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Abstract 

 

    Aromatic organic contaminants are difficult to biodegrade, and thus effective green technologies 

are required to remove these pollutants from the ecosystem. Tetracycline antibiotic, an organic 

water pollutant, can be degraded by heterogeneous photocatalysis using an appropriate catalyst, 

with capability in converting the visible light energy into active species. The thesis focused on 

silver nanoparticles anchored on silver bromide (Ag/AgBr) as a plasmonic catalyst dispersed on 

activated carbon (ACK), were used as a photocatalyst (AABR-ACK) in tetracycline removal. The 

aim is to develop a catalyst that is active in low intensity visible light, whilst the addition of 

activated carbon will increase the light absorption and separate the charge pairs, after the 

photocatalyst has been excited by the visible light. 

    The activated carbons were derived from pinecone pyrolyzed in a microwave. The pinecone 

mass to potassium hydroxide impregnation ratio and microwave pyrolysis time influenced the 

activated carbon properties. An impregnation ratio of 2.24 and microwave pyrolysis time of 16 

minutes at constant microwave power of 400 W yielded the activated carbon with the best-

developed porous structure and electrochemical properties. This activated carbon was used during 

the optimisation of the Ag/AgBr activated carbon (AABR-ACK) catalysts preparation using a 

thermal polyol precipitation method and response surface methodology. The most active catalyst 

was the AABR-ACK 11 obtained by a preparation temperature of 140 ºC, time (17.50 minutes), 

mass of surfactant and activated carbon (0.26 g and 0.03 g) respectively. This catalyst had an 

ordered nanospheres morphology, reduced electron-hole recombination rate, better 

electrochemical properties and exhibited enhanced activity on the tetracycline antibiotic removal 
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in comparison to other Ag/AgBr activated carbon catalysts. A percentage degradation of 92% was 

obtained in 180 minutes were obtained with the AABR-ACK 11 catalyst.  

    The photocatalyst prepared using the best activated carbon derived from pinecone developed in 

this study was compared to photocatalysts prepared using commercial activated carbon and 

biochar. The Ag/AgBr activated carbon catalysts using pinecone-derived activated carbon 

degraded the tetracycline to 92%, which is significantly higher than the percentage degradations 

(80% and 74%) for the catalyst prepared using commercial activated carbon and biochar catalysts 

respectively.  The higher activity of the Ag/AgBr activated carbon catalysts using pinecone-

derived activated carbon was due to the conductive attributes of the catalyst support for accelerated 

transfer of photo-induced electrons. The Ag/AgBr activated carbon catalysts using pinecone- 

derived activated carbon also exhibited better performance on tetracycline removal when 

compared to photocatalysts reported in literature. 

     Two catalyst preparation methods, thermal polyol and deposition precipitation, were compared. 

The thermal polyol method yielded a more active catalyst for the degradation of the tetracycline 

in comparison to the deposition precipitation method.  

    The degradation reaction conditions such as pH, light intensity and degradation temperature 

influenced the rate of the reaction. The highest rate of degradation was obtained at a pH of seven, 

white light and 40 ºC temperature.  

    The intermediate products formed because of hydroxylation, deamination, demethylation and 

dehydration during the photocatalytic degradation of tetracycline antibiotics were identified using 

liquid chromatography mass spectrometer. Quenching experiments with hydroxyl, hole, and 

superoxide anion species showed that the most important radical responsible for the tetracycline 

degradation was the superoxide anion radical.  



iv 
 

Acknowledgments 

 

    I would like to express my deepest gratitude to my supervisor and co-supervisor Prof. Augustine 

Ofomaja and Dr Elvera Viljoen for their guidance, encouragement, support, and patience during 

the doctorate work at Chemistry Department, Vaal University of Technology.  

     Further, thanks must go to Dr Mena Oseghe, Dr Isiaka Lawal, Dr Samsom Akpotu, Dr 

Chukwunonso Okoli, Dr Martins Omorogie, Dr Paul Diagboya, Dr Peter Ejidike, Dr Bamidele 

Okoli, Dr Reddy Prasad, Dr Adeniyi Osikoya and Dr Omoruyi for their much-appreciated time to 

provide advice, training, and assistance throughout the doctorate programme. I also want to thank 

my incredible research colleagues (Neo, Ouma, Wanda, Attah-Daniel, Benton) in chemistry 

department who gave valuable contributions towards the completion of this thesis.  

     I am thankful to the National Research Foundation of South Africa and Sasol University 

Collaboration Program who has provided full scholarships for the doctorate programme. My 

sincere gratitude goes to my mother, Mrs Sanni for her innumerable sacrifice, prayers, and support 

for her children. Finally, my kindest regards and thanks would go to all of my family: my father, 

my wonderful sisters, brother and friends here in South Africa. Their interest and support have 

been of great comfort to me. 

  



v 
 

Publications and Presentations 

Publications 

Sanni S.O., Viljoen, E.L, Ofomaja A.E, Design of Ordered Ag/AgBr Nanostructures Coupled 

Activated Carbon with Enhanced Charge Carriers Separation Efficiency for Photodegradation of 

Tetracycline under Visible Light, Journal of Molecular Liquids, 2019, 112032. 

Sanni S.O., Viljoen, E.L, Ofomaja A.E, Accelerated Electron Transport and Improved 

Photocatalytic Activity of Ag/AgBr Under Visible Light Irradiation Based on Conductive Carbon 

Derived Biomass, Catalysis Letters, 149 3027-3040, 2019. 

Sanni S.O., Viljoen, E.L, Ofomaja A.E, Controlled Microstructure of Ag/AgBr-AC Synergistic 

Enhancement on Photocatalytic Degradation of Tetracycline: A Synthesis Approach Comparison, 

Proceeding of International Conference on Pure and Applied Chemistry, Chemistry for a 

Clean and Healthy Planet 1-17, 2018. 

Sanni S.O., Reddy Prasad, P., Ofomaja A.E, Novel microwave synthesis carbon dots from pine 

bark and its application for heavy metal sensing, Proceeding of Emerging Technologies in Clean 

Energy 2016 - Topical Conference at the 2016 AIChE Spring Meeting and 12th Global Congress 

on Process Safety, 109-119. 

Sanni S.O., Viljoen, E.L, Ofomaja A.E, Three-Dimensional Hierarchical Porous Carbon Structure 

Derived from Pinecone as Potential Catalyst Support in Catalytic Remediation of Antibiotics 

(Manuscript Accepted @ RSC Advances, C9RA10638C). 

Sanni S.O., Viljoen, E.L, Ofomaja A.E, Controllable Synthesis of Regulated Ag/AgBr 

Nanostructures on Activated Carbon with Enhanced Photocatalytic Degradation Activity for 

Tetracycline Removal (Manuscript in preparation).  



vi 
 

 

Presentations 

Sanni S.O., Viljoen, E.L, Ofomaja A.E, Methylene blue adsorption by KOH treated activated 

carbon produced via microwave synthesis, 42nd National Convention of the South African 

Chemical Institute, 2015, Durban, Oral Presentation. 

Sanni S.O., Viljoen, E.L, Ofomaja A.E, Synthesis of ZnCl2-Activated Carbon Produced from 

Pinecone by Microwave Pyrolysis: Characterization and Methylene blue Adsorption, International 

Conference on Pure and Applied Chemistry (ICPAC), 2016, Mauritius, Oral Presentation. 

Sanni S.O., Viljoen, E.L, Ofomaja A.E, Controllable synthesis of efficient Ag/AgBr 

nanocomposite supported on pinecone activated carbon for the degradation of Tetracycline, 

Catalysis Society of South Africa (CATSA), 2016, Drakensberg, Oral Presentation. 

Sanni S.O., Viljoen, E.L, Ofomaja A.E, Preparation of Ag/AgBr-AC by template-assisted method 

for photocatalytic degradation of Tetracycline as a pharmaceutical pollutant, Catalysis Society of 

South Africa (CATSA), 2017, Kwa Maritane Bush Lodge, Pilanesberg, Oral Presentation. 

Sanni S.O., Viljoen, E.L, Ofomaja A.E, Morphological control and photocatalytic properties of 

Ag/AgBr-AC synthesized by thermal polyol: Response surface methodology approach, 5th Nano 

Today Conference, 2017, Hawaii, USA, Poster Presentation. 

Sanni S.O., Viljoen, E.L, Ofomaja A.E, Morphology control of Ag/AgBr-AC with enhanced 

visible light catalytic properties for organic pollutants removal, The 10th International Conference 

on Environmental Catalysis, 2018, Tianjin, China, Oral Presentation. 

 

  



vii 
 

 

Table of Contents 

Declaration .................................................................................................................... i 

Abstract ....................................................................................................................... ii 

Acknowledgments ........................................................................................................ iv 

Publications and Presentations .......................................................................................... v 

List of Abbreviations and symbols ................................................................................. xii 

List of Tables ............................................................................................................. xiv 

List of Figures..............................................................................................................xv 

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

1.1    Background ..................................................................................................................... 1 

1.2    Problem statement .............................................................................................................. 3 

1.3    Research objectives ............................................................................................................ 4 

1.4    Thesis organization ......................................................................................................... 5 

1.5    References ...................................................................................................................... 7 

Chapter 2.    Literature review ........................................................................................11 

2.1   Water crisis worldwide .................................................................................................. 11 

2.2   Advanced oxidation technologies ..................................................................................... 12 

2.3   Carbonaceous materials ................................................................................................. 15 

2.4   Activated carbon ............................................................................................................ 17 

2.4.1   Microwave heating method ............................................................................................ 22 

2.4.2   Pinecone biomass as AC source ..................................................................................... 23 

2.5   Plasmonic silver/silver halides photocatalyst ................................................................ 26 



viii 
 

2.6   Response surface methodology ..................................................................................... 31 

2.7   Pharmaceuticals in the environment .............................................................................. 33 

2.7.1   Tetracycline antibiotic .................................................................................................... 34 

2.8    References .................................................................................................................... 39 

Chapter 3.    Three-dimensional hierarchical porous carbon structure derived from pinecone as 

potential catalyst support in catalytic remediation ..............................................................68 

3.1.    Introduction ................................................................................................................. 70 

3.2.    Materials and method .................................................................................................. 73 

3.2.1.    Materials ....................................................................................................................... 73 

3.2.2.    Activated carbon preparation ....................................................................................... 74 

3.2.3.     Characterization .......................................................................................................... 75 

3.2.4.     Methylene blue and iodine adsorption capacity for ACK ........................................... 77 

3.3.     Results and discussion ................................................................................................ 80 

3.3.1.     Yield and characteristics properties of carbon samples .............................................. 80 

3.3.2    Adsorption studies on prepared ACK samples .......................................................... 91 

3.3.3    Electrochemical properties of ACK samples ................................................................ 96 

3.3.3    Surface area of optimized ACK .................................................................................... 98 

3.4    Summary and concluding remarks ............................................................................. 100 

3.5    References .................................................................................................................. 101 

Chapter 4.    Design of ordered Ag/AgBr nanostructures coupled activated carbon with enhanced 

charge carriers separation efficiency for photodegradation of tetracycline under visible light .115 



ix 
 

4.1. Introduction .................................................................................................................. 117 

4.2. Experimental section .................................................................................................... 120 

4.2.1    Materials ...................................................................................................................... 120 

4.2.2    Preparation of AABR-ACK ........................................................................................ 121 

4.2.3    Characterizations ......................................................................................................... 122 

4.2.4    Photocatalytic activity evaluation ............................................................................... 123 

4.2.5    Response surface methodology ................................................................................... 124 

4.3   Results and Discussions............................................................................................... 127 

4.3.1   Model fitting on the degradation of TC ....................................................................... 127 

4.3.2    Variables interaction influence on TC degradation efficiency .................................... 129 

4.4    Characterization .......................................................................................................... 131 

4.4.1    Phase, morphology and surface composition analysis ................................................ 131 

4.4.2   Optical and electrical properties of AABR-ACK composites ..................................... 139 

4.4.3     Photocatalytic activities.............................................................................................. 147 

4.4.4     Reaction Mechanism of AABR-ACK ........................................................................ 153 

4.5.    Summary and concluding remarks ............................................................................ 156 

4.6    References .................................................................................................................. 157 

Chapter 5.    Accelerated electron transport and improved photocatalytic activity of Ag/AgBr under 

visible light irradiation based on conductive carbon derived biomass ..................................170 

5.1    Introduction ................................................................................................................ 172 



x 
 

5.2    Experimental ............................................................................................................... 174 

5.2.1    Preparation of photocatalyst materials ........................................................................ 174 

5.2.2    Characterization of the synthesized materials ............................................................. 175 

5.2.3    Photocatalytic activity evaluation ............................................................................... 176 

5.3    Results and discussions .............................................................................................. 177 

5.3.1    Characterization .......................................................................................................... 177 

5.3.2     Charge carrier separation properties ....................................................................... 187 

5.3.3     Photocatalytic activities.............................................................................................. 189 

5.4    Mass spectra of TC and other organic pollutants intermediates ................................. 197 

5.5    Summary and concluding remarks ............................................................................. 204 

5.6    References .................................................................................................................. 205 

Chapter 6.    Controlled microstructure of Ag/AgBr-activated carbon and synergistic enhancement 

on photocatalytic degradation of tetracycline: A synthesis approach comparison ..................214 

6.1    Introduction ................................................................................................................ 216 

6.2    Experimental section .................................................................................................. 218 

6.2.2    Activated carbon synthesis .......................................................................................... 218 

6.2.3    Preparation of TP-AABR-ACK through thermal polyol route ................................... 218 

6.2.4    Preparation of DP-AABR-ACK through deposition-precipitation route .................... 218 

6.2.5    Characterization of the synthesized materials ............................................................. 219 

6.2.6    Photocatalytic activity evaluation ............................................................................... 219 



xi 
 

6.3    Characterization .......................................................................................................... 220 

6.3.1    Morphology, size and composition analysis ............................................................... 220 

6.3.2    X-ray diffraction analysis ............................................................................................ 225 

6.3.3   Fourier-Transform Infrared (FTIR) analysis ................................................................ 226 

6.3.4    Optical properties of AABR-ACK .............................................................................. 228 

6.3.5     Electrochemical Properties ......................................................................................... 229 

6.3.6    Photocatalytic Degradation of Tetracycline ................................................................ 231 

6.4    Summary and concluding remarks ............................................................................. 239 

6.5    References .................................................................................................................. 240 

7.0    Conclusions and Recommendations .......................................................................247 

7.1     Conclusions ............................................................................................................... 247 

7.2    Recommendations ...................................................................................................... 250 

Appendix A ...............................................................................................................253 

 

  



xii 
 

List of Abbreviations and symbols 

 

Abbreviations 

AOPs       Advanced oxidation processes 

AOTs        Advanced oxidation technologies 

TOC          Total organic carbon  

AC              Activated carbon 

MOS           Metal oxide semiconductor 

SPR           Surface plasmon resonance 

SEM       Scanning Electron Microscope 

TC            Tetracycline hydrochloride 

UV           Ultraviolet 

Ag/AgBr    Silver -silver bromide 

Ag/AgCl     Silver -silver chloride 

Ag/AgI        Silver –silver iodide 

3D           Three Dimensional  

UV-DRS    Ultraviolet visible diffuse reflectance spectrophotometry 

RSM        Response Surface Methodology 

ANOVA     Analysis of variance 

PL           Photoluminescence microscopy  

LED        Light-emitting diode  

PPCPs   Pharmaceutical and Personal Care Products 

WWTPs      Wastewater treatment plants 

XRD         X-ray diffraction  

IR        Impregnation ratio  

AgX      Silver halide 

XPS       X-ray photoelectron spectroscopy 

TEM        Transmission electron microscopy 

HRTEM High-resolution transmission electron microscopy 



xiii 
 

XPS           X-ray photoelectron spectroscopy 

JCPDS    Joint committee on powder diffraction standards 

CNT        Carbon nanotube 

pH-PZC    Point of zero charge 

GCE      Glassy carbon electrode 

EIS         Electrochemical impedance spectroscopy 

MB       Methylene Blue 

IN      Iodine number  

MPT    Microwave pyrolysis time 

TGA   Thermogravimetry analysis 

DTA   Differential thermal analysis 

CB     Conduction band 

VB     Valence band    

BET     Brunauer–Emmett–Teller 

Symbols  

λ   Wavelength 

e-   Electron  

h+  Hole 

β   Affinity coefficient 

α   Absorption coefficient 

T  Temperature 

  



xiv 
 

List of Tables 

Table 2.1:    Carbonaceous materials applied as catalyst support and their physical properties (Lam 

& Luong 2014). ............................................................................................................................. 16 

Table 2.2:   Proximate analysis (%, on the original basis) and gross calorific value results of the 

pinecone (Haykiri-Acma & Yaman 2007). ................................................................................... 25 

Table 2.3:    Ultimate analysis results of the pinecone (%, on the dry-ash-free basis) (Haykiri-Acma 

& Yaman 2007)............................................................................................................................. 25 

Table 2.4:    Chemical compositions of the pinecone (%, on the original basis) (Haykiri-Acma & 

Yaman 2007). ................................................................................................................................ 25 

Table 3.1:    Comparison of percentage yield, iodine number and methylene blue number 

adsorption capacity based on different biomass derived carbons. ................................................ 95 

Table 4.1:    Experimental levels for independent parameters. ................................................... 125 

Table 4.2:    Experimental design matrix with the response value of TC degradation efficiency

..................................................................................................................................................... 126 

Table 4.3 :     Analyisis of Variance of the response surface model for degradation efficieny of 

Tetracyline. ................................................................................................................................. 128 

Table 5.1 :    The fitted resistance values of prepared photocatalyst in accordance with series circuit.

..................................................................................................................................................... 188 

Table 6.1:    EDX analyses of AABR-ACK nanocomposites synthesized from both methods. 223 

Table 6.2:    Comparison of degradation efficiency with different Ag/AgBr heterostructure 

composites on tetracycline removal. ........................................................................................... 234 

Table A 1:   Langmuir and Freundlich model of adsorption isotherm on methylene blue unto ACK 

samples at different impregnation ratio. ..................................................................................... 258 

Table A 2:   Langmuir and Freundlich model of adsorption isotherm on methylene blue unto ACK 

samples at different microwave pyrolysis time .......................................................................... 259 

Table A 3: The concentration of functional groups on the ACK sample as determined by Boehm 

titration. ....................................................................................................................................... 260 

 



xv 
 

List of Figures 

 

Figure 2.1:    Pore structure identification in activated carbon. .................................................... 18 

Figure 2.2:    Schematic illustration of surface plasmon resonance in plasmonic nanoparticles 

(Fujishima, Zhang & Tryk 2008). ................................................................................................. 27 

Figure 2.3:    Description of response surface as a function of two factors (a) 3D plot, (b) Contour 

plot (Gunst 1996). ......................................................................................................................... 33 

Figure 2.4:    Chemical structure of Tetracycline (C22H24N2O8). ................................................. 36 

Figure 3.1:    % Yield of ACK at different (a) impregnation ratio and (b) microwave pyrolysis 

time. .............................................................................................................................................. 81 

Figure 3.2:    SEM images of ACKs at different impregnation ratio. ........................................... 82 

Figure 3.3:    SEM images of ACKs prepared by microwave pyrolysis at various microwave 

pyrolysis time and TEM image of optimized ACK sample. ......................................................... 84 

Figure 3.4:    X-ray diffraction pattern and FTIR spectra of ACKs at different (a, c) Impregnation 

ratio and (b, d) Microwave pyrolysis time. ................................................................................... 87 

Figure 3.5:    Raman spectra of ACK-2.24-16 and BCR. ............................................................. 88 

Figure 3.6:    Thermogravimetric and differential thermal analysis plot of optimized ACK. ...... 89 

Figure 3.7:    The pH-PZC of ACK-2.24-16 sample. ................................................................... 90 

Figure 3.8:    Iodine number and methylene blue number capacity of ACKs at different (a, c) 

impregnation ratio and (b, d) microwave pyrolysis time. ............................................................. 94 

Figure 3.9:    Cyclic Voltammetry curves, Electrochemical impedance spectroscopy of ACK at (a, 

c) different impregnation ratio and (b, d) different microwave times. ......................................... 97 



xvi 
 

Figure 3.10:     Nitrogen adsorption -desorption isotherms and pore size distribution of optimized 

ACK (ACK-2.24-16). 99 

Figure 4.1:    (a) LED light in operation; (b) LED Light Spectra. 121 

Figure 4.2:    (a) Plots of predicted vs. experimental values for degradation efficiency of 

tetracycline and 3D surface plots of degradation efficiency of tetracycline by AABR-ACK 

photocatalysts from interactions between (b) temperature and time. 130 

Figure 4.3:    XRD pattern and FTIR spectra of AABR-ACK composites synthesized at different 

(a, c) times and (b, d) temperatures. 132 

Figure 4.4:    SEM images of AABR-ACK composites synthesized at different (a) times (AABR-

ACK 7, AABR-ACK 11and AABR-ACK 14) and (b) temperatures (AABR-ACK 26, AABR-ACK 

11 and AABR-ACK 21). 135 

Figure 4.5:    SEM image of (a, b) AABR and (c) ACK. 136 

Figure 4.6:    TEM images of (a) ACK; (b) AABR-ACK 11 and (c) HRTEM of AABR-ACK 11 

composite. 137 

Figure 4.7:    (a) The survey XPS spectra of AABR-ACK 11 composite; high resolution spectra of 

(b) Ag 3d; (c) Br 3d and (d) C 1s. 138 

Figure 4.8:    UV–vis DRS spectra for AABR-ACK composites synthesized at different (a) times 

(AABR-ACK 7, AABR-ACK 11and AABR-ACK 14) and (b) temperatures (AABR-ACK 21, 

AABR-ACK 11 and AABR-ACK 26). 140 

Figure 4.9:    (a) UV–vis DRS spectra for ACK, AABR, AABR-ACK composites and (b) 

corresponding Tauc plots for AABR and AABR-ACK composites. 142 



xvii 
 

Figure 4.10:    PL spectra for AABR-ACK composites synthesized at different (a) times (AABR-

ACK 7, AABR-ACK 11and AABR-ACK 14), (b) temperatures (AABR-ACK 21, AABR-ACK 11 

and AABR-ACK 26) and (c) AABR and AABR-ACK 11 composite. 143 

Figure 4.11:    Linear sweep voltammetry curves for AABR-ACK composites synthesized at 

different (a) times (AABR-ACK 7, AABR-ACK 11and AABR-ACK 14) and (b) temperatures 

(AABR-ACK 21, AABR-ACK 11 and AABR-ACK 26). 144 

Figure 4.12:    EIS Nyquist plots and imaginary bode plots for AABR-ACK composites 

synthesized at different (a, d) times (AABR-ACK 7, AABR-ACK 11and AABR-ACK 14) and (b, 

e) temperatures (AABR-ACK 21, AABR-ACK 11 and AABR-ACK 26); and (c) corresponding 

EIS plot of the most active catalyst AABR-ACK 11 and AABR. 146 

Figure 4.13:    (A) Photocatalytic degradation of TC in aqueous solution with respect to time; (B, 

C) Plot of pseudo second (1/Ct-1/Co) and pseudo first order kinetics (−In(Ct/Co) against the 

reaction time for the catalytic degradation of TC using different photocatalysts: (a) AABR-ACK 

11, (b) AABR, (c) AgBr, (d) ACK, (e) TiO2/HCP and (f) photolysis; (D) UV−Vis absorption 

spectra for the catalytic degradation of TC over AABR-ACK 11 and (E) effects of inorganic anions 

on the photocatalytic degradation of the TC. 150 

Figure 4.14:    (a) Recycling test of AABR-ACK 11; (b-d) XRD, FTIR and UV-DRS spectra of 

AABR-ACK 11 composite before and recycled catalyst after the degradation activities. 152 

Figure 4.15:    Effect of different quencher agents on TC degradation using AABR-ACK 11 

composite. 153 

Figure 4.16:    The reaction mechanism for the degradation of TC over the AABR-ACK 11 

composite under visible light irradiation. 155 



xviii 
 

Figure 5 1:     Schematic illustration of formation process for the AABR composites with the 

carbon materials. 178 

Figure 5 2:     XRD pattern of AABR, AABR-BCR, AABR-CAC and AABR-ACK. 179 

Figure 5 3:    FTIR spectra of AABR-BCR, AABR-CAC, AABR-ACK and AABR. 181 

Figure 5 4:    EIS Nyquist plot of BCR, CAC and ACK. 182 

Figure 5 5:    SEM images of ACK, CAC and BCR. 182 

Figure 5 6:    SEM images of (a) AABR, (b) AABR-ACK, (c and d) AABR-ACK at different 

magnification, (e) SEM-EDS spectrum, EDX mapping images for (f) silver, (g) bromine and (h) 

carbon. 184 

Figure 5 7:    (a) UV–Vis diffuse reflectance spectra and (b) corresponding band gap (Tauc plots) 

of AABR, AABR-BCR, AABR-CAC and AABR-ACK. 186 

Figure 5 8:    Photoluminescence spectra for AABR-ACK, AABR-CAC, AABR-BCR and AABR.

 187 

Figure 5 9:    (a) EIS Nyquist plot for AABR, AABR-CAC, AABR-ACK and AABR-BCR; (b) 

linear sweep voltammogram curves for AABR-ACK and AABR. 189 

Figure 5 10:    (A) Photodegradation of TC under visible irradiation (λ > 420 nm) a-AABR-ACK, 

b-AABR-CAC, c-AABR-BCR, d-AABR and e-Photolysis; (B) pseudo second and (C) pseudo first 

order kinetics of TC degradation. 191 

Figure 5 11:    Degradation efficiency of AgBr-ACK, Ag-ACK and AABR-ACK on TC removal.

 192 

Figure 5 12:    Pseudo first and second order kinetics of AgBr-ACK, Ag-ACK and AABR-ACK 

on TC removal. 192 



xix 
 

Figure 5 13:   Photocatalytic degradation of 4-Nitrophenol and Rhodamine using AABR and 

AABR-ACK composite. 193 

Figure 5 14:   UV absorbance spectra decrease of Rhodamine b dye and 4-nitrophenol degradation 

using AABR-ACK composite. 194 

Figure 5 15:    (a) pH effect; (b) pH-pzc of AABR-ACK; (c) different LED light (d) temperature 

effect on TC Degradation and (e) the relationship between ln k obs and T-1. 196 

Figure 5 16:    LC-MS spectra of TC degradation intermediates in the photodegradation reaction 

process using AABR-ACK. 198 

Figure 5 17:    The proposed intermediate products from TC photodegradation under visible light.

 199 

Figure 5 18:   LC-MS spectra of the 4-NP degradation products after the reaction time of 180 min.

 200 

Figure 5 19:    Proposed reaction pathway for the degradation of 4-Nitrophenol in the AABR-ACK 

photocatalytic process. 201 

Figure 5 20:   LC-MS spectra of RhB by visible-light photocatalysis over AABR-ACK after 180 

min. 202 

Figure 5 21:    Proposed degradation pathway of RhB by visible-light photocatalysis over AABR-

ACK. 203 

Figure 6.1:    SEM images and EDX spectrum of plasmon TP-AABR-ACK (a, b and c) and 

plasmon DP-AABR-ACK (d, e and f). 221 

Figure 6.2:    (a, d) TEM image, (b, d) HRTEM image and (c, f) particle diameter of TP-AABR-

ACK and DP-AABR-ACK photocatalyst. 224 



xx 
 

Figure 6.3:    XRD patterns of the synthesized AABR-ACK nanocomposites and corresponding 

AABR. 226 

Figure 6.4:   FTIR spectrum of ACK, TP-AABR-ACK and DP-AABR-ACK composites. 227 

Figure 6.5:    UV–Vis diffusive reflectance spectra of as prepared nanocomposites. 229 

Figure 6.6:   EIS Nyquist plots of TP-AABR-ACK, DP-AABR-ACK, TP-AABR and DP-AABR 

with an equivalent circuit diagram. 230 

Figure 6.7:    (A) Photocatalytic activity of as-prepared nanocomposites on TC degradation under 

visible light; (a) TP-AABR-ACK, (b) DP-AABR-ACK, (c) TP-AABR, (d) DP-AABR and (e) 

photolysis; (B) pseudo second and (C) pseudo first order kinetics. 232 

Figure 6.8:    Decrease in maximum absorption peak of TC at different irradiation times using (a) 

plasmon TP-AABR-ACK and (b) DP-AABR-ACK as a photocatalyst. 233 

Figure 6.9:    TOC changes of TC before and after photocatalytic reaction using as prepared 

samples. 235 

Figure 6.10:    Photocatalytic degradation of TC solution over TP-AABR-ACK and DP-AABR-

ACK with different scavengers. 236 

Figure 6.11:    UV-Vis absorption spectra of NBT reduction with (a) DP-AABR, (b) TP-AABR, 

(c) DP-AABR-ACK and (d) TP-AABR-ACK. 238 

Figure A 1:    SEM images of (a) Biochar; (b-d) ACK-2.24-16 sample at different magnification.

 253 

Figure A 2:    (a) XRD pattern and (b) FTIR spectrum of optimized ACK-2.24-16 and Biochar.

 254 



xxi 
 

Figure A 3:    (a) IN and MBN of optimized ACK-2.24-16 and Biochar; Langmuir isotherm fit for 

MB adsorption onto ACK samples (b) different IR; (c) different MPT and (d) optimized ACK-

2.24-16 and Biochar. 255 

Figure A 4:    Effects of different impregnation ratio on the yield, iodine and methylene blue uptake 

of activated carbons. 256 

Figure A 5:    Effects of different microwave pyrolysis time on the yield, iodine and methylene 

blue uptake of activated carbons. 257 

Figure A 6:     (a) Cyclic Voltammetry curve and (b) electrochemical impedance spectroscopy of 

optimized ACK-2.24-16 and Biochar. 261 

 

 



1 
 

 

Chapter 1.    Introduction 

1.1    Background 

 

    Environmental pollution and energy shortage represent a great hindrance to the sustainable 

development of modern human society (Nadimi & Tokimatsu 2018; Shahsavari & Akbari 2018). 

Pollution of water, air, and soil are becoming an increasingly serious problem, they are attributed 

to rapid population explosion, wastes derived from industrial expansion and industrial sources 

(Liu, Adams, Cote, Geng & Li 2018). These non-biodegradable pollutants present in wastewaters 

and air are toxic, carcinogenic in nature, which pose serious hazards to aquatic life and human 

health worldwide (Ozdemir 2004; Huang 2010). In South Africa context, some of these organic 

pollutants from the wastewaters emanate from textiles, pharmaceuticals, steel mills, chemical and 

fertilizer plants, refining and petrochemical operations (Rimayi, Odusanya, Weiss, de Boer & 

Chimuka 2018). Detecting and treating these existing organic contaminants especially the non-

biodegradable pharmaceutical compounds aimed at prevention of pharmaceutical drug resistance 

in microorganisms is crucial (Gao, Li, Zhang, Huang, Hu, Shah & Su 2012; Agunbiade & Moodley 

2014; Xiao, Tang, Yang, Tang, Zhou & Zou 2018). Among these pharmaceutical drug, tetracycline 

hydrochloride (TC) is of particular focus to be treated, because of its prevalent usage by humans 

and in veterinary medicines (Ji, Wan, Zheng & Zhu 2011; Daghrir & Drogui 2013). It's crucial to 

treat TC wastewater before its released into the water bodies.  

    The conventional water treatment processes for the elimination of TC such as adsorption, 

membrane separation, electrolysis, and microbial decomposition have proven to be ineffective 

(Jiang, Xiao, Shao, Li & Chen 2017). They lead into the generation of secondary pollution; as a 
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result the demand for treatment of TC antibiotics effectively is required. Hence, advanced 

wastewater treatment technologies are desired to remove this recalcitrant pharmaceutical pollutant 

effectively without leaving any secondary product in the final output of water. Advanced oxidation 

processes (AOPs) is an efficient treatment technologies that employ stronger oxidant such as ˙O2
-

,˙OH and O3 radicals. These radicals are generated either by a UV light source, Fenton reagent, or 

UV light source and a catalyst (Vora 2009; Ahmed 2011) thereby reducing the contaminants into 

mineralized products such as CO2 and H2O during the oxidation process. The heterogeneous 

photo-catalytic approach using a combination of a light source and photocatalyst material is widely 

employed under AOPs as good technology in degrading recalcitrant pharmaceuticals pollutants 

effectively (Li & Shi 2016; Lofrano, Libralato, Adinolfi, Siciliano, Iannece, Guida, Giugni, 

Ghirardini & Carotenuto 2016). The application of visible light photocatalyst materials aimed at 

effective degradation of TC antibiotics outperformed conventional TiO2 catalyst material (Jodeyri, 

Haghighi & Shabani 2019). Among the visible light photocatalysts, the plasmonic silver/silver 

bromide (Ag/AgBr) material is of interest due to their intrinsic catalytic performance (Hou, Wang, 

Yang, Zhou, Jiao & Zhu 2013). The high activity is caused by the surface plasmon resonance 

(SPR) effect of metallic silver particles anchor on AgBr resulting in enhanced absorption in the 

visible light region (Li & Ding 2010).  

    The controlled microstructure, visible light absorption, reduced electron-hole recombination, 

stability and reusability of the Ag/AgBr catalyst can be significantly improved through 

immobilization (Slimen 2011; Sohrabnezhad 2013) on porous adsorbent materials. The 

carbonaceous materials attribute as catalyst support for metal oxide semiconductor (MOS) 

dispersion includes mechanical strength, pore size distribution, thermal stability and abundance 

oxygenated functional groups for MOS uniform distribution (Jafri, Rajalakshmi & Ramaprabhu 
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2010; Kong, Chen & Chen 2014; Lam 2014). This synergistic interaction with Ag/AgBr catalyst 

is desirable for high activity on the removal of TC. Activated carbon (AC), an excellent 

carbonaceous material has shown immense attributes in gas purification, energy storage, and water 

remediation due to its excellent adsorption properties (Lillo-Ródenas, Marco-Lozar, Cazorla-

Amorós & Linares-Solano 2007). The characteristics properties of produced AC from biomass as 

catalyst support will depend on its hierarchical porous structure, surface chemistry, and 

electrochemical attributes (Wang, Xu, Liu, Zhang, Zhu, Xia & Li 2017).  

 

1.2    Problem statement 

 

    The challenges of energy crisis and environmental pollution are becoming increasingly threats 

to our lives. Wastewater generated annually from industrial sectors contains huge amount of 

harmful and recalcitrant organic contaminants, especially the antibiotics which are been detected 

in groundwater and municipal wastewater treatment in South Africa (Agunbiade & Moodley 

2014). Tetracycline (TC) antibiotics have been used in treatment of human and animal infections. 

The presence of TC in the environment at very low concentration could cause antibiotic resistance 

problem, which poses a serious threat to the well-being of human and animals (Chen, Yang, Wang, 

Yao, Sun, Wang, Zhang, Li, Niu & Wang 2017). Therefore, a need to find an efficient method to 

remove TC antibiotics from surface water is urgent.  

    To deal with TC antibiotic residuals, various conventional treatment methods have been widely 

investigated. The hetero-aromatic stable structure and recalcitrance nature make TC very difficult 

to be removed by conventional treatment processes. Photocatalysis-a green technology with 

semiconductor photocatalyst is considered an efficient approach for TC antibiotic treatment due 
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to its low-cost, environment-friendly and energy-conservation (Li, Yu, Dong, Wang, Wu, Zhang, 

Chen & Liu 2018). Although host of photocatalysts has been designed for TC remediation from 

groundwater, there is still a need to design highly-efficient and durable photocatalysts that can 

efficiently operate under low-intensity visible light of solar spectrum (Liu, Guo, Chen, Zhang & 

Fang 2016, Hezam, Namratha, Drmosh, Yamani & Byrappa 2017). 

    The plasmonic silver-silver bromide (Ag/AgBr) have been established as potential photocatalyst 

that can effectively operate in visible light of solar spectrum in degradation of organic pollutants 

(Sohrabnezhad 2013). However, the photocatalytic efficiency of Ag/AgBr catalyst is still low, due 

to irregular morphology, insufficient charge carrier separation and poor photochemical stability of 

the photocatalyst after degradation process. The dispersion of Ag/AgBr catalyst on carbonized low 

cost agricultural material is a good approach in addressing the challenges highlighted with 

Ag/AgBr catalyst. The interconnected hierarchical carbon structure of carbonized biomass will 

enhance the photocatalytic properties of Ag/AgBr catalyst under low intensity of visible light, in 

effective removal of tetracycline. 

 

1.3    Research objectives 

 

    The overall objective of this thesis is focused on the dispersion of the plasmonic silver-silver 

bromide (Ag/AgBr) nanoparticles on carbonized pinecone, aimed at efficient removal and 

mineralization of tetracycline antibiotic from the aqueous solution. The scope of this work are 

highlighted as follows: 
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1. Preparation and optimization of preparation parameters on activated carbon from 

chemically activated pinecone biomass through microwave pyrolysis, capable of 

performance as catalyst support.  

2. Characterization of prepared ACs physicochemical properties by Fourier transform 

spectroscopy (FTIR), Raman spectroscopy, X-ray diffraction (XRD), nitrogen (N2) 

sorption analysis, transmission electron microscopy (TEM), and electrochemical studies.  

3. Synthesis of heterostructure nanocomposites based on the dispersion of Ag/AgBr on 

optimized carbonized pinecone through thermal polyol and deposition precipitation route.  

4. The synthesis parameters for Ag/AgBr composites from the thermal polyol route will be 

model using a response surface methodology (RSM) approach. 

5. Understand the relationship between the prepared catalyst structures, morphologies, optical 

properties, and electronic properties' significant impact on the degradation of tetracycline 

antibiotics under a visible LED light.  

6. Evaluation of the photocatalytic activity of the prepared photocatalyst on the degradation 

of TC under visible LED light by varying different parameters including pH, different LED 

light source, inorganic anions influence, and degradation temperature. The stability of the 

prepared catalysts will also be investigated by recycling use. 

 

1.4    Thesis organization 

 

    The background, problem statement and research objectives of this thesis are described here in 

Chapter 1. Chapter 2 focuses on the literature survey on activated carbon attributes as potential 

catalyst support, Ag/AgBr heterojunctions used for visible-light-active photocatalysis, tetracycline 
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imminent threat to the environment and need to eliminate them using heterogeneous photocatalysis 

approach. Chapter 3 highlights the promising attributes of activated carbon prepared from 

pinecone biomass as good catalyst support for dispersion of Ag/AgBr. The porous structure, 

surface chemistry, and electrochemical attributes of these prepared ACs were discussed in detail. 

Chapter 4 describes the design of Ag/AgBr-activated carbon heterostructures through response 

surface methodology approach, also understanding their synergistic characteristics on the 

photocatalytic activity of TC removal. In addition to experimental observations of TC 

photocatalysis, and reaction mechanism of the optimized photocatalyst from the RSM model is 

also discussed. In Chapter 5, a heterostructure composite made between Ag/AgBr catalyst and 

different carbon materials (carbon from pinecone biomass, commercial source, and biochar) is 

discussed by considering their charge carriers attributes on the degradation of tetracycline 

antibiotics. Chapter 6 explores the preparation, characterization, and application of Ag/AgBr-

activated carbon heterostructure using two different synthetic approaches (thermal polyol and 

deposition precipitation route) on TC removal. The significant impact of reactive oxidative species 

produced by the prepared catalysts during the catalytic process will also be studied. In Chapter 7, 

describe the overall conclusions from the study performed in this thesis and provide 

recommendations for future work in the field of heterogeneous photocatalysis.  
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Chapter 2.    Literature review 

2.1   Water crisis worldwide 

    Water is an essential source for human existence, as required for basic human needs, agricultural 

and industrial applications. Though, the water crisis caused by rapid industrialization is a major 

threat to the current and ever-growing population, as more than 13% of the world population access 

this water from unprotected sources (WHO 2008). Presently in the world, access to adequate 

sanitation is not available to 2.5 billion people in the world, while 1.2 billion lack access to good 

sanitation facilities (WHO 2008). As ongoing exposure to this water continues, a host of life-

threatening water diseases such as malnutrition, schistosomiasis, malaria, diarrhea, intestinal 

nematode infections, arsenic and fluoride poisoning have occurred due to the presence of these 

non-biodegradable organics, pathogens, heavy metals and pharmaceutical and personal care 

products (PPCPs) (Efftaxias 2002; Erlanger, Keiser, De Castro, Bos, Singer, Tanner & Utzinger 

2005). The detection of emerging contaminants like pharmaceutical and personal care products 

(PPCPs) at lower concentration levels has serious effects on ecosystem and human health 

(Lapworth, Baran, Stuart & Ward 2012; Zhang, Yang, Huang, Zhao & Sun 2016). It's imperative 

to clean-up these PPCPs from the environment, as such extensive research is focused on 

development of efficient and cost-effective technologies. 

 

    Moreover, conventional approaches such as classical physico-chemical treatment, physical 

processes, and biological treatment have been utilized for the treatment of pollutants in the 

environment but have their limitations. Classical physico-chemical treatments such as chlorination 

create disinfection byproducts, which possess major health risks to the populace (Hamidin, Yu & 
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Connell 2008; Hrudey 2009). The case of ozonolysis and UV irradiation are hindered by high 

selectivity and slow kinetics. Though the application of conventional biological treatment (aerobic 

and anaerobic digestion) shows promising attributes, recalcitrant organic pollutants are resistant 

to this treatment approach (Forster 1985). Physical processes such as adsorption, coagulation, and 

membrane filtration change the pollutants’ phases without necessarily removing or degrading them 

completely, thus the creation of toxic by-products that require safe storage (Chong, Jin, Chow & 

Saint 2010; Gao, Sun, Wan, Yu & Li 2013). The conventional treatment is not environmentally 

acceptable due to these limitations; invariably the development of alternative and sustainable 

technologies in addressing water remediation issues in the world is desirable. 

 

2.2   Advanced oxidation technologies 

    Advanced oxidation technologies (AOT) have proven to be highly efficient for wastewater 

treatment that has proven challenging to be treated with conventional technologies. These 

technologies show great potential to be utilized alone, as pre-treatment, complementary methods 

with other conventional techniques. Heterogeneous catalysis as an AOT has attracted attention to 

operates at ambient temperature and pressure water conditions, which also simultaneously 

generates reactive radicals in breaking down the pollutants (Maldonado, Passarinho, Oller, 

Gernjak, Fernández, Blanco & Malato 2007).  

 

    Heterogeneous photocatalytic treatment is an excellent technology for the treatment of water 

and air pollutants (Vohra, Goswami, Deshpande & Block 2006; Wang, Hu, Chen, Zhao, Liu & 

Wen 2009). As organic pollutants present in water with high total organic carbon (TOC) can be 

effectively, mineralize to subtle products with this technology in comparison to conventional 
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techniques. This technique operates uniquely as compared to other AOTs, with the presence of a 

solid reusable catalyst under constant illumination of light irradiation and no addition of any other 

strong oxidants. This technology added merit includes:  

 

• operation at ambient temperature and pressure, 

• utilization of atmospheric oxygen and no need for costly oxidizing chemical,  

• the technologies operate in a green way as degradation products show low toxicity,  

• photocatalyst materials are non-hazardous, stable, insoluble under most conditions and 

recyclable, 

• Process operational at low concentrations of pollutants.  

 

    From these technologies' advantages, this process offers a cost-effective route for environmental 

remediation and quality water generation from wastewater. Moreover, the heterogeneous metal 

oxide semiconductor (MOS) applied as photocatalyst in environmental remediation includes TiO2, 

(Rodriguez & Fernández-García 2007) ZnO, WO3, (Szilágyi, Fórizs, Rosseler, Szegedi, Németh, 

Király, Tárkányi, Vajna, Varga-Josepovits & László 2012; Tian, Zhang, Wu, Jiang, Liang, Jiang 

& Fu 2012). The TiO2 MOS is widely utilized for photocatalytic activity in a wider range of 

environmental applications due to its strong oxidizing power, low toxicity, and long-term 

photostability (Fujishima, Rao & Tryk 2000; Li, Li, Li & Yin 2006; Zheng, Liu, Ye, Zhao, 

Waclawik & Zhu 2010). However, the application of TiO2 MOS at large scale operation has been 

hinder by low quantum efficiency (below 5%) due to electron-hole pairs recombination, poor 

harvesting of solar spectrum and poor stability after repeated degradation activities due to its 

nanosized structure (Sopyan, Watanabe, Murasawa, Hashimoto & Fujishima 1996; Liu, Nakata, 
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Zhao, Ochiai, Murakami & Fujishima 2011). The poor absorption in the visible light region of the 

solar spectrum is ascribed to the high band gap energy of TiO2 MOS (3.2 eV). As the TiO2 MOS 

can only be excited in the ultraviolet region (wavelength < 400 nm) which is 3-5 % of the solar 

spectrum, while the visible light region comprises 43 % of the solar spectrum. The aspect of 

separation of TiO2 MOS from aqueous solution can be challenging, as the powder aggregate at 

high concentrations (Arana, Melián, Rodrıguez, Dıaz, Viera, Pena, Sosa & Jiménez 2002; Arana, 

Doña-Rodrı́, Rendón, i Cabo, González-Dı́, Herrera-Melián, Pérez-Peña, Colón & Navı́ 2003). 

 

    These challenges have prompted a host of approaches aimed at improving the photocatalytic 

efficiency of TiO2 MOS through photocatalyst development, for effective performance in the 

visible region of solar radiation. Some of the strategies include bandgap fine-tuning through 

changing the electronic structure of photocatalyst or extension of excitation wavelengths with the 

application of photosensitizers (Chen, Wang & Fu 2009; Devi, Kottam, Murthy & Kumar 2010; 

Devi, Murthy & Kumar 2010). The reduction rate of electron-hole pairs recombination and 

acceleration of reaction system using another MOS (Xi & Ye 2010) or a support material, which 

eventually facilitates the pollutant transfer to the active sites of the photocatalyst (Leary & 

Westwood 2011). Based on the inherent shortcomings associated with these approaches, the 

immobilization of MOS nanoparticles on suitable support material is a promising avenue to 

overcome the challenges of MOS for practical application of recovery and reuse of the catalyst 

(Mozia & Morawski 2012). Carbonaceous materials are excellent materials with strong light-

absorbing potential, textural features, improved mass transfer, and interfacial electronic properties, 

which have contributed significantly to the improvement of the catalytic activity of MOS upon 

immobilization (Puma, Bono, Krishnaiah & Collin 2008). 
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2.3   Carbonaceous materials 

    The higher specific surface area, high porosity, excellent electron conductivity, more effective 

adsorption sites, and their relative chemical inertness are some of the advantages for dispersion of 

photocatalysts on carbonaceous materials (Fan, Zhao, Yang, Shan, Yang, Zhang, Li & Gao 2012). 

These carbonaceous materials enhanced degradation rates of organic pollutants based on their high 

adsorption capacity and reduced the electron-hole recombination rate on the surface of the 

composite material (Matos, Laine & Hermann 1998; Slimen, Houas & Nogier 2011). These 

carbonaceous materials possess high mechanical strength, chemical and thermal stability for 

preventing the agglomeration of MOS nanoparticles (Machek, Hanika, Sporka, Růžička & Kunz 

1981). The physical and chemical properties of the most utilized carbonaceous materials (Lam & 

Luong 2014) for dispersion of MOS photocatalyst are highlighted in Table 1 with their individual 

characteristics.  
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Table 2.1:    Carbonaceous materials applied as catalyst support and their physical properties (Lam 

& Luong 2014). 

 

Carbonaceous 

materials 

Specific 

surface area  

(m2 g-1) 

Pore 

Volume 

(cm3 g-1) 

Density 

 (g cm-3) 

Electrical 

conductivity  

(S cm-1) 

Cost 

Activated Carbon 1000-3500 0.6-2 0.4-0.7 0.1-1 Low 

Templated porous 

carbon 

500-3000 0.7-2 0.5-1 0.3-10 High 

Carbon fibers 1000-3000 0.3-0.7 0.3-0.8 5-10 Medium 

Carbon nanotubes 120-500 2.5 0.6 104-105 High 

Carbon aerogel 400-1000 2-6 0.5-0.7 1-10 Low 

Graphite 10-1000 0.01-0.1 2.26 104 Low 

Graphene 1500-2500 2-3.5 >1 106 High 

 

    Production cost, selection of an abundant, inexpensive matrix with complementary non-toxicity 

attributes are primary importance for a good selection of desirable carbonaceous material for MOS 

photocatalyst immobilization. Among the carbonaceous materials listed in Table 4, activated 

carbon (AC) is desirable as a catalyst support in gas and water remediation due to these excellent 

properties described above (Matos, Laine, Herrmann, Uzcategui & Brito 2006; Liu, Chen & Chen 

2007).  
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2.4   Activated carbon 

    Activated carbon (AC) is a non-graphitizable carbon that possesses a highly disordered 

microstructure. The Egyptians recognized this material around 3750 B.C as a good material for 

metals reduction in the bronze manufacturing process and smokeless fuel (Przepiórski 2006). 

Though, the first application of AC for adsorption of gases was carried out in 1773 by Scheele 

(Dietz 1944). Then, the industrial production of AC in 1900 was established and subsequently used 

to replace bone char in sugar refining processes (Bansal & Goyal 2005). Activated carbon 

application in recent years are ascribed to its host of physicochemical properties, such as 

lightweight, exciting electronic properties, tunable porosity, chemical and thermal stability (Wang, 

Li, Chen & Huang 2001; Budarin, Clark, Hardy, Luque, Milkowski, Tavener & Wilson 2006; 

Poonjarernsilp, Sano & Tamon 2014). AC have been exploited for host of applications in catalysis 

(Tawalbeh, Allawzi & Kandah 2005; Azargohar & Dalai 2006), environmental science (Zhang 

2014), absorbent (Mubarak, Sahu, Abdullah & Jayakumar 2014) in environmental industry, 

petrochemical industry, pharmaceutical, drug delivery (Fraczek-Szczypta 2014). ACs have been 

utilized also in food industry, electrode materials (Vikkisk, Kruusenberg, Joost, Shulga, Kink & 

Tammeveski 2014) and batteries, fuel cells (Shah, Jan, Mabood & Shahid 2006), energy storage 

(Yang, Yu, Yan, Tu & Dahlquist 2013) in automobile industry. The AC can also be employed as 

a stationary phase in the chromatography system (Takeba, Matsumoto, Shida & Nakazawa 1990) 

in chemical industry.  
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    The exceptional attributes of AC are from a combination of the developed porous framework 

(surface areas and pore volumes) and abundance of heteroatoms functionalities groups on their 

surface inclusive (Marsh & Reinoso 2006). The porous framework of AC is created during the 

activation process, whereby the spaces between the aromatic sheets become unobstructed of 

carbonaceous material and disorganized carbon. The process continues with the exposure of 

aromatic sheets to the activating agent and further enhancement of the porous structure. With 

respect to the activation process, the AC pores are more opened which pave access for previously 

inaccessible pores and thus modifies the surface of the carbon. This porous framework comprises 

of pore diameter, which are classified into either as micropore (pore size < 2 nm), mesopore (2nm 

< pore size < 50 nm) or macropore (pore size > 50 nm) (Everett 1972) as shown in Figure 2.1. The 

porous fissures extend well within the AC structure, which improves overall surface area and 

promotes fast electrical conductivity.  

 

 

 

 

Figure 2.1:    Pore structure identification in activated carbon.   

Macropores

Micropores

Mesopores
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    The activation process, activating agent and reaction conditions influence the porous framework 

formation, characteristic catalytic attributes, and surface chemistry in activated carbons (Sentorun-

Shalaby, Uçak-Astarlıoglu, Artok & Sarıcı 2006; Wu & Tseng 2006). The activation process 

begins with the elimination of the disorganized carbon produced during the carbonization process 

and the opening of the blocked pores. The activation process can be achieved through either 

physical or chemical means (Rodriguez-Reinoso 1997; Kyotani 2000), or a combination of the two 

using different precursors. Both activation routes are desirable for AC production based on the 

conditions, though the quality of AC generated from the 2 methods will not be the same.  

 

    Physical activation also known as thermal activation and gas activation, which requires elevated 

temperatures near 900 oC and suitable oxidizing gases such as steam or carbon dioxide (CO2) in 

the activation process for generating activated carbon with high porosity (Rodrıgues-Reinoso, 

Heintz & Marsh 1997; Rodrıguez-Reinoso & Molina-Sabio 1998). Air, oxygen, flue gases are 

rarely used as oxidizing gases in combination with carbon, due to challenging control of activation 

with these gases. The porosity in AC is not well developed with above described oxidizing gases, 

as the carbon particles get burn away forming carbon dioxide and carbon monoxide (Rodríguez-

Reinoso 1997; Rodríguez‐Reinoso 2002). 

 

    The chemical activation route is very important for the industrial process aimed at producing 

highly microporous ACs, where the carbonization and activation occur simultaneously. This route 

operates through impregnating the precursor with a chemical agent, heating in an inert atmosphere, 

and then washing any chemical remnant from the produced AC out with acid/base and water. In 
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the chemical activation route, the chemical agent dehydrates the sample, inhibits the tar formation 

and volatile compounds evolution, which also enhances the yield of the carbonization process 

(Rodriguez-Reinoso 1997; Williams & Reed 2004). In contrast to physical activation, chemical 

activation occurs at lower temperatures and at shorter times with well-developed porosity. The 

energy required for AC production is lower, as well this route offers well and controlled porosity 

development. The most utilized activating agents include potassium hydroxide (KOH), phosphoric 

acid (H3PO4) (Bandosz 2006; Marsh & Rodríguez-Reinoso 2006) and zinc chloride (ZnCl2) 

(McEnaney 2002). The reaction mechanism for the above mentioned activating agents differs from 

each other, though their advantages outweigh that of physical activation. 

 

    AC produced from chemical activation using ZnCl2 activating agents is dominantly 

microporous, though with significant mesopores which are augmented by an increase in the 

impregnation ratio (ZnCl2/precursor) (McEnaney 2002). Zinc chloride activation also has its 

limitations such as low recovery efficiencies, corrosion problems, the presence of residual zinc in 

the carbon structure, which is of environmental concerns (Bandosz 2006). Concerning phosphoric 

acid activation, the reaction occurs with acid-catalyzed dehydration and partial depolymerization 

of the hemicelluloses and lignin. This promotes bond cleavage (separation of the cellulose fibers) 

and the formation of cross-links (with cyclisation and condensation reactions) (Hayashi, Kazehaya, 

Muroyama & Watkinson 2000; Molina-Sabio & Rodrıguez-Reinoso 2004). The recovery of 

phosphoric acid in large amounts which is carried out through multiple stage extraction (Bandosz 

2006; Marsh & Rodríguez-Reinoso 2006) is a major concern. 
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    In the case of potassium hydroxide (KOH) impregnation of raw material, no reaction will occur 

until the heat treatment is applied, making the chemical act as a dehydrating agent on the precursor 

and it does not prevent the shrinkage of the particles upon heat treatment. The reaction condition 

for the impregnated KOH precursor is desirable at a high temperature above 700 oC, well-

developed porosity on AC is obtained from good impregnation of the raw material. KOH activation 

occur through a redox reaction where carbon is oxidized to CO or CO2. The reduction of potassium 

to a metal ion (hydrogen, metallic potassium), which intercalates between the graphene layers of 

the carbon structure and expands the structural graphene layers. The destructive removal of this 

metal ion occurs when the carbon is progressively heated, creating new pores by disrupting the 

graphene structure as it exits (Molina-Sabio & Rodrıguez-Reinoso 2004). The reaction mechanism 

in accordance with literature is described as follows: 

 

322 23226 COKHKCKOH ++→+                                                                                 2.1 

 

22222 HCOKCKOH ++→+                                                                                                     2.2 

 

The proposed reactions described here also proceed with the decomposition of the potassium 

carbonate further to form potassium oxide and carbon dioxide. Activated carbon with highly 

developed microstructure, along with high surface area more than 3000 m2/g, have been produced 

through KOH chemical activation (McEnaney 2002; Robau-Sánchez, Aguilar-Elguézabal & 

Aguilar-Pliego 2005).  
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2.4.1   Microwave heating method 

    The conventional heating method is widely utilized for ACs preparations (Noor & Nawi 2008; 

Gimba, Salihu, Kagbu, Turoti, Itodo & Sariyya 2010), which involves the generation of energy by 

an electric furnace, requires high energy consumptions and long processing times. This process 

poses limitations for the biomass material, as the heat transfer through the material is governed by 

conduction through individual articles with reduced convective heat transfer within the voids. This 

heating mode has been in existence for many years still has its challenge due to slow heating rates 

with large material and imprecise heating of the workspace surface that affects the overall yield of 

produced material. Invariably, heat transfer remains a primary challenge with conventional heating 

method especially with bioenergy and bio-derived products. The need for an exceptional heating 

method that can match the quality of biomass derivatives aside from conventional heating is highly 

desirable.  

 

    In order to overcome the challenges of conventional heating methods, an alternative heating 

method have been developed, also utilized in the science and technology field. Microwave heating 

exhibits potential attributes as compared to conventional heating methods due to its improved 

heating efficiencies. Microwave heating has since found vast applications in the food industry, 

pasteurization and sterilization, crude oil exploration and processing, vacuum drying, (Kaatze & 

Hübner 2010) specifically due to the overcoming of heat transfer limitations. Microwaves heat 

volumetrically due to the presence of an electric field within the processed material and do 

selective heating to the material, which is more efficient as compared to conventional heating (Lei, 
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Ren & Julson 2009). Microwave pyrolysis selectively heating the targeted material, a more 

uniform temperature profile, while a higher yield of desired end products can be achieved 

(Fernández, Arenillas, Bermúdez & Menéndez 2010; Zuo, Tian & Ren 2011). Microwave heating 

is easy, rapidly initiated and terminated, help in reducing the quantity of heating required to 

achieve a particular end, and with it the associated energy use and costs (Menéndez, Domınguez, 

Inguanzo & Pis 2004). The application of microwave pyrolysis on different biomass materials such 

as waste tea (Yagmur, Ozmak & Aktas 2008), rice straw (Huang, Kuan, Lo & Lin 2008), wood 

(Miura, Kaga, Sakurai, Kakuchi & Takahashi 2004), micro-algae (Budarin, Zhao, Gronnow, 

Shuttleworth, Breeden, Macquarrie & Clark 2011), coffee hulls and wheat straw (Budarin, Clark, 

Lanigan, Shuttleworth, Breeden, Wilson, Macquarrie, Milkowski, Jones & Bridgeman 2009) have 

been used a starting material for AC production. 

 

2.4.2   Pinecone biomass as AC source 

    AC has a worldwide huge demand in the market around an estimate of 1,000,000 tonnes per 

year. AC is also cheap and readily available with the earth's crust in form of fossil-based sources. 

Their production from fossil-based requires sophisticated and energy-consuming processes for 

their production, which also generates a host of toxic gases and chemicals during the production 

process. In the limelight of these challenges involved using fossil-based precursors for AC 

synthesis, attention is shifted on the application of alternative, most resourceful, cost-effective and 

non-cyclic cropping sources for AC production. AC preparation from renewable sources (biomass) 

is a good approach in terms of availability, economic and application purposes. These biomass are 

widely available as a renewable source on the earth's surface with an estimate growth amount of 

118 billion tons/year, dried (Bobleter 1994). Green chemistry also affords these biomass wastes to 
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serves a double purpose by utilizing the unwanted, surplus wastes as a starting precursor for 

vitamins, colorants, polymers, pharmaceuticals, chemicals, and surfactants (Anastas & Kirchhoff 

2002) and also reduce the environmental nuisance of these biomass. Moreover, biomass usage as 

a precursor for AC preparation reduces the demand for non-renewable activated carbon feedstock 

(coal) and limits global warming by converting these biodegradable waste materials into solid 

carbon char.  

 

    Pinecone (Pinus radiata) is another abundant, inexpensive agricultural biomass material that is 

widely abundant in South Africa. This material has been employed as pine based adsorbent for 

removal of heavy metals and phenolics from wastewater by other researchers (Tseng, Wu & Juang 

2003; Ofomaja & Naidoo 2011). The pinecone is rich in carbon and low in ash contents, and also 

possesses huge potential to be converted into activated carbon if pyrolyzed under controlled 

conditions or with vital chemical treatment (Zhang, Zhang, Li & Chen 2007; Duman, Onal, 

Okutucu, Onenc & Yanik 2009). The proximate analysis and the calorific value measurements of 

pinecone determined according to ASTM standards and results (Haykiri-Acma & Yaman 2007) 

are given in Table 2.2. The ultimate analyses of pinecone were conducted using EuroEA3000 

model elemental analyzer are shown in Table 2.3. The chemical composition of the pinecone are 

shown in Table 2.4 respectively.  

 

 

 

 

 



25 
 

 

Table 2.2:   Proximate analysis (%, on the original basis) and gross calorific value results of the 

pinecone (Haykiri-Acma & Yaman 2007). 

 

Material Moisture  Volatile 

matter 

Fixed 

carbon 

Ash Gross 

calorific value 

(MJ/kg) 

Pinecone  9.4 69.0 20.9 0.7 18.6 

 

Table 2.3:    Ultimate analysis results of the pinecone (%, on the dry-ash-free basis) (Haykiri-Acma 

& Yaman 2007). 

 

Material C  H N O 

Pinecone  44.1 5.9 0.01 50.0 

 

 

Table 2.4:    Chemical compositions of the pinecone (%, on the original basis) (Haykiri-Acma & 

Yaman 2007). 

 

Material Alcohol/benzene 

extractives 

Holocellulose Lignin α-

Cellulose 

Pinecone  15.4 46.5 37.4 18.8 
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    The carbonized pinecone has been applied as a low-cost material for the removal of pollutants 

from water and also as anode lithium secondary batteries (Zhang et al. 2007; Duman et al. 2009). 

However, the preparation of AC and optimization of preparation parameters through microwave-

assisted pyrolysis of chemically (KOH) activated pinecone biomass, as a potential catalyst support 

has not been reported before. The dispersion of most MOS photocatalyst on AC is limited by either 

poor catalytic activities in the visible light region of the solar spectrum (Byrappa, Subramani, 

Ananda, Rai, Sunitha, Basavalingu & Soga 2006; Sobana, Muruganandam & Swaminathan 2008). 

The need to develop a photocatalyst that can effectively utilize the solar spectrum well, it must be 

active under low intensity of visible light region and possess high efficiency to remove different 

types of organic pollutants from the environment. 

 

 

2.5   Plasmonic silver/silver halides photocatalyst 

    Plasmonic photocatalysts are promising materials that can harness visible sunlight in 

photocatalytic processes. These noble-metal such as Au, Ag, Pt, and Cu, possess unique attributes 

which is ascribed to excitation of resonant collective oscillations of the conduction electrons 

(Figure 2.2) by electromagnetic radiation–the surface plasmon resonance (SPR) (Awazu, 

Fujimaki, Rockstuhl, Tominaga, Murakami, Ohki, Yoshida & Watanabe 2008; Zhang, Li, Lu, 

Tang & Lu 2012). The SPR phenomenon can be influenced by the metal type, material 

composition, particle size, shape and the dielectric constant of the surrounding medium (Jones, 

Osberg, Macfarlane, Langille & Mirkin 2011). The SPR band is stronger with Ag and Au as 

compared to other noble metals (Tang & Lu 2012). The anchor semiconductor catalyst with the 
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Ag noble metal tends to possess intense degradation performance as a result of good interaction 

with the electronic environment of supported semiconductor (Tian & Tatsuma 2005; Linic, 

Christopher & Ingram 2011). These attributes paved the way for harnessing their properties for 

the creation of efficient visible-light-driven plasmonic photocatalysts, due to their excellent 

absorption in the visible region of the solar spectrum.  

 

 

 

Figure 2.2:    Schematic illustration of surface plasmon resonance in plasmonic nanoparticles 

(Fujishima, Zhang & Tryk 2008).   
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    The silver halide (AgX, X = Cl, Br or I) species are good material source applied as photographic 

film, which are unstable upon illumination. The metallic Ag anchor with the silver halide results 

in the formation of silver/silver halide (Ag/AgX, X = Cl, Br or I) nanoparticles. In a synergistic 

manner, the Agº on the surface of AgX with plasmon attributes induced photostability and efficient 

visible-light photocatalyst for environmental remediation (Ng & Fan 2007; Wang, Huang, Qin, 

Zhang, Dai, Wei & Whangbo 2008). The metallic Ag on the surface of AgX material also aids the 

effective separation of electron-hole pairs by forming a Schottky barrier. This Schottky barrier 

enhances the catalytic performance of silver/silver halide nanoparticles and also their stability after 

degradation activities (Hu, Lan, Qu, Hu & Wang 2006). Since the discovery of Ag/AgCl plasmonic 

photocatalysts (Lou, Huang, Qin, Zhang, Cheng, Liu, Wang, Wang & Dai 2012), there has been 

continued interest on the application of the plasmonic Ag/AgX for environmental remediation 

(Zhu, Ke, Yang, Sarina & Liu 2010). Though, the overall performance of Ag/AgX (X = Cl, Br, I) 

materials is dependent on their morphological structures that evolve from their synthesis 

approaches. Huang and his co-workers pioneered the synthesis of Ag/AgCl through ion-exchange 

approach (Zhang, Lima, Lee, Zaera, Chi & Yin 2011) and as such a host of methods have been 

utilized for Ag/AgX (X = Cl, Br, I) synthesis with different morphologies (Li & Ding 2010).  

 

    The plasmonic Ag/AgX (X = Cl, Br and I) nanomaterials possess excellent catalytic 

performance on the degradation of organic pollutants from wastewater under visible light 

irradiation (Zhou, Hu, Hu, Peng & Qu 2010). Much attention is focused on the synthesis of 

Ag/AgCl, though the Ag/AgBr photocatalyst possesses more increased visible light absorption 

than Ag/AgCl (Zhang, Chen, Liu & Tsai 2013). The AgBr has an indirect bandgap of 2.6 eV 
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(Wang, Huang, Zhang, Qin, Jin, Dai, Wang, Wei, Zhan & Wang 2009) as compared to narrow 

bandgap of 2.4 eV for AgI (2.4 eV for α - AgI and 2.8 eV for β – AgI) (Victora 1997) and wide 

bandgap of 3.25 eV for AgCl. Invariably, both Ag/AgBr and Ag/AgI possess the capability in 

absorbing visible light effectively by not using metallic Ag nanoparticles alone, but also with their 

intrinsic absorption of adjacent silver halide. Though, the Ag/AgBr has more catalytic properties 

more than Ag/AgCl by a factor of 1.5 (Hou, Wang, Yang, Zhou, Jiao & Zhu 2013). Another 

attribute of Ag/AgBr is related to the electron affinity of Br, which is lower as compared to Cl 

(324 vs 348 kJ mol-1). The reduced electron affinity of Br paves way for it to combine with hole 

faster than Cl., this step is crucial for enhancing catalytic reaction process as the holes combine 

with X-I forming Xo (oxidant radical) that degrade the pollutant. However, the Ag/AgI 

photocatalyst is less focused on due to lower catalytic performance which is ascribed to the weak 

oxidation power of iodine (Hu, Peng, Hu, Nie, Zhou, Qu & He 2009). The focus of attention in 

this doctorate thesis will be on the plasmonic Ag/AgBr due to its higher catalytic activity than 

Ag/AgCl and Ag/AgI photocatalyst.  

 

    However, most pure Ag/AgX material are not very efficient for high catalytic performance due 

to their large particles size and irregular morphology which emanates from the rapid reaction 

kinetics between the silver and halide ions (Ng & Fan 2007; Wang, Huang, Zhang, Zhang, Qin, 

Dai, Zhan, Yu, Liu & Lou 2010). The AgX nucleates rapidly and aggregate in solution due to rapid 

reactions, thus the need to control the particle size and shape of nanosized silver halides. Also, 

irregular morphology results in recombination of electron-hole pairs, which affect the catalytic 

activities (Hou, Wang, Yang, Zhou, Jiao & Zhu 2013). With the case of the plasmonic Ag/AgBr, 

host of synthetic approaches have been employed in controlled size and shape. Routes such as 
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hydrothermal, photoreduction, solvothermal, sacrificial template-directed, microwave-assisted, 

deposition-precipitation and thermal polyol method have been utilised (Lee, Kim & Kim 2010; 

Choi, Byun, Bae & Lee 2013; Yan, Zhang, Luo, Ma, Lin & You 2013; Chen, Li, Huang, Guo, 

Qiao, Qiu, Wang, Jiang & Yuan 2015; Xiao, Ge, Han, Li, Zhao, Xin, Fang, Wu & Qiu 2015). It 

should be noted that most of these methods described have utilized a lot of organic reagents, 

amphiphilic surfactants, ionic liquids, or polymers as templates in the synthesis process for guiding 

the formation of anisotropic growth of different Ag/AgBr. However, removal of these templates 

after the reaction process can be challenging and also have no participation in the degradation 

process, which invariably decrease the active sites of the photocatalyst (Chen, Su, Wu, Yang, 

Zhuang, Wang & Chen 2012; Wang, Lang, Gao, Liu, Wu, Wu, Guo & Li 2012). The need to 

develop morphology controlled Ag/AgX photocatalyst with a clean surface structure that also 

works as a functional template and catalyst promoter, which will improve high photocatalytic 

activities and stability of the overall composite.  

 

    Controlled morphology of plasmonic Ag/AgX with AC from commercial source have been 

reported, by promoting the spontaneous formation of plasmonic Ag and act as surfactant to affect 

the growth of AgX particles (McEvoy, Cui & Zhang 2014; McEvoy & Zhang 2014; McEvoy & 

Zhang 2016). However, no report in the literature on the utilization of AC from pinecone biomass 

as a catalyst support in the dispersion of Ag/AgBr have been described before, through synthesis 

of the composite via thermal polyol and deposition-precipitation method. The synthesis parameters 

in preparation of Ag/AgX play important roles in the morphology, structural and electrical 

properties. Among them, the control of temperature, reaction time, support material mass, and 

surfactant affect the product formation and their intrinsic performance on targeted pollutants. 
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However, there are several limitations (Chen et al. 2015) with conventional one synthesis 

parameter at a time approach, as it fails to clearly identify the actual parameters responsible for 

exceptional characteristic properties of Ag/AgBr composite on targeted pollutant. The process 

response is assumed to be a direct function of a single variable parameter, as the interactive 

influence of different parameters is not taken into consideration, which makes the experimental 

design time consuming and less efficient (Gunst 1996). As such, a statistical model of synthesis 

parameters in preparation of Ag/AgBr composite in correlation with organic pollutant removal is 

required for better understanding. 

 

2.6   Response surface methodology 

    The traditional design experimental focusses on the investigation of the effect of a single 

parameter at a time by changing that parameter and keeping others constant. A statistical tool 

called Response Surface Methodology (RSM) has been employed to carry out a multiple 

regression analysis and optimization of data from properly designed experiments. This statistical 

tool allows good designing of experiments and optimization purposes through investigation of 

interactions between factors. Response Surface Methodology (RSM) as a design of experiment 

tools utilizes a combination of statistical and mathematical skills to plan, develop, improve and 

optimize processes with efficient conclusions (Gunst 1996). This statistical tool is a commonly 

used method in the optimisation of industrial processes, especially when there are several input 

variables that can be influential on the performance or quality characteristics of a product or 

process (i.e. response) (Gunst 1996). RSM first application by Box and Wilson in 1951 within the 

chemistry field for process optimization, while the tool showed promising attributes especially in 

areas where experiments are sequential with rather small errors (Box & Wilson 1992). The 
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exceptional attributes of this design have been put to usage by different types of industrial 

processes for investigation of the behavior of materials, optimization of the process and selection 

of operating conditions for specific objectives (Yan, Qin, Kong, Zhi, Sun, Shen & Li 2016; Zhang, 

Li, Liu, Chen, Ma & An 2019).  

 

    RSM does a multiple regression analysis of the data from properly designed experiments, which 

results in a mathematical relationship between the response and process independent variables. 

The regression models show the individual and interactive influence of the test variables on the 

process, which are from one of the three classes described here: (i) first-order polynomial 

(indicative of main effects only), (ii) first-order polynomial enhanced with two-factor interactions 

and (iii) second-order models which considers complete quadratic effects (Gunst 1996; Banks 

1998). Moreover, the response surface is depicted in the form of three-dimensional (3D) plots or 

by contour plots as shown in Figure 2.3. There is also a need to explore RSM to correlates the 

relationship between synthesis parameters with the physicochemical properties of the prepared 

composite using analytical means such as X-ray diffraction (XRD), UV-vis diffuse reflectance 

spectrophotometry (DRS), Fourier transform spectroscopy (FTIR), scanning electron microscope- 

(SEM), Photoluminescence microscopy (PL), and electrochemical spectroscopy on degradation of 

organic pollutants. 

 



33 
 

 

 

Figure 2.3:    Description of response surface as a function of two factors (a) 3D plot, (b) Contour 

plot (Gunst 1996).  

 

2.7   Pharmaceuticals in the environment 

    Pharmaceutical and personal care products (PPCPs) include groups of complex organic 

molecules with different physicochemical, biological properties and functionalities in human and 

animal health care (Daughton & Ternes 1999; Kümmerer 2008). Many of these compounds are 

extensively employed as anti-inflammatories, lipid regulators, analgesics, antibiotics, anti-

epileptics, antiseptics and disinfectants (Kolpin, Furlong, Meyer, Thurman, Zaugg, Barber & 

Buxton 2002). These PPCPs presence in the surface waters, wastewaters and drinking waters are 

critical concerns for the ecosystem at large (Oulton, Kohn & Cwiertny 2010). These PPCPs enters 

through the sewage systems from incomplete metabolism during therapeutic usage and also 

through excreta from human and animals in an unchanged form (Hirsch, Ternes, Haberer & Kratz 

1999). The disposal of unused drugs into the sewer by health officials and veterinary services 
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(Diaz-Cruz, Lopez de Alda & Barcelo 2003; Kummerer 2003) are potential sources for the large 

occurrence of these PPCPs in the environment. These PPCPs also occur in surface, ground and 

drinking waters (Gros, Petrovic´, Ginebreda & Barceló 2010) as well in river sediments and 

wastewater sludge, especially in the case of antibiotics (Jelic´, Petrovic´ & Barceló 2009). 

However, antibiotic drugs are major PPCPs that need close attention (Watkinson, Murbyc & 

Costanzo 2007) due to the impending threat towards the function of the ecosystem (Costanzo, 

Murby & Bates 2005). Routine monitoring of the levels of PPCPs released from wastewater 

treatment plants (WWTPs) is largely neglected by regulatory authorities (Verlicchi, Al Aukidy & 

Zambello 2012) as the importance of such releases for humans and biota has not been fully 

established . Increased antibiotics resistance by bacteria and the spread of the antibiotic resistance 

genes (Gros et al. 2010) are major concerns that warrant complete removal. 

 

2.7.1   Tetracycline antibiotic 

   Among these antibiotics drug commonly consumed for both human therapy and agricultural 

purposes over the years is Tetracycline (TC) antibiotics for their antimicrobial activity against a 

host of bacteria (Mathers, Flick & Cox Jr 2011). This antibiotic is also employed as a food additive 

to accelerate the growth rate of animals, which is ascribed to their activity, oral availability, low 

cost. TC production wide world is estimated to be around thousands of tons annually (Michalova, 

Novotna & Schlegelova 2004). TC has a high molecular weight of (444 g mol−1) with a chemical 

structure comprising several carbonyls, amino and hydroxyl functional groups as depicted in 

Figure 2.4.  
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    Over the past years, the utilization of TC in the environment has accelerated the wide release of 

the antibiotic into the ecosystem via water discharges from the manufacture and formulation of 

drugs, animal farms and disposal of unused or expired pharmaceutical products by accidental 

release. The release of TC into the environment contaminates the soil and groundwater through 

leaching and runoff from improper handling by humans and also TC residues can also be found in 

wastewater treatment plants (Lin, Yu & Lateef 2009). These TC residues found in the TC 

antibiotics have been detected at concentrations ranging from 0.11 to 4.20 g/L in surface waters. 

The TC concentrations in effluents from wastewater treatment plants ranged from 46 to 1300 ng/L 

for tetracycline, 270 to 970 ng/L for chlortetracycline, and 240 ng/L for oxytetracycline (Lin et al. 

2009; Gao, Mao, Luo, Wang, Xu & Xu 2012). The TC presence in drinking water has resulted in 

vomiting, diarrhea, gastrointestinal irritation, and renal failure (Deblonde, Cossu-Leguille & 

Hartemann 2011). A reduction in bone growth rate can occur from stable calcium complex in bone, 

due to the absorption of TC into the bones (Thi & Lee 2017). Studies also showed that too much 

of TC in an animal can impair the development of the fetus (Phillips, Eastwood, Curtis, Gower & 

De Wardener 1974). The need to develop appropriate, efficient and cost-effective treatment 

technologies to eliminate the tetracycline antibiotics before releasing to the environment. 
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Figure 2.4:    Chemical structure of Tetracycline (C22H24N2O8). 
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    Up till now, various treatment techniques have been applied to remove these antibiotics, which 

comprises of adsorption (Wu, Li & Hong 2013), photocatalysis (Yan, Wang, Gu, Wu, Yan, Hu, 

Che, Han, Yang & Fan 2015), microbial decomposition (Gómez-Pacheco, Sánchez-Polo, Rivera-

Utrilla & López-Peñalver 2011) electrolysis (Yu, Gao, Lu, Liu, Huo, Liu, Wu & Yan 2013), and 

membrane separation (Wang, Yuan, Wu, Huang, Peng, Zeng, Zhong, Liang & Ren 2013). 

According to literature, the most effective treatment for TC wastewater remediation is 

heterogeneous photocatalysis due to the environmentally friendly and easily handled method for 

the removal of antibiotics and other organic pollutants from water. In recent years the application 

of plasmonic Ag/AgBr alone, or in conjunction with other hetero-junction (Z-scheme), Ag/AgBr 

dispersed on catalyst support as visible light photocatalyst have been employed for oxidation of 

TC (Chen, Yang, Li, Zeng, Wang, Niu, Zhao, An, Xie & Deng 2017; Rimoldi, Meroni, Cappelletti 

& Ardizzone 2017; Thi & Lee 2017; Yin, Fang, Luo, Zhang & Shi 2017). The degradation of TC 

using the plasmonic Ag/AgBr dispersed on the catalyst support showed enhanced degradation 

within shorter times under visible light irradiation. This case shows that these plasmonic composite 

have potential to operate in large scale for TC elimination from the ecosystem (Wang, Yang, Zi, 

Zhou, Ye, Li, Guan, Lv, Huo & Yan 2016; Shi, Lv, Yuan, Huang, Liu & Kang 2017). Also from 

the HLPC-MS spectra, the detection of less toxic intermediates generated during the TC 

degradation process using the plasmonic Ag/AgBr was identified (Thi & Lee 2017). The aromatic 

ring and amino group of cationic and zwitterionic TC were destroyed by the reactive oxidative 

species such as .O2 and h+ through the ring-opening reactions and the cleavage of the main carbon 

bond (Liu, Hou, Xi, Li, Hu & Yu 2016). This shows the potential attributes of the catalyst for 

antibiotics removal. 
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    Aside from the utilization of the Ag/AgBr catalyst material, other operating factors can also play 

a role in the photocatalytic degradation of TC in wastewater along with the applied catalyst. These 

include different light intensity, initial concentration, and catalyst loading, initial pH of the reaction 

medium and presence of ionic components in solution. The optimization of these factors is also 

crucial from the angle of an efficient design and the application of the photocatalytic degradation 

process to enhanced tetracycline removal. Also, the desire for the prepared Ag/AgBr composite to 

work effectively at low intensity of visible light region. To the best of our knowledge, no 

investigation has been carried out using AC from pinecone biomass as catalyst support for the 

dispersion of Ag/AgBr (AABR-ACK). The synthesis of the composite is carried out through 

thermal polyol, whilst the synthesis parameters model using RSM as an experimental design 

approach. The most active AABR-ACK photocatalyst from the thermal polyol route, 

characteristics attribute will be further compared with the AABR-ACK composite prepared 

through a deposition-precipitation method in this thesis. The prepared composites (Ag/AgBr-

ACK) was applied for the degradation of tetracycline antibiotics under low-cost visible light-

emitting diode (LED) irradiation, which has not been reported before. 
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Chapter 3.    Three-dimensional hierarchical porous carbon 

structure derived from pinecone as potential catalyst support 

in catalytic remediation 

Abstract 

In this chapter, pinecone was converted via two stage pyrolysis to produce low cost activated 

carbon. Furnace pyrolysis was used in the first step to convert pinecone to biochar, followed by 

microwave pyrolysis of the biochar activated with KOH to obtain activated carbon (ACK) 

materials as a suitable catalyst support. The resulting ACKs materials were characterized by 

morphology, structural, adsorption, and electrochemical properties. The optimized ACK 2.24-16 

prepared from the pinecone had a complex three-dimensional (3D)-hierarchical network structure 

with an abundance of micropores and mesopores than other ACKs samples judging from the iodine 

number (1900 mg/g) and the methylene blue number (4000 mg/g) adsorption capacity. The 

optimized 3D ACK hierarchical material had the highest current response and least charge transfer 

resistance, along with a high surface area (427 m2/g) which gives it great potential as a 

photocatalyst support in heterogeneous photocatalysis. The morphology, structural and 

electrochemical analysis shows that 3D ACK hierarchical network structure will significantly 

benefits catalyst dispersion, facilitate reactant transport, enhance visible light absorption and fast 

interfacial charge transfer. This work highlights exciting avenue of utilizing pinecone, which is a 
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biowaste to produce low-cost and effective carbon-based photocatalyst support materials for 

environmental remediation. 

Keywords: Catalyst support material, Pinecone, KOH-activation, Microwave pyrolysis, 

hierarchical network structure  
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3.1.    Introduction 

    Heterogeneous photocatalysis utilizing metal-semiconductor materials as catalyst under light 

exposure at relatively low temperature has received considerable attention for the efficient removal 

of pollutant in wastewater (Wen, Niu, Zhang, Liang & Zeng 2018). However, the application of 

these photocatalysts for enhanced performance is hindered by aggregation and agglomeration of 

the catalyst materials during preparation, weak light-harvesting efficiency, inefficient separation 

and fast recombination rate of photoexcited charge carriers, and poor recovery from solution after 

degradation activities (Jiang, Yuan, Zeng, Liang, Chen, Yu, Wang, Wu, Zhang & Xiong 2018; 

Espinosa, Manickam-Periyaraman, Bernat-Quesada, Sivanesan, Álvaro, García & Navalón 2019; 

Yuan, Jiang, Liang, Pan, Zhang, Wang, Leng, Wu, Guan & Zeng 2019). The immobilization of 

the catalytic active phase on high surface area insoluble materials as a cocatalyst in the degradation 

process is a promising approach in obtaining highly efficient and stable photocatalytic composite 

(Zhang, Fan, Quan, Chen & Yu 2011; Zhu, Chen & Liu 2011; Xiang, Yu & Jaroniec 2012; 

Esmaeili & Entezari 2016; Ji, Chen, Mu, Yuan, Knoblauch, Bao, Shi, Wang & Zhu 2016; Guan, 

Wang, Wang, Sun, Huang, Liu & Zhao 2017).  

    The higher specific surface area, excellent electron conductivity, active binding sites for catalyst 

dispersion and their relative chemical inertness are exceptional attributes for utilizing 

carbonaceous materials (graphene, graphene oxide, carbon nanotube and activated carbon) (Fan, 

Zhao, Yang, Shan, Yang, Zhang, Li & Gao 2012; Dong, Gao, Miao, Yu, Degan, Garcia-Pérez, 

Rasco, Sablani & Chen 2015; Antolini 2016) as supports in comparison to other support materials 

(Guesh, Márquez-Álvarez, Chebude & Díaz 2016; Guan et al. 2017; Zhang, Song, Duan & Zheng 

2018). Low cost of production, abundance, inexpensive matrix with nontoxicity are key factors 

towards the selection of activated carbon (AC) among these carbonaceous materials for catalyst 
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dispersion (Yu, Zhu, Fan, Liu, Yao, Dong, Li & Huo 2018; Xie, Li, Zhang, Wang & Huang 2019). 

In the optimization of activated carbon (AC) as a catalyst support, the desire should not only be 

based on a high specific surface area for effective adsorption-desorption of solution and abundant 

functional groups for catalyst dispersion judging from previous works (Yang, Chiang & Burke 

2011; Zhai, Dou, Liu, Park, Ha & Zhao 2011; Kumar, Mallampati, Adin & Valiyaveettil 2014). 

The AC must also have exceptional interconnected porous channel with accessible space, 

favorable for light-harvesting, aid electrons transfer after generation and assist separation of photo-

generated charge carriers, as well high adsorption and diffusion of targeted pollutants (Naito, 

Tachikawa, Fujitsuka & Majima 2008; Chen, Wang & Fu 2009; Wang, Liu, Wang & Li 2018).  

    The AC porous channels in form of 3D hierarchical network structures have shown promising 

attributes in fuel cells, supercapacitors and environmental remediation (Li, Samad, 

Polychronopoulou, Alhassan & Liao 2014; Jiang, Zhang, Yuan, Chen, Huang, Dionysiou & Yang 

2018; Raza, Ali, Raza, Luo, Kwon, Yang, Kumar, Mehmood & Kim 2018; Yuan, Zhang, Guo, 

Qiu, Yang & Ou 2018). However, previous works devoted in the development of these 3D AC 

hierarchical structures rely on utilization of high-price templates, requirement of energy-intensive 

routes, and the usage of corrosive chemicals, which pose huge concerns on environmental 

sustainability and production costs (Zhai et al. 2011; Ji et al. 2016). A more sustainable approach 

to develop 3D AC hierarchical structure exploring sustainable resources like biowaste is crucial to 

alleviate the preparation cost, environmental impact and also enhance the value of the biowaste 

material (Titirici & Antonietti 2010; Demir, Kahveci, Aksoy, Palapati, Subramanian, Cullinan, El-

Kaderi, Harris & Gupta 2015). Previous works have explored agricultural biomasses, waste 

residues and wood as renewable precursors for generating 3D AC hierarchical network structure 

materials as catalyst support for pollutant removal with high activity (Ji et al. 2016; Lam, Liew, 
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Wong, Azwar, Jusoh & Wahi 2017a; Liew, Chong, Osazuwa, Nam, Phang, Su, Cheng, Chong & 

Lam 2018). The unique 3D AC interconnected porous channel potential as catalyst support 

depends strongly on the type of agricultural biomass precursor, the activation methods and the 

heating method during carbonization.  

    Particularly, pinecone biomass is abundantly available throughout the world, a valuable product 

in waste remediation (Nuhoglu & Oguz 2003) due to its excellent chemical composition (Haykiri-

Acma & Yaman 2007). Ovulate pinecones are rich in cellulose, hemicellulose, lignin, resin and 

tannins (Robbins, Weier & Stocking 1957), that serve as the biomass source for AC synthesis. 

Host of carbon materials from pinecone have shown good performances in many fields such as 

supercapacitors, energy production, adsorbent and electrocatalysts (Barzegar, Bello, Dangbegnon, 

Manyala & Xia 2017; Lei, Wang, Lai, Hu, Wang, Fang, Li & Fang 2017; Nanda, Gong, Hunter, 

Dalai, Gökalp & Kozinski 2017; Shen, Huang, An, Xin, Huang & Rosendahl 2018). Activated 

carbon, from various agricultural sources, have been used as catalyst supports (Li, Tie, Li, Guo, 

Liu, Liu, Liu, Feng & Zhao 2018; Liew et al. 2018). 

    Regarding activation condition, AC produced via mixing of the precursor with chemical 

activating agent especially potassium hydroxide (KOH) has shown potential for good formation 

of 3D hierarchical network structure with large surface area (Mohammed, Chen & Zhu 2019). This 

emanates from interaction of the potassium atom with the carbon structure of the AC by means of 

dehydration and degradation (Giraldo & Moreno-Piraján 2012; Li, Liu, Xiao & Wang 2017). 

Microwave-assisted pyrolysis instead of conventional oven heating has shown promising attributes 

for the generation of 3D AC interconnected porous channels. This may be ascribed to the 

microwave’s exceptional fast, efficient and selective heating mechanism (Wan Mahari, Zainuddin, 

Wan Nik, Chong & Lam 2016). There is no reports in literature regarding the optimization of 



73 
 

different preparation parameters on activated carbon produced from pinecone, as a catalyst support 

in heterogeneous catalysis field. 

    Inspired by these facts, the focus of this study was to construct 3D AC hierarchical porous 

structure through microwave pyrolysis of KOH impregnated pinecone and test it as photocatalyst 

support (ACK). The characteristic properties of 3D AC hierarchical porous structures with 

abundant oxygenated functional groups were established, along with their efficient adsorption 

attributes is also discussed in this chapter.  

 

3.2.    Materials and method 

3.2.1.    Materials 

    Agricultural biomass pinecones were collected from Vaal University parking space, South 

Africa and will serve as the precursor for carbon production. The pinecones were washed to 

remove impurities such as sand and leaves from the material. The washed cone was dried in a 

conventional oven at 90 oC for 48 hr. The scales on the cones were removed and crushed using a 

pulverizer to make a fine powder with particle size less than 1 mm. Analytical grade chemicals 

such as potassium hydroxide (KOH) was purchased from Merck, while hydrochloric acid (HCl, 

99%), sodium hydroxide (NaOH, 99%), iodine (I2) sodium thiosulfate (Na2S2O3·5H2O), potassium 

iodide (KI) and methylene blue (C16H18ClN3S, 99%) were purchased from Sigma Aldrich. All the 

reagents were used as received and the water used in all these experiments was purified with a 

Millipore system. 
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3.2.2.    Activated carbon preparation 

    This work adopts the established two-stage pyrolysis method for preparing AC (Yang, Liu, 

Liang, Chen, Ma, Li, Liu, Tu, Lan & Chen 2019). The pinecone powder (approximately 15 g) 

weighed in an aluminum foil and, was placed in a tubular furnace reactor (Carbolite Gero, MTF 

12/38/250). Nitrogen gas was passed through the furnace for about 10 minutes to eliminate air 

from the reactor, before heating up the furnace. The material was using a heating rate of 10 °C/min 

and carbonized at 600 °C for 2 h under an inert atmosphere of nitrogen flow (50 mL/min) to obtain 

the biochar (BCR). The BCR was allowed to cool, washed repeatedly with distilled water and dried 

overnight at 80 °C. A yield of about 40 wt% was obtained for the biochar, which was further 

subjected to chemical activation for conversion into activated carbon. The chemical activation of 

the BCR (5 g) with a particle size of fewer than 300 μm was carried out with a 25 mL KOH solution 

at different mass ratio of KOH to biochar or impregnation ratio (IR) (0.56 - 3.36). The prepared 

mixtures were impregnated for 24 hr and the solution was dried in oven at 80 oC for 12 hr to 

remove any remaining moisture present in the material. The dried sample placed in Duran bottle 

and flushed with nitrogen atmosphere flow (50 mL/min) for 30 min. Thereafter the bottle was 

closed with a lid; with a pin-hole to prevent pressure build up during pyrolysis. The biochar was 

pyrolyzed in the microwave reactor (model LG MH8042GM, maximum power of 1000 W at a 

frequency of 2450 MHz) at a constant power of 400 W for different times (8 -24 min) with 4 

minutes difference interval. The produced activated carbon samples were cooled to room 

temperature, washed with 0.1 M hydrochloric acid and hot distilled water to remove the excess 

potassium and any impurities until the pH is between 6-7. The ACs were further dried at 105 oC 
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overnight, and named as ACK-a-b, where a represents mass ratio of KOH to biochar (impregnation 

ratio) and b is the microwave pyrolysis time during the microwave process.  

 

3.2.3.     Characterization 

    The percentage yield (Genovese, Jiang, Lian & Holm) was calculated as the ratio of the dry 

weight of produced pinecone-activated carbon (WACK) to weight of the biochar (WBCR) (Prahas, 

Kartika, Indraswati & Ismadji 2008; Kılıç, Apaydın-Varol & Pütün 2012) as depicted below: 

 

𝑌 % =  
𝑊𝐴𝐶𝐾

𝑊𝐵𝐶𝑅
  𝑋 100                                                                                                                                3.1 

 

    The morphology of BCR and ACKs samples were determined by scanning electron microscope 

(Zeiss EVO 50 XVP). The ACKs functional groups were investigated by Fourier transform 

infrared spectrometer (Perkin Elmer spectrum 400) within the range of 600–4000 cm−1. X-ray 

diffraction (XRD) patterns were obtained by using Bruker diffractometer AXS with Cuk𝛼 

radiation source (source light at a wavelength of 0.1541 nm) with scan range of 10 to 80∘. Thermal 

analysis on each sample was carried out using Perkin Elmer STA 6000 thermal simultaneous 

analyzer at heating rate of 5 ∘C/min from 30 to 900 ∘C under nitrogen purge stream of 20 mL/min. 

The BET surface area, average pore size distribution was estimated by N2 adsorption at 77 K using 

a Micromeritics (Australia) Tristar 3000 analyzer coupled to a VacPrep 061 degassing unit. The 

sample was degassed at a temperature of 105 °C for 24 hours and cooled down to 30 °C before the 

analysis, to eliminate any adsorbed moisture on the surface of the sample. The Raman spectra for 

ACK material was performed using a T64000 series II triple spectrometer system from HORIBA 

scientific, Jobin Yvon Technology. The Raman spectra were generated using argon/krypton laser 
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with an excitation wavelength of 514 nm through an Olympus microscope with a 50x  objective 

lens and laser power of 1.48 mW. The Raman spectra were acquired in the Raman shift range from 

200 cm− 1 to 1800 cm− 1. 

    The point of zero charge (pH-PZC) was determined using 6 points experiment. The optimized 

ACK sample (100 mg) along with 50 mL of 0.1 M potassium nitrate (KNO3) solution was agitated 

at 25 C for 48 h to allow it to reach the equilibrium state (Xing, Jiang, Li, Zhang & Wang 2019). 

The initial pH of KNO3 solution (2, 4, 6, 8, 10 and 12) was adjusted using 0.1 M HCl and 0.1 M 

NaOH. After shaking for 48 h, the final pH was measured using a Hach pH meter.  

    The quantification of the oxygenated functional groups was done by Boehm titration (Bardestani 

& Kaliaguine 2018). According to this method, activated carbon sample (0.1 g) was equilibrated 

with separate solution of 50 mL of 0.1 M NaHCO3, Na2CO3, NaOH, and HCl solution, then sealed 

and shaken at room temperature for 48 hr. Afterward, 10 mL of each filtrate was back-titrated with 

0.1 M HCl using phenolphthalein indicator to detect the end point. The determination of the 

numbers and types of acidic sites, certain considerations were made. NaOH neutralizes carboxylic, 

lactone and phenolic groups; Na2CO3 neutralizes carboxylic and lactonic groups, while NaHCO3 

neutralizes only carboxylic groups (Goertzen, Thériault, Oickle, Tarasuk & Andreas 2010). The 

total basic surface sites were determined with a similar titration technique using 0.1 M HCl solution 

and back titrating with 0.1 M NaOH. All experiments were done in triplicate. 

     The electrochemical properties for prepared ACK samples were conducted in a standard three-

electrode workstation (Biologic SP 240 potentiostat). A glassy carbon electrode (GCE, 5mm in 

diameter) was utilized as the working electrode, while platinum wire and Ag/AgCl (in saturated 

4M KCl) were used as the counter electrode and a reference electrode respectively. Before surface 

modification, the glassy carbon electrode (diameter of 6 mm) was polished with 0.0.5 and 0.3 µm 
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alumina powder for 3 min, rinsed thoroughly with distilled water. The washed GCE further 

sonicated in equal volume of water and ethanol solution for 10 min, then dried under 100 W 

infrared lamp for 5 min. The ACKs samples suspension was prepared by dispersing 5 mg of 

material into 0.5 ml DMF solution followed by ultrasonication for 1 h to obtain ACK ink. A 

volume of 20 μL of the ACK suspension was dropped onto the surface of clean GCE by using a 

micropipette and then dried at room temperature. The cyclic voltammetry (CV) method was 

performed in 6 M KOH solution at a scan rate of 50 mV S-1 from -0.8 V to +0.2 V. The 

electrochemical impedance spectroscopy (EIS) was tested between frequency range of 100 KHz 

to 10 mHz with a perturbation amplitude of 5 mV. 

 

3.2.4.     Methylene blue and iodine adsorption capacity for ACK 

    The methylene blue adsorption capacity also called methylene blue number (MBN) is defined 

as the maximum amount of dye adsorbed on 1.0 g of adsorbent. The MBN is a measure of 

mesopores content (2 – 5 nm) present in produced ACK samples. The batch adsorption of MB was 

conducted in a set of 100 mL plastic bottles containing 0.01 g ACK along with 40 mL dye solution 

at various initial concentrations (10, 25, 50, 100, 250, 500, and 1000 mg/L) at a pH of 12. The 

bottles were agitated in a shaker at room temperature with a shaking speed of 120 rpm until the 

equilibrium was reached after 2 hrs. The samples were filtered and the residual concentration of 

MB in the supernatant solution was analyzed using a double beam UV–Vis spectrophotometer at 

665 nm. The amount of MB uptake per unit mass of adsorbent at equilibrium, qe (mg/g), was 

calculated by: 

 

Qe =  
(CO−Ce)

W
V                                                                                                                       3.2 
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where Co and Ce (mg/L) is the liquid-phase concentrations of MB dye at initial and equilibrium, 

respectively. V (L) is the volume of the solution, and W (g) is the mass of ACK used. The initial 

pH of the dye solution was adjusted by addition of 0.1 M of HCl or NaOH. Langmuir isotherm 

which assumes homogenous monolayer adsorption, was employed to determine the monolayer. 

The monolayer adsorption capacity was determined using a plot of qeq versus Ce as presented in 

Appendix (Figure A3). The calculated monolayer adsorption capacity is best reported as the 

methylene blue number and corresponding Freundlich isotherm also describe below:  

 

qe =  
qmax.KL.Ce

1+KL.Ce
                                                                                                                          3.3 

 

qe =  𝐾𝐹 . 𝐶𝑒
1/𝑛

                                                                                                                                  3.4 

 

where the qe is the amount of MB dye adsorbed at equilibrium time (mg/g), Langmuir parameters 

such as qmax (mg/g) is monolayer adsorption capacity in Langmuir model, KL (L/mg) is isotherm 

constants of Langmuir equation, Ce is the equilibrium concentration of MB dye in solution (mg/L), 

KF is the capacity of the adsorbent and 1/n is the intensity of adsorption constant for Freundlich 

equation. Table A 1 and A 2 (Appendix A) presents the maximum sorption capacities of the ACK 

samples studied towards methylene blue (MB) adsorption as calculated from the Langmuir and 

Freundlich isotherm for the ACK samples. 

