
 

VAAL UNIVERSITY OF TECHNOLOGY 

NOVEL NANOSTRUCTURED TERNARY METAL OXIDE COMPOSITE 

 FOR SEQUESTRATION OF TRACE METALS FROM SIMULATED 

AQUEOUS SOLUTIONS. 

 

ALBERT JERRY KAFUSHE KUPETA 

Student number: 209134550 

B.Sc, B.Tech, M.Tech (Chemistry) 

 

Thesis submitted in fulfillment of the requirement for the degree of 

DOCTOR OF TECHNOLOGY: CHEMISTRY 

FACULTY OF APPLIED AND COMPUTER SCIENCES 

DEPARTMENT OF CHEMISTRY 

 

PROMOTER: Prof A.E. OFOMAJA (B.Sc Hons, M.Sc, D.Tech) 

CO-PROMOTER: Prof E.B. NAIDOO (B.Sc Hons, M.Sc, Ph.D) 

 

June 2020 



i 

 

DECLARATION 

___________________________________________________________________________ 

 

I declare that unless indicated, this thesis is my own, unaided work. It is being submitted for 

the degree Doctor of Technology to the Department of Chemistry, Vaal University of 

Technology, Vanderbijlpark, South Africa and has not been submitted before for any degree 

or examination to any other University.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Albert J.K. Kupeta  on this 29th day of June 2020 

CANDIDATE 

 

 

 

Eliazer B. Naidoo on this 29th day of June 2020 

CO-PROMOTER  



ii 

 

DEDICATION 

___________________________________________________________________________ 

 

In memory of my late loving father, Maxwell. 

 



iii 

 

ACKNOWLEDGEMENTS 

___________________________________________________________________________ 

 

I sincerely wish to express my profound appreciation and gratitude to the following for their 

various contributions: 

 My doctorate promoters, the late Prof. A.E Ofomaja (may his soul rest in eternal peace) 

and Prof. E.B Naidoo for their educative and constructive comments, guidance, inputs, 

and support throughout this research. 

 SASOL and Vaal University of Technology, through the Research & Higher Degrees 

Directorate for providing the research funding. The Department of Chemistry for 

providing the structures necessary for the research. 

 Postgraduate students and postdoctoral fellows in the Biosorption & Wastewater 

Treatment Research Laboratory for creating an academic, supportive and friendly 

working environment. 

 My dear mother, Enisia and siblings, Abigail, Ethel and Gerald, for their undying 

support and encouragement. Thank you for being my pillar of strength. 

 My late father, Maxwell, for giving me a good education. Thank you daddy. I am 

because of you. 

 God, the Almighty for giving me the strength and opportunity to tackle this herculean 

task. 

  



iv 

 

PRESENTATIONS AND PUBLICATIONS 

___________________________________________________________________________ 

 

The work highlighted in this thesis has been presented at academic conferences and published 

in an international conference proceedings paper of the International Conference on Pure and 

Applied Chemistry (ICPAC). 

 

CONFERENCE PRESENTATIONS 

 KUPETA, A.J.K., NAIDOO, E.B. and OFOMAJA, A.E. International Conference on 

Pure and Applied Chemistry (ICPAC), Flic en Flac, Mauritius, July 2018, Oral 

presentation, Preparation and application of Mn-Fe bimetal oxide for chromium 

removal. 

 KUPETA, A.J.K., NAIDOO, E.B. and OFOMAJA, A.E. 3rd VUT Interdisciplinary 

Research and Postgraduate Conference, Vanderbijlpark, South Africa, October 2018, 

Oral presentation, Kinetic and equilibrium study on remediation of chromate ion 

infested industrial wastewater. 

PUBLICATION 

 KUPETA, A.J.K., NAIDOO, E.B. and OFOMAJA, A.E. (2019) Chromate ion 

adsorption onto nanostructured Mn-Fe oxide: Kinetics and equilibrium study. In: 

Chemistry for a Clean and Healthy Planet. Springer, Cham. pp. 269-282. 

 



v 

 

ABSTRACT 

___________________________________________________________________________ 

 

A novel low-cost ternary Mn-Fe-Cu (MFC) metal oxide nanocomposite adsorbent was 

fabricated using facile co-precipitation method and successfully applied for the sequestration 

of Cr(VI) and As(III) from simulated aqueous efflent. The central composite design (CCD) of 

the response surface methodology (RSM) optimization technique determined the optimal 

working parameters for the preparation of the ternary MFC metal oxide nanocomposite. The 

spectroscopic microstructural analysis of the ternary MFC metal oxide nanocomposite was 

performed using fourier transform infrared (FTIR) spectroscopy, transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy 

(XPS) and X-ray diffraction (XRD) spectroscopy. The spectroscopic analyses revealed a rough 

surface with hydroxyl groups and the presence of mixed metal oxides in different valence 

states. The BET surface area, pore volume and pore size of the nanostructured MFC ternary 

metal oxide composite were found to be 77.2427 m2/g, 0.2409 cm3/g and 14.7560 nm, 

respectively. The pH drift method determined that the pHpzc of the adsorbent was 6.75. The 

batch technique was employed to investigate the adsorption dynamics (effects of ionic strength, 

co-existing anions, adsorbent regeneration and reuse) and optimum parameters (solution pH, 

adsorbent dosage concentration, desorption) of Cr(VI) and As(III) adsorption onto the MFC 

nanocomposite. The fitting of non-linear kinetic (pseudo-first-order, pseudo-second-order and 

Elovich), diffusion (intraparticle and Boyd) and isotherm (Langmuir, Freundlich and Dubinin-

Radushkevich) models to the Cr(VI) and As(III) experimental adsorption data gave an insight 

into the adsorption mechanisms. The Langmuir adsorption capacities, qm (mg/g), were 168.71 

at solution pH 3 and 35.07 at solution pH 9 for Cr(VI) and As(III) adsorption, respectively. 

The adsorption of Cr(VI) onto the ternary MFC metal oxide nanocomposite was physical and 

formed outer-sphere surface complexes through electrostatic interactions, while the removal of 

As(III) was specific due to inner-sphere surface complexation and ligand/ion exchange 

reactions. The results from XPS and FTIR analysis after the adsorption of Cr(VI) and As(III) 

showed that the surface hydroxyl groups on the MFC nanocomposite interacted with the Cr(VI) 

and As(III) species during the formation of the surface complexes. To facilitate ease of 

adsorbent removal from the treated simulated aqueous effluent, the ternary MFC metal oxide 

system was co-precipitated onto biochar support.  



vi 

 

TABLE OF CONTENTS 

___________________________________________________________________________ 

DECLARATION .................................................................................. I 

DEDICATION .................................................................................... II 

ACKNOWLEDGEMENTS .............................................................. III 

PRESENTATIONS AND PUBLICATIONS .................................. IV 

ABSTRACT ........................................................................................ V 

TABLE OF CONTENTS .................................................................. VI 

LISTS OF ABBREVIATIONS AND SYMBOLS ........................... X 

LISTS OF FIGURES ..................................................................... XIII 

LISTS OF TABLES .................................................................... XXIII 

CHAPTER 1 ......................................................................................... 1 

1 INTRODUCTION ................................................................. 1 

1.1 BACKGROUND ....................................................................................................... 1 

1.2 TRACE METALS ..................................................................................................... 1 

1.3 As(III) AND Cr(VI) ADSORPTION ONTO METAL OXIDES .............................. 2 

1.4 PROBLEM STATEMENT ........................................................................................ 3 

1.5 HYPOTHESIS ........................................................................................................... 4 

1.6 OBJECTIVES ............................................................................................................ 4 

1.7 RESEARCH OUTLINE ............................................................................................ 4 

1.8 REFERENCES .......................................................................................................... 6 

CHAPTER 2 ....................................................................................... 11 

2 LITERATURE REVIEW ................................................... 11 

2.1 INTRODUCTION ................................................................................................... 11 

2.2 TRACE METAL POLLUTANTS IN AQUEOUS EFFLUENT ............................. 11 

2.2.1 Arsenic ................................................................................................................. 13 



vii 

 

2.2.2 Chromium ............................................................................................................ 16 

2.3 TOXIC METALS DECONTAMINATION TECHNIQUES .................................. 18 

2.3.1 Chemical precipitation ......................................................................................... 19 

2.3.2 Ion exchangers ..................................................................................................... 20 

2.3.3 Membrane technology ......................................................................................... 21 

2.3.4 Electrochemical treatment ................................................................................... 21 

2.3.5 Photocatalysis ...................................................................................................... 22 

2.3.6 Adsorption............................................................................................................ 22 

2.4 DESORPTION ......................................................................................................... 26 

2.5 TYPES OF ADSORBENTS .................................................................................... 26 

2.5.1 Nanosize metal oxides (NMOs) ........................................................................... 27 

2.5.2 Low-costs adsorbents ........................................................................................... 29 

2.6 BIOCHAR ................................................................................................................ 31 

2.7 OPTIMIZATION OF WORKING PARAMETERS ............................................... 31 

2.7.1 Response surface methodology (RSM) ............................................................... 32 

2.7.2 Phases in response surface methodology ............................................................. 32 

2.8 MODELLING OF ADSORPTION DATA ............................................................. 33 

2.8.1 Kinetics of adsorption .......................................................................................... 33 

2.8.2 Equilibrium studies .............................................................................................. 33 

2.8.3 Effect of linearization of kinetic and isotherm models ........................................ 36 

2.8.4 Error functions ..................................................................................................... 36 

2.9 CONCLUSION ........................................................................................................ 38 

2.10 REFERENCES ........................................................................................................ 39 

CHAPTER 3 ....................................................................................... 63 

3 EXPERIMENTAL PROCEDURES .................................. 63 

3.1 INTRODUCTION ................................................................................................... 63 

3.2 CHEMICAL REAGENTS ....................................................................................... 63 

3.3 PREPARATION OF NANOMETAL OXIDE COMPOSITES .............................. 64 

3.3.1 Multivariate optimization of the preparation of the ternary MFC metal oxide 

composite using Response Surface Methodology (RSM) ............................................... 64 

3.3.2 Fabrication of nanostructured metal oxide composites ....................................... 65 

3.4 CHARACTERIZATION OF METAL OXIDE NANOCOMPOSITES ................. 66 



viii 

 

3.4.1 Fourier transform infrared (FTIR) analysis ......................................................... 66 

3.4.2 Scanning electron microscopy (SEM) ................................................................. 66 

3.4.3 Transmission electron microscopy (TEM) .......................................................... 66 

3.4.4 X-ray photoelectron spectroscopy (XPS) ............................................................ 66 

3.4.5 Brunauer-Emmett-Teller (BET) analysis ............................................................. 66 

3.4.6 X-ray diffraction (XRD) spectroscopy ................................................................ 67 

3.4.7 Surface charge ...................................................................................................... 67 

3.5 ADSORBENT STABILITY/LEACHING TEST .................................................... 67 

3.6 ADSORPTION OF TRACE METALS ................................................................... 67 

3.6.1 Data modelling ..................................................................................................... 68 

3.6.2 Quantitative analytical instrumentation ............................................................... 69 

3.6.3 Batch adsorption studies of Cr(VI) and As(III) ................................................... 69 

3.7 BIOCHAR SUPPORT ............................................................................................. 73 

3.7.1 Preparation of pine cone powder ......................................................................... 74 

3.7.2 Preparation of biochar .......................................................................................... 74 

3.7.3 Co-precipitation of metal oxide composite within biochar support..................... 74 

3.7.4 Characterization of MFCb composite .................................................................. 74 

3.7.5 Cr(VI) and As(III) adsorption experiments ......................................................... 75 

3.8 REFERENCES ........................................................................................................ 76 

CHAPTER 4 ....................................................................................... 78 

4 RESULTS AND DISCUSSION .......................................... 78 

4.1 INTRODUCTION ................................................................................................... 78 

4.2 OPTIMIZATION OF ADSORBENT SYNTHESIS PARAMETERS .................... 78 

4.2.1 Determination of optimal working parameters .................................................... 78 

4.2.2 Response surface analysis .................................................................................... 90 

4.2.3 Optimum working conditions for the synthesis of the ternary MFC metal oxide 

composite ....................................................................................................................... 116 

4.3 SPECTROSCOPIC CHARACTERIZATION ....................................................... 118 

4.3.1 MF binary metal oxide ....................................................................................... 118 

4.3.2 MC binary metal oxide ...................................................................................... 126 

4.3.3 MFC ternary metal oxide ................................................................................... 133 

4.4 CONCLUSION ...................................................................................................... 141 



ix 

 

4.5 REFERENCES ...................................................................................................... 142 

CHAPTER 5 ..................................................................................... 148 

5 RESULTS AND DISCUSSION ........................................ 148 

5.1 INTRODUCTION ................................................................................................. 148 

5.2 ADSORPTION DYNAMICS ................................................................................ 148 

5.2.1 Influence of solution pH .................................................................................... 148 

5.2.2 Adsorbent dosage concentration ........................................................................ 153 

5.2.3 Kinetic studies .................................................................................................... 160 

5.3 CONCLUSION ...................................................................................................... 241 

5.4 REFERENCES ...................................................................................................... 243 

CHAPTER 6 ..................................................................................... 251 

6 RESULTS AND DISCUSSION ........................................ 251 

6.1 INTRODUCTION ................................................................................................. 251 

6.2 ADSORPTION ISOTHERM STUDIES ............................................................... 251 

6.2.1 Isotherm modelling ............................................................................................ 251 

6.2.2 Thermodynamic parameters of Cr(VI) and As(III) adsorption .......................... 263 

6.2.3 Proposed Cr(VI) and As(III) uptake mechanisms ............................................. 266 

6.2.4 Effect of co-existing anions ............................................................................... 291 

6.2.5 Desorption studies .............................................................................................. 296 

6.2.6 Regeneration and reuse ...................................................................................... 298 

6.3 MFC-BIOCHAR COMPOSITE ............................................................................ 301 

6.3.1 Characterization of MFCb composite ................................................................ 301 

6.3.2 Adsorption of Cr(VI) and As(III) ...................................................................... 305 

6.4 CONCLUSION ...................................................................................................... 317 

6.5 REFERENCES ...................................................................................................... 319 

CHAPTER 7 ..................................................................................... 329 

7 CONCLUSION AND RECOMMENDATIONS ............ 329 

7.1 CONCLUSION ...................................................................................................... 329 

7.2 RECOMMENDATIONS FOR FUTURE WORK ................................................ 331 

 



x 

 

LISTS OF ABBREVIATIONS AND SYMBOLS 

___________________________________________________________________________ 

 

Nomenclature 

ɛ  Polanyi adsorption potential 

α  Elovich initial adsorption rate constant at zero coverage 

β  Elovich adsorption constant related to the degree of surface coverage and 

activation energy for chemisorption. 

a  radius of sphere 

C  thickness of the boundary layer or surface adsorption in intraparticle diffusion 

Cd  adsorbate concentration in eluted solution after desorption 

Ce  equilibrium concentration of adsorbate 

Co  initial adsorbate concentration 

D1  film diffusion coefficient 

D2  pore diffusion coefficient 

E  D-R mean free energy 

Ea  activation energy 

h  the pseudo-second-order initial adsorption rate 

k1  pseudo-first-order rate constant 

k2  pseudo-second-order rate constant 

kid  intraparticle diffusion rate constant 

KDR  D–R constant related to the adsorption energy 

KF  Freundlich constant 

ks  external mass transfer diffusion rate constant 

n  Freundlich intensity parameter 

KL  Langmuir adsorbate-adsorbent affinity constant 

m  mass of the adsorbent 

qDR  D-R maximum adsorption capacity 

qe  adsorption capacity at equilibrium 

qe (exp) experimental adsorption capacities at equilibrium 

qm  Langmuir maximum saturation monolayer adsorption capacity at equilibrium 



xi 

 

qt  adsorption capacity at time t 

R2  coefficient of determination 

R  universal gas constant 

RL  dimensionless separation factor 

t0.5  the time in minutes raised to the power of 0.5 

V  solution volume 

% R  percent removal 

% var  percent variance 

∆Go  free Gibbs energy change 

∆Ho  enthalpy change 

∆So  change in entropy 

Abbreviations 

AAS  atomic absorption spectroscopy 

BET  Brunauer-Emmett-Teller 

BJH  Barrett-Joyna-Halenda 

CCD  central composite design 

DPC  1.5-diphenylcarbazide 

EDS  electron dispersive X-ray spectroscopy 

FTIR  fourier-transform infrared 

ICP-OES inductively coupled plasma-optical emission spectroscopy 

ISE  ion selective electrode 

K  Kelvin 

MC  manganese-copper 

MF  manganese-iron 

MFC  manganese-iron-copper 

MFCb  manganese-iron-copper-biochar 

MCL  maximum contaminant level 

pHpzc  pH at point of zero charge 

PFO  pseudo-first-order 

PSO  pseudo-second-order 

rpm  revolutions per minute 

RSM  response surface methodology 

SEM  scanning electron microscopy 



xii 

 

SRB  sulphate-reducing bacteria 

T  Kelvin temperature 

TEM  transmission electron microscopy 

USEPA United States Environmental Protection Agency 

UV-vis  UV-visible 

WHO  World Health Organisation 

XRD  X-ray diffraction 

XPS  X-ray photoelectron spectroscopy 

 

 



xiii 

 

LISTS OF FIGURES 

___________________________________________________________________________ 

 

Fig 2.1  Sources and mobility of trace metal elements in the environment…………….12 

Fig 2.2  Speciation of (a) arsenite(III) and (b) arsenate(V) as a function of solution 

pH…………………………………………………………………………………………….14 

Fig 2.3  Speciation of Cr(VI) species in aqueous solution at different pH values……...17 

Fig 2.4  Schematic diagram showing adsorption on a porous adsorbent (Tran et al., 

2017)………………………………………………………………………………………….23 

Fig 2.5  (a) Response surface between yield % (response) and the independent variables 

(time and temperature) and (b) Contour plot of the response surface (Myers et al., 2008)……32 

Fig 2.6  Adsorption isotherm models (Rangabhashiyam et al., 2014)…………………35 

Fig 4.1  (a) Normal probability plot of residuals and (b) predicted responses vs actual 

responses plot for Cr(VI) adsorption capacity………………………………………………...86 

Fig 4.2  (a) Normal % probability plot of residuals and (b) predicted responses vs actual 

responses plot for Cr(III) concentration in solution after adsorption……………………….....87 

Fig 4.3  (a) Normal % probability plot of residuals and (b) predicted responses vs actual 

responses plot for As(III) adsorption capacity………………………………………………..88 

Fig 4.4  (a) Normal % probability plot of residuals and (b) predicted responses vs actual 

responses plot for [As(V)] in solution after As(III) adsorption………………………………..89 

Fig 4.5a (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of MnCl2 and co-precipitation time on Cr(VI) adsorption capacity……………………92 

Fig 4.5b (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of FeCl3 and co-precipitation time on Cr(VI) adsorption capacity……………………..93 

Fig 4.5c (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of FeCl3 and co-precipitation time on Cr(VI) adsorption capacity……………………..94 

Fig 4.5d (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of FeCl3 and moles of MnCl2 on Cr(VI) adsorption capacity…………………………..95 

Fig 4.5e (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of MnCl2 and moles of CuSO4 on Cr(VI) adsorption capacity…………………………96 

Fig 4.5f (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of FeCl3 and moles of CuSO4 on Cr(VI) adsorption capacity…………………………..97 



xiv 

 

Fig 4.6a (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of MnCl2 and co-precipitation time on [Cr(III)] in solution after Cr(VI) adsorption…...99 

Fig 4.6b (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of FeCl3 and co-precipitation time on [Cr(III)] in solution after Cr(VI) adsorption…..100 

Fig 4.6c (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of CuSO4 and co-precipitation time on [Cr(III)] in solution after Cr(VI) adsorption…101 

Fig 4.6d (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of FeCl3 and moles of MnCl2 on [Cr(III)] in solution after Cr(VI) adsorption……….102 

Fig 4.6e (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of MnCl2 and moles of CuSO4 on [Cr(III)] in solution after Cr(VI) adsorption………103 

Fig 4.7a (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of MnCl2 and co-precipitation time on As(III) adsorption capacity…………………..105 

Fig 4.7b (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of FeCl3 and co-precipitation time on As(III) adsorption capacity……………………106 

Fig 4.7c (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of FeCl3 and moles of CuSO4 on As(III) adsorption capacity………………………...107 

Fig 4.8a (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of MnCl2 and co-precipitation time on [As(V)] in solution after As(III) adsorption….110 

Fig 4.8b (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of FeCl3 and co-precipitation time on [As(V)] in solution after As(III) adsorption …111 

Fig 4.8c (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of CuSO4 and co-precipitation time on [As(V)] in solution after As(III) adsorption….112 

Fig 4.8d (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of FeCl3 and moles of MnCl2 on [As(V)] in solution after As(III) adsorption………...113 

Fig 4.8e (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of MnCl2 and moles of CuSO4 on [As(V)] in solution after As(III) adsorption……….114 

Fig 4.8f (i) 3D response surface and (ii) contour plot of effect of interaction between 

moles of FeCl3 and moles of CuSO4 on [As(V)] in solution after As(III) adsorption………..115 

Fig 4.9  Fourier transform infrared spectrum of nanostructured binary MF metal 

oxide………………………………………………………………………………………...118 

Fig 4.10 Surface analysis of nanostructured binary MF oxide: (a) scanning electron 

micrograph, (b) EDS data and (c) elemental map……………………………………………120 



xv 

 

Fig 4.11 (a) TEM image and (b) particle size distribution of MF nanostructured metal 

oxide………………………………………………………………………………………...121 

Fig 4.12 X-ray photoelectron spectra (a) MF low-resolution survey scan, and high-

resolution detailed scans for (b) Fe 2p, (c) Mn 2p and (d) O 1s………………………………123 

Fig 4.13 X-ray diffraction pattern of MF binary composite…………………………..124 

Fig 4.14 (a) N2 adsorption/desorption isotherm and (b) pore size distribution for binary 

MF nanometal oxide………………………………………………………………………...125 

Fig 4.15 pHpzc of nanometal composite oxide of MF…………………………………126 

Fig 4.16 Fourier transform infrared spectrum of nanostructured binary MC metal 

oxide………………………………………………………………………………………...127 

Fig 4.17 Surface analysis of nanostructured binary MC oxide: (a) scanning electron 

micrograph, (b) EDS data and (c) elemental map……………………………………………128 

Fig 4.18 X-ray diffraction pattern of MC binary metal oxide composite……………...129 

Fig 4.19 (a) TEM image and (b) particle size distribution of MC nanostructured metal 

oxide………………………………………………………………………………………...130 

Fig 4.20 X-ray photoelectron spectra of binary MC metal oxide (a) low-resolution survey 

scan and high-resolution detailed scans, (b) Mn 2p, (c) Cu 2p and (d) O 1s………………….131 

Fig 4.21 (a) N2 adsorption-desorption isotherm and (b) pore size distribution of binary 

MC nanometal oxide………………………………………………………………………...132 

Fig 4.22 pHpzc of nanometal composite oxide of MC…………………………………133 

Fig 4.23 Fourier transform infrared spectrum of nanostructured ternary MFC metal 

oxide………………………………………………………………………………………...134 

Fig 4.24 Surface analysis of nanostructured ternary MFC oxide: (a) SEM image, (b) EDS 

data and (c) elemental map…………………………………………………………………..135 

Fig 4.25 (a) TEM image and (b) particle size distribution of ternary MFC nanostructured 

metal oxide………………………………………………………………………………….136 

Fig 4.26 X-ray photoelectron spectra of MFC nanocomposite (a) low-resolution survey 

scan and high-resolution detailed scans for (b) Mn 2p, (c) Fe 2p, (d) Cu 2p and (e) O 1s……138 

Fig 4.27 (a) N2 adsorption-desorption isotherm and (b) pore size distribution of 

nanostructured ternary MFC metal oxide……………………………………………………139 

Fig 4.28 X-ray diffraction pattern of nanostructured ternary MFC metal oxide………140 

Fig 4.29 pHpzc of nanometal MFC composite oxide…………………………………..140 



xvi 

 

Fig 5.1  Effect of pH on adsorption of Cr(VI) onto MC, MF and MFC metal 

oxides……………………………………………………………………………………….148 

Fig 5.2  Effect of pH on stability of the (a) MC, (b) MF and (c) MFC metal oxide 

adsorbents (the MCL of ions of Fe and Cu are not shown since they are much higher than the 

concentration amounts of Fe and Cu ions leaching from the metal oxide systems into the treated 

water – MCL: Fe = 0.3 mg/dm3 and Cu = 1.3 mg/dm3)……………………………………...151 

Fig 5.3  Effect of solution pH on adsorption of As(III) on MC, MF and MFC metal oxide 

composite adsorbents………………………………………………………………………..152 

Fig 5.4a The effect of MF metal oxide dose on the adsorption of Cr(VI)……………..154 

Fig 5.4b The effect of MC metal oxide dose on the adsorption of Cr(VI)……………..155 

Fig 5.4c The effect of MFC metal oxide dose on the adsorption of Cr(VI)…………...156 

Fig 5.5a The effect of MF binary metal oxide dose on adsorption of As(III)………….157 

Fig 5.5b The effect of the MC binary metal oxide dose on adsorption of As(III)……...158 

Fig 5.5c The effect of the MFC ternary metal oxide dose on adsorption of As(III)…...159 

Fig 5.6a A comparison of predicted adsorption capacities of kinetic models with 

experimental data for Cr(VI) adsorption on MC binary metal oxide………………………...168 

Fig 5.6b A comparison of predicted adsorption capacities of kinetic models with 

experimental data for Cr(VI) adsorption on MF binary metal oxide………………………...169 

Fig 5.6c A comparison of predicted adsorption capacities of kinetic models with 

experimental data for Cr(VI) adsorption on MFC ternary metal oxide………………………169 

Fig 5.7a A comparison of predicted adsorption capacities of kinetic models with 

experimental data for As(III) ions adsorption on MC binary metal oxide…………………...174 

Fig 5.7b A comparison of predicted adsorption capacities of kinetic models with 

experimental data for As(III) ions adsorption on MF binary metal oxide……………………175 

Fig 5.7c A comparison of predicted adsorption capacities of kinetic models with 

experimental data for As(III) ions adsorption on MFC ternary metal oxide…………………175 

Fig 5.8a External mass transfer diffusion plot for Cr(VI) adsorption onto MF binary 

metal oxide………………………………………………………………………………….178 

Fig 5.8b External mass transfer diffusion plot for Cr(VI) adsorption onto MC binary 

metal oxide………………………………………………………………………………….179 

Fig 5.8c External mass transfer diffusion plot for Cr(VI) adsorption onto MFC ternary 

metal oxide………………………………………………………………………………….179 



xvii 

 

Fig. 5.9a Intraparticle diffusion treatment of Cr(VI) adsorption onto MF binary metal 

oxide at different initial Cr(VI) concentrations……………………………………………...185 

Fig. 5.9b Intraparticle diffusion treatment of Cr(VI) adsorption onto MC binary metal 

oxide at different initial Cr(VI) concentrations……………………………………………...185 

Fig. 5.9c Intraparticle diffusion treatment of Cr(VI) adsorption onto MFC ternary metal 

oxide at different initial Cr(VI) concentrations……………………………………………...186 

Fig 5.10a Fractional uptake of different concentrations of Cr(VI) on MC binary metal 

oxide against the square root of time………………………………………………………...187 

Fig 5.10b Fractional uptake of different concentrations of Cr(VI) on MF binary metal 

oxide against the square root of time………………………………………………………...187 

Fig 5.10c Fractional uptake of different concentrations of Cr(VI) on MFC ternary metal 

oxide against the square root of time………………………………………………………...188 

Fig 5.11a Boyd plots for adsorption of different concentrations of Cr(VI) on MC binary 

metal oxide………………………………………………………………………………….189 

Fig 5.11b Boyd plots for adsorption of different concentrations of Cr(VI) on MF binary 

metal oxide………………………………………………………………………………….190 

Fig 5.11c Boyd plots for adsorption of different concentrations of Cr(VI) on MFC binary 

metal oxide………………………………………………………………………………….190 

Fig 5.12a External mass transfer diffusion plot for adsorption of different initial 

concentrations of As(III) adsorption onto MC binary metal oxide at 299 K…………………192 

Fig 5.12b External mass transfer diffusion plot for adsorption of different initial 

concentrations of As(III) onto MF binary metal oxide at 299 K……………………………..192 

Fig 5.12c External mass transfer diffusion plot for adsorption of different initial 

concentrations of As(III) onto MFC ternary metal oxide at 299 K…………………………..193 

Fig. 5.13a Intraparticle diffusion treatment of As(III) adsorption onto MC binary metal 

oxide at different initial As(III) concentrations……………………………………………...194 

Fig. 5.13b Intraparticle diffusion treatment of As(III) adsorption onto MF binary metal 

oxide at different initial As(III) concentrations……………………………………………...194 

Fig. 5.13c Intraparticle diffusion treatment of As(III) adsorption onto MFC ternary metal 

oxide at different initial As(III) concentrations……………………………………………...195 

Fig 5.14a Fractional uptake of different initial concentrations of As(III) on MC binary 

metal oxide against the square root of time………………………………………………….199 



xviii 

 

Fig 5.14b Fractional uptake of different initial concentrations of As(III) on MF binary 

metal oxide against the square root of time………………………………………………….200 

Fig 5.14c Fractional uptake of different initial concentrations of As(III) on MFC ternary 

metal oxide against the square root of time………………………………………………….200 

Fig 5.15a Boyd plots for adsorption of different initial concentrations of As(III) onto MC 

binary metal oxide…………………………………………………………………………..202 

Fig 5.15b Boyd plots for adsorption of different initial concentrations of As(III) onto MF 

binary metal oxide…………………………………………………………………………..203 

Fig 5.15c Boyd plots for adsorption of different initial concentrations of As(III) onto MFC 

ternary metal oxide………………………………………………………………………….203 

Fig 5.16a External mass transfer diffusion plot for Cr(VI) adsorption onto MF binary 

metal oxide at different temperatures………………………………………………………..217 

Fig 5.16b External mass transfer diffusion plot for Cr(VI) adsorption onto MC binary 

metal oxide at different temperatures………………………………………………………..217 

Fig 5.16c External mass transfer diffusion plot for Cr(VI) adsorption onto MFC ternary 

metal oxide at different temperatures………………………………………………………..218 

Fig. 5.17a Intraparticle diffusion treatment of Cr(VI) adsorption onto MC binary metal 

oxide at different initial temperatures……………………………………………………….222 

Fig. 5.17b Intraparticle diffusion treatment of Cr(VI) adsorption onto MF binary metal 

oxide at different initial temperatures……………………………………………………….223 

Fig. 5.17c Intraparticle diffusion treatment of Cr(VI) adsorption onto MFC ternary metal 

oxide at different initial temperatures……………………………………………………….223 

Fig 5.18a Fractional uptake of Cr(VI) at different temperatures on MC binary metal oxide 

against the square root of time……………………………………………………………….224 

Fig 5.18b Fractional uptake of Cr(VI) at different temperatures on MF binary metal oxide 

against the square root of time……………………………………………………………….224 

Fig 5.18c Fractional uptake of Cr(VI) at different temperatures on MFC ternary metal 

oxide against the square root of time………………………………………………………...225 

Fig 5.19a Boyd plots for adsorption of Cr(VI) on MC binary metal oxide at different 

temperatures………………………………………………………………………………...226 

Fig 5.19b Boyd plots for adsorption of Cr(VI) on MF binary metal oxide at different 

temperatures………………………………………………………………………………...227 



xix 

 

Fig 5.19c Boyd plots for adsorption of Cr(VI) on MFC ternary metal oxide at different 

temperatures………………………………………………………………………………...227 

Fig 5.20a External mass transfer diffusion plot for adsorption of 10 mg/dm3 As(III) at 

different initial temperatures onto MC binary metal oxide…………………………………..228 

Fig 5.20b External mass transfer diffusion plot for adsorption of 10 mg/dm3 As(III) at 

different initial temperatures onto MF binary metal oxide…………………………………..228 

Fig 5.20c External mass transfer diffusion plot for adsorption of 10 mg/dm3 As(III) at 

different initial temperatures onto MFC ternary metal oxide………………………………..229 

Fig. 5.21a Intraparticle diffusion treatment of 10 mg/dm3 As(III) adsorption onto MC 

binary metal oxide at different initial temperatures………………………………………….234 

Fig. 5.21b Intraparticle diffusion treatment of 10 mg/dm3 As(III) adsorption onto MF 

binary metal oxide at different initial temperatures………………………………………….234 

Fig. 5.21c Intraparticle diffusion treatment of 10 mg/dm3 As(III) adsorption onto MFC 

ternary metal oxide at different initial temperatures…………………………………………235 

Fig 5.22a Fractional uptake of As(III) at different initial temperatures onto MC binary 

metal oxide against the square root of time………………………………………………….235 

Fig 5.22b Fractional uptake of As(III) at different initial temperatures onto MF binary 

metal oxide against the square root of time………………………………………………….236 

Fig 5.22c Fractional uptake of As(III) at different initial temperatures onto MFC ternary 

metal oxide against the square root of time………………………………………………….236 

Fig 5.23a Boyd plots for adsorption of As(III) at different initial temperatures onto MC 

binary metal oxide…………………………………………………………………………..238 

Fig 5.23b Boyd plots for adsorption of As(III) at different initial temperatures onto MF 

binary metal oxide…………………………………………………………………………..238 

Fig 5.23c Boyd plots for adsorption of As(III) at different initial temperatures onto MFC 

ternary metal oxide………………………………………………………………………….239 

Fig 5.24 Arrhenius plots for the adsorption kinetics of Cr(VI) onto MC, MF and MFC 

metal oxide at different temperatures………………………………………………………..240 

Fig 5.25 Arrhenius plots for the adsorption kinetics of As(III) onto MC, MF and MFC 

metal oxide at different temperatures………………………………………………………..241 

Fig 6.1  pHpzc determination of (a) MF, (b) MC and (c) MFC metal oxides before and 

after Cr(VI) adsorption……………………………………………………………………...268 



xx 

 

Fig 6.2  pHpzc determination of (a) MC, (b) MF and (c) MFC nanostructured metal 

oxides before and after As(III) adsorption…………………………………………………..270 

Fig 6.3a The effect of ionic strength on adsorption of Cr(VI) onto binary MC metal oxide 

composite…………………………………………………………………………………...272 

Fig 6.3b The effect of ionic strength on adsorption of Cr(VI) onto binary MF metal oxide 

composite…………………………………………………………………………………...272 

Fig 6.3c The effect of ionic strength on adsorption of Cr(VI) onto ternary MFC metal 

oxide composite……………………………………………………………………………..273 

Fig 6.4a The effect of ionic strength on adsorption of As(III) onto binary MC metal oxide 

composite…………………………………………………………………………………...274 

Fig 6.4b The effect of ionic strength on adsorption of As(III) onto binary MF metal oxide 

composite…………………………………………………………………………………...274 

Fig 6.4c The effect of ionic strength on adsorption of As(III) onto ternary MFC metal 

oxide composite……………………………………………………………………………..275 

Fig 6.5a FTIR spectra of binary MC metal oxide composite before and after Cr(VI) 

adsorption…………………………………………………………………………………...276 

Fig 6.5b FTIR spectra of binary MF metal oxide composite before and after Cr(VI) 

adsorption…………………………………………………………………………………...277 

Fig 6.5c FTIR spectra of ternary MFC metal oxide composite before and after Cr(VI) 

adsorption…………………………………………………………………………………...278 

Fig 6.6a FTIR spectra of binary MC metal oxide composite before and after As(III) 

adsorption…………………………………………………………………………………...279 

Fig 6.6b FTIR spectra of binary MF metal oxide composite before and after As(III) 

adsorption…………………………………………………………………………………...280 

Fig 6.6c FTIR spectra of ternary MFC metal oxide composite before and after As(III) 

adsorption…………………………………………………………………………………...281 

Fig 6.7  X-ray photoelectron spectra of the nanocomposite adsorbents before and after 

Cr(VI) adsorption…………………………………………………………………………...282 

Fig 6.8a High-resolution XPS scan of O 1s for the MC nanocomposite (i) before and (ii) 

after adsorption of As(III) and (iii) As 3d after the adsorption process..……………………..284 

Fig 6.8b High-resolution XPS scan of O 1s for the MF nanocomposite (i) before and (ii) 

after adsorption of As(III) and (iii) As 3d after the adsorption process………….…………...285 



xxi 

 

Fig 6.8c High-resolution XPS scan of O 1s for the MFC nanocomposite (i) before and 

(ii) after adsorption of As(III) and (iii) As 3d after the adsorption process…………………..286 

Fig 6.9a The effect of co-existing anions on adsorption of Cr(VI) onto binary MC metal 

oxide composite……………………………………………………………………………..292 

Fig 6.9b The effect of co-existing anions on adsorption of Cr(VI) onto binary MF metal 

oxide composite……………………………………………………………………………..292 

Fig 6.9c The effect of co-existing anions on adsorption of Cr(VI) onto ternary MFC 

metal oxide composite………………………………………………………………………293 

Fig 6.10a The effect of co-existing anions on adsorption of As(III) onto binary MC metal 

oxide nanocomposite………………………………………………………………………..294 

Fig 6.10b The effect of co-existing anions on adsorption of As(III) onto binary MF metal 

oxide nanocomposite………………………………………………………………………..295 

Fig 6.10c The effect of co-existing anions on adsorption of As(III) onto ternary MFC 

metal oxide nanocomposite…………………………………………………………………295 

Fig 6.11 % amounts of desorbed Cr(VI) from the nanostructured metal oxide composites 

using different eluents……………………………………………………………………….297 

Fig 6.12 % amounts of desorbed As(III) from the metal oxide nanocomposites using 

different eluents……………………………………………………………………………..298 

Fig 6.13 The effect of cycle times on Cr(VI) adsorption onto the nanostructured MC, MF 

and MFC metal oxides………………………………………………………………………299 

Fig 6.14 The effect of adsorption cycles on As(III) adsorption onto the MC, MF and 

MFC metal oxide nanocomposites…………………………………………………………..300 

Fig 6.15 FTIR spectrum of MFCb composite………………………………………...301 

Fig 6.16 Surface analysis of MFCb composite (a) scanning electron micrograph and (b) 

EDS elemental analysis……………………………………………………………………..302 

Fig 6.17 (a) Transmission electron micrograph and (b) particle size distribution of MFCb 

composite…………………………………………………………………………………...303 

Fig 6.18 (a) N2 adsorption/desorption isotherm and (b) pore size distribution of MFCb 

composite…………………………………………………………………………………...304 

Fig 6.19 The adsorption capacity of Cr(VI) onto MFC and MFCb composites as a 

function of solution pH……………………………………………………………………...306 

Fig 6.20 pHpzc determination of (a) MFC and (b) MFCb composites before and after 

Cr(VI) adsorption…………………………………………………………………………...307 



xxii 

 

Fig 6.21 The adsorption capacity of As(III) onto MFC and MFCb composites as a 

function of solution pH……………………………………………………………………...309 

Fig 6.22 pHpzc determination of (a) MFC and (b) MFCb composites before and after 

As(III) adsorption…………………………………………………………………………...310 

Fig 6.23 FTIR spectrum of MFCb composite before and after Cr(VI) 

adsorption…………………………………………………………………………………...311 

Fig 6.24 FTIR spectra of MFCb composite before and after As(III) adsorption………315 

Fig 6.25 The effect of adsorption cycles on Cr(VI) adsorption onto the MFCb 

composite…………………………………………………………………………………...316 

Fig 6.26 The effect of adsorption cycles on As(III) adsorption onto the MFCb 

composite…………………………………………………………………………………...317 

 



xxiii 

 

LISTS OF TABLES 

___________________________________________________________________________ 

 

Table 3.1 Coded levels of the independent test variables………………………………..64 

Table 4.1 Response surface methodology (RSM) design of experiments and responses 

using Design-Expert 11 software……………………………………………………………..79 

Table 4.2 ANOVA parameters for the optimization of synthesis of nanostructured MFC 

ternary metal oxide…………………………………………………………………………...83 

Table 4.3 Fit statistics of CCD experimental design results……………………………..85 

Table 4.4 Optimum synthesis variables for the ternary MFC metal oxide 

composite…………………………………………………………………………………...117 

Table 5.1a Kinetic modelling of different concentrations of Cr(VI) adsorption on MC 

binary metal oxide at 299 K…………………………………………………………………162 

Table 5.1b Kinetic modelling of different concentrations of Cr(VI) adsorption on MF 

binary metal oxide at 299 K…………………………………………………………………163 

Table 5.1c Kinetic modelling of different concentrations of Cr(VI) adsorption on MFC 

ternary metal oxide at 299 K………………………………………………………………...164 

Table 5.2a Kinetic modelling of different concentrations of As(III) adsorption on MC 

binary metal oxide at 299 K…………………………………………………………………171 

Table 5.2b Kinetic modelling of different concentrations of As(III) adsorption on MF 

binary metal oxide at 299 K…………………………………………………………………172 

Table 5.2c Kinetic modelling of different concentrations of As(III) adsorption on MFC 

ternary metal oxide at 299 K………………………………………………………………...173 

Table 5.3a Diffusion coefficients for the adsorption of varying concentrations of Cr(VI) 

onto MC binary metal oxide…………………………………………………………………181 

Table 5.3b Diffusion coefficients for the adsorption of varying concentrations of Cr(VI) 

onto MF binary metal oxide…………………………………………………………………182 

Table 5.3c Diffusion coefficients for the adsorption of varying concentrations of Cr(VI) 

onto MFC ternary metal oxide………………………………………………………………183 

Table 5.4a Diffusion coefficients for the adsorption of different initial concentrations of 

As(III) onto MC binary metal oxide at 299 K………………………………………………..196 



xxiv 

 

Table 5.4b Diffusion coefficients for the adsorption of different initial concentrations of 

As(III) onto MF binary metal oxide at 299 K………………………………………………..197 

Table 5.4c Diffusion coefficients for the adsorption of different initial concentrations of 

As(III) onto MFC ternary metal oxide at 299 K……………………………………………..198 

Table 5.5a Kinetic modelling at different temperatures of 10 mg/dm3 of Cr(VI) adsorption 

on MC binary metal oxide…………………………………………………………………...205 

Table 5.5b Kinetic modelling at different temperatures of 10 mg/dm3 of Cr(VI) adsorption 

on MF binary metal oxide…………………………………………………………………...206 

Table 5.5c Kinetic modelling at different temperatures of 10 mg/dm3 of Cr(VI) adsorption 

on MFC ternary metal oxide………………………………………………………………...207 

Table 5.6a Kinetic modelling at different temperatures of 10 mg/dm3 of As(III) adsorption 

on MC binary metal oxide…………………………………………………………………...212 

Table 5.6b Kinetic modelling at different temperatures of 10 mg/dm3 of As(III) adsorption 

on MF binary metal oxide…………………………………………………………………...213 

Table 5.6c Kinetic modelling at different temperatures of 10 mg/dm3 of As(III) adsorption 

on MFC ternary metal oxide………………………………………………………………...214 

Table 5.7a Diffusion coefficients for the adsorption of Cr(VI) onto MF binary metal oxide 

at different initial temperatures……………………………………………………………...219 

Table 5.7b Diffusion coefficients for the adsorption of Cr(VI) onto MC binary metal oxide 

at different initial temperatures……………………………………………………………...220 

Table 5.7c Diffusion coefficients for the adsorption of Cr(VI) onto MFC ternary metal 

oxide at different initial temperatures……………………………………………………….221 

Table 5.8a Diffusion coefficients for the adsorption of 10 mg/dm3 of As(III) onto MC 

binary metal oxide at different initial temperatures………………………………………….231 

Table 5.8b Diffusion coefficients for the adsorption of 10 mg/dm3 of As(III) onto MF 

binary metal oxide at different initial temperatures………………………………………….232 

Table 5.8c Diffusion coefficients for the adsorption of 10 mg/dm3 of As(III) onto MFC 

ternary metal oxide at different initial temperatures…………………………………………233 

Table 6.1a Equilibrium parameters for adsorption of Cr(VI) onto binary MC metal oxide 

composite…………………………………………………………………………………...255 

Table 6.1b Equilibrium parameters for adsorption of Cr(VI) onto binary MF metal oxide 

composite…………………………………………………………………………………...256 



xxv 

 

Table 6.1c Equilibrium parameters for adsorption of Cr(VI) onto ternary MFC metal oxide 

composite…………………………………………………………………………………...257 

Table 6.2 Comparison of Cr(VI) adsorption capacities onto various adsorbents………258 

Table 6.3a Equilibrium parameters for adsorption of As(III) onto binary MC metal oxide 

composite…………………………………………………………………………………...260 

Table 6.3b Equilibrium parameters for adsorption of As(III) onto binary MF metal oxide 

composite…………………………………………………………………………………...261 

Table 6.3c Equilibrium parameters for adsorption of As(III) onto ternary MFC metal oxide 

composite…………………………………………………………………………………...262 

Table 6.4 Comparison of As(III) adsorption capacities onto various adsorbents………263 

Table 6.5 Thermodynamic parameters for the adsorption of Cr(VI) onto the MC, MF and 

MFC metal oxide composite adsorbents…………………………………………………….265 

Table 6.6 Thermodynamic parameters for the adsorption of As(III) onto the MC, MF and 

MFC metal oxide composite adsorbents…………………………………………………….266 

Table 6.7 The variation of As(III)/NO3
- exchange coefficients………………………..288 

Table 6.8 Textural properties for raw biochar, MFC and MFCb adsorbents…………...304 

 

 



1 

 

CHAPTER 1 

1 INTRODUCTION 

1.1 BACKGROUND 

The earth appears blue when viewed from space, a clear sign that a large proportion of it is 

water (Grey et al., 2013). Water constitutes approximately two-thirds of the earth, but less than 

one percent can sustain terrestrial life, inclusive of that locked in ice at the poles (Adeleye et 

al., 2016). Urbanisation and technological advancement have resulted in the effluent from 

industries, municipalities and agricultural activities laden with harmful inorganic and organic 

compounds being continually disposed of into fragile freshwater reservoirs (Ebrahiem et al., 

2017; Marcos et al., 2020). Water scientists and engineers have forecasted that by 2025, half 

of the world’s population might not have access to potable water since currently, only about a 

fifth of wastewater globally is undergoing proper decontamination (Zhang et al., 2016). This 

makes it critical to develop efficient wastewater treatment technologies which require low 

capital investment to save the small amounts of water fit for human use (Anjum et al., 2019). 

Water pollutants of particular concern are trace metals since they are not easily removed from 

solution using conventional methods (Carolin et al., 2017). Nanotechnology, through 

manipulation of mixed metal oxide nanoparticles, is showing great potential in providing 

alternative trace metal clean-up techniques. The nanoscale metal oxide composites have unique 

physicochemical characteristics due to quantum-size effects, large surface areas and have been 

utilised in the fields of catalysis, medicine, cosmetics, electronics, sensing, energy storage and 

thermal insulation among others (Yufanyi et al., 2015). 

1.2 TRACE METALS 

Trace metals exist in very small concentrations in the hydrosphere (≤ 100 mg/dm3 or ppm). 

Some of these trace metal elements are essential to life as they are needed in minute quantities 

(mg/kg) by flora and fauna as they form part of nutritional and physiological requirements (El-

Ramady et al., 2016; Rose, 2016; Andresen et al., 2018). The list of trace metals includes 

among others: magnesium, zinc, selenium, arsenic, chromium, iron, vanadium, copper and 

cobalt (Burakov et al., 2018). Levels of trace metals above and below certain thresholds can be 

deleterious to humans causing pathological conditions. These metals are not biodegradable and 
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bioaccumulate in the ecological food chain (Akpor et al., 2014). The presence of high 

concentrations of trace metals, especially in the hydrosphere presents many environmental and 

human health challenges. The metals are highly toxic in their most stable oxidation states, eg. 

Cd(II), Cr(VI) and As(III) and can react with biomolecules forming very stable biotoxic 

compounds (Mishra et al., 2019). This promulgates the need for extensive research to develop 

efficient but affordable technologies for their sequestration to acceptable levels in water bodies 

especially in rural and underdeveloped communities (Chowdhury et al., 2016). The 

decontamination of As(III) and Cr(VI) laden wastewaters using a ternary metal oxide 

nanocomposite is recommended since the two trace metal ions are not easily removed from the 

hydrosphere using current conventional wet chemistry methods. Currently, the modus operandi 

of trace metal removal from an aqueous solution using metal oxides is poorly understood. To 

date, mostly mono and binary metal oxides have been utilised in the removal of trace metals 

from aqueous solution (Luo et al., 2013; Sani et al., 2017; Singh et al., 2018; Penke et al., 2019; 

Wei et al., 2019; Yu et al., 2019). 

1.3 As(III) AND Cr(VI) ADSORPTION ONTO METAL OXIDES 

Several researchers have utilised mono metal oxides like β-MnO2 (Wei et al., 2019), TiO2 (Yu 

et al., 2019), Fe2O3 and CeO2 (Hua et al., 2012) for As(III) and Cr(VI) sequestration. The 

different forms of β-MnO2 were fabricated using precipitation technique and showed As(III) 

adsorption capacities between 0.952 and 1.483 mg/g. The TiO2 was prepared by precipitation 

and exhibited As(III) adsorption capacity of 36.6 mg/g. The Fe2O3 and CeO2 were prepared 

with the sol-gel and precipitation methods, respectively and had Cr(VI) adsorption capacities 

of 17.0 and 15.4 mg/g, respectively. 

 

Numerous researchers have also applied binary metal oxides including Fe-Mn (Li et al., 2012), 

Ti-Zr (Yu et al., 2019) and Fe-Zr (Wang et al., 2015) for the adsorption of As(III) and Cr(VI) 

ions from solution. The binary metal oxides show better adsorption activity than mono metal 

oxides. The mixed metal oxides are synergistic in their sequestration of metal ion pollutants. 

They do not just adsorb the metal species but are also able to oxidise or reduce them to less 

harmful or easily adsorbed forms, accounting for their superior adsorption capacities. The Fe-

Mn and Ti-Zr binary metal oxides were prepared by precipitation method and had As(III) 

removal capacity of 44.91 and 61.0 mg/g, respectively. The Fe-Zr binary metal oxide 

composite was synthesized by templating on cetyltrimethylammoniumbromide (CTAB) 
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followed by coprecipitation and exhibited a Cr(VI) adsorption capacity of 44.91 mg/g. To 

emphasize the effectiveness of binary composites over mono metal oxide systems, manganese 

doped goethite prepared by co-precipitation showed a two- to three-fold increase in adsorption 

capacity of trace metals [Pb(II), Cd(II), Cu(II) and Zn(II)] in comparison to pure goethite (Rout 

et al., 2014). 

 

Limited publications are available on the use of ternary metal oxide systems to adsorb As(III) 

[Al-Ti-Mn (Thanh et al., 2016), Fe-Ni-Mn (Nasir et al., 2018), Ce-Al-Fe (Sun et al., 2016), Fe-

Ti-Mn (Zhang et al., 2018), Fe-Ni-Mn (Nasir et al., 2019)] and Cr(VI) [Ni-Mg-Al (Lei et al., 

2017)] from aqueous solution. To the best of my knowledge, no research work has to date been 

published on the use of nanoscale Mn-Fe-Cu ternary metal oxide system as an adsorbent for 

As(III) and Cr(VI) from solution. The available literature on ternary metal oxide adsorbents is 

on their applications to remove fluorides and phosphates from aqueous media (Lü et al., 2013; 

Zhou et al., 2016; Li et al., 2017; Chen et al., 2018; Kondalkar et al., 2018; Raghav et al., 2018). 

1.4 PROBLEM STATEMENT 

The strict legislation on the discharge of arsenic and chromium coupled with their adverse 

effects on human health and the environment makes it paramount for environmental scientist 

and engineers to develop efficient technologies for their removal. The European Union, World 

Health Organisation and the United States Environmental Protection Agency have set 

maximum contaminant levels (MCL) or tolerance limits for arsenic (10 µg/dm3) and chromium 

(50 µg/dm3) in industrial and civil effluent before its discharge into potable waters due to their 

toxicity (Di Natale et al., 2015; Nigra et al., 2017). Several studies have shown the ability of 

mono- and bimetal oxides of iron, manganese and copper to sequester trace metals from 

aqueous media (Li et al., 2014; Lu et al., 2014; Wang et al., 2015). These metal oxide 

adsorbents are environmentally benign (Zheng et al., 2020) and though effective their 

applicability in wastewater decontamination is limited due to (1) cost of some pure metal 

oxides is relatively high, (2) reduced adsorption capacity of metal anions at high pH due to low 

pH at point of zero charge (pHpzc) of the metal oxide adsorbents, (3) the binary metal oxides 

despite inheriting excellent adsorptive capabilities of the parent oxides cannot be applied in 

flow-through or fixed-bed systems because of their nanosized particles which result in poor 

hydraulic properties and excessive pressure drop (Li et al., 2012; Zhang et al., 2013; Ballav et 

al., 2014), (4) the nanosize adsorbents are also difficult to remove from the treated water 
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(except for magnetic iron-based nanoparticles) making adsorbent regeneration and metal 

pollutant recovery or recycling difficult, (5) nanosize metal oxides are prone to agglomeration 

reducing capacity and selectivity and (6) expensive nanoparticle synthetic routes requiring 

expensive and toxic chemical reagents (Dubey & Sharma, 2017). The As(III) and Cr(VI) ions 

have different chemical properties making it difficult to apply a single adsorbent with high 

adsorption capacities for both species. To circumvent the aforementioned problems and further 

improve the trace metal removal capacity of the composites, this research seeks to prepare a 

novel nanoscale ternary metal oxide system from manganese, iron and copper (MFC) for 

application in the remediation of As(III) and Cr(VI) from simulated aqueous effluent. 

1.5 HYPOTHESIS  

A novel Mn-Fe-Cu (MFC) ternary metal oxide nanocomposite is capable of As(III) and Cr(VI) 

sequestration from simulated aqueous effluent. 

1.6 OBJECTIVES 

The research aim was fabrication of a novel Mn-Fe-Cu (MFC) ternary metal oxide 

nanocomposite using facile co-precipitation capable of As(III) and Cr(VI) sequestration from 

simulated aqueous effluent by achieving the following objectives: 

1. Optimization of the preparation method of the ternary metal oxide nanocomposite 

system using central composite design of research surface methodology. 

2. Characterization of the nanostructured ternary metal oxide composite using FTIR, 

SEM-EDS, TEM, XRD, XPS, BET analysis and pH drift method. 

3. Application of the novel nanostructured adsorbent in the removal of Cr(VI) and As(III) 

from a simulated aqueous effluent. 

4. Investigation of the adsorption dynamics (competing anions, ionic strength, desorption, 

regeneration and reuse of exhausted adsorbents) and the mechanistic pathway for 

As(III) and Cr(VI) sequestration from aqueous medium. 

5. To co-precipitate the ternary MFC metal oxide system on biochar support for ease of 

adsorbent separation from the treated simulated aqueous effluent. 

 

1.7 RESEARCH OUTLINE 

The thesis comprises of seven chapters: 
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Chapter 1 

It covers the introduction, problem statement, hypothesis and objectives giving an insight into 

the research project. 

Chapter 2 

The literature review on trace metal pollutants, available wastewater treatment techniques, 

types of adsorbents, biochar support, response surface methodology optimization technique 

and mathematical modelling of experimental adsorption data is presented in this chapter. The 

calculation of and use of statistical error functions are described. 

Chapter 3 

The optimization of working parameters for the synthesis of the ternary MFC nanometal oxide 

composite and characterization of the adsorbent are presented. The batch adsorption 

experimental procedures for the decontamination of As(III) and Cr(VI) simulated wastewater 

are described. To facilitate ease of removal of the nanocomposite adsorbent from the treated 

effluent, the MFC metal oxide system was co-precipitated on biochar support. The preparation 

of the biochar support from pine cone, the fabrication of the MFCb composite and its 

application as an adsorbent for As(III) and Cr(VI) are presented. 

Chapter 4 

The chapter highlights the determination of optimal parameters for fabrication of the novel 

MFC ternary metal oxide composite from response surface methodology technique. The 

characterization of the ternary metal oxide nanocomposite using spectroscopic techniques is 

discussed. 

Chapter 5 

The fitting of the batch adsorption experimental data onto kinetic and diffusion models is 

described. 

Chapter 6  

The determination of isotherm and thermodynamic parameters of the experimental adsorption 

data is presented. The proposed mechanistic pathway for the adsorption of As(III) and Cr(VI) 

onto the ternary MFC metal oxide nanocomposite is discussed. The characterization and 

adsorption experiments using the MFCb composite are presented. 

Chapter 7  

A general conclusion of the thesis and recommendations for future research work are 

highlighted. 
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CHAPTER 2 

2 LITERATURE REVIEW 

2.1 INTRODUCTION 

Current literature on the types of metal pollutants in wastewater, existing technologies for 

wastewater remediation, adsorption, types of adsorbents, optimization using response surface 

methodology and mathematical models applied to adsorption experimental data is reviewed. 

2.2 TRACE METAL POLLUTANTS IN AQUEOUS EFFLUENT 

Municipal and industrial effluents are major pollutants of potable waters as they contain dyes, 

aromatics and trace metals. These pollutants cause disease, allergies, organ failure, 

chromosomal defects, tumours, death and reduce the aesthetics of quality of water by colouring 

it (Akpor et al., 2014; Du et al., 2014; Lakshmipathy et al., 2015). Trace metal pollutants are 

of major interest to environmental engineers and scientists as they occur naturally in the 

environment and are not biodegradable. The flow chart presented in Fig 2.1 shows the geogenic 

and anthropogenic sources of trace metal elements and their mobility in the ecosystem. 

Geological processes like weathering of rocks, spreading of mid-ocean ridges and volcanic 

eruptions release trace metals into the environment (McCann et al., 2018). Anthropogenic 

activities such as mining, agriculture, electronic engineering and metallurgical industries 

introduce trace metal elements into the environment increasing metal geoaccumulation indices 

in water, soil and sediments (Carolin et al., 2017; Vareda et al. 2019). The mining of metals 

and their processing in Europe contributes about 48 % of the total metal pollutants in the 

ecosystem (Panagos et al., 2013). Above certain prescribed threshold concentrations, trace 

metals become toxic as they bioaccumulate in organisms (Wen et al., 2019). They cause a 

myriad of clinical, neurological, gastrointestinal, physiological and immunological conditions 

in humans (Zhang et al., 2019). The WHO (2017) has set maximum contaminant levels for the 

trace metals in municipal and industrial wastewater. This makes it critical to develop low-cost 

and effective wastewater decontamination technologies for the following trace metals. 
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Fig 2.1  Sources and mobility of trace metal elements in the environment (Vareda et al. 2019). 
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2.2.1 Arsenic 

The trace metal is present in the ecosystem in organic or inorganic form. The inorganic arsenic 

species especially oxyanions of As(III) and As(V) are toxic while some organic arsenicals such 

as arsenobetaine and arsenocholine found in food are non-toxic (Palaneeswari et al., 2013). 

Inorganic arsenic is mobilised through anthropogenic or natural processes like weathering, 

geochemical, biological and volcanic activities (Zhang et al., 2014). Anthropogenic activities 

include the use of arsenical agriproducts (herbicides, pesticides, poultry feed, wood 

preservatives, etc), fossil fuel combustion (especially coal), mining (since arsenic is usually 

found attached to transition metals like silver, cadmium, gold, tungsten, etc), metallurgy 

(alloying usually with copper and lead), medicine (for treatment of trypanosomiasis, chronic 

myeloid leukaemia, syphilis, etc) and in electronics as an n-type dopant in semiconductors 

(Yun et al., 2016; Kobielska et al., 2018; Zhang et al., 2018). Arsenic is highly toxic with little 

nutritional or physiological benefits to life. It is reported in the literature to be of benefit in 

trace amounts to human metabolic pathways such as catalysis in the synthesis of glutathione, 

the biochemistry of the phospholipids’ bilayer in cell membranes and stimulation of bile 

secretion (Mertz, 2012). Effects of its deficiency in humans are not well documented in 

literature as with other trace metals like iron. Long-term ingestion of this trace metal by humans 

may be carcinogenic to internal organs (liver, kidney, lungs, bladder, prostate, brain and 

gastrointestinal tract) and skin (hyperkeratosis). Since arsenic is toxic and is a potential 

carcinogen, its maximum contaminant level (MCL) in drinking water has been set at 10 µg/dm3 

by the World Health Organization (WHO, 2017) since 2006 (Li et al., 2017). Arsenic is also 

classified as a Class A carcinogen by the International Agency for Research on Cancer (Ociński 

et al., 2016). It may also cause non-cancerous ailments such as diabetes mellitus, reproductive 

abnormalities, cerebrovascular and cardiovascular diseases. Arsenic related illnesses are 

generally referred to as arsenicosis (Lou et al., 2017; Ryu et al., 2017; Singh et al., 2017). 

 

Arsenic has four known oxidation states, that is, arsine (-3), arsenic (0), arsenite (+3) and 

arsenate (+5), with the +III and +V forms being predominant in the hydrosphere. In aqueous 

media, arsenite [As(III)] exists as non-ionic arsenious acid (H3AsO3; pKa1=9.22) and arsenate 

[As(V)] as inorganic oxyanions (H2AsO4
- and HAsO4

2-; pKa1=2.19 and pka2=6.94, 

respectively) under anoxic and oxic conditions respectively (Zheng et al., 2020). This makes 

arsenic a problematic pollutant in water as both As(III) and As(V) are mobile over a wider pH 
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range and redox conditions (Sarkar & Paul, 2016). It is only in the presence of highly reduced 

sulphur in water, that arsenic can be precipitated as sulphides such as As2S3, As4S3, etc. The 

speciation of As(III) and As(V) as a function of pH is plotted on Fig 2.2. Arsenite is more toxic 

than arsenate to fauna due to its long retention time in the body as it has a very high affinity 

for the –SH (sulfhydryl) functional group of cysteine protein residue (Kotyzova et al., 2013; 

Zhang et al., 2019). 
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Fig 2.2  Speciation of (a) arsenite(III) and (b) arsenate(V) as a function of solution pH 

(Zheng et al., 2020). 
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At low to neutral pH in aqueous media, As(III) exists as non-ionic H3AsO3 and is difficult to 

adsorb from solution due to its low affinity for adsorbents, unlike As(V) which exists as 

oxyanions which are easily adsorbed at low pH on protonated adsorbent surfaces (Zhang et al., 

2018). Due to the weak adsorption properties of As(III) coupled with its high toxicity in 

comparison to As(V), it is necessary to oxidise As(III) to As(V) in the sequestration of total As 

from solution. This oxidation reaction which is oxygen-depended can take place naturally in 

underground water but is so slow with reaction kinetic half-times of up to a year (Gorny et al., 

2015). Therefore, to improve the removal of total arsenic from solution, oxidants with faster 

kinetics need to be explored. Several researchers have explored ozone, chlorine and hydrogen 

peroxide as potential oxidants for the crucial arsenite to arsenate oxidation with little success 

due to the formation of toxic by-products (Hou et al., 2017). It is known that Mn and Fe oxides 

exist naturally in the soil and their adsorption reactions control the mobility of arsenic in the 

environment (McCann et al., 2018). The oxides of Mn have high oxidation potentials (Eɵ=1.22 

V for birnessite, MnO2) and can oxidise As(III) to As(V) and are also able to adsorb the arsenic 

ions from solution. The oxides of Fe(III) have a high affinity for As(V) and easily adsorb it. 

Several environmental scientists/engineers have applied Mn and Fe oxides either as single or 

binary metal systems for removal of arsenic from water (Shan & Tong, 2013; Cui et al., 2014; 

Bai et al., 2016; Phanthasria et al., 2018; Wen et al., 2019). The binary oxides show higher 

As(III) adsorption capacity since they combine the removal capabilities of two different metal 

oxide systems. The removal of As(III) by Mn-Fe binary oxides is synergistic involving: (1) 

oxidation of As(III) to As(V) by Mn oxides (Ryu et al., 2017) and (2) the adsorption of As(V) 

by Fe(III) oxides. The pre-oxidation step complicates the sequestration of As(III) as it forms 

Mn(II) ions which leach into the treated water (Molinari & Argurio, 2017). The ions of Mn(II) 

are toxic as it is a known neurotoxin causing hallucinations and intellectual impairment (Ryu 

et al., 2017). The pre-oxidation step creates a secondary problem but is also depended on the 

type of Mn oxide. The equations showing the oxidation of trivalent arsenite to pentavalent 

arsenate on MnO2 are presented as Eq’s 2.1-2.3 (Zhang et al., 2018): 

𝑀𝑛𝑂2 + 𝐻3𝐴𝑠𝑂3 + 2𝐻+ ⇌ 𝑀𝑛2+ + 𝐻3𝐴𝑠𝑂4 + 𝐻2𝑂              (2.1) 

2𝑀𝑛𝑂2 + 𝐻3𝐴𝑠𝑂3 + 𝐻2𝑂 ⇌ 2𝑀𝑛𝑂𝑂𝐻∗ + 𝐻3𝐴𝑠𝑂4               (2.2) 

2𝑀𝑛𝑂𝑂𝐻∗ + 𝐻3𝐴𝑠𝑂3 + 4𝐻+ ⇌ 2𝑀𝑛2+ + 𝐻3𝐴𝑠𝑂4 + 3𝐻2𝑂             (2.3) 
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The oxidation of trivalent arsenic to its pentavalent form (Eq’s 2.1-2.3) can be inhibited by 

competitive ions such as PO4
3-, Fe2+, Pb2+, Ni2+ and Zn2+ through surface passivation of active 

sites on the Mn oxide surface. The oxidation rate is also negatively influenced by the presence 

of As(V) ions (Villalobos et al., 2014; Wu et al., 2015; Hou et al., 2018). 

2.2.2 Chromium 

Chromium shows uniqueness from other toxic heavy metals by existing in a myriad of 

oxidation states, from -2 to +6, with Cr(III) and Cr(VI) being the most stable in the hydrosphere 

(Dhal et al., 2013; Headlam & Lay, 2016). Cr(III) is cationic, less toxic (only harmful at high 

concentrations) and exists naturally in the environment from weathering of rocks and volcanic 

activity, with trace quantities having physiological benefits to mankind (Aigbe et al., 2018; 

Hamilton et al., 2018). It is known to ameliorate obesity, diabetes and other ailments associated 

with metabolic syndrome as it regulates insulin and metabolism of glucose (Vincent, 2014; Bai 

et al., 2015). It affects the metabolic activity of heterotrophs above 10 mg/L (Chang et al., 

2012). On the other hand, Cr(VI) results from anthropogenic activities, though the trivalent 

chromite can be oxidized to the hexavalent state in the presence of manganese oxides in the 

environment (Kaprara et al., 2015). Hexavalent chromate is about 500 times more toxic than 

the trivalent form even at ppb levels and has no physiological benefits to humans (Kan et al., 

2017; Pradhan et al., 2017). It exists mainly as anions of Cr2O7
2-, CrO4

2-, HCrO4
- or H2CrO4 

species in aqueous media depending on pH (Barrera-Díaz et al., 2012, Hamilton et al., 2018). 

The speciation of Cr(VI) in aqueous solution as a function of pH is shown in Fig 2.3 and 

determines chemical and biological characteristics. The following equations represent some of 

the equilibrium reactions governing Cr(VI) ion speciation in aqueous media: 

 

𝐻2𝐶𝑟𝑂4 ⇌ 𝐻+ + 𝐻𝐶𝑟𝑂4
−  pka1 = 0.74               (2.4) 

𝐻𝐶𝑟𝑂4
− ⇌ 𝐻+ + 𝐶𝑟𝑂4

2−  pka2 = 6.50               (2.5) 

2𝐻𝐶𝑟𝑂4
− ⇌ 𝐶𝑟2𝑂7

2− + 𝐻2𝑂                  (2.6) 



17 

 

0 2 4 6 8 10 12 14

0

20

40

60

80

100

%
 s

p
e

c
ie

s

pH

 H
2
CrO

4

 HCrO
-

4

 CrO
2_

4

 Cr
2
O

2-

7

 

Fig 2.3  Speciation of Cr(VI) species in aqueous solution at different pH values (Barrera-

Díaz et al., 2012). 

 

Cr(VI) is mostly found in industrial effluent from metallurgy, electroplating, alloying factories, 

nuclear power stations, photography, cement manufacture, leather tanning processes, wood 

preservation, paint and pigment production, etc (Butera et al., 2015; Chen et al., 2016). The 

hexavalent species are very mobile, strongly oxidising, toxic agents that are carcinogenic, 

mutagenic and teratogenic in the biosphere (Medda & Mondal, 2017). Human exposure or 

ingestion of Cr(VI) causes dermatitis, pneumonitis, gastrointestinal discomfort, bronchogenic 

carcinoma and haemorrhage amongst a myriad of other health problems due to its strong 

oxidising ability and solubility into the cell matrix (Yadav et al., 2013). All forms of chromium 

have no metabolic or physiological benefit to plant life but merely inhibit plant development 

by interfering with important physiological processes such as nutrient uptake and chlorophyll 

synthesis (Shahid et al., 2017). 

 

The hexavalent form of chromium is difficult to remove from aqueous solution by chemical 

precipitation since it does not form insoluble compounds. Hexavalent chromium can be 

reduced to less mobile, less harmful and easily precipitable trivalent chromium using various 

techniques and reagents. Cr(III) is precipitated as Cr(OH)3 from aqueous media. The reduction 

of Cr(VI) to Cr(III)  is usually performed using ferrous salts. The reduction is very slow, taking 

months or even years but the rate increases significantly at pH values less than 3 (Jardine et al., 

1999):  
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6𝐹𝑒2+ + 𝐶𝑟2𝑂7
2− + 14𝐻+ ⇌ 6𝐹𝑒3+ + 2𝐶𝑟3+ + 7𝐻2𝑂              (2.7) 

3𝐹𝑒2+ + 𝐻𝐶𝑟𝑂4
− + 7𝐻+ ⇌ 3𝐹𝑒3+ + 𝐶𝑟3+ + 4𝐻2𝑂               (2.8) 

𝐶𝑟3+ + 3𝑂𝐻− ⇌ 𝐶𝑟(𝑂𝐻)3 ↓                  (2.9) 

 

Increase in reduction rate at low pH can be due to charge distribution and configurational 

changes caused by the formation of hydro-complexes. The process yields a solid sludge of 

ferric hydroxide causing disposal problems. It is also not appropriate for remediation of dilute 

Cr(VI) solutions as large volumes of chemical precipitants are required. Other techniques such 

as electrochemical methods, photocatalysis and use of microbes have been reported in the 

literature for the reduction of Cr(VI) to Cr(III). The biological method is inexpensive since it 

only requires a carbon source but at high Cr(VI) concentrations, the cellular matrix is 

destroyed. Studies show that Cr(III) can be oxidised by MnO2 to Cr(VI), hence its imperative 

to measure total chromium when determining water quality standards for chromium in the 

environment, rather than just base it on the measurement of Cr(VI). This is due to the possibility 

of interconversions between the +3 and +6 chromium species due to presence of iron and 

manganese oxides in the lithosphere (Schroeder & Lee, 1975; Izbicki et al., 2015). 

2.3 TOXIC METALS DECONTAMINATION TECHNIQUES 

Water can rid itself of dirt through natural sedimentation and dilution processes. The presence 

of pollutants at high concentrations in municipal and industrial wastewater renders these 

processes useless. Environmental scientists and engineers have applied biological, chemical 

and physical methods for remediation of metal ions from wastewater. The methods utilised 

include microbial, solvent extraction, membrane technologies, photochemical, 

electrochemical, precipitation, aerobic and anaerobic digestion, adsorption, etc (Fu et al., 2012; 

Vander Hoogerstraete et al., 2013; Lakherwal, 2014; Gunatilake, 2015; Edebali & Pehlivan, 

2016; Al-Saydeh et al., 2017; Priyadharsan et al., 2017; Smily & Sumithra, 2017; Abdi et al., 

2018; Mei & Tang, 2018). The conventional removal methods show drawbacks such as: (1) 

the need for high technical expertise, (2) expensive chemical reagents and operating conditions, 

(3) high energy demand, (4) production of toxic waste products creating a secondary disposal 

problem and (5) poor removal efficiency at trace pollutant concentrations (Semerjian, 2018). 

The adsorption process is the best option amongst the various conventional pollutant 

sequestration methods due to its simple design, the possibility of metal recovery through the 
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regeneration of adsorbent and ability to decontaminate wastewater at very low pollutant 

concentrations (µg/dm3 or ppb levels) (Renu et al., 2017; Al-Senani et al., 2018; Fang et al., 

2018). 

2.3.1 Chemical precipitation 

Metal ions react with hydroxides, sulphides, carbonates and other chemicals to form insoluble 

metal precipitates (Chen et al., 2018). The technique produces large quantities of sludge which 

may be toxic or difficult to dispose of and is not metal selective (Gunarathne et al., 2019). Two 

of the main chemical precipitation methods used are hydroxide and sulphide precipitation, but 

commercial chelating agents such as dithiocarbamate, dithiocarbamic acid dipotassium salt, 

amino dithiocarbamate and thiourea can also be used to precipitate metal ions (Ma et al., 2019). 

 Hydroxide precipitation 

It involves the use of metal hydroxides to raise the solution pH to between 9 and 11 forming 

insoluble hydroxides (Wang & Chen, 2019). The formation of the insoluble precipitate is 

shown in Eq 2.10: 

 

𝑀𝑛+ + 𝑛(𝑂𝐻)− → 𝑀(𝑂𝐻)𝑛 ↓               (2.10) 

 

where Mn+ denotes the soluble pollutant metal ions, OH- is the hydroxide precipitant and 

M(OH)n represents the pollutant metal hydroxide precipitate. Mirbagheri & Hosseini (2005), 

using Ca(OH)2 and NaOH removed Cr(VI) and Cu(II) from aqueous solution at pHs 8.7 and 

12, respectively. They reported a reduction of Cr(VI) concentration from 30 mg/dm3 to 0.01 

mg/dm3 and that of Cu(II) from 48.51 mg/dm3 to 0.694 mg/dm3. Addition of coagulants such 

as iron salts and alum has been reported to reduce residual trace metal concentration during 

hydroxide precipitation (Azimi et al., 2017). Major limitations to the removal process include 

(1) accumulation of large volumes of toxic, low-density sludge causing disposal and 

dewatering problems, and (2) since some metal hydroxides are amphoteric, in an effluent with 

mixed metals, the optimum pH for precipitation of one metal might end up putting the other 

back into the mother liquor (Lewis, 2017). 
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 Sulphide precipitation 

Metal sulphides are not amphoteric and are less soluble than metal hydroxides resulting in a 

reduced residual concentration of trace metals over a wider pH range. The sulphide sludges 

also show better thickening and dewatering properties than their corresponding hydroxide 

sludges. The process involving the use of iron pyrites at low pH (< 3) was used by Li and co-

researchers (2019) in the removal of Tl(I) to less than 1 μg/dm3. The main drawback is that the 

process can result in the evolution of toxic H2S fumes as shown in the following equations: 

 

𝐹𝑒𝑆 + 2𝐻+ → 𝐻2𝑆 ↑ +𝐹𝑒2+                (2.11) 

𝑀+ + 𝐻2𝑆 → 𝑀2𝑆 ↓ +2𝐻+                (2.12) 

 

where M+ represents a monovalent metal ion, and M2S is the insoluble metal sulphide. Another 

disadvantage is that the sulphide precipitates are colloidal causing separation problems, 

especially during settling or filtration. Metal ions can also be precipitated using sulphate-

reducing bacteria (SRB) (Zhu et al., 2019), under anoxic conditions as represented in the 

following equation: 

 

3𝑆𝑂4
2_ + 2𝐶𝐻3𝐶𝐻(𝑂𝐻)𝐶𝑂𝑂𝐻 → 3𝐻2𝑆 + 6𝐻𝐶𝑂3

−             (2.13) 

 

where CH3CH(OH)COOH is an organic compound. The H2S reacts with the divalent metal ion 

as in Eq 2.12 forming an insoluble metal sulphide. Studies utilising the SRB in the treatment 

of acid mine drainage have been reported in the literature (Sato et al., 2018). 

2.3.2 Ion exchangers 

Natural (clay, zeolites, soil humus, montmorillonite) or man-made ion exchange resins can 

decontaminate toxic metal ions from large solution volumes. They exchange their ions for the 

metal ions in solution. The synthetic resins can be anionic, cationic or amphoteric depending 

on the type of active ion groups (Na+, K+, Cl-, H+, OH-, COO-, NH3
+, SO4

2-, PO4
3-, et cetera) 

that they possess. This accounts for their fast kinetics and good metal ion selectivity (Nemati 

et al., 2017; Calmon, 2018): 

 

𝑛(𝑅 − 𝑆𝑂3𝐻) + 𝑀𝑛+ → (𝑅 − 𝑆𝑂3
−)𝑛𝑀𝑛+ + 𝑛𝐻+             (2.14) 

𝑛(𝑅 − 𝐶𝑂𝑂𝐻) + 𝑀𝑛+ → (𝑅 − 𝐶𝑂𝑂−)𝑛𝑀𝑛+ + 𝑛𝐻+            (2.15) 
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where Mn+ is the pollutant metal cation. The major limitations of ion exchangers include (1) 

waste disposal after regeneration of the active sites, (2) sensitive to wastewater pH, (3) high 

level of technical expertise, (4) expensive plant operation and maintenance costs, (5) matrix 

fouling due to the presence of organics and particulate matter in the effluent and (6) the 

presence of competing ions (Kononova et al., 2015; Zewail & Yousef, 2015; Figueiredo et al., 

2018). 

2.3.3 Membrane technology 

It involves physical separation of components utilizing a permeable membrane and encampuses 

several separation and purification techniques such as (1) pressure-driven (microfiltration, 

nanofiltration, reverse osmosis, ultrafiltration), (2) concentration driven (dialysis, 

pervaporation, forward osmosis), (3) electric potential driven (electrodialysis, membrane 

electrolysis, electrofiltration, electrodeionization) and (4) temperature-driven (membrane 

distillation) (Qiu & Mao, 2013; Pal et al., 2014; Víctor-Ortega & Ratnaweera, 2017). The 

membrane techniques use fewer chemicals and generate low amounts of waste but have high 

operating costs and require a high level of technical expertise (Abejón et al., 2015). 

2.3.4 Electrochemical treatment 

It involves passing a current through the metal infested effluent across electric plates. The 

electric discharge of the metal cations takes place at the cathode. This technology is presumed 

to be ‘clean’ as it does not use chemical reagents. It includes techniques such as 

electrodeposition, electrofloatation and electrocoagulation (Adjeroud et al., 2015; Thakur & 

Mondal, 2017). The main disadvantage of electrochemical treatment is that the techniques are 

expensive due to periodic replacement of electrodes, high technical expertise and high energy 

demand (Hashim et al., 2017; Rosales et al., 2018). A 100 % removal efficiency of both Ni(II) 

and Zn(II) was reported by Kabdaşli and co-workers (2009) using electrocoagulation 

technique. Khelifa et al. (2005) achieved removal efficiency of 98 % during reclaiming of 

Ni(II) and Cu(II) infested wastewater using electrofloatation. Using electrodeposition together 

with ultrasound, Chang and colleagues (2009) treated EDTA-copper effluent, simultaneously 

recovering elemental copper and decomposing EDTA. 



22 

 

2.3.5 Photocatalysis 

This wastewater reclamation technique simultaneously degrades organics and recovers metals 

at very low concentrations in one-pot systems (Shayegan et al., 2018). This gives the process 

an edge over classical metal recovery techniques like hydrometallurgy which are inhibited if 

the effluent contains organics. The photocatalysts transmit electrons from organic molecules 

to metal ions. Photocatalysis involves irradiation of semiconductor-electrolyte interface using 

ultraviolet-near visible region photons with energy greater than the semiconductor band gap. 

The irradiation creates electron-hole pairs (𝑒−/ℎ+) in the conduction band (CB) and valence 

band (VB) of the semiconductor. The 𝑒−/ℎ+ pairs need to be trapped using chemical species 

to avoid their recombination. Hydroxide ions are used to trap the holes generating highly 

oxidising hydroxyl radicals (𝑂𝐻∙). Adsorbed oxygen species trap the electrons forming strong 

reducing superoxide species (𝑂2
−) (Litter, 2017). A variety of semiconductor catalysts which 

include CeO2, CdS, TiO2 and ZnO, among others have been used with the best degradation 

performance being reported with TiO2. The proposed mechanism for photocatalysis over TiO2 

involves: 

 

𝑇𝑖𝑂2 + ℎ𝑣 → 𝑇𝑖𝑂2 + 𝑒𝐶𝐵
− + ℎ𝑉𝐵

+                (2.16) 

𝑇𝑖𝑂2 + 𝑂𝐻− + ℎ+ → 𝑇𝑖𝑂2 − 𝑂𝐻−               (2.17) 

𝑂2 + 𝑒− → 𝑂2
−                 (2.18) 

 

The photocatalysts can also be doped enhancing their remediation activity. Rengaraj et al. 

(2007) doped TiO2 with neodymium (Nd) using sol-gel method and applied the composite for 

photocatalytic reduction of Cr(VI) with ultraviolet radiation. 

2.3.6 Adsorption 

Adsorption is a ‘green’ surface separation technique in which gas or liquid particles (adsorbate) 

form a thin layer on the internal and external surfaces of solid particles (adsorbent or substrate) 

(Yang et al., 2019). It is a multi-step process on porous materials as shown in Fig 2.4, involving 

(1) the bulk transport of adsorbent into the adsorbate solution, (2) film diffusion of adsorbate 

to the external surface of adsorbent across the hydrodynamic film or boundary layer, (3) 

intraparticle diffusion of adsorbate onto the internal surface of the adsorbent, and (4) 

attachment of adsorbate to an adsorbent surface (Tran et al., 2017). 
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The adsorption process is simple, selective, inexpensive, sludge-free and leads to metal 

recovery after regeneration of adsorption active sites (Hu & Zhang, 2019). Adsorption is the 

most effective micropollutant remediation technique and forms no toxic intermediates or by-

products unlike most degradation techniques (Gao et al., 2017; Gan et al., 2018). There are four 

types of adsorption: (1) physical, (2) chemical, (3) ion exchange and (4) microprecipitation 

(Robalds et al., 2016). 

 

 

Fig 2.4  Schematic diagram showing adsorption on a porous adsorbent (Tran et al., 

2017). 

 Physical adsorption 

Physical adsorption or physisorption is non-specific and is due to electrostatic and van der 

Waals’ forces (Keesom, Debye and London interactions). The process is reversible (activation 

energy is low) and is depended on the surface area. It is exothermic with low free Gibbs energy 

ranging between -20 and 0 kJ/mol and a decrease in entropy (Anatsopoulos & Kyzas, 2016; 

Sarkar & Paul, 2016). This type of adsorption can result in mono- or multilayers of the 

adsorbate. 
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 Chemical adsorption 

Chemical adsorption or chemisorption is specific and due to valence forces between the 

adsorbent and adsorbate forming a chemical bond. The process is irreversible with free Gibbs 

energy in the range -400 to -80 kJ/mol (Anastopoulos & Kyzas, 2016). It only results in 

monolayer adsorption. 

 Ion exchange adsorption 

It is a physicochemical process entailing the exchange of ions between the surface functions 

on the adsorbent and the adsorbate ions. 

 Microprecipitation or surface precipitation 

This is localised precipitation of adsorbate on the adsorbent surface or inside adsorbent pores 

(Robalds et al., 2016). 

 Factors affecting the adsorption of metal ions 

The type and intensity of interaction between adsorbent surface functions and adsorbate metal 

ions depend on several experimental variables such as adsorbent particle size, size of metal 

ions, solution pH, initial concentration of metal ions, presence of competing ions, adsorbent 

dose, agitation speed, contact time, etc (Peng et al., 2017). The following are some of the factors 

that affect the immobilization of metal ions from the liquid onto the solid phase: 

2.3.6.5.1 Adsorbent particle size 

A decrease in particle size of adsorbent might result in an increase in adsorption capacity of 

metal ions due to an increase in the number of exposed adsorption active sites. Ben-Ali and co-

researchers (2017), showed an increase in uptake of Cu(II) ions on raw pomegranate peel 

adsorbent with a decrease in adsorbent particle size. Other researchers showed that a decrease 

in adsorbent particle size does not necessarily translate into a concomitant increase in 

adsorption capacity of metal ions especially with adsorption on porous materials (Rouquerol et 

al., 2014). The authors deduced that adsorption capacity should be depended on an increase in 

the internal surface area since on porous adsorbents the contribution of the external surface 

area to the total surface area is negligible. 
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2.3.6.5.2 Size of metal ions 

Adsorption of metal ions depends on adsorbate ionic radius. A large ionic radius will result in 

a quick saturation of adsorption sites, largely due to steric overcrowding (Wang et al., 2017; 

Fakhre & Ibrahim, 2018) 

2.3.6.5.3 pH of solution 

The most important variable affecting metal ion adsorption is the pH of the medium as it 

influences the type of adsorbate-adsorbent interaction. Wei and co-workers (2019) reported 

different As(III) adsorption capacities onto β-MnO2 at pH’s 4, 7 and 9. The pH of the solution 

influences the amount of electric charge on the surface of the adsorbent. If solution pH > pHpzc 

(pHpzc is the pH at point of zero charge and denotes the solution pH at which the adsorbent 

surface charge is zero) the adsorbent surface has a negative charge, and if pH < pHpzc the 

adsorbent surface is positively charged. Solution pH also determines the adsorbate speciation 

and adsorbate availability for adsorption (Kupeta et al., 2018). At low solution pH, H3O
+ ions 

compete with metal ions for adsorption sites, while at high solution pH, some metal ions 

besides competing with OH- ions for adsorption sites precipitate as insoluble hydroxides giving 

false adsorption capacities. A change in pH can be used to achieve the desorption of metal ions 

and the regeneration of adsorption sites (Park et al., 2017). 

2.3.6.5.4 The initial concentration of metal ions  

The initial metal ion concentration determines the concentration gradient required to overcome 

the resistance to mass transfer at the liquid-solid interface (Gupta et al., 2017). Ibisi and 

Asoluka (2018), showed an increase in uptake of Pb(II) and Cd(II) ions on Musa paradisiaca 

peels (agro-waste) adsorbent with an increase in initial metal ion concentration up to a certain 

level, showing saturation of adsorption sites. 

2.3.6.5.5 Temperature  

Temperature is the average kinetic energy of the particles during the adsorption process and 

influences the ionization of functional groups since the dissociation constants, pK values are 

temperature-dependent. It also affects the stability of metal ions and the adsorption complexes 

at the adsorption binding sites (Fakhre & Ibrahim, 2018; Ibisi & Asoluka, 2018). The 

experimental data on the effects of temperature is used to calculate the adsorption 

thermodynamic parameters. 
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2.3.6.5.6 Adsorbent dosage concentration 

The increase in the mass amount of adsorbent increases the number of adsorption binding sites 

and the adsorption capacity. Some researchers have observed a decrease in adsorption capacity 

with an increase in adsorbent dose. This was attributed to a shortage of pollutant in solution 

causing some adsorption sites to remain vacant or interference between adsorption binding sites 

(Gupta et al., 2017; Foroutan et al., 2018; Huang et al., 2018). 

 Limitations of adsorption 

Adsorption has not attained much prominence on commercial-scale applications, regardless of 

its inherent merits over other wastewater treatment technologies. This might be attributed to: 

(1) failure of adsorbents to reclaim effluents with a myriad of pollutants, (2) inability of the 

adsorbents to perform optimally on commercial-scale columns, and (3) lack of adsorbents 

exhibiting superior adsorption capacities towards the target pollutants (Santhosh et al., 2016). 

Despite the drawbacks, adsorption is still a promising technology in wastewater treatment for 

the future. Current scholarly interest is focused on nanosize adsorbents as they show unique 

properties towards contaminants in wastewater due to their small size, high porosity and active 

surfaces towards different chemical species. 

2.4 DESORPTION 

The desorption process involves the reversal of the adsorbate-adsorbent interaction at the 

adsorption binding site. The desorption experimental data is useful in the determination of the 

adsorption mechanism, metal recycling and regeneration of the adsorption binding sites (Dubey 

& Sharma, 2017). The use of chemical reagents such as HCl, NaOH, CH3COOH and H2O to 

desorb the metal ions gives an insight into the type of adsorbate-adsorbent interaction. A small 

volume of the desorbing agent is utilised and it should not alter the adsorption binding sites to 

enable the use of adsorbent in the next adsorption cycles. 

2.5 TYPES OF ADSORBENTS 

The traditional adsorbents are clays, zeolites, carbons, activated alumina, silica gel, polymers 

and resins (Rao & Kashifuddin, 2016; Tzvetkov et al., 2016; Sui et al., 2017; Wang et al., 2017; 

Zhu et al., 2017; Jiang et al., 2018; Kumari et al., 2019). The majority of these adsorbents are 

synthetic, expensive and non-biodegradable. Micro-organisms and agricultural waste products 

have been investigated as potential low-cost and effective adsorbents (Rwiza et al., 2018; Elahi 
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et al., 2020). With the advent of nanotechnology, nanoscale metal oxides have been widely 

applied as adsorbents for several pollutants in wastewater (Zhang et al., 2013; Wang et al., 

2015). A number of these metal oxides such as those of Mn, Fe and Cu are already present in 

the environment and show no toxicity to life. 

2.5.1 Nanosize metal oxides (NMOs) 

Naturally occurring metal oxides are known to immobilise trace metal species from the 

hydrosphere (Zhang et al., 2012). Current scholarly research has shown that nanosize oxides 

of polyvalent metals like Cu(II), Al(III), Fe(III), Mn(IV), Ti(IV) and Zr(IV) have excellent 

adsorption capacities, high surface area and selectivity towards trace metal ions from aqueous 

solution (Wang et al., 2015; Nasir et al., 2019). These nanosize metal oxides (NMOs) show 

very different characteristics from their bulk counterparts due to the size-quantization effect 

(Namratha & Byrappa, 2012). The NMOs do not just adsorb the trace metal ions but are also 

able to oxidise or reduce them to less toxic and easily removable species from aqueous 

solutions (Zhang et al., 2012). Interactions between trace metals and NMOs are not fully 

understood and this hinders the development of appropriate trace metal remediation 

technologies. Since the retention mechanism of heavy metal ions on NMOs is not completely 

known, the term ‘sorption’ should describe the process correctly. Sorption implies the removal 

of metal ion species from the liquid onto the solid phase and encompasses adsorption, surface 

precipitation and fixation (diffusion of adsorbed metal ions into metal oxide lattice). A variety 

of methods such as co-precipitation (Sharma & Ghose, 2014), simultaneous redox and co-

precipitation (Lü et al., 2013), sol-gel (Tabesh et al., 2018), microwave-assisted (Cheng et al., 

2016) and biological (Gunalan et al., 2012) procedures have currently been used to synthesize 

NMOs. 

 Importance of impregnating NMOs on a porous support 

The NMOs have high affinity and fast kinetics towards inorganic and organic contaminants in 

wastewater. A major drawback of NMOs is agglomeration into large particles in aqueous media 

due to van der Waals forces and/or other interactions resulting in a reduction of adsorption 

capacity (Santhosh et al., 2016). This hampers their use in flow-through or fixed-bed systems. 

The NMOs are usually synthesized as fine and ultrafine particles lacking mechanical strength 

causing pressure drops when applied in a column. To overcome such technical bottlenecks, it 

is necessary to impregnate the NMOs onto large porous support such as activated carbon, clays, 
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graphene, silica, synthetic polymers, etc (Hua et al., 2012). Adsorption capacity of 413.22 mg/g 

on congo red removal was achieved by Satheesh et al. (2016) using α-Fe2O3 (haematite) 

nanoparticles. 

 Magnetic nanosize metal oxides  

Magnetic nanosize metal oxide and/or magnetic nanoparticle (MNP) adsorbents which are easy 

to recycle and regenerate in a magnetic field have been synthesized and applied for 

environmental cleanup in aqueous systems. This greatly reduces process cost and improves 

operational efficiency. A magnetic MnFe2O4-graphene composite achieved adsorption 

capacities of 100 mg/g and 76.90 mg/g for sequestration of Pb(II) and Cd(II) at pHs 5 and 7 

respectively from wastewater (Chella et al., 2015). Muthukumaran et al. (2016), using Fe3O4 

(magnetite) MNPs reported an adsorption capacity of 166.17 mg/g for remediation of crystal 

violet from wastewater. 

 Adverse effects of metal oxides nanoparticles 

The cytotoxicity and/or genotoxicity of metal oxide nanoparticles to human tissue is not fully 

understood and requires further investigation (Dasari et al., 2013; Goix et al., 2014; Ko & 

Kong, 2014). Some authors have published on potential effects of NMOs to plants and 

microbes due to their involvement in biological and geochemical cycling in the environment. 

Nanotoxicity of the metal oxides is predicted to be largely due to the release of ions from the 

nanoparticle adsorbents (Seabra & Durán, 2015). This is particularly important during 

reclamation of wastewaters at low pH since it is known that metallic ions can leach in very 

acidic media. 

 Biogenic (green) synthesis of nanosize metal oxides 

Classical synthetic routes of NMOs require toxic reagents, sophisticated instrumentation and 

high temperatures. This has led some researchers to develop eco-friendly biological synthetic 

pathways for the metal oxide nanoparticles using different microflora (bacteria, fungi, algae, 

etc). The biological/biogenic synthetic pathways are simple and cost-effective since there is no 

intensive use of hazardous chemicals and electrical energy. The main technical challenges to 

biogenic synthetic routes include (1) problems with scaling up production, (2) difficulty with 

the design of reproducible procedures, (3) lack of control of nanoparticle sizes and distribution, 

and (4) failure to elucidate the biochemical reaction mechanisms for the formation of the 
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nanoparticles (Gunalan et al., 2012; Adner et al. 2013; Arthi et al. 2015; Bai et al. 2015; 

Hajizadeh-Oghaz et al. 2015; Seabra & Durán, 2015). 

2.5.2 Low-costs adsorbents 

An adsorbent can be considered low-cost if it requires little processing, is abundant in nature 

or is a by-product or waste material from another industry. These include micro-organisms, 

industrial by-products and agricultural wastes. 

 Micro-organisms 

Micro-organisms (fungi, algae and bacteria) are eco-friendly, low-cost and effective adsorbents 

in wastewater decontamination. Substantial research has been conducted on the use of live and 

dead microbial cells as adsorbents for pollutant removal from wastewater. Use of dead 

microbes is advantageous because (1) they do not need a constant supply of nutrients hence a 

decrease in the levels of chemical oxygen demand and biological oxygen demand, (2) the 

adsorbents can be easily regenerated and reused for several cycles, and (3) dead microbes are 

not affected by toxic waste (Jobby et al. 2018). Many yeast, algae and bacteria have shown the 

capability to remove metal ions from dilute aqueous solutions. Dead cells can remove heavy 

metal ions to the same or greater extent than living cells. The reason for this is the inhibition 

of microbial growth when the concentration of metal ions becomes high or when significant 

amounts of metal ions have been adsorbed by the micro-organisms. Cell walls of eubacteria 

are made up of a polysaccharide called peptidoglycan and that of archaebacteria consists of the 

polysaccharide pseudomurein. The fungal cell walls are made from the polysaccharides chitin 

and chitosan. Algae cell walls are mainly cellulose. These polysaccharides have functional 

groups (amino, amido, carboxyl, hydroxyl, phosphate and sulphate) which can act as 

adsorption active sites for metal immobilization. Metal uptake by different parts of inactive 

microbial cells is a complex phenomenon. It can occur via different passive processes including 

complexation, chelation, co-ordination, ion-exchange, precipitation and reduction. The metal 

adsorption kinetics has been proposed to take place in two stages. The first rapid stage, thought 

to be physical adsorption or ion-exchange occurs at the cell surface. The subsequent stage is 

slower and due to chemisorption. Chemicals isolated from the microbial biomass (e.g. chitin, 

chitosan and alginate) are also used as adsorbents (Bishnoi, 2016; Hussain et al., 2016; Esmaeili 

& Beni, 2018; Shen & Chirwa, 2020). 
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 Industrial by-products 

Industrial activities in power generation, metallurgy, fertiliser, paper, and leather industries 

produce huge amounts of solid waste. Use of these industrial by-products as low-cost 

adsorbents reduces the volume of waste materials and pollution of industrial wastewaters. 

Some of the industrial wastes products that have been investigated as adsorbents for 

sequestration of heavy metal ions include fly ash, metallurgical slag, red mud, activated sludge, 

etc (Crini et al., 2019; Kumar et al., 2019; Sellner et al., 2019). 

 Agricultural wastes 

Agricultural by-products are high volume, low value and underutilized biopolymers which can 

pose a serious environmental disposal problem. Their use in adsorption will contribute 

significantly to environmental protection and additional income to farmers. Use of agricultural 

by-products as adsorbents is a cost-effective alternative for wastewater treatment. Usually, the 

biomass that one would not suspect to have adsorptive properties can show the ability to 

effectively remove metal ions from solution, for example, crushed eggshells, bones, etc 

(Sulyman, 2016; Tabatabaee et al., 2016; Anastopoulos et al., 2017; Sulyman et al., 2017; 

Afroze & Sen, 2018; Sharma et al., 2018). 

