorides as a scavenger’s decreases the degradation efficiency to a greater 

extend as compared to sulphates and carbonates. Increase in concentration of dye decreases 

the rate of degradation. Increase in catalyst weight decreases the time and increases the rate 

of degradation. The photocatalyst was applied for the degradation of textile effluents and was 

found suitable for the textile waste containing µg/mL levels of the studied compounds. 

A comparative study of Cu impregnated ZnO and Ni impregnated ZnO for the 

sonophotocatalytic degradation of cefixime in aqueous solution under the irradiation of 

visible light was performed. Using 0.1 g/L of Cu-ZnO for 10 mg/mL of drug at pH 10 100% 

degradation of cefixime was obtained while 99.8% degradation of cefixime achieved using 

0.15 g/L of Ni-ZnO. The anions (chlorides, sulphates and carbonates) reduce the 
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effectiveness of the degradation of cefixime. Scavenger’s study shows that the decreasing 

efficiency of chlorides was greater than that of carbonates and sulphates. Chloride anions 

reduce the efficiency of degradation up to 77.6%, carbonates up to 80.5% and sulphates 

79.8%. The results showed that both of the catalysts followed pseudo first order kinetic 

model, recycling capacity of both the photocatalysts were excellent. The method allowed 

analyzing of the pharmaceutical effluents containing µg/mL levels of the studied compound. 

A comparative study of Cu impregnated ZnO and Ag impregnated ZnO for the 

Sonophotocatalytic degradation of Cefpodoxime proxetil in aqueous solution under visible 

light irradiation was conducted. pH 4-10 was found to be the ideal pH for cefpodoxime 

proxetil due to which cefpodoxime proxetil can be degradated in effluent directly in 30 

minutes. A degradation efficiency of 100% for cefpodoxime proxetil was obtained at 

optimum conditions for Cu-ZnO and Ag-ZnO catalyst. The results of photocatalysts 

reusability were very good up to 3rd cycle of reuse. The scavenger’s study shows that the 

decreasing efficiency of chlorides was greater than that of carbonates and sulphates. Chloride 

anions reduce the efficiency of degradation from 100% up to 63.5%, carbonates up to 71.9% 

and sulphates 70.3%. The sonophotocatalytic degradation of cefpodoxime proxetil using Cu-

ZnO and Ag-ZnO followed pseudo-first order kinetic and the rate of degradation of 

cefpodoxime proxetil using Ag-ZnO is higher (k1= 0.228) than the Cu-ZnO photocatalyst 

(k1=0.185). The method allows the analysis of pharmaceutical residues containing µg/mL 

levels of the test compound. 

Based on efficiency, cost, reusability Cu-ZnO may be considered as the best photocatalyst 

among the synthesized photocatalyst. 
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Abstract 

The visible light induced semiconductor photocatalyst Ni impregnated ZnO was prepared by 

wet impregnation method. Impregnation of Ni on ZnO shifts the band gap from UV to 

Visible region. The present study involves the sonophotocatalytic degradation of acid violet 

49 and acid blue 45 in the presence of photocatalyst Ni-ZnO under the irradiation of visible 

light. Degradation efficiency of sonophotocatalysis was higher than sonolysis, sonocatalysis, 

photolysis and photocatalysis. Photocatalyst was characterized by scanning electron 

microscopy (SEM), energy dispersive X-ray analysis (EDX) and X-ray diffraction (XRD). 

Effect of different operational parameters such as pH, catalyst dosage, different oxidising 

agents, initial dye concentration, different scavengers, catalyst re-used ability, catalyst 

settling time and catalytic poisoning. Addition of enhancers increases the degradation 

efficiency and scavengers decrease the degradation. We found that Acid violet 49 and acid 

blue 45 degraded 100% at pH 10 in 20 minutes. Catalyst re-usability was checked up to five 

cycle and it gives a fruitful results. Kinetics study was also carried out and it was found that 

both of the dyes undergo pseudo first order kinetic model. All the experiments indicate that 

the sonophotocatalytic degradation method in the presence of Ni-ZnO was an advisable 

choice for the treatment of textile effluents. 

Keywords: Sonophotocatalysis; impregnated ZnO; textile dyes; degradation; regeneration. 
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