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Abstract 

Adsorption is a simple and effective process for the removal of organic contaminants with 

low concentration from water. However, the disposal of adsorbent loaded with toxic contaminants 

may not be feasible, especially for adsorbents which are not available in large quantities or are 

expensive to produce.  In order to meet these challenges, an economical process to treat water 

contaminated with dissolved organics is to utilize adsorption coupled with electrochemical 

oxidation. The adsorption occurs on the nonporous surface of the graphene with high electrical 

conductivity, subsequently by electrochemical oxidation resulting in degradation of the 

contaminants. The adsorbents employed in adsorption-electrochemical regeneration processes 

have a low adsorptive capacity (ca. 1 mg g-1), low electrochemical regeneration efficiency (<100 

%) or high energy consumption. There was thus a need to produce new materials that have both 

good regeneration efficiency and adsorptive capacity. This PhD project focuses on an investigation 

of graphene adsorbents to be utilized in adsorption and electrochemical regeneration. 

In this regard, different graphene nanocomposite namely graphene / iron oxide, graphene / 

TiO2 and graphene / SnO2 have been synthesized, characterized, and applied in adsorption and 

regeneration process. Reduced graphene oxide / iron oxide showed good capability to adsorb the 

organic contaminants with adsorptive capacity of 39 mg g-1 and be regenerated electrochemically 

with a regeneration efficiency of 100% for a charge passed of 39 C per mg-1 adsorbate. However, 

the surface of the rGO was observed to be corroded during electrochemical regeneration, 

indicating that the rGO / IO adsorbent could only be used for a few cycles. On the other hand, 

Graphene / TiO2 showed a lower absorptive capacity, but with lower required charge passed of 21 

C per mg-1 adsorbate. TEM studies revealed that the bare graphene was rapidly corroded, while 

graphene / TiO2 could tolerate more cycles of adsorption and electrochemical regeneration. Unlike 
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graphene / TiO2, graphene / SnO2 or Sb-SnO2 showed higher adsorptive capacity combined with 

a low required charge for 100% regeneration of 21 C per mg-1 adsorbate. Graphene / SnO2 or Sb-

SnO2 nanocomposites also showed good performance in presence of sodium sulphate as the 

electrolyte. The effect of the synthesis conditions on the graphene prepared by electrochemical 

exfoliation was also investigated. The results show that graphene synthesized using ammonium 

phosphate possessed higher electrocatalytic activity and thermal stability than the graphenes 

synthesized using other salt solutions. 

  



  

   

iii  

 

Acknowledgments 

I would like to gratefully and sincerely thank my PhD supervisor, Dr. Edward (Ted) Roberts, 

for his guidance, support, understanding, patience. He was always a source of a great deal of 

encouragement. I would like to extend my appreciation to my supervisory committee members 

and external examiners, Dr. Milana Trifkovic, Dr. Kunal Karan, Dr. Uttandaraman Sundararaj, Dr. 

Simon Park and Dr. Michael Pope. I would also like to express my gratitude to our group members 

at University of Calgary, particularly, Luke Gagnon and Timothy Grove through their work on 

electrochemical regeneration of graphene based materials and Dr. Mohammad Arjmand for 

constructive discussions and valuable comments. This work was financially supported by different 

funding agencies, including the Natural Sciences and Engineering Research Council of Canada 

(NSERC) and Canada foundation for innovation (CFI) and the funding is highly appreciated. The 

deepest gratitude goes to my family because of their unconditional support and encouragement. 

Finally, and most importantly, I would like to thank my wife Tavous. Her support, 

encouragement, quiet patience and unwavering love were undeniably the bedrock upon which the 

past eight years of my life have been built. I also thank my parents, for their faith in me and 

allowing me to be as ambitious as I wanted. 

 

 

 

  



  

   

iv 

 

 

 

 

to my beloved wife 

Tavous 

 



  

   

i 

 

 

Chapter 1. Introduction ....................................................................................................... 1 

1.1 Wastewater treatment methods ................................................................................. 2 

1.1.1 Chemical precipitation and coagulation ............................................................ 2 

1.1.2 Ultrafiltration ..................................................................................................... 3 

1.1.3 Biological treatment .......................................................................................... 4 

1.1.4 Photocatalysis .................................................................................................... 5 

1.1.5 Adsorption ......................................................................................................... 6 

1.1.6 Electrochemical oxidation ............................................................................... 11 

1.2 Adsorbent regeneration ........................................................................................... 15 

1.3 Graphene and graphene composites........................................................................ 19 

1.4 Scope and objective of investigation ...................................................................... 26 

1.5 Structure of thesis ................................................................................................... 28 

Chapter 2. Experimental ................................................................................................... 31 

2.1 Synthesizing the Graphene based materials ............................................................ 31 

2.2 Characterization (used in all chapters) .................................................................... 35 

2.2.1 Raman and FTIR ............................................................................................. 35 

2.2.2 PXRD............................................................................................................... 36 

2.2.3 Electron microscopy ........................................................................................ 36 



  

   

ii  

 

2.2.4 Size measurement ............................................................................................ 37 

2.2.5 TGA ................................................................................................................. 37 

2.2.6 BET .................................................................................................................. 37 

2.2.7 Concentration measurement ............................................................................ 37 

2.3 Adsorption and electrochemical regeneration (used in chapters 3,4 and 5) ........... 39 

2.4 Stability of the nanocomposite (used in chapter 4) ................................................. 41 

2.5 Electrochemical properties ...................................................................................... 42 

2.5.1 Cyclic voltammetry ......................................................................................... 42 

2.5.2 Linear sweep voltammetry .............................................................................. 44 

2.5.3 Electrochemical impedance spectroscopy ....................................................... 44 

Chapter 3. Electrochemical Regeneration of a Reduced Graphene Oxide / Magnetite 

Composite Adsorbent Loaded with Methylene Blue .................................................................... 45 

3.1 Abstract ................................................................................................................... 46 

3.2 Introduction ............................................................................................................. 47 

3.3 Experimental ........................................................................................................... 50 

3.3.1 Synthesizing of magnetic reduced graphene oxide ......................................... 50 

3.3.2 Characterization ............................................................................................... 50 

3.3.3 Adsorption and electrochemical regeneration ................................................. 50 

3.4 Result and discussion .............................................................................................. 50 



  

   

iii  

 

3.4.1 Characterization ............................................................................................... 50 

3.4.2 Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM)ééé.. ...................................................................................................................... 54 

3.4.3 Adsorption ....................................................................................................... 55 

3.4.4 Electrochemical regeneration .......................................................................... 57 

3.5 Conclusion .............................................................................................................. 64 

Chapter 4. Anodic Electrochemical Regeneration of a Graphene / Titanium Oxide 

Composite Adsorbent Loaded with an Organic Contaminant ...................................................... 67 

4.1 Abstract ................................................................................................................... 67 

4.2 Introduction ............................................................................................................. 69 

4.3 Experimental ........................................................................................................... 73 

4.3.1 Preparation of graphene / titanium dioxide nanocomposites........................... 73 

4.3.2 Characterization ............................................................................................... 73 

4.3.3 Stability of the nanocomposite ........................................................................ 73 

4.3.4 Adsorption and electrochemical regeneration ................................................. 73 

4.3.5 Electrochemical properties .............................................................................. 73 

4.4 Result and discussion .............................................................................................. 73 

4.4.1 Raman .............................................................................................................. 73 

4.4.2 SEM and TEM ................................................................................................. 75 

4.4.3 Adsorption isotherm ........................................................................................ 77 



  

   

iv 

 

4.4.4 Stability of the adsorbent materials ................................................................. 79 

4.4.5  Regeneration ......................................................................... 82 

4.4.6 Adsorption/regeneration cycles ....................................................................... 84 

4.4.7 Cyclic voltammetry for adsorbents loaded with MB....................................... 87 

4.4.8 Linear sweep voltammetry .............................................................................. 89 

4.5 Conclusion .............................................................................................................. 91 

4.6 Graphical abstract ................................................................................................... 93 

4.7 Supporting information ........................................................................................... 94 

4.7.1 DLS measurement ........................................................................................... 94 

4.7.2 TGA ................................................................................................................. 95 

4.7.3 XRD ................................................................................................................. 96 

Chapter 5. Tin Oxide and Antimony Doped Tin Oxide Graphene Composites for Water 

Treatment by Adsorption with Electrochemical Regeneration ..................................................... 98 

5.1 Abstract ................................................................................................................... 98 

5.2 Introduction ............................................................................................................. 99 

5.3 Experimental ......................................................................................................... 102 

5.4 Result and discussion ............................................................................................ 102 

5.4.1 Raman spectra ................................................................................................ 102 

5.4.2 SEM and TEM ............................................................................................... 103 



  

   

v 

 

5.4.3 Adsorption study............................................................................................ 106 

5.4.4 Electrochemical regeneration ........................................................................ 110 

5.4.5 Adsorption/regeneration cycles ..................................................................... 114 

5.4.6 Electrochemical characterization of the adsorbents ...................................... 118 

5.5 Conclusions ........................................................................................................... 121 

Chapter 6. Phehol oxidation using a graphene electrode synthesized by electrochemical 

exfoliationééééé. .............................................................................................................. 123 

6.1 Abstract ................................................................................................................. 123 

6.2 Introduction ........................................................................................................... 124 

6.3 Experimental ......................................................................................................... 127 

6.3.1 Preparation of exfoliated graphene ................................................................ 127 

6.3.2 Characterization ............................................................................................. 127 

6.3.3 Electrochemical properties ............................................................................ 127 

6.4 Results and discussions ......................................................................................... 127 

6.4.1 Characterization ............................................................................................. 127 

6.4.2 Cyclic voltammetry ....................................................................................... 138 

6.4.3 Electrochemical impedance spectroscopy ..................................................... 142 

6.4.4 Differential pulse voltammetry ...................................................................... 144 

6.5 Conclusions ........................................................................................................... 146 



  

   

vi 

 

Chapter 7. Conclusion and Recommendations ............................................................... 149 

7.1 Conclusion ............................................................................................................ 149 

7.1.1 Application of reduced graphene oxide / magnetite in adsorption and 

regeneration process ............................................................................................................ 149 

7.1.2 Application of graphene / TiO2 in adsorption and regeneration process ....... 150 

7.1.3 Application of graphene / SnO2 in adsorption and regeneration process ...... 152 

7.2 Future Works: ....................................................................................................... 156 

Appendix. Segregated Hybrid Poly(Methyl Methacrylate)/Graphene/Magnetite 

Nanocomposites for Electromagnetic Interference Shielding .................................................... 159 

A.1 Abstract. .................................................................................................................. 159 

A.1 Introduction ....................................................................................................... 160 

A.2 Materials and Methods ...................................................................................... 164 

A.3 Results and discussion ....................................................................................... 167 

A.3.1 Raman spectroscopy, XRD and thermogravimetric analysis ........................ 167 

A.3.2 Electron microscopy of segregated nanocomposites ..................................... 169 

A.3.3 Electrical conductivity of PMMA/rGO nanocomposites .............................. 172 

A.3.4 EMI shielding of PMMA/rGO nanocomposites ............................................ 174 

A.3.5 EMI shielding of Hybrid PMMA/rGO/magnetite nanocomposites .............. 177 

A.4 Conclusions ....................................................................................................... 180 

A.5 Supporting information ..................................................................................... 183 



  

   

vii  

 

References      .................................................................................................................... 186 

 

 

  



  

   

viii  

 

List of Figures 

Figure 1-1. Schematic picture of proposed adsorption process at the surface of a solid, porous 

adsorbent material. The schematic was adapted from (Shri Ramaswamy 2013) ................... 7 

Figure 1-2. Schematic of reduced graphene oxide synthesizing by chemical oxidation exfoliation 

reduction. The schematic was adapted from (Rajni Garg 2014) .......................................... 21 

Figure 2-1. An image of the autoclave was employed for hydrothermal synthesis of rGO/IO 

nanocomposites ..................................................................................................................... 32 

Figure 2-2. An image of TiO2 sol ................................................................................................ 33 

Figure 2-3. An image of power supply (Agilent U8001A Power Supply) used to produce 

electrochemically exfoliated graphene ................................................................................. 35 

Figure 2-4. An image of the UV-Visible spectrophotometer (UV-2600, Shimadzu) used to 

measure the concentration of MB ......................................................................................... 38 

Figure 2-5. Schematic diagram of the electrochemical cell used to study of regeneration 

efficiency. The geometric area of the anode and cathode plates was 11 cm2. ...................... 41 

Figure 2-6. An image of the Autolab PGSTAT (Metrohm, UK) employed for electrochemical 

characterization ..................................................................................................................... 44 

Figure 3-2. (I)Raman spectra of (a) graphene oxide and (b) rGO-IO-60 (II) XRD pattern of rGO-

IO-60  (III) ATR FTIR spectra of (a) graphene oxide (b) rGO-IO-60 and (c) rGO (IV) TGA 

of (a) graphene oxide, (b) rGO and (c) rGO ïIO-60 in a nitrogen atmosphere .................... 53 

Figure 3-3. SEM Image of (a) rGO-IO-60 (b) rGO-IO-75 .......................................................... 54 

Figure 3-4. TEM Image of (a) rGO-IO-60 (b) rGO-IO-75 .......................................................... 55 

Figure 3-5. Isotherms for the adsorption of MB on  rGO-IO-60 and rGO-IO-75. The lines show 

the Langmuir model fitted to the data by non-linear regression. .......................................... 57 



  

   

ix 

 

Figure 3-6. The effect of regeneration time on regeneration efficiency for electrochemical 

regeneration of MB adsorbed on 0.15 g of rGO-IO, at a current density of 10 mA cm-2. .... 58 

Figure 3-7. Regeneration efficiency over number of adsorption and electrochemical regeneration 

cycles for MB adsorption on rGO / IO-60 ............................................................................ 60 

Figure 3-8. Raman Spectra of the (a) rGO-IO electrochemically regenerated for 2.5 h in the 

absence of adsorbate, (b) untreated rGO (c) GO. ................................................................. 61 

Figure 3-9. TEM images of (a) rGO-IO-60 before electrochemical regeneration and (b) rGO-IO-

60 after electrochemical regeneration ................................................................................... 63 

Figure 3-10. Raman spectra of the (a) rGO-IO-60 before adsorption, (b) rGO-IO-60 after 

adsorption, and (c) rGO-IO-60 after regeneration ................................................................ 63 

Figure 4-1. Raman spectra of Bare graphene and 6 wt% G/TiO2 nanocomposites ..................... 75 

Figure 4-2. Morphological observation. (a) SEM image of bare garphene, (b) SEM image of 

G/TiO2 400°C (6 wt% TiO2) nanocomposite (c) TEM image of bare garphene, (d) TEM  

image of G/TiO2 400°C (6 wt% TiO2) nanocomposite ........................................................ 76 

Figure 4-3. Adsorption isotherm of MB adsorption on bare graphene and the  G/TiO2 

nanocomposites (6 wt% TiO2). ............................................................................................. 78 

Figure 4-4. TEM image of (a) bare graphene surface after electrochemical oxidation, (b) G/TiO2 

400°C nanocomposite (6 wt% TiO2) surface after electrochemical oxidation ..................... 82 

Figure 4-5. Effect of regeneration time on regeneration efficiency of MB on G/TiO2 

nanocomposites (6 wt % TiO2) by applying the current density of 10 mA cm-2 .................. 83 

Figure 4-6. Regeneration efficiency for a series of adsorption and electrochemical regeneration 

cycles for MB adsorption on bare graphene, G/TiO2 400°C and G/TiO2 500°C 

nanocomposites (both 6 wt% TiO2). Adsorption was carried out under conditions that give 



  

   

x 

 

close to the maximum loading of MB on the adsorbent. Regeneration of the bare graphene, , 

G/TiO2 400°C and G/TiO2 500°C adsorbents were carried out for 14, 7, and 20 min 

respectively at a current density of 10 mA cmῐ2. .................................................................. 86 

Figure 4-7. Cyclic voltammetry of bare graphene, bare graphene loaded with MB, G/TiO2 

400°C , G/TiO2 400°C loaded with MB and G/TiO2 500°C loaded with MB. The TiO2 

loading on the nanocomposites was 6 wt% at scan rate of 5 mV S-1.................................... 89 

Figure 4-8. Linear sweep voltammograms of (a) bare graphene, (b) G/TiO2 400°C, and (c) 

G/TiO2 500°C. The loading of TiO2 was 6 wt %. Experiments were carried out using 1 mol 

L-1 sodium sulfate at a scan rate of 100 mV S-1. ................................................................... 90 

Figure A.4-9. DLS measurement of TiO2 nanoparticles in the sol. ............................................. 94 

Figure A.4-10. TGA plots of bare graphene, G/TiO2 400°C  and G/TiO2 500°C . ..................... 95 

Figure A.4-11. The XRD patterns of TiO2 400°C and TiO2 500°C ............................................ 97 

Figure 5-1. Raman spectra of Bare graphene, SnO2, Sb-SnO2, G/SnO2 and G/Sb-SnO2 

nanocomposites ................................................................................................................... 103 

Figure 5-2. SEM images of the (a) G/SnO2 nanocomposite (b) G/Sb-SnO2 nanocomposite (C) 

bare graphene ...................................................................................................................... 105 

Figure 5-3. (a) Low magnification TEM image of the G/SnO2 nanocomposite (b) High- 

magnification TEM image of the G/SnO2 nanocomposite. (C) Low magnification TEM 

image of the G/Sb-SnO2 nanocomposite (d) High- magnification TEM image of the G/Sb-

SnO2 nanocomposite. ......................................................................................................... 106 

Figure 5-4. Equilibrium adsorption of MB on bare graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 

7, and G/Sb-SnO2 13 ........................................................................................................... 108 



  

   

xi 

 

Figure 5-5. Effect of charge passed on regeneration efficiency for MB adsorption by bare 

graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and G/Sb-SnO2 13 (current density of 10 

mA cm-2, NaCl electrolyte) ................................................................................................. 113 

Figure 5-6. Effect of charge passed on regeneration efficiency of MB adsorption on bare 

graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and G/Sb-SnO2 13 (current density of 10 

mA cm-2, Na2SO4 electrolyte) ............................................................................................. 113 

Figure 5-7. Regeneration efficiency for a series of adsorption and electrochemical regeneration 

cycles of MB adsorption on bare graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and 

G/Sb-SnO2 13 nanocomposites in a NaCl solution. Adsorption was carried out under 

conditions that give close to the maximum loading of MB on the adsorbent. Regeneration of 

bare graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and G/Sb-SnO2 13 adsorbents were 

carried out for 14, 10, 10, 12 and 12 min respectively at a current density of 10 mA cm-2.