 

    The iodine adsorption capacity represented as iodine number (IN) is a good measure of 

microporosity of the AC (up to 2 nm). The IN indicates milligrams of iodine adsorbed by a gram 
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of activated carbon (mg/g), is determined by using the ASTM D4607-94 method for characterizing 

ACK samples. A mass of 0.1 g ACK samples were placed in a dry 100 mL volumetric flask, then 

fully wetted with 10 mL of HCl (5 wt%). The mixture was boiled on the hot plate for about 30s 

and allowed to cool. After cooling down to room temperature, 100 mL of iodine standard solution 

(0.1 mol/L) was added, and then shake for 5 min. The resulting mixture was filtered, then 50 mL 

of the filtrate were transferred with a pipette into a 250 mL volumetric flask, and further titrated 

with sodium thiosulfate (0.1 mol/L) until the solution became pale yellow. A volume of 2 mL of 

starch indicator solution (5 g/L) was added and the titration was continued with sodium thiosulfate 

until the solution became colorless (Xing et al. 2019). The amount of iodine adsorbed in milligrams 

per gram of carbon at a residual iodine concentration of 0.02 N is represented as the iodine number. 

The X/M and C values are calculated by the equations below: 

 

𝑋

𝑀
=

[(N1 X 126.93 X 𝑉1)−[
𝑉1+𝑉𝐻𝐶𝑙

𝑉𝐹
]𝑋(𝑁𝑁𝑎2𝑆2𝑂3𝑋126.93 𝑋 𝑉𝑁𝑎2𝑆2𝑂3)]

𝑀𝐶
                                                3.5 

 

𝐶 =     (𝑁𝑁𝑎2𝑆2𝑂3
 𝑋 𝑉𝑁𝑎2𝑆2𝑂3

 )                                                                                                      3.6 

 

where NI is the iodine solution normality, VI is the added volume of iodine solution, VHCl is the 

added volume of 5% HCl, VF is the filtrate volume used in titration, NNa2S2O3 is the sodium 

thiosulfate solution normality, VNa2S2O3 is the consumed volume of sodium thiosulfate solution 

and MC is the mass of activated carbon. 
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3.3.     Results and discussion 

3.3.1.     Yield and characteristics properties of carbon samples  

    The high carbon and low ash content of pinecone (PC) biomass (Haykiri-Acma & Yaman 2007) 

makes the pinecone an ideal precursor for the production of activated carbon. The influence of 

impregnation ratio (IR) of the chemical activating agent and the microwave pyrolysis time (MPT) 

plays a major role in the final yield of the produced activated carbon. The chemical activating 

agent (KOH) acts as dehydrating agents, whereby they penetrate deep into the biochar structure 

(Deng, Li, Yang, Tang & Tang 2010; Muniandy, Adam, Mohamed & Ng 2014), which results to 

decomposition of the large organic molecules present in the biomass to smaller molecules. 

Moreover, active surface sites for catalyst dispersion, open channel for light penetration and high 

surface are formed from influence of KOH at different IR under microwave activation.  

    The ACKs yield decreases from 91 to 39% as the IR increases from 0.56 to 3.36 (Figure 3.1a), 

while an increase in MPT from 8 to 24 min at IR of 2.24 results in decrease in yield from 66 to 

41% (Figure 3.1b). The yield of ACK reduces with increasing IR and MPT, as huge amount of 

carbon is burn-off, though the yield of ACK shows no significant changes when IR is 1.68 to 3.36. 

The yield variation of ACK from MPT at 8 to 24 min is significant, highlighting MPT as variable 

is more dominant to IR in obtaining high yield of ACK. High ACK yield is obtained at low IR and 

MPT, which is ascribed to weak elimination of volatiles from the BCR due to poor activation from 

activating agent and short microwave pyrolysis time (Lam, Liew, Wong, Yek, Ma, Lee & Chase 

2017b). Herein at higher IR and microwave time, decomposition of cellulose, hemicellulose and 

lignin in BCR results to producing more volatiles, which explains lower yield of ACK. The 

eliminated volatile matters paves access for good channel formations from inaccessible channel, 
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as intense gasification of surface carbon atoms occurs with fast weight loss at higher IR and MPT 

(Kundu, Gupta, Hashim, Sahu, Mujawar & Redzwan 2015; Lam et al. 2017b).  

 

 

 

Figure 3.1:    % Yield of ACK at different (a) impregnation ratio and (b) microwave pyrolysis 

time. 

 

    The surface morphology of produced ACKs at different IR and MPT are further shown in 

Figure 3.2 and Figure 3.3. Biochar as shown in Appendix A (Figure A 1) has small open channel, 

however upon impregnation with KOH and subjected to microwave activation, the porous 

structural channel becomes pronounced in produced ACKs samples in Figure 3.2. During 

microwave activation, volatile matters are released along with formation of small rudimentary 

channel, as they are less developed at lower IR (0.56 – 1.12) in Figure 3.2, which could adversely 

affect their adsorption and catalytic properties. The porous structural channel in form of three-

dimensional (3D) hierarchical like network becomes evident at IR of 1.68 – 3.36, which is due to 

elimination of excess volatile matters during the activation process (Li et al. 2017; Kaur, Gupta & 
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Bhunia 2019). The 3D hierarchical like framework is well developed with ACK-2.2.4-16 sample, 

as well will favours high IN and MBN adsorption capacity (as further discussed in adsorption 

experiment). The 3D hierarchical like framework of the ACK is also crucial for boosting the 

photocatalytic reaction because of the large number of porous structural channels that aid 

photocatalyst uniform dispersion without agglomeration (Wang, Duan, Dong, Meng, Tan, Liu & 

Wang 2019). The 3D hierarchical framework would also promote light harvesting of photocatalyst 

material, interfacial charge carrier mobility and facilitate reactant transport into the catalyst's inner 

surface (Wang, Liu, Wang, Li & Liu 2018; Momodu, Okafor, Manyala, Bello, ZebazeKana & 

Ntsoenzok 2019).  

 

 

 

Figure 3.2:    SEM images of ACKs at different impregnation ratio.  
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    From Figure 3.3, the porous channels of ACK at low MPT (ACK-2.24-8) are not well 

developed, depicting incomplete formation of ACK sample. However, the channel development 

becomes pronounced with an increment in MPT from 12 – 20 min, as surface impurities are 

eliminated from the surface of ACK. The 3D hierarchical porous structure with active sites 

formation favors enhanced adsorption and catalytic support properties of the ACK. However, an 

augmentation in microwave time to 24 min causes the existing channel to be destroyed due to over 

gasification that is unfavorable for adsorption and as catalyst support properties. Hence, it can be 

inferred that KOH activation with microwave pyrolysis aided in better development of porous 

structural channels for ACK samples. The TEM image of ACK-2.24-16 sample is presented in 

Figure 3.3, with a well-developed porous structure that are attributed to presence to micropores 

and mesopores resulting from the chemical activation of KOH. Corresponding SEM images of 

optimized ACK-2.24-16 sample at different magnification and biochar image are shown in 

Appendix A (Figure A 1). 
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Figure 3.3:    SEM images of ACKs prepared by microwave pyrolysis at various microwave 

pyrolysis time and TEM image of optimized ACK sample.  
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    The XRD pattern of ACK prepared at different IR and MPT are depicted in Figure 3.4 a and 

b. A broaden peak is observed between range of 22.3º, while a sharp peak at 43.5º is also prominent 

and these two peaks are ascribed to the 002 and 100 diffraction planes of carbon pattern. Herein, 

the prepared ACKs at 002 lattice plane are indication of amorphous carbon with carbon rings that 

are disorderly stack up (Tang, Liu & Chen 2012) and this characteristic plane for ACK samples 

significantly decreases slightly with an increase in IR and MPT respectively (Gao, Li, Jin, Wang, 

Yuan, Wei, Chen, Ge & Lu 2015). The ACKs at 100 plane are composed of turbostatic structure 

with minute presence of graphite like microcrytsallites (Tang et al. 2012; Long, Chen, Jiang, Zhi 

& Fan 2015) which is good for electrical conductivity of ACK (Atchudan, Edison, Perumal & Lee 

2017). Corresponding XRD plot of optimized ACK-2.24-16 sample and biochar shown in 

Appendix A (Figure A 2). 

    The FTIR spectra of ACKs at different IR and MPT are shown in Figure 3.4 c and d, 

respectively. The broad peaks around 3420 cm-1 is ascribed to stretching vibrations of OH bonds 

from the water molecules adsorbed on the surface of prepared ACK (Kaur et al. 2019). The two 

bands at 2946  and 2815 cm-1 are attributed to aliphatic C-H stretching vibrations (Luo, Chen, Li, 

Zhang, Zhao & Fan 2018). The bands at 1698, 1582 and 1427 cm-1 are all ascribed to C=O 

stretching of the carboxylate and carbonyl groups (Genovese et al. 2015), C=C of the aromatic 

groups that is highly conjugated to carbonyl groups and –OH bending (Puziy, Poddubnaya, 

Martınez-Alonso, Suárez-Garcıa & Tascón 2002; Madejova 2003). The stretching vibration of C-

O-C bonds of esters, phenol, carboxylic and ethers (Fu, Li, Chen, Zhang, Huang, Zhu, Yang & 

Zhang 2013; Wataniyakul, Boonnoun, Quitain, Kida, Laosiripojana & Shotipruk 2018) are 

prominent at 1150 – 1079 cm-1, indicative that the produced carbon samples have abundance 
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oxygen moieties on the surface of ACK samples (Kaur et al. 2019). The weak peak at 2300 and 

870 - 750 cm-1 are ascribed to the C-H sp3 stretching present in the lignin (Kaur et al. 2019) and 

out-of-plane bending vibration of C-H in the aromatic rings (Sun, Zhang, Ye, Liu, Zhang, Wu & 

Wu 2017). Moreover, the peaks of aliphatic C-H stretching and stretching vibration of C-O-C 

bonds were decreased slightly with increasing IR and MPT, highlighting the dehydrating influence 

of KOH (Heidarinejad, Rahmanian, Fazlzadeh & Heidari 2018) and intense microwave heating 

during activation process (Hu, Nango, Bao, Li, Hasan & Li 2019). The prepared ACKs samples 

possess abundance of oxygenated functional groups on their surface, which offers promising route 

for extensive functionalization. These functional groups makes the ACKs samples more 

hydrophilic in nature, in turn aid uniform dispersion catalyst nanoparticles on the ACK surface. 

The hydrophobic nature from these functional groups from the prepared ACKs samples ensures 

the good stability between carbon and the supported catalyst (Lu, Hu, Yang, Shanmugam, Wei, 

Selvaraj & Xie 2018). Corresponding FTIR plot of optimized ACK-2.24-16 sample and biochar is 

shown in Appendix A (Figure A 2). 
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Figure 3.4:    X-ray diffraction pattern and FTIR spectra of ACKs at different (a, c) Impregnation 

ratio and (b, d) Microwave pyrolysis time. 
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    Raman spectroscopy was used to establish the structural of the ACK-2.24-16 and biochar 

sample. Two characteristic peaks can be assigned to carbon material in Figure 3.5, D band (1320 

– 1361 cm−1) and G band (1589 - 1598 cm−1) respectively. The D band corresponds with structural 

defects and disordered structures of the sp2 domains (Kudin, Ozbas, Schniepp, Prud'Homme, 

Aksay & Car 2008), and the G band is associated with the first-order scatting of the E2g phonon 

for sp2-bonded graphitic carbon structures (Shimodaira & Masui 2002). The intensity of D band 

and G band (ID/IG) is used to estimate the degree of structural disorder and graphitic properties for 

carbon materials, which is calculated to be 0.85 (ACK-2.24-16) and 0.83 (BCR-600) for in this 

work. This indicates that ACK-2.24-26 is more disorder and have higher graphitic level than BCR-

600, which can provide extra active sites for both adsorption and catalysis. 

 

 

 

Figure 3.5:    Raman spectra of ACK-2.24-16 and BCR. 
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    The TGA and DTA analysis of ACK-2.24-16 sample is shown in Figure 3.6. The ACK sample 

was conducted in N2 atmosphere at temperature range between 35 to 850 ºC and showed three-

weight loss in Figure 3.6. The first weight loss occurs between 30 - 154 ºC with loss of 3%, which 

is ascribed to decomposition of water molecules adsorbed on the carbon surface (Yang, Yan, Chen, 

Lee & Zheng 2007). The second weight loss (8%) for the ACK happens between 154 - 480 ºC, 

which is due to decomposition of hemicellulose, cellulose and lignin structure in form of volatile 

matters and inorganic matrix elimination (Singh, Mahanta & Bora 2017). The last stage of weight 

loss occurs between 480 and 680 ºC with weight losses from 12%, is attributed to decomposition 

of extra residual carbonaceous skeleton.  

 

 

 

Figure 3.6:    Thermogravimetric and differential thermal analysis plot of optimized ACK.   
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    Figure 3.7 shows that the pHPZC of ACK-2.24-16 is equal to 8.5. Invariably, for pH values 

lower than 8.5, ACK-2.24-26 sample will have positive charge on its surface and negative charge 

for pH values higher than pHPZC. It should be highlighted that the basic attributes of ACK-2.24-

16 is ascribed to presence of carbonyl, pyrone and chromene groups (Suárez, Menéndez, Fuente 

& Montes-Morán 1999) present on the AC surface and is in agreement with FTIR result (Figure 

3.4c and d). The adsorption capacity of the cationic methylene blue in activated carbon increases 

with pH due to the basic surface groups via electrostatic interactions (Khasri, Bello & Ahmad 

2018) and form the basis for carrying out adsorption experiment at pH 12 (as stated above in 

adsorption studies). These basic functionalities on AC surface have also shown potential to 

enhance electrochemical activity in a carbonaceous material (Genovese et al. 2015). 

 

 

Figure 3.7:    The pH-PZC of ACK-2.24-16 sample. 
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The Boehm technique indicated the surface chemical properties of the prepared ACK samples. 

Table A 3 (Appendix A) presents a summary of the properties of the surface functional groups 

(acidic and basic). The basic group value was much higher than the acidic group indicating, that 

the prepared ACKs sample surface is predominantly basic made up of chromene-type structures 

and pyrone-type oxides (Jaramillo, Álvarez & Gómez-Serrano 2010), due to activation using KOH 

as the activating agent. The ACK-2.24-16 sample possessed higher basic oxygen functional groups 

than other ACK samples, which aligns with pH-pzc observation. 

 

 

3.3.2    Adsorption studies on prepared ACK samples 

    The adsorption experiment studies via iodine number and methylene blue number capacity for 

the prepared ACK samples are further presented in Figure 3.8a-d. From Figure 3.8a and b, the 

IR microwave time have more significance on the iodine number (IN) adsorption capacity 

compared to MPT. The IN adsorption is significantly reduced at lower IR (0.56 - 1.12) and MPT 

(8 - 12 min) with IN capacity range from 797.10 to 1188.06 mg/g. Herein, an incomplete open 

channel (From Figure 3.2 and 3.3) with low active sites results from insufficient reaction between 

the biochar and activating agent (KOH). At low IR, more MPT is required for development of 

porous channel (micropores) to aid IN adsorption. Increasing IR from 1.68 - 2.24 and MPT to 16 

min results into an increment of IN adsorption, as the optimum IN capacity of 1900 mg/g for ACK-

2.24-16 as shown in Figure 3.8a and b. The porous channels along with the 3D hierarchical 

network structure is evident with ACK-2.24-16 sample from Figure 3.2 for high IN capacity, as 
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volatile matters that are detrimental to formation of this porous channel (micropores and 

mesopores) are been eliminated (Tan, Ahmad & Hameed 2008). Further increment in IR from 2.81 

- 3.36 and MPT from 20 - 24 min after the optimum ACK sample results in decrease in IN 

adsorption in Figure 3.8a and b. This reduction in IN capacity is attributed to destruction of porous 

channel (formation of macropores) (as seen in Figure 3.2 and 3.3) and results to blockage of the 

porous channels (Cao, Xie, Lv & Bao 2006). The IN capacity of optimized ACK is also compared 

with biochar as presented in Appendix A (Figure A 3). 

    The methylene blue number (MBN) capacity for the ACK samples is shown in Figure 3.8c and 

d, the effect of IR was more dominant on MBN adsorption capacity as compared to MPT. The 

MBN capacity is reduced at lower IR (0.56 - 1.68) and MPT (8 - 12 min) as shown in Figure 3.8c 

and d. However, an increment in IR to 2.24 and MPT at 16 min results into higher MBN adsorption 

capacity up to 4000 mg/g. The optimum MBN capacity of 4000 mg/g was obtained for ACK-2.24-

16 sample as shown in Figure 3.8c and d. The porous channel for ACK-2.24-16 along with 

increase active sites are factors for higher MBN adsorption capacity. However, an increase above 

this condition results into decrease in MBN adsorption capacity for ACK. Herein, the increment 

in both factors above the optimum condition causes excessive dehydration and collapse of porous 

channels (macropores formation), which reduces the adsorption efficiency of ACK. Corresponding 

Langmuir isotherm plot of prepared ACK samples at different IR, MPT, and biochar are shown in 

Appendix A (Figure A 3).  

     There is a relation between the yield of the activated carbon with the IN and MBN as shown in 

Figure A 4 and A 5. The yield decreases as the mass ratio of KOH to biochar mass increases, 

while both IN and MBN capacity tends to increase up to 2.24 of IR, then reduces with further 

increment in IR (Figure A 4). Similar trend is also observable with the ACKs at different MPT at 
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constant IR of 2.24 (Figure A 5), where increasing MPT results to the yield of ACK to decrease, 

and the IN and MBN capacity increases. Similar observation have been reported by other studies 

utilizing biomass material for activated carbon synthesis (Ge, Ma, Wu, Xiao & Yan 2015, Duan, 

Srinivasakannan, Wang, Wang & Liu 2017, Chen, Chen, Sun, Zheng & Fu 2016). A decrease in 

yield might explain that pinecone with high volatile matter provided more sites for the 3D 

hierarchical porous formation. 

      The optimized ACK 2.24-16 sample with highest IN and MBN capacity was further compared 

with other AC produced from agricultural biomass using microwave and conventional route with 

KOH chemical impregnation as presented in Table 3.1. Such differences in the yield of activated 

carbon can be attributed to the different pyrolysis conditions and precursor types used. The higher 

IN and MBN adsorption capacity for ACK shows that pinecone is an efficient biomass source for 

good carbon production with well- developed porous structure. Sample ACK-2.24-16 with good 

porous channel (abundant micropores and mesopores, less of macropores), will offer enormous 

interspace for mass transport and pollutant adsorption (Wang et al. 2019). The 3D hierarchical 

network structure for ACK-2.24-16 sample with abundant micropores and mesopores, will also 

enhance charge carrier transport that will results to exceptional electrochemical attributes 

(Momodu et al. 2019) for a supported catalyst as further discussed in the electrochemical studies 

for the prepared ACK samples. 
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Figure 3.8:    Iodine number and methylene blue number capacity of ACKs at different (a, c) 

impregnation ratio and (b, d) microwave pyrolysis time. 
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Table 3.1:    Comparison of percentage yield, iodine number and methylene blue number adsorption capacity based on different biomass 

derived carbons. 

 

n.m.: not mentioned 

Biomass 

Material 

Heating 

Method 

% Yield Iodine Number (mg/g) Methylene Blue Number (mg/g) Reference 

Pinecone Microwave 53 1900 4000 This Study 

Oil palm fiber  Microwave 32 n.m. 382 (Foo & Hameed 2012) 

Oil palm residues  Microwave 73 n.m. 395 (Foo & Hameed 2011) 

Cotton Stalk  Microwave n.m. 285 294 (Deng et al. 2010) 

Siris seed pods  Microwave 22 1760  (Ahmed & Theydan 

2013) 

Hevea seed coat  Conventional n.m. n.m. 22 (Hameed & Daud 

2008) 

Durian shell  Conventional n.m. n.m. 289 (Chandra, Mirna, 

Sudaryanto & Ismadji 

2007) 

Pistachio shells Microwave n.m 1276 331   (Baytar, Şahin, Saka 

& Ağrak 2018) 

Sesame seed shells Microwave and 

conventional 

n..m 1199 103  (Sharif, Saka, Baytar 

& Şahin 2018) 
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3.3.3    Electrochemical properties of ACK samples 

 

    The electrochemical properties of ACKs were further evaluated in a three-electrode system 

with 6 M KOH as an aqueous electrolyte and the results are shown in Figure 3.9a-d. The cyclic 

voltammetry (CV) curves of ACKs electrode at different IR and MPT (Figure 3.9a and b) 

collected at scan rate of 50 mV s-1, exhibited a quasi-rectangular shape with bumps (caused by 

redox reactions). It observed from the CV curves, that the ACK-2.24-16 sample shows the 

largest current response demonstrating the best electrochemical properties among other 

samples (Figure 3.9a and b). The high current response for ACK-2.24-16 is attributed to the 

3D hierarchical network structure (with abundant micropore and mesopores) which can 

effectively absorb the electrolyte and minimize the diffusion resistance of the ion transport 

(Sun, Niu, Liu, Ji, Dou & Wang 2018; Wen, Zhang, Liu, Wen, Chen, Ma, Tang & Mijowska 

2019). 

    Figure 3.9c and d shows the Nyquist plots of ACKs electrodes in a frequency range from 

10 kHz to 10 mHz. All the samples exhibit small semicircle in the high frequency and almost 

vertical-line feature in the low frequency, which are ascribed to charge transfer and Warburg 

resistance, respectively (Liu, Liu, Sun, Zhou, Fu, Wang, Guo, Guo & Li 2018). Sample ACK-

2.24-16 presents smallest semicircle and shortest Warburg-type line among all the samples 

(Figure 3.9c and d), which correlates with good interfacial charge transfer resistance (Rct) and 

faster ion transportation from the electrolyte to the inner mesopores (Peng, Liang, Dong, Hu, 

Zhao, Cai, Xiao, Liu & Zheng 2018; Mohammed et al. 2019). Overall, hierarchical porous 

structure channels of ACK-2.24-16 is a key factor for good electrochemical properties for this 

material amongst the prepared ACKs samples.   
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Figure 3.9:    Cyclic Voltammetry curves, Electrochemical impedance spectroscopy of ACK at 

(a, c) different impregnation ratio and (b, d) different microwave times.  
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3.3.3    Surface area of optimized ACK 

 

    The N2 adsorption-desorption isotherm for the optimized ACK-2.24-16 is shown in Figure 

3.10a. The samples have a typical type IV isotherm, which indicates that they have mesoporous 

materials (Yang, Feng, Wang & Müllen 2011), with a contribution of micropores which 

correlates with the IN and MBN adsorption studies. ACK-2.24-16 samples also presented type 

H4 hysteresis loop in line with IUPAC nomenclature showing the presence of slit-shaped pores 

(Thommes, Kaneko, Neimark, Olivier, Rodriguez-Reinoso, Rouquerol & Sing 2015). The 

Brunauer–Emmett–Teller (BET) surface area calculated from the N2 sorption isotherms is 427 

m2/g for ACK-2.24-16 with total pore volume are 0.203 cm³/g respectively. Corresponding 

BJH adsorption pore size distribution of ACK-2.24-16 is between 2.68 – 16.5 nm indicating 

substantial amounts of mesopores present in the material (Figure 3.10b).  

    The prepared ACK-2.24-16 sample obtained in this study present considerable moderate 

BET surface area (427 m2/g) in comparison to other AC produced from Peanut shell (96 m2/g) 

(Al-Othman, Ali & Naushad 2012), Coconut coir (205 m2/g) (Banerjee & Sharma 2013), 

Yellow mombin fruit stones (167 m2/g) (Brito, Veloso, Santos, Bonomo & Fontan 2018) and 

coconut shell (478 m2/g) (Mohammed, Nasri, Zaini, Hamza & Ani 2015). Though, the surface 

area is lower compared to carbon produced from other biomass through KOH activation, which 

includes empty fruit bunch (2114 m2/g) (Egbosiuba, Abdulkareem, Kovo, Afolabi, Tijani, Auta 

& Roos 2020) and Onion (1914 m2/g) (Zhang, Xu, Hou, Yin, Liu, He & Lin 2018). This further 

suggest that KOH activation of pinecone along with microwave pyrolysis approach is a good 

route to produce activated carbon as potential photocatalyst support.  
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Figure 3.10:     Nitrogen adsorption -desorption isotherms and pore size distribution of 

optimized ACK (ACK-2.24-16). 

 

    The ACK-2.24-16 sample with complex formation of 3D hierarchical structure, highest 

current response and least charge transfer resistance was chosen as the optimized carbon 

sample to disperse the visible light Ag-AgBr catalyst, for efficient photocatalytic activity on 

the removal of tetracycline antibiotic in this thesis. Also in this work, the contribution of ACK 

as catalyst support in the dispersion of silver-silver bromide composite (Ag-AgBr ACK) 

prepared via thermal polyol route (Chapter 4) and deposition-precipitation route (Chapter 6) 

was investigated.  
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3.4    Summary and concluding remarks 

    ACKs were synthesized from pinecone biomass through microwave pyrolysis and chemical 

activation route using KOH. The pinecone biomass was utilised for the first time as green 

carbon source to create environmentally friendly, highly efficient catalyst support material and 

two-stage pyrolysis increased the yield. The ACKs possesses 3D hierarchical network structure 

with abundant micropores and mesopores have plentiful oxygenated functional groups on their 

surface along with good electrochemical properties making the ACKs a promising catalyst 

support material for photocatalysis. ACK-2.24-16 sample had the highest iodine number and 

methylene blue number capacity (1900 mg/g and 4000 mg/g) among the prepared ACKs 

samples due to its excellent hierarchical structure. Meanwhile, the iodine and methylene blue 

adsorption of ACK-2.24-16 was much higher than that of other activated carbons from 

literature. Results from FTIR, boehm titration and pHPZC revealed the presence of a large 

number of basic groups on the surface of the optimized ACK. The optimized ACK-2.24-16 

hierarchical network structure had a moderate surface area of 427 m2/g. The ACK-2.24-16 

hierarchical structure will significantly boost the characteristic properties of photocatalytic 

material (Ag/AgBr, which will be further discussed in Chapter 4) as a potential catalyst 

support based on its unique attributes. AC as vital catalyst support will improve the fast 

adsorption of pollutant towards the photocatalyst, thus enhancing activity and stability in the 

field of heterogeneous catalysis. Overall, this study offers an interesting perspective on the 

application of agricultural biomass as precursor in activated carbon production, as catalyst 

support in heterogeneous catalysis field for environmental remediation.  
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Chapter 4.    Design of ordered Ag/AgBr nanostructures 

coupled activated carbon with enhanced charge carriers 

separation efficiency for photodegradation of tetracycline 

under visible light 

Abstract 

Oriented design of ordered Ag/AgBr photocatalyst with high separation of photoinduced 

charge carriers is crucial for high catalytic performance. In this chapter, ordered Ag/AgBr 

nanostructures were synthesized by facile thermal polyol method in the presence of char-

microwave assisted activated carbon (AABR-ACK). The influence of four synthesis key 

variables comprising of the mass of surfactant, temperature, the mass of catalyst support and 

time, and their simultaneous interactions on the photodegradation of tetracycline (TC) were 

investigated using response surface methodology (RSM). The time and temperature had 

significant influences on the TC photocatalytic removal under visible light, as observed from 

the RSM model. The analysis of XRD, FTIR, SEM, optical and electrochemical properties for 

AABR-ACK composites evidenced the formation of ordered nanostructures with enhanced 

charge carriers separation efficiency. It was found that 92% of TC was decomposed after 180 

min by optimized AABR-ACK 11. Furthermore, the inorganic phosphate anion retards the 

degradation performance of AABR-ACK 11 on TC removal. The AABR-ACK 11 composite 

also exhibits higher activity and reusability for degradation of TC without any major reduction 

in the performance. This work provides new insight into engineering ordered Ag/AgBr 

nanostructures through optimization of synthesis variables, with potential application for 

degradation of antibiotic pollutants. 
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4.1. Introduction 

    Pharmaceutical antibiotics are widely used in the environment to protect human health and 

promotes livestock growth, whilst partial metabolism by human or animal body results in large 

fraction of these antibiotics being discharged into the environment by excretion from urine and 

faeces, thus creates water pollution (Luo, Xu, Rysz, Wang, Zhang & Alvarez 2011; Polesel, 

Andersen, Trapp & Plósz 2016). Tetracycline (TC), a commonly used antibiotic with bio-

refractory properties, pose greater threat to the environment (Jiang, Yuan, Zeng, Chen, Wu, 

Liang, Zhang, Wang & Wang 2017; Chen, Jing, Teng & Wang 2018). As such, effective 

removal of TC is crucial to protect the environment and human health. The development of 

visible-light-driven (VLD) photocatalyst materials with strong catalytic activity in the full solar 

spectrum is gaining interest for their application in photocatalytic degradation of antibiotic 

pollutants (Wen, Niu, Zhang, Liang & Zeng 2018; Zhou, Lai, Huang, Zeng, Zhang, Cheng, 

Hu, Wan, Xiong & Wen 2018). These VLD photocatalysts are viewed as attractive alternatives 

to the conventional photocatalysts materials which operate only in the ultraviolet region (Dong, 

Zeng, Tang, Fan, Zhang, He & He 2015). The unique surface plasmon resonance (SPR) of 

noble-metal nanoparticles (e.g. Ag, Au, Pt) has been attributed to VLD photocatalytic abilities 

(Hou, Li, Zhao, Chen & Raston 2012b; Shi, Li, Sun, An, Zhao & Wong 2014). A typical 

example is Ag anchored on the surface of AgX which combines to form a narrow bandgap 

photocatalyst resulting in a highly efficient visible light response plasmonic photocatalysts 

(Ag/AgX, X= Cl, Br and I) (Hu, Peng, Hu, Nie, Zhou, Qu & He 2009; Zhang, Li, Wang, Huang, 

Zeng & Xu 2014). Ag/AgBr catalyst are known to be more efficient than Ag/AgCl due to the 

lower electron affinity of Bro atom and small bandgap as compared with Clo atoms (Wang, 

Huang, Zhang, Qin, Jin, Dai, Wang, Wei, Zhan & Wang 2009; Xu, Yan, Xu, Song, Li, Xia, 

Huang & Wan 2013).  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/antibiotic
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/contaminant


118 
 

    Nevertheless, key challenges of Ag/AgBr for the practical application include high 

recombination of photo-induced electron-hole pairs and irregular nanostructures, resulting in 

low photocatalytic activities (Chen, Li, Chen, Gao, Fan, Li, Li, Zhang, Sun & Gao 2012). The 

coupling of the Ag/AgBr catalyst with carbonaceous support such as graphene oxide, carbon 

nanotube, and activated carbon is considered an effective approach to overcoming these 

problems (Zhu, Chen & Liu 2012; Xu, Xu, Yan, Li, Huang, Zhang, Huang & Wan 2013; 

McEvoy & Zhang 2016; Zhang, Shi, Wang & Hu 2018). Activated carbon (López‐Peñalver, 

Sánchez‐Polo, Gómez‐Pacheco & Rivera‐Utrilla) among these carbonaceous materials, has 

attracted focus due to its abundance, non-toxicity, low cost, rich oxygenated functional groups 

and electron conductivity (Huang, Wang, Jiao, Cai, Shen, Zhou, Cao, Lü & Cao 2018). The 

3D interconnected carbon structure with high porosity, and the high surface area of AC from 

renewable source (Zhang, Xu, Hou, Yin, Liu, He & Lin 2018; Khan, Marpaung, Young, Lin, 

Islam, Alsheri, Ahamad, Alhokbany, Ariga & Shrestha 2019) makes it a promising candidate 

as a catalyst support. Previous work has shown that the biomass AC support form ordered 

nanostructure composites with a photocatalyst, which also facilitates the separation of charge 

carriers and prolongs the lifetime of electron-hole pairs (Gao, Lu, Zhao, Zhu, Wang, Wang, 

Hua, Li, Huo & Song 2016; Huang et al. 2018; Li, Chen, Yin, Zhu, Li & Ma 2018; Yu, Zhu, 

Fan, Liu, Yao, Dong, Li & Huo 2018) with high catalytic activities. However, the conventional 

photo-reduction process for dispersing plasmonic Ag/AgX catalyst on carbonaceous materials 

results in irregular morphologies, agglomeration, and aggregation of actives sites that affect 

degradation activities (Zhang, Fan, Quan, Chen & Yu 2011; McEvoy & Zhang 2014; Esmaeili 

& Entezari 2015). 

    The synthesis of stable and efficient Ag/AgBr plasmonic photocatalysts with ordered 

nanostructures have been achieved through a host of synthetic routes (Choi, Byun, Bae & Lee 

2013; Li, Wang, Zhang, Hu, Chen & Guo 2013; Yan, Zhang, Luo, Ma, Lin & You 2013; Chen, 
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Li, Huang, Guo, Qiao, Qiu, Wang, Jiang & Yuan 2015; Xiao, Ge, Han, Li, Zhao, Xin, Fang, 

Wu & Qiu 2015). Recently, a thermal polyol route has shown exceptional design of 

isotropically or anisotropically nanostructures of Ag/AgBr (An, Peng & Sun 2010; Chen et al. 