 

Agricultural waste products (biosorbents) are used in the treatment of industrial wastewater in 

their natural form or after modification. Biosorbent modification involves physical (usually 

thermal) or chemical manipulation of biomaterial surface properties such as type and amount 

of functional groups, surface area and porosity by extraction of chemical components. The use 

of untreated agricultural waste as adsorbents results in high chemical and biological oxygen 

demand caused by leaching of soluble organics, reducing the content of oxygen in water thus 

threatening aquatic organisms. Hence, modification of biomass is essential to preventing 

colouration of treated wastewater and disintegration of biosorbent during prolonged contact 

with water, thereby (1) increasing the adsorption capacity of the biosorbent by swelling of the 

material to increase the internal and external surfaces, and (2) modifying biosorbent surface to 

increase cation exchange capacity and allow for penetration of polyfunctional organic moieties 

into the biosorbent matrix to increase biosorption sites (Afroze et al., 2016, Ali et al., 2016; 

Gupta et al., 2016; Wang et al., 2016; Zhou et al., 2016). 
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Agricultural waste materials show good reactivity since most are lignocellulosic (mainly 

contain lignin, hemicelluloses and cellulose). They possess acetamido, hydroxyl, carboxyl, 

carbonyl, phenolic, imine, amine, imidazole, thioether, phosphate, phosphodiester and 

sulphydryl functional groups. These functional groups can undergo chemical derivatization via 

esterification, etherification, hydrolysis, enzymatic degradation, oxidation or grafting reactions 

(Ghani et al., 2017; Guo et al., 2017; Noor et al., 2017; Yang et al., 2019). Several biomass 

modification techniques which include the use of mineral or organic acids (sulphuric acid, 

nitric acid, phosphoric acid, hydrochloric acid, citric acid, tartaric acid), strong bases (calcium 

hydroxide, sodium hydroxide, sodium carbonate), oxidising agents (Fenton’s reagent, 

potassium permanganate), organic compounds (ethylenediaminetetraacetic acid, 

formaldehyde, epichlorohydrin), grafting and solvent extraction have been reported in the 

literature by several authors (Ofomaja et al., 2012; Reddy et al., 2012; Pholosi et al., 2013, Qiu 

et al., 2017; Kupeta et al., 2018; Owu-Owolabi et al., 2018; Wen et al., 2018; Pyrzynska, 2019). 

2.6 BIOCHAR 

Biochar consists of 30-70 percent carbon and is fabricated by thermal combustion of biomass 

in limited or zero amount of oxygen (Ahmad et al., 2014, Guo et al., 2019). For ages, farmers 

have been utilising biochar for soil amendment and in recent times, environmental scientists 

and engineers have applied it for remediation of heavy metal-laden wastewaters. The carbon 

skeleton in the biochar can act as a nucleophile or Lewis base facilitating reduction and/or 

immobilization of heavy metals (Pradhan et al., 2017). In comparison to activated carbon, 

biochar is a low-cost adsorbent since it is carbonized below 800 °C. The physicochemical 

properties of biochar depend on the biomass feed and preparation conditions (Li et al., 2018). 

The biochar has high porosity giving it a large surface area and making it a good candidate to 

act as a host/support for nanometal oxides which tend to agglomerate or aggregate during 

adsorption (Lee et al., 2017; Yang et al., 2019). The engineered biochar-nanometal oxide 

composites have exhibited excellent heavy metal adsorptive capabilities (Zhou et al., 2018). 

2.7 OPTIMIZATION OF WORKING PARAMETERS 

The optimization of experimental procedures entails the determination of levels of independent 

variables that produce the maximum desired result (response). This can be accomplished using 

the one-variable-at-a-time technique, which has two main disadvantages: (1) the interaction 

between independent variables is ignored and (2) many experiments need to be performed 
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increasing operational expenses (Bezerra et al., 2008). As an alternative, researchers exploit 

multivariate techniques such as response surface methodology (RSM). 

2.7.1 Response surface methodology (RSM) 

Response surface methodology uses mathematical modelling to establish the relationship 

between several independent variables and the response(s) (Sadhukan et al., 2016). The 

multivariate technique comprises experimental design, statistical analysis and optimization 

techniques. It was first developed by Box and Wilson (1951) and is applicable in situations 

were (1) several independent variables determine the response(s) and (2) the relationship or 

underlying mechanism between the independent variables and the response(s) is/are unknown. 

The technique simultaneously optimizes the levels of the independent variables to attain the 

maximum response and generates a response function which describes the process (Baş & 

Boyacı, 2007). The term response surface methodology emanates from a graphical presentation 

of the independent variables and the response. The response values are viewed as a surface 

lying above the plane of the independent variables as in Fig 2.5(a), which shows the graphical 

relationship between the response (yield %) and the two independent variables (time and 

temperature). When all points with the same response in the plane of the independent variables 

are joined as in Fig 2.5(b), a contour plot results (Myers et al., 2008). 

 

 

Fig 2.5  (a) Response surface between yield % (response) and the independent variables 

(time and temperature) and (b) Contour plot of the response surface (Myers et al., 2008). 

2.7.2 Phases in response surface methodology 

The optimization of independent variables using response surface methodology is undertaken 

in phases: (1) screening experiment to eliminate independent variables with little effect on the 

response and identification of the experimental region, (2) coding of independent variables, (3) 
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experimental design to estimate the applicable response function using linear or quadratic 

response modelling, (4) statistical evaluation of the response function, and (5) determination 

of optimum levels of the independent variables (Bezerra et al., 2008). 

2.8 MODELLING OF ADSORPTION DATA 

The mathematical fitting of adsorption experimental data to kinetic and equilibrium isotherm 

equations serves to measure the potential of the adsorbent, influence engineering design of the 

adsorption system and contributes towards the elucidation of the remediation mechanism. In 

addition to kinetic and equilibrium isotherm parameters, the adsorption mechanistic pathway 

is correctly postulated by also considering (1) speciation of the adsorbate, (2) surface properties 

of adsorbent, (3) data from analytical instrumentation, (4) desorption studies and (5) 

thermodynamic parameters (Albadarin et al., 2012; Tran et al., 2017). 

2.8.1 Kinetics of adsorption 

Adsorption experimental data is analysed using kinetic and diffusion parameters to establish 

the rate of adsorbate transportation to the adsorbent external and internal surfaces (Tran et al., 

2017). The kinetic and diffusion parameters are studied using different mathematical models 

including pseudo-first-order (Lagergren, 1898), pseudo-second-order (Blachard et al., 1984), 

intraparticle diffusion models (Weber & Morris, 1963) etc. and are useful in the determination 

of the adsorption mechanism. To determine the adsorption mechanism, the adsorption kinetics 

and diffusion parameters should be used in conjunction with (1) analytical and spectroscopic 

methods, (2) knowledge of the physicochemical properties of an adsorbent surface, (3) data on 

the chemical speciation of the adsorbent in solution, and (4) adsorption thermodynamics 

parameters (Lima et al., 2015; Lima et al., 2016; Tran et al., 2016). 

2.8.2 Equilibrium studies 

The equilibrium isotherms are invaluable curves showing the relations at a constant 

temperature between equilibrium concentrations of the adsorbate on the solid phase and in the 

liquid phase. The isotherm equation parameters can describe the adsorption mechanism, 

surface properties, adsorption capacities and compare adsorption performance. Since the 

isotherms express the adsorptive capability of the adsorbent this enables the evaluation of 

parameters which are important in optimising the adsorption process. The equilibrium isotherm 

models have been proposed in terms of three fundamental approaches: (1) kinetic 



34 

 

considerations, (2) thermodynamics, and (3) potential theory (Foo & Hameed, 2010; Ayawei 

et al., 2017). They can be classified according to the number of model equation parameters 

(Saadi et al., 2015). The Freundlich (Freundlich, 1906) and Langmuir (Langmuir, 1918) models 

(two-parameter) are the most commonly preferred isotherms. The other two-parameter models 

include Temkin (Temkin & Pyzhev, 1940), Dubinin-Radushkevich (Dubinin & Radushkevich, 

1947), Halsey (Halsey, 1948) and Flory-Huggins (Flory, 1953). The two-parameter models are 

usually used due to their simplicity which makes them easy to linearize. Linearization of the 

equations allows for the fitting of experimental data and determination of the isotherm 

parameters. The three-parameter isotherm models include Redlich-Petersen (Redlich & 

Petersen, 1959), Hill (Hill, 1946), Sips (Sips, 1948), Tóth (Tóth, 1971), Radke-Prausnitz 

(Radke & Prausnitz, 1972), Khan (Khan et al., 1996) and Koble-Corrigan (Koble & Corrigan, 

1952). The four-parameter models include Weber-Van Vliet (Weber & Van Vliet, 1979), Fritz-

Schundler (Fritz & Schundler, 1974) and Baudu (Baudu, 1990). The five-parameter models 

include Fritz-Schundler (Fritz & Schundler, 1974) and BET (Brunauer et al., 1938). In essence, 

isotherm model accuracy is a function of the number of independent parameters. A summary 

of equilibrium adsorption isotherms is presented in Fig 2.6. 
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Fig 2.6  Adsorption isotherm models (Rangabhashiyam et al., 2014). 
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2.8.3 Effect of linearization of kinetic and isotherm models 

The linear regression of kinetic and isotherm models makes it easy to determine the model 

parameters in liquid-phase adsorption systems. A drawback is that it can lead to biased 

estimates of non-linear model parameters. It is recommended that non-linear optimization of 

kinetic and equilibrium isotherm data be applied to eliminate bias between adsorption capacity 

values obtained from experiment and those estimated from mathematical models (Trans et al., 

2017). 

2.8.4 Error functions 

Statistical error functions are used as a guideline to measure the accuracy of linear and non-

linear mathematical models. They substantiate the quality of fit between experimental and 

modelled data (Tan & Hameed, 2017). 

 Linear error functions 

1. The coefficient of determination, 𝑅2 

It represents the proportion of variance in the dependent variable that can be explained by the 

linear regression line 0 ≤ 𝑅2 ≤ 1, with zero indicating that zero percent of the variation of the 

dependent variable (𝑞𝑒) has been explained by the regression equation. The coefficient of 

determination, 𝑅2 can be calculated using the following equation: 

 

𝑅2 =
(𝑞𝑒−𝑞𝑒,𝑚)

2

∑(𝑞𝑒−𝑞𝑒,𝑚)
2

+(𝑞𝑒−𝑞𝑒,𝑚)
2                (2.19) 

 

where 𝑞𝑒,𝑚 (mg/g) is the calculated adsorption capacity and 𝑞𝑒 (mg/g) is the experimental 

adsorption capacity also known as the base value. 

2. Percentage variance, % 𝑣𝑎𝑟 

Percentage variance or percentage variable error shows the ratio of the absolute variation to the 

base value. An absolute variation is a difference between 𝑞𝑒,𝑚 (mg/g) and 𝑞𝑒 (mg/g). The 

following equation can be used to elucidate the percentage variance: 

 

% 𝑣𝑎𝑟 =
100

𝑛
∑ (

𝑞𝑒,𝑚−𝑞𝑒

𝑞𝑒
)𝑛

𝑖=1                 (2.20) 
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The larger the % variance, the greater the variation between the calculated and experimental 

adsorption capacities. 

 Non-linear error functions 

The following are non-linear error functions for non-linear mathematical modelling: 

 

1. Sum of absolute errors (SAE): 

𝑆𝐴𝐸 = ∑ |𝑞𝑒,𝑚 − 𝑞𝑒|
𝑖

𝑛
𝑖=1                (2.21) 

2. Sum square errors (SSE): 

𝑆𝑆𝐸 = ∑ (𝑞𝑒,𝑚 − 𝑞𝑒)
𝑖

2𝑛
𝑖=1                (2.22) 

3. Average relative error (ARE): 

𝐴𝑅𝐸 =
100

𝑛
∑ |

𝑞𝑒−𝑞𝑒,𝑚

𝑞𝑒
|

𝑖

𝑛
𝑖=1                (2.23) 

4. Hybrid fractional error function (HYBRID): 

𝐻𝑌𝐵𝑅𝐼𝐷 =
100

𝑛−𝑝
∑ [

(𝑞𝑒−𝑞𝑒,𝑚)
2

𝑞𝑒
]

𝑖

𝑛
𝑖=1               (2.24) 

5. Marquardt’s percent standard deviation (MPSD): 

𝑀𝑃𝑆𝐷 = 100√
1

𝑛−𝑝
∑ (

𝑞𝑒−𝑞𝑒,𝑚

𝑞𝑒
)

𝑖

2
𝑛
𝑖=1               (2.25) 

6. Spearman’s correlation coefficient: 

𝑟𝑠 = 1 −
6 ∑ (𝑞𝑒−𝑞𝑒,𝑚)

𝑖

2𝑛
𝑖=1

𝑛(𝑛−1)2                (2.26) 

7. Standard deviation of relative errors (SRE): 

𝑆𝑅𝐸 = √∑ [(𝑞𝑒−𝑞𝑒,𝑚)−𝐴𝑅𝐸]
𝑖

2𝑛
𝑖=1

𝑛−1
               (2.27) 

8. Non-linear chi-square test: 

𝒳2 = ∑
(𝑞𝑒,𝑚−𝑞𝑒)

2

𝑞𝑒

𝑛
𝑖=1                 (2.28) 
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2.9 CONCLUSION 

Literature review on the types of trace metal pollutants in aqueous effluent, water 

decontamination techniques, types of adsorbents, response surface methodology and the 

mathematical modelling of experimental adsorption data is presented in this chapter. 
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CHAPTER 3 

3 EXPERIMENTAL PROCEDURES 

3.1 INTRODUCTION 

This chapter is divided into five main sections. The first part deals with the fabrication of the 

nanostructured ternary MFC metal oxide composite. It describes how the synthesis is optimized 

using the central composite design of response surface methodology technique. The second 

section involves characterization of the metal oxide nanocomposite using Fourier transform 

infrared spectroscopy, scanning electron microscopy, transmission electron microscopy, X-ray 

photoelectron spectroscopy, BET analysis and X-ray diffraction. Experiments to determine the 

surface charge of the adsorbent are also presented. The third and fourth segments describe 

experiments to determine the adsorption dynamics of Cr(VI) and As(III) anions onto the 

nanostructured MFC ternary metal oxide composite from simulated aqueous effluent. The fifth 

section covers the co-precipitation of the MFC metal oxide system onto biochar support and 

its application in the adsorption of As(III) and Cr(VI). 

3.2 CHEMICAL REAGENTS 

The chemical reagents were of analytical grade requiring no further purification and were 

supplied by Sigma-Aldrich (South Africa). The borosilicate glassware used in the 

investigations were soaked in and cleaned with 1 % HNO3 and rinsed several times with 

ultrapure water (18 mΩ.cm) from a MERCK Millipore Direct-Q® 8 UV (Germany) instrument 

before use. The use of ultrapure water is important since the oxides have a very high affinity 

for metal cations. The Cr(VI) and As(III) stock solutions and standards were prepared from 

potassium dichromate (K2Cr2O7.7H2O) and sodium arsenite (NaAsO2), respectively using 

ultrapure water. The different solution concentrations of Cr(VI) and As(III) at different pH 

values were prepared by serial dilution of the respective stock solutions and the pH values 

adjusted accordingly with 0.1 mol/dm3 of either HCl or NaOH. All the experiments were 

performed in a closed system. 
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3.3 PREPARATION OF NANOMETAL OXIDE COMPOSITES  

3.3.1 Multivariate optimization of the preparation of the ternary MFC metal oxide 

composite using Response Surface Methodology (RSM) 

A three-level-four-factor central composite design (CCD) method was applied from the 

Design-Expert software version 11.1.2.0 from Stat-Ease (USA) in the investigation of the effect 

of variables and the corresponding variable interactions on the responses to optimize the co-

precipitation of the nanostructured MFC ternary metal oxide. The independent test variables 

for the synthesis displayed in Table 3.1 were coded using the equation: 

 

𝑋 =
𝑥−[𝑥𝑚𝑎𝑥+𝑥𝑚𝑖𝑛]/2

[𝑥𝑚𝑎𝑥−𝑥𝑚𝑖𝑛]/2
                   (3.1) 

 

where X is the coded variable (dimensionless), x is the independent variable, xmin and xmax are 

the maximum and minimum values of the independent variable. The required responses were: 

(1) Cr(VI) adsorption capacity, (2) concentration of Cr(III) in solution after the adsorption of 

Cr(VI), (3) As(III) adsorption capacity, and (4) concentration of As(V) in solution after the 

adsorption of As(III). 

 

Table 3.1 Coded levels of the independent test variables. 

Parameters Units Coded levels 

  -1 0 +1 

A: Time mins 30 75 120 

B: MnCl2 mol 0.015 0.022 0.030 

C: FeCl3.6H2O mol 0.015 0.022 0.030 

D: CuSO4.5H2O mol 0.015 0.022 0.030 

 

The experimental design matrix consisted of 30 runs comprising of 16 factorial runs, 8 axial 

runs and 6 replicate runs at the centre point obtained from the equation: 

 

𝑁 = 2𝑛 + 2𝑛 + 𝑛𝑐 = 24 + (2 × 4) + 6 = 30               (3.2) 
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with n and N being the number of the coded independent variables and total experimental runs, 

respectively. The analysis of experimental results was performed by the Design-Expert 

software version 11.1.2.0 with the second-degree polynomial (quadratic) equation being 

utilized in analysing the interaction between independent and dependent variables as shown: 

 

𝑌 = 𝑏0 + ∑ 𝑏𝑖𝑥𝑖
3
𝑖=1 + ∑ 𝑏𝑖𝑖𝑥𝑖

23
𝑖=1 + ∑ ∑ 𝑏𝑖𝑗𝑥𝑖𝑥𝑗

3
𝑖=𝑗

3
𝑖=1               (3.3) 

 

where the response variable is represented by Y, the coded variables xi and xj determine Y, the 

constant coefficient is given as  b0, the linear coefficient is bi, interaction coefficient is bij while 

the quadratic coefficient is bii. The single 𝑥-terms in the second-order polynomial equation are 

referred to as the main effects, the squared terms are the quadratic or curvature effects (model 

curvature in the response surface) and the interaction (two-factor) terms model interactions 

between the variables (Martinez & Martinez, 2015). 

3.3.2 Fabrication of nanostructured metal oxide composites 

The nanostructured ternary metal oxide nanocomposite was fabricated using optimal working 

parameters determined using CCD in section 4.2.1.5. To evaluate the superior adsorption 

efficacy of the ternary MFC metal oxide system, two binary (MC and MF) metal oxide 

nanocomposites were synthesized alongside the ternary MFC metal oxide composite for 

comparison. 

 

Three mixed metal oxide composites were prepared by facile co-precipitation method using 

Mn:Fe:Cu mole ratios of 2:1:2 (MFC), 1:0:1 (MC) and 2:1:0 (MF) at room temperature. 

Accurately weighed amounts of MnCl2, FeCl3.6H2O and CuSO4.5H2O were separately 

dispersed in 500 cm3 ultrapure water in volumetric flasks. Equal volumes (150 cm3) of the 

metal solutions were mixed according to the aforementioned predetermined mole ratios of the 

three metal oxides in separate Erlenmeyer flasks. The mixtures were magnetically stirred at 

400 rpm and 3 mol/dm3 NaOH solution added dropwise until pH was in the range 8-9. The 

formed suspensions were continuously stirred for 1 h at room temperature and then aged for 4 

h. The suspensions were not subjected to a heating programme to prevent the formation of large 

crystals due to Ostwald ripening. The aged suspensions were centrifuged at 6000 rpm for 2 

mins, washed several times with ultrapure water and then dried at 333 K in a thermostatic 

vacuum oven for 24 h. The resultant solids were pulverised and calcined under normal 
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atmospheric conditions at 773 K for 6 h. The nanometal oxide samples were stored in separate 

airtight desiccators for further analysis. 

3.4 CHARACTERIZATION OF METAL OXIDE NANOCOMPOSITES 

3.4.1 Fourier transform infrared (FTIR) analysis 

The analysis of surface functions was done using a Perkin-Elmer (USA) FTIR Spectra 400 

spectrophotometer in the mid-infrared region (4000-400 cm-1). 

3.4.2 Scanning electron microscopy (SEM) 

To investigate the surface morphology and physicochemical properties (elemental distribution) 

of the nanomaterials, a ZEISSUltra/Plus FEG-SEM (Germany) scanning electron microscope 

coupled to an energy dispersive X-ray analyzer was used at different magnifications. The 

samples were gold-coated before analysis. 

3.4.3 Transmission electron microscopy (TEM) 

Detailed physical observation of nanometal oxides structure and particle size distributions were 

observed on a Tecnai F20 (USA) transmission electron microscope. 

3.4.4 X-ray photoelectron spectroscopy (XPS) 

XPS was used to determine the surface valence states of the nanocomposites. The analysis was 

carried out on a PHI 5000 scanning ESCA microprobe (Japan) with a 100 μm diameter 

monochromatic Al Kα X-ray beam (hυ=1486.6 eV) generated by a 25 W, 15 kV electron beam 

to analyze different binding energy peaks. Origin 9 (Graphing & Analysis) software using 

Gaussian–Lorentz fits was utilized to analyse the spectra. 

3.4.5 Brunauer-Emmett-Teller (BET) analysis 

The nanometal oxides BET specific surface area, pore volumes and pore sizes distributions 

were determined by computer-controlled N2 adsorption at 77 K using a Tristar 3000 analyzer 

coupled to a VacPrep 061 degassing unit. Degassing was carried out for 1 h at 363 K and 

increased to 393 K for 2 h. Both instruments were supplied by Micromeritics Instrument 

Corporation (Australia). 
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3.4.6 X-ray diffraction (XRD) spectroscopy 

An X-ray diffractometer, D8 ADVANCE from BRUKER (Germany) with a LynxEye position-

sensitive detector was used to determine the crystalline phases of the nanostructured metal 

oxides (CuKα anode; λ = 0.154 nm). The samples were scanned at 40 kV and 40 mA from 10-80 

2-theta degrees at a scan rate of 1°C/min. The metal oxides crystalline phases were determined by 

referring to the JCPDS database. 

3.4.7 Surface charge 

The pH drift method was used to determine the pH at point of zero charge (pHpzc) of the MF, 

MC and MFC nanostructured oxides. To a series of 100 cm3 glass bottles, 45 cm3 of 0.01 

mol/dm3 KNO3 solution were transferred. The initial pH (pHi) values of the solutions were 

adjusted to between pH 2 and 12 by addition of either 0.1 mol/dm3 HCl or NaOH on a pH 

meter with constant stirring. The total volume of the solution in each bottle was made up to 50 

cm3 by addition of KNO3 solution of the same strength. The pHi of the solutions was accurately 

noted, and 0.1 g of either MF, MC or MFC oxides were added to each glass bottle, which was 

then immediately closed. The suspensions were allowed to equilibrate for 48 h on a shaker 

operating at 200 rpm. The final pH (pHf) values of the supernatant were accurately noted and 

the difference between the initial and final pH values (∆pH = pHi – pHf) was plotted against 

the pHf. The point of intersection of the resulting curve at which ∆pH = 0 gave the pHpzc. 

3.5 ADSORBENT STABILITY/LEACHING TEST 

The concentration amounts of Mn, Fe and Cu adsorbent metal components of each of MF, MC 

and MFC oxide composites, leaching into treated water at different pH values (2-7) were 

measured at 299 K, by separately agitating 0.05 g of MF, MC and MFC adsorbents at 200 rpm 

in 100 cm3 ultrapure water for 2 h. The suspensions were centrifuged and the supernatant 

solutions were spectroscopically analyzed to determine the concentrations of Mn, Fe and Cu 

using AAS. 

3.6 ADSORPTION OF TRACE METALS 

The batch adsorption technique was utilized to determine the process parameters and the 

dominant mechanistic pathways during the sequestration of Cr(VI) and As(III) ions from 
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simulated aqueous effluents onto the nanosized MF, MC and MFC metal oxide composites by 

investigating the: 

 influence of solution pH, 

 effect of adsorbent dose, 

 adsorption isotherms, 

 adsorption kinetics, 

 effect of co-existing anions, 

 influence of electrolytes,  

 desorption, and 

 regeneration and reuse of the metal oxide nanocomposites. 

3.6.1 Data modelling 

The adsorption performance was quantified by calculating the mass of adsorbate removed per 

unit mass of adsorbent at equilibrium. The adsorption capacities at equilibrium, 𝑞𝑒 (mg/g) were 

determined using Eq 3.4: 

 

𝑞𝑒 =
(𝐶𝑜−𝐶𝑒)𝑉

𝑚
                    (3.4) 

 

where 𝐶𝑜 and 𝐶𝑒 are the initial and equilibrium adsorbate ions concentrations (mg/dm3), 𝑉 is 

the adsorbate volume (dm3) and 𝑚 is the mass of adsorbent (g). The time-dependent adsorption 

capacity, 𝑞𝑡 (mg/g) was computed from Eq 3.5: 

 

𝑞𝑡 =
(𝐶𝑜−𝐶𝑡)𝑉

𝑚
                    (3.5) 

 

where 𝐶𝑡 (mg/dm3) is the concentration of adsorbate ions at time 𝑡 (mins). The reusability of 

the metal oxide composite adsorbents was determined by desorption and regeneration 

investigations. The amount of desorbed adsorbate was calculated as: 

 

% 𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝐶𝑑

𝐶0−𝐶𝑒
× 100                 (3.6) 

 

where 𝐶𝑑 is the Cr (VI) concentration in eluted solution (mg/dm3). 
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3.6.2 Quantitative analytical instrumentation 

The adsorption samples were stored in acid-washed glass bottles. All the analyses were 

performed within 24 h of collection. 