............................................................................................................................................. 116 

Figure 5-8. Regeneration efficiency for a series of adsorption and electrochemical regeneration 

cycles of  MB adsorption on bare graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and 

G/Sb-SnO2 13 nanocomposites in a NaCl solution. Adsorption was carried out under 

conditions that give close to the maximum loading of MB on the adsorbent. Regeneration of 

the bare graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and G/Sb-SnO2 13 adsorbents 

were carried out for 14, 10, 10, 12 and 12 min respectively at a current density of 10 mA 

cm-2. .................................................................................................................................... 117 

Figure 5-9. Linear sweep voltammograms of (a) bare graphene, (b) G/SnO2 7, (c) G/SnO2 13, 

(d) G/Sb-SnO2 7, and (e) G/Sb-SnO2 13. Experiments were conducted using 1 mol L-1 

sodium sulfate at a scan rate of 100 mV S-1........................................................................ 119 



  

   

xii  

 

Figure 5-10. Cyclic voltammetry of (a) bare graphene, (b) G/SnO2 7, (c) G/SnO2 13, (d) G/Sb-

SnO2 7, and (e) G/Sb-SnO2 13 at a scan rate of 10 mV S-1 using a solution containing 25 

ppm MB and 1 mol L-1 sodium chloride ............................................................................. 121 

Figure 6-1. HRTEM of electrochemically synthesized graphene using (a) (NH4)2SO4 (b) Na2SO4 

(c&d) (NH4)2HPO4 (e) NaCl (f) NH4NO3. The salt concentration in each case was 0.1 M 

and the applied cell voltage was 10 V. ............................................................................... 129 

Figure 6-2.  Raman spectra of the electrochemically synthesized graphene using (a) different 

salts at a concentration of 0.1 M, (b) different cell voltages with (NH4)2HPO4 at a 

concentration of 0.1 M (c) different concentrations of (NH4)2HPO4 with a cell voltage of 10 

V. ......................................................................................................................................... 131 

Figure 6-3. Thermogravimetric Analysis (TGA) curves for electrochemically synthesized 

graphene under N2 using (a) different salts at a concentration of 0.1 M, (b) different voltages 

with (NH4)2HPO4 at a concentration of 0.1 M, and (c) different concentrations of 

(NH4)2HPO4 with a cell voltage of 10 V. ........................................................................... 133 

Figure 6-4. Thermogravimetric Analysis (TGA) data performed in air for electrochemically 

synthesized graphene using different salts at a concentration of 0.1 M and with a cell 

voltage of 10 V. Figure (a) shows the percentage weight loss and (b) the weight derivative

............................................................................................................................................. 134 

Figure 6-5. Cyclic voltammograms of 100 ppm phenol for electrochemically synthesized 

graphene using (a) different salts at a concentration of 0.1 M, (b) different cell voltages, 

with (NH4)2HPO4 at a concentration of 0.1 M (c) different concentrations of (NH4)2HPO4 at 

a cell voltage of 10 V .......................................................................................................... 140 



  

   

xiii  

 

Figure 6-6. (a) Cyclic Voltammograms of 100 ppm phenol in the phosphate buffer solution 

(pH=7) solution at a range of scan rates from 5 to 200 mV s-1, on graphene prepared using 

1M (NH4)2HPO4 at 10 V. (b) oxidation peak current vôs. scan rate [from the data shown in 

(a)] ....................................................................................................................................... 142 

Figure 6-7. Nyquist plots for electrochemically synthesized graphene using (a) different salts (b) 

different voltages (c) different concentrations in 2.5 mM [Fe(CN)6]
4ī/3ī + 0.1 M KCl. .... 144 

Figure 6-8. Differential pulse voltammetry curves of graphene prepared using 1M (NH4)2HPO4 

in pH 7.0 PBS for different phenol concentration in the range of 31 to 64 ɛM ................. 146 

Figure A.6-9. cyclic voltammogram of phenol oxidation at the first and second cycles on 

graphene electrode synthesized using (NH4)2HPO4 at concentration of 0.1 M and cell 

voltage of 10 V.................................................................................................................... 148 

Figure A-1. Schematic depicting preparation procedure of PMMA/rGO/magnetite 

nanocomposite. ................................................................................................................... 166 

Figure A-2. (a) Raman spectra of PMMA/rGO and PMMA/GO nanocomposites, (b) XRD 

patterns of rGO/magnetite and PMMA/rGO/magnetite nanocomposites, and (c)TGA plots 

of rGO and GO.................................................................................................................... 169 

Figure A-3. SEM micrographs of (a) PMMA latex, and (b) PMMA/rGO nanocomposite. ...... 170 

Figure  A-4. TEM image of (a) PMMA/rGO (0.3 vol%), (b) PMMA/rGO (1.1 vol%), and (c) 

PMMA/ rGO/magnetite (1.1/0.5 vol%) nanocomposites. .................................................. 172 

Figure A-5. Electrical conductivity of PMMA/rGO nanocomposites as a function of rGO 

content. ................................................................................................................................ 174 



  

   

xiv 

 

Figure A-6. Shielding by reflection, shielding by absorption and overall shielding of 

PMMA/rGO nanocomposite as a function of rGO content. The thickness of the samples was 

2.9 mm. ............................................................................................................................... 177 

Figure A-7. Shielding by reflection, absorption and total shielding of hybrid 

PMMA/rGO/magnetite nanocomposites. The thickness of the samples was 2.9 mm. ....... 178 

Figure A-8. Synergy of rGO segregated structure and magnetite NPs to attenuate incident EM 

wave. ................................................................................................................................... 180 

 

  



  

   

xv 

 

List of Tables 

Table 1-1. Characteristics of different types of adsorbents (Haan 2015) ....................................... 7 

Table 1-2. The application of various Graphene based materials for adsorption ........................ 23 

Table 1-3. Comparison of adsorptive capacity of some conventional adsorbents ....................... 24 

Table 3-1. Langmuir isotherm parameters fitted to the experimental data by non-linear 

regression. ............................................................................................................................. 56 

Table 4-1. Adsorption isotherm parameters based on the Langmuir equation for bare graphene 

and the G/TiO2 composites. .................................................................................................. 78 

Table 4-2. Adsorption isotherm parameters based on the Langmuir equation for bare graphene 

and the G/TiO2 composites. .................................................................................................. 79 

Table 4-3. COD of filtered rinse water for adsorbents before and after electrochemical oxidation.

............................................................................................................................................... 81 

Table 4-4. Mass of the adsorbent recovered after multiple cycles of adsorption and regeneration.

............................................................................................................................................... 85 

Table 4-5. Specific charge required for 100% regeneration efficiency for graphene, G/TiO2 

400°C and G/TiO2 500°C (both 6 wt% TiO2) adsorbents loaded with MB, for regeneration 

at 10 mA cm-2........................................................................................................................ 87 

Table 5-1. Specific surface area of the graphene loaded with metal oxide ................................ 108 

Table 5-2. Langmuir constants for adsorption of MB on Bare graphene, G/SnO2 7, G/SnO2 13, 

G/Sb-SnO2 7, and G/Sb-SnO2 13 ........................................................................................ 109 

Table 5-3. Dimensionless Langmuir constants (RL) for adsorption of MB on Bare graphene at 

low and high concentrations for different adsorbent .......................................................... 109 



  

   

xvi 

 

Table 5-4. Freundlich constants for adsorption of MB on Bare graphene, G/SnO2 7, G/SnO2 13, 

G/Sb-SnO2 7, and G/Sb-SnO2 13 ........................................................................................ 110 

Table 5-5. Specific charge required for 100% regeneration efficiency of bare graphene, G/SnO2 

7, G/SnO2 13, G/Sb-SnO2 7, and G/Sb-SnO2 13 adsorbents loaded with MB, (regeneration 

at 10 mA cm-2) .................................................................................................................... 114 

Table 5-6. Mass of the adsorbent recovered after 5 consecutive cycles of adsorption and 

regeneration......................................................................................................................... 115 

Table 6-1. EDX analysis of electrochemically synthesized graphene prepared using (a) different 

salts at a concentration of 0.1 M, with a cell voltage of 10 V (b) different cell voltages, for a 

(NH4)2HPO4 concentration of 0.1 M., and (c) different concentrations of (NH4)2HPO4, with 

a cell voltage of 10 V (all in atomic percentage) ................................................................ 136 

Table 6-2. Production rate of electrochemical synthesized graphene at different condition ..... 137 

Table A-1. Comparison of percolation threshold and maximum electrical conductivity of current 

work with literature. ............................................................................................................ 173 

Table A-2. Comparison of EMI SE of nanocomposites in this work with literature. ................ 179 

 



  

   

xvii  

 

Nomenclature: 

Symbol Description  Units 

b Langmuir equation constant L mg-1 

Ci Initial concentration  mg L-1 

Cf Final concentration  mg L-1 

F Faraday Constant C mol-1 

I Current  A 

K Langmuir equation constant mg g-1 

Mw Molecular weight g mol-1 

qe Adsorbate loading at equilibrium  mg g-1 

qi Equilibrium adsorbate loading mg g-1 

after first adsorption 

qr Equilibrium adsorbate loading mg g-1 

after regeneration 

Qth Theoretical charge C 

RE Regeneration efficiency   

t Time required for 100% regeneration s  



  

   

xviii  

 

V Volume L 

Zimag Imaginary impedance W 

Zreal Real impedance W 

ef  Current efficiency   

  



  

   

xix 

 

 



  

   

1 

 

 

 

Water is an essential material for all living things on earth and the presence of organic 

contaminants produced by human activities can be detrimental to the environment and human 

health. They can be consumed / broken down by microorganisms resulting in consumption of 

dissolved oxygen (Henry and Heinke 1989). They may also hamper the oxygen dissolution in 

water. This can not only hinder aerobic activity, but also facilitate anaerobic reactions and produce 

harmful products such as H2S (Horan 1989). In addition to ecological effects, other problems 

associated with organic contaminants are their toxicity (Halling-Sørensen et al. 1998), genotoxicity 

and endocrine disruption (Arcand-Hoy et al. 1998), and prevention of the growth of bacteria 

(Kümmerer 2004). Thus, water treatment becomes essential to remove the colored, toxic, non-

biodegradable contaminants for today's world.  

The regulatory burden on industry has increased, requiring minimal concentrations of 

organic contaminants in discharged effluent (Asghar et al. 2012). A number of treatment methods 

have been utilized to eliminate pollutants including chemical and electrochemical oxidation, 

advanced oxidation processes, biodegradation and membrane filtration (Brown et al. 2004b). Of 

the aforementioned methods some, such as biodegradation, may be unable to degrade certain 

contaminants, while others, like advanced oxidation, may not be cost effective. The adsorption and 

electrochemical regeneration process using graphite as the adsorbent can be utilized to treat 

colored, non-biodegradable, and/or toxic organic contaminants to a very low concentration 

(Asghar et al. 2014a). This method has several advantages including: the absence of secondary 

effluents, room temperature and ambient pressure operation, no sludge production, and minimal 

chemical additives (Brown et al. 2004b). The purpose of this project is to introduce a range of 
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graphene based materials for use as adsorbents in an adsorption and electrochemical regeneration 

process, eliminating organic pollutants from aqueous media. The nonporous surface, high 

conductivity, and high surface area of graphene suggest that this material could be efficiently 

regenerated through anodic electrochemical oxidation. 

 

 

1.1 Wastewater treatment methods  

Many studies have been conducted concerning decontamination processes including 

photochemical oxidation (Arbuj et al. 2010), electrochemical oxidation (Indu et al. 2014), 

biodegradation (Iĸēk and Sponza 2006), nanofiltration (Chakraborty et al. 2003), chemical 

precipitation (Tan et al. 2000), chemical oxidation (Zhang et al. 2004) and adsorption processes 

(Ekrami et al. 2015). In the following sections, some of the methods along with their pros and cons 

will be discussed. 

 

1.1.1 Chemical precipitation and coagulation  

This method requires introducing a chemical such as iron sulfate (Vogelsang et al. 2006) or 

ferric chloride (Pham and Proulx 1997) in to the water to react with the organic pollutant and make 

them insoluble or barely soluble. The efficiency of the process depends on how effectively the 

reagent can react with organic compounds and change their solubility. In other words, more 

insolubility leads to higher removal. The precipitated compounds are usually present in the form 

of suspended solids. Accordingly, secondary solid liquid separation treatment is required such as 

settling, filtration or centrifugation to separate the suspended solids. Another way to increase the 
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efficiency of separation is to intensify the agglomeration of the suspended solids and consequently 

the sedimentation using a coagulant such as aluminum sulfate, ferric chloride, or cationic 

polymers. These coagulants destabilize the suspended solids so that they can clump together. 

Although the most common coagulant in waste water treatment is aluminum sulfate, 

polymerized derivative of aluminum i.e. poly aluminum chloride has attracted much interest as it 

eliminates the polymerization step at the point of adding the coagulant to the waste water (Van 

Benschoten and Edzwald 1990). Among the polymeric coagulants, poly (diallyldimethyl-

ammonium chloride) is the most common, but polyethylene-amine and melamine-formaldehyde 

are also used (Dentel 1991). 

 

Overall, the drawbacks of chemical precipitation can be categorized in 3 groups (Kurniawan 

et al. 2006): 

1- Requiring a large amount of chemicals  

2- High cost of the reagents 

3- The disposal of the coagulated solids which can be problematic as it can be hard to 

condense and dry.  

 

1.1.2 Ultrafiltration  

Ultrafiltration uses a semipermeable membrane to separate components from effluents using 

driving forces such as pressure or concentration gradients (Cheryan 1998).  Separation using 

ultrafiltration has drawn a tremendous amount of attention in recent decades. This method can 

separate particles bigger than 0.005-2 µm under pressures of between 70-700kPa.  However, its 

application in dye house effluent can be restricted as complementary treatment like reverse 
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osmosis (RO) or nanofiltration may be needed to increase the quality of the treated water. The 

major drawbacks are the high capital cost and their limitation in eliminating dissolved organics 

such as dyes. Different type of membrane for filtration have been utilized to increase the quality 

of the treated water. Nevertheless, in addition to their high cost (Owen et al. 1995), fouling due to 

the deposition of solids can affect the membrane performance and increase the operating cost (Sun 

2007). 

 

1.1.3 Biological treatment 

Biological treatment is the degradation of organic compounds by microorganisms leading to 

the production of carbon dioxide and water or methane. Bacteria, fungi, and macrofauna are the 

most important microorganisms in biodegradation (Ateia et al. 2016). Biological Treatment can 

happen either in aerobic conditions where oxygen can be oxidant and or in anaerobic conditions 

where nitrate, sulfate, or another compound would be the reducing agents. However, most of the 

biodegradation used in the dye industry uses aerobic condition (Meyer et al. 1992).  The biggest 

drawbacks of this method are (Sharma and Reddy 2004): 

1- Long treatment time compared to the other methods  

2- Producing toxic breakdown product  

3- Suitable for limited range of contaminant e.g. it is not suitable for decomposing azo dyes 

(Carilell et al. 1995) 

Biological treatment is the most widely used water treatment method in industry. 

Nevertheless, many organic contaminants are tenacious, and their biodegradation takes a very long 

time. Furthermore, biodegradation can produce several intermediates which are more toxic than 
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the original substances (Khaled et al. 2009). To decrease the organic concentrations to the lowest 

amounts even for refractory contaminates, biodegradation can be coupled with adsorption using 

an activated carbon or bentonite adsorbent (Mahmoud et al. 2007).  

 

 

1.1.4 Photocatalysis 

Photocatalytic degradation is a type of advanced oxidation process in which highly oxidative 

agents such as, OH· and O2
°ï, produced by a semiconductor metal oxide acting as a catalyst are 

responsible for breaking down the organic contaminants.  The reaction initiates when the catalyst 

-typically a semiconductor with a large bandgap- excited with ultra-bandgap radiations to form 

electron-hole pairs. These electron-hole pairs can produce very strong oxidizing agents through 

oxidation of water or reducing dissolved O2 (Chong et al. 2010, Pera-Titus et al. 2004). There are 

two major problems associated with photocatalysis (Daghrir et al. 2013):  

¶ The recombination of the electron-hole pairs is very fast, reducing the efficiency of the 

process. 

¶ The band gap of the semiconductors is large so visible light has insufficient energy to form 

the electron hole pairs, increasing the cost for utilization on a large scale.  

Many studies have been conducted to delay the recombination or decrease the band gap of 

the photocatalyst (Mahmoud et al. 2007). Mineralization through photochemical oxidation is a 

powerful tool to degrade the refractory organics, but it needs a large amount of energy and 

therefore its application is often not cost-effective at large scale. 
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1.1.5 Adsorption 

One of the most widely used methods for wastewater treatment is adsorption.  Adsorption is 

an attractive technology because of its simplicity, good removal performance, ease of operation as 

well as the availability of a wide range of adsorbents (Brown et al. 2004b, Gupta et al. 2009). 

Adsorption is the immigration and adhesion of the atoms, molecules or biomolecules from the 

fluid phase (gas or liquid) to the surface of the solid, while absorption is a process in which atoms, 

molecules or ions transfer between the bulk phase. Figure 1-1 shows the adsorption mechanism 

which consists of three consecutive steps (Shri Ramaswamy 2013):  

 

1. Film or external diffusion: substances transfer from the bulk liquid phase to the exterior 

surface of the adsorbent 

2. Internal diffusion (pore diffusion): substances transfer from the exterior surface to the pores 

of solid  

3. Surface adsorption (surface diffusion): adsorption occurs at the active sites of interior pores 
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Figure 1-1. Schematic picture of proposed adsorption process at the surface of a solid, 

porous adsorbent material. The schematic was adapted from (Shri Ramaswamy 2013) 

 

Every solid material has the ability to adsorb a sorbate, but the effectiveness of the adsorbent 

(which can be characterized by the adsorptive capacity) depends on the structure, degree of 

polarity, porosity, specific surface area and the functional groups at the surface (Shri Ramaswamy 

2013). The conventional types of adsorbent include activated carbon, graphite, zeolite, organic 

polymers and silica based compounds (Shri Ramaswamy 2013). Some properties of different 

adsorbent are shown in Table 1-1 (Haan 2015). 

 

 

Table 1-1. Characteristics of different types of adsorbents (Haan 2015) 

Adsorbent Type Characteristics Usage 

Typical Specific 

surface area (m2 g-1
) 
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Activated 

Carbon 

Hydrophobic, 

favors organics 

over water 

Separation hydrocarbons from 

vent stream, 

removal of odor or taste 

component from drinking water 

 

 

400-1200 

Silica Gel 

Hydrophilic, 

High capacity 

H2O removal from organic 

solvents 

200-900 

Zeolite 

Hydrophilic, 

polar, regular 

channels 

Liquid bulk separations: 

Normal paraffins, isoparaffins, 

aromatics 

100-300 

g- alumina 

Hydrophilic, 

High capacity 

H2O removal from organic 

solvents 

200-400 

 

A number of new carbon based adsorbent materials have been developed to address the 

environmental challenges associated with water contaminated with dissolved organics. Graphite, 

graphite intercalation compounds, carbon nanotube and graphene can be placed in this group. It 

has been shown previously that these type of adsorbents (Hussain et al. 2013b, Mohammed et al. 

2011) have the ability to remove toxic pollutants from water and are amenable to regeneration. 

Disadvantages of the adsorption process include:  

¶ Spent adsorbent may be considered a hazardous waste 

¶ Relatively hight cost of regeneration 

¶ The regeneration may produce secondary waste  
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Adsorption is usually characterized by the adsorption isotherm, which shows the equilibrium 

loading of adsorbate on the adsorbent as a function of equilibrium adsorbate concentration in 

solution at a constant temperature. The adsorption isotherm is the first essential component for 

analysis of an adsorption process, in order to design an adsorption system or to determine the 

removal efficiency and treatment costs. In order to compare different adsorbent materials, the 

loading of adsorbate is normalized by the mass of the adsorbent. In a batch adsorption experiment, 

the adsorptive capacity can be determined by measuring the concentration of adsorbate in solution 

before and after adsorption, C0 and Cf respectively, as shown in equation [1-1] below. (Shri 

Ramaswamy 2013): 

 ▲=(
╒ ╒█╥

□▀
                                                                                     [1-1] 

Where q is the equilibrium loading C0 and Cf are initial and final concentration respectively, 

V is the solution volume and md is the mass of adsorbent. 

Several models have been proposed to describe the adsorption isotherm. Most of the 

developed adsorption isotherm models were employed for gas adsorption on solids; however, these 

models can also be applied for liquid solutes on solid adsorbent.  In following, some of important 

ones will be mentioned (Worch 2012): 

 

Irving Langmuir presented the Langmuir model in 1918 (Worch 2012). Langmuir isotherm 

is a theoretical model based on following assumptions: 

¶ Monolayer coverage of the adsorbent  

¶ Energetic homogeneity of the adsorption sites (Worch 2012) 
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The Langmuir adsorption isotherm is given by: 

                                                                                             [1-2]
1

mq bC
q

bC
=
+

          

 

where qe is the amount of MB adsorbed per gram of adsorbent at equilibrium condition, Ce 

is the equilibrium concentration, and K and b are the Langmuir equation constants. The Freundlich 

isotherm has been proposed by Freundlich in 1906 (Worch 2012).  It has been turned to a standard 

equation to describe the isotherm in wastewater treatment. The Freundlich isotherm is an empirical 

model and assumes (Nahid Ghasemi 2012):  

 

¶ Heterogeneous surface with a non-uniform distribution of heat of adsorption over the 

surface   

¶ A multilayer adsorption 

 

The Freundlich isotherm can be considered as a summation of Langmuir isotherms with 

different values of the constant b. This may explain the piece of adsorption sites with different 

adsorption energies (Worch). The Freundlich equation is given by: 

                                                                                                             [1-3]nq KC=                                                                                              

 

In 1948 Sips proposed an isotherm model that can resemble both Langmuir and Freundlich 

behaviors (Worch 2012).   

Sibs model is given by:  
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( )

( )
                                                                                                     [1-4]

1

n

m

n

q bC
q

bC
=
+

                                                                                     

 

1.1.6 Electrochemical oxidation 

Electrochemical oxidation is one of the most frequently used electrochemical techniques for 

eliminating the organics contaminants.  It comprises in situ formation of the oxidative agents and 

degradation of organics at the anode of an electrolytic cell. Electrochemical oxidation has been 

applied to eliminate different type of organics such as bisphenol (Murugananthan et al. 2008), 

naphthalene sulphonates (Panizza et al. 2006), benzoic acid (Velegraki et al. 2010), benzoquinone 

(Yoon et al. 2007), 2,4 dinitrophenol (Canizares et al. 2004), trihalomethane (Sonoyama et al. 

2003), aniline (Mitadera et al. 2004). Two variables which can influence the efficiency of the 

process are the effluents with :1- low conductivity such as distillery effluents (Manisankar et al. 

2003), 2- low concentration (Steele et al. 1990).  The low conductivity of the waste water will 

result in higher ohmic loss and consequently higher cell voltage leading to higher energy 

consumption. The conductivity of the solution can be increased using supporting electrolytes such 

as NaCl, however, besides the cost of the NaCl and the increased water salinity, the presence of 

NaCl allows for the production of toxic chlorinated hydrocarbons breakdown products(Murphy et 

al. 1992). Low concentration effluent or decreasing the concentration to a very low quantities 

would be problematic in electrochemical oxidation because of the mass transport limitation of the 

contaminants to the surface of the electrode.  This phenomenon increases the side reactions such 

as oxygen evolution, reducing the current efficiency. One approach to overcome this issue would 
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be eliminating the mass transfer limitation by first adsorbing the contaminants at the surface of the 

electrode. 

 

Mechanism of the electrochemical oxidation 

There are two different mechanisms in electrochemical oxidation of organics: direct 

electrochemical oxidation and indirect electrochemical oxidation. The former occurs by oxidation 

of organic contaminants adsorbed on to the surface of the electrode, however the latter occurs in 

the bulk through degradation via intermediate species.  