2015), that are often difficult to obtain through the traditional photo-reduction process (Wang 

et al. 2009). The polyol solvent used in this synthetic approach can also influence the 

nanostructures control, whilst behaving as a reducing agent to achieve metallic Ag particles 

and still being coherent with other heating approaches (Xu, Shen, Zhou, Qiu, Zhu & Chen 

2013; Yan et al. 2013; Gaikwad, Koratti & Mukherjee 2019). Of emphasis is that the 

preparation main variables such as synthesis time (Xu, X. et al. 2013; Wu, Shen, Ji, Zhu, Zhou, 

Zang, Yu, Chen, Song & Feng 2017), reaction temperature (Chen et al. 2015; Wu et al. 2017), 

structural directing agent (Xu, X. et al. 2013; Chen et al. 2015), and catalyst support can also 

engineer ordered nanostructures with fast interfacial charge separation and enhance the 

photocatalytic activities of Ag/AgX catalyst. Thus, the optimization of synthesis parameters is 

desirable to obtain high photocatalytic activities for the Ag/AgBr catalyst materials on organic 

pollutant removal.  

    The conventional optimization method (optimizing one preparation variable at a time) was 

previously employed for preparation factors influencing Ag/AgBr catalytic performance, 

demand time and cost especially with large amounts of variables (Chen et al. 2015). Response 

surface methodology (RSM) is an appropriate statistical technique for an experimental design 

with a large number of variables, evaluation of simultaneous interaction of preparation 

conditions and optimization of the results to yield the desirable response. However, there have 

been no reports in the literature on the application of RSM that correlates the relationship 

between synthesis variables and photocatalytic performance using regulated Ag/AgBr coupled 

biomass activated carbon (AABR-ACK) composites on TC antibiotic removal. 
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    In this study, AABR-ACK composites were prepared via the thermal polyol route, with the 

purpose of designing ordered nanostructures and improving their charge carrier’s separation 

efficiency. The ACK with the best characteristics (see Chapter 3) was selected to prepare the 

AABR-ACK composites. RSM experimental design was first applied to investigate and 

optimize the relevant preparation factors of AABR-ACK composites associated with a removal 

efficiency of TC in aqueous solution under visible light irradiation. The integral properties of 

the prepared composites comprising of crystal phase, morphology structure, optical and 

electrochemical characteristics were investigated in details, based on observation from the 

RSM findings. The most appropriate photocatalyst (AABR-ACK) exhibited enhanced 

photocatalytic activity, which was attributed to the ordered nanospheres structure with 

enhanced separation of photo-induced charge carriers. The ordered AABR-ACK photocatalyst 

will be a promising choice for antibiotic removal in environmental fields. 

4.2. Experimental section  

4.2.1    Materials  

    AgNO3 was obtained from Merck Chemical Company. Hexadecyltrimethylammonium 

bromide (HTAB, 99%), polyvinylpyrrolidone (PVP, M.W. 58000; K29-32), ethylene glycol 

was purchased from Acros. Ethanol, sodium hydroxide isopropyl alcohol (IPA), 

Ethylenediaminetetraacetic acid disodium salt (EDTA 2Na), benzoquinone (BQ) and 

tetracycline hydrochloride (TC, 99%) were purchased from Sigma Aldrich. All the reagents 

were used as received and water used in all these experiments was purified with a Millipore 

system. All glassware was soaked in 5% w/v HNO3 for at least 2 hours and rinsed with purified 

water before use. Stock solutions for TC were kept in dark amber bottles when not in use. A 

36 W white light-emitting diode (LED) light strip (A-NF1210W12V-120, Wahwang Holdings) 

equipped with a visible light wavelength (λ > 400 nm) was used as the light source in all these 
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studies (Figure 4.1a). As presented in the appendix (Figure 4.1b), the LED source emits 

different emission wavelengths. 

 

 

 

Figure 4.1:    (a) LED light in operation; (b) LED Light Spectra. 

 

4.2.2    Preparation of AABR-ACK 

    The activated carbon (ACK-2.24-16) with the best characteristics, prepared from pinecone 

biomass is utilized in this section as the catalyst support throughout this work has been 

described in Chapter 3 (Section 3.2.2). The synthesis of Ag/AgBr on ACK (AABR-ACK) 

was carried out through a modified thermal polyol route (Chen et al. 2015). Typically, 18 mL 

of ethylene glycol was poured into a round-bottom flask which was heated at 60 ̊C for 30 min. 

Different weight of PVP (0.12, 0.26 and 0.4 g) and 480 mg of HTAB were added to the 

solution. Different masses of ACK (0.01, 0.03 and 0.06 g) were then added to the mixture. 

After proper mixing to completely dissolve the PVP and HTAB, 3 ml ethylene glycol solution 
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containing silver nitrate was slowly added drop-wise to the above mixture. The solution was 

maintained at 60 °C for an additional 30 min and the mixture was then heated at different 

temperatures (100, 140 and 180 °C) in line with an experimental design using RSM design. 

After attainment of the desired temperature, different reaction times of 10, 17.5 and 25 min 

were used for further generation of metallic Ag particles. The reaction vessel was cooled down 

to room temperature in the air. The resulting catalyst was collected by centrifugation (REMI 

benchtop centrifuge-R-8D) and washed thoroughly with ethanol and dried in an oven for 12 hr. 

In addition, other comparative samples (AABR and AgBr catalyst) were obtained under similar 

preparation route without ACK and light illumination.  

 

4.2.3    Characterizations 

    The morphology and composition of the samples and optimized activated carbon (ACK-

2.24-16) were recorded by scanning electron microscopy (Zeiss Leo 1430 VP) and energy 

dispersive X-ray spectrometer (EDS, INCA). The specimen was prepared by spreading sample 

powder onto a carbon grid, sputter-coated with a ~10 nm thick layer of conductive chromium 

using 108C Auto Carbon Coater. The structure of the most active catalyst, AABR-ACK 11 was 

further characterized by transmission electron microscope (TEM, JEOL JEM-2010) at an 

accelerating voltage of 200 kV. The sample was dispersed in water and dropped onto a copper 

grid for analysis. The crystal structures and phase data for the AABR-ACK photocatalysts were 

determined by Shimadzu X-ray 700 (XRD) with Cu Kαradiation in the 2θ range of 20–80 at 

40 Kv and 40 mA. X-ray photoelectron spectroscopy (XPS) measurements were conducted 

using a Thermo Scientific ESCALAB spectrometer. A monochromatic Al Kα (hν = 1486.7 eV) 

x-ray beam source was used at a power of 100 W, 15 kV electron beam to analyse different 

binding energy peaks. The functional group on the samples was investigated by Fourier 

transform infrared spectrometer (Perkin Elmer spectrum 400) within the range of 600–4000 
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cm−1. The UV–visible spectrum of the samples was recorded using Ocean Optics high-

resolution spectrometer (Maya 2000) equipped with an integrating sphere accessory, using 

BaSO4 as blank reference within the wavelength range of 350 to 800 nm. The 

photoluminescence (PL) emission spectra of samples were detected with a Fluorescence 

spectrophotometer (FP-8600 Spectrofluorometer, Jasco) using a Xenon lamp as the excitation 

source at room temperature, and the excitation wavelength was 365 nm. Electrochemical 

impedance spectroscopy (EIS) was carried out in a three-way electrode system using a Biologic 

SP 240 potentiostat workstation. The working, reference and counter electrode were glassy 

carbon electrode, Ag/AgCl (in saturated KCl) and platinum wire respectively. The glassy 

carbon electrode (GCE, 6 mm in diameter) was thoroughly cleaned with 0.3 and 1-micron 

alumina powder to eliminate impurities, then further washed with double distilled water and 

ethanol solution. The washed GCE was dried under 100 W infrared lamp for 5 min, then the 

catalyst material (5 mg) were dispersed into 0.5 ml (Dimethylformamide solution) solution 

using ultrasonic bath machine (Bransonic CPXH) to obtain a homogenous suspension and 20 

µL of it is drop cast on the clean GCE surface. Linear sweep voltammetry was swept linearly 

from 0.5 to 2.0 V vs SCE at a scan rate of 50 mV s−1 using 0.2 M sodium sulphate. The EIS 

experiments were carried out between frequency ranges of 100 KHz to 10 mHz with a 

perturbation amplitude of 5 mV in 5 mM ferrocyanide containing 0.1 M KCl solution. 

 

4.2.4    Photocatalytic activity evaluation  

    The photocatalytic activity of the prepared samples was evaluated by the degradation of 

Tetracycline (TC) antibiotic in aqueous solution under the irradiation of 36 W white LED light 

strip wrapped around a quartz photochemical reactor. The initial TC concentration was 15 

mg/L and the photocatalyst loading was 0.3g/L in 150 mL of TC solution. Prior to irradiation, 

the mixed solution was ultrasonicated then mildly stirred in the fabricated reactor for 60 min 
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in the dark to reach the adsorption/desorption equilibrium of TC on the photocatalyst surface. 

The adsorbed solution was further subjected to degradation by switching on the LED light 

under stirring for 3 hr. Sample solution (3 mL) was withdrawn at given time intervals (30 min) 

and centrifuged at 5000 rpm for 5 mins to remove suspended particles. The concentration of 

TC was determined by measuring the absorbance of the solution in a UV-visible 

spectrophotometer at 376 nm. To better understand the advantages of the  most active catalyst, 

AABR-ACK from the RSM design, reference Ag/AgBr (AABR), AgBr and titanium dioxide 

on dealuminated Clinoptilolite (TiO2/HCP) photocatalyst from previous work (Saheed, Modise 

& Sipamla 2013) were used to compare activity on TC. Different radical scavengers were 

added to TC solution, to determine which radical species were mostly responsible for enhanced 

activity of active photocatalyst. 

     Benzoquinone (BQ), isopropanol and disodium ethylenediaminetetraacetic acid (EDTA-

Na2) at one mmole were dispersed in TC solution added photocatalyst to scavenge superoxide 

radicals (•O2
−), hydroxyl radicals (•OH) and holes (h+), respectively, followed by the 

photocatalytic activity test. To test the stability and reusability of the  most active catalyst, 

AABR-ACK, the catalyst was utilized in the TC oxidation experiment, then recovered from 

with centrifugation after 180 min. Dried and dispersed in fresh TC solution, then preceded with 

degradation activities described above for 5 times. 

4.2.5    Response surface methodology 

The RSM design known as central composite design (CCD) was used in this study, to estimate 

the influence and interaction of the synthetic variables on the response (degradation efficiency 

of TC). The synthetic variables selected as main parameters include a mass of PVP, reaction 

temperature, the mass of carbon and time. The variables are defined as a districted numeric 

parameter and studied in three levels as indicated in Table 4.1, while the variables chosen were 

based on literature published in the past (Chen et al. 2015; Wu et al. 2017). 
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Table 4.1:    Experimental levels for independent parameters. 

Factor Name Units Low 

(-1) 

Medium 

(0) 

High 

(+1) 

A Mass of 

PVP 

g 0.12 0.26 0.40 

B Temperature ̊C 100 140 180 

C Mass of 

Carbon 

g 0.01 0.06 0.06 

D Time min 10 17.5 25 

  

 

 

    The experiment comprises of 30 runs as presented by Design-Expert software (version 7) in 

Table 4.2. The response was utilized to develop an empirical model, which correlated the 

response to the synthetic process variables using a second-degree polynomial equation as given 

by Eq. 4.1 
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where Y is the predicted response for degradation percentage of TC, bo is constant coefficient, 

bi the linear coefficient, bij is factor coefficient, bii is quadratic coefficient, while 
ix  and 

jix are 

the variables which determine the response Y.  
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Table 4.2:    Experimental design matrix with the response value of TC degradation efficiency 

                          Actual Variables                                      Response Variables 

 Sample                   Run             Mass     Temperature (°C)    Mass   Time (min)   Degradation 

  Name                                           Of PVP (g)                    of Carbon (g)            Efficiency (%) 

 1 0.40 100 0.06 10.00 60.90 

 2 0.12 100 0.06 10.00 54.41 

 3 0.26 140 0.06 17.50 91.91 

 4 0.26 140 0.03 17.50 90.44 

 5 0.40 180 0.01 10.00 69.51 

 6 0.40 180 0.01 25.00 55.98 

AABR-ACK 7 7 0.26 140 0.03 10.00 73.71 

 8 0.40 100 0.01 10.00 53.33 

 9 0.40 100 0.06 25.00 57.39 

 10 0.26 140 0.01 17.50 89.31 

AABR-ACK 11 11 0.26 140 0.03 17.50 92.08 

 12 0.12 140 0.03 17.50 91.90 

 13 0.12 180 0.06 25.00 49.00 

AABR-ACK 14 14 0.26 140 0.03 25.00 81.98 

 15 0.40 180 0.06 10.00 74.50 

 16 0.26 140 0.03 17.50 89.82 

 17 0.40 140 0.03 17.50 91.01 

 18 0.12 180 0.06 10.00 70.74 

 19 0.40 180 0.06 25.00 60.05 

 20 0.12 100 0.06 25.00 50.54 

AABR-ACK 21 21 0.26 180 0.03 17.50 49.44 

 22 0.12 100 0.01 25.00 59.35 

 23 0.26 140 0.03 17.50 90.48 

 24 0.40 100 0.01 25.00 57.37 

 25 0.26 140 0.03 17.50 87.58 

AABR-ACK 26 26 0.26 100 0.03 17.50 57.26 

 27 0.12 100 0.01 10.00 53.38 

 28 0.26 140 0.03 17.50 88.08 

 29 0.12 180 0.01 10.00 71.23 

 30 0.12 180 0.01 25.00 53.51 
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4.3   Results and Discussions 

4.3.1   Model fitting on the degradation of TC 

    Based on the sequential model sum of squares, the quadratic model was selected as the 

highest order polynomial where the additional term is significant and the model is not aliased. 

The regression analysis of the CCD for the quadratic model with the significant terms on 

degradation percentage (DP) for TC are shown in Eq. 4.2 below: 

DP = 
22 57.706.3238.414.378.258.87 DBBDDB −−−−+                                                       4.2 

    The linear terms of B, D, the interaction terms of BD and the quadratic terms of B2 and D2 

were the significant variables for the degradation efficiency for TC, hence insignificant effects 

were ignored as shown in Eq. 4.2 and Table 4.3. Further details on model authentication from 

an analysis of variance (ANOVA) are further discussed.  

    The analysis of variances (ANOVA) employed to evaluate the statistical significance of 

interactions between the synthesis variables and the response based on the F and p-values. 

Parameters such as F-value, probability >F and adequate precision, which is a measure of error 

or the signal-to-noise ratio, were used as the indicators of how the suggested models fit the 

experimental values. The statistical analysis showed that quadratic model fitted closely with 

the experimental data with a high F-value of  and a probability > F of < 0.0001 for the quadratic 

models shows that the models are significant. The applicability of the model equations to the 

experimental data was further evaluated using the correlation coefficient (R2). The correlation 

coefficient (R2) for the response factor yielded a high amount more than 95% that is from the 

independent variables.  

 



128 
 

 

Table 4.3 :     Analyisis of Variance of the response surface model for degradation efficieny of 

Tetracyline. 

 Sum of  Mean F p-value  

Source Squares df Square Value Prob > F 

 

Model 8008.59 14 572.04 52.06 < 0.0001 Significant 

B-Temperature 139.07 1 139.07 6.27 0.0244  

D-Time 177.67 1 177.67 8.01 0.0127  

BD 306.82 1 306.82 13.82  0.0021  

B2 2663.75 1 2663.75 120.02 < 0.0001  

D2 148.54 1 148.54 6.69 0.0206  

Residual 332.91 15 22.19    

Lack of Fit 318.97 10 31.9 11.44 0.0275 not significant 

Pure Error 13.94 5 2.79    

R-Squared Adj R-Squared Pred R-Squared Adeq Precision 

0.9561 0.9151 0.8173 13.678 

 

 

The highest coefficient values of time and temperature from the regression analysis in Eq. 4.2 

and their high F values from ANOVA (Table 4.3), shows their major contributions toward TC 

degradation. The time determines the size growth of AABR dispersed on the ACK (Xiang Xu, 

Shen, Hu Zhou, Dezhou Qiu, Guoxing Zhu & Chen 2013), which also ensures strong contact 

between the components and further reducing migration distance of charge carriers. 

Meanwhile, the formation of unique morphologies with an intimate contact structure between 

AABR and ACK will be governed by the reaction temperature (Xu et al. 2013; Chen et al. 

2015), which simultaneously enhances separation of electron-hole pairs and promotes radicals 

formation. Overall, both time and temperature optimization are advantageous towards 

enhancing the degradation of TC derived from the RSM design. 
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4.3.2    Variables interaction influence on TC degradation efficiency  

    Three-dimensional (3D) response surface was used to investigate the influence of the 

synthesis variables and their interactions on the degradation efficiency of TC removal. The 

adjusted correlation coefficient value was also more than 91% the response factor was 

relatively high and close to R2 value. These values show a good agreement between the 

experimental and predicted values as depicted in Figure 4.2a. The significant interactions of 

synthesis variables from Eq. 4.2 on the response are presented in Figure 4.2b.  

    Figure 4.2b shows the influence of temperature and time on degradation efficiency of TC 

at a fixed mass of carbon and PVP (around 0.03 g and 0.26 g) Increasing both variables 

simultaneously from 100 - 180 °C and 10 – 25 min, the degradation percentage increases from 

49.44 to 92.08% and 81.98 to 92.08% respectively, whilst further increase for both variables 

decreases to 57.26 and 73.73%. The highest degradation efficiency is achieved when the 

temperature is maintained at 140 °C and extended time for 17.50 min. From the 3D surface 

plots finding, the time and temperature play a significant role in the photocatalytic performance 

of AABR-ACK composites on TC removal. The importance of time and temperature as 

preparation variables was not been fully realized from previous studies until now. Therefore, 

in this study, the focus was placed on the characterization of prepared AABR-ACK samples 

on time and temperature variation to understand how these preparation variables influence the 

catalytic activity on TC removal (Table 4.2). 
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Figure 4.2:    (a) Plots of predicted vs. experimental values for degradation efficiency of tetracycline and 3D surface plots of degradation 

efficiency of tetracycline by AABR-ACK photocatalysts from interactions between (b) temperature and time. 
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4.4    Characterization  

4.4.1    Phase, morphology and surface composition analysis 

    The XRD patterns of the AABR-ACK composites at different times (AABR-ACK 7, AABR-

ACK 11 and AABR-ACK 14) and temperatures (AABR-ACK 21, AABR-ACK 11 and AABR-

ACK 26) at the constant mass of PVP and carbon (0.26 and 0.03 g) are shown in Figure 4.3a-b. 

The XRD pattern of the prepared composites comprises of pure face center cubic phase of AgBr 

with space group: Fm-3m (225) (Zhu, Wang, Lin, Gao, Guo, Du & Xu 2013). The peaks at 2θ 

values of 26.6, 31.1, 44.3, 54.8, 64.8, and 73.4° are in indexed with planes of (111), (200), (220), 

(222), (400) and (420) cubic structure of AgBr (JPCDS 079-0148) respectively. The diffraction 

peaks of metallic cubic Ag at 38.1, 44.2, 64.4 and 77.8o 2θ are ascribed to (111), (200), (220) and 

(311) planes (JCPDS 071-3762, space group: Fm-3m (225)). In this study, the diffraction peak of 

Ag at 38.1o is distinct, highlighting the abundance of metallic Ag in the composites as compared 

to other reports (Chen et al. 2012; Lou, Huang, Qin, Zhang, Cheng, Liu, Wang, Wang & Dai 2012). 

Metallic Ag peaks at 111, 200, 220 and 311 widen with an increase in time and temperature, which 

is similar to other reports (Uygur 1997). A further increase in time to 25 min (AABR-ACK-14), 

results in a negative shift of XRD peaks for AgBr and Ag by 0.2o 2θ, which is ascribed to close 

interaction between AgBr and metallic Ag (Xu, Li, Xia, Yin, Luo, Liu & Xu 2010). The diffraction 

peaks of AgBr and metallic Ag were enhanced with AABR-ACK 11 compared to other 

composites, highlighting the formation of ordered nanostructures along with reduced particle 

diameter, which is further evidenced with morphology discussion in Figure 4.4a-f.  
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Figure 4.3:    XRD pattern and FTIR spectra of AABR-ACK composites synthesized at different 

(a, c) times and (b, d) temperatures. 
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    The FTIR spectra for AABR-ACK composites at different times (10, 17.5 and 25 min) and 

temperatures (100, 140 and 180 ºC) as shown in Figure 4.3c-d. For ACK, five absorption bands 

are located at 3340, 1733, 1648, 1341 and 1135 cm−1 that are ascribed to -OH stretching, -C=O 

from carbonyl stretching, -COO from carboxyl stretching, the –C-OH and –C-O-C stretching 

vibrations (Deng, Li, Yang, Tang & Tang 2010). The –C=O carbonyl stretching, -C-OH and –C-

O-C stretching band for ACK shifts to lower wavenumber in the AABR-ACK composites, which 

confirms the interaction between the AABR particles and ACK. The ACK as our capping 

molecules with abundance oxygenated functional groups such as -COO, -C-OH and –C-O-C 

partake in AABR defined nanostructures. This leads to a decrease in agglomeration, a decrease in 

size distribution and decrease the rate of AABR particle growth. The bands at 2918 and 2839 cm−1 

that are ascribed to the stretching vibration of C-H bonds in -CH3 and -CH2 groups from the PVP 

molecules (Gao, Song, Jiang, Liu, Yan, Zhou, Liu, Wang, Yuan & Zhang 2005) are pronounced 

for AABR-ACK 7, 11, and 14 composites. The band at 1450 cm−1 corresponds to anti-symmetric 

deformation vibration of -CH3 group of the PVP molecules (Cong-Wen, Hai-Tao, Cheng-Min, Zi-

An, Huai-Ruo, Fei, Tian-Zhong, Shu-Tang & Hong-Jun 2005) are also present for AABR-ACK 

composites at a different time (Figure 4.3c). The presence of PVP molecules causes a steric effect 

(Chen, Liu, Chen, Ge, Fan, Wang, Lu, Yang, Zhang & Yan 2014) between the Ag+ and Br-, as a 

result, rapid growth and agglomeration of AgBr crystal particles are prohibited with the formation 

of ordered nanostructures (as presented in SEM analysis in Figure 4.4a-c). However, these 

mentioned bands (-CH3 and -CH2 groups for the PVP molecules) are weakened for AABR-ACK 

21 and AABR-ACK 26 composites (Figure 4.3d), due to irregular morphology, agglomeration 

(evidenced from SEM image in Figure 4.4d and f) and PVP polymerization at higher temperature 

(Inoue, Nakazawa, Mitsuhashi, Shirai & Fluck 1989).  
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    The SEM morphology of the as-prepared AABR-ACK composites prepared at different times 

(AABR-ACK 7, AABR-ACK 11 and AABR-ACK 14) and temperatures (AABR-ACK 21, 

AABR-ACK 11 and AABR-ACK 26) are shown in Figure 4.4a-f. The SEM images of prepared 

AABR-ACK composites at different times (10-25 min) are all well-distributed nanospheres 

morphology (Figure 4.4a-c) with an average particle diameter range between 162-201 nm. The 

morphology of the AABR-ACK 7 is large nanospheres with particle diameter of 201 nm. The 

AABR-ACK composites nanostructures remain unchanged with the variation of times (from 17.5 

to 25 min) as observed with the previous report (Xiang Xu et al. 2013), but the average particle 

diameter for AABR-ACK 11 and 14 are 162 and 198 nm. The AABR-ACK 26 (100 °C) is 

comprised of aggregated morphologies of cubes, spheres, and triangles (Figure 4.4d) with a 

particle diameter of 262 nm. When the temperature was increased to 140 °C (AABR-ACK 11), 

the formation of ordered AABR nanospheres anchored on ACK surface (Figure 4.4e) with a 

particle diameter of 162 nm was formed. A further increase in temperature to 180 °C (AABR-

ACK 21) caused the spheres to agglomerate together forming an octahedral morphology (Figure 

4.4f) with a particle diameter of 586 nm. The uniform nanospheres morphology for AABR-ACK 

11 with reduced particle diameter will shorten migration path of the charge carriers and enhanced 

the degradation activities (Xiang Xu et al. 2013) as presented in Table 4.2.  
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Figure 4.4:    SEM images of AABR-ACK composites synthesized at different (a) times (AABR-ACK 7, AABR-ACK 11and AABR-

ACK 14) and (b) temperatures (AABR-ACK 26, AABR-ACK 11 and AABR-ACK 21).
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The AABR particles without activated carbon (Figure 4.5a) are an irregular octahedral shape, 

aggregated with an average particle diameter of 1.3 μm. Herein, the ACK (Figure 4.5b) 

interconnected carbon network structure with abundance oxygenated functional groups will aid in 

the favorable immobilization of ordered AABR nanostructure for AABR-ACK composites.  

 

 

 

Figure 4.5:    SEM image of (a, b) AABR and (c) ACK. 

 

    The TEM images of the ACK and AABR-ACK 11 composite are shown in Figures 4.6a and 

b. Fig. 4.6a presents the porous ACK material, while Fig. 4.6b shows the TEM image for AABR-

ACK 11 is spheres shaped nanoparticles, in which the AABR particles with a diameter of around 

3-5 nm uniformly distributed on the ACK surface. A close inspection of the AABR-ACK 11 

nanostructure as observed by HRTEM (Figure 4.6c) shows the lattice fringes with an interplanar 

spacing of 0.238 and 0.285 nm, which are attributed to Ag (111) and AgBr (200) planes. Herein, 

intimate contact between AABR and ACK was formed for AABR-ACK 11, which favors 
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accelerated electron migration from the former to the latter, which results in photo-prompted 

electron-hole pairs separation and enhanced photocatalytic activity. 

 

 

 

Figure 4.6:    TEM images of (a) ACK; (b) AABR-ACK 11 and (c) HRTEM of AABR-ACK 11 

composite.  

 

    The surface chemical composition and valence states of AABR-ACK 11 composite were 

analyzed by X-ray photoelectron spectroscopy (XPS) in Figure 4.7. The survey scan spectrum 

(Figure 4.7a) indicates the presence of Ag, Br, and C in the sample. However, the high-resolution 

XPS spectra of Ag 3d (Figure 4.7b) has two symmetrical peaks at binding energies of 366.87 eV 

and 372.80 eV for Ag 3d5/2 and Ag 3d3/2 respectively (Zeng, Tian & Zhang 2013). These two peaks 

are further divided into two different peaks. The peaks at 366.87and 372.80 eV are attributed to 

Ag+, while the peaks at 366.78 and 372.80 eV could be ascribed to metallic Ago (Jiang & Zhang 

2011; Zhu, Chen & Liu 2011; Xu, Y. et al. 2013). The Br 3d spectra (Figure 4.7c) at 67.27 eV and 

67.99 eV would be attributed to Br 3d5/2 and Br 3d3/2 respectively. (Choi & Kang 2014). Figure 

4.7d shows the high-resolution XPS spectra of C 1s. The main peak at 284.6 eV is attributed to 
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the C=C/C-C bond with graphitic carbons (sp2 orbital), which originate from the amorphous 

carbon phase (Li, Ma, Ye, Zhou, Wang, Ma, Wang, Huo & Yan 2017). The peaks at 286.1, 287.6 

and 289 eV are ascribed to C-C (sp3 orbital), C-O, and C=O respectively. Based on the observation 

from XRD, SEM and XPS analysis, these findings show hybridization of AABR with ACK, and 

the existence of metal Ag⸰, Ag+, and Br- in the composite. 

 

 

 

Figure 4.7:    (a) The survey XPS spectra of AABR-ACK 11 composite; high resolution spectra of 

(b) Ag 3d; (c) Br 3d and (d) C 1s.  
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4.4.2   Optical and electrical properties of AABR-ACK composites 

    Figure 4.8a-b illustrated the UV–Vis DRS spectra of as-prepared AABR-ACK composites at 

different times (AABR-ACK 7, AABR-ACK 11 and AABR-ACK 14) and temperatures (AABR-

ACK 21, AABR-ACK 11 and AABR-ACK 26). The AABR-ACK composites exhibited a strong 

absorbance edge in the visible region within the range of 400 to 800 nm. This is ascribed to the 

intense surface plasmon resonance (SPR) of the metallic Ag particles, caused by a thermal 

reduction of AgBr by EG (Sun & Xia 2002; Dai, Lu, Dong, Ji, Zhu, Liu, Liu, Zhang, Li & Liang 

2013). The SPR of Ag particles is influenced by the ordered nanostructure and particle diameter 

as evidenced by SEM analysis (Figure 4.4a-f). The AABR-ACK X (X =7, 14, 21, 26) composites 

absorption edges in the visible region were reduced as compared to AABR-ACK 11 (Figure 4.8a-

b), which endow the latter to efficiently utilize the visible light for enhanced photodegradation of 

TC (Liu, Dong, Hao, Wang, Ma & Zhang 2017). The strong hybridization between AABR and 

ACK interconnected carbon network acting as light transmittance channels (Linares, Silvestre-

Albero, Serrano, Silvestre-Albero & García-Martínez 2014), also boosted the visible light-

harvesting ability of the AABR within the AABR-ACK 11 (Figure 4.9a). 
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Figure 4.8:    UV–vis DRS spectra for AABR-ACK composites synthesized at different (a) times 

(AABR-ACK 7, AABR-ACK 11and AABR-ACK 14) and (b) temperatures (AABR-ACK 21, 

AABR-ACK 11 and AABR-ACK 26). 

 

    The bandgap energy (Eg) of AABR-ACK and AABR were calculated using the Kubelka-Munk 

(Zhang, Han, Yu, Zou & Dong 2019a) equation below:  

 

                                                                                                                       4.3 

 

where α, հ, ʋ, A and Eg are the optical absorption coefficient, Plank’s constant, light frequency, a 

constant and bandgap energy. Also n is equal to 1 and 4 for direct and indirect bandgap 

semiconductor, hence the AgBr catalyst is an indirect bandgap semiconductor (Cao, Luo, Lin & 

2)(

n

EghAh −= 
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Chen 2011) and the plot of (αһν)a2 versus photon energy (һν) is shown in Figure 4.9b. The 

corresponding band gap for AABR-ACK 11 and AABR is 2.34 eV and 2.4 eV respectively. 

    The VB and CB positions for AABR-ACK 11 are determined through the following empirical 

formula: 

 

                                                                                                                      4.4 

 

                                                                                                                               4.5 

 

where EVB and ECB are the edge potential of the valence band (VB) and conduction band (CB) 

respectively, and X represents the absolute electronegativity of the semiconductor. The X value 

for AgBr is calculated at 5.8 eV. EO is the energy of free electrons on the hydrogen scale (about 

4.5 V) (Zhang, Han, Yu, Zou & Dong 2019b) and Eg is the bandgap energy of the semiconductor. 

The EVB and ECB values of AABR are calculated to be 2.47 and 0.13 V vs. NHE, respectively. 

 

 

 

 

 

 

 

 

 

gOVB EEXE 5.0+−=

gVBCB EEE −=
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Figure 4.9:    (a) UV–vis DRS spectra for ACK, AABR, AABR-ACK composites and (b) 

corresponding Tauc plots for AABR and AABR-ACK composites. 

 

 

    The recombination of photo-induced electrons and holes pairs (Lei, Wang, Song, Fan, Pang, 

Tang & Zhang 2010) affects the photocatalytic activity of a photocatalyst. The intensity for 

AABR-ACK composites according to different times can be ranked as (AABR-ACK 11 < AABR-

ACK 14 < AABR-ACK 7; Figure 4.10a) and at different temperatures (AABR-ACK 11 < AABR-

ACK 26 < AABR-ACK 21; Figure 4.10b). AABR-ACK 11 composite exhibits lower intensity, 

which indicates that the recombination of photo-induced electron-hole pairs was effectively 

inhibited (Wang, Fang, Zheng, Che, Tao & Chen 2015) and correlates with its enhanced 

degradation of TC in Table 4.2. The ordered nanospheres for AABR-ACK 11 composites retard 
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the recombination of electron-hole pairs, which further boost the photocatalytic performance. The 

ACK support also effectively facilitates separation of photo-induced charge carriers from AABR-

spheres judging from the PL spectra of AABR and AABR-ACK 11 composite (Figure 4.10c).  

 

 

 

Figure 4.10:    PL spectra for AABR-ACK composites synthesized at different (a) times (AABR-

ACK 7, AABR-ACK 11and AABR-ACK 14), (b) temperatures (AABR-ACK 21, AABR-ACK 11 

and AABR-ACK 26) and (c) AABR and AABR-ACK 11 composite. 
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    To further study the influence of facile tuning AABR-ACK nanostructures on the separation of 

photo-prompted electron-hole pairs and electron conductivity, photo-electrochemical analysis was 

also carried out. The photo-electrochemical response as well as the curve under dark are presented 

in Figure 4.11a -b. The photocurrent density-voltage curve was measured in the potential range 

of 0.5–2.0 V vs SCE. The AABR-ACK 11 composite showed the highest photocurrent density of 

1.07 mA/cm2, which is higher than that of AABR-ACK X relatives (X = 14, 7, 26 and 21) and 

AABR under visible light irradiation, suggesting its higher electron-hole pairs separation 

efficiency. The high photocurrent density for AABR-ACK 11 further verifies that the ordered 

nanostructures of AABR and interconnected network structure of ACK significantly boost the 

photo-electrochemical performance for high degradation activities.  

 

 

 

Figure 4.11:    Linear sweep voltammetry curves for AABR-ACK composites synthesized at 

different (a) times (AABR-ACK 7, AABR-ACK 11and AABR-ACK 14) and (b) temperatures 

(AABR-ACK 21, AABR-ACK 11 and AABR-ACK 26). 
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    The EIS Nyquist plots of AABR-ACK composites are shown in Figure 4.12a-b. The rank of 

smallest semicircle arc radius for the composites at different times are: AABR-ACK 11 < AABR-

ACK 14 < AABR-ACK 7, while for temperatures: AABR-ACK 11 < AABR-ACK 26 < AABR-

ACK 21. The smallest semicircle arc radius implies effective electron conductivity and enhanced 

separation efficiency of photo-prompted electron-hole pairs (Wen, Niu, Zhang & Zeng 2017) that 

occurred with the AABR-ACK 11 nanospheres composite. In addition, the AABR-ACK 11 

composite displays smaller arc radius as compared to pure AABR in Figure 4.12c. This means an 

efficient charge carrier separation was actualized via the intimate contact between AABR and 

ACK support (Nayak, Mohapatra & Parida 2015) for AABR-ACK 11 nanospheres. ACK 

conductive support in the AABR-ACK 11 composite will also effectively enhances the separation 

of photoinduced charge carriers and improving the photocatalytic performance (Kandi, Martha, 

Thirumurugan & Parida 2017).  

    The corresponding Bode plots in Figure 4.12d - e shows much lower |Z| trend for AABR-ACK 

11 than that of AABR-ACK relatives and AABR. The lower |Z| trend implies faster electron-hole 

pairs separation, which confirms that the ordered nanostructure for AABR and the conductive 

ACK promotes the charge carriers separation properties of AABR. The hybridization of AABR 

with ACK enhanced the transportation rate of photo-excited electrons through an interfacial 

interaction between AABR nanospheres and the conductive ACK support [43], prompting reactive 

species formation for higher photocatalytic activities for AABR-ACK 11 composite.  
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Figure 4.12:    EIS Nyquist plots and imaginary bode plots for AABR-ACK composites 

synthesized at different (a, d) times (AABR-ACK 7, AABR-ACK 11and AABR-ACK 14) and (b, 

e) temperatures (AABR-ACK 21, AABR-ACK 11 and AABR-ACK 26); and (c) corresponding 

EIS plot of the most active catalyst AABR-ACK 11 and AABR.  
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    Overall, TC high degradation efficiency using AABR-ACK 11 (temperature - 140 °C, extended 

time - 17.50 min, mass of carbon - 0.03 g and PVP - 0.26 g) is advanced by ordered nanostructures 

morphology with strong synergistic interactions between components of the composite. The 

ordered AABR nanospheres further enhanced visible light harvesting and fast electron transfer in 

the presence of conductive ACK, along with suppressed recombination rate of charge carriers. The 

analysis of optical, photo-electrochemical, morphology results and RSM approach evidence that 

AABR-ACK 11 composite is the active photocatalyst for degradation of TC in this study. 

 

4.4.3     Photocatalytic activities  

    The visible-light photocatalytic activities of AABR-ACK 11 composite and other as-prepared 

samples were further investigated on the degradation of TC (15 mg/L, 150 ml), as presented in 

Figure 4.13a. The degradation of TC without photocatalyst under visible light conditions cannot 

be effectively oxidized as observed in Figure 4.13a. The photocatalytic activity of AABR, AgBr, 

and reference TiO2/HCP exhibited lower degradation rate less than 60% in 180 min. However, the 

AABR-ACK 11 showed higher photocatalytic rate of 92.08% within 180 min than AABR and 

other samples under the same conditions; hence, the close contact of ordered AABR with ACK 

enhanced the oxidation degradation of TC. To quantitatively evaluate the photodegradation 

kinetics of TC over the prepared samples, the experiment values were fitted to both pseudo-first-

order and pseudo-second-order kinetic features as presented in the equations below (da Silva, 

Carvalho, Lopes & Ribeiro 2017; Yuan, Lei, Xi, Liu, Qin, Chen & Dong 2019).  
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     Here, t is reaction time, Co and Ct are the TC concentrations at reaction time of 0 and t min, k 

and k2 are the apparent rate constant of pseudo first order and pseudo second order kinetics. The 

pseudo-second-order model in Figure 4.13b fitted better to describe the photocatalytic process of 

TC removal as compared the pseudo-first-order model (Figure 4.13c). This was ascribed to the 

generated small-molecular intermediates from TC degradation, which further adsorbed on AABR-

ACK surface and reacted more easily with active species (Tian, Zhao, Sun, Xiao & Wong 2020). 

Therefore, both adsorption and photocatalytic activity was the major reason for the enhanced 

degradation of TC molecule in the AABR-ACK photocatalytic process (Liu, Lv, Yao, Ma, Huo & 

Yan 2013; Tian, Zhao, Sun, Xiao & Wong 2020). 

The degradation rate constant for the as-prepared samples are ranked as: AABR-ACK 11 > AABR 

> AgBr > TiO2/HCP. AABR-ACK 11 composite has the highest rate constant (0.0044 L mg-1 min-

1), which is 9.4 times fold more than AABR (0.0005 L mg-1 min-1). The absorption spectra of TC 

over AABR-ACK 11 composite is shown in Figure 4.13d, the main band of TC at 376 nm reduces 

with an increase in irradiation time up to 180 min during the photocatalytic process. The reduction 

of TC main band at 376 nm suggests that the phenolic-diketone group is easily broken down (Chen 

& Huang 2011; Mahamallik, Saha & Pal 2015). This indicates that the AABR-ACK 11 is a 

promising photocatalyst for the treatment of antibiotic wastewater. The enhanced photocatalytic 

performance for AABR-ACK 11 is attributed to the design of ordered nanospheres structure, 

which promotes interfacial charge separation and prolonging the lifetime of photo-carriers (Mou, 

Song, Zhou, Zhang & Wang 2018; Bafaqeer, Tahir & Amin 2019). 
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    In real water situations, inorganic ions may also be present and therefore their potential influence 

on the activity of the photocatalyst was investigated. In this work, the influence of inorganic anions 

on the photocatalytic performance of AABR-ACK 11 composite on the removal of TC was also 

carried out using several sodium salts of sulfate, sulphite, bicarbonate, chloride, and phosphate at 

a concentration of 20 mM as presented in Figure 4.13e. All the inorganic anions used in this work, 

have an inhibitory effect on the photocatalyst with the degradation of TC, as the degradation rate 

reduces from 92% to 49%. This inhibitory effect is attributed to the scavenging of free reactive 

oxidative species (h+ and ˙OH) on the photocatalyst surface, which further transforms into inactive 

oxidative species and lowers the degradation % (Konstantinou & Albanis 2004; Rincon & Pulgarin 

2004). The negative effects of these inorganic anions were found to be in the order of phosphate > 

chloride > bicarbonate > sulphite > sulphate. Among the inorganic anions, the highest inhibitory 

effect was more with phosphate and chloride ions, which is ascribed to their high potential (Chen 

& Liu 2017; Kakavandi, Bahari, Kalantary & Fard 2019) to occupy the active sites of AABR-ACK 

11 composite as compared to other anions. 
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Figure 4.13:    (A) Photocatalytic degradation of TC in aqueous solution with respect to time; (B, 

C) Plot of pseudo second (1/Ct-1/Co) and pseudo first order kinetics (−In(Ct/Co) against the 

reaction time for the catalytic degradation of TC using different photocatalysts: (a) AABR-ACK 

11, (b) AABR, (c) AgBr, (d) ACK, (e) TiO2/HCP and (f) photolysis; (D) UV−Vis absorption 

spectra for the catalytic degradation of TC over AABR-ACK 11 and (E) effects of inorganic anions 

on the photocatalytic degradation of the TC. 

 

 



151 
 

 

 

    The stability and reusability for a photocatalyst are critical for a cost-efficient commercial 

process. Therefore, the reusability of the AABR-ACK 11 composite was evaluated for the 

degradation of TC in five consecutive cycles. After each cycle, the photocatalysts were recovered 

by centrifugation, washing, drying. Figure 4.14a.shows that the degradation % of AABR-ACK 

11 exhibited no significant reduction in the catalysts ability to degrade TC, 8.9% loss were 

observed after 5 cycles, which originated from small catalyst mass losses during washing and 

drying process. Therefore, the XRD, FTIR and UV-vis DRS spectra (Figure 4.14b-d) for the 

reused AABR-ACK 11 (five cycle times) show that the phase, structural and optical properties 

remain unchanged after the photocatalytic process. The ordered AABR-ACK 11 nanospheres 

exhibit higher activity and reusability for degradation of TC under LED visible light illumination, 

which is of great value in practical application for the antibiotic and other aromatic organic 

pollutants degradation in wastewater.  
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Figure 4.14:    (a) Recycling test of AABR-ACK 11; (b-d) XRD, FTIR and UV-DRS spectra of 

AABR-ACK 11 composite before and recycled catalyst after the degradation activities. 
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4.4.4     Reaction Mechanism of AABR-ACK 

    In order to understand the photocatalytic mechanism, active species quenching experiments 

were performed. The quenchers used in this work comprised of EDTA-Na2 for h+, IPA for ˙OH 

and BQ for ˙O2
− (Chen, Yang, Niu, Li, Zhang, Zhao, Xu, Zhong, Deng & Zeng 2016; Cheng, Yan, 

Zhou, Chen, Li, Chen & Dong 2016) respectively. As shown in Figure 4.15, both BQ and EDTA- 

Na2 quenchers greatly inhibited the degradation of TC, and weakly reduced the activities on TC 

removal after the addition of IPA. It’s concluded that the ˙O2
− and h+ are the main active species 

in the photocatalytic degradation of TC using AABR-ACK 11, while the ˙OH plays a secondary 

role. Invariably, O2
−, h+, and ˙OH reactive species all participate in TC degradation (as a mixture).  

 

 

 

Figure 4.15:    Effect of different quencher agents on TC degradation using AABR-ACK 11 

composite.   
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    Based on the above quencher experiment, a tentative reaction mechanism for degradation of TC 

under visible light irradiation using AABR-ACK 11 nanospheres structure is proposed, as 

presented in Figure 4.16. The TC molecules adsorb on the Ag and AgBr particles with close 

proximity to the ACK through π–π, electrostatic or hydrogen-bonding interactions (Upadhyay, 

Soin & Roy 2014; Zhu, Gao, Yue, Song, Gao & Xu 2018). Under visible light irradiation, both Ag 

and AgBr particles in AABR-ACK 11 composite are photoexcited to produce electron-hole pairs 

(Yu, Dai & Huang 2009; Kuai, Geng, Chen, Zhao & Luo 2010). The energy of excited electrons 

generated by the Ag SPR effect reached to 1.0–4.0 eV (Linic, Christopher & Ingram 2011), which 

means that the generated electrons have enough energy to jump onto the CB of AgBr. Injected 

electrons in the CB of AgBr cannot trap O2 on its surface, since the CB potential of AgBr (0.13 

eV) is more positive than the potential of O2/ O2
− (-0.33 eV vs NHE) (Zhang, Ai, Li & Jiang 2014) 

and ACK presence as an acceptor of photo-induced electrons promotes the migration of electrons 

away from the conduction band (CB) of AgBr. The recombination with photo-excited holes is 

prevented while allowing the electrons to react with O2 molecules on the ACK surface to form 

superoxide radical species and attacks the adsorbed TC directly (Hu et al. 2009; Hou, Wang, Yang, 

Zhou, Jiao & Zhu 2013). This electron transfer process significantly prolongs the lifetime of 

photogenerated charge carriers for intimate contact with TC pollutant, which results in elevated 

photocatalytic activity of AABR-ACK 11 under visible light illumination. The photo-induced 

holes accumulated at the Ag VB (Zhang, Wong, Chen, Jimmy, Zhao, Hu, Chan & Wong 2009) 

directly participate in the oxidation of TC. In addition, the photo-induced holes in VB AgBr are 

more positive to oxidize H2O to form ˙OH radicals (OH−/ OH, 2.4 V vs NHE) (Luo, Xu, Li, Wu, 

Wu, Shi, Chen & interfaces 2015). This reactive hydroxyl species (˙OH) produced by H2O with 
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photo-induced holes also aid in the degradation of TC (Shahzad, Kim & Yu 2016). The positively 

charged holes on AgBr surface also oxidize Br- to Bro, Bro is a reactive species that can oxidize 

TC directly due to its high oxidation potential, which is consistent with other reports (Begum, 

Manna & Rana 2012; Hou, Li, Zhao, Chen & Raston 2012a). Overall, the regulated nanospheres 

structure for AABR-ACK 11 composite, separation and transfer of photo-induced electron-hole 

pairs enhanced the photocatalytic efficiency and stability. 

 

 

 

Figure 4.16:    The reaction mechanism for the degradation of TC over the AABR-ACK 11 

composite under visible light irradiation.  
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4.5.    Summary and concluding remarks 

    AABR-ACK nanocomposites with close interfacial contact between the AABR particles and 

carbon were synthesized through the thermal polyol route. The synthesis variables (time, 

temperature, mass of PVP and activated carbon) were optimized using RSM experimental design 

to obtain the highest degradation of tetracycline (TC) antibiotic under visible light irradiation. The 

time and temperature as synthesis parameters play a major role in improving the catalyst properties 

to enhance the degradation of TC using the AABR-ACK composites. The characterization 

techniques showed that the optimized AABR-ACK 11 composite had an ordered nanospheres 

morphology with reduced particle diameter (162 nm), enhanced visible light harvesting along with 

high separation of photo-induced electron-hole pairs, which explains its high catalytic activity on 

TC removal in comparison to the other composites. The coupling of AABR into the ACK 

interconnected carbon network, significantly aid in uniform distribution of AABR particles, which 

furthers promotes interfacial charge separation and prolongs the lifetime of photo-carriers. The 

AABR-ACK 11 catalyst had a significantly higher visible light photocatalytic activity for TC 

removal (92%) than those of AABR, AgBr and reference TiO2/HCP photocatalysts. The phosphate 

inorganic anion decreases the performance of AABR-ACK 11 more than other inorganic ions such 

as sulfate, sulphite, bicarbonate, and chloride. The quenching experiments with scavengers 

indicated that h+ and ˙O2
− were the main radical responsible for the degradation process. The 

ordered nanospheres structure of AABR-ACK 11 with enhanced charge carriers separation 

efficiency is the most important factor that enhanced the activity for TC removal by oxidation 

degradation under visible light irradiation. This active AABR-ACK 11 photocatalyst property will 

further be compared with carbon material from different sources as presented in Chapter 5.  
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Chapter 5.    Accelerated electron transport and improved 

photocatalytic activity of Ag/AgBr under visible light 

irradiation based on conductive carbon derived biomass 

 

Abstract 

    Ag/AgBr (AABR) catalyst exhibits good photo-oxidative property for organic pollutants 

degradation under visible light. However, poor separation of photogenerated charge carriers at the 

catalyst interface, caused by decelerated photoexcited electron migration results in lower 

photocatalytic activity and limits the practical application of AABR. In this chapter, series of 

carbonized materials from different sources (potassium hydroxide impregnated pinecone - ACK, 

commercial activated carbon - CAC and biochar from pinecone - BCR) were employed as 

conductive carbon support for coupling Ag/AgBr as-synthesized through thermal polyol route. 

The structural, electrochemical and optical properties of prepared composites were characterized 

by various techniques. ACK from microwave pyrolysis of chemically impregnated pinecone 

exhibited fast electron transfer as compared to BCR and commercial activated carbon (CAC) from 

the Nyquist EIS plot, due to its interconnected conductive carbon structures. The resulting 

AABR-ACK exhibit improved degradation efficiency of 92% on tetracycline (TC) antibiotic in a 
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neutral solution after 180 min, which is better than AABR-BCR and AABR-CAC under visible 

LED light irradiation. The superior degradation efficiency of AABR-ACK is ascribed to the 

accelerated transport and enhances separation of photogenerated charge carriers upon introduction 

of conductive ACK. The degradation intermediates and possible decomposition pathways of TC 

by AABR-ACK catalyst were identified by LC-MS in this chapter. 

Keywords: Ag/AgBr, Conductive carbon, Biomass, Visible light degradation, Tetracycline.  
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5.1    Introduction 

    The discharge of industrial effluents such as pharmaceuticals into the water resources over the 

decade possesses perilous impact on the ecosystem, due to their physiological toxicity and 

corrosive attributes (La Farre, Pérez, Kantiani & Barceló 2008; Song, Sun, Wang, Xia, Yuan, Li 

& Wang 2016). Complete removal of these pharmaceutical components such as tetracycline (TC) 

is crucial, in other to avoid adaptable multi-resistant bacterial strains and other environmental 

issues (Sun, Shi, Mao & Zhu 2010; Chen & Liu 2016). This imperious situation warrants the 

motivation in the development of cost-effective and highly efficient technologies for complete 

degradation of TC antibiotics. The visible-light photocatalytic approach is attractive for the 

elimination of these TC antibiotics in wastewater since it is cost-effective as compared to 

conventional approaches (Zhu, Wang, Sun & Zhou 2013; Jiang, Wang, Xu, Li, Meng & Chen 

2017). Commonly used photocatalyst such as ZnO and TiO2 are inactive under visible light and 

requires ultraviolet light to be active. These catalysts can therefore not harness the solar efficiency 

effectively (Reyes, Fernandez, Freer, Mondaca, Zaror, Malato & Mansilla 2006; Palominos, 

Mondaca, Giraldo, Peñuela, Pérez-Moya & Mansilla 2009). Therefore, the development of highly 

efficient visible light-driven (VLD) photocatalysts is necessitated.  

    Previous studies have shown that the surface plasmon resonance (SPR) properties of Ag with 

AgX (X-Cl, Br, I) material yielded active VLD photocatalyst properties for environmental 

remediation (Hou, Li, Zhao, Chen & Raston 2012; Shi, Li, Sun, An, Zhao & Wong 2014). Ag/AgX 

plasmonic catalyst has a limitation of poor separation of photogenerated charge carriers that results 

in lower photocatalytic activity (Zhang, Fan, Quan, Chen & Yu 2011). Techniques such as 

microstructures control (Xiao, Ge, Han, Li, Zhao, Xin, Fang, Wu & Qiu 2015), formation of 

heterogeneous hybrid with other semiconductors (Yang, Guo, Guo, Zhao, Yuan & Guo 2014; Yan, 
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Wang, Gu, Wu, Yan, Hu, Che, Han, Yang & Fan 2015) and carbonaceous materials (Xu, Xu, Yan, 

Li, Huang, Zhang, Huang & Wan 2013; Shi, Lv, Yuan, Huang, Liu & Kang 2017) have been 

utilized to enhance separation of photogenerated charge carriers of Ag/AgBr. Coupling Ag/AgBr 

with carbonaceous materials exhibited better improvement in photocatalytic activity of the 

photocatalyst more than other methods described above. Over the past few years, photocatalysts 

combined with carbonaceous materials such as graphene, graphene oxide, carbon nanotubes and 

carbon dots with high conductivity for electron transport have significantly suppressed the 

recombination of electron-hole pairs in the photocatalyst and enhanced the photocatalytic activity 

(Chen, Li, Huang, Zhang, Zhao & An 2012; Yang, Weng & Xu 2013; Vinoth, Karthik, 

Muthamizhchelvan, Neppolian & Ashokkumar 2016; Shi et al. 2017). Among the known 

carbonaceous materials, activated carbon (AC) from biomass known as an eco-friendly material 

has aroused interest in several applications Activated carbon have been applied in supercapacitors 

and photocatalysis as a result of their sustainability, renewable, cheap, stable and good electrical 

conductivity properties (Trogadas, Fuller & Strasser 2014; Song, Ma, Wu, Ma, Geng & Wan 2015; 

Li, Tie, Li, Guo, Liu, Liu, Liu, Feng & Zhao 2018; Lu, Jin, Zhang, Niu, Gao & Li 2018). 

    The coupling of Ag/AgBr photocatalyst with commercial activated carbon as support has been 

investigated widely (McEvoy, Joanne Gamage & Zhang, Zisheng  2016; Yang, Jin, Liu, Gan & 

Wei 2019). These studies described above have not considered the possibility of enhancing the 

properties of activated carbon to improve photo-excited electron transfer from the photocatalyst. 

Since, the abundance of sp2-hybridized C-C with the activated carbon can facilitate the fast transfer 

of electron from the catalyst material (Gupta, Dimitratos, Su & Villa 2019). The utilization of 

activated carbon derived from biomass as catalyst support for Ag/AgBr (AABR) is an inspiring 

perspective in accelerating the transfer of photoinduced electron and boosting interfacial charge 
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separation, whilst improving the photocatalytic performance of Ag/AgBr. Pinecone biomass is a 

widely available resource worldwide, it's high lignin content as compared to other biomass favor 

its utilization for ACs production (Bello, Manyala, Barzegar, Khaleed, Momodu & Dangbegnon 

2016). However, AC derived from pinecone biomass potential as catalyst support for transport of 

photoexcited electron from photocatalyst interface is still under-explored. As far as we know there 

are no published reports on the use of pinecone activated carbon as catalyst support for Ag/AgBr 

photocatalyst dispersion, or its application for environmental remediation.  

    In this chapter, an eco-friendly ACK with improved electron conductive was prepared by the 

charring pinecone (under inert atmosphere) coupled by potassium hydroxide (KOH) impregnation 

and microwave pyrolysis (ACK). The Ag/AgBr (AABR) was then coupled with biochar (BCR), 

ACK, and commercial activated carbon (CAC) through a modified thermal polyol route. The 

electron conductive properties of ACK, CAC and BCR were evaluated using nyquist 

electrochemical impedance spectroscopy (EIS). The photocatalytic activity of prepared 

composites was evaluated by the degradation of tetracycline hydrochloride (TC) antibiotic under 

visible light irradiation. The influence of operational parameters such as pH, different LED light, 

degradation temperature with the most active catalyst were carried out in this chapter. The 

physicochemical and electrical properties were discussed in details, while a new perspective 

regarding the influence of ACK on the superior photocatalytic activity was proposed.  

 

5.2    Experimental 

5.2.1    Preparation of photocatalyst materials 

     The preparation of optimized activated carbon (ACK-2.24-16) from KOH impregnated 

pinecone and biochar have been described properly in Chapter 3 (Section 3.2.2). The synthesis 
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of Ag/AgBr on activated carbon (AABR-ACK) was carried out through a modified thermal polyol 

route (Chen, Li, Huang, Guo, Qiao, Qiu, Wang, Jiang & Yuan 2015), and already optimized in 

Chapter 4 (Section 4.2.4). In a typical preparation of the AABR-ACK, 18 mL of ethylene glycol 

(EG, 99%, Acros) was poured into a round-bottom flask which was heated at 60 ̊C for 30 min. 

Polyvinylpyrrolidone (0.26g, PVP, M.W. 58000, K 29-32 Acros) and 480 mg of 

hexadecyltrimethylammonium bromide (HTAB, Acros, 99%) were sequentially added to the 

solution, and then 0.03 g of ACK as the catalyst support were further then added to the reaction 

mixture. After proper mixing to completely dissolve the PVP and HTAB, 3 ml EG solution 

containing 200 mg silver nitrate (Merck, 98%) was slowly added drop-wise to the stirred solution. 

The solution was maintained at 60 °C for an additional 30 min, and thereafter the stirred solution 

was then heated to a temperature of 140 °C. After reaching the desired temperature, the reaction 

was further stirred for 18 min. Thereafter the reaction mixture was cooled down to room 

temperature in the air. The resulting precipitate were separated by centrifugation at 6000 rpm for 

10 mins (REMI bench top centrifuge-R-8 D), washed thoroughly with ethanol, and dried in an 

oven for 12 hr. For comparison purpose, AABR - CAC and AABR - BCR were also prepared via 

the same route (Section 4.2.4) in the presence of CAC (DARCO, Sigma Aldrich, 100 mesh) and 

BCR as carbonaceous catalyst support respectively. In addition, silver bromide and silver 

dispersed on ACK (AgBr/ACK and Ag/ACK) was prepared as described route (Section 4.2.4) in 

the dark environment and without addition of HTAB in the dark. 

 

5.2.2    Characterization of the synthesized materials 

    Shimadzu X-ray 700 with Cu Kαradiation recorded the X-ray diffraction (XRD) pattern of the 

samples in the 2θ range of 20–80º at 40 KV and 40 MA. The crystallite size of the prepared samples 



176 
 

was estimated from the Scherrer equation by using the most intense reflection peak (Amin, Pazouki 

& Hosseinnia 2009). The microstructures of the prepared products were observed through 

scanning electron microscopy (Zeiss Leo 1430 VP) and energy dispersive X-ray spectrometer 

(EDS, INCA). Ultraviolet-visible (UV−vis) diffuse reflectance spectroscopy (DRS) was conducted 

via an Ocean Optics high-resolution spectrometer (Maya 2000) equipped with an integrating 

sphere accessory, using BaSO4 as a reference within the wavelength range of 350 to 800 nm. 

Photoluminescence (PL) spectra of the produced samples were collected using Fluorescence 

spectrophotometer (FP-8600 Spectrofluorometer, Jasco) with an excitation wavelength at 365 nm. 

The produced photocatalyst were characterized using Fourier Transform Infrared Spectroscopy 

(FTIR) on a PerkinElmer spectrometer (spectrum 400 FT-IR/NIR) in the range of 4000-400 cm−1. 

The linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) were 

performed using a Biologic SP 240 potentiostat workstation in a standard three-electrode system 

with the prepared samples as the glassy carbon electrode (GCE). A platinum wire and Ag/AgCl 

(in saturated KCl) were used as the counter electrode and a reference electrode, respectively. The 

working electrode was prepared as follows: 5 mg were dispersed into 0.5 ml DMF solution using 

ultrasonication machine to obtain a homogenous solution and 20 µL of it is drop cast on the clean 

GCE. The LSV was carried out using 0.2 M sodium sulphate solution at 50 Mv/S. The EIS 

experiments were carried out between frequency ranges of 100 KHz to 40 mHz with a perturbation 

amplitude of 5 mV in 5 mM Ferrocyanide containing 0.1 M KCl solution as an electrolyte. 

5.2.3    Photocatalytic activity evaluation  

     The photocatalytic activity of prepared samples was evaluated by degradation of tetracycline 

hydrochloride (TC, Sigma Aldrich, 99%) under a 36 W white visible RGB LED light (Oseghe & 

Ofomaja 2018). The initial TC concentration was 15 mg/L and the photocatalyst loading was 0.3 
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g/L in 150 mL of TC solution. Prior to irradiation, the mixed solution was sonicated, mildly stirred 

in the reactor for 60 min in the dark (D) to achieve adsorption/desorption equilibrium of TC on the 

surface of the sample. The adsorbed solution was subjected to degradation by switching on the 

visible light (VL) LED under stirring for 3 hr, while 3 mL of suspension was withdrawn at time 

intervals (30 min), centrifuged and analyzed by a UV-visible spectrophotometer (T80 model, PG 

Instrument Limited, USA) at 376 nm. In this work, the photocatalytic performance of optimized 

AABR-ACK composite unto TC degradation was further assessed as a function of solution pH, 

different temperatures and LED light to determine the optimum conditions. 

    The by-products of TC and other aromatic organic pollutants (4-Nitrophenoll and Rhodamine 

B) degradation were analyzed by Dionex Ultimate 3000 UHPLC system (Thermo Scientific, 

Dionex, Sunnyvale, California, USA) coupled to a Bruker Compact Q-TOF mass spectrometer 

(Bruker Daltonics, Bremen, Germany). Injection volume was 10 µL, which was run through a loop 

for one minute at 50% Solvent A consisting of 0.1 % formic acid in H2O (v/v) and 50% solvent B 

consisting of 0.1 % formic acid in Acetonitrile (v/v) at a flow rate of 0.3 mL/min. 

 

5.3    Results and discussions 

5.3.1    Characterization  

    The formation process of AABR composite with the carbon materials is presented in Figure 

5.1. When the AgNO3 solution is added dropwise to the suspension mixture of HTAB and PVP in 

the presence of the carbon samples at initial temperature of 60 °C, AgBr nanoparticles are 

generated via ion exchange reaction. Moreover, the partial reduction of Ag+ from formed AgBr to 

metallic Ag occurs upon ramping up the temperature to desired target under ambient light 

condition to form the Ag/AgBr. The increased reaction temperature, PVP and carbon materials 
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significantly strain the fast diffusion rate of generated AgBr, thus resulting in controlled 

microstructure of Ag/AgBr nanoparticles on the carbon materials surface. 

 

 

 

Figure 5 1:     Schematic illustration of formation process for the AABR composites with the 

carbon materials. 

 
 

    The synergistic interaction of AABR with ACK, CAC, and BCR were investigated with XRD 

as shown in Figure 5.2. The diffraction peaks on the prepared composites are consistent with pure 

face center cubic phase of AgBr (JPCDS 079-0148) and metallic Ag (JCPDS 071-3762) with space 

group: Fm-3m (225) (Zhu, Wang, Lin, Gao, Guo, Du & Xu 2013). The peaks at 2θ values of 26.6, 

31.1, 44.3, 54.8, 64.8, and 73.4° corresponds with the diffraction peaks of (111), (200), (220), 

(222), (400) and (420) crystal planes of AgBr and the diffraction peaks at 38.1, 44.2, 64.4 and 

77.8o which belongs to (111), (200), (220) and (311) assigned to metallic cubic Ag. The 

characteristic diffraction peak of Ago at 38.1 o has low intensity for AABR-ACK, which signifies 

good dispersion, low Ag metallic content and reduced particle size (Hou, Li, Zhao, Quan & Chen 
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2011). Though, the diffraction peaks 2θ of AgBr and Ag particles left-shifted by 0.2° as compared 

to the data card peaks, and this attributed to the strong interaction between AgBr and Ag 

nanoparticles (Lin, Xiao, Yan, Liu, Li & Yang 2015).The characteristic peaks of carbon for ACK, 

CAC, and BCR were not visible in the composites due to low content and being amorphous. The 

XRD results show that the as-prepared composites are composed of Ag particles and AgBr crystal. 

The calculated crystallite size from the peak (220) using the Scherrer formula for AABR-ACK, 

AABR-CAC, and AABR-BCR, and AABR are 25, 18, 12 and 65 nm.  

 

 

 

Figure 5 2:     XRD pattern of AABR, AABR-BCR, AABR-CAC and AABR-ACK. 
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    The hybridization of AABR with the carbon materials was investigated by FT-IR analysis. 

Figure 5.3 shows the FT-IR spectra of the AABR and AABR with the different carbon material. 

The absorption regions at 3333, 1565 and 1035 cm−1 could be observed with AABR with different 

carbon support, which are attributed to OH stretching group (López‐Peñalver, Sánchez‐Polo, 

Gómez‐Pacheco & Rivera‐Utrilla), carboxylic (-COO) symmetrical stretching vibration and C-0-

C stretching respectively. The peaks at 1565 and 1035 cm-1 confirm the existence of carbon in the 

prepared composites. The carboxylic-stretching band weakens (ACK < CAC < BCR), most 

especially a lower wavenumber for AABR-ACK, which indicates good dispersion and synergistic 

interplay between AABR with the ACK (Petroski & El-Sayed 2003; Zhu, Chen & Liu 2011). The 

formation of close connected interface between AABR and conductive ACK will promotes high 

photocurrent density (as explained in Figure 5.8b). The bands at 2918 and 2839 cm−1 are ascribed 

to the stretching vibration of C-H bonds in -CH3 and -CH2 groups from the PVP molecules (Gao, 

Song, Jiang, Liu, Yan, Zhou, Liu, Wang, Yuan & Zhang 2005). The band at 1450 cm−1 correspond 

to antisymmetric deformation vibration of -CH3 group of the PVP molecules (Cong-Wen, Hai-

Tao, Cheng-Min, Zi-An, Huai-Ruo, Fei, Tian-Zhong, Shu-Tang & Hong-Jun 2005).  
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Figure 5 3:    FTIR spectra of AABR-BCR, AABR-CAC, AABR-ACK and AABR. 

 

    The EIS plot in Figure 5.4 shows the conductive abilities of ACK, CAC, and BCR. The arc 

radius of ACK (inset of Fig. 4b) is smaller than CAC and BCR, indicating a reduced charge transfer 

resistance (Rct). The Rct value for ACK (6062 Ω) is lower than CAC (6763 Ω) and BCR (8747 

Ω), which correlates with better conductive capability for photoexcited electron transfer, thus 

further promoting charge separation during photocatalysis. The 3D hierarchical interconnected 

porous for ACK (SEM image, Figure 5.5a) promotes good interfacial charge transfer resistance 

(Rct) in comparison to well developed porous structure of CAC and BCR as presented in Figure 

5.5b-c. 
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Figure 5 4:    EIS Nyquist plot of BCR, CAC and ACK. 