 UV-visible (UV-vis) spectroscopy 

The concentration amount of Cr(VI) ions present in aqueous solution were determined on a 

Perkin-Elmer (USA) Lambda 25 UV-vis spectrophotometer. A derivatization agent, 1.5-

diphenylcarbazide (DPC), was initially added to the analyte solution to form a red-violet 

complex which was analysed at 540 nm. 

 Atomic absorption spectroscopy (AAS) 

Atomic absorption using a SHIMADZU AA-7000 (Japan) spectrometer was used to determine 

the total chromium concentration in standard and treated aqueous solutions. The concentration 

amount of Cr(III) left in solution after the adsorption of Cr(VI), [𝐶𝑟(𝐼𝐼𝐼)] (mg/dm3), was 

determined using Eq 3.7: 

 

[𝐶𝑟(𝐼𝐼𝐼)] = [𝑡𝑜𝑡𝑎𝑙 𝐶𝑟]𝑓𝑟𝑜𝑚 𝐴𝐴𝑆 − [𝐶𝑟(𝑉𝐼)]𝑓𝑟𝑜𝑚 𝑈𝑉−𝑣𝑖𝑠              (3.7) 

 

where [𝑡𝑜𝑡𝑎𝑙 𝐶𝑟]𝑓𝑟𝑜𝑚 𝐴𝐴𝑆 and [𝐶𝑟(𝑉𝐼)]𝑓𝑟𝑜𝑚 𝑈𝑉−𝑣𝑖𝑠 denote the concentration amounts 

(mg/dm3) of total Cr from AAS and Cr(VI) from UV-vis, respectively. 

 Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 

A ThermoSCIENTIFIC iCAP 7000 (China) inductively coupled plasma-optical emission 

spectrometer was used to determine the total arsenic concentration in the standard and treated 

solutions. Arsenic speciation cartridges were used to separate the As(III) and As(V) species 

from the treated wastewater. The cartridges retain the As(V) and allow the As(III) to elute 

around pH 4-9. The concentration amount of the eluted As(III) was then determined using ICP-

OES. 

3.6.3 Batch adsorption studies of Cr(VI) and As(III) 

The batch adsorption experiments were performed in acid washed 250 cm3 glass stoppered 

bottles on a thermostatic shaker at 200 rpm for 2 h. The adsorption processes were stopped by 
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centrifugation at 6000 rpm for 2 mins before the quantitative determination of residual 

chromium and arsenic using AAS and ICP-OES, respectively. 

 Effect of solution pH 

Chromium(VI): An accurately weighed amount (0.01 g) of each of the three different 

nanometal oxide samples (MFC, MF and MC) was placed in separate glass bottles. To each 

bottle, 100 cm3 of 100 mg/dm3 Cr(VI) solution whose pH had each been adjusted to 2, 3, 4, 5, 

6 and 7 using 0.1 mol/dm3 of either HCl or NaOH was then separately added. The glass bottles 

were agitated on a shaker at 299 K before analysis to determine the residual pollutant 

concentration. 

 

Arsenic(III): The experiment was performed in the same manner as for Cr(VI) adsorption but 

using As(III) solutions whose pH had separately been adjusted to 2, 4, 6, 7, 8, 9, 10 and 12. 

 Adsorbent dose 

Chromium(VI): The experiments were performed by agitating on a thermostatic shaker known 

masses (0.01, 0.05, 0.10, 0.15 and 0.2 g) of the three nanometal oxide samples (MFC, MF and 

MC) in glass bottles containing 100 cm3 of 100 mg/dm3 Cr(VI) solution at pH 3 and 299 K. 

The supernatant was analysed to determine the amount of residual pollutant after the adsorption 

process. 

 

Arsenic(III): The investigations were performed in the same way as for the adsorption of 

Cr(VI) but using 100 cm3 of 50 mg/dm3 As(III) solution at pH 8 (MF) and pH 9 (MC and 

MFC). 

 Isotherm studies 

Chromium(VI): The experiments were done at 299, 304, 309, 314 and 319 K. Accurately 

weighed amounts (0.05 g) of each of the three different nanometal oxide samples (MFC, MF 

and MC) were separately placed in glass bottles, each containing 100 cm3 of either 50, 100, 

200, 300 or 400 mg/dm3 Cr(VI) solution at pH 3. The glass bottles were agitated on a shaker 

and the residual pollutant concentration determined after the adsorption process. 
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Arsenic(III): The experimental was the same as for Cr(VI) adsorption but using 100 cm3 of 

either 50, 100, 200, 300 or 400 mg/dm3 As(III) solution at pH 8 (MF) and pH 9 (MC and MFC). 

 Adsorption kinetics 

Chromium(VI): The effect of concentration on adsorption kinetics experiments were conducted 

using different concentrations of Cr(VI) (10, 20, 25, 50 and 75 mg/dm3) at pH 3. The effect of 

temperature on adsorption kinetics experiments were performed at pH 3 using 100 cm3 of 10 

mg/dm3 Cr(VI) solution at different temperatures (299, 304, 309, 314 and 319 K). In both 

investigations, aliquot samples (0.5 cm3) were pipetted from the mother liquor at different time 

intervals (0.5, 1, 2, 3, 5, 30, 45, 60, 75, 90 and 120 mins) and the remaining chromium 

concentration was spectroscopically determined. 

 

Arsenic(III): The experiments were performed as for Cr(VI) adsorption but using As(III) 

solutions at pH 8 (MF) and pH 9 (MC and MFC). 

 Effect of co-existing anions 

Chromium(VI): To determine the effect of co-existing ions, 0.05 g of nanometal adsorbent 

(MFC, MF and MC) were separately contacted with 100 cm3 of 100 mg/dm3 Cr(VI) solution 

containing 0.1 mg/dm3 of either Na2SO4, Na2CO3, NaCl, or NaH2PO4 at pH 3 in glass bottles 

at 299 K and agitated on a shaker. The adsorption was stopped and the remaining chromium 

concentration determined in the supernatant. 

 

Arsenic(III): The experimental was the same as for Cr(VI) adsorption but using 100 cm3 of 50 

mg/dm3 As(III) solution containing 0.1 mg/dm3 of either Na2SO4, Na2CO3, NaCl, or NaH2PO4 

at pH 8 (MF) and pH 9 (MC and MFC). 

 Effect of ionic strength 

Chromium(VI): The studies on effect of electrolyte on Cr(VI) adsorption were conducted by 

separately contacting 0.05 g adsorbent (MFC, MF and MC) with 100 cm3 of 100 mg/dm3 

Cr(VI) solution containing 0.00, 0.01, 0.05, 0.1, 0.15 and 0.2 mg/dm3 of NaNO3 agitated at 299 

K at pH 3. The adsorption process was halted and total residual chromium concentration 

determined. 
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Arsenic(III): The studies were done as for Cr(VI) adsorption but using 100 cm3 of 50 mg/dm3 

As(III) solution containing 0.00, 0.01, 0.05, 0.1, 0.15 and 0.2 mg/dm3 of NaNO3 at pH 8 for 

the MF metal oxide composite and pH 9 for the MC and MFC metal oxides. The adsorption 

process was stopped and total residual arsenic concentration determined in the supernatant. 

 As(III)/𝑵𝑶𝟑
− exchange coefficients 

Arsenic(III): Accurately weighed amounts (2 g) of each of the nanostructured MC, MF and 

MFC metal oxide composites were dispersed in 100 cm3 of 50 mg/dm3 NaNO3 solution set at 

pH 5 at 299 K. The suspensions were shaken for 5 h and centrifuged. The residues were washed 

with ultrapure water and dried at 333 K for 12 h. The dried NO3
--loaded nanostructured metal 

oxide composites (0.5 g) were weighed and individually dispersed in 100 cm3 of each of 0, 5, 

10, 25 and 50 mg/dm3 of As(III) solution set pH 8 for the MF oxide and pH 9 for the MC and 

MFC metal oxide composite adsorbents at 299 K. The suspensions were agitated at 200 rpm 

for 2 h and centrifuged. The concentration amounts of residual arsenic and the released NO3
- 

ions in the supernatant were determined using ICP-OES and an ion-selective electrode (ISE) 

from HANNA instruments (USA). 

 Desorption experiments 

Chromium(VI): An accurately weighed amount (0.1 g) of each of the MC, MF and MFC metal 

oxides was separately contacted with 100 cm3 of 50 mg/dm3 of Cr(VI) solution (pH 3) at 299 

K and thermostatically shaken. The adsorption was stopped and the residual total chromium 

concentration in the supernatant determined. The residue was washed with ultrapure water, 

dried at 333 K for 8 h and used in the subsequent desorption experiment. The desorption 

experiments were performed by contacting 0.05 g residue of each of the MC, MF and MFC 

metal oxides and 100 cm3 of 0.1 mol/dm3 of either NaOH, CH3COOH or H2O at 299 K and 

agitated on a shaker. After the desorption process, the concentration amount of total chromium 

in the supernatant was quantified. 

 

Arsenic(III): The experiments were the same as for Cr(VI) desorption but with 100 cm3 of 50 

mg/dm3 of As(III) solution (pH 8 for MF metal oxide, pH 9 for MC and MFC metal oxide). 
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 Regeneration and reuse studies 

Chromium(VI): The nanometal oxides (MFC, MF and MC) were subjected to five 

adsorption/desorption cycles to investigate on desorption of Cr(VI) and reuse of the spent metal 

oxide adsorbents. The metal composite oxides (0.2 g) were separately placed in four glass 

bottles containing 50 cm3 of 50 mg/dm3 Cr(VI) solution at 299 K (pH 3) and agitated. The 

adsorption was stopped and the remaining total chromium concentration quantified. The 

residual solids were repeatedly washed with ultrapure water and dried in a thermostatic vacuum 

oven at 333 K for 8 h. The spent adsorbents from each glass bottle were separately placed in 

50 cm3 of 0.1 mol/dm3 of NaOH and agitated on a shaker at 299 K. The desorption process was 

stopped by centrifuging and the total chromium concentration in the supernatant determined. 

The samples were rinsed with ultrapure water and dried at 333 K in an oven for 8 h. The 

adsorption/desorption cycle was repeated a further four times. 

 

Arsenic(III): The experimental was the same as for Cr(VI) but using 100 cm3 of 50 mg/dm3 

As(III) solution at 299 K (pH 8 for MF oxide, pH 9 for MC and MFC oxides). 

3.7 BIOCHAR SUPPORT 

A drawback on the use of nanostructured metal oxides as adsorbents in aqueous solution is 

their tendency to (1) aggregate or agglomerate reducing adsorption capacity and selectivity for 

the target pollutant (Guo et al., 2019), (2) cause column fouling in continuous flow-through 

systems and (3) are difficult to remove from the treated effluent and reuse in subsequent 

adsorption cycles (Ballav et al., 2014; Manyangadze et al., 2020). This investigation seeks to 

overcome the drawbacks by co-precipitating the ternary metal oxide system onto biochar 

support. The biochar was prepared from pine cone powder which is an agro-waste product. The 

biochar was chosen as the support for the ternary metal oxide nanocomposite since adsorption 

studies have shown that the adsorption capabilities of raw or modified biochars towards Cr(VI) 

and As(III) were very limited (Dong et al. 2017), hence the support is anticipated not to 

interfere with the Cr(VI) and As(III) adsorption mechanistic pathways onto the MFC metal 

oxide. Numerous studies have shown that biochar-based metal oxides are effective for 

decontamination of heavy metal-laden wastewater (Zhou et al., 2018). It is important to 

highlight that this research focuses on the efficacy of the ternary metal oxide to sequestrate 

Cr(VI) and As(III) from aqueous solution. The role of the biochar is merely to act as a support 

for the ternary metal oxide system. The adsorption is anticipated to occur on the metal oxide 
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surface with the biochar support eliminating the tendency of the adsorbent nanoparticles to 

agglomerate or aggregate and facilitating easy separation of the nanoadsorbent particles from 

the treated aqueous solution. 

3.7.1 Preparation of pine cone powder 

The pine cones were collected from pine trees at a plantation in Sasolburg, Free State province 

in South Africa. The cones were washed with ultrapure water and oven-dried at 80 °C for 48 h 

to remove impurities and some volatile organics like resin acids. The pine cone scales were 

peeled, pulverised and sieved. The pine cone particles between 45 and 90 µm were stored in a 

desiccator to be used for the synthesis of the biochar. 

3.7.2 Preparation of biochar 

The pulverized pine cone powder (10 g) was dispersed in 75 cm3 of 2 mol/dm3 diammonium 

hydrogen phosphate, (NH4)2HPO4. The slurry mixture was stirred at 400 rpm for 24 h at 299 

K, oven-dried at 110 ℃ for 8 h and then crushed to a powder. The pine cone powder was 

covered with Al foil, placed in a quartz reactor and then loaded into a tubular furnace from 

CARBOLITE GERO (UK). The sample was heated at a heating rate of 10 °C/min and 

carbonized at 600 °C for 2 h under an inert atmosphere of N2 gas flow (50 cm3/min) to obtain 

the biochar. 

3.7.3 Co-precipitation of metal oxide composite within biochar support 

The Mn-Fe-Cu-biochar (MFCb) nanocomposite was prepared as described in section 3.3.2 

using 1 g of biochar. 

3.7.4 Characterization of MFCb composite 

The characterization of the raw biochar and the MFCb composite was done using FTIR (3.4.1), 

SEM (3.4.2), TEM (3.4.3) and BET (3.4.5). The pHpzc was determined using the pH drift 

method (3.4.7). 



75 

 

3.7.5 Cr(VI) and As(III) adsorption experiments 

 The influence of solution pH 

The investigation was performed as described in section 3.6.3.1 with 0.05 g of MFCb 

composite adsorbent. 

 Regeneration and reuse of spent MFCb 

The experimental desribed in section 3.6.3.9 was utilized using MFCb composite adsorbent. 
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CHAPTER 4 

4 RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

The chapter highlights the determination of optimal working parameters for the synthesis of 

the nanostructured ternary MFC metal oxide composite using central composite design of the 

response surface methodology technique. The chapter also presents and describes the 

spectroscopic characterization of the nanostructured metal oxides using fourier transform 

infrared spectroscopy, X-ray diffraction spectroscopy, scanning electron microscopy, 

transmission electron microscopy, X-ray photoelectron spectroscopy and Brunauer-Emmett-

Teller analysis. The pH at point of zero charge (pHpzc) of the nanocomposite adsorbents were 

determined. The characterization is divided into three sections (1) MF, (2) MC and (3) MFC 

nanocomposites. 

4.2 OPTIMIZATION OF ADSORBENT SYNTHESIS PARAMETERS 

4.2.1 Determination of optimal working parameters 

The design matrix of the optimization investigations is presented in Table 4.1. The tabulated 

results show the coded independent variables and the generated response variables per each 

experimental run. 
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Table 4.1 Response surface methodology design of experiments and responses using Design-Expert 11 software. 

Run 

Coded independent variables  Responses 

A:time 

(mins) 

B:MnCl2 

(mol) 

C:FeCl3 

(mol) 

D:CuSO4 

(mol) 

Cr(VI) adsorption capacitya 

(mg/g) 

[Cr(III)] 

(mg/dm3) 

As(III) adsorption capacityb 

(mg/g) 

[As(V)] 

(mg/dm3) 

1 0 -1 -1 -1 17,815 6,137 8,756 4,387 

2 -1 
  

1 11,005 8,579 1,097 5,476 

3 0 -1 -1 -1 22,005 1,399 7,321 3,591 

4 1 
 

1 
 

 21,275 4,745 1,374 5,782 

5 0 -1 -1 -1  31,475 5,705 9,543 5,179 

6 1 1 
  

 27,5 0,54 2,754 6,073 

7 0 -1 1 -1  18,947 1,279 11,759 2,104 

8 1 1 1 1  13,44 2,112 13,573 1,378 

9 1 
   

 0 2,29 0 1,483 

10 0 
 

-1 -1  34,57 4,786 4,386 2,759 

11 -1 -1 -1 -1  36,03 0,994 10,873 3,981 

12 -1 
 

1 1  35 0,752 7,548 1,094 

13 0 -1 -1 
 

 26,01 3,798 9,573 0,576 

14 1 
  

1  15,749 4,831 6,359 2,932 

15 0 -1 -1 -1  31,475 5,705 15,402 1,737 

16 0 -1 -1 1  28,38 8,724 12,763 2,864 

17 -1 1    3,605 5,279 4,925 4,985 
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18 1 -1 -1 -1  28,195 3,061 16,083 2,867 

19 -1 1  1  12,376 2,971 11,789 2,765 

20 1  1 1  13,625 2,075 5,893 4,892 

21 -1  1   22,185 5,063 4,679 3,861 

22 -1 1 1 
 

 1,785 4,443 3,742 5,893 

23 0 -1 -1 -1  20,545 4,091 11,764 2,651 

24 0 1 -1 -1  25,83 9,534 16,529 2,435 

25 0 -1 
 

-1  24,19 0,962 12,649 3,219 

26 0 -1 -1 -1  1,055 2,789 9,726 1,792 

27 1 1 1 
 

 24,92 3,716 10,794 0,641 

28 -1 1 1 1  12,165 1,567 8,573 2,379 

29 -1     0 2,29 0 1,483 

30 1 1  1  14,762 1,851 13,117 2,874 

a pH = 2 and b pH = 8. 
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To optimize the synthesis variables of the MFC ternary metal oxide adsorbent to yield high 

Cr(VI) and As(III) adsorption capacities, with low solution concentrations of Cr(III) and As(V) 

after the Cr(VI) and As(III) adsorption processes, respectively, the CCD experimental data 

response functions were analysed using multiple regression techniques. The quadratic model 

was chosen by the Design-Expert version 11.1.2.0 software as the most suitable model for the 

four responses. The generated second-order polynomial equations were evaluated using the 

analysis of variance (ANOVA) at 95 % confidence level (p < 0.05). The ANOVA parameters 

of the quadratic model of the four responses are presented in Table 4.2. The statistically 

significant model terms have p-values < 0.05, while those with p-values > 0.1 are statistically 

insignificant. The fitted models for Cr(VI) adsorption capacity, Cr(III) left in solution, As(III) 

adsorption capacity and As(V) left in solution after the insignificant terms were discarded are 

Eq’s (4.1-4.4): 

 

𝑌𝐶𝑟(𝑉𝐼)𝑎𝑑𝑠 𝑐𝑎𝑝 = +25.85 + 1.77𝐴 − 0.9471𝐵 + 3.17𝐶 + 1.91𝐷 + 4.33𝐴𝐵 − 1.61𝐴𝐶 −

4.13𝐴𝐷 − 4.36𝐵𝐶 − 2.16𝐵𝐷 − 0.8902𝐶𝐷 + 1.63𝐴2 − 8.91𝐶2 − 3.29𝐷2           (4.1) 

 

𝑌[𝐶𝑟(𝐼𝐼𝐼)] = +4.60 + 0.3502𝐴 − 1.08𝐵 + 0.8988𝐶 + 1.13𝐷 − 1.33𝐴𝐵 + 1.78𝐴𝐶 +

1.05𝐴𝐷 − 0.9667𝐵𝐶 − 1.58𝐵𝐷 − 2.03𝐴2 + 2.60𝐵2 − 2.44𝐶2 + 2.20𝐷2            (4.2) 

 

𝑌𝐴𝑠(𝐼𝐼𝐼) 𝑎𝑑𝑠 𝑐𝑎𝑝 = +11.79 + 0.8123𝐴 + 2.70𝐵 + 0.4525𝐶 + 2.57𝐷 + 0.7379𝐴𝐵 +

0.3608𝐴𝐶 − 0.9116𝐶𝐷 − 2.93𝐵2 − 0.6832𝐶2 − 1.92𝐷2              (4.3) 

 

𝑌[𝐴𝑠(𝑉)] = +2.82 − 0.3553𝐴 − 0.2092𝐶 − 0.2791𝐷 − 0.5207𝐴𝐵 + 0.1196𝐴𝐶 +

0.2566𝐴𝐷 − 0.7601𝐵𝐶 − 0.7426𝐵𝐷 − 0.4723𝐶𝐷 + 0.8906𝐴2 + 0.2781𝐶2 − 0.6634𝐷2

                     (4.4) 

 

where the responses 𝑌𝐶𝑟(𝑉𝐼)𝑎𝑑𝑠 𝑐𝑎𝑝, 𝑌[𝐶𝑟(𝐼𝐼𝐼)], 𝑌𝐴𝑠(𝐼𝐼𝐼) 𝑎𝑑𝑠 𝑐𝑎𝑝 and  𝑌[𝐴𝑠(𝑉)] refer to Cr(VI) 

adsorption capacity (mg/g), concentration of Cr(III) in solution (mol/dm3), As(III) adsorption 

capacity (mg/g) and concentration of As(V) in solution (mol/dm3),respectively. 𝐴 is co-

precipitation time (mins), 𝐵, 𝐶 and 𝐷 represent mole amounts of MnCl2, FeCl3.6H2O and 

CuSO4.5H2O, respectively. The influence of a variable on the response is denoted by the sign 

and magnitude of the coefficient in the second-order polynomial equation (Sarkar & Majumdar, 

2011). The size and sign of the coefficient refer to the intensity and type of influence, 
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respectively. A positive sign implies that the influence of the variable on the response is 

synergistic, while a negative sign shows an antagonistic relationship between the variable and 

the response (Owolabi et al., 2018; Zargazi & Entezari, 2020). ANOVA showed that the 

quadratic model F-values of Cr(VI) adsorption capacity, Cr(III) left in solution, As(III) 

adsorption capacity and As(V) left in solution were 104.88, 128.28, 131.35 and 62.16, 

respectively with p < 0.0001 implying that the estimated models are significant and that there 

is 0.01 % probability of the predicted model F-values occurring due to noise. The results 

predicted that the coefficients of A, B, C, D, AB, AC, AD, BC, BD, CD, A2, C2 and D2 were 

the significant variables for Cr(VI) adsorption capacity, A, B, C, D, AB, AC, AD, BC, BD, A2, 

B2, C2 and D2 were significant for Cr(III) in solution, A, B, C, D, AB, AC, CD, B2, C2 and D2 

were significant for As(III) adsorption while A, C, D, AB, AC, AD, BC, BD, CD, A2, C2 and 

D2 were significant for As(V) left in solution. Among the significant variables for Cr(VI) 

adsorption capacity and concentration of As(V) left in solution, the interaction effect of MnCl2 

moles and FeCl3 moles (BC) was the most significant variable influencing the Cr(VI) 

adsorption capacity and concentration of As(V) left in solution. The interaction effect of co-

precipitation time and FeCl3 moles (AC) was predicted to be the most significant variable 

influencing the concentration of Cr(III) left in solution. The first-order effect of MnCl2 moles 

(B) on the other hand was predicted to be the most significant variable influencing the As(III) 

adsorption capacity. The lack of fit (LOF) gives conclusive evidence whether a model is 

significant or insignificant since it refers to the variation of the data around the model (Shahri 

& Niazi, 2015). The LOF F-values were 1.05 for Cr(VI) adsorption capacity, 1.18 for Cr(III) 

left in solution, 6.69 for As(III) adsorption capacity and 0.6079 for As(V) left in solution. The 

LOF F-values for the four responses suggests that their LOFs were not significant relative to 

the pure error. Furthermore, non-significant marks appeared for the LOF on each response 

showing the suitability of the quadratic model to fit each of the four response functions. 
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Table 4.2 ANOVA parameters for the optimization of synthesis of nanostructured MFC ternary metal oxide. 