 

Direct electrochemical oxidation 

As explained above, this mechanism includes adsorbing the organics at the electrode surface 

before the oxidation. The degradation occurs either by direct electron transfer or by in situ 

produced hydroxyl radicals (Iniesta et al. 2001).  Two pathways depending on the pH condition 

have been proposed for hydroxyl radical formation in direct electrochemical oxidation by 

Comninellis (Comninellis 1994):  

In acidic medium: 22 2 2 2                                                                      [1-5]H O H e OH+ - ¶­ + +                                                                                              

Basic medium:                                                                                           [1-6]OH OH e- ¶ -­ +                                                                                              

 

Different anode materials can show different performance. These different behaviors arise 

from differences in the electrode surface contribution in adsorption of hydroxyl ions (Johnson et 

al. 2000). The electrode materials can be classified in two categories called: active and inactive 
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electrodes (Iniesta et al. 2001).  Whereas physisorbtion occurs at the surface of the inactive 

electrodes, active electrodes tend to chemisorb the hydroxyl radicals.  

 

inactive electrodes:  ( )                                                                              [1-7]M OH M OH¶ ¶+ ­                            

 

active electrodes:                                                                          [1 8]M OH MO H e¶ + -+ ­ + + -                                                                   

 

Selective oxidation of organics with slow kinetic can take place using chemisorbed hydroxyl 

radicals (Comninellis 1992). This pathway does not completely mineralize the organics. In this 

case contaminants are converted to breakdown products (RO), thus this process is sometimes 

called electrochemical modification.  

                                                                                         [1-9]MO R M RO+ ­ +                                                                                                                         

 

An alternative side reaction on active electrode would be oxygen evolution: 

22 2                                                                                            [1 10]MO M O­ + -                                                                                                                       

 

In contrast, the physisorbed hydroxyl radicals on the inactive electrodes can facilitate the 

complete oxidation of the organics to carbon dioxide and water.  

2 2( ) R CO H                                      [1-11]mM OH x y O mM nH ne¶ + -+ ­ + + + +                                                                     
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Again, a possible side reaction on the active electrode would be oxygen evolution: 

22 ( ) 2 2 2                                                            [1-12]M OH O M H e¶ + -­ + + +                                                

 

Indirect electrochemical oxidation 

 

Indirect electrochemical oxidation involves the contribution of the electrogenerated 

oxidizing agents as a mediator to mineralize the organic species in water.  Among the 

electrogenerated mediators such as ozone, hydrogen peroxide; chlorine and hypochlorite are most 

the commonly used and studied oxidative regents (Pyo and Moon 2005). Sodium chloride is 

usually employed to increase the conductivity of the water in water splitting or degradation of the 

organics (Park et al. 2009). Owing to the presence of NaCl, active chlorine species such as chlorine, 

hypochlorous acid and hypochlorite can form at the anode and take part in the oxidation process. 

The following equations show hypochlorous acid can contribute in organic oxidation at the anode 

surface (Israilides et al. 1997).  

2 ( )                                                                [1 13]M H O Cl M HOCl H e- ¶ + -+ + ­ + + -               

 

( )                                                                     [1 14]M HOCl R M RO H Cl¶ + -+ ­ + + + -                            

 

Side reactions at the anode include chlorine and oxygen gases evolution: 
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22 2                                                                                                      [1-15]Cl Cl e- -­ +                                                          

2 22 4 4                                                                                           [1-16]H O O H e+ -­ + +                                                                          

 

 

1.2 Adsorbent regeneration  

When the disposal of the adsorbent is not feasible due to adsorption of toxic contaminant or 

the high cost of production; regeneration or desorption plays an important role to make the 

adsorption process commercially viable. These processes for volatile adsorbates can be 

accomplished with decreasing the partial pressure or increasing the temperature (Sufnarski 1999). 

Adsorbent loaded with organic pollutants can be regenerated using several different methods. The 

method used is dependent on various factors, including the costs of the regeneration process, the 

adsorbent loss and regeneration efficiency. Regeneration processes can be categorized as: thermal 

regeneration (Sheintuch and Matatov-Meytal 1999), pyrolysis (Suzuki et al. 1978), oxidative gas 

(Waer et al. 1992), chemical regeneration (Ferro-Garcia et al. 1996), wet air regeneration (Mvndale 

et al. 1991) and electrochemical regeneration (Brown et al. 2004b, Narbaitz and Cen 1994). 

Electrochemical regeneration can be defined as a process for regenerating the loaded adsorbent in 

an electrolytic cell. Electrochemical regeneration has several advantages compared to other 

methods. These include: minimal adsorbent losses, high regeneration efficiencies, destruction of 

the contaminants desorbed from adsorbent by oxidation at the anode, and suitability for use in 

small and medium sized treatment facilities (Mohammed 2011). To date, the major drawbacks of 

electrochemical regeneration are the incomplete anodic regeneration of activated carbon (Weng 
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and Hsu 2008), the high cost of establishing large scale treatment facilities, and the potential to 

produce toxic breakdown products (Hussain et al. 2014).  

 

As discussed above, electrochemical oxidation can be used to directly remove organic 

contaminants from wastewater. Electrochemical treatment of low concentration organic 

contaminant in water is difficult, due to mass transfer limitations of reactants to the electrode 

surface. It has been proposed that organic pollutant can be concentrated at the surface of the anode 

via adsorption, and therefore the problems associated with mass transfer limitations are lessened 

(Brown 2005). 

The first study on electrochemical regeneration of granular activated carbon with 

regeneration efficiencies of up to 61 %  was reported by Owen and Barry (Owen and Barry 1972). 

Granular activated carbon loaded with phenol has been electrochemically regenerated both 

cathodically and anodically in an undivided electrochemical cell by Narbaitz and Cen (Narbaitz 

and Cen 1994). The regeneration was carried out in the presence of a 1% NaCl electrolyte and the 

results showed that regeneration efficiency of the cathodic process was 5 to 10 % higher than the 

anodic process.  It was observed that a small amount of phenol remained in the catholyte, while 

there was no sign of phenol in the anolyte during the anodic regeneration. The predominant 

mechanism of cathodic regeneration was found to be desorption followed by oxidation at the 

anode. Owing to the reduction reactions at the cathode, the local pH will increase during the 

regeneration. This phenomenon leads to decrease in phenol capability to adsorb on activated 

carbon and assists desorption. By contrast at the anode the pH falls off, and phenol did not desorb. 

The results suggested that the electrochemical effects were restricted to the external surface of the 

activated carbon and the best performance (in terms of regeneration efficiency) was obtained with 
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cathodic regeneration. A regeneration efficiency of 95% was obtained during the first cycle, while 

a 2% decrease in efficiency was observed with no adsorbent decomposition in following cycles. It 

was found that the electrolyte type, concentration and the particle size of the activated carbon can 

affect the regeneration efficiency. The results obtained by Zhang et al. (Zhang et al. 2002) 

confirmed the findings reported by Narbiatz and Cen (Narbaitz and Cen 1994). 

 

 Canizares et al. (Cañizares et al. 2004) described a combined adsorption and 

electrochemical regeneration process for phenol removal. The electrochemical regeneration was 

carried out after the adsorption process to convert the phenol into CO2 and coagulated solids. For 

the first cycle the regeneration efficiency was 80%. The results showed a linear reduction in 

regeneration efficiency for four successive cycles with 5% loss in uptake capacity for each cycle. 

Hydroquinone was observed as the only breakdown product during the regeneration process. 

Yellow coagulated complexes were formed during the regeneration which was attributed to 

electrocoagulation of phenol and its breakdown products as a result of coagulability of the 

electrogenerated Fe3+ from the steel anode. Passivation of the electrodes did not happen during the 

regeneration and the cell potential stayed stable. 

 

In spite of the fact that cathodic regeneration leads to higher efficiency, the anodic 

electrochemical regeneration of the loaded adsorbents has some important advantages (Brown 

2005). In anodic oxidation, contaminants can potentially be destroyed before they are released into 

the water, so there is less likelihood of contamination of the treated water. In addition, desorption 

is a slow process, so the regeneration time required is likely to be higher for cathodic processes 

(Narbaitz and KarimiȤJashni 2008). Since cathodic regeneration releases the contaminants into the 
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water, and indirect oxidation at the anode may lead to toxic chlorinated organic by-products 

(Hussain et al. 2015a), post treatment may be needed. 

 

(Brown et al. 2004b) conducted experiments on adsorption and electrochemical regeneration 

of a graphite intercalation compound (GIC) adsorbent. Adsorption was carried out first in a batch 

setup where crystal violet was used as the model pollutant. The regeneration set up included two 

compartments divided by a polymer membrane with mixed metal oxide coated titanium anode and 

stainless-steel cathode. A regeneration efficiency of 100% was achieved by passing a charge of 25 

C g-1 which is much lower than the required 1500 C g-1 for achieving only 95 % regeneration 

efficiency with activated carbon.  That said, the adsorptive capacity of Nyex (2 mg g-1) is much 

lower than activated carbon (107 mg g-1).  

 It was observed that increasing the current density with the same charge passed led to a 

decrease in the regeneration efficiency and an increase in the cell voltage and thus energy 

consumption.  

In another study conducted by Brown and Roberts (2007), adsorption and electrochemical 

regeneration was utilized to eliminate phenol from water using a GIC adsorbent. The spent 

adsorbent was regenerated successfully by passing a charge of 25 C g-1over a few cycles.  A small 

drop in the regeneration efficiency was observed over 5 consecutive adsorption-regeneration 

cycles.  

A continuous adsorption / anodic electrochemical regeneration process using a GIC 

adsorbent has been investigated by (Mohammed et al. 2011) in order to remove acid violet 17 

(AV-17) from aqueous solution. A 98% decrease in the AV-17 concentration was achieved with 

an inlet concentration of 300 mg ml-1, and 95% reduction for an inlet concentration of 500 mg ml-
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1. However, measurements of total organic carbon (TOC ) indicated that there is still 20-30% TOC 

(associated with breakdown products) remaining in the effluent when more than 90% of the AV-

17 was removed. 

 

1.3 Graphene and graphene composites 

Owing to the high specific surface area and active sites for adsorption, carbon based 

adsorbents have received a great deal of attention (Thines et al. 2017). Different types of carbon 

adsorbents have been employed in adsorption processes such as: activated carbon (AC) (Hameed 

et al. 2007), carbon fibers (Senthilkumaar et al. 2005), carbon aerogel (Goel et al. 2006), carbon 

nanotubes (CNT) (Yao et al. 2010), and graphene (Liu et al. 2012). AC is a type of carbon materials 

with low volume pores and high surface area making it a good candidate for adsorption. ACs are 

usually produced from biomaterials such as sawdust, bamboo, etc (Thines et al. 2017). Activated 

carbon fiber (ACF) is a thermally oxidized and carbonized carbon fiber. ACF demonstrated higher 

adsorption capacity along with faster adsorption kinetics than conventional granular AC 

(Menendez-Diaz and Martin-Gullon 2006). CNT is a carbon allotrope in the form of hollow 

cylinders made of rolled one atom thick carbon sheets (Thines et al. 2017). Although, a number of 

study have shown that CNT have some adsorption capacity, there is still not sufficient evidence 

that its capacity is high enough to work effectively in a large scale process (Menendez-Diaz and 

Martin-Gullon 2006). 
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Graphene is a 2-dimensional one-atom thick layer of carbon with a perfect sp2 hybrid carbon 

nanostructure (Guo et al. 2012). Graphene exhibits a number of intriguing and unique properties, 

such as high surface area, large surface-to-volume ratio, and high electrical conductivity. It can be 

prepared by different methods such as micro-mechanical exfoliation of highly ordered pyrolytic 

graphite, chemical vapor deposition (CVD), and exfoliation of graphite  (Singh et al. 2011).  

 

Although the oxidation of graphite to graphite oxide maintains the same layered structure as 

graphite, the plane of carbon in graphite oxide includes a high content of oxygen functional groups. 

These functional groups make the graphite hydrophilic and also increase the interlayer distance. 

Consequently, the exfoliation of the graphite layers can happen with assistance of mild 

ultrasonication. If the exfoliated graphite platelets contain a few layers of carbon, these platelets 

are called graphene oxide (GO). The reduction of GO leads to removal of the oxygen functional 

groups - hydroxyl and epoxy groups on the basal planes and carbonyl and carboxyl at the edges - 

and restore a conjugated structure and the high electrical conductivity of graphene. This chemical 

oxidationïexfoliationïreduction is a facile procedure with a relatively low cost. Figure 1-2 depicts 

the synthesis steps for reduced graphene oxide. The material produced by this process has 

variously been called reduced graphene oxide (rGO), functionalized graphene, chemically 

modified graphene, chemically converted graphene, or reduced graphene. The reduction can be 

realized with a number of different methods. Chemical reagent reduction using reductants e.g. 

hydrazine, sodium borohydride, thiourea is the most common method. Thermal reduction, 

photocalalytic reduction, hydrothermal, solvothermal and electrochemical methods can be named 

as other reduction methods (Singh et al. 2011).  
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Figure 1-2 Schematic of reduced graphene oxide synthesizing by chemical oxidation 

exfoliation reduction. The schematic was adapted from (Rajni Garg 2014) 

 

The desirable properties of adsorbents include high surface area, homogeneous dispersion 

(Anjum et al. 2016), ability to remove various contaminants , and easy separation from treated 

water (Jiuhui 2008). Most of these properties can be attributed to graphene, indicating that it may 

be a suitable material for wastewater treatment. However, due to its hydrophobic nature, graphene 

naturally tends to agglomerate in water. This leads to a dramatic reduction in the graphene surface 

area and decreases its adsorptive capacity (Mehdinia et al. 2016). In addition, graphene cannot be 

separated from wastewater readily. Prevention of graphene aggregation is thus a major challenge 

for its utilization as an adsorbent. Several methods have been proposed to overcome this problem; 



  

   

22 

 

one effective and potential option is to functionalize the graphene with other materials such as 

metal oxides or organic polymers (Chen et al. 2013, Li et al. 2011a). McCoy (McCoy et al. 2016) 

showed that the dispersion of graphene in water can be controlled using UV light if photosensitive 

surfactant is added to the surface of the graphene. Another approach is to assemble the graphene 

sheets in the form of foam (Sui et al. 2012, Tiwari et al. 2013). These graphene based materials 

have the ability to adsorb a wide variety of dyes, potentially toxic pollutants including heavy metals 

and organic contaminants. Several studies (Liu et al. 2012, Yang et al. 2013) have been conducted 

to explore the behavior of graphene based materials for the adsorption of dyes, toxic pollutants 

and other organic contaminants. The application of various graphene based materials for the 

adsorption of organic contaminants are compared in Table 1-2. If one compares the adsorptive 

capacity of the graphene based adsorbents with conventional adsorbents such as activated carbon 

or clay (Table 1-3), it can be seen that a number of these composites have comparable values. This 

is not always the case, as the addition of certain metal oxides such as Fe3O4 or TiO2 resulted in 

reduced adsorptive capacity. 

 

While the electrochemical regeneration of some adsorbents- such as activated carbon- has 

been the subject of many reports, to the best of the authorôs knowledge, electrochemical 

regeneration of graphene based adsorbents has not been previously studied. In a few papers 

chemical regeneration of the graphene has been reported in which either secondary treatment 

would be needed, the regeneration efficiency was not 100%, or the regeneration efficiency 

decreased significantly with the number of cycles (Ai et al. 2011, Chang et al. 2014a, Wu et al. 

2014b) 
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Table 1-2. The application of various Graphene based materials for adsorption  

Adsorbent Adsorbate 

Adsorptive capacity 

mg g-1 

Ref. 

Graphene MB 204 (Liu et al. 2012) 

Graphene- Fe3O4 MB 43.8 (Ai et al. 2011) 

Graphene- Fe3O4 MB 45.3 (Yao et al. 2012) 

Graphene foam MB 152.8 (Sui et al. 2012) 

Graphene-TiO2 MB 83.3 

(Nguyen-Phan et al. 

2012) 

Graphene- CoFe2O4 MO 71.54 (Li et al. 2011a) 

Graphene foam Fuchsine 142.7 (Sui et al. 2012) 

Graphene foam RB 133.6 (Sui et al. 2012) 

Graphene- Fe3O4 Fuchsine 89.4 (Wang et al. 2011) 

Graphene- CNT MB 81.97 (Ai and Jiang 2012) 

Graphene-Fe Methyl Blue 375 (Guo et al. 2012) 

rGO- ZnO RB 32.6 (Wang et al. 2012b) 

Graphene- chitosan MB 390 (Chen et al. 2013) 

Graphene- chitosan Eosin Y 326 (Chen et al. 2013) 

Graphene- sand R 6G 75.4 

(Sreeprasad et al. 

2013) 

Graphene foam MB 7.85 (Tiwari et al. 2013) 

Graphene foam RB 29.44 (Tiwari et al. 2013) 
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rGO- FeO.Fe2O3 1-Napthol 389 (Yang et al. 2013) 

rGO ï FeO.Fe2O3 1-naphthylamine 408 (Yang et al. 2013) 

rGO - FeO. Fe2O3 Naphthalene 337 (Yang et al. 2013) 

Graphene Bisphenol A 181.82 (Xu et al. 2012b) 

Sulfonated graphene 1-Napthol 331.49 (Zhao et al. 2011) 

1- Methylene Blue 

2- Methyl orange  

4- Rhodamine B 

5- rhodamine-6G 

 

Table 1-3. Comparison of adsorptive capacity of some conventional adsorbents 

Adsorbent Adsorbate 

Adsorption capacity 

mg g-1 

Ref. 

AC1 developed from 

Ficus carica bast 

MB 50  (Pathania et al. 2017) 

AC produced from 

bituminous coal 

MB 580 (El Qada et al. 2006) 

AC produced from 

bituminous coal 

MB 454 (Hameed et al. 2007) 

CNT2 MB 54 

(Rodríguez et al. 

2010) 

CNT MB 132 (Zohre et al. 2010) 

CNT MB 82 (Ai and Jiang 2012) 
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Carbon Fiber MB 225 

(Senthilkumaar et al. 

2005) 

Zeolite  MB 20 (Han et al. 2009) 

Clay MB 349 (Almeida et al. 2009) 

1- Activated carbon 

2- Carbon nanotube 

 

Beside the adsorption, graphene based materials have been widely studied for use in many 

electrochemical applications, including: electrochemical sensors (Wang et al. 2010), lithium ion 

battery (Zhou et al. 2010), oxygen reduction (Geng et al. 2011),  hydrogen evolution reaction 

(Deng et al. 2015). However, for each application, graphene is often doped or mixed with other 

materials to make it more efficient for that specific application. For example in lithium ion 

batteries, it has been reported that nitrogen doped graphene electrode can obtain a high reversible 

capacity at high charge/discharge rates (Wang et al. 2012a). Likewise as the electronegativity of 

sulfur is close to that of carbon; doping graphene with sulfur atoms would be an effective approach 

to heighten its activity towards oxygen reduction reaction (Yang et al. 2012). Another strategy to 

enhance the catalytic activity of graphene based material is coating the graphene surface with 

another catalytically active material (Chen and Qiao 2013). There are numerous studies regarding 

the mixed metal oxide / graphene materials for a range of different applications. 

   

In electrochemical oxidation, coating the surface of an electrode with an active metal oxide 

with the intention of increase the activity of the electrode is a well-developed method (Tang et al. 

2017, Wu et al. 2014a, Yang et al. 2016).  This approach would also be applicable in modifying 
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graphene to enhance its catalytic activity towards electrochemical oxidation of organics 

contaminants.  

 

1.4 Scope and objective of investigation 

As explained before, adsorption is a simple and widely used process for removal of problem 

organics. Nevertheless, in some cases the spent adsorbent needs to be regenerated for reuse. 

Activated carbon is the most widely used and effective adsorbent, but it is difficult to regenerate, 

creating a need to explore new adsorbents with comparable adsorptive capacities that can be 

regenerated. Graphene is an emerging adsorbent which typically has lower adsorptive capacity 

than AC. Furthermore, employing graphene in water treatment has other challenges such as 

dispersion and separation. There are no studies of electrochemical regeneration of graphene, in 

spite of its known high conductivity and electrochemical activity for a wide range of reactions.  

 

To date materials which have been employed in adsorption-electrochemical regeneration 

process have a low adsorptive capacity, low electrochemical regeneration efficiency or high energy 

consumption. There is thus a need to produce new materials that have both good regeneration 

efficiency and adsorptive capacity. The important properties of an adsorbent suitable for 

electrochemical regeneration include: high surface area, high electrical conductivity, 

homogeneous dispersion, ability to remove different types of contaminants and easy separation 

from treated water. Graphene has a tendency to agglomerate and restack to form graphite due to 

its hydrophobicity, and hydrophilic forms may be difficult to separate from the treated water due 

to its low particle size. Aggregation leads to reduction in the surface area, and is not beneficial for 
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the adsorption of contaminants. Hence new types of graphene materials are needed to enable 

dispersion and separation. As graphene has a structure similar to graphitic material, it is expected 

to exhibit behaviors between those of active and inactive electrode materials (Rueffer et al. 2011), 

and is thus not well suited to complete oxidation of organics. Therefore, graphene based adsorbents 

need to be functionalized with inactive materials to increase the effectiveness of the 

electrochemical regeneration process.  

The overall aim of this research is to investigate the electrochemical regeneration of 

graphene based adsorbent materials, and to develop graphene nanocomposites suitable for 

adsorption and electrochemical regeneration processes. 

To achieve these aims, the following objectives have been identified: 

 

 

¶ Synthesizing graphene based nanomaterials with high adsorptive capacity and high activity 

for organic oxidation compared to conventional adsorbents, for application in an adsorption 

and electrochemical regeneration process  

¶ Characterization of the graphene based adsorbent materials 

¶ Evaluation of the adsorption characteristic of the developed adsorbent materials 

¶ Determination of the anodic electrochemical regeneration performance  

¶ Investigation of the durability of the developed adsorbent  
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1.5 Structure of thesis 

In order to present the information obtained from this research as coherently as possible, the 

thesis has been structured into a number of chapters, some of which are in the manuscript format. 

The following is the list of chapters and associated manuscripts submitted for publication in 

academic journals, with the contribution of each author explained in detail. There was additional 

work performed on the application of graphene composites for electromagnetic shielding, which 

has been published as a journal article, and this manuscript has been included in an appendix. 

 

Chapter 1 ï Introduction 

this introductory chapter provides the context and objectives of the research.  

 

Chapter 2 ï Experimental 

This chapter provides information about the instruments used in this thesis and how the 

experiments were carried out. 

 

Chapter 3 ï Electrochemical Regeneration of a Reduced Graphene Oxide / Magnetite Composite 

Adsorbent Loaded with Methylene Blue. 

Chapter 3 is an investigation of the electrochemical regeneration of graphene based adsorbents, 

including a study of the stability of the adsorbent over multiple cycles of adsorption / regeneration. 

This manuscript has been published in Water Research, volume 114, pages 237-245, 

(https://doi.org/10.1016/j.watres.2017.02.042) 
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Authorsô contributions: I organized and wrote the paper. Luke Gagnon performed some 

regeneration experiments. Dr. Mulmi assisted with XRD and SEM experiments and analysis, and 

Dr. Roberts supervised the project. 

 

Chapter 4 ï Anodic Electrochemical Regeneration of a Graphene / Titanium Dioxide Composite 

Adsorbent Loaded with an Organic Contaminant.  

 

A more detailed investigation is included on the role of the TiO2 on this process and how TiO2 

increased the durability of the adsorbents for this application.  

This manuscript has been submitted to Water Research. Authorsô contributions: I organized and 

wrote the paper and Prof. Roberts supervised the project. 

 

chapter 5 ï Tin Oxide and Antimony Doped Tin Oxide Graphene Composites for Water 

Treatment by Adsorption with Electrochemical Regeneration. 

 

This chapter discusses another type of modified graphene adsorbents, focusing on both aspects of 

the adsorption and electrochemical regeneration process in order to obtain an adsorbent with high 

adsorptive capacity and good stability. Authorsô contributions: I organized and wrote the paper 

and Prof. Roberts supervised the project. 

 

Chapter 6 ï Phehol oxidation using a graphene electrode synthesized by electrochemical 

exfoliation 
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This chapter investigates the electrocatalytic activity of the graphene materials under different 

condition, such as in different electrolytes.  

Authorsô contributions: I organized and wrote the paper. Dr. Yasri helped with performing the EIS 

measurements and with the data analysis and Prof. Roberts supervised the project. 

 

 

Chapter 7 ï Conclusions and Further Work.  

The outcomes of this work are brought forward in Chapter 5, followed by a discussion of further 

work required and potential future developments. 

 

Appendixï Segregated Hybrid Poly (Methyl Methacrylate)/Graphene/Magnetite Nanocomposites 

for Electromagnetic Interference Shielding.  

 

In this chapter, another application of rGO / IO was investigated. This chapter provide some 

outcomes demonstrating the synergic effect of the rGO, IO and the segregated structure on EMI 

shielding behavior of the PMMA/ rGO/ magnetite nanocomposite.  

This manuscript has been published in ACS Applied materials & interfaces, volume 9, pages 

14171-14179 (DOI: 10.1021/acsami.6b13986) 

Authorsô contributions: I wrote and organized the paper. Dr. Arjmand helped with performing 

shielding-related characterizations and their analysis. Mr. Abbasi helped with analyzing the 

conductivity measurements and Prof. Roberts and Sundararaj supervised the project. 
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2.1  Synthesizing the Graphene based materials  

Synthesizing of magnetic reduced graphene oxide (used in chapter 3) 

Modified Hummers method was employed to synthesize GO from natural graphite flake 

(Zhu et al. 2011) as follows. A mass of 3.0 g of graphite powder (Asbury Carbon, Natural flake) 

and 1.5 g of sodium nitrate (Sigma Aldrich, ReagentPlus®,²99%) were slowly added to 150 mL 

of concentrated sulfuric acid (BDH, ACS grade, 95-98%) in an ice bath. The suspension was 

gradually mixed with 9 g of potassium permanganate (Anachemia, Reagent Grade, 99%) under 

vigorous stirring while the temperature was kept below 20 °C. Subsequently the mixture was 

intensely stirred at 35°C for 18 h. Once the reaction was complete and a pasty mixture had formed, 

the graphite suspension was slowly mixed with 220 mL of deionized water in an ice bath to 

maintain a temperature below 50 °C. A volume of 350 ml of deionized water containing 15 mL of 

30 % H2O2 (Sigma Aldrich, Reagent Grade, 30%) was then added to the solution and stirred for 

another 2 h. After filtration, the filtered solids were dispersed in 500 mL of 10% HCl aqueous 

solution for 8 h to remove any remaining manganese ions. The solids were again filtered and 

washed with deionized water to remove the acid. The graphite oxide obtained was exfoliated under 

mild sonication for 1 h. The dispersed GO was centrifuged at 4000 rpm to remove the large 

particles. 

rGO-IO nanocomposites were synthesized by the following method. A mass of 0.1 g of GO 

was dispersed in 20 mL of deionized water. GO suspension was slowly mixed with as-prepared 

solution of FeSO4.7H2O with two different mass ratios under intense stirring. A solution of 0.6 g 

of NaOH dissolved in 5 ml of deionized water was then added to the solution. After 60 min, 5 mL 
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of hydrazine monohydrate was added to the mixture, which was then sealed in a 100 mL PTFE-

lined hydrothermal autoclave (Figure 2-1) and heated to 180°C for 6 h followed by leaving the 

autoclave to cool down to room temperature. The rGO-IO product was filtered and washed with 

deionized water three times and dried in a freeze dryer for 24 h. The-prepared materials have been 

classified as rGO-IO-60 (60 wt% iron oxide, based on mass balance) and rGO-IO-75 (75 wt% 

Fe3O4). 

 

Figure 2-1. An image of the autoclave was employed for hydrothermal synthesis of 

rGO/IO nanocomposites  

 

Synthesizing of graphene TiO2 nanocomposite (used in chapter 4) 

The sol-gel method was used to prepare the TiO2 sol (C. Falamaki and Veysizadeh 2007). A 

volume of 15 mL of tetraisopropylorthotitanate was dissolved in 200 mL of isopropanol. In order 

to hydrolyze the mixture, 150 mL deionized water was added to the solution under vigorous 

stirring. The precipitate was washed using a centrifuge in order to eliminate the alcohol traces, 

after which 330 ml of deionized water was added. A volume of 24 ml of 1 M nitric acid was then 
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added as a peptizing agent and the resulting mixture was stirred for 72 h to form the sol (Figure 

2-2).  

A known volume of TiO2 sol with a concentration of 13 g L-1 was mixed with 0.4 g of 

commercial few-layer graphene (XG Sciences grade M5). The mixture was stirred for 24 h after 

which the obtained nanocomposite was dried at 80°C for 12 h, and calcined at either 400°C or 

500°C for 2h. However, the transformation temperatures from anatase to rutile may differ in the 

range 400ï1200 °C depending on the materials used, and processing methods (Hanaor and Sorrell 

2011). Based on the methods used in this study annealing at 500°C favors the transition from the 

anatase to the rutile phase of titanium dioxide, while anatase titanium dioxide is formed at 400°C. 

The nanocomposite adsorbents annealed at 400°C and 500°C are subsequently referred to as 

G/TiO2 400°C and G/ TiO2 500°C respectively. 

 

Figure 2-2. An image of TiO2 sol 

 

Synthesizing of graphene SnO2 and Sb SnO2 nanocomposite (used in chapter 5) 
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Nanocomposite preparation: a known volume of as-received sol of SnO2 (15 wt.%) or Sb-

SnO2 (20 wt.%) (Nyacol Inc.) was added to 150 ml of a suspension of graphene (GNPs 25 M, XG 

sciences) in DI water (containing 1 g/L of graphene) and mixed for 24 h.  The mixture was dried 

at 70 ęC for 12 h. In this paper, the nanocomposites are named with respect to their composition: 

thus G/SnO2 7 corresponds to a graphene / SnO2 composite with a loading of 7 wt% SnO2. 

Similarly, G/SnO2 13 has a loading of 13 wt% SnO2, and G/Sb-SnO2 7 and G/Sb-SnO2 13 have 

loadings of 7 wt% and 13 wt% Sb-SnO2 respectively. 

Synthesizing electrochemically exfoliated graphene  (used in chapter 6) 

The electrochemical synthesis of the graphene was conducted in a 150-ml glass beaker, using 

an Agilent DC power supply (Agilent U8001A Power Supply, Figure 2-3). A volume of 100 ml 

of an inorganic salt solution (NaCl, Na2SO4, (NH4)2SO4 NH4NO3, (NH4)2HPO4) with a 

concentration in the range (0.05M to 1 M) was used as the electrolyte, and a constant voltage 

between 3 and 10 V was applied.  A platinum wire and flexible graphite sheet (GraphiteStore, 5 

cm2) were used as cathode and anode, respectively. After the electrochemical exfoliation, the 

electrolyte, containing a suspension of the graphene produced, was filtered and the filter cake was 

washed with deionized water using an HTTP membrane (EMD Millipore, Isopore Membrane with 

pore size of 400 nm). The obtained graphene material was sonicated and re-dispersed in deionized 

water. Finally, the suspension was centrifuged to remove the unexfoliated graphite.  
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Figure 2-3. An image of power supply (Agilent U8001A Power Supply) used to produce 

electrochemically exfoliated graphene  

 

2.2 Characterization (used in all chapters) 

2.2.1 Raman and FTIR 

 

Fourier transform infrared (FTIR) spectroscopy is commonly used to identify the specific 

functional groups such as OH groups, carbonates, carbonyl, and epoxy. The spectra are the 

outcomes of absorption of light by vibrating molecules. Vibration is IR active if it causes a change 

in net dipole moment. FTIR spectra of samples were recorded on a NicoletÊ iSÊ50 (Thermo 

Fisher Scientific Inc.) with VeeMAX III (PIKE Technologies Inc.) attenuated total reflectance 

(ATR) module. A Germanium crystal with an optimum angle of incidence 60° was used.  

Raman spectroscopy is frequently applied in chemistry to obtain a structural fingerprint used 

to identify the molecules. It causes by scattering of light from the vibrating molecules. Vibration 
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is Raman active if it results in a change in polarizability.Raman spectra were recorded from 0 to 

3700 cm-1 on a Witec alpha 300 R Confocal Raman Microscope (Witec GmbH, Germany) using 

a monochromatic light produced by a 532-nm laser.   

2.2.2 PXRD 

Crystalline structure of the samples can be evaluated using powder X-ray diffraction. Peaks 

arises when x-rays scattered from a crystal lattice have the angle equal to incident beam and 

pathlength difference is equal to an integer number of wavelengths. Crystal structures of the 

nanocomposites were characterized by powder X-ray diffraction (PXRD) (Bruker D8 powder X-

ray diffractometer) (Cu KŬ, 40 kV and 40 mA; 0.02 step scan width and 6 s counting time per 

step) in the range of 10°-80Á 2ɗ at room temperature.  

2.2.3  Electron microscopy  

To characterize the morphology of the samples scanning electron microscope (SEM) was 

carried out. SEM images were recorded on a Zeiss supra55 field-emission SEM. Samples were gold 

coated beforehand to prevent surface charging. Images were recorded at 2-10 kV with a secondary 

electron detector. In order to investigate the morphology of the samples at higher magnification 

transmission electron microscope (TEM) was conducted. TEM images were carried out with 

Tecnai TF20 G2 FEG-TEM (FEI) at 200 kV acceleration voltage with a standard single-tilt holder. 

The images were captured on a Gatan UltraScan 4000 CCD (Gatan, Pleasanton, California, USA) at 

2048 x 2048 pixels. 
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2.2.4  Size measurement  

Dynamic light scattering (DLS) is used to determine the size of particles in a suspension 

based on the principles of Brownian motion. The particle size of the TiO2 sol was measured by 

laser diffraction particle size analysis (Malvern Mastersizer 3000). 

2.2.5 TGA 

Thermogravimetric analyzer (TGA) determines the change in weight of a materials as a 

function of temperature or time. Thermogravimetric analyzer (TA Instruments, Q500) was used to 

obtain the TGA data under nitrogen and air atmosphere from room temperature to 1073 K, with a 

rate of heating at 10 K minī1. 

2.2.6 BET 

The surface area was measured with N2 physisorption (TriStar 3000, Micromeritics 

Instrument Corp., Norcross, USA) at -196 °C. Before measurement, all samples were degassed at 

150 °C for 12 h. The specific surface area was calculated using the Brunauer - Emmett - Teller 

(BET) method in the relative pressure (P/Po) range of 0.01 e 0.99. 

2.2.7  Concentration measurement 

 UV-Visible absorption spectroscopy (UV-2600, Shimadzu, Figure 2-4) was used to measure 

the concentration of MB at a wavelength of 664 nm (Gao et al. 2013).  
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Figure 2-4. An image of the UV-Visible spectrophotometer (UV-2600, Shimadzu) used to 

measure the concentration of MB  

 

Chemical oxygen demand (COD) was measured using a photocatalytic COD instrument 

(ManTech PeCOD Analyzer). The sample is injected into a channel holding the sensor. The TiO2 

is illuminated using UV light, The UV light generates an electron hole in the TiO2 sensor which is 

a very high oxidising agent. Therefore, the organic contents in the channel are oxidised. By 

counting the electron consumed to thoroughly oxidise the organic, the PeCOD® COD analyser 

measures the equivalent COD. 
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2.3  Adsorption and electrochemical regeneration (used in chapters 3,4 and 5) 

The adsorption isotherm experiments were carried out using a batch setup. Briefly, 150 ml 

of MB solution with different concentrations were mixed with a known mass of adsorbent on a 

shaker at 200 rpm until equilibrium was established. For rGO IO nanocomposites, after adsorption, 

a permanent magnet was held on the side of the flask for 30 minutes. The treated water was 

gradually decanted off leaving a wet slurry powder on the side of the flask. The treated water was 

analyzed for MB by a UV-Visible absorption spectroscopy at 664 nm. For G/ TiO2 and G/ SnO2 

nanocomposites, the loaded adsorbent was filtered using a filter with 0.45-micron pore size. The 

magnetic separation method was tested by drying and weighing the collected adsorbent and was 

found to achieve a recovery of greater than 96%. 

Electrochemical regeneration was carried out to study the regeneration performance of the 

synthesized materials. Figure 2-5 shows a schematic diagram of the electrochemical cell used for 

regeneration of the nanocomposites. A graphite plate was used as the anode current feeder and a 

stainless steel plate was used as the cathode. A filter paper (Whatman quantitative filter paper, 

ashless, Grade 41) was used as the separator and did not allow direct contact of the adsorbent with 

the stainless steel cathode. The nanocomposites bed was saturated with 2 wt % NaCl solution as 

an electrolyte. Although using NaCl as an electrolyte leads to formation of the chlorinated 

hydrocarbons, it can improve the regeneration efficiencies and reduce the cell potential resulting 

in reducing the electrical and energy costs, and also the sodium chloride has a lower cost and is 

easier to dissolve compared to other electrolytes (Brown et al. 2004b). In addition, studies with 

GIC have shown that chlorinated breakdown products are strongly adsorbed on graphite based 

adsorbents and are thus not released into the treated water(Hussain et al. 2015a). As well as the 

NaCl, Na2SO4 was used as the electrolyte for regeneration of G / SnO2 nanocomposites.  A constant 
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current of 10 mA cm-2 was supplied to the electrode plates using a Metrohm Autolab potentiostat 

operating in galvanostatic mode. After adsorption, adsorbents were separated from MB solution 

and saturated with electrolyte solution to increase the bed conductivity. The processes regeneration 

performance was evaluated by the following procedure: 

(i) Initial adsorption was carried out in a stirred beaker, with 0.15 g of adsorbent mixed with 

300 mL of 25 ppm MB solution and shaken using a shaker for 1 h. These adsorption conditions 

lead to a high loading of MB on the adsorbent, close to saturation. The nanocomposite was 

separated from the treated water using a magnet as described above. The wet slurry powder was 

transferred to the electrochemical cell.  

(ii) After the initial adsorption, electrochemical regeneration: of the MB loaded adsorbent 

was saturated with a few drops of electrolyte solution and placed in the anodic compartment of the 

electrochemical cell. A DC current density of 10 mA cm-2 was applied to the cell for a duration of 

between 0 and 60 min (Hussain et al. 2015a). 

 (iii) Re-adsorption using the regenerated adsorbent was carried out under the same 

conditions as the initial adsorption. The regenerated adsorbent was removed from the 

electrochemical cell and mixed with 300 mL of 25 ppm MB solution for 1 h.  The regeneration 

efficiency, RE, was calculated from (Brown et al. 2004b): 

RE 100r

i

q

q
= ³ % [2-1] 

where the qr is the adsorbate loading measured from the re-adsorption with regenerated 

adsorbent, and qi is the initial adsorbate loading measured during the initial adsorption carried out 

under the same adsorption conditions. 
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Figure 2-5. Schematic diagram of the electrochemical cell used to study of regeneration 

efficiency. The geometric area of the anode and cathode plates was 11 cm2. 

 

 

2.4 Stability of the nanocomposite (used in chapter 4) 

The stability of the nanocomposite after electrochemical oxidation was investigated by 

several methods. A mass of 0.1 g of prepared nanocomposite was saturated with NaCl solution (2 

% w/w) as the electrolyte to provide conductivity. This electrolyte was based on previous studies 

of electrochemical regeneration of GIC adsorbents (Brown et al. 2004b). A graphite plate, stainless 

steel sheet and filter paper (Whatman quantitative filter paper, ashless, Grade 41) were used as the 

anode, cathode and separator respectively. A Metrohm Autolab potentiostat was used to provide a 

constant current density of 10 mA cm-2 to the current feeder. Thereafter, the electrochemically 

treated nanocomposites were dispersed in 150 ml water and then filtered. The filtrate was analyzed 

for its organic content based on the chemical oxygen demand (COD) determined using a 
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photocatalytic COD instrument (ManTech PeCOD Analyzer). The filtered solids were analyzed 

using TEM to explore the morphology of the electrochemically regenerated nanocomposite. 

2.5 Electrochemical properties 

2.5.1 Cyclic Voltammetry 

The electrochemical characteristics of the G/TiO2 nanocomposites (used in chapter 4) were 

studied by cyclic voltammetry using a conventional three electrode system with a 1 M NaCl 

electrolyte, a platinum wire counter electrode, silver/silver chloride reference electrode and 

modified glassy carbon working electrode. Working electrodes were prepared by drop casting 20 

ɛL of a suspension of the nanocomposite onto the glassy carbon electrode (diameter of 5 mm). 

Suspensions were prepared by mixing the nanocomposite (before or after MB adsorption) with a 

suspension Nafion to act as a binder (Nafion-to-adsorbent mass ratio of ~0.1) (Zehtab Yazdi et al. 

2016). The cyclic voltammetry experiments were performed using an Autolab PGSTAT 

(Metrohm, UK), with a potential range from 0.6 and 0.4 V (versus Ag/AgCl) and a scan rate of 5 

mV s-1.  

The electrochemical characteristics of the G/SnO2 nanocomposites were evaluated by cyclic 

voltammetry (used in chapter 5) performed using an electrochemical workstation (Autolab 

PGSTAT -Metrohm, UK). A volume of 100 mL of a 0.5 mol L-1  Na2SO4 containing 25 ppm MB 

was used as an electrolyte. Modified glassy carbon with nanocomposites, Ag/AgCl, and platinum 

wire were used as working, reference, and counter electrodes, respectively. The modified glassy 

carbon was prepared by drop casting a suspension of the nanocomposites (1 mg of adsorbent in 1 

mL of Nafion solution, with a Nafion to adsorbent mass ratio of ~0.1) on a glassy carbon electrode 
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and drying at 70 °C. CV was carried out in a potential range of -1.0 V to +1.0 V at a scanning rate 

of 10 mV S-1. 

The electrochemical characteristics of the exfoliated graphene materials (used in chapter 6) 

were studied by cyclic voltammetry using a conventional three electrode system. A 0.05 M 

phosphate buffer electrolyte was used containing 100 ppm phenol, and the electrochemical cell 

included a platinum wire counter electrode, Ag/AgCl reference electrode and a modified glassy 

carbon working electrode. 15 ɛL of an exfoliated graphene suspension, 1 mg ml-1, was drop cast 

on the surface of the 5-mm diameter polished glassy carbon electrode.  The suspension was 

prepared by mixing the exfoliated graphene with a suspension of Nafion to act as a binder (1:1:0.04 

water: ethanol: nafion). The cyclic voltammetry experiments were conducted using an Autolab 

PGSTAT potentiostat (Metrohm, UK), with a potential range from -0.2 and 1.2 V (versus 

Ag/AgCl) and a scan rate of 20 mV s-1. 
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Figure 2-6. An image of the Autolab PGSTAT (Metrohm, UK) employed for 

electrochemical characterization  

 

2.5.2 Linear Sweep voltammetry 

In order to assess the electrochemical characteristics of the nanocomposites, Linear sweep 

voltammetry (LSV) (used in chapter 4 and 5) was carried out. The experiments were performed in 

0.1 M Na2SO4 at a scan rate of 100 mVs-1, with a potential range from 0 and 2.5 V (versus 

Ag/AgCl). Ag/AgCl and platinum wire were used as reference and counter electrodes respectively.  

 

2.5.3 Electrochemical Impedance spectroscopy  

Electrochemical impedance spectroscopy (used in chapter 6) was carried in a solution 

containing 2.5 mM [Fe(CN)6]
4ī/3ī and 0.1 M KCl supporting electrolyte using a BioLogic 

potentiostat (BioLogic S200) in the frequency range 0.1 Hz to 1MHz. Differential pulse 

voltammetry (DPV) was also carried out using the BioLogic potentiostat at a scan rate of 10 mv 

s-1, step potential 0.005 V, amplitude 0.05 V, and an interval time of 0.5 s.  
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Highlights:  

¶ Successful synthesis of reduced graphene oxide / iron oxide nanocomposite adsorbent 

¶ Methylene blue was effectively adsorbed by the nanocomposite 

¶ Regeneration efficiency of >100% achieved by electrochemical oxidation  

¶ Corrosion of the reduced graphene oxide was observed after regeneration 

¶ Nanocomposite could be regenerated and reused for a few cycles  
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3.1 Abstract  

In this work, two different reduced graphene oxide / iron oxide (rGO-IO) nanocomposites 

with different iron oxide loadings were fabricated using a one-step solvothermal method. The 

structure, properties and applications of the synthesized nanocomposites were evaluated with 

Raman spectroscopy, attenuated total reflectance Fourier transform infrared spectroscopy, 

thermogravimetric analysis, X-ray diffraction, electron microscopy, and energy-dispersive X-ray 

spectroscopy. The iron oxide is in the form of magnetite (Fe3O4), so that the resultant adsorbent 

can readily be separated from the treated water using a magnetic field. The ability of the 

nanocomposites to remove methylene blue (MB) from water by adsorption was investigated. The 

highest adsorptive capacity observed was 39 mg gῐ1, for the composite containing 60 wt% iron 

oxide. The adsorptive capacity of the rGO-IO decreased to 26 mg g-1 when the mass fraction of 

iron oxide was increased to 75 wt%. Electrochemical regeneration of MB loaded rGO-IO was also 

investigated. The electrochemical regeneration was found to be rapid and with low electrical 

energy consumption relative to conventional adsorbents, due to the high electrical conductivity 

and nonporous surface of the rGO. A regeneration efficiency of 100% was obtained after 30 mins 

of electrochemical treatment using a 2 mm thick bed of rGO-IO loaded with 39 mg gῐ1 MB, using 

a current density of 10 mA cm-2. Multiple adsorption- electrochemical regeneration cycles 

demonstrated that the surface of the rGO was modified leading to increase in the adsorptive 

capacity to around 80 mg gῐ1 after the second regeneration cycle. The morphology of the rGO was 

observed to change significantly after electrochemical regeneration, suggesting that the rGO based 

adsorbent materials could only be used for a few cycles. 

Keywords: Adsorption; electrochemical regeneration; reduced graphene oxide; magnetite; 

nanocomposite, methylene blue 
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3.2 Introduction  

Adsorption is a simple and effective process for the removal of organic contaminants from 

water. After the adsorption process, the exhausted adsorbent can be incinerated or disposed in a 

landfill (San Miguel et al. 2001). However, this disposal may not be feasible for adsorbent loaded 

with toxic contaminants, for adsorbents which are not available in large quantities or are expensive 

to produce. Alternatively, the adsorbent can be regenerated and reused with a suitable method. 

Regeneration methods can be categorized as: thermal regeneration (Sheintuch and Matatov-Meytal 

1999), chemical regeneration (Ferro-Garcia et al. 1996), wet air regeneration (Mishra et al. 1995) 

or electrochemical regeneration (Asghar et al. 2012, Narbaitz and Cen 1994). The most common 

method is thermal regeneration but it has some disadvantages such as the high cost associated with 

the regeneration temperatures of 700-1000 ᴈ and there is a 10 to 15 % loss in the mass of adsorbent 

(Bandosz 2006, Sheintuch and Matatov-Meytal 1999). In addition, thermal regeneration is only 

cost effective at large scale, beyond that of most water treatment operations. Chemical regeneration 

through desorption or extraction is an expensive method with regeneration efficiencies usually 

below 80 % after several cycles (Cooney et al. 1983, Ferro-Garcia et al. 1996, Martin and Ng 

1984). On the other hand, electrochemical regeneration has several advantages compared to these 

other methods. These advantages include: minimal adsorbent losses, high regeneration 

efficiencies, complete regeneration of the contaminants loaded on the adsorbent by anodic 

oxidation, and its suitability for small and medium-sized water treatment equipment (Mohammed 

2011 , R. Berenguer 2010).  

Electrochemical regeneration of activated carbon and graphite intercalation compounds 

(GIC) has been reported by several authors (Berenguer et al. 2010, Brown and Roberts 2007, Weng 

and Hsu 2008, Zhang 2002). Regeneration of activated carbon has been completed both 
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cathodically and anodically (Zhang 2002), and (Berenguer et al. 2010). While 100 % regeneration 

efficiency is almost impossible (Sheintuch and Matatov-Meytal 1999),(Berenguer et al. 2010, 

Wang and Balasubramanian 2009)), Narbaitz and Cen (1994) achieved a regeneration efficiency 

of more than 90 %.  Although the anodic oxidation of the contaminant loaded on activated carbon 

is attractive since the contaminants are oxidised compared to the cathodic method where 

contaminants are typically desorbed into solution (Narbaitz and Karimi-Jashni 2012), higher 

current or longer regeneration time is required. Activated carbon possesses high adsorption 

capacity, but long regeneration time and a relatively low electrical conductivity lead to high energy 

consumption (Narbaitz and Karimi-Jashni 2012, Narbaitz and KarimiȤJashni 2008). The long 

regeneration time is associated with the porous structure of the activated carbon materials, 

including micropores, while the electrochemical regeneration is typically confined to the external 

surface (Narbaitz and Cen 1994). Brown et al. (Brown and Roberts 2007, Brown et al. 2004a, 

Brown et al. 2004b) conducted experiments on the electrochemical regeneration of GIC loaded 

with organic contaminants. GICs have high electrical conductivity and low surface area (Asghar 

et al. 2014b, Asghar et al. 2012, Hussain et al. 2013b). As these materials are nonporous, 

adsorption and electrochemical regeneration can be achieved in a short time. In spite of the low 

adsorptive capacity of GIC, regeneration efficiencies of 100% or higher have been demonstrated 

(Asghar et al. 2013b, Asghar et al. 2014b, Asghar et al. 2012, Brown and Roberts 2007, Brown et 

al. 2004a, Brown et al. 2004b, Hussain et al. 2013b). Thus materials employed in adsorption-

electrochemical regeneration processes have had a low adsorptive capacity, low electrochemical 

regeneration efficiency or high energy consumption. There is thus a need to produce new materials 

that have both good regeneration efficiency and adsorptive capacity.  
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Graphene exhibits a number of properties that make it suitable as an adsorbent in this context, 

such as its large specific surface area, and high electrical conductivity (Singh et al. 2011). 

Application of graphene and its derivatives [such as graphene oxide (GO) and reduced graphene 

oxide (rGO)] in adsorption of organics has been widely investigated, and has shown promising 

results (Ai et al. 2011, Guo et al. 2012, Nguyen-Phan et al. 2012, Wang et al. 2012b) . An important 

derivative of graphene is graphene oxide, which can be easily synthesized by oxidation and 

subsequently mild sonication of graphite. GO has a high concentration of oxygen surface 

functional groups and it can be reduced in presence of reducing agents like hydrazine or thiourea 

to produce rGO, a graphene-like material. Challenges for the application of graphene in adsorption 

processes for water treatment include its hydrophobic nature (Wang et al. 2014, Zhao et al. 2014), 

so that it is difficult to disperse. This can be overcome by modifying the graphene surface, for 

example using oxidation, functionalization or by combining with a hydrophilic metal oxide (Kemp 

et al. 2013, Nguyen-Phan et al. 2012, Yao et al. 2012, Zhang et al. 2013b), however hydrophilic 

forms may be difficult to separate from the treated water (Chowdhury and Balasubramanian 2014). 

The use of graphene ï magnetite composites that can be readily separated from the treated water 

has been reported (Ai et al. 2011, Guo et al. 2012, Yao et al. 2012). Studies of regeneration of 

graphene magnetite composite adsorbents have considered regeneration by desorption (Fan et al. 

2013), washing with acid or solvents (Ouyang et al. 2015, Yu et al. 2015a), and advanced oxidation 

by ozone (Liu et al. 2016) and peroxide (Sajab et al. 2016). Although graphene is a non-porous 

material with a high electrical conductivity, there have been no reported studies of the 

electrochemical regeneration of graphene adsorbents. 

In this study, a reduced graphene oxide ï iron oxide nanocomposite (rGO-IO) is evaluated 

for adsorption and electrochemical regeneration. The iron oxide is in the form of magnetite, so that 
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the resultant adsorbent can readily be separated from the treated water using a magnetic field. The 

aim of this study is to develop adsorbent materials with high adsorptive capacity for the removal 

of soluble organic contaminants while remaining suitable for electrochemical regeneration  

 

3.3 Experimental  

3.3.1 Synthesizing of magnetic reduced graphene oxide 

The method for synthesis of GO and rGO/ IO can be found in section 2.1.   

3.3.2 Characterization 

Materials were characterized by FTIR, TEM, PXRD, SEM and  Raman were used to 

charactrize the nanocomposites (see section 2.2). 

 

3.3.3 Adsorption and electrochemical regeneration 

Methods for adsorption and electrochemical regeneration of rGO / IO 60 and 75 are 

described in section 2.3.  

 

3.4 Result and discussion 

3.4.1 Characterization 

To conýrm the formation of rGO and IO in the nanocomposite, Raman spectroscopy 

measurements were carried out. In Raman spectra of a carbonaceous material, the relative motion 

of sp2 carbon atoms is indicated by the G-band and the disorders in the graphitic structure is 
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represented by D-band (Calizo et al. 2007). The ratio of the intensity of the D-Raman and G-

Raman peaks (the ID / IG ratio) is used to characterize the degree of disorder and average size of 

the sp2 domains. As shown in Figure 3-1 (a), the ID / IG ratio increased after hydrothermal 

treatment of GO suspension in presence of hydrazine. In addition, the D and G bands of GO are 

located at 1355 cm-1 and 1591 cm-1, and these are shifted to 1350 cm-1 and 1582 cm-1, respectively, 

after hydrothermal treatment. Based on previous studies, these changes indicate that rGO has been 

formed after hydrothermal treatment (Stankovich et al. 2007). In addition, a broad small peak can 

be observed at 680 cmī1 which we attribute to Fe3O4 formed by oxidation of Fe(OH)2 upon heat 

treatment at 180°C (Sato et al. 2014, Thanos 1986). The synthesis of Fe3O4  from FeSO4 can be 

explained by the following reactions (Groysman 2009): 

 

 FeSO4 + 2 NaOH  Ÿ  Fe(OH)2 + Na2SO4 

 3 Fe(OH)2  Ÿ Fe3O4 + 2H2O + H2  (on heating) 

 

The crystalline structure of the synthesized material was studied using PXRD. Figure 3-1 (b) 

illustrates the PXRD pattern of the rGO-IO. The main peaks at 2ɗ value of 18.5Á (1 1 1) 30Á (2 2 

0), 35° (3 1 1), 43° (4 0 0), 53.8° (4 2 2), 57.3 ° (5 1 1) and 62.9° (4 4 0) are assigned to Fe3O4 

nanoparticles on the rGO surface, based on the powder diffraction standard (Yang et al. 2015). 

An average crystallite size of 19 nm was calculated using the Scherrer equation. 

In order to identify the bonding present in synthesized materials before and after reduction, 

ATR-FTIR spectroscopy were used to analyze the samples. FTIR spectra were obtained in the 

range 4000 ï 600 cm-1 using a mid-IR KBr-DTGS detector. The ATR-FTIR spectra obtained for 

GO, rGO and rGO-IO nanocomposite are shown in Figure 3-1 (c) . The peaks at 1210 cmī1 and 
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1033 cmī1 are due to epoxy groups (CïO and CïOïC). For GO the characteristics peaks at 1740 

cmī1 and 1620 cmī1 correspond to the stretching vibration of the carbonyl and carboxylic groups 

of C and O bonds, and skeletal vibration of graphitic domains, respectively (Liang et al. 2009b, Si 

and Samulski 2008). The peak at ca.1580 cmī1 could be ascribed to either formation of ïCOOī 

after coating with Fe3O4 nanoparticles (Yang et al. 2009, Zong et al. 2013a) or C=C groups on the 

rGO sheets (Chang et al. 2014b, Dong et al. 2014). After the reduction of GO to rGO, most of the 

peaks weakened relative to GO. These results indicate that the GO was effectively reduced to rGO 

in the composite (Xu et al. 2015), and are consistent with the findings from the Raman 

spectroscopy. 

The results of TGA of rGO-IO and GO are shown in Figure 3-1 (d). GO showed a slight 

mass loss below 160ᴈ due to water evaporation, a dramatic mass loss between 160 ï 225ᴈ owing 

to decomposition of labile oxygen containing functional groups, and another slight mass loss 

around 900ᴈ due to removal of further functional groups (Cui et al. 2011, Li et al. 2014). The 

rGO-IO was much more thermally stable than GO and didnôt show a significant mass loss until 

900 ᴈ. TGA results supports both Raman and FTIR results that the composite is successfully 

reduced after the solvothermal treatment. 
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(I) 

 

(II)  

 

(III)  

 

(IV)  

 

Figure 3-1. (I)Raman spectra of (a) graphene oxide and (b) rGO-IO-60 (II) XRD pattern of 

rGO-IO-60  (III) ATR FTIR spectra of (a) graphene oxide (b) rGO-IO-60 and (c) rGO (IV) TGA 

of (a) graphene oxide, (b) rGO and (c) rGO ïIO-60 in a nitrogen atmosphere 
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3.4.2 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

The SEM and TEM images were obtained to explore the morphology and the structure of 

the as-prepared rGO-IO nanocomposites. Figure 3-2 and 2-4 show electron micrographs obtained 

for rGO-IO-60 and rGO-IO-75. These Figures show that IO nanoparticles are attached to the basal 

planes of the rGO. The higher iron oxide loading of rGO-IO-75 is clearly evident in Figure 3-2, 

although some aggregation is evident. It is worth noting that the distribution of graphene sheets 

between the IO nanoparticles prevent their aggregation. The TEM images of rGO-IO 

nanocomposites (Figure 3-3) are consistent with the SEM images in Figure 3-2. Based on the TEM 

images, it appears that IO nanoparticles decorated both periphery of the surface and the basal 

planes of the rGO. The TEM images of rGO-IO nanocomposites indicate that the IO nanoparticles 

are between 10 to 30 nm (mostly around 20 nm) which is in good agreement with average particle 

size obtained from XRD using Scherrer's equation. The TEM and SEM images also illustrate the 

adhesion stability of IO on rGO, as the IO nanoparticles remained attached to the rGO surface after 

1 hour of sonication.  

   

Figure 3-2. SEM Image of (a) rGO-IO-60 (b) rGO-IO-75 

 

(a) (b) 
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Figure 3-3. TEM Image of (a) rGO-IO-60 (b) rGO-IO-75 

 

3.4.3 Adsorption  

The developed rGO-IO nanocomposites dispersed easily in the aqueous medium 

(presumably due to the hydrophilicity of the IO nanoparticles), and they can be separated from the 

treated water using a magnet. By comparing the weight of the adsorbent before and after the 

adsorption, it was found that the adsorbent can be completely recovered without difficulty. 

The isotherms obtained for adsorption of MB on rGO-IO-60 and on rGO-IO-75 are shown 

in Figure 3-4. The results show that the adsorption capacity of the composite adsorbent decreased 

with increasing loading of IO nanoparticles. The capacity of rGO-IO-60 (39 mg g-1) is higher than 

that of rGO-IO-75 (26 mg g-1). This is presumably due to the IO blocking more adsorption sites 

on the rGO as the loading increases. Thus, coating the rGO sheets with IO nanoparticles makes 

separation of the adsorbent easier, but the adsorptive capacity decreases as the loading of IO is 

increased. A control experiment was carried out to determine the adsorption characteristics of IO 

(a) (b) 
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nanoparticles synthesized by the method used in this study. However, no detectible adsorption of 

MB was observed by the IO nanoparticles. 

The Langmuir (Equation [3-1]) model is widely used to describe adsorption isotherms 

(Kalavathy et al. 2005): 

[ ]                                                                                                    3 1
1

e
e

e

KbC
q

bC
= -
+

  

where qe is the amount of MB adsorbed per gram of adsorbent at equilibrium condition, Ce 

is the equilibrium concentration, and K and b are the Langmuir equation constants. Nonlinear 

regression was used to fit the adsorption data for the adsorbents to Langmuir model, and the results 

are presented in Table 3-1, and the fitted model isotherms are shown in Figure 3-4. The coefficient 

of determination (R2) in both cases was greater than 0.96 for the fit to the Langmuir model. The 

adsorption data were also fitted with the Freundlich model and the coefficient of determination 

was less than 0.9 for the Freundlich isotherm, thus the results are not presented here. These results 

suggest that the adsorption follows the Langmuir model, corresponding to homogeneous mono-

layer adsorption. 

 

Table 3-1. Langmuir isotherm parameters fitted to the experimental data by non-linear 

regression. 

Model  Langmuir 

Sample 

Maximum 

adsorption (mg g-1) 

K (mg g-1) b (L g-1) R2 

rGO-IO-60 39 37.97 4.47 0.98 

rGO-IO-75 26 24.56 12.46 0.96 
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Figure 3-4. Isotherms for the adsorption of MB on  rGO-IO-60 and rGO-IO-75. The lines 

show the Langmuir model fitted to the data by non-linear regression. 

 

 

 

3.4.4 Electrochemical regeneration 

Electrochemical regeneration of adsorbents loaded with MB was accomplished by anodic 

oxidation, using a bed of rGO-IO nanocomposite adsorbent. The effect of regeneration time on 

regeneration efficiency was investigated using a constant current density of 10 mA cm-2 at a low 

cell voltage ca. 2.5 V. In addition, several cycles of adsorption and regeneration were evaluated. 

As shown in Figure 3-5 the regeneration efficiency of rGO-IO nanocomposite increased with 

increasing regeneration time as expected. The regeneration time required to achieve 100 % 
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regeneration efficiency for both rGO-IO-60 and rGO-IO-75 was found to be approximately 30 min 

for loadings of 36 mg g-1 of MB on 0.15 g of rGO-IO-60 and 23 mg g-1 of MB on 0.15 g of rGO-

IO-75. We speculate that initially MB is oxidized on the composite, and as the regeneration 

progresses both oxidation of MB and the oxidation of rGO occurs, resulting in more adsorption 

sites on the surface, rapidly increasing the apparent regeneration efficiency to 100%. 

 

Figure 3-5. The effect of regeneration time on regeneration efficiency for electrochemical 

regeneration of MB adsorbed on 0.15 g of rGO-IO, at a current density of 10 mA cm-2. 

 

An important issue for the regeneration process is the stability of the adsorbent under in 

oxidising environment. The reusability of rGO-IO-60 was evaluated through several adsorption 

and electrochemical regeneration cycles. Based on the data shown in Figure 3-5, a regeneration 

time of 30 min was used in order to achieve 100 % regeneration. In the second adsorption cycle a 

dramatic increase in the adsorptive capacity (up to 80 mg g-1) was observe, corresponding to a 
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regeneration efficiency of around 200% (Figure 3-6). This increased capacity was maintained or 

slightly increased in subsequent cycles.  

During anodic electrochemical regeneration of expandable graphite, a small increase in 

adsorptive capacity has been reported in previous studies (Asghar et al. 2012, Brown et al. 2004c). 

Although this increase is beneficial for the adsorption process, it appears to be associated with 

corrosion of rGO. Traces of brown particles suspended in the treated water were observed after 

the third adsorption cycle. The data obtained from adsorption / regeneration cycles again suggest 

that alongside the MB oxidation, oxidation of rGO takes place during the electrochemical 

regeneration. Corrosion of GIC during electrochemical regeneration was reported by Nkrumah and 

et al (Nkrumah-Amoako et al. 2014). The oxidation appears to result in the creation of more 

adsorption sites, by addition of oxygen containing functional groups and by increasing the specific 

surface, and thus leads to an increase in the adsorptive capacity. Asghar et al.  also used the same 

principle to increase the adsorptive capacity of natural vein graphite by an electrochemical surface 

pre-treatment (Asghar et al. 2013b).  
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Figure 3-6. Regeneration efficiency over number of adsorption and electrochemical 

regeneration cycles for MB adsorption on rGO / IO-60 

 

As well as corrosion of the graphene, oxidation of rGO back to GO should also be 

considered. GO is non-conductive, and thus unsuitable for regeneration, so if the rGO were 

oxidised to GO the regeneration would fail, although there was no evidence of this from the five 

cycles of regeneration carried out in this study. The stability of the rGO was further by observing 

its Raman spectral after electrochemical oxidation for 2.5h in the absence of adsorbate. After the 

electrochemical oxidation, the resultant material was washed using 150 mL of DI water. The 

Raman spectra of the filtered solid is shown in Figure 3-7. No significant change in the D/G 

intensity ratio was observed. The D/G intensity ratios for regenerated rGO- IO, untreated rGO-IO 

and GO were 1.59, 1.43, 0.98. These results suggest that rGO may be partially oxidized but it is 

not converted to GO during the electrochemical regeneration. 
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Figure 3-7. Raman Spectra of the (a) rGO-IO electrochemically regenerated for 2.5 h in the 

absence of adsorbate, (b) untreated rGO (c) GO.  

 

In addition to oxidation of the graphene, it is also possible that some oxidation of the iron 

oxide occurred during regeneration. There was no discernible decrease in the magnetic 

characteristics of the material after several cycles, however the magnetic properties were not 

measured quantitatively. Further work is needed to determine whether oxidation of iron oxide 

occurred during the electrochemical regeneration. 

 

Figure 3-8 shows TEM images of the rGO-IO composites before and after one cycle of 

electrochemical regeneration. Before the electrochemical oxidation, the rGO had smooth edges. 

However, after regeneration, the edges were observed ragged indicating corrosion of the rGO has 

occurred. The stability of the rGO was studied through its electrochemical oxidation without any 

adsorbate for 2.5h. After the electrochemical oxidation, the resultant material was filtered and 
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washed using 150 mL of DI water.  The chemical oxygen demand (COD) of the filtrates from the 

electrochemically oxidized sample and untreated sample were 18 ppm and 0 ppm repetitively. The 

results indicate that rGO was oxidized, forming partially oxidized species in the water and 

increasing the COD.  

Raman spectra obtained for the freshly prepared rGO-IO composite, the composite after 

adsorption of MB, and composites after 30 minutes of electrochemical regeneration are shown in 

Figure 3-9. After adsorption, a new peak was observed at 1440 cm-1 corresponding to the adsorbed 

MB. A peak at around 1440 cm-1 was observed in the Raman spectra of the composite after 

electrochemical regeneration, indicating that some MB or its derivatives are present at the surface 

of the rGO-IO-60 adsorbent. The TEM and Raman spectra results confirm that during 

electrochemical regeneration of the rGO composites corrosion of the rGO occurs, leading to a 

higher adsorptive capacity in subsequent cycles.  

 

(a) 
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Figure 3-8. TEM images of (a) rGO-IO-60 before electrochemical regeneration and (b) 

rGO-IO-60 after electrochemical regeneration 

 

 

 Figure 3-9. Raman spectra of the (a) rGO-IO-60 before adsorption, (b) rGO-IO-60 after 

adsorption, and (c) rGO-IO-60 after regeneration 

 

(b) 



  

   

64 

 

 

With regards to adsorption capacity and required regeneration time, the electrochemical 

regeneration of the rGO-IO-60 was found to be more effective than rGO-IO-75, since the 

regeneration time was about the same but the MB loading was higher. It is not possible to 

determine the charge efficiency of the electrochemical regeneration from the regeneration 

efficiency, since the adsorption capacity increases due to oxidation of the graphene, and the 

products of the oxidation of MB have not been determined. Further work is needed to investigate 

the charge efficiency and the oxidation productions. 

 

 

 

 

3.5 Conclusion 

Reduced graphene oxide / magnetite composites were successfully synthesized in a one step 

process carried out in the presence of hydrazine. The composite was found to be magnetic, 

allowing facile separation of the adsorbent from the treated water. A process for the removal of 

MB from water by adsorption, magnetic separation, and electrochemical regeneration was studied. 

The adsorption isotherms were found to follow the Langmuir isotherm model. These non-porous, 

high electrically conductive nanocomposites were found to exhibit high rates of electrochemical 

regeneration combined with a relatively high adsorption capacity and their magnetic properties 

facilitates rapid separation from the treated water. Complete electrochemical regeneration of an 

rGO-IO composite adsorbent loaded with 39 mg g-1 MB was achieved under anodic conditions 
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with a current density of 10 mA cmῐ2 and a regeneration time as low as 30 min. Increasing the 

regeneration time or the number of adsorption / regeneration cycles lead to an increase in 

adsorptive capacity. The drawback of this method is that with increasing the regeneration time or 

after several cycles, rGO starts to release carbon derivatives into the treated water. Although the 

adsorption capacity of the adsorbent was recovered, further work is needed to evaluate the rate of 

oxidation of MB and any released breakdown products formed. In addition, further research on the 

stability of the composite adsorbents after several adsorption-regeneration cycles are needed. 

Methods to reduce or eliminate particle corrosion during the electrochemical treatment should be 

explored.  
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4.1 Abstract 

A nanocomposite of titanium dioxide and few-layer graphene, for use in an electrochemical 

adsorption / regeneration process, was prepared using the sol-gel method. The effect of the 

annealing temperature on electrocatalytic activity of the nanocomposites for MB oxidation was 

investigated by cyclic voltammetry and constant current electrochemical regeneration. Cyclic 

voltammetry indicated that graphene/TiO2 nanocomposite (G/TiO2) annealed at 400°C had a 

higher activity for MB oxidation than both the nanocomposite annealed at 500°C and the bare 

graphene. Similarly, the regeneration of the MB loaded graphene/TiO2 nanocomposite (G/TiO2) 

annealed at 400°C was much faster than for both the nanocomposite annealed at 500°C and bare 

graphene. This may be a consequence of the higher proportion of anatase phase TiO2 after 

annealing at 400°C (ca. 7% rutile TiO2) compared to 500°C (ca. 40% rutile TiO2), which suggests 
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that anatase phase TiO2 on graphene is more catalytically active. Complete regeneration of the 

G/TiO2 annealed at 400°C with the maximum MB loading was obtained after an anodic 

regeneration of 21 C per mg of adsorbate. The results demonstrated that G/TiO2 annealed at 400°C 

was regenerated in half the time required for the bare graphene. TEM studies showed that the bare 

graphene was rapidly corroded, while corrosion was not observed for the G/TiO2 nanocomposites. 

Keywords: graphene, titanium dioxide, nanocomposite, adsorbent, electrochemical 

regeneration.  



  

   

69 

 

4.2 Introduction  

The removal of organic contaminants through adsorption onto graphene based materials is 

considered to be one of the most promising methods in water treatment (Bharath et al. 2017, 

Khurana et al. 2017, Yu et al. 2015b). However, the application of graphene based materials to 

adsorption processes is limited by their high production and regeneration costs. Several methods 

have been used to regenerate the loaded graphene based materials, namely thermal regeneration at 

high temperature (Gao et al. 2014), Fenton-like reactions (Qin et al. 2014), solvent extraction 

(Zhang et al. 2014) and electrochemical regeneration (Sharif et al. 2017). However, each of these 

methods has shortcomings including high cost, incomplete regeneration, adsorbent losses, 

secondary pollution, or long regeneration times. Among the aforementioned methods, 

electrochemical regeneration showed that it can be a promising technique in which minimum 

adsorbent loss, in-situ regeneration, and high regeneration efficiencies can be achieved, (Dai et al. 

2017, Hussain et al. 2015b, Narbaitz and Cen 1994, Narbaitz and KarimiȤJashni 2008)  with no 

harmful reagents required.  

The main mechanism for anodic electrochemical regeneration is oxidation of organic 

pollutants on the surface of the absorbents (Brown et al. 2004b). Ideally, the adsorbate should be 

mineralized completely during regeneration by electrochemical oxidation, converting them into 

carbon dioxide, water and salts.  

Anode materials used for electrochemical oxidation can be classified as active or inactive 

(Comninellis 1994). While active anodes tend to chemisorb hydroxyl radicals and have a low 

overpotential for oxygen evolution, inactive anodes physisorb the hydroxyl radicals and have 

higher oxygen evolution overpotential. Depending upon the anode material and the mechanism of 

the oxidation, the pollutants may not be oxidized completely, resulting in the production of 
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undesirable breakdown products. Active electrodes such as graphite, platinum, and ruthenium and 

iridium oxides can only partially mineralize the organics. Inactive electrodes, however, such as tin 

oxide, lead oxide and boron doped diamond can completely mineralize organics to carbon dioxide 

and water.  

In the electrochemical oxidation process, a part of the charge passed will usually be 

consumed by side reactions, in particular oxygen evolution, reducing the cellôs current efficiency. 

It is, therefore, preferable to use an adsorbent material that can act as an inactive anode, in order 

to decrease side reactions and increase the current efficiency (Yun-Hai et al. 2012). This will result 

in reduced energy costs and reduced regeneration times, making adsorption and electrochemical 

regeneration processes more economically feasible.   

As graphite is categorized as an active anode (Rueffer et al. 2011), it needs to be 

functionalized to produce more hydroxyl radicals. Among the inactive electrodes, boron doped 

diamond (BDD) has been shown to be very effective for hydroxyl radical production (Iniesta et al. 

2001, Marselli et al. 2003). This is mainly due to the large band gap of diamond (5.45 eV) which 

make the BDD suitable to produce a large amount of hydroxyl radical (Beck et al. 2000, Kraft 

2007). However, the preparation of BDD is not simple, and BDD electrodes are consequently a 

relatively high cost material (Xie et al. 2017). Ntsendwana et al (Ntsendwana et al. 2013) reported 

the modification of exfoliated graphite (EG) using diamond. Their findings revealed that exfoliated 

graphite / diamond composites have a higher removal and current efficiency and faster degradation 

kinetics than exfoliated graphite electrodes for electrochemical oxidation of trichloroethylene. The 

effect of adding diamond particles onto expanded graphite electrodes for the electrochemical 

degradation of anthraquinonic dye was also investigated by Peleyeju et al (Peleyeju et al. 2016). 

Their findings confirm the results obtained by Ntsendwana, where the incorporation of diamond 
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increased the electro-catalytic activity and consequently the degradation rate of anthraquinonic 

dye in comparison with bare EG. Itôs been proposed that the enhancement in organic oxidation is 

mainly influenced by high production rates of hydroxyl radicals and electron trapping on the anode 

surface. In several studies, TiO2 have been shown to act as an efficient electrocatalyst owing to its 

large bandgap of 3.2 eV and increase the hydroxyl radical formation for organic oxidation (Yang 

and Hoffmann 2016), even without direct contact with the anode (Jasmann et al. 2016).  

An improved electrochemical oxidation of Rhodamine B using SnO2-Sb-doped TiO2-coated 

granular activated carbon was reported by Li et al (Li et al. 2016). In another study, in order to 

produce more active sites and hydroxyl radicals, Guo et al. prepared a TiO2/nano-graphite 

composite anode (Guo et al. 2015). The TiO2/nano-graphite composite showed that it can generate 

large amounts of hydroxyl radical and degrade the organics efficiently. This result is consistent 

with the study by Wang (Wang et al. 2008b) who observed that addition of TiO2 particles to a 

packed bed electrochemical reactor can enhance the production of hydroxyl radicals and, 

consequently, the organic oxidation. It has also been reported that composite electrodes with TiO2 

demonstrate a high catalytic activity and anticorrosive behavior which can increase the durability 

of the material (Evdokimov 2002, Lin et al. 2013a).  

In the previous chapter, the adsorption and electrochemical oxidation of organics using 

reduced graphene oxide / iron oxide adsorbents was studied [6]. The result showed 100% 

regeneration efficiency and good adsorptive capacity compared to a flake graphite intercalation 

compound (GIC) adsorbent. This graphene nanocomposite also demonstrated significantly lower 

specific charge for regeneration than has previously been reported for graphite adsorbents (Brown 

and Roberts 2007). However, the graphene nanocomposite adsorbent was oxidized in the course 

of the regeneration process, similar to what was observed for GIC adsorbents (Nkrumah-Amoako 



  

   

72 

 

et al. 2014). Oxidation of large diameter (a few hundred micrometers) GIC flakes led to an increase 

in specific surface area (presumably due to surface roughening) along with changes in the surface 

functional groups. However, the graphene / iron oxide nanocomposite was found to severely 

corrode during electrochemical regeneration, so that it was not possible to use the adsorbent for 

more than a few cycles of adsorption and electrochemical regeneration [6].  

In the present study, graphene/TiO2 nanocomposites (G/TiO2) calcined at different 

temperature were synthesized, characterized and used in an adsorption and electrochemical 

regeneration process. Previous work on electrochemical regeneration of adsorbents materials 

focused on carbon derivatives, namely activated carbon (Berenguer et al. 2010, Wang and 

Balasubramanian 2009, Weng and Hsu 2008) or graphite intercalation compound (Asghar et al. 

2013b, Asghar et al. 2014b), which both are categorized as active anodes.  The aim of this research 

was to offer new adsorbents with high adsorptive capacity for removal of organics, combined with 

rapid electrochemical regeneration and stability for many cycles in order to overcome the 

challenges of conventional adsorbents. Methylene blue (MB) solution was used as a model 

contaminant in a synthetic wastewater. Along with the adsorption characteristics of MB on these 

materials, the voltammetric behavior and electrochemical regeneration performance was 

investigated, including the regeneration time and specific charge required for complete 

regeneration. The stability of the  G/TiO2 nanocomposite was also evaluated over multiple cycles 

of adsorption and regeneration 
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4.3 Experimental  

4.3.1  Preparation of graphene / titanium dioxide nanocomposites 

The method used for preparation of G/TiO2 400°C and G/ TiO2 500°C is described in section 

2.1. 

4.3.2  Characterization 

Materials were characterised by TEM, SEM, DLS, Raman and TGA (see section.2).  

4.3.3 Stability of the nanocomposite  

The method for studying the stability of the nanocomposite is described in section 2.4.  

4.3.4 Adsorption and electrochemical regeneration  

The methodology described in section 2.3 was used for adsorption and electrochemical 

regeneration of G/TiO2 400°C and G/ TiO2 500°C.  

4.3.5  Electrochemical properties  

The electrochemical characteristics of the G/TiO2 nanocomposites were studied by cyclic 

voltammetry and linear sweep voltammetry using the methods described in section 2.5.  

 

4.4 Result and discussion 

4.4.1 Raman 

The Raman spectra of the G/TiO2 nanocomposites is shown in Figure 4-1. The main Raman 

features of graphene based materials are the so-called D band (ca.1350 cm-1), G band (ca.1580 cm-

1) and 2D band (ca. 2670 cm-1). The G band arises due to in-plane vibration of sp2 carbon atoms, 
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while the D band originates from disorder in the sp2-hybridized carbon systems. The degree of 

disorder is a function of the D/G intensity ratio (Stankovich et al. 2007). Our Raman spectra shows 

that the D/G intensity ratio remained approximately constant which implies that the coating of the 

TiO2 and the heat treatment at 400°C and 500°C does not affect the structure of the graphene.  

The formation of the anatase phase of TiO2 in the G/TiO2 400°C nanocomposite was 

confirmed by observing the Eg mode (at 145 cm-1) (Ohsaka et al. 1978, Ren et al. 2013). However 

increasing the calcination temperature in G/ TiO2 500°C leads to increase the rutile phase which 

is confirmed by observing the  Bg(at 427 cmī1), A1g (at 620 cmī1) modes and the second-order 

effect at (237 cmī1) (Swamy et al. 2006).. The phases of TiO2 present in the nanocomposites was 

also confirmed by powder x-ray diffraction (see Supporting Information Figure A.4-11). It was 

found that the G/TiO2 400°C nanocomposite contained 93 % anatase phase TiO2 and only 7% of 

the less active rutile phase. When the nanocomposite was annealed at 500°C the rutile content 

increased to around 40%. 
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Figure 4-1. Raman spectra of Bare graphene and 6 wt% G/TiO2 nanocomposites  

 

4.4.2 SEM and TEM 

SEM images of the bare graphene and G/TiO2 nanocomposites (Figure 4-2 a and b) illustrate 

that bare graphene is composed of smooth, free-standing thin sheets, while the SEM image of 6 

wt% G/TiO2 nanocomposites revealed that the surface of graphene was covered with TiO2 

nanocrystals. The morphology of bare graphene and G/TiO2 nanocomposites can also be seen in 

high resolution using TEM (Figure 4-2 c and d). The morphology of the nanocomposites is 

consistent with the bare graphene in the range of several micrometers. TEM image of the 

nanocomposites confirm that the graphene acts as a substrate and support for the TiO2 

nanomaterials. It can also be seen that size of the of the TiO2 particles is around 5-10 nanometers 
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which is in good agreement with the DLS measurement of the particle size in the original sol, as 

shown in the supporting information (Figure A.4-9).   

  

  

 

Figure 4-2. Morphological observation. (a) SEM image of bare garphene, (b) SEM image 

of G/TiO2 400°C (6 wt% TiO2) nanocomposite (c) TEM image of bare garphene, (d) TEM  image 

of G/TiO2 400°C (6 wt% TiO2) nanocomposite 

 

 

a b 

c d 
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4.4.3 Adsorption isotherm 

Figure 4-3 shows the adsorption isotherm of the bare graphene and the G/TiO2 

nanocomposites. The isotherms were found to be a good fit to the Langmuir adsorption model. 

The data were fitted to the Langmuir model using nonlinear regression and the results are 

summarized in Table 4-1. A small reduction in adsorptive capacity of the G/TiO2 400°C 

nanocomposite (6 wt% TiO2) was observed when compared to bare graphene, from around 25 mg 

g-1 to 21 mg g-1. The adsorptive capacity of the G/TiO2 500°C nanocomposite was significantly 

lower, at around half the capacity of the bare graphene. These results suggest that the TiO2 particles 

have a lower adsorption capacity than the graphene.  All three types of adsorbent, the bare 

graphene, and the G/TiO2 nanocomposites, were able to remove organics to low concentrations 

(below 1 mg L-1).  

The lower adsorptive capacity of the G/TiO2 500°C nanocomposites may be explained by 

the thermal behavior of the graphene. The TGA results (Supporting Information Figure A.4-10) 

show that the graphene starts losing mass at around 350-400°C, probably due to the presence of 

amorphous carbon. One possible explanation for the significant reduction in the adsorptive 

capacity after annealing at 500°C, is that a significant proportion of amorphous carbon may be lost 

during annealing, leading to loss of adsorption sites. Loss of amorphous carbon during annealing, 

increases the ratio of TiO2 to graphene and may reduce the number of adsorption sites, thus 

explaining the reduction in the adsorption capacity. By assuming the monolayer coverage based 

on langmuir isotherm and considering the fact that MB can take the area of 130 A 2 per adsorbed 

molecule (Calcaterra and Parise 2010, Lau and Chen 1978), surafce area of the each adsorbent can 

be caculated. Therefore, 1 mg of MB can occupy 2.45 m2 on the surface of the adsorbent. Table 

4-2 shows the surface area for each adsorbent.  
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Figure 4-3. Adsorption isotherm of MB adsorption on bare graphene and the  

G/TiO2 nanocomposites (6 wt% TiO2). 

 

Table 4-1. Adsorption isotherm parameters based on the Langmuir equation for bare 

graphene and the G/TiO2 composites. 

 
Langmuir parameters: 

1

e
e

e

KbC
q

bC
=
+

 

Sample Maximum adsorption (mg g-1) K(mg g-1) b ( L mg-1) R2 

Bare graphene 25 24.3 2.28 0.92 

G/TiO2 400°C  22 20.4 3.35 0.90 

G/TiO2 500°C  13 11.7 8.50 0.92 

 



  

   

79 

 

Table 4-2. Adsorption isotherm parameters based on the Langmuir equation for bare 

graphene and the G/TiO2 composites. 

Sample Surface area (m2 g-1) 

Bare graphene 62 

G/TiO2 400°C  51 

G/TiO2 500°C  32 

 

 

4.4.4 Stability of the adsorbent materials 

The stability of the adsorbents was investigated through their electrochemical oxidation. 

After the electrochemical oxidation, the resultant material was washed using 150 mL of deionized 

water followed by filtration. COD analysis of the filtrate is shown in Table 4-3 for bare graphene, 

and G/ TiO2 (6 wt%) adsorbents. The COD of the rinse water for the fresh material (graphene and 

G/TiO2 nanocomposites) was around 1 mg L-1. After electrochemical treatment, the COD of the 

rinse water from the bare graphene increased to more than 20 mg L-1. In contrast, the COD of the 

rinse water from the electrochemically treated G/TiO2 nanocomposites increased only slightly 

compared to the rinse water from the fresh material. These results suggest that the bare graphene 

suffered from more corrosion, assuming that the increased COD detected in the rinse water was 

associated with corrosion products. For the G/TiO2 nanocomposites the small increase in COD 

after electrochemical regeneration suggests that the corrosion rates were significantly lower. 