 

    The morphology of ACK, BCR, CAC, AABR, and AABR-ACK was investigated by SEM. As 

shown in Figure 5.5a, ACK morphology is irregular and heterogeneous surface, with formation 

of interconnected conductive carbon structures. The porous structure is more developed in 

comparison to CAC and BCR morphology as presented in Figure 5.5b –c.  

 

 

 

Figure 5 5:    SEM images of ACK, CAC and BCR.  
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AABR image as shown in Figure 5.6a, constitute of clustered polyhedral shape with an average 

particle diameter between 1.0–1.2 µm. However, a uniform nanospheres morphology without 

agglomeration and aggregation is evident with AABR-ACK (Figure 5.6b) with particle diameter 

around 195–205 nm. The particle diameter of AABR-ACK is smaller in comparison to Ag/AgBr 

dispersed on commercial activated carbon (McEvoy, Joanne Gamage & Zhang, Zisheng 2016; 

Wang, Zhao, Luo, Yin, An & Li 2016) from previous work. The ACK significantly utilizes its 

oxygenated functional groups in the controlled microstructure of the material (AABR-ACK) with 

fine dispersion and agglomeration prevention of Ag/AgBr particles on ACK 3D hierarchical 

structure. The different magnification of AABR-ACK is presented in Figure 5.6b-d. The 

composite has uniform morphologies without agglomeration, as ACK was beneficial for the 

formation of smaller AABR particles, which favors the catalytic activity. The SEM-EDS line scan 

and elemental mapping spectra were carried out to gain insight of the surface element composition 

and distribution of the as prepared composite. Figure 5.6e depicts the SEM-EDS spectrum of 

AABR-ACK, indicating that Ag, Br and C elements distributed throughout the composite. The 

elemental mapping as observed in Figure 5.6f - h, for Ag, Br, and C element, which justify the 

presence of carbon and silver along with bromide hybridized onto the structure of ACK. The 

nanospheres morphology and reduced particle diameter of AABR-ACK will significantly 

influence the degradation of TC, which is coherent with tailored SPR attributes of Ag (Yan, Zhang, 

Luo, Ma, Lin & You 2013; Wu, Shen, Ji, Zhu, Zhou, Zang, Yu, Chen, Song & Feng 2017) anchor 

on AgBr. The synergistic interplay between AABR (Ag/AgBr) and ACK (An, Wang, Sun, Zhang, 

Zhang, Wang & Fang 2016) in the composite also aid enhanced photo-generated charge carriers 

separation. 
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Figure 5 6:    SEM images of (a) AABR, (b) AABR-ACK, (c and d) AABR-ACK at different magnification, (e) SEM-EDS spectrum, 

EDX mapping images for (f) silver, (g) bromine and (h) carbon. 
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    The UV-DRS spectra of the prepared composites are shown in Figure 5.7a, exhibit strong 

absorption in the range of 450 to 800 nm in the visible light (VL) region which is ascribed to 

the surface plasmon resonance (SPR) of metallic Ag NPs nucleated on the surface of AgBr 

(Dai, Lu, Dong, Ji, Zhu, Liu, Liu, Zhang, Li & Liang 2013; Jiang, Wen, Xu, Gao, Li & Chen 

2018). The prepared composite (AABR-ACK, AABR-CAC, and AABR-BCR) exhibited 

stronger absorption in the VL region than AABR upon introduction of carbon materials. The 

AABR-ACK was slight red-shifted and showed stronger absorption in the VL region than other 

prepared composites. The extended VL light absorption of AABR by ACK empower the 

prepared composite (AABR-ACK) to produce more photogenerated charge carriers for 

improved photocatalytic activity (Deng, Tang, Zeng, Wang, Zhou, Wang, Tang, Liu, Peng & 

Chen 2016). The energy band gaps (Eg) of AABR-ACK and other AABR relatives were 

obtained using the formular as shown in Eq. 5.1.  

 

2)(

n

EghAh −=                                                                                                                         5.1 

 

Where α, հ, ʋ, Eg and A are the optical absorption coefficient, Plank’s constant, light frequency, 

band gap and a proportionality constant. Additionally, n depends on the attributes of the optical 

transition in a semiconductor (for direct transition, n=1, and for indirect transition, n=4). In the 

present work, AABR catalyst allowed direct transition and the corresponding band gap for 

AABR-ACK, AABR-CAC, AABR-BCR and AABR are 2.34 eV, 2.36 eV, 2.40 eV and 2.4 eV 

respectively (Figure 5.7b). 
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Figure 5 7:    (a) UV–Vis diffuse reflectance spectra and (b) corresponding band gap (Tauc 

plots) of AABR, AABR-BCR, AABR-CAC and AABR-ACK. 

 

    The PL spectra of the prepared samples excited at 365 nm, with an emission band around 

400 – 600 nm are shown in Figure 5.8. The PL intensity of AABR-ACK has weaker intensities 

as compared to AABR-CAC, AABR-BCR, and AABR. This low intensity of AABR-ACK 

highlights the hindrance of recombination of photogenerated electron-hole pairs (Lu, Zeng, 

Song, Qin, Zeng & Xie 2017). This also signifies an enhanced transport of photoexcited 

electron and charge carriers separation from AABR conduction band by the ACK (An et al. 

2016) which subsequently results in high photocatalytic activity for TC degradation (Obregón, 

Zhang & Colón 2016). 
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Figure 5 8:    Photoluminescence spectra for AABR-ACK, AABR-CAC, AABR-BCR and 

AABR. 

 

5.3.2     Charge carrier separation properties  

 

    The separation of charge carriers would influence superior degradation activities; hence the 

investigation of charge migration properties was verified with EIS and LSV respectively. The 

AABR-ACK composite from EIS Nyquist plot (Figure 5.9a) show a smaller arc radius and 

reduced charge transfer resistance value (Table 5.1) as compared to other composites and 

AABR. The Z-fit software was utilized for the fitting of charge resistance transfer (Rct) and 

other resistance values, based on the equivalent circuit illustrated in the inset of Figure 5.9a. 

This finding shows a better conductivity of ACK for an efficient photoinduced electron transfer 

and interfacial charge separation in the AABR-ACK as compared to other composites. This 
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fast separation of the photogenerated charge carriers by AABR-ACK also correlates to the PL 

spectra discussed above (Figure 5.8) and with their improved photocatalytic activities on TC 

in this study.  

    From Figure 5.9b, the photocurrent density of AABR-ACK (1.06 and 0.93 mA cm-2) was 

much higher than the AABR (0.94 and 0.68 mA cm-2) under visible light (VL) and dark (D) 

condition. The high photocurrent density of AABR-ACK highlights an effective charge 

separation and a longer lifetime of photogenerated charge carriers taking place at the surface 

of the photocatalyst under the VL. The photocurrent density result also confirms the conductive 

attributes of ACK in AABR-ACK composite for speedier transfer of photoexcited electrons 

and separation of charge carriers, which yielded reactive oxidative species for improved 

photocatalytic activity. 

 

 

Table 5.1 :    The fitted resistance values of prepared photocatalyst in accordance with series 

circuit. 

Samples aRs (ῼ) bRd (ῼ) cRct (ῼ) 

AABR-ACK 80.5 270.6 504.9 

AABR-CAC 101.7 612.5 892.6 

AABR-BCR 89.3 725.4 14788 

AABR 554.4 90642 4110000 

  

 aRs is series resistance, bRd is diffusion resistance, cRct is charge transfer resistance.  
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Figure 5 9:    (a) EIS Nyquist plot for AABR, AABR-CAC, AABR-ACK and AABR-BCR; (b) 

linear sweep voltammogram curves for AABR-ACK and AABR. 

 

5.3.3     Photocatalytic activities  

    The photocatalytic activities of the as-prepared samples were further investigated on the 

degradation of TC (15 mg/L) under VL LED irradiation, as shown in Figure 5.10a. The 

degradation of TC without photocatalyst shows that direct photolysis of TC will not proceed 

under visible light condition. The degradation efficiency of AABR-ACK was 92% after 180 

min, which is much higher than AABR-CAC, AABR-BCR, AABR, ACK, and photolysis at 

80%, 74%, 60%, 32% and 14% respectively. The addition of carbon materials to AABR 

significantly enhance the photocatalytic performance of the composite than that of AABR due 

to enhanced interfacial charge separation by the carbon supports from the AABR conduction 

band (CB) interface. The improved activity of AABR-ACK as compared to other composites 

is ascribed to ACK conductive attributes for fast transfer of photoexcited electrons from AABR 

CB interface. The accelerated electron transfer of ACK ascribed to its interconnected 

conductive carbon structure (Liu, Chen, Cui, Yin & Zhang 2018) is responsible for interfacial 

charge separation, which further results in the production of reactive oxidative species for high 
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degradation of TC.  

    To quantitatively evaluate the photodegradation kinetics of TC over the prepared samples, 

the pseudo-second and first-order kinetic fitting (as described in eqn. 4.6 and 4.7 in Chapter 

4) were used and shown in Figure 5.10 b and c. The pseudo-second (Figure 5.10b) fits better 

as compared to the first order, while degradation rate constant for TC by ACK, AABR, AABR 

-BCR, AABR -CAC, and AABR PLAS-ACK composites are 0.0004 L mg-1 min−1, 0.0005 L 

mg-1 min−1, 0.0009 L mg-1 min−1, 0.0015 L mg-1 min−1and 0.0044 L mg-1 min−1 respectively. 

In this photocatalytic system using AABR-ACK, adsorption and photocatalytic activity was 

the major reason for the degradation kinetics of TC molecule. 
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Figure 5 10:    (A) Photodegradation of TC under visible irradiation (λ > 420 nm) a-AABR-

ACK, b-AABR-CAC, c-AABR-BCR, d-AABR and e-Photolysis; (B) pseudo second and (C) 

pseudo first order kinetics of TC degradation. 

 

   With Ag-ACK and AgBr–ACK, the degradation efficiency of TC solution reached 51% and 

46% after 180 min irradiation time as compared to 92% removal for PLAS-ACK in Figure 

5.11. Significantly, the ACK synergistic interaction with SPR Ag particles and photoexcited 

AgBr played a crucial role in the enhanced activity of PLAS-ACK as compared to Ag-ACK 

and AgBr-ACK. The corresponding kinetic fits are presented in Figure 5.12. 
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Figure 5 11:    Degradation efficiency of AgBr-ACK, Ag-ACK and AABR-ACK on TC 

removal. 

 

 

Figure 5 12:    Pseudo first and second order kinetics of AgBr-ACK, Ag-ACK and AABR-

ACK on TC removal. 
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      The photocatalytic activities of AABR-ACK and AABR on oxidation of 4-nitrophenol (4-

NP; 5 ppm) and Rhodamine b dye (RhB; 5 ppm) were evaluated, exploring the same 

degradation conditions used for TC. As shown in Figure 5.13, AABR-ACK exhibited good 

photocatalytic performance for 4-NP and Rhb (74 and 94%) degradation compared with AABR 

(38 and 50%). Corresponding absorbance spectra decrease of RhB and 4-NP degradation using 

AABR-ACK is presented in Figure 5.14. This result of photocatalytic degradation indicate the 

AABR-ACK composite was an effective photocatalyst for the removal of different pollutants 

in wastewater. This is attributed to the controlled microstructure of AABR-ACK, the ACK 

material as a mediator for higher transportation of photoexcited electrons and interfacial charge 

separation, and from strong synergistic interaction between elements of the composite.  

 

 

Figure 5 13:   Photocatalytic degradation of 4-Nitrophenol and Rhodamine using AABR and 

AABR-ACK composite. 
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Figure 5 14:   UV absorbance spectra decrease of Rhodamine b dye and 4-nitrophenol 

degradation using AABR-ACK composite. 

 

    Figure 5.15a shows the reaction of different solution pH on the TC photocatalytic 

degradation in the presence of AABR-ACK under LED visible light. An increase in the pH 

from 3 to 7 resulted to increase removal of TC from 38 to 92%, then decrease slightly to 75% 

at pH 10, which is ascribed to surface adsorption in the reaction system. It’s observed that TC 

molecules degrade efficiently at neutral pH as compared to basic and acidic conditions in this 

study. The pH at a point of zero charge (pH-pzc) for AABR-ACK is 6.42 as depicted in Figure 

5.15b. The photocatalyst surface will be positively charged at pH less than pH-pzc, while 

negatively charged at higher pH (Barakat, Schaeffer, Hayes & Ismat-Shah 2005). Moreover, 

TC molecules exist at three different speciations: positively charged at acidic medium, non-

charged at a neutral form and negatively charge at basic conditions. At pH values different to 

the pH-pzc of the material, electrostatic repulsion will occur between the photocatalyst and TC 

molecules with the same charge (Liu, Zheng, Zhong & Cheng 2015; Safari, Hoseini, 

Seyedsalehi, Kamani, Jaafari & Mahvi 2015), thus lessen the catalytic performance of the 

composite.  
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    The TC catalytic performance by the AABR-ACK was also carried out on the variation of 

LED light with a different wavelength as shown in Figure 5.15c. The highest TC degradation 

efficiency was observed with a white light source since the white light is the sum of the other 

three LED lights (Sacco, Vaiano, Sannino & Ciambelli 2017). 

    The temperature effect on TC degradation over AABR-ACK at pH 7 was investigated from 

25 to 40 oC. TC degradation efficiency increases from 92 to 94% with increasing temperature 

investigated from 25 to 40 oC after 180 min (Figure 5.15d). The activation energy (Ea) was 

determined using the Arrhenius calculation (Eq. 5.2) and corresponding plot of In kobs versus 

T-1 is shown in Figure 5.15e.  

 

RT

E
InAInk a

obs −=
                                                                                                                           5.2 

 

where A is the pre-exponential factor (h−1); R is the universal gas constant (8.314 J/mol·K); T 

is temperature (K) (Wang, Wang & Cao 2019). 

    The activation energy (Ea) of AABR-ACK on TC degradation was calculated to be 15.42 

kJ/mol. The Ea was lower than the expected activation energy of surface-controlled reactions, 

which is typically about 29 kJ/mol. This indicates that the apparent rate constant is influenced 

by diffusion-controlled reactions where the activation energies are expected to be between 8 to 

21 kJ/mol (Feng, Wu, Deng, Zhang & Shih 2016). The obtained value of 15.42  kJ/mol for 

AABR-ACK in this study is much lower compared to Ag/AgI photocatalyst (Liang, Wang, 

Liu, Wu, Cui, McEvoy & Zhang 2015), highlighting that TC degradation requires lower 

activation energy. 
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Figure 5 15:    (a) pH effect; (b) pH-pzc of AABR-ACK; (c) different LED light (d) temperature 

effect on TC Degradation and (e) the relationship between ln k obs and T-1. 
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5.4    Mass spectra of TC and other organic pollutants intermediates 

 

    The main reactive oxidative species in the photocatalytic degradation of TC under visible 

LED light using AABR-ACK and corresponding reaction mechanism has been discussed in 

Chapter 4 (Section 4.4.4). The mass spectra view and zoomed in spectra of TC solution before 

degradation and all intermediate products formed from TC molecule after degradation using 

AABR-ACK are displayed in Figure 5.16. Based on products transformed and in line with 

previous reports (Barhoumi, Olvera-Vargas, Oturan, Huguenot, Gadri, Ammar, Brillas & 

Oturan 2017; Deng, Tang, Zeng, Wang, Zhou, Wang, Tang, Wang & Feng 2018), the TC 

molecules are broken down by the reactive oxidative species via three pathways and their 

respective molecular formulas are displayed in Figure 5.17. Products such as PD 1 (m/z 391.3), 

PD 2 (m/z 344.2) and PD 3 (m/z 279.1) were transformed because of hydroxylation, 

deamination, and demethylation from the TC molecule (Zhou, Li, Ye, Ma, Wang, Huo, Shi & 

Yan 2015). However, dehydration and ring opening products such as PD 4 (m/z 211.1), PD 

5(m/z 167) and PD 6 (m/z 149) are also formed from PD 3, and while PD 7 (m/z 113) were 

assigned to be further oxidation products from PD 5 and PD 6. Finally, other oxidation products 

are further mineralized into CO2 and H2O from PD 7.  
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Figure 5 16:    LC-MS spectra of TC degradation intermediates in the photodegradation reaction 

process using AABR-ACK. 
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Figure 5 17:    The proposed intermediate products from TC photodegradation under visible 

light.  
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The LC-MS spectra of degradation pathways and intermediates products for other organic 

pollutants (4-Nitrophenol and Rhodamine B) by LED visible-light photocatalysis over AABR-

ACK are also presented from Figure 5.18 - 21. LC–MS analysis was employed and the 

corresponding 4-NP along with the products from 4-NP extract after 180 min degradation were 

summarized in Figure 5.18. As observed from Figure 5.19, the major intermediate products 

includes hydroquinone, p-benzoquinone, fumaric acid, maleic acid and oxalic acid are detected 

during 4-NP degradation and consistent with other studies (Zhou, Hu, Wan, Yang, Yu, Li, 

Chen, Wang & Lu 2016; Wei, Cao & Fang 2018; Verma, Jaihindh & Fu 2019). These 

intermediate products further undergo attack by the superoxide anions and photo-induced hole 

radicals resulting in the formation of carbon dioxide and water (Xie, Xu, Xia, Jia & Zhang 

2016; Verma, Jaihindh & Fu 2019). 

 

 

 

Figure 5 18:   LC-MS spectra of the 4-NP degradation products after the reaction time of 180 

min. 

 



201 

 

 

 

Figure 5 19:    Proposed reaction pathway for the degradation of 4-Nitrophenol in the AABR-

ACK photocatalytic process. 
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The intermediate products were analyzed by LC-MS, after the degradation of RhB using 

AABR-ACK as the catalyst. The signal of RhB is assigned to 443.2 as shown in Figure 5.20, 

whilst the mass spectra at m/z 415.2, 387.2, 359.1, 223.1, 149, and 129.1  all corresponds to 

RhB intermediates products. The degradation of RhB under the attack of reactive oxidative 

radicals (especially superoxide anion and photo-induced hole) generated from the surface of 

AABR-ACK undergoes four stages(De-ethylation, chromophore cleavage, ring opening and 

mineralization) in Figure 5.21 which is consistent with other reports (Ahmed, Li, Tan & Huang 

2013; Nidheesh & Gandhimathi 2014; Huang, He, Yang, Tian, Hu & Wen 2019). Simultaneous 

formation of de-ethylated products from RhB dye (443 m/z) to PD 3 (359.2 m/z) shows the 

beginning of degradation, without breaking down the chromophore group. Further, 

chromophore cleavage and ring opening intermediates (PD 4, PD 5 and PD 6) occurs from de-

ethylated product by the cleavage reaction of PD 3 (Cai, Luo, Sun, Fan, Chu & Chen 2019). 

During the catalytic process, these intermediate products are further attacked by the active 

species and decomposed to the smaller organic fragments. Therefore in this chapter, 4-NP and 

RhB were effectively degraded in the AABR-ACK photocatalytic process. 

 

 

Figure 5 20:   LC-MS spectra of RhB by visible-light photocatalysis over AABR-ACK after 

180 min.  
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Figure 5 21:    Proposed degradation pathway of RhB by visible-light photocatalysis over 

AABR-ACK. 
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5.5    Summary and concluding remarks 

    In this chapter, Ag/AgBr composites with carbon materials (activated carbon from KOH 

impregnated pinecone - ACK, commercial source - CAC and biochar -BCR) were prepared 

through thermal polyol route. The prepared composites were applied as photocatalyst for 

degradation of tetracycline (TC) under visible LED light irradiation. ACK possesses better 

conductive property for accelerated transfer of photo-induced electron in comparison to CAC 

and BCR, based on the electrochemical properties. This ascribed to the interconnected 

hierarchical carbon structures present in the ACK. The hierarchical carbon structure for ACK 

prevents agglomeration and aggregation of AABR, also enhance more visible light 

absorption for generation of charge carriers. Improved photocatalytic degradation of TC 

(92%) was achieved at neutral pH of the aqueous solution (15 mg/L) for AABR-ACK after 180 

min in comparison to AABR-CAC (80%) and AABR-BCR (74%). The enhanced 

photocatalytic performance is ascribed to fast transport of photoexcited electrons and 

separation of photogenerated charge carriers from AABR by the conductive ACK in 

comparison to CAC and BCR. The AABR-ACK photocatalyst has potential application for 

environmental purification of other organic contaminant (Rhodamine B – 94%, and 4-

Nitrophenol -74%) under LED visible light. With the help of LC-MS, it was found that 

hydroxylation, demethylation, deamination, dehydration and ring-opening process were the 

main degradation pathway for TC using AABR-ACK in this reaction system. This study 

provides a new insight on the utilization of different carbon based Ag/AgBr composite in 

photocatalytic water purification. The catalytic properties of AABR-ACK from this chapter 

will be further compared with AABR-ACK through another synthetic approach (deposition 

precipitation route) as presented in Chapter 6.     
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Chapter 6.    Controlled microstructure of Ag/AgBr-

activated carbon and synergistic enhancement on 

photocatalytic degradation of tetracycline: A synthesis 

approach comparison 

Abstract 

    The controlled microstructure of plasmonic Ag/AgBr has enormously influenced its 

potential application in environmental remediation. On this basis, thermal polyol and 

deposition-precipitation routes synthesized Ag/AgBr nanoparticles immobilized on activated 

carbon (AABR-ACK) nanocomposites. Their photocatalytic activities on the degradation of 

tetracycline (TC) under visible light were further investigated. The synthesized 

nanocomposites microstructure, structural, optical and electrochemical properties were 

determined using analytical techniques. From the analysis results, the Ag/AgBr nanoparticles 

were distributed evenly on the ACK surface without agglomeration with an average particle 

size between 160 to 190 nm and possess {111} exposed facets of AgBr NPs. The controlled 

microstructure of TP-AABR-ACK along with the speedier interfacial separation of 

photogenerated charge carriers boosted the superior catalytic performance on tetracycline 

(92%) as compared to other nanocomposites in this study. ACK synergistic interaction with 

AABR NPs in this chapter significantly enhances charge carriers transfer, the creation of active 

sites for the generation of reactive oxygen species and thus a higher photoactivity under LED 

light irradiation conditions. Reactive species scavenging experiments revealed that 

photogenerated holes and superoxide anions are the main active species during the 
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photocatalytic process. Furthermore, total organic carbon (TOC) removal of TC and the 

reactive superoxide anion generation with the prepared composites were investigated in this 

chapter. 

Keywords: Controlled Microstructure, Thermal polyol, Deposition-precipitation route, 

Tetracycline, Visible light, Reactive oxygen species   
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6.1    Introduction 

    The prevalence of antibiotics in the surface and municipal water poses huge risks to our 

environment and human health at large. Although trace level and long accumulation of these 

antibiotics in the environment have adverse effects on both aquatic and terrestrial organisms 

(Zhang, Liu, Feng & Yang 2013). Tetracycline is a commonly used antibiotic that has been 

detected in the ecosystem (Chao, Zhu, Yan, Lin, Xun, Ji, Wu, Li & Han 2014). The complete 

removal of this antibiotic using conventional techniques still have their pitfalls, hence the need 

for effective treatment method that can be applied on a large scale is required (Chao et al. 

2014). Semiconductor photocatalysis under advanced oxidation processes (AOPs) using 

conventional TiO2 photocatalyst has shown promising attributes for antibiotic removal (Lu, 

Chen, He, Song, Ma, Shi, Yan, Lan, Li & Xiao 2014). However, the development of efficient 

and sustainable visible-light-driven photocatalysts that can fully explore the potential of the 

solar spectrum is considered as one of the promising strategies toward solving the pitfall of 

conventional TiO2 photocatalyst (Simsek, Balta & Demircivi 2019). Host of visible light 

photocatalyst have shown potential for degradation of TC antibiotic effectively (Guan, Yuan, 

Wu, Wang, Jiang, Zhang, Li, Zeng & Mo 2018; Liu, Kong, Yuan, Zhao, Zhu, Sun & Xie 2018; 

Jiang, Yuan, Zeng, Liang, Wu, Yu, Mo, Wang, Xiao & Zhou 2019). Huge attention is 

channeled towards the design of Ag-based photocatalysts (Ag/AgX, X=Cl, Br, I), which 

respond intensively to the visible light due to surface plasmon resonance (SPR) of Ag 

nanoparticles (NPs) anchored on the large bandgap of the photocatalysts (Kuai, Geng, Chen, 

Zhao & Luo 2010; Xiao, Ge, Han, Li, Zhao, Xin, Fang, Wu & Qiu 2015).  

    Ag/AgBr is an important photocatalyst with exceptional attributes as compared to Ag/AgX 

(X=Cl, I) (Wang, Huang, Zhang, Qin, Jin, Dai, Wang, Wei, Zhan & Wang 2009; Zhu, Chen & 

Liu 2012), with less emphasis on the synthetic approach for well-defined Ag/AgBr 
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nanostructures. The synthetic approach plays a huge role in the development of this highly 

efficient photocatalyst. However, the rapid reaction in the formation of AgBr nanospecies from 

conventional post-treatment route (photoinduced reduction) is still challenging for effective 

distribution and growth of the metallic silver nanoparticles (Ag NPs) (Kuai et al. 2010). The 

well tailor surface plasmon resonance properties (SPR) of Ag NPs are dependent on controlled 

microstructure (shape, size, and composition) of Ag/AgX nanocomposite. The controlled 

microstructure of Ag/AgBr (AABR) nanospecies with different sizes and defined 

morphologies have been achieved through a host of approaches (Wang et al. 2009; Li, Wang, 

Zhang, Hu, Chen & Guo 2013; Yan, Zhang, Luo, Ma, Lin & You 2013). However, the SPR 

attributes of produced Ag NPs anchored on AgBr NPs from these preceding works (Wang et 

al. 2009; Xu, Song, Liu, Li, Xu, Xia, Wu & Zhao 2012; Li et al. 2013; Yan et al. 2013) have 

limited significance on separation of charge carriers and as such high recombination rate of 

electron and holes is still evident. Therefore, there is a need to disperse Ag/AgBr NPs on the 

clean surface material, which can participate in the controlled microstructure of Ag/AgBr NPs. 

This material should also accelerate the separation efficiency of charge carriers and boosts the 

overall stability of formed composite in the catalytic process. 

    The application of carbonaceous materials with abundant oxygenated functional groups as a 

catalyst promoter and support in the dispersion of Ag/AgBr nanoparticles (Zhu et al. 2012; 

Chen, Li, Huang, Guo, Qiao, Qiu, Wang, Jiang & Yuan 2015; Esmaeili & Entezari 2015, 2016), 

has shown exceptional attributes to overcome the challenges of previous works (Wang et al. 

2009; Li et al. 2013; Yan et al. 2013). In view of the outstanding properties of these 

carbonaceous materials, this work focuses on the utilization of activated carbon derived from 

microwave pyrolysis of impregnated pinecone as a catalyst support in the controlled 

microstructure of Ag/AgBr nanoparticles. The AABR-ACK nanocomposites were prepared 

through two different approaches (thermal polyol - TP-AABR-ACK and deposition-
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precipitation method - DP-AABR-ACK), which has never been reported so far to the best of 

our knowledge. The synthesis influence of the prepared AABR-ACKs composite on the 

degradation of tetracycline (TC) antibiotic removal under visible light irradiation was also 

carried out. TP-AABR-ACK nanocomposite displays higher photocatalytic activity on TC than 

the DP-AABR-ACK nanocomposite and corresponding AABR nanoparticles under visible 

LED light irradiation.  

6.2    Experimental section  

6.2.2    Activated carbon synthesis 

The experimental description of optimized activated carbon produced from pinecone biomass 

has been described in Chapter 3 (Section 3.2.2). 

6.2.3    Preparation of TP-AABR-ACK through thermal polyol route  

The experimental detail of optimized TP-AAABR-ACK synthesis has been described in 

Chapter 5 (Section 5.2.1) and corresponding TP-AABR catalysts was prepared via the same 

route without addition of ACK. 

6.2.4    Preparation of DP-AABR-ACK through deposition-precipitation route 

     The Ag/AgBr coupled ACK (AABR-ACK) composite were synthesized using the 

deposition-precipitation method (Zhu, Chen & Liu 2013). Typically, 12 mL ethylene glycol 

solution (EG, Acros, 99 %) was heated in a round-bottom flask for 30 min at a temperature of 

65 ºC. Hexadecyltrimethylammonium bromide (HTAB, Acros, 99%;0.26 g) and ACK 0.09 g 

were sequentially added to the EG stirred solution. After homogenization, 0.2 g of silver nitrate 

(AgNO3, Merck, 98%) mixed with 1M ammonium water volume (2.5 ml) was added dropwise 

while stirring. The mixture was stirred for 6 hr under ambient light for the formation of Ag ̊ 

NPs on nucleated AgBr. The precipitated solution was allowed to cool down, separated by 

centrifugation (6000 rpm, 10 min), further washed with ethanol and deionized water repeatedly, 

then dried in a vacuum oven at 60  ̊C overnight. A reference Ag/AgBr (DP - AABR) was 
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synthesized using the same route without ACK in the synthesis process.  

 

6.2.5    Characterization of the synthesized materials  

    Detailed descriptions of the analytical procedures (SEM, TEM, XRD, FTIR, UV-DRS, and 

electrochemical studies) carried out on characterization of TP-AAABR-ACK, DP-AABR-

ACK, TP-AABR, and DP-AABR nanocomposites during this work can be found in Chapter 

4 (Section 4.2.3). 

 

6.2.6    Photocatalytic activity evaluation 

    The photocatalytic activity of the prepared samples was evaluated on the degradation of 

tetracycline (TC) in aqueous solution under the irradiation of 36 W white visible LED light 

strips. The initial TC concentration was 15 mg/L with a catalyst loading of 0.3 g/L in 150 mL 

of TC solution. Prior to irradiation, the mixed solution was ultrasonicated, then stirred in the 

reactor for 1 h in the dark to reach the adsorption/desorption equilibrium of TC on the 

photocatalyst surface. The adsorbed solution was further subjected to degradation by switching 

on the LED light under stirring for 3 h, while 3 mL of the sample solution was withdrawn at 

given time intervals (30 min) and centrifuged to remove suspended particles. The concentration 

of TC left was determined by measuring the absorbance of the solution in a UV-visible 

spectrophotometer at 356 nm.  Moreover, the effect of sacrificial agents such as Benzoquinone 

(BQ), isopropanol (IPA) and disodium ethylenediaminetetraacetic acid (EDTA-Na2) on the 

degradation rate of TC over-TP-AABR-ACK and DP-AABR-ACK were evaluated. 

    Similar to the photodegradation experiments the measurement of superoxide radicals 

generated was carried out in this studies using nitroblue tetrazolium molecules. The nitroblue 

tetrazolium (NBT) can be specifically reduced by the superoxide ion to form the insoluble 

purple formazan in the aqueous solution. A 20 mg/L Nitroblue Tetrazolium solution (Sigma 
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Aldrich, 99%) with 0.3 g/L of photocatalysts were degraded under LED visible light and the 

change in concentration was measured at maximum absorbance wavelength of 259 nm. Total 

organic carbon (TOC) analysis was performed to determine the mineralization degree of the 

TC reached after the photocatalytic process.  

 

6.3    Characterization  

6.3.1    Morphology, size and composition analysis 

    The SEM micrographs, particle diameter and elemental compositions of plasmon TP-

AABR-ACK and DP-AABR-ACK are shown in Figure 6.1a - f, where the formation of 

ordered nanospheres morphology is pronounced for plasmon TP-AABR-ACK (Figure 6.1a 

and b) with an average diameter of 162 nm. However, the morphologies of plasmon DP-

AABR-ACK are near spheres nanostructure with an average particle size of 180 nm (Figure 

6.1d and e). The reduced particle size and uniform morphologies for plasmon TP-AABR-ACK 

as compared to plasmon DP-AABR-ACK are ascribed to reaction time, synthesis temperature 

and PVP influence, as these parameters significantly hamper irregular growth of Ag/AgBr 

(AABR) nanoparticles yielding formation of uniform nanostructures. The synthesis 

temperature from previous work has resulted in the formation of isotropically shaped Ag/AgBr 

nanoparticles (Chen et al. 2015; Wu, Shen, Ji, Zhu, Zhou, Zang, Yu, Chen, Song & Feng 2017), 

whilst PVP acts as a capping agent (Yan et al. 2013) in particle size reduction and formation 

of well-defined shaped nanoparticles. Plasmon TP-AABR-ACK with small particle size and 

uniform nanospheres morphology will have speedier charge transfer, facilitating adsorption of 

the pollutant on the surface of catalyst and creation of active sites in the catalytic system for 

enhanced degradation of tetracycline pollutant in this study.  
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Figure 6.1:    SEM images and EDX spectrum of plasmon TP-AABR-ACK (a, b and c) and plasmon DP-AABR-ACK (d, e and f). 



222 
 

 

 

    The elemental components of the plasmon nanocomposites (TP-AABR-ACK and DP-

AABR-ACK) were further investigated by energy dispersive X-ray spectroscopy (EDX) 

analysis. As depicted in Figure 6.1c and f, Ag, Br from AABR and presence of C element 

from activated carbon are identified in the AABR-ACK nanocomposites. The EDX analysis 

also show no other elements in the prepared AABR-ACK photocatalyst, which confirms the 

high purity of the prepared products. The atomic ratio between Ag and Br was more than 1:1 

for the DP- AABR-ACK compared to TP-AABR-ACK composite based on the semi-

quantitative analysis (Table 6.1). This further confirms the formation of metallic Ag NPs 

anchored on AgBr in the nanocomposite. Also, the plasmon DP-AABR-ACK possesses more 

content of Ag NPs ratio and high percentage reduction of Ag NPs as compared to TP-AABR-

ACK. This is ascribed to ammonium hydroxide ionizing the carboxylic functional groups on 

ACK surface leading to the formation of more carboxylate anions. The formed carboxylate 

anions act as additional capping sites for AgBr NPs dispersion and growth through electrostatic 

interactions between the carboxylate anions and silver cations (Zhu et al. 2013). The high Ag 

content on surface of AgBr for DP-AABR-ACK might results to reduced photocatalytic 

activity (Guo, Niu, Wen, Zhang, Liang, Zhang, Guan, Tang & Zeng 2018), while TP-AABBR-

ACK with low content and order dispersion of AABR NPs will enhance TC removal efficiently 

in this study (Zhang, Tang, Fu & Xu 2011; Guo et al. 2018). The three-dimensional network 

structure of ACK favored uniform distribution of AABR nanoparticles in the formed 

nanocomposites. 
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Table 6.1:    EDX analyses of AABR-ACK nanocomposites synthesized from both methods. 

Sample Atomic 

ratio (C) 

Atomic 

ratio (Br) 

Atomic 

ratio (Ag) 

aAtomic ratio 

(Ag:AgBr) 

bReduction % of 

Ag 

TP-AABR-ACK 20.50 28.73 50.77 0.77:1 43.41 

DP-AABR-ACK 72.44 7.13 20.43 1.86:1 65.10 

B

BA
a

−
= ;

A

BA
b

−
= (A-is atomic ratio of Ag and B is atomic ratio of Br) (Shahzad, Yu & Kim 2016) 

 

    Figure 6.2a shows the TEM image for TP-AAABR-ACK is spheres shaped like 

nanoparticles, in which the PLAS particles with diameter around 3-5 nm (Figure 6.2c) 

uniformly distributed on the ACK surface. The formation of near spheres nanostructure in DP-

AABR-ACK is further ascertained by TEM (Figure 6.2d), with particle diameter between 4 to 

10 nm (Figure 6.2f) sparsely distributed on the ACK surface with little agglomeration. Figure 

6.2b and e from the HRTEM image show d-spacing of 0.237 nm ascribed to (111) planes of 

metallic silver, while d-spacing of 0.286 nm belongs to (200) planes of AgBr. The average 

particle size of TP-AABR-ACK is smaller than that of TP-AABR-ACK, which could also 

contribute partially to enhanced photocatalytic performance. The TEM and HRTEM image for 

both TP-AAABR-ACK and DP-AAABR-ACK remarkably evidence the co-existence of 

metallic Ag and AgBr in the composites, as direct contact among the components with ACK 

is favorable for the formation of strong heterostructure for enhanced charge carrier separation. 
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Figure 6.2:    (a, d) TEM image, (b, d) HRTEM image and (c, f) particle diameter of TP-AABR-ACK and DP-AABR-ACK photocatalyst.  
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6.3.2    X-ray diffraction analysis 

    The crystal structures and the existence of metallic Ag and AgBr in the prepared 

nanocomposites were established with XRD investigation. As shown in Figure 6.3, the XRD 

pattern of the AABR-ACK and AABR nanocomposites indicated distinct diffraction peaks that 

are ascribed to face centered cubic phase of AgBr (JPCDS 079-0148) and metallic Ag NPs 

(JCPDS 071-3762) (Zhu, Wang, Lin, Gao, Guo, Du & Xu 2013). These peaks at the 2θ include 

26.6° (111), 31.1° (200), 44.3° (220), 54.8° (222), 64.8° (400), 73.4° (420) for AgBr and 38.2° 

(111), 44.2° (200), 64.4° (220) and 77.8° (311) all belong to Ag NPs (Lou, Huang, Qin, Zhang, 

Cheng, Liu, Wang, Wang & Dai 2012). Low intensity of diffraction peak for Ago at 38.2° in 

TP-AABR-ACK is assigned to its high dispersion, low content and ultrafine particle size. The 

intensity ratio of I(200)/I(220) of AgBr peaks for plasmon TP-AABR-ACK and DP-AABR-ACK 

are about 1.06 and 0.68, which are higher than that of TP-AABR and DP-AABR NPs at 0.42 

and 0.31. This observation confirms that synthesized Ag/AgBr materials growth directions are 

<100> direction with high exposed facet of {111} AgBr NPs (Lin, Xiao, Yan, Liu, Li & Yang 

2015). This {111} facets of AgBr from previous work describe the facets with higher surface 

energy than facets of {100} and {110} with enhanced catalytic activities (Ma, Dai, Lu, Guo & 

Huang 2012). As a result, the plasmon TP-AABR-ACK with a high ratio of the {111} facet 

AgBr NPs will exhibit higher catalytic activity as compared to plasmon DP-AABR-ACK and 

corresponding AABR with lower ratios. In addition, TP-AABR-ACK and DP-AABR-ACK 

diffraction peaks for AgBr and metallic Ag were right shifted by 0.2 ̊, which arises from the 

strong interaction between AgBr, Ag and ACK support (Lin et al. 2015), and which will 

promotes fast separation of photogenerated charge carriers. 
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Figure 6.3:    XRD patterns of the synthesized AABR-ACK nanocomposites and corresponding 

AABR. 

 

6.3.3   Fourier-Transform Infrared (FTIR) analysis  

    The FTIR analysis confirms the synergistic interaction between ACK and AABR NPs. The 

ACK (López‐Peñalver, Sánchez‐Polo, Gómez‐Pacheco & Rivera‐Utrilla) displays a broad 

peak at 3343 cm-1which corresponds to O-H stretching, while the carbonyl stretching peak is 

at 1692 cm-1 (Feng, Zhou, Liu, Qiao, Wang, Lu, Yang & Wu 2012) and the peak at 1583 cm-1 

is ascribed to the carboxylic (-COO) stretching vibration (Figure 6.4). The characteristic peaks 

of C-OH and C-O-C at 1288, 1127and 1026 cm-1 respectively are also present in the ACK 

material. The carbonyl and carboxyl stretching band shifted to high intensity in the AABR-

ACK nanocomposites (Figure 6.4), which confirms the formation of firm bonding as observed 

with other reports (Petroski & El-Sayed 2003; Zhu, Chen & Liu 2011) using carbonaceous 

material in hybridization of plasmonic Ag/AgX (X = Cl, Br) materials. In addition, the aliphatic 
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bands of the capped surfactants (PVP and HTAB) at 2912 and 2842 cm−1 appear with high and 

low intensity for TP-AAABR-ACK and DP-AABR-ACK. The high intensity of aliphatic bands 

in TP-AAABR-ACK highlights formation of ordered AABR nanoparticles with small particle 

diameter (evidenced from SEM and TEM analysis in Figure 6.1a and 6.2a). Overall, reduction 

in the rapid growth of AABR particles, agglomeration prevention and decrease in size 

distribution is evident for both TP-AABR-ACK and DP AABR-ACK composites based on 

FTIR analysis (Figure 6.4).  

 

 

 

Figure 6.4:   FTIR spectrum of ACK, TP-AABR-ACK and DP-AABR-ACK composites.  
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6.3.4    Optical properties of AABR-ACK 

    The as-prepared nanocomposites (TP-AABR-ACK, DP-AABR-ACK, TP-AABR and DP-

AABR) display strong absorption both in the visible region as shown in Figure 6.5. This further 

confirms the presence of metallic Ag NPs in both nanocomposites, which generates surface 

plasmon resonance (SPR) absorption in the visible region (Jiang, Li & Zhang 2012). As the 

tailored SPR properties of Ag NPs anchored on AgBr are influenced by controlled 

microstructure (size, morphology, and composition) (Wang et al. 2009). TP-AABR-ACK 

nanocomposite exhibits more intense absorption in the visible region as compared with DP-

AABR-ACK, which can be ascribed to oriented SPR properties of Ag NPs. The excessive Ag 

content in DP-AABR-ACK (from Table 6.1) will cover up the actives sites of the material and 

reduces the visible light absorption for generation of reactive species (Deng, Zhao, Luo, Luo 

& Dionysiou 2018; Bhatt & Patel 2019). The 3D hierarchical structure of ACK also aids light 

transmittance within the TP-AABR-ACK and DP-AABR-ACK composite, thus enhancing the 

absorption edge of AABR for higher activity compared to TP-AABR and DP-AABR. The as-

prepared TP-AABR-ACK with controlled microstructures will possess higher photocatalytic 

activity than plasmon DP-AABR-ACK in the whole solar spectrum region. 
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Figure 6.5:    UV–Vis diffusive reflectance spectra of as prepared nanocomposites. 

 

6.3.5     Electrochemical Properties 

    The electrochemical impedance spectra (EIS) Nyquist plots and equivalent circuit utilized 

in fitting the curve are shown in Figure 6.6, where Rs denotes the series resistance of 

electrolyte, Rd is the diffusion resistance, Rct is the charge transfer resistance, while CPE, Cf, 

and Ws are the constant phase element, chemical capacitance and Warburg resistance between 

the photoanode and electrolyte respectively. The TP-AABR-ACK displays a smaller arc radius 

as compared to DP-AABR-ACK, TP-AABR and DP-AABR in the EIS Nyquist plots (Figure 

6.6) which signify a reduced charge transfer resistance with enhanced interfacial separation of 

charge carriers. Plasmon TP-AABR-ACK has least Rct values with the highest efficiency for 

electron-hole separation, which further enhances the generation of reactive active species for 
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tetracycline (TC) degradation. This is ascribed to the well-controlled microstructure of AABR 

nanoparticles with exposed active sites and the synergetic coupling of AABR nanoparticles 

with activated carbon support. The activated carbon support behaves as a transport medium in 

the separation of photo-induced charge carriers from the Ag/AgBr nanoparticles, which further 

boost the catalytic attributes of TP-AABR-ACK in this study. 

 

 

 

Figure 6.6:   EIS Nyquist plots of TP-AABR-ACK, DP-AABR-ACK, TP-AABR and DP-

AABR with an equivalent circuit diagram.   
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6.3.6    Photocatalytic Degradation of Tetracycline 

    The photocatalytic activities of the as-prepared samples were assessed by degradation of 

tetracycline (TC) under visible light irradiation. As shown in Figure 6.7a, after 180 min of 

degradation of TC, only 14.66% removal was achieved in the absence of the photocatalyst, 

indicating that TC molecule is highly stable under visible light irradiation. However, with other 

photocatalysts prepared in this work, the decrease in concentration of TC as a function of time 

is evident in Figure 6.7a. The TP-AABR and DP-AABR showed visible light activity on the 

degradation of TC (59.72 and 57.10%), while the dispersion of ordered shaped AABR on ACK 

improves the degradation rate significantly. Plasmon TP-AABR-ACK induces more 

degradation rate (92.08%) than DP-AABR-ACK (81.12, %) due to the ordered morphology of 

AABR nanoparticles with reduced particle diameter. The excessive Ag content in DP-AABR-

ACK compared to TP-AABR-ACK (as evidenced from EDX analysis in Figure 6.1) can be a 

recombination center and hasten the recombination of charge carrier pair, resulting to reduced 

activity (Hu & Cao 2012; Deng et al. 2018). Overall, the TP-AABR-ACK photocatalytic 

performance was higher than that of DP-AABR-ACK, AABR NPs and photolysis in the 

degradation of TC. The superior photocatalytic performance for TP-AABR-ACK could also 

be ascribed to the formation of effective heterojunction among the three components as well as 

the promotion of interfacial charge transfer process. 

    The catalytic degradation rates of TC over the as-prepared nanocomposites were fitted using 

the pseudo-first-order (Eq. 6.1) (Xu, Wang, Shang, Sun, Ren & Zhang 2010) and pseudo 

second order kinetics (Eq. 6.2) as presented below:  
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     Here, t is reaction time, Co and Ct are the TC concentrations at reaction time of 0 and t min, 

k and k2 are the apparent rate constant of pseudo first order and pseudo second order kinetics.  

 

 

Figure 6.7:    (A) Photocatalytic activity of as-prepared nanocomposites on TC degradation 

under visible light; (a) TP-AABR-ACK, (b) DP-AABR-ACK, (c) TP-AABR, (d) DP-AABR 

and (e) photolysis; (B) pseudo second and (C) pseudo first order kinetics. 

 

 



233 

 

     The pseudo second order fits the degradation of TC better compared to pseudo first order 

kinetic (Figure 6.7b and c). The ka2 rate constant for plasmon TP-AABR-ACK is largest 

compared to plasmon DP-AABR-ACK, TP-AABR, and DP-AABR respectively in this work. 

    Figure 6.8a and b shows the UV–Vis absorption plot of TC degradation in the presence of 

plasmon TP-AABR-ACK and DP-AABR-ACK under visible light irradiation. The 

characteristic maximum absorption peak of TC (376 nm) decreases rapidly as the degradation 

time increases, highlighting the destruction of aromatic ring in TC. This analysis shows that 

photocatalytic degradation efficiency of TP-AABR-ACK is better compared to DP-AABR-

ACK. The TP-AABR-ACK and DP-AABR-ACK exhibits superior photocatalytic degradation 

of TC in comparison with other previously reported photocatalysts as depicted in Table 6.2. 

 

 

 

Figure 6.8:    Decrease in maximum absorption peak of TC at different irradiation times using 

(a) plasmon TP-AABR-ACK and (b) DP-AABR-ACK as a photocatalyst. 
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Table 6.2:    Comparison of degradation efficiency with different Ag/AgBr heterostructure composites on tetracycline removal. 

Catalyst Catalyst mass (g), TC 

concentration (mg/L) 

Light Source % Degradation References 

Ag/AgBr/AgIn(MoO4)2 0.1, 10 500 W Xe lamp 42 after 40 min (Yan, Wang, Gu, Wu, Yan, Hu, Che, 

Han, Yang & Fan 2015) 

Ag-K2Ta2O6 0.1, 20 300 W Xe lamp 50 after 270 min (Yang, Niu, Huang, Zhang & Zeng 

2017) 

AgI-WO3 0.04, 35 300 W Xe lamp 75 after 60 min (Xu, Liu, Shi, Chen, Luo, Xiao & Gu 

2015) 

Ag2CO3/Ag/WO3 0.1, 10 300 W Xe lamp 81 after 90 min (Wang, Quan, Jiang, Chen, Li, Meng & 

Chen 2016) 

Ag/Bi3TaO7 0.05, 10 250 W Xe lamp 85 after 60 min (Yuan, Jiang, Chen, Leng, Wang, Wu, 

Xiong, Liang & Zeng 2017) 

graphene-like BN/BiOBr  0.05, 20 300 W Xe lamp 75 after 80 min (Di, Xia, Ji, Wang, Yin, Zhang, Chen 

& Li 2016) 

Bi4NbO8Cl perovskite 0.01, 20 18-W LED bulb 79 after 60 min (Majumdar & Pal 2019) 

GO/CN/BiOI 0.03, 20 35W LED track light 74 after 100 min (Wang, Li, Huang, Zhang, Wang, 

Wang, Zhang, Xie & Li 2019) 

TP-AABR-ACK 

DP-AABR-ACK 

0.045, 15 36 W Visible LED 

Light 

92 after 180 min 

81 after 180 min 

This Study 
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     TOC Teledyne Tekmar analyzer evaluated the mineralization ability of the prepared 

composites on TC, and the result are presented in Figure 6.9. The total carbon content of TC 

molecules gradually decreased, as the TP-AABR-ACK sample gave a total TOC removal 

efficiency of 87.5% after 180 min, which is higher than that of DP-AABR-ACK, TP-AABR 

and DP-AABR (78.5%, 19% and 15.4%) under same conditions. This further indicates that the 

TP-AABR-ACK composite present enhanced mineralization ability in TC antibiotic 

degradation, indicating the formation of inorganic ions and CO2. It also indicates that AABR 

NPs decorated on the ACK porous structure enhances mineralization of TC 5 times fold than 

corresponding AABR without activated carbon. 

 

 

 

Figure 6.9:    TOC changes of TC before and after photocatalytic reaction using as prepared 

samples. 
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    For further confirmation of active species responsible for enhanced photodegradation of TC 

using the TP-AABR-ACK and DP-AABR-ACK under visible light irradiation. A host of 

different scavenger solution (1 mmol) such as benzoquinone (BQ), isopropanol (IPA) and 

ethylenediaminetetraacetic acid disodium (EDTA-Na2) were added to TC solution to quench 

superoxide (˙O2
-), hydroxyl (˙OH), and hole (h+) radicals in the degradation process. The 

degradation rate of TC decreases significantly to 9-14% and 32-40% in the presence of BQ and 

EDTA-Na2 respectively (Figure 6.10), which indicates that ˙O2
- and h+ greater influence in the 

removal of TC. However, the degradation rate of TC was not so much affect2%) ed by the 

addition of IPA, indicating that ˙OH is not the major reactive radical and combination of all 

the scavengers as mixture highlights their participation in TC degradation. However, the 

combination of these radicals’ species as mixture significantly affect the degradation activities 

of TP-AABR-ACK and DP-AABR-ACK. Overall, the ̇ O2
- and h+ are responsible for enhanced 

TC degradation, while the significant role of superoxide radical is further explored in this study. 

 

 

 

Figure 6.10:    Photocatalytic degradation of TC solution over TP-AABR-ACK and DP-AABR-

ACK with different scavengers.   
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    To confirm the rate of formation of superoxide radical (˙O2
-) in this study, degradation of 

nitroblue tetrazolium (NBT) to diformazan (Obregón, Zhang & Colón 2016) under visible light 

irradiation was carried out. The generation rate of ˙O2
- is measured by the decrease in 

absorbance wavelength of NBT (259 nm) with degradation time as presented in Figure 6.11a 

–d. A higher amount of reactive ˙O2
-is produced more with plasmon TP-AABR-ACK (Figure 

6.10d) with faster decline in absorbance wavelength of NBT, which is in tune with its enhanced 

degradation rate on TC as compared to plasmon DP-AABR-ACK, TP-AABR, and DP-AABR. 

Among the photocatalyst employed, the highest generation of superoxide radical based on 

highest NBT disappearance follows the order TP-AABR-ACK > DP-AABR-ACK > TP-

AABR > DP-AABR in this study. The production of reactive oxygen species is strongly related 

to the separation efficiency of the photogenerated charge carriers in the photocatalyst (as 

evidenced from EIS spectra in Figure 6.6). 

    From the analysis and discussion described above, the tailored SPR properties of Ag NPs 

from the controlled microstructure of AABR-ACK nanocomposite, more exposed facet of 

AgBr and speedier interfacial separation of photogenerated charge carriers in plasmon TP-

AABR-ACK all resulted in higher photocatalytic activity on TC removal in this study. 
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Figure 6.11:    UV-Vis absorption spectra of NBT reduction with (a) DP-AABR, (b) TP-AABR, 

(c) DP-AABR-ACK and (d) TP-AABR-ACK. 
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6.4    Summary and concluding remarks 

    The microstructure of AABR-ACK nanocomposites (TP-AABR-ACK and DP-AABR-ACK) 

were effectively controlled in this chapter through two different synthetic approaches (thermal 

polyol and deposition-preciptation method), then subsequently utilized in the degradation of 

tetracycline under visible light irradiation. Both plasmon TP-AABR-ACK and DP-AABR-ACK 

have uniform distribution of Ag/AgBr nanoparticles on the surface of activated carbon with an 

average particle size between 160 to 190 nm. However, based on ordered nanospheres 

morphology, smaller particle size, a more exposed facet of AgBr and along with restrained 

recombination of charge carriers in the generation of reactive species. Plasmon TP-AABR-ACK 

displays enhanced photocatalytic degradation of tetracycline as compared to plasmon DP-AABR-

ACK and corresponding AABR NPs under visible light. The activated carbon presence in the 

composites (TP-AABR-ACK and DP-AABR-ACK) significantly boosted the absorption edge of 

AABR NPs into the visible region for more production of reactive species. The transport and 

separation efficiency of photogenerated charge carrier in the catalytic process was also enhanced 

by ACK. In addition, both TP-AABR-ACK and DP-AABR-ACK composites are capable of 

producing reactive oxygen species (ROS) such as superoxide anions through the selective 

interaction of the photocatalyst with nitroblue tetrazolium molecules. The AABR-ACKs exhibited 

improved performance on TC removal when compared to previously reported photocatalysts in 

literature. 
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7.0    Conclusions and Recommendations 

7.1     Conclusions 

 

    The quest for cost effective and ecofriendly materials to combat the threat of pollutants has 

continued to attract focus attention. Heterogeneous photocatalysis using metal semiconductors as 

catalyst along with light source have been extensively utilised worldwide to counteract the threats 

of these pollutants in the environment. Hence, the pressing need for photocatalyst material that can 

effectively deal with the challenges of emerging recalcitrant pollutants (antibiotics) in drinking 

water and capable of operating at low intensity region of visible light. The plasmonic silver-silver 

bromide (Ag/AgBr) catalyst potential in removal of organic contaminants are limited by irregular 

morphology, limited visible light absorption, and high recombination of charge carrier pair. 

However, the major addition to the knowledge under heterogeneous photocatalysis that this 

doctorate thesis contributes is through utilization of activated carbon generated from waste source 

as catalyst support. This activated carbon as catalyst support, effectively aid in the dispersion of 

plasmonic Ag/AgBr nanoparticles, which in turn form firm contact and promotes separation of 

charge carriers. The catalytic performance of these composite toward tetracycline antibiotics 

remediation under visible LED light was also studied in this thesis. The major findings that can be 

inferred from this thesis are as follows: 

 

• Activated carbon from microwave pyrolysis of chemical (KOH) impregnated pinecone, 

optimized at different microwave pyrolysis time and impregnation ratio of potassium 
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hydroxide to pinecone mass were prepared and characterized. XRD analysis complemented 

by FTIR, TEM, TGA, RAMAN, and BET results confirmed the formation of porous carbon 

as good catalyst support. The carbonized pinecone materials also exhibited good 

electrochemical properties, which can efficiently transport electrons and separate charge 

carriers in a photocatalyst. Among the prepared activated carbons (ACKs), ACK-2.24-16 

was selected as the best catalyst support due to complex formation of 3D hierarchical 

porous structure, which was correlated with the high iodine and methylene blue adsorption 

capacity. This study for the first time, reveal the promising attributes of activated carbon 

from pinecone biomass as a catalyst support to enhance the properties of catalyst in 

wastewater remediation. 

 

• Ag/AgBr-activated carbon (AABR-ACK) composites were prepared via a thermal polyol 

route, through modelling the synthesis parameters using response surface methodology 

(RSM). RSM model highlights the significant impact of the synthesis time and temperature 

as reaction parameters, in relation with enhanced activities of AABR-ACK composites on 

TC removal. AABR-ACK composites HRTEM, XRD and SEM analysis confirmed the 

deposition of AABR nanoparticles, with strong attachment onto the ACK surface. Optimal 

AABR-ACK composite was obtained at 0.26 g (PVP), 140 ºC (temperature), 0.03 g (ACK 

mass) and 17.50 min (time) enhanced the photocatalytic activity under LED visible light 

more than other AABR-ACK composites and AABR. Ordered morphology with reduced 

particle diameter for AABR-ACK 11 promotes fast separation of charge carriers. ACK 

presence in the AABR-ACK 11 composite was responsible for the reduction of band gap 

energy. This study highlights for the first time, the successful utilization of RSM model to 
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correlate relevant aspect of synthesis parameters of Ag/AgBr catalysts on enhanced 

removal of antibiotics. The optimal AABR-ACK catalyst could be reused and maintained 

high activity after five repeated cycles. 

 

• A series of composites comprising of AABR NPs with carbon from different sources (KOH 

impregnated pinecone biomass, commercial source and biochar) were synthesized by 

thermal polyol route. Carbon from KOH impregnated pinecone biomass possesses better 

conductive property for accelerated transfer of photo-induced electron in comparison to 

commercial activated carbon and biochar. The interconnected hierarchical carbon 

structure for carbonized pinecone, significantly enhance AABR NPs catalytic properties 

on TC removal. Degradation of TC with AABR-ACK nanocomposite generated lower 

molecular weight intermediates as observed from the LC-MS analysis. The LC-MS 

analysis of TC degraded solution indicated that generated superoxide radicals executed 

major roles in the degradation process. The degradation mechanism of TC breakdown via 

dehydroxylation, deamination, demethylation, dehydration, and ring opening was proposed 

in this thesis. 

 

• It was also found in this thesis that carbonized pinecone derived from microwave pyrolysis 

played a role in the controlled microstructure and dispersion of AABR nanoparticles, in 

accordance to two different synthetic approaches (thermal polyol and deposition 

precipitation approach). This means that the ACK material simultaneously serve as a 

stabilizing agent, light transmitting channel for enhancing absorption edge of AABR NPs 

into the visible region, and accelerate the separation efficiency of photogenerated charge 
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carrier in the catalytic process for degradation of TC. Overall, the superoxide anion radicals 

played crucial role in the degradation of TC as evident from scavenging experiment in this 

study. TP-AABR-ACK generates more superoxide anion radicals in the degradation 

process in comparison to other photocatalysts from this study, from their selective 

interaction with nitroblue tetrazolium molecules. The mineralization percentage (TOC 

value) of TC under LED visible light with TP-AABR-ACK and DP-AABR-ACK were 

87.5 and 78.5%, respectively. ACK presence in TP-AABR-ACK and DP-AABR-ACK 

composite enhance high removal of TOC in TC, which were 5 times fold higher than 

corresponding AABR NPs. The enhancement can be explained based on efficient charge 

carriers separation in the interface created by intimate contact between AABR NPs and 

ACK. 

 

7.2    Recommendations 

 

    This thesis has elaborated the preparation of activated carbon as catalyst support from pinecone 

biomass, which significantly enhanced the photocatalytic properties of Ag/AgBr on degradation 

and removal of tetracycline antibiotics under visible light irradiation. A number of major 

challenges for further work have been identified, these includes as described below: 

 

• This thesis focused on the preparation and understanding the potential application of 

activated carbon from pinecone biomass as catalyst support. In order to improve the surface 

area of activated carbon produced from pinecone biomass, the microwave power for 

pyrolysis of the pinecone needs to be optimized for future applications. In this thesis, 
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microwave pyrolysis of the chemically impregnated carbonized material was done in a 

static inert environment. This static environment limits the removal of the pyrolysis oils, 

which may hamper the formation of activated carbon with higher surface areas. The 

microwave process should have continuous flow of nitrogen. The exploration of other 

chemical activating agents such as zinc chloride and phosphoric acid with pinecone 

biomass are suggested for better porosity and increased surface area properties. The 

adsorption properties of prepared activated carbon on removal of emerging contaminants 

(Ecs) in environment should be consider for future applications. Photocatalytic activities 

of activated carbon as catalyst on tetracycline and other recalcitrant antibiotics in the 

presence of peroxymonosulfate activator (sulfate radical initiator) removal under LED 

visible light should also be explored for further studies.  

 

• This thesis was focused on the design and application of the Ag/AgBr-ACK composites 

for the degradation of tetracycline antibiotics only. RSM modelling of Ag/AgBr-ACK 

composites synthesis parameters from deposition precipitation route on degradation of 

other recalcitrant antibiotics should be consider for future work. Based on the morphology, 

band gaps and electrochemical properties of the composites, this photocatalyst should be 

further applied in photocatalytic water splitting reaction for hydrogen generation. The 

amount of silver ion (Ag+) concentration leached during the degradation process should 

also be considered using the inductively coupled plasma mass spectroscopy. The 

development of Z-scheme ternary composites with other photocatalyst is still required to 

understand better reduction of recombination rate of charge carriers for enhanced activity. 
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The antibacterial test and cytotoxicity of prepared Ag/AgBr-ACK composites for water 

disinfection is also recommended for future purpose.    
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Appendix A 

 

Figure A 1:    SEM images of (a) Biochar; (b-d) ACK-2.24-16 sample at different magnification. 
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Figure A 2:    (a) XRD pattern and (b) FTIR spectrum of optimized ACK-2.24-16 and Biochar. 
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Figure A 3:    (a) IN and MBN of optimized ACK-2.24-16 and Biochar; Langmuir isotherm fit for 

MB adsorption onto ACK samples (b) different IR; (c) different MPT and (d) optimized ACK-

2.24-16 and Biochar. 

 

 

 

 



256 

 

 

 

 

 

Figure A 4:    Effects of different impregnation ratio on the yield, iodine and methylene blue uptake 

of activated carbons. 
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Figure A 5:    Effects of different microwave pyrolysis time on the yield, iodine and methylene 

blue uptake of activated carbons. 
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Table A 1:   Langmuir and Freundlich model of adsorption isotherm on methylene blue unto ACK 

samples at different impregnation ratio. 

 

Samples 

                                     Langmuir model parameters              Freundlich model parameters 

 Qm (mg/g) KL (L/mg) R2 N KF (mg/g) R2 

BCR 458.8550 0.0081 0.9957 0.0074 0.0105 0.7792 

ACK-0.56-16 624.6440 0.0175 0.9983 0.0114 0.0078 0.8105 

ACK-1.12-16 663.8616 0.0148 0.9958 1.5386 0.9803 0.8515 

ACK-1.68-16 727.9682 0.0152 0.9998 1.1612 0.6060 0.7387 

ACK-2.24-16 4006.5380 0.0104 0.9998 1.2584 0.1144 0.9338 

ACK-2.81-16 2262.3206 0.0206 0.9997 0.8951 0.2235 0.8312 

ACK-3.36-16 1118.6034 0.0346 0.9998 1.1785 0.7332 0.7901 
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Table A 2:   Langmuir and Freundlich model of adsorption isotherm on methylene blue unto ACK 

samples at different microwave pyrolysis time  

 

Samples 

                                       Langmuir model parameters              Freundlich model parameters 

 Qm (mg/g) KL (L/mg) R2 N KF (mg/g) R2 

ACK-2.24-8 1324.4852 

 

0.0037 

 

0.9996 

 

1.2530 

 

0.8641 

 

0.8779 

 

ACK-2.24-12 1747.5476 

 

0.0040 

 

0.9992 

 

1.3997 

 

0.6543 

 

0.8234 

 

ACK-2.24-16 4006.5380 0.0104 0.9998 1.2584 0.1144 0.9338 

ACK-2.24-20 478.3078 

 

0.0100 

 

0.9984 

 

0.5955 

 

1.0136 

 

0.6645 

 

ACK-2.24-24 227.6200 0.0098 0.9996 0.2662 1.0058 0.7115 
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Table A 3: The concentration of functional groups on the ACK sample as determined by Boehm 

titration. 

 

Samples Phenolic  

(mmol/g) 

Lactonic  

(mmol/g) 

Carboxylic  

(mmol/g) 

Total Acid 

group 

(mmol/g) 

Total Basic 

group 

(mmol/g) 

Biochar 1.36 0.605 0.35 2.31 4.51 

ACK-0.56-16 1.39 0.48 0.54 2.41 4.64 

ACK-1.12-16 1.4 0.47 0.57 2.44 4.69 

ACK-1.68-16 1.42 0.46 0.59 2.47 4.72 

ACK-2.24-16 1.41 0.47 0.61 2.48 4.76 

ACK-2.81-16 1.42 0.46 0.58 2.45 4.73 

ACK-3.36-16 1.34 0.49 0.55 2.38 4.7 

ACK-2.24-8 1.36 0.55 0.51 2.41 4.71 

ACK-2.24-12 1.38 0.52 0.55 2.44 4.73 

ACK-2.24-20 1.35 0.53 0.53 2.42 4.75 

ACK-2.24-24 1.34 0.54 0.52 2.4 4.72 
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Figure A 6:     (a) Cyclic Voltammetry curve and (b) electrochemical impedance spectroscopy of 

optimized ACK-2.24-16 and Biochar. 
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Post Tribute to Professor Ofomaja 

YOU MEANT SO MUCH 

You meant so much to all of us 

You were special, and that’s no lie 

You brightened up the darkest day 

And the cloudiest sky. 

 

Your smile alone warmed hearts 

Your laugh was like music to hear 

I would give absolutely anything 

To have you well and standing near. 

 

Not a second passes 

When you are not on our minds 

Your love we will never forget 

The hurt will ease in time. 

 

Many tears I have seen and cried 

They have all poured out like rain 

I know that you are happy now 

And no longer in any pain. 

 

--Cassie Mitchell- 