 Cr(VI) adsorption capacity [Cr(III)] in solution  As(III) adsorption capacity [As(V)] in solution 

F-valuea p-valueb F-valuea p-valueb  F-valuea p-valueb F-valuea p-valueb 

Model 104.88 < 0.0001 128.28 < 0.0001  131.35 < 0.0001 62.16 < 0.0001 

A-time (min) 39.86 < 0.0001 15.46 < 0.0013  46.54 < 0.0001 55.69 < 0.0001 

B-MnCl2 (mol) 11.46 0.0041 146.69 < 0.0001  513.37 < 0.0001 0.5950 0.4525 

C-FeCl3 (mol) 128.71 < 0.0001 101.83 < 0.0001  14.44 0.0017 19.31 0.0005 

D-CuSO4 (mol) 46.43 < 0.0001 160.60 < 0.0001  464.10 < 0.0001 34.36 < 0.0001 

AB 213.19 < 0.0001 198.90 < 0.0001  34.14 < 0.0001 106.32 < 0.0001 

AC 29.55 < 0.0001 354.25 < 0.0001  8.16 0.0120 5.61 0.0318 

AD 193.90 < 0.0001 123.59 < 0.0001  0.5214 0.4814 25.81 0.0001 

BC 216.20 < 0.0001 104.72 < 0.0001  0.2654 0.6139 226.55 < 0.0001 

BD 52.82 < 0.0001 281.17 < 0.0001  2.05 0.1727 216.24 < 0.0001 

CD 9.00 0.0090 0.7104 0.4126  52.10 < 0.0001 87.48 < 0.0001 

A2 4.89 0.0429 74.69 < 0.0001  0.0837 0.7763 50.37 < 0.0001 

B2 0.0881 0.7707 122.98 < 0.0001  87.15 < 0.0001 0.0842 0.7757 

C2 146.08 < 0.0001 107.66 < 0.0001  4.74 0.0459 4.91 0.0426 

D2 19.86 0.0005 88.18 < 0.0001  37.40 < 0.0001 27.95 < 0.0001 

Lack of fit 1.05 0.5124 1.18 0.4531  6.69 0.0244 0.6079 0.7650 

a Test for comparing model variance with residual (error) variance. 

b Probability of seeing the observed F value if the null hypothesis is true (prob > F) 
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The fit error statistical parameters for Cr(VI) adsorption capacity, Cr(III) left in solution, 

As(III) adsorption capacity and As(V) left in the solution presented on Table 4.3 verified the 

fit of the quadratic model for each response. Analysis of variance (ANOVA) depicting close to 

unity coefficient of determination, R2 values coupled with low p-values implies that the 

predicted quadratic model is valid for the response. The R2 values were 0.9899 for Cr(VI) 

adsorption capacity, 0.9917 for Cr(III) left in solution, 0.9919 for As(III) adsorption capacity 

and 0.9831 for As(V) left in solution. This implies that approximately all the variations of each 

response could be explained by the model signifying the ability of the model in predicting the 

results. The significance of the model was shown by the lower values of the adjusted 

coefficients of determination, Adj-R2 to the R2 values for the four responses. The Adj-R2 values 

were noted as 0.9804 for Cr(VI) adsorption capacity, 0.9840 for Cr(III) left in solution, 0.9844 

for As(III) adsorption capacity and 0.9672 for As(V) left in solution, respectively. The 

predicted coefficients of determination, Pred-R2 were 0.9535 for Cr(VI) adsorption capacity, 

0.9600 for Cr(III) left in solution, 0.9398 for As(III) adsorption capacity and 0.9344 for As(V) 

left in solution, respectively. The results showed reasonable agreement between the Pred-R2 

and the Adj-R2 since there is a difference of less than 0.2 between the two values implying a 

good correlation between the predicted and experimental values. The coefficient of variation 

(C.V.), also known as relative standard deviation is expressed as a percentage and indicates 

whether a model is reproducible and precise (C.V. < 10 %). The obtained C.V. % results of 

6.04 for Cr(VI) adsorption capacity, 7.87 for Cr(III) left in solution, 5.93 for As(III) adsorption 

capacity and 6.51 for As(V) left in solution showed a small deviation between predicted and 

experimental values since they were all less than 10 %. The ANOVA results also showed the 

adequate precision, AP which is a numerical measure of the signal to noise ratio, with desirable 

values being above 4. The obtained AP values (Cr(VI) adsorption capacity = 41.3325, Cr(III) 

left in solution = 55.4386, As(III) adsorption capacity = 39.5778 and As(V) left in solution = 

40.1447) suggest an adequate model discrimination. 
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Table 4.3 Fit statistics of CCD experimental design results. 

 C.V. % R2 Adjusted 

R2 

Predicted 

R2 

Adequate 

precision 

Cr(VI) adsorption capacity 6.04 0.9899 0.9804 0.9535 41.3325 

[Cr(III)] in solution 7.87 0.9917 0.9840 0.9600 55.4386 

As(III) adsorption capacity 5.93 0.9919 0.9844 0.9398 39.5778 

[As(V)] in solution 6.51 0.9831 0.9672 0.9344 40.1447 

 

The normal probability plots of studentized residuals presented in Figs 4.1a, 4.2a, 4.3a and 4.4a 

for Cr(VI) adsorption capacity, the concentration of Cr(III) left in solution, As(III) adsorption 

capacity and concentration of As(V) left in solution, respectively, show that the errors are 

normally distributed and independent. A good correlation between predicted responses and 

experimental responses is shown in Figs 4.1b, 4.2b, 4.3b and 4.4b for Cr(VI) adsorption 

capacity, Cr(III) left in solution, As(III) adsorption capacity and As(V) left in solution, 

respectively. The results reveal that the distribution of data points of actual responses obtained 

from the experiments are very close to the straight line suggesting that predicted responses 

from the quadratic model were in good agreement with the experimental data. 
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Fig 4.1  (a) Normal probability plot of residuals and (b) predicted responses vs actual responses plot for Cr(VI) adsorption capacity. 

(a) (b) 
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Fig 4.2  (a) Normal % probability plot of residuals and (b) predicted responses vs actual responses plot for Cr(III) concentration in solution 

after adsorption. 

 

(a) (b) 
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Fig 4.3  (a) Normal % probability plot of residuals and (b) predicted responses vs actual responses plot for As(III) adsorption capacity. 

 

(a) (b) 
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Fig 4.4  (a) Normal % probability plot of residuals and (b) predicted responses vs actual responses plot for [As(V)] in solution after As(III) 

adsorption. 

 

 

(a) (b) 
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4.2.2 Response surface analysis 

The interactive effects between two independent variables on the response are presented on the 

3D response surface graphs and contour plots in Figs 4.5a-f, 4.6a-e, 4.7a-c and 4.8a-f. The 3D 

graphs emanate from the response forming a surface above the two interacting independent 

variables while the other two variables are held constant around a central level. The contour 

plots are in 2D and their shapes show the intensity of the interaction between the two independent 

variables on the response (Zargazi & Entezari, 2020). A circular contour plot signifies minimal 

or zero interaction between the two independent variables, while a strong interaction forms 

elliptical contours and a direct relationship between the two independent variables results in a 

linear contour plot (Makareviciene et al., 2014). 

 Effect of moles of MnCl2, FeCl3, CuSO4 and co-precipitation time on Cr(VI) 

adsorption capacity 

ANOVA results show that the interaction between co-precipitation time-moles of MnCl2 (AB), 

co-precipitation time- moles of FeCl3 (AC), co-precipitation time-moles of CuSO4 (AD), moles 

of MnCl2–moles of FeCl3 (BC), moles of MnCl2-moles of CuSO4 (BD) and moles of FeCl3-

moles of CuSO4 (CD) showed the most significant influence on Cr(VI) adsorption capacity. 

The 3D response surface and contour plot on Fig 4.5a show the effect between the interaction 

of moles of MnCl2 and co-precipitation time on Cr(VI) adsorption capacity when moles of 

FeCl3 and moles of CuSO4 were held constant. Fig 4.5b shows the 3D response surface and 

contour plot of the influence of the interaction between moles of FeCl3 and co-precipitation 

time on Cr(VI) adsorption capacity when moles of MnCl2 and moles of CuSO4 were held 

constant. Fig 4.5c shows the 3D response surface and contour plot of the influence between the 

interaction of moles of CuSO4 and co-precipitation time on Cr(VI) adsorption capacity when 

moles of MnCl2 and moles of FeCl3 were held constant. Fig 4.5d shows the 3D response surface 

and contour plot of the influence between the interaction of moles of MnCl2 and moles of FeCl3 

on Cr(VI) adsorption capacity when moles of MnCl2 and co-precipitation time were held 

constant. Fig 4.5e shows the 3D response surface and contour plot of the influence between the 

interaction of moles of MnCl2 and moles of CuSO4 on Cr(VI) adsorption capacity when moles 

of FeCl3 and co-precipitation time were held constant. Fig 4.5f shows the 3D response surface 

and contour plot of the influence of the interaction between moles of FeCl3 and moles of CuSO4 
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on Cr(VI) adsorption capacity when moles of MnCl2 and co-precipitation time were held 

constant. 

 

The 3D response surface and contour plots on Fig 4.5a reveal that an increase in co-

precipitation time and decrease in moles of MnCl2 during synthesis favoured an increase in 

Cr(VI) adsorption capacity. The plots on Fig 4.5b show that an increase in co-precipitation 

time and increase in mole amounts of FeCl3 increased the removal of Cr(VI). Fig 4.5c shows 

that a decrease in co-precipitation time and decrease in mole amounts of CuSO4 caused an 

increase in adsorption, while Fig 4.5d exhibited that an increase in mole amount of MnCl2 and 

a decrease in moles of FeCl3 favoured Cr(VI) adsorption. An increase in Cr(VI) adsorption is 

noted in Fig 4.5e due to a decrease in moles of MnCl2 and an increase in mole amount of 

CuSO4. In Fig 4.5f, an increase in mole amounts of both FeCl3 and CuSO4 was observed to 

favour Cr(VI) removal. 

 

The most significant term for Cr(VI) adsorption capacity was the antagonistic effect between 

moles of MnCl2 and moles of FeCl3. The oxides of Fe(III) can adsorb Cr(VI) forming Fe(II) in 

the process, but the oxides of Fe(II) reduce Cr(VI) to Cr(III). The role of manganese oxides is 

to keep the Fe in the +III valence state since the ions of Mn are strong oxidising agents (Yang 

et al., 2018). The manganese oxides also have a strong affinity for the formed Cr(III). Hence, 

increasing the moles of MnCl2 and reducing moles of FeCl3 increased the Cr(VI) adsorption 

capacity. The role of the copper oxide is to increase the pH at point of zero charge (pHpzc). 
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Fig 4.5a (i) 3D response surface and (ii) contour plot of effect of interaction between moles of MnCl2 and co-precipitation time on Cr(VI) 

adsorption capacity. 

 

(i) (ii) 
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Fig 4.5b (i) 3D response surface and (ii) contour plot of effect of interaction between moles of FeCl3 and co-precipitation time on Cr(VI) 

adsorption capacity. 

 

(i) (ii) 
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Fig 4.5c (i) 3D response surface and (ii) contour plot of effect of interaction between moles of CuSO4 and co-precipitation time on Cr(VI) 

adsorption capacity. 

(i) (ii) 
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Fig 4.5d (i) 3D response surface and (ii) contour plot of effect of interaction between moles of FeCl3 and moles of MnCl2 on Cr(VI) 

adsorption capacity. 

(i) (ii) 
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Fig 4.5e (i) 3D response surface and (ii) contour plot of effect of interaction between moles of MnCl2 and moles of CuSO4 on Cr(VI) 

adsorption capacity. 

(i) 
(ii) 
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Fig 4.5f (i) 3D response surface and (ii) contour plot of effect of interaction between moles of FeCl3 and moles of CuSO4 on Cr(VI) 

adsorption capacity.

(i) (ii) 
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 Effect of moles of MnCl2, FeCl3, CuSO4 and co-precipitation time on concentration 

of Cr(III) left in solution after adsorption of Cr(VI) 

The interaction between co-precipitation time-moles of MnCl2 (AB), coprecipitation time- 

moles of FeCl3 (AC), co-precipitation time-moles of CuSO4 (AD) and moles of MnCl2–moles 

of FeCl3 (BC) showed the most significant influence on the concentration of Cr(III) left in 

solution after Cr(VI) adsorption. The 3D response surface and contour plot on Fig 4.6a show 

the effect of the interaction between moles of MnCl2 and co-precipitation time on Cr(III) left 

in solution when moles of FeCl3 and moles of CuSO4 were held constant. Fig 4.6b shows the 

3D response surface and contour plot of the influence between the interaction of moles of FeCl3 

and co-precipitation time on Cr(III) left in solution when moles of MnCl2 and moles of CuSO4 

were held constant. Fig 4.6c shows the 3D response surface and contour plot of the influence 

of the interaction between moles of CuSO4 and co-precipitation time on Cr(III) left in solution 

when moles of MnCl2 and moles of FeCl3 were held constant. Fig 4.6d shows the 3D response 

surface and contour plot of the influence of the interaction between moles of MnCl2 and moles 

of FeCl3 on Cr(III) left in solution when moles of MnCl2 and co-precipitation time were fixed. 

 

An analysis of the plots on Fig 4.6a revealed that the concentration amount of Cr(III) left in 

solution after adsorption was reduced as the mole amount of MnCl2 increased at shorter co-

precipitation time. Fig 4.6b showed that prolonged co-precipitation time and more mole 

amount of FeCl3 decreased the concentration amount of Cr(III) left in solution, whereas in Fig 

4.6c, a reduction in both co-precipitation time and mole amounts of CuSO4 reduced the quantity 

of Cr(III) left in solution. The plots on Fig 4.6d exhibit that reduction of mole amounts of FeCl3 

and increase in mole quantity of MnCl2 result in a reduction of Cr(III) left in solution. 

 

The most significant term for reduced concentration amounts of Cr(III) left in solution after the 

adsorption process was the synergistic effect between co-precipitation time and the moles of 

FeCl3. Longer co-precipitation times and increased mole amounts of FeCl3 decreased the 

concentration amount of Cr(III) ions left in solution after the adsorption process. 
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Fig 4.6a (i) 3D response surface and (ii) contour plot of effect of interaction between moles of MnCl2 and co-precipitation time on [Cr(III)] 

in solution after Cr(VI) adsorption. 

(i) (ii) 
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Fig 4.6b (i) 3D response surface and (ii) contour plot of effect of interaction between moles of FeCl3 and co-precipitation time on [Cr(III)] 

in solution after Cr(VI) adsorption. 

(i) (ii) 
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Fig 4.6c (i) 3D response surface and (ii) contour plot of effect of interaction between moles of CuSO4 and co-precipitation time on [Cr(III)] 

in solution after Cr(VI) adsorption. 

(i) 
(ii) 
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Fig 4.6d (i) 3D response surface and (ii) contour plot of effect of interaction between moles of FeCl3 and moles of MnCl2 on [Cr(III)] in 

solution after Cr(VI) adsorption. 

(i) (ii) 
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Fig 4.6e (i) 3D response surface and (ii) contour plot of effect of interaction between moles of MnCl2 and moles of CuSO4 on [Cr(III)] in 

solution after Cr(VI) adsorption. 

(i) (ii) 
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 Effect of moles of MnCl2, FeCl3, CuSO4 and co-precipitation time on As(III) 

adsorption capacity 

The interaction between co-precipitation time-moles of MnCl2 (AB), coprecipitation time- 

moles of FeCl3 (AC) and moles of FeCl3-moles of CuSO4 (CD) showed the most significant 

influence on adsorption capacity of As(III). The 3D response surface and contour plot on Fig 

4.7a show the effect of the interaction between moles of MnCl2 and co-precipitation time on 

As(III) adsorption when moles of FeCl3 and moles of CuSO4 were fixed. Fig 4.7b shows the 

3D response surface and contour plot of the influence of the interaction between moles of FeCl3 

and co-precipitation time on As(III) adsorption when moles of MnCl2 and moles of CuSO4 

were held constant. Fig 4.7c shows the 3D response surface and contour plot of the influence 

of the interaction between moles of FeCl3 and moles of CuSO4 on As(III) adsorption when 

moles of MnCl2 and co-precipitation time were held constant. 

 

The response surface and contour plots on Fig 4.7a reveal an increase in adsorption of As(III) 

as the mole amount of MnCl2 and co-precipitation time are increased. Fig 4.7b shows that an 

increase in FeCl3 moles and longer co-precipitation time both increased As(III) adsorption 

capacity. Fig 4.7c also showed that the adsorption capacity of As(III) increased with greater 

mole amounts of both FeCl3 and CuSO4. 

 

The most significant term for As(III) adsorption capacity was the synergistic effect of the mole 

amount of MnCl2. The main role of manganese oxides was to oxidise As(III) to As(V) which 

has a stronger affinity for iron oxides. Zheng and co-workers (2020) showed that increasing 

the mole amount of Mn in a binary Mn-Fe composite oxide increased the uptake capacity of 

the As(III) onto the adsorbent. The main role of the copper oxides was to raise the pHpzc of the 

ternary metal oxide system since the manganese oxides have very low pHpzc (2-3) so that the 

adsorbent can be applicable over a wider pH range. 
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Fig 4.7a (i) 3D response surface and (ii) contour plot of effect of interaction between moles of MnCl2 and co-precipitation time on As(III) 

adsorption capacity. 

(i) (ii) 
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Fig 4.7b (i) 3D response surface and (ii) contour plot of effect of interaction between moles of FeCl3 and co-precipitation time on As(III) 

adsorption capacity. 

(i) 
(ii) 
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Fig 4.7c (i) 3D response surface and (ii) contour plot of effect of interaction between moles of FeCl3 and moles of CuSO4 on As(III) 

adsorption capacity. 

 

(i) (ii) 
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 Effect of moles of MnCl2, FeCl3, CuSO4 and co-precipitation time on concentration 

of As(V) left in solution after adsorption of As(III) 

The interaction between co-precipitation time-moles of MnCl2 (AB), coprecipitation time- 

moles of FeCl3 (AC), co-precipitation time-moles of CuSO4 (AD), moles of MnCl2–moles of 

FeCl3 (BC), moles of MnCl2-moles of CuSO4 (BD) and moles of FeCl3-moles of CuSO4 (CD) 

showed the most significant influence on the concentration of As(V) left in solution after 

As(III) adsorption. The 3D response surface and contour plot on Fig 4.8a show the effect of 

the interaction between moles of MnCl2 and co-precipitation time on As(V) left in solution 

when moles of FeCl3 and moles of CuSO4 were held constant. Fig 4.8b shows the 3D response 

surface and contour plot of the influence of the interaction between moles of FeCl3 and co-

precipitation time on As(V) left in solution when moles of MnCl2 and moles of CuSO4 were 

fixed. Fig 4.8c shows the 3D response surface and contour plot of the influence of the 

interaction between moles of CuSO4 and co-precipitation time on As(V) left in solution when 

moles of MnCl2 and moles of FeCl3 were held constant. Fig 4.8d shows the 3D response surface 

and contour plot of the influence of the interaction between moles of MnCl2 and moles of FeCl3 

on As(V) left in solution when moles of MnCl2 and co-precipitation time were held constant. 

Fig 4.8e shows the 3D response surface and contour plot of the influence of the interaction 

between moles of MnCl2 and moles of CuSO4 on As(V) left in solution when moles of FeCl3 

and co-precipitation time were held constant. Fig 4.8f shows the 3D response surface and 

contour plot of the influence of the interaction between moles of FeCl3 and moles of CuSO4 on 

As(V) left in solution when moles of MnCl2 and co-precipitation time were held constant. 

 

The 3D response surface and contour plots on Fig 4.8a show that shorter co-precipitation time 

and reduction in moles of MnCl2 favoured reduced amounts of concentration of As(V) left in 

solution after adsorption of As(III). The plots on Fig 4.8b show that an increase in co-

precipitation time and increase in mole amounts of FeCl3 decreased the concentration amount 

of As(V) left in solution. Fig 4.8c shows that longer co-precipitation time and increase in mole 

amounts of CuSO4 reduced As(V) left in solution, while Fig 4.8d exhibited that an increase in 

mole amount of FeCl3 and decrease in moles of MnCl2 resulted in a decrease in concentration 

amount of As(V) left in solution. A reduction in As(V) left in solution is observed on Fig 4.8e 

due to a decrease in mole amounts of both MnCl2 and CuSO4. In Fig 4.8f, an increase in mole 
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amounts of FeCl3 and decrease in mole amounts of CuSO4 were noted to reduce As(III) left in 

solution. 

 

The most significant term for the concentration amount of As(V) left in solution after the 

adsorption of As(III) was the antagonistic effect of moles of MnCl2 and moles of FeCl3. An 

increase in the mole amounts of FeCl3 and the decrease in the mole amounts of MnCl2 resulted 

in low concentration amounts of As(V) left in solution after the adsorption process. 
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Fig 4.8a (i) 3D response surface and (ii) contour plot of effect of interaction between moles of MnCl2 and co-precipitation time on [As(V)] 

in solution after As(III) adsorption. 

(i) (ii) 
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Fig 4.8b (i) 3D response surface and (ii) contour plot of effect of interaction between moles of FeCl3 and co-precipitation time on [As(V)] 

in solution after As(III) adsorption. 

(i) (ii) 
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Fig 4.8c (i) 3D response surface and (ii) contour plot of effect of interaction between moles of CuSO4 and co-precipitation time on [As(V)] 

in solution after As(III) adsorption. 

(i) (ii) 
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Fig 4.8d (i) 3D response surface and (ii) contour plot of effect of interaction between moles of FeCl3 and moles of MnCl2 on [As(V)] in 

solution after As(III) adsorption. 

(i) (ii) 
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Fig 4.8e (i) 3D response surface and (ii) contour plot of effect of interaction between moles of MnCl2 and moles of CuSO4 on [As(V)] in 

solution after As(III) adsorption. 

(i) (ii) 
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Fig 4.8f (i) 3D response surface and (ii) contour plot of effect of interaction between moles of FeCl3 and moles of CuSO4 on [As(V)] in 

solution after As(III) adsorption. 

(i) 
(ii) 
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4.2.3 Optimum working conditions for the synthesis of the ternary MFC metal oxide 

composite 

The optimum mole amounts of the MnCl2, FeCl3.6H2O and CuSO4.5H2O salts and the co-

precipitation time for the fabrication of the ternary MFC metal oxide nanocomposite adsorbent 

with high pollutant [As(III) and Cr(VI)] adsorption capacities and low solution concentrations 

of As(V) and Cr(III) after As(III) and Cr(VI) adsorption, respectively were determined from 

the response optimization plot and are presented on Table 4.4. The optimal working parameters 

were found to be a co-precipitation time of 58 mins, 0.028 moles of MnCl2, 0.013 moles of 

FeCl3.6H2O and 0.025 moles of CuSO4.5H2O. The derived responses were 41.472 mg/g Cr(VI) 

adsorption capacity, 2.037 mg/dm3 of Cr(III) remaining in solution after Cr(VI) adsorption, 

23.976 mg/g As(III) adsorption capacity and 3.579 mg/dm3 As(V) left in solution after 

adsorption of As(III). The results gave a desirability score of 1. 
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Table 4.4 Optimum synthesis variables for the ternary MFC metal oxide composite. 

Independent variables  Responses   

A:time 

(mins) 

B:MnCl2 

(mol) 

C:FeCl3.6H2O 

(mol) 

D:CuSO4.5H2O 

(mol) 

 Cr(VI) adsorption 

capacity (mg/g) 

[Cr(III)] 

(mg/dm3) 

As(III) adsorption 

capacity (mg/g) 

[As(V)] 

(mg/dm3) 

 Desirability 

score 

58 0.028 0.013 0.025  41.472 2.037 23.976 3.579  1 
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4.3 SPECTROSCOPIC CHARACTERIZATION 

4.3.1 MF binary metal oxide 

 Fourier transform infrared (FTIR) spectroscopy 

The FTIR spectrum of nanostructured MF binary metal oxide is presented in Fig 4.9. The broad 

absorption band at 3342 cm-1 is characteristic of the stretching vibration of surface hydroxyl 

groups (Boujelben et al., 2009; Du et al., 2017). The absorption peak at 1619 cm-1 is due to the 

deformation of adsorbed H2O molecules (Zhang et al., 2009). The peak at 1099 cm-1 is ascribed 

to bending vibration of the hydroxyl group of Mn-OH (Zhang et al., 2009; Du et al., 2017). 

The peak at 916 cm-1 represents δ- and γ-OH (in-plane and out-of-plane) bending modes of Fe-

OH (Lakshmipathiraj et al., 2006). The peak at 508 cm-1 is responsible for Mn-O stretching 

modes of octahedral and tetrahedral sites (Du et al., 2014; Jiang et al., 2015; Islam et al., 2018). 

The peak at 427 cm-1 is characteristic of Fe-O stretching vibration (Liu et al., 2018) and bending 

modes of Fe-O (Trpkov et al., 2018). The low-frequency absorptions (400–1000 cm-1) are 

generally due to metal-hydroxyl and metal-oxygen vibrations (Liu et al., 2012). 
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Fig 4.9  Fourier transform infrared spectrum of nanostructured binary MF metal oxide. 
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 Scanning electron microscopy (SEM) 

The SEM image in Fig 4.10a shows the surface morphology of MF binary metal oxide. The 

micrograph shows nanograins of different shapes and sizes. The oxide surface appears rough 

and has pores. The surface roughness indicates the availability of a large surface area (Roy et 

al., 2017). The porous nature can be attributed to the evolution of gases during drying in the 

vacuum oven (Yufanyi et al., 2015). The image is consistent with previous research (Zhang et 

al., 2007). Surface distribution of manganese, iron, and oxygen on the nanomaterial obtained 

from energy-dispersive X-ray spectroscopy (EDS) is presented in Fig 4.10b. It shows the 

elemental weight percent composition of the nanometal oxide to be: manganese 8.90, iron 

50.58 and oxygen 40.42. The EDS analysis data is qualitative since it is representative of a 

minuscule portion of the nanomaterial. More information on the MF composite surface 

elemental distribution is shown by the elemental map in Fig 4.10c. The elemental map shows 

that the metal oxide particles are sparsely distributed and that the manganese and iron oxides 

are in different phases. 
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Fig 4.10 Surface analysis of nanostructured binary MF oxide: (a) scanning electron micrograph, (b) EDS data and (c) elemental map. 