Several electrochemical oxidation experiments were carried out with different loading of TiO2, 

and the COD of the filtered rinse water was measured. The COD of the filtrate decreased with 
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increasing loading of TiO2 up to 6 wt%. For TiO2 loadings above 6 wt% the COD did not show 

any significant change, and thus this loading of TiO2 was used throughout this study.  

A number of electrochemical oxidation experiments were conducted with G/ TiO2 

nanocomposites calcined at different temperatures i.e 300°C, 400°C and 500°C . The COD of the 

filtered rinse water was measured. The COD of the G/ TiO2 300°C  filtrate didnôt show a significant 

change, However the COD of the G/ TiO2 400°C and 500°C filtrates decreased significantly. 

Therefore, G/ TiO2 400°C and 500°C were chosen to be applied in adsorption and electrochemical 

regeneration.  

 

TEM images are consistent with the COD data. TEM images of bare graphene after the 

electrochemical treatment (Figure 4-4a) show that the morphology of the graphene changes 

significantly after electrochemical regeneration compared to the as received graphene (Figure 

4-2c), with ragged edges and pores or holes through the graphene. For the G/TiO2 composites, 

there was no detectable change in the morphology observed by TEM after electrochemical 

treatment (Figure 4-4b). The clean edges of the graphene are unaltered, and there is little evidence 

of the corrosion observed for the bare graphene. Almost no holes or pores were observed, and the 

few which can be seen may have existed before oxidation. The TEM images combined with the 

COD data provide strong evidence that by depositing TiO2 nanoparticles on the graphene, the 

surface of the graphene is somehow protected from electrochemical oxidation. The same 

anticorrosive behavior has been observed for stainless steel and graphite coated with TiO2 by Lin 

(Lin et al. 2013a) and Guo (Guo et al. 2015), consistent with our results. 
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Table 4-3. COD of filtered rinse water for adsorbents before and after electrochemical 

oxidation. 

Adsorbent 

Before 

electrochemical 

treatment 

COD (mg L-1) 

After 

electrochemical 

treatment 

COD (mg L-1) 

Bare graphene 1 22 

G/TiO2 500°C 

6 wt% TiO2 

1.2 2.5 

G/TiO2 400°C 

6 wt% TiO2 

1.1 5.5 

 

 

  

(a) (b) 
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Figure 4-4. TEM image of (a) bare graphene surface after electrochemical oxidation, (b) 

G/TiO2 400°C nanocomposite (6 wt% TiO2) surface after electrochemical oxidation 

 

 

4.4.5  Regeneration 

 

The effect of the electrochemical treatment time on regeneration efficiency is presented in 

Figure 4-5 for bare graphene, G/TiO2 400°C and G/TiO2 500°C nanocomposites. For all 

adsorbents, the regeneration efficiency was found to increase to 100% regeneration or greater with 

increasing the regeneration time. For the bare graphene, the regeneration efficiency increased 

steadily with regeneration time up to around 12 minutes, and then more rapidly to greater than 

100% RE. A possible explanation for this observation is that initially most of the increase in 

regeneration efficiency is associated with the oxidation of the MB adsorbate, but as the proportion 

of the surface loaded with MB decreases, corrosion of the graphene accelerates.  Corrosion of the 

graphene will lead to an increase in surface area, thus increasing the regeneration efficiency by 

creating new adsorption sites. Similar behavior has been seen observed in our previous study 

(chapter 3) of the electrochemical regeneration of reduced graphene oxide / iron oxide composite 

adsorbents (Sharif et al. 2017). 

For the G/TiO2 nanocomposites electrochemical regeneration the rapid increase in 

regeneration efficiency above 100% was not observed, presumably due to the stability of the 

nanocomposites. In addition to having the lowest adsorptive capacity, the G/TiO2 500°C 

nanocomposite also requires a longer regeneration time to achieve a regeneration efficiency of 

100%. This may be due to the higher content of rutile phase TiO2 and hence lower catalytic activity 
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of the nanocomposite annealed at 500°C (see Supporting Information Figure A.4-11). In 

contrast, the G/TiO2 400°C nanocomposite showed more rapid regeneration, with more than 80 

% of the nanocompositeôs adsorptive capacity restored after only 3 minutes and complete 

regeneration obtained after around 7 minutes. These results suggest that the higher proportion of 

anatase phase TiO2 in the nanoparticles catalyzes the oxidation of MB, possibly through the 

generation of hydroxyl radicals, so that a higher proportion of the current is used for the 

degradation rate of MB (Kusmierek and Chrzescijanska 2015). 

 

 

Figure 4-5. Effect of regeneration time on regeneration efficiency of MB on G/TiO2 

nanocomposites (6 wt % TiO2) by applying the current density of 10 mA cm-2 
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4.4.6 Adsorption/regeneration cycles 

The feasibility of the adsorption and electrochemical regeneration process, and the stability 

of the adsorbent material, can be evaluated by carrying out successive adsorption and regeneration 

cycles. The performance of the bare graphene and nanocomposite adsorbents was determined over 

five successive adsorption and electrochemical regeneration cycles, as shown in Figure 4-6. The 

regeneration time for each adsorbent was based on the time required to achieve 100 % 

regeneration, using the data shown in Figure 4-6. The regeneration efficiency for the bare graphene 

increased to around 150% after the second cycle. This suggests that the number of adsorption sites 

was increased by the electrochemical regeneration, presumably due to the corrosion of the 

graphene. The adsorptive capacity and regeneration efficiency remain approximately constant for 

the subsequent cycles (three to five), possibly due to the loss of adsorbent mass. Table 4-4 shows 

the mass of adsorbent recovered after each cycle for all three adsorbents. For the bare graphene 

there is a significant loss of adsorbent, amounting to around 30% of the initial mass lost after  5 

cycles. The volume of solution used for the adsorption cycles was adjusted to maintain a constant 

adsorbent dose in all cycles. For the G/TiO2 nanocomposite adsorbents, the mass loss was much 

lower, corresponding to around 8% of the initial mass after 5 cycles. For the bare graphene, the 

additional loss was presumably due to corrosion, while for the G/TiO2 composite adsorbents the 

mass loss was attributed to physical losses as it is difficult to recover all of the adsorbent after 

filtration. A control experiment was carried out to estimate the physical losses from the filtration 
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process, and these were found to be around 9±1%, confirming that there was no significant mass 

loss due to corrosion for the G/TiO2 composites. 

The regeneration efficiency of the G/TiO2 nanocomposites does not show a significant 

change throughout the five consecutive cycles of adsorption and regeneration, remaining at around 

100%. These results indicate that the G/TiO2 nanocomposites are relatively stable under 

electrochemical regeneration. 

 

 

 

Table 4-4. Mass of the adsorbent recovered after multiple cycles of adsorption and 

regeneration. 

               Cycle 

Adsorbent 

First Second Third Fourth Fifth 

Bare Graphene 0.94 0.88 0.81 0.76 0.70 

G/TiO2 400°C  0.99 0.97 0.96 0.94 0.93 

G/TiO2 500°C  0.98 0.97 0.95 0.93 0.92 
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Figure 4-6. Regeneration efficiency for a series of adsorption and electrochemical 

regeneration cycles for MB adsorption on bare graphene, G/TiO2 400°C and G/TiO2 500°C 

nanocomposites (both 6 wt% TiO2). Adsorption was carried out under conditions that give close 

to the maximum loading of MB on the adsorbent. Regeneration of the bare graphene, , G/TiO2 

400°C and G/TiO2 500°C adsorbents were carried out for 14, 7, and 20 min respectively at a current 

density of 10 mA cmῐ2. 

 

The amount of charge required for 100% regeneration efficiency, normalized by the mass of 

adsorbent or MB, can be used to compare the energy consumption for the regeneration of the 

adsorbents. In other words, a lower charge passed per unit mass indicates lower energy 

requirement for regeneration or contaminant removal and oxidation, since the cell voltage was 

about the same (around 3 V) in all cases. Table 4-5 shows a comparison of the Graphene, G/ TiO2 

400°C and G/ TiO2 500°C nanocomposites in terms of the specific charge required for complete 

regeneration, based on the mass of MB. By considering the MB loading on the adsorbents and the 

required time for complete regeneration, the amount of the charged passed for the G/TiO2 500°C 

nanocomposite is 4.3 times higher than the bare graphene and the charged passed for the G/TiO2 
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400°C nanocomposite is almost half of the bare graphene. This demonstrates the low 

electrocatalytic activity of the G/TiO2 500°C nanocomposite relative to that of the G/TiO2 400°C. 

The high electrocatalytic activity of the G/TiO2 400°C nanocomposite leads to much lower energy 

required to achieve complete regeneration compared to bare graphene.  

 

Table 4-5. Specific charge required for 100% regeneration efficiency for graphene, G/TiO2 

400°C and G/TiO2 500°C (both 6 wt% TiO2) adsorbents loaded with MB, for regeneration at 10 

mA cm-2. 
 

Graphene 

G/ TiO2 

400°C  

G/ TiO2 

500°C  

Regeneration time (min) 14 7 20 

Adsorptive capacity for MB 

(mg g-1) 

24 22 8 

Charge passed per g of 

adsorbent (C gῐ1) 

924 462 1320 

Charge passed per mg MB (C 

mg-1) 

38.5 21.0 165 

 

 

4.4.7 Cyclic voltammetry for adsorbents loaded with MB 

To study the electrocatalytic activity of the nanocomposites, cyclic voltammetry studies were 

carried out. Cyclic voltammograms were obtained for the bare graphene, MB adsorbed bare 

graphene, G/TiO2 400°C, G/TiO2 400°C loaded with MB, and G/TiO2 500°C loaded with MB, and 
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the obtained results are depicted in Figure 4-7. Compared to the blank samples (bare graphene and 

G/ TiO2 400°C), a pair of poorly defined redox peaks can be observed for the bare graphene loaded 

with MB at a potential of around -0.35 V versus Ag/AgCl. The peak currents for the G/TiO2 

nanocomposites were different to those on bare graphene, which can be explained through the 

difference in the electrocatalytic activity of the TiO2 annealed at different temperatures. For the 

MB loaded G/TiO2 500°C nanocomposite, containing a higher proportion of the less 

active(Fuentes et al. 2008, García et al. 2007) rutile phase TiO2, the peak currents was around half 

of that for the MB loaded bare graphene. In contrast, the magnitude of the well-defined redox peak 

currents for MB loaded G/TiO2 400°C (with a higher proportion of the more active anatase phase 

of TiO2) was three times larger than for the MB loaded bare graphene, due to the high catalytic 

activity of the anatase phase TiO2.  

  

 



  

   

89 

 

 

Figure 4-7. Cyclic voltammetry of bare graphene, bare graphene loaded with MB, G/TiO2 

400°C , G/TiO2 400°C loaded with MB and G/TiO2 500°C loaded with MB. The TiO2 loading on 

the nanocomposites was 6 wt% at scan rate of 5 mV S-1. 

 

4.4.8 Linear sweep voltammetry 

The onset potential for oxygen evolution is a significant criterion in evaluating active and 

inactive electrodes. Figure 4-8 shows the linear sweep voltammetry behavior obtained for bare 

graphene and the G/TiO2 nanocomposites in 0.1 M Na2SO4.The oxygen evolution potential (vôs. 

Ag/AgCl) was estimated using extrapolations of the linear portion of the current-potential curves 

(dotted lines) to 0 A. The onset potential for oxygen evolution was estimated to be 1.65, 1.76 and 

1.78 V for bare graphene, G/TiO2 400°C, G/TiO2 500°C (both 6 wt% TiO2), respectively. Similar 

results have been reported by Zhao et al. (Zhao et al. 2009) and Wang et al. (Wang et al. 2013), 



  

   

90 

 

who found that TiO2 increased the onset potential for oxygen evolution in TiO2-SnO2 composites. 

A high onset potential for oxygen evolution can promote the oxidation efficiency of organic 

contaminants (Xie et al. 2017) 

 

Figure 4-8. Linear sweep voltammograms of (a) bare graphene, (b) G/TiO2 400°C, and (c) 

G/TiO2 500°C. The loading of TiO2 was 6 wt %. Experiments were carried out using 1 mol L-1 

sodium sulfate at a scan rate of 100 mV S-1. 
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4.5 Conclusion 

G/TiO2 nanocomposites were successfully prepared using the sol-gel method and utilized in 

an adsorption and electrochemical regeneration process. The nanocomposites had a lower 

adsorptive capacity than bare graphene. When annealed at 500°C, the adsorption capacity 

decreased significantly, probably due to the loss of the amorphous carbon during the annealing. 

TEM, analysis of the COD of rinse waters for electrochemically treated adsorbent, regeneration 

efficiency data consistently showed that the bare graphene was rapidly corroded during 

electrochemical oxidation, while almost no corrosion was evident in the case of the G/TiO2 

nanocomposites.  

In addition to corrosion resistance, it was found that the G/TiO2 400°C showed a high 

electrocatalytic activity for oxidation of the MB. Complete regeneration of 22 mg gῐ1 adsorbed MB 

on the G/TiO2 400°C nanocomposite was achieved by passing 10 mA cm-2 for 7 min which was 

much faster in comparison with the bare graphene. From cyclic voltammetry, while the G/TiO2 

500°C nanocomposite was less catalytically active than bare graphene, the G/TiO2 400°C 

nanocomposite demonstrated excellent electrocatalytic activity. It can be inferred that the addition 

of nanoparticles of anatase TiO2 increases the overpotential for graphene oxidation and oxygen 

evolution, catalyses the direct oxidation of MB, and perhaps also the generation of hydroxyl 

radicals, leading to rapid regeneration by oxidation of MB adsorbed on the surface of the graphene. 

The more rapid regeneration can be attributed to the electrocatlytic activity of the TiO2 

nanoparticles, particularly for the material annealed at 400°C which contained a higher proportion 

of anatase phase TiO2. Further work is needed to investigate the detailed mechanism for MB 

oxidation on G/ TiO2 nanocomposites. 
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The stability of the G/TiO2 nanocomposite was investigated through successive cycles of 

adsorption and regeneration, demonstrating that the G/TiO2 nanocomposites were more stable than 

the bare graphene, maintaining their performance through five cycles of adsorption and 

regeneration. The stability of the composites is more difficult to explain than the rapid 

regeneration. It is not clear why the TiO2 should protect the graphene from oxidation after the 

adsorbed MB has been oxidized on the graphene surface. Further work is thus needed to determine 

the mechanism of graphene oxidation in the presence and absence of TiO2 nanoparticles. 
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4.7 Supporting information  

for 

Anodic Electrochemical Regeneration of a Graphene / Titanium Oxide Composite 

Adsorbent Loaded with an Organic Contaminant 

 

Farbod Sharif1, Edward P. L. Roberts1* 

1 University of Calgary, Department of Chemical and Petroleum Engineering, 2500 

University Drive NW, Calgary, AB T2N 1N4, Canada 

 

4.7.1 DLS measurement  

The size of Titanium oxide particles in the prepared-sol was measured using dynamic light 

scattering (DLS), as shown in Figure A.4-9. The number average size of the particles was 6 nm 

which is in good agreement with the TEM results.  

 

Figure A.4-9. DLS measurement of TiO2 nanoparticles in the sol. 
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4.7.2 TGA 

Figure A.4-10 shows thermogravimetric (TGA) curves for the bare graphene, TiO2/ 

graphene 400°C  and TiO2/ graphene 500°C . Studies have shown that the first peak around 400°C 

in the derivative curve of the TGA trace represents the oxidation of amorphous carbon and that the 

combustion of graphene is represented by the peak around 600 °C. The results show that bare 

graphene contains 20 % amorphous carbon and 80% graphitic carbon. Because of treatment at 

400°C, the TiO2 /graphene 400°C  sample lost a portion of its amorphous carbon, retaining just 

5%. The heat treatment at 500°C of TiO2/ graphene 500°C caused the total removal of amorphous 

carbon.   

 

Figure A.4-10. TGA plots of bare graphene, G/TiO2 400°C  and G/TiO2 500°C . 
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4.7.3 XRD 

In order to investigate the crystalline structure of the nanocomposite, a powder X-ray 

diffraction (PXRD) instrument (Bruker D8 powder X-ray diffractometer, operating at Cu KŬ 

radiation, 2ɗ = 10°ï80°; scan rate of 0.02o and a counting time of 6 s per scan) was used. Figure 

A.4-11 shows the x-ray diffraction (XRD) pattern of TiO2 powder, consisting of both anatase and 

rutile phases, treated at 400°C and 500°C.  (101), (004), (200). (211) and (204) crystal surface 

diffraction peaks corresponding to 25.5, 37.8, 48, 55.1 and 62.8 degrees are assigned to anatase 

respectively, and the other characteristic diffraction peaks of (110), (101), (111), (210), (211), 

(220), (002) and (310) corresponding to 27.35, 36.1, 41.25, 44, 54.3, 56.4, 62.7 and 64.08 are 

assigned to rutile phase. Heat treatment affects the crystal structure of the titanium oxide. 

Integration of the peak area at 25.8 degrees (anatase) and at 27.5 degrees (rutile) yields the ratio 

of the crystallographic phases. Figure A.4-11 shows that the amount of rutile phase increases with 

higher annealing temperatures from 400 to 500°C As calculated by the integration method, the 

rutile phase percentage increases from around 7 % to 40 % as the annealing temperature increases 

from 400°C  to 500°C.  
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Figure A.4-11. The XRD patterns of TiO2 400°C and TiO2 500°C 
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5.1 Abstract 

 

Electrochemical regeneration has been suggested for the degradation of organic 

contaminants loaded on an adsorbent. However, the process suffers from low regeneration 

efficiency due to side reactions like oxygen evolution, as well as oxidation of the adsorbent. We 

have previously reported the synthesis of conductive adsorbents, including graphene / magnetite 

and graphene / TiO2 which suffer from either low regeneration efficiency or low adsorptive 

capacity. In order to overcome these drawbacks, in this study other electrically conducting 

nanocomposites such as graphene / SnO2 (G/SnO2) and graphene / Sb- SnO2 (G/Sb-SnO2) were 

successfully synthesized and characterized using nitrogen adsorption, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), and Raman spectroscopy. 

mailto:edward.roberts@ucalgary.ca
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Thereafter, the adsorption and electrochemical regeneration performance of the nanocomposites 

were tested, using Methylene blue (MB) as a model contaminant. Compared to bare graphene, the 

adsorption capacity of the new composites was Ó40% higher, with similar isotherm behavior. 

The adsorption capacity of G/SnO2 and G/Sb-SnO2 were effectively regenerated in both 

NaCl and Na2SO4 electrolytes, requiring as little charge as 21 C mg-1 of adsorbate for complete 

regeneration, compared to >35 C mg-1 for bare graphene. Consecutive loading and anodic 

electrochemical regeneration cycles of the nanocomposites were carried out in both NaCl and 

Na2SO4 electrolytes without loss of the nanocomposite, attaining high regeneration efficiencies 

(ca. 100%).   

 

 

5.2 Introduction  

 

Adsorption is a promising method for the removal of soluble and insoluble organics form 

wastewater effluents due to ease of operation, a wide range of applications, and a high level of 

purity of the treated water (Ali 2014). However, handling of the loaded adsorbent is a challenge 

because of disposal limitations, such as toxicity, and the high cost of replacement adsorbent (Lin 

and Cheng 2002, Namasivayam and Sangeetha 2006).  Electrochemical regeneration has shown 

potential for effectively recovering the adsorptive capacity of the loaded adsorbents (Asghar et al. 

2013a, Asghar et al. 2014b, Berenguer et al. 2010, Wang and Balasubramanian 2009).  

Early studies of electrochemical regeneration with an activated carbon adsorbent showed 

that although it has a high adsorptive capacity, it requires long regeneration times, resulting in high 



  

   

100 

 

energy consumption. This is mainly due to the porous surface and low conductivity of the activated 

carbon (GARCÍA-OTÓN et al. 2005, Han et al. 2008, Narbaitz and Cen 1994). Brown et al. 

(Brown and Roberts 2007, Brown et al. 2004a, Brown et al. 2004b) studied an alternative material, 

graphite intercalation compound (GIC), which is non-porous and has high electrical conductivity. 

This material demonstrated high regeneration efficiency but low adsorptive capacity. In chapter 3 

(Sharif et al. 2017), reduced graphene oxide (rGO) / magnetite was chosen as an adsorbent since 

it has a non-porous surface, high surface area and high electrical conductivity. The findings 

revealed that rGO / magnetite has satisfactory adsorptive capacity which can be completely 

regenerated. However, the electrochemical regeneration process caused oxidation and corrosion 

of the adsorbent. Similar adsorbent oxidation was also seen by Nkrumah-Amoako et al. (Nkrumah-

Amoako et al. 2014) for a GIC adsorbent. Graphitic materials display behaviors of both active and 

inactive electrodes but the dominant mechanism for organic oxidation is believed to be direct 

electron transfer. (Rueffer et al. 2011). This is likely the main reason for oxidation of the graphene 

as well. 

It is essential to tackle the problem of adsorbent oxidation and this can be done by changing 

the dominant mechanism from direct electron transfer to mediated degradation using electro-

generated hydroxyl radicals. One approach would be to coat the surface of the carbon materials, 

i.e. graphene, with materials which behave as inactive anodes such as boron doped diamond 

(BDD), SnO2, Sb-SnO2, or PbO2.  Due to the high overpotential of the inactive materials for 

oxygen evolution, they are considered good candidates for organic oxidation by means of reactive 

oxygen species such as hydroxyl radicals. Extensive research has been conducted on inactive 

materials to increase the rate of reactive oxygen species production. Ozone production on Sb-

SnO2/Ti, hydroxyl radical generation on fluoride doped lead oxide, hydrogen peroxide generation 
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on niobium lead oxide, and hydroxyl radical generation on BDD and TiO2/Ti are several good 

examples (Guo et al. 2015, Jasmann et al. 2016, Li et al. 2016, Ntsendwana et al. 2013, Peleyeju 

et al. 2016, Wang et al. 2008b, Yang and Hoffmann 2016). These materials increase the oxygen 

evolution overpotential, minimizing this side reaction, thus increasing the current efficiency for 

organic oxidation (Cui et al. 2009, Li et al. 2016, Xie et al. 2017). Owing to its large band gap of 

5.45 eV, BDD is the best inactive, corrosion-resistant material (Beck et al. 2000); however, due to 

their high cost, BDD cannot be effectively used for adsorption and electrochemical regeneration. 

PbO2 also has a high overpotential for oxygen evolution (Song et al. 2010) as well as a much lower 

cost than BDD, but leaching of lead from the PbO2 into the solution can contaminate the treated 

water (Siedlecka et al. 2013).   

In the current study, graphene/SnO2 (G/SnO2) and graphene/Sb-SnO2 (G/Sb-SnO2) 

nanocomposites were prepared, characterized, and utilized in an adsorption and electrochemical 

regeneration process. Our previous study on electrochemical regeneration of graphene TiO2 

adsorbents materials revealed that the addition of the TiO2 nanoparticles to the surface of the 

graphene increases catalytic activity, reducing the required time for complete regeneration and 

also protects the graphene surface from corrosion (Sharif and Roberts 2017). However, the 

prepared adsorbents did not demonstrate good adsorptive capacity due to calcination. 

The goal of the present study was to prepare new materials with higher adsorptive capacity 

and comparable catalytic activity to the graphene / TiO2 nanocomposite which can be applied in 

successive adsorption electrochemical regeneration process.  In addition to the methylene blue 

(MB) adsorption and electrochemical regeneration behavior of these adsorbents, their 

electrochemical properties were also investigated. The effect of the nanomaterial loading on the 
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nanocomposites and the electrolyte types on the electrochemical regeneration, and the durability 

of the new materials was also assessed.  

 

 

5.3 Experimental 

The methods for preparation and characterisation (by TEM, SEM, Raman and BET) of 

G/SnO2 and G/ Sb-SnO2 were described in sections 2.1 and 2.2. The methodology for studying the 

adsorptionand and electrochemical regeneration of G/SnO2 and G/ Sb-SnO2 described in section 

2.3 was used. The electrochemical characteristics of the G/ SnO2 nanocomposites were studied by 

cyclic voltammetry and linear sweep voltammetry, as described in section 2.5.  

 

5.4 Result and discussion  

 

5.4.1 Raman spectra  

 

The surface chemical composition of the graphene and composite samples was characterized 

by Raman spectroscopy, as shown in Figure 5-1. The peaks observed at 1358 and 1580 cm-1 can 

be attributed to the D band and G band of the graphene respectively (Zhao et al. 2012). The peak 

at a Raman shift of 572 cm-1 can be assigned to the cassiterite SnO2 nanoparticles; this peak is only 

present for nanometer scale SnO2 particles (Camacho-López et al. 2013, Zuo et al. 1994). The four 

broad Raman peaks at 458, 566, 720 and 632 cm-1 can be attributed to SnO2 nanoparticles doped 
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with antimony. The first 3 peaks are the surface vibration modes (Xu et al. 2013)  and last one is 

the vibration in the plane perpendicular to the c-axis (Bonu et al. 2015). Thus the Raman spectra 

confirm that the presence of SnO2 and Sb- SnO2 on the nanocomposite materials. 

 

 

 

Figure 5-1. Raman spectra of Bare graphene, SnO2, Sb-SnO2, G/SnO2 and G/Sb-SnO2 

nanocomposites 

 

 

5.4.2 SEM and TEM 

The morphology of the G/SnO2 and G/Sb-SnO2 nanocomposites were observed using TEM 

and SEM (Figure 5-2 and Figure 5-3). A comparison between the SEM image of bare graphene, 
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G/SnO2 and G/Sb-SnO2 reveals that SnO2 nanoparticles have adhered to the surface of the 

graphene, however, due to the SEM limitations it is not possible to make more quantitative 

comments on the nanoparticle distribution. The TEM images, Figure 5-3 (b) and (d), show that the 

average size of SnO2 and Sb-SnO2 nanoparticles is around 5 and 30 nm respectively. It can also 

be inferred that the nanoparticles have not been distributed uniformly on the surface; due to van 

der Waals forces they tend to aggregate (Velmurugan et al. 2016). 

 

 

 

(a) (b) 
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Figure 5-2. SEM images of the (a) G/SnO2 nanocomposite (b) G/Sb-SnO2 nanocomposite 

(C) bare graphene 

 

 

 

(c) 

(a) (b) 
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Figure 5-3. (a) Low magnification TEM image of the G/SnO2 nanocomposite (b) High- 

magnification TEM image of the G/SnO2 nanocomposite. (C) Low magnification TEM image of 

the G/Sb-SnO2 nanocomposite (d) High- magnification TEM image of the G/Sb-SnO2 

nanocomposite. 

 

 

5.4.3 Adsorption study  

Adsorption isotherm studies were carried out to find the adsorptive capacity of the prepared 

samples and to determine the adsorption range which will be used for adsorbent regeneration 

studies. The results obtained have been depicted in Figure 5-4. Table 5-1 shows the calculated 

surface area for each sample using BET method. It can be seen that G/SnO2 and G/Sb-SnO2 have 

higher adsorptive capacity than the bare graphene. As the surface area of the graphene and 

composite materials are all similar, we can conclude that the surface area is not responsible for 

higher uptake capacity of the composite adsorbents.  The difference in the adsorptive capacity can 

be either due to contribution of the metal oxide in adsorption or the better dispersion of the 

nanocomposite in the water.  

(c) (d) 
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The Langmuir and Freundlich adsorption isotherm models were fitted to the experimental 

data for MB adsorption on bare graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and G/Sb-SnO2 

13. The Langmuir and Freundlich isotherms were used to evaluate the equilibrium conditions and 

they can be expressed by the mathematical equations [5-1] & [5-2]  respectively.  

Langmuir isotherm                                                                               [5-1]
1

l e
e

e

K bC
q

bC
=
+

  

Freundlich isotherm:                                                                     [5-2]n

e f eq K C=  

where qe is the loading of adsorbate on the adsorbent in equilibrium with a solution 

concentration of Ce, KL and b are the Langmuir isotherm constants, and KF and n are the Freundlich 

isotherm constants.  

Table 5-2 to Table 5-4 show the isotherm constants and the determination coefficient (R2) 

obtained by nonlinear regression for each adsorbent. By comparing the value of R2 for each 

adsorbent, it can be observed that Langmuir isotherm provides a better fit to the experimental data 

than the Freundlich isotherm model. Separation factor (RL) (Hameed and Rahman 2008) (equation 

3) and the magnitude of n (de la Luz-Asunción et al. 2015) are important parameters in the 

Langmuir and Freundlich isotherm as they can indicate whether the adsorption is favorable or not. 

area value of RL or n of less than one indicates favorable adsorption.  

0

1
                                                                           [5-3]

1
LR

bC
=
+

   

It can be seen from the RL values in Table 5-3 that the adsorption process of MB on graphene 

nanocomposites is favorable at all concentrations particularly at low concentrations. The values of 

n obtained for the Freundlich isotherm are consistent with the with RL values. 
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The surface area of the nanocomposite can be estimated using MB. As the adsorption of MB 

on the nanocomposites follows the  langmuir isotherm, it can be concluded that a monolayer of 

MB has been adsorbed on the surafce. It has been reported that one molecule of MB can occupy 

130 A 2 on the surface of the adsrobent (Calcaterra and Parise 2010, Lau and Chen 1978). Table 

5-1 shows the surface area for each adsorbent. It can be seen surface area calculated using BET 

and MB are more or less the same.  

 

Figure 5-4. Equilibrium adsorption of MB on bare graphene, G/SnO2 7, G/SnO2 13, G/Sb-

SnO2 7, and G/Sb-SnO2 13 

Table 5-1. Specific surface area of the graphene loaded with metal oxide 

sample Bare graphene G/ SnO2 7 G/ SnO2 13 G/ Sb-SnO2 7 G/ Sb-SnO2 13 

Surface area (BET) (m2 g-1) 70 84 89 72 69 

Surface area (MB) (m2 g-1) 62 88 98 85 85 
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Table 5-2. Langmuir constants for adsorption of MB on Bare graphene, G/SnO2 7, G/SnO2 

13, G/Sb-SnO2 7, and G/Sb-SnO2 13 

 Langmuir parameters: 
1

e
e

e

KbC
q

bC
=
+

(1) 

Sample 

Maximum 

adsorption (mg g-1) 

K b R2 0

1

1
LR

bC
=
+

(3) 

Bare graphene 25 24.3 2.28 0.92 0.017 

G/ SnO2 7 36 34.53 11.92 0.97 0.003 

G/ SnO2 13 40 37.02 8.16 0.94 0.005 

G/ Sb-SnO2 7 35 33.82 8.87 0.97 0.005 

G/ Sb-SnO2 13 35 33.47 5.19 0.94 0.008 

 

Table 5-3. Dimensionless Langmuir constants (RL) for adsorption of MB on Bare graphene 

at low and high concentrations for different adsorbent 

 
0

1

1
LR

bC
=
+

 (3) 

 Initial                                    

concentration 

 

Samples  

10 50 

Bare graphene 0.04 0.009 
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G/ SnO2 7 0.008 0.002 

G/ SnO2 13 0.012 0.002 

G/ Sb-SnO2 7 0.011 0.002 

G/ Sb-SnO2 13 0.019 0.004 

 

Table 5-4. Freundlich constants for adsorption of MB on Bare graphene, G/SnO2 7, G/SnO2 

13, G/Sb-SnO2 7, and G/Sb-SnO2 13 

 Freundlich parameters: 
n

e eq KC=  (2) 

Sample Maximum adsorption (mg g-1) K n R2 

Bare graphene 25 14.90 0.17 0.92 

G/SnO2 7 36 26.44 0.09 0.83 

G/ SnO2 13 40 26.63 0.12 0.89 

G/Sb-SnO2 7 35 25.01 0.11 0.88 

G/ Sb-SnO2 13 35 23.39 0.13 0.91 

 

5.4.4 Electrochemical regeneration 

Figure 5-5 and Figure 5-6 demonstrate the evolution of the regeneration efficiency with the 

charge passed through the electrolytic cell using in NaCl and Na2SO4 electrolytes. For all of the 

adsorbents in both electrolytes, the regeneration efficiency shows a steep increase as the charge 

was increased from 0 to 1000 C g-1, and then it slowly increases until it reaches complete 

regeneration. The findings reveal that the adsorptive capacity of all of the adsorbents can be 

completely restored.  
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In previous studies it has been reported that the utilization of NaCl instead of Na2SO4 as the 

electrolyte in the regeneration cell leads to higher regeneration efficiency (Narbaitz and Cen 1994, 

Zhang 2002). However, the results of this study suggest that the choice of electrolyte has minimal 

impact on the regeneration efficiency. Moreover, with sodium sulfate as the electrolyte, if more 

charge is passed through the cell after complete regeneration of the spent adsorbents, the adsorptive 

capacity increases less compared to regeneration with a sodium chloride electrolyte. Previous 

studies have indicated that electrochemical regeneration efficiencies of greater than 100% are 

associated with oxidation of graphite adsorbent surfaces (Brown et al. 2004a, Nkrumah-Amoako 

et al. 2014). Thus the previous studies suggest that with sodium sulfate less oxidation of the 

adsorbentôs surface occurs, allowing it to remain almost intact. A secondary benefit of using the 

sodium sulfate electrolyte is that it can hinder the formation of toxic chlorinated hydrocarbons 

(Brown et al. 2004b). 

Previous work has shown that complete regeneration of graphene TiO2 nanocomposite 

loaded with MB dye could be achieved by passing a charge of 21 C mg-1 through the cell (Sharif 

and Roberts 2017). The two main problems associated with this nanocomposite compared to bare 

graphene were lower adsorptive capacity and a higher cell voltage required for electrochemical 

regeneration. As explained previously, G/SnO2 and G/Sb-SnO2 showed higher adsorptive capacity 

compared to bare graphene.  

Table 5-5 shows the specific charge required for complete regeneration of the loaded 

adsorbents. The prepared nanocomposites had a required charge for complete oxidation as low as 

21 C mg-1 for G/SnO2 using NaCl as an electrolyte and for G/Sb-SnO2 using Na2SO4 as an 

electrolyte which is comparable to the graphene TiO2 nanocomposite results previously reported. 

Energy consumption for 100% regeneration of the loaded adsorbents is calculated by multiplying 
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the required charge by the cell voltage. As shown in Table 5-5, the G/SnO2 and G/Sb-SnO2 

nanocomposites demonstrate lower charge requirements for complete regeneration than bare 

graphene using NaCl or Na2SO4 as the electrolyte, with similar cell voltages (å2.6 V). Thus the 

G/SnO2 and G/Sb-SnO2 adsorbents require less energy for complete regeneration. These results 

confirm the higher electrocatalytic activity of the G/SnO2 and G/Sb-SnO2 nanocomposites for 

regeneration compared to bare graphene.   
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Figure 5-5. Effect of charge passed on regeneration efficiency for MB adsorption by bare 

graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and G/Sb-SnO2 13 (current density of 10 mA cm-

2, NaCl electrolyte) 

 

 

 

Figure 5-6. Effect of charge passed on regeneration efficiency of MB adsorption on bare 

graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and G/Sb-SnO2 13 (current density of 10 mA cm-

2, Na2SO4 electrolyte) 
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Table 5-5. Specific charge required for 100% regeneration efficiency of bare graphene, 

G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and G/Sb-SnO2 13 adsorbents loaded with MB, 

(regeneration at 10 mA cm-2) 

Charge passed mg-1 

(C mg-1) 

Bare 

Graphene 

G/ SnO2 7 G/ SnO2 13 G/ Sb- SnO2 7 G/ Sb- SnO213 

NaCl 39 21 21 27 27 

Na2SO4 35 23 23 21 21 

Cell Voltage å2.6 å2.6 å2.6 å2.6 å2.6 

 

5.4.5 Adsorption/regeneration cycles 

Multiple loading and electrochemical regeneration cycles were carried out to investigate the 

reusability of the G/SnO2 and G/Sb-SnO2 nanocomposites. The adsorbents were utilized to adsorb 

MB and regenerated for 5 successive cycles using either 2wt. % NaCl or Na2SO4 as electrolytes 

and 10 mA cm-2 current density. For each adsorbent, the required electrochemical treatment time 

for 100% regeneration was estimated based on the data plotted in Figure 5-5 and Figure 5-6. Table 

5-6 shows the mass of adsorbent recovered after each cycle for the five different adsorbent 

materials. For the G/SnO2 and G/Sb-SnO2 nanocomposites, only around 10% of the mass of 

adsorbent was lost over five cycles of adsorption and regeneration. The loss was within 1 to 2 % 

of the loss observed from a control experiment to determine the physical losses associated with 

the recovery of the adsorbent after filtration. In contrast, with the bare graphene adsorbent around 

30% of the mass was lost over the five cycles of adsorption and regeneration, confirming that 

significant corrosive oxidation of the graphene was occurring during regeneration.   
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As shown in Figure 5-7 and Figure 5-8, the electrochemical oxidation resulted in no 

reduction of regeneration efficiency, even after 5 cycles. Figure 5-7 and Figure 5-8 also show the 

change in regeneration efficiency of the bare graphene was much more than the G/SnO2 and G/Sb-

SnO2 nanocomposites. This increase in the regeneration efficiency was due to the oxidation of the 

bare graphene during electrochemical regeneration which leads to the creation of more adsorption 

sites, either by increasing the surface area or the number of functional groups (Asghar et al. 2013b, 

Nkrumah-Amoako et al. 2014). The adsorptive capacity and consequently regeneration efficiency 

of the nanocomposites changed less than for bare graphene which suggests that the addition of the 

SnO2 and Sb-SnO2 is providing some protection of the surface of the graphene from oxidation. By 

comparing Figure 5-7 and Figure 5-8, it is evident that the regeneration efficiency of the adsorbents 

in sodium sulfate increased less than observed with sodium chloride. This result is consistent with 

the charge loading results (Figure 5-5 and Figure 5-6) and confirms that there is a greater tendency 

for surface oxidation of the graphene using NaCl electrolyte.  

A common major problem associated with using NaCl in an electrochemical water treatment 

processes is the formation of chlorinated compounds which may be more toxic than the primary 

pollutants (Radjenovic and Sedlak 2015). Thus, in addition to reduced oxidation of the graphene, 

sodium sulfate can be a lower risk alternative to sodium chloride for regeneration of G/SnO2 and 

G/Sb-SnO2 nanocomposite adsorbents.  

Table 5-6. Mass of the adsorbent recovered after 5 consecutive cycles of adsorption and 

regeneration 

Sample G/SnO2 7 G/SnO2 13 G/Sb-SnO2 7 G/Sb-SnO2 13 Bare graphene 

Mass 0. 91 0.88 0.89 0.90 0.70 
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Figure 5-7. Regeneration efficiency for a series of adsorption and electrochemical 

regeneration cycles of MB adsorption on bare graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and 

G/Sb-SnO2 13 nanocomposites in a NaCl solution. Adsorption was carried out under conditions 

that give close to the maximum loading of MB on the adsorbent. Regeneration of bare graphene, 

G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and G/Sb-SnO2 13 adsorbents were carried out for 14, 10, 

10, 12 and 12 min respectively at a current density of 10 mA cm-2. 
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Figure 5-8. Regeneration efficiency for a series of adsorption and electrochemical 

regeneration cycles of  MB adsorption on bare graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, 

and G/Sb-SnO2 13 nanocomposites in a NaCl solution. Adsorption was carried out under 

conditions that give close to the maximum loading of MB on the adsorbent. Regeneration of the 

bare graphene, G/SnO2 7, G/SnO2 13, G/Sb-SnO2 7, and G/Sb-SnO2 13 adsorbents were carried 

out for 14, 10, 10, 12 and 12 min respectively at a current density of 10 mA cm-2. 
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5.4.6 Electrochemical characterization of the adsorbents 

5.4.6.1 Linear sweep voltammetry 

 

In order to assess the electrochemical characteristics of the nanocomposites, Linear sweep 

voltammetry (LSV) was carried out. Figure 5-9 shows the results for bare graphene, G/SnO2, and 

G/Sb-SnO2 nanocomposites in which the current flow was measured as the applied potential was 

increased. The experiments were performed in 0.1 M Na2SO4 at a scan rate of 100 mVs-1, with 

Ag/AgCl and platinum wire were used as reference and counter electrodes respectively. Onset 

potentials of 1.65, 1.87, 1.87, 1.9, and 1.87 V were measured for bare graphene, G/SnO2 7, G/SnO2 

13, G/Sb-SnO2 7, and G/Sb-SnO2 13 adsorbents respectively for the oxygen evolution reaction. 

The delay in the onset potential indicates the suppression of this side reaction and increasing the 

charge efficiency for generating reactive oxygen species. Such a trend has also been observed by 

different researchers for SnO2 and Sb-SnO2 electrocatalyst materials.  (Li et al. 2016, Wang et al. 

2013, Xie et al. 2017, Zhao et al. 2009).  
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Figure 5-9. Linear sweep voltammograms of (a) bare graphene, (b) G/SnO2 7, (c) G/SnO2 

13, (d) G/Sb-SnO2 7, and (e) G/Sb-SnO2 13. Experiments were conducted using 1 mol L-1 sodium 

sulfate at a scan rate of 100 mV S-1 

 

5.4.6.2 Cyclic voltammetry  

Figure 5-10 shows the cyclic voltageram of the bare garphene, G/SnO2 and G/Sb-SnO2 

nanocomposites in 0.5 mol L-1  Na2SO4 solution contating 25 mg L-1 of MB. The current density 

was normalized by the graphene loading for all of the adsorbents. Unlike the bare graphene, 

G/SnO2  and G/Sb-SnO2 demonstarate a well defined pair of redox peaks for MB oxidation and 

reduction. In addition, the peak separation, ȹEp, was smaller for G/SnO2 and G/Sb-SnO2 

nanocomposites relative to bare graphene, demonstrating that the electron transfer was faster 

for these nanocomposites. It can be seen that the SnO2 and Sb-SnO2 nanoparticles coated graphene 








































































































