 

 

(a) 
(b) 

 

 
(c) 
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 Transmission electron microscopy (TEM) 

The TEM micrograph of MF oxide is shown in Fig 4.11a. It shows that the metal oxides are 

spherical, aggregated and homogenous in the composite. The micrograph is similar to that of 

calcined Mn-Fe surface (Shu et al., 2013). Image J software was used to determine the 

nanoparticle size distribution and the result is presented in Fig 4.11b. The nanoparticle sizes 

range from 0.2 to 1.2 nm with an average nanoparticle size of 0.62 ± 0.05 nm. 
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Fig 4.11 (a) TEM image and (b) particle size distribution of MF nanostructured metal 

oxide. 

 X-ray photoelectron spectroscopy (XPS) 

The surface electronic states on the MF nanocomposite were determined using X-ray 

photoelectron spectroscopy. The XPS survey spectra of the MF metal oxide is presented in Fig 

4.12a. It shows major peaks at 712, 642 and 529 eV characteristic of Fe 2p, Mn 2p and O 1s, 

respectively. The detailed X-ray photoelectron spectra of Fe 2p, Mn 2p and O 1s are shown on 

Figs 4.12b-d. The Fe 2p spectrum in Fig 4.12b showed major peaks characteristic of γ-Fe2O3 

at 724.3 and 710.7 eV corresponding to Fe 2p1/2 and Fe 2p3/2, respectively (Yu et al., 2013; 

Ouma et al., 2018). The satellite peaks at 732.7 and 718.6 eV confirmed the presence of Fe(III) 

in the nanocomposite (Weilong & Xiaobo, 2013). Deconvolution of the Fe 2p3/2 photoelectron 

peak at 710.7eV gave two peaks characteristic of Fe(II) and Fe(III) with atomic concentrations 

of 37.51 and 62.49 %, respectively. The Mn 2p spectrum in Fig 4.12c showed major 

photoelectron peaks at 653.5 and 641.8 eV due to Mn 2p1/2 and Mn 2p3/2, respectively. The 

deconvolution of the Mn 2p3/2 peak resulted in two peaks at 642.1 and 641.6 eV characteristic 

(a) (b) 
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of the presence of Mn(III) and Mn(IV) at atomic concentrations of 60.11 and 39.89 %, 

respectively (Wang et al., 2012). The Mn 2p3/2 peak position for Mn(II) is noted around 639.75 

eV, Mn(III) 641.38-641.69 eV and Mn(IV) at 642.00-642.23 eV (Nesbitt & Banerjee, 1998). 

The O 1s spectrum in Fig 4.12d showed a major peak at 529.7 eV. The Gaussian-Lorentz fit of 

the O 1s peak resulted in three peaks corresponding to the three different types of surface 

oxygen groups found in metal oxides. The oxygen species comprised of lattice oxygen (O2-), 

hydroxide oxygen (OH-) and oxygen in molecular H2O (adsorbed or structural) with atomic 

concentrations of 60.02, 34.27 and 5.71 %, respectively. The binding energies of lattice O2- are 

in the range 529.29-529.47 eV, hydroxide oxygen 530.91-530.99 eV and oxygen in molecular 

H2O from 532.07-532.50 eV (Wang et al., 2012). The XPS results showed that the MF 

nanocomposite comprised of mixed metal hydr(oxides) of Fe(II), Fe(III), Mn(III) and Mn(IV). 

This corroborates with the analysis of infrared data which revealed the presence of surface 

hydroxyl groups on the nanocomposite. 
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Fig 4.12 X-ray photoelectron spectra (a) MF low-resolution survey scan, and high-resolution detailed scans for (b) Fe 2p, (c) Mn 2p and (d) 

O 1s. 
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 X-ray diffraction (XRD) spectroscopy 

The X-ray diffraction micrograph of MF binary composite is shown in Fig 4.13. It shows that 

the composite is made up of a mixture of different species of Mn and Fe oxides. The binary 

oxide is composed of two Fe oxide and two Mn oxide phases. The iron oxide phases include 

wuestite (FeO) identified with JCPDS Card No. 01-074-1886 having peaks at 34, 43, and 60 º 

and haematite (α-Fe2O3) identified with JCPDS Card No. 33-0664 having peaks at 24, 33, 35, 

42, 57, 62 and 72 º. The two identified Mn oxide phases were hausmannite (Mn3O4) identified 

with JCPDS Card No. 24-0734 having peaks at 37, 45 and 54 º and bixbyite-C (Mn2O3)  

identified with JCPDS Card No. 41-1442 having peaks at 18, 38, 48, 49, 64, 66, 71 and 76 º. 
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Fig 4.13 X-ray diffraction pattern of MF binary composite. 

 Textural properties 

To elucidate the pore structure of the nanometal oxide, N2 gas physisorption measurements 

were undertaken to determine BET surface area, pore volume and pore size. The BET surface 

area, pore volume and pore size of the MF nanometal oxide were determined to be 217.5228 

m2/g, 0.2832 cm3/g and 4.3657 nm, respectively. 
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The N2 adsorption/desorption isotherm for MF metal oxide is shown in Fig 4.14a. It shows a 

type IV isotherm (IUPAC classification) with an H2 type hysteresis loop at P/P0 = 0.40 to 0.85 

due to capillary condensation characteristic of mesoporous materials with narrow pore size 

distributions (Sing et al., 1985; Luo et al., 2003; Lou et al., 2017). The shapes of adsorption 

hysteresis loops are associated with pore structure. Mesopores are classified as pores exhibiting 

width diameters between 2 and 50 nm, with macropores being above 50 nm and micropores 

below 2 nm (Sing et al., 1985, Rouquerol et al., 1994). The pore size distribution for MF oxide 

is presented in Fig 4.14b and was determined using the Barrett-Joyna-Halenda (BJH) 

adsorption model (Barrett et al.,1951). The result shows the presence of pores in the 

mesoporous region, mainly in the range 2-8 nm. 
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Fig 4.14 (a) N2 adsorption/desorption isotherm and (b) pore size distribution for binary 

MF nanometal oxide. 

 pH at point of zero charge (pHpzc) 

The pH at point of zero charge (pHpzc) is the solution pH at which the adsorbent surface is 

neutral. The pHpzc of the MF nanometal oxide determined using the pH drift method is 

presented in Fig 4.15. The result shows that MF oxide had a pHpzc of 6.69. The presence of 

high manganese content in the composite oxide reduces the pHpzc, whilst iron oxide increases 

the pHpzc. This is attributed to the low pHpzc of manganese oxides (pHpzc=2-3) and the high 

pHpzc of iron oxides (pHpzc=7-9) (Zhang et al., 2012; Sousa & Teixeira, 2013; Lan et al., 2017). 

The adsorbent surface is negative when solution pH > pHpzc and it is positive when solution 

pH < pHpzc. The knowledge on an adsorbent surface charge is important as it informs of the 

type of interaction with the adsorbate during the adsorption process. 
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Fig 4.15 pHpzc of nanometal composite oxide of MF. 

4.3.2 MC binary metal oxide 

 Fourier transform infrared (FTIR) spectroscopy 

The FTIR spectrum of nanostructured MC binary metal oxide is presented in Fig 4.16. The 

wide absorption band at 3179 cm-1 is ascribed to hydroxyl group vibrations. The absorption 

peak at 1660 cm-1 represents adsorbed H2O vibrations (Lakshmipathiraj et al., 2006; Zhang et 

al., 2009; Du et al, 2017). The peaks at 1488 and 1090 cm-1 are ascribed to Mn-OH structural 

vibrations (Gupta et al., 2010; Du et al., 2015). The infrared absorption peaks at 825 cm-1 may 

be due to Mn-O-Mn stretching vibration (Wei et al., 2019). The absorption peak at 653 cm-1 

can be due to Mn2O3 phase vibrations of the Mn-O bond (Morales et al., 2009). The band at 

631 cm-1 is due to the stretching vibration of Cu-O (Ethiraj & King, 2012). The absorption 

band at 591 cm-1 is attributed to an overlap of Cu-O and Mn-O vibrations (Morales et al., 2009; 

Wang et al., 2013; Bozkurt et al., 2014, Mohan et al., 2015). The absorption peak at 448 cm-1 

is due to Cu-O stretching vibration (Dar et al., 2008; Nogueira et al., 2016). 
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Fig 4.16 Fourier transform infrared spectrum of nanostructured binary MC metal oxide. 

 Scanning electron microscopy (SEM) 

The scanning electron micrograph in Fig 4.17a shows the surface morphology of 

nanostructured MC oxide. It shows a rough surface with non-uniform shaped rod-like 

structures which appear clustered with pores in between them. The elemental surface 

distribution of MC metal oxide from EDS analysis is presented in Fig 4.17b. It shows the 

elemental weight percent composition of the nanometal oxide to be: manganese 4.31, copper 

90.74 and oxygen 4.95. The elemental map of the MC metal oxide is shown in Fig 4.17c. The 

elemental map shows that the manganese, copper and oxygen particles are evenly distributed 

and that the manganese and copper oxides are in different phases. 
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Fig 4.17 Surface analysis of nanostructured binary MC oxide: (a) scanning electron micrograph, (b) EDS data and (c) elemental map. 
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 X-ray diffraction (XRD) spectroscopy 

The X-ray diffraction pattern of MC binary oxide composite is presented in Fig 4.18. The 

XRD plot shows that the binary composite consists of separate Mn and Cu oxides crystallite 

phases. The binary oxide is composed of a single Cu oxide and two Mn oxide phases. The 

copper oxide phase is tenorite (CuO) identified with JCPDS Card No. 48-1548 having peaks 

at 32, 34, 37, 49, 53, 58, 61 and 68 º. The two identified Mn oxide phases were hausmannite 

(Mn3O4) identified with JCPDS Card No. 24-0734 having peaks at 17, 25, 36, 45, 52 and 73 º 

and bixbyite-C (Mn2O3)  identified with JCPDS Card No. 41-1442 having peaks at 18, 22, 

39, 40, 43, 47, 66 and 75 º. 
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Fig 4.18 X-ray diffraction pattern of MC binary metal oxide composite. 

 Transmission electron microscopy (TEM) 

The TEM image of MC oxide is shown in Fig 4.19a. It shows that the metal oxides are 

irregularly shaped, aggregated and in different phases in the composite. Image J software was 

used to determine the particle size distribution and the result is presented in Fig 4.19b. The 

particle sizes range from 0.2-0.9 nm with an average particle size of 0.60 ± 0.05 nm. 
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Fig 4.19 (a) TEM image and (b) particle size distribution of MC nanostructured metal 

oxide. 

 X-ray photoelectron spectroscopy (XPS) 

The XPS survey spectra of the MC nanocomposite is presented in Fig 4.20a and it shows the 

major peaks at 935, 643 and 531 eV characteristic of Cu 2p, Mn 2p and O 1s, respectively. The 

detailed X-ray photoelectron spectra of Mn 2p, Cu 2p and O 1s are shown on Figs 4.20b-d. The 

Mn 2p spectrum in Fig 4.20b showed major peaks at 653.7 and 641.9 eV characteristic of Mn 

2p1/2 and Mn 2p3/2, respectively. The spectra revealed a shake-up satellite signal at 649.3 eV 

which was ascribed to the presence of Mn(III) in the nanocomposite (Dong et al., 2014). The 

deconvolution of the Mn 2p3/2 photoelectron peak gave two peaks at 641.2 and 642.4 eV due 

to Mn(III) and Mn(IV) with atomic concentrations of 16.24 and 83.76 %, respectively (Nesbitt 

& Banarjee, 1998; Weilong & Xiaobo, 2013). The Cu 2p spectrum in Fig 4.20c showed Cu 

2p3/2 and Cu 2p1/2 signals at 934.8 and 954.9 eV. The photoelectron peaks at 943.2 and 962.9 

eV represent satellite peaks due to Cu 2p3/2 and Cu 2p1/2. The satellite signals are characteristic 

of the presence of Cu(II). The Cu 2p3/2 peak at 934.8 eV was deconvoluted using the Gaussian-

Lorentz fit to give two peaks at 931.2 and 934.7 eV corresponding to the presence of Cu(I) and 

Cu(II) with atomic concentrations of 5.09 and 94.91 %, respectively (Dong et al., 2014). The 

O 1s spectrum in Fig 4.20d showed a major peak at 530.0 eV. The O 1s photoelectron peak 

was split into three peaks at 530.1, 531.7 and 533.5 eV representing O2- (metal oxide-47.95 %), 

OH- (surface oxygen-47.23 %) and O in adsorbed H2O (4.82 %) (Wang et al., 2012). The XPS 

results showed that the MC nanocomposite metal oxide consisted of mixed metal hydr(oxides) 

of Cu(I), Cu(II), Mn(III) and Mn(IV). 
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Fig 4.20 X-ray photoelectron spectra of binary MC metal oxide (a) low-resolution survey scan and high-resolution detailed scans (b) Mn 2p, 

(c) Cu 2p and (d) O 1s. 
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 Textural properties 

The BET surface area, pore volume and pore size of MC oxide were found to be 21.5550 m2/g, 

0.1267 cm3/g and 27.3204 nm, respectively. According to IUPAC classification, the N2 

adsorption/desorption isotherm presented in Fig 4.21a shows a type II isotherm with an H3 

type hysteresis loop at P/P0 = 0.14 to 0.98 suggesting aggregation of the nanoparticles resulting 

in slit-shaped pores. The type II isotherm is characteristic of non-porous or macroporous 

adsorbents (Sing et al., 1985). The pore size distribution for MC oxide is presented in Fig 4.21b. 

The result shows the presence of pores in the mesoporous and macroporous region, in the range 

5-120 nm. 
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Fig 4.21 (a) N2 adsorption-desorption isotherm and (b) pore size distribution of binary 

MC nanometal oxide. 

 pH at point of zero charge (pHpzc) 

The pHpzc of the MC nanometal oxide composite was determined from Fig 4.22 and found to 

be 6.82. The presence of manganese oxide in the composite oxide reduces the pHpzc, whilst 

copper oxide increases the pHpzc. This is attributed to the low pHpzc of manganese oxides 

(pHpzc=2-3) and the high pHpzc of copper oxides (pHpzc=9-10) (Zhang et al., 2012; Sousa & 

Teixeira, 2013; Lan et al., 2017). 
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Fig 4.22 pHpzc of nanometal composite oxide of MC. 

4.3.3 MFC ternary metal oxide 

 Fourier transform infrared (FTIR) spectroscopy 

The FTIR spectrum of the nanostructured MFC ternary metal oxide composite is presented in 

Fig 4.23. The broad absorption band at 3211 cm-1 is attributed to vibration of surface hydroxyl 

groups (Lakshmipathiraj et al., 2006; Zhang et al., 2009; Du et al, 2017). The absorption peak 

at 1665 cm-1 is ascribed to vibrations of adsorbed H2O molecules (Zhang et al., 2009). The 

peak at 1086 cm-1 is due to Mn-OH vibration (Gupta et al., 2010; Du et al., 2017). The peaks 

at 986 and 811 cm-1 are attributed to Mn-O-Mn vibrations (Wei et al., 2019). The absorption 

peak at 733 cm-1 is assigned to Fe-O and Mn-O-Mn vibrations (Chen et al., 2011; Wei et al., 

2019). The absorption at 526 cm-1 is assigned to an overlap of Mn-O and Cu-O stretching 

vibrations and the peak at 467 cm-1 is ascribed to the overlap of Fe-O and Cu-O stretching 

vibrations and bending modes (Morales et al., 2009; Wang et al., 2013; Bozkurt et al., 2014; 

Nogueira et al., 2016; Liu et al., 2018; Trpkov et al., 2018). 
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Fig 4.23 Fourier transform infrared spectrum of nanostructured ternary MFC metal 

oxide. 

 Scanning electron microscopy (SEM)  

The SEM image in Fig 4.24a shows the surface morphology of MFC ternary metal oxide 

composite. The micrograph shows an aggregation of rod-like and spherical MFC nanograins 

of different sizes making the oxide surface appear rough and porous. The elemental surface 

distribution and elemental mapping of manganese, iron, copper and oxygen on the 

nanomaterial obtained from energy-dispersive X-ray spectroscopy (EDS) is presented on Figs 

4.24b and c. The elemental weight percent composition of the nanometal oxide was found to 

be: manganese 2.36, iron 24.89, copper 58.45 and oxygen 14.30. The elemental map shows the 

uneven distribution of manganese, iron and copper on the metal oxide surface. The information 

from the elemental map suggests that the oxides of manganese, iron and copper are in different 

phases in the composite. 
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Fig 4.24 Surface analysis of nanostructured ternary MFC oxide: (a) SEM image, (b) EDS data and (c) elemental map. 

 

(a) (b)  

(c) 
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 Transmission electron microscopy (TEM) 

The TEM image of MFC oxide is shown in Fig 4.25a. It shows that the metal oxides are 

aggregated and in different phases in the composite. Image J software was used to determine 

the particle size distribution and the result is presented in Fig 4.25b. The particle sizes range 

from 0.5 to 1.8 nm with an average particle size of 0.90 ± 0.05 nm. 
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Figure 4.25 (a) TEM image and (b) particle size distribution of ternary MFC nanostructured 

metal oxide. 

 X-ray photoelectron spectroscopy (XPS) 

The X-ray photoelectron survey spectra of the MFC nanocomposite is presented in Fig 4.26a 

and it shows the major peaks at 954, 712, 642 and 531 eV characteristic of Cu 2p, Fe 2p, Mn 

2p and O 1s, respectively. The detailed X-ray photoelectron spectra of Mn 2p, Fe 2p, Cu 2p 

and O 1s are shown on Figs 4.26b-e. The Mn 2p spectrum in Fig 4.26b showed major peaks at 

653.7 and 641.9 eV characteristic of Mn 2p1/2 and Mn 2p3/2, respectively. The spectra revealed 

a shake-up satellite signal at 648.8 eV due to Mn(III) present in the nanocomposite. The shake-

up signals emanate from the interaction between an ejected photoelectron and a valence 

electron. The ejected photoelectron excites or shakes-up the valence electron to a higher energy 

level reducing the kinetic energy of the core electron but increasing its binding energy resulting 

in a satellite peak (Watts & Wolstenholme, 2003). Multiplet splitting of the Mn 2p3/2 

photoelectron peak gave two peaks at 641.1 and 642.3 eV due to Mn(III) and Mn(IV) with 

atomic concentrations of 17.56 and 82.44 %, respectively (Weilong & Xiaobo, 2013). The Fe 

(a) (b) 
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2p spectrum in Fig 4.26c showed major peaks characteristic of γ-Fe2O3 at 724.7 and 711.0 eV 

corresponding to Fe 2p1/2 and Fe 2p3/2, respectively (Ouma et al., 2018). The satellite peaks at 

734.5 and 719.3 eV further confirmed the presence of Fe(III) in the nanocomposite (Weilong 

& Xiaobo, 2013). Use of the Gauss-Lorentz distribution to fit the multiplet Fe 2p3/2 peak at 

711.0 eV gave two peaks at 710.5 and 712.9 eV characteristic of Fe(II) and Fe(III) with atomic 

concentrations of 36.43 and 63.57 %, respectively. The Cu 2p spectrum in Fig 4.26d showed 

Cu 2p3/2 and Cu 2p1/2 signals at 934.8 and 954.9 eV with satellite peaks at 943.3 and 962.9 eV, 

respectively. The photoelectron satellite signals due to Cu 2p3/2 and Cu 2p1/2 revealed the 

presence of Cu(II) in the nanocomposite metal oxide with a d9 configuration in the ground state 

(Biesinger et al., 2010; de Godoi et al., 2013). The Cu 2p3/2 peak at 934.8 eV was deconvoluted 

using the Gaussian-Lorentzian distribution and yielded two peaks at 930.9 and 934.7 eV 

corresponding to the presence of Cu(I) and Cu(II) with atomic concentrations of 3.49 and 96.51 

%, respectively (Dong et al., 2014). The O 1s spectrum in Fig 4.26e showed a major peak at 

530.1 eV. The O 1s photoelectron peak was split into three peaks at 529.9, 531.5 and 533.5 eV 

representing O2- (46.96 %), OH- (47.58 %) and O in adsorbed H2O (5.46 %) (Wang et al., 

2012). The XPS results showed that the MFC nanocomposite metal oxide consisted of mixed 

metal hydr(oxides) of Mn(III), Mn(IV), Fe(II), Fe(III), Cu(I) and Cu(II). 
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Fig 4.26 X-ray photoelectron spectra of MFC nanocomposite (a) low-resolution survey scan and high-resolution detailed scans for (b) Mn 

2p, (c) Fe 2p, (d) Cu 2p and (e) O 1s. 
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 Textural properties 

The BET surface area, pore volume and pore size of MFC oxide composite were found to be 

77.2427 m2/g, 0.2409 cm3/g and 14.7560 nm, respectively. The N2 adsorption/desorption 

isotherm of the oxide is presented on Fig 4.27a and shows a type II isotherm with an H3 type 

hysteresis loop at P/P0 = 0.15 to 0.98. The H3 hysteresis loop signifies the presence of slit-

shaped pores (Sing et al., 1985). The type II isotherm is characteristic of non-porous or 

macroporous adsorbents. The pore size distribution of MFC nanometal oxide is shown on Fig 

4.27b. The figure shows a very broad distribution of pore sizes in the mesoporous and 

macroporous regions, in the range 1.5-125 nm. 
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Fig 4.27 (a) N2 adsorption-desorption isotherm and (b) pore size distribution of 

nanostructured ternary MFC metal oxide. 

 X-ray diffraction (XRD) spectroscopy 

The X-ray diffraction pattern of MFC ternary composite is shown in Fig 4.28. It shows that the 

composite is made up of a mixture of different species of Mn, Fe and Cu oxides. The ternary 

oxide is composed of a single Fe oxide, a single Cu oxide and two Mn oxide phases. The iron 

oxide phase is haematite (α-Fe2O3) identified with JCPDS Card No. 33-0664 having peaks at 

25, 36, 49, 63, 64 and 72 º. The copper oxide phase present is tenorite identified with JCPDS 

Card No. 48-1548 having peaks at 33, 37, 54, 58, and 68 º. The two identified Mn oxide phases 

were hausmannite (Mn3O4) identified with JCPDS Card No. 24-0734 having peaks at 17 and 

30 º and bixbyite-C (Mn2O3)  identified with JCPDS Card No. 41-1442 having peaks at 18, 39, 

41, 43, 66 and 75 º. 
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Fig 4.28 X-ray diffraction pattern of nanostructured ternary MFC metal oxide. 

 pH at point of zero charge (pHpzc) 

The pHpzc of the MFC nanometal oxide composite was determined from Fig 4.29 and found to 

be 6.75 using the pH drift method. The MFC composite oxide adsorbent surface is neutral at 

solution pH = 6.75, negative at solution pH > 6.75 and it is positive when solution pH < 6.75. 
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Fig 4.29 pHpzc of nanometal MFC composite oxide. 
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4.4 CONCLUSION 

The optimal working parameters for fabrication of the ternary MFC metal oxide nanocomposite 

as determined from CCD were a co-precipitation of 58 mins and Mn:Fe:Cu mole ratio of 

0.028:0.013:0.025 with a desirability score of 1. Spectroscopic characterization facilitated the 

microstructural investigation of the synthesized MC, MF and MFC metal oxide 

nanocomposites. The SEM images showed the rough and homogeneous nature of the 

nanocomposite surfaces which is characteristic of mixed metal oxides. This corroborated with 

results from XRD analysis which showed the presence of Mn, Fe and Cu oxides in different 

valence states. The analysis of infrared data revealed the presence of surface hydroxyl groups 

on the metal oxide surfaces. The analysis of XPS results revealed that redox processes took 

place during the co-precipitation of the metal oxide nanoparticles. The BET textural studies 

showed the presence of mesopores and macropores on the adsorbent surfaces. It also showed 

that the nanocomposites had large surface areas (217.52 m2/g for MF) which is characteristic 

of the rough surfaces observed on the nanoparticles by SEM. The analysis of transmission 

electron micrographs exhibited that the ternary MFC metal oxide nanocomposite had the 

largest average particle size (0.90±0.05). The magnitudes of the surface charges (pHpzc) of the 

MC, MF and MFC metal oxide composites were determined using the pH drift method. 
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CHAPTER 5 

5 RESULTS AND DISCUSSION 

5.1 INTRODUCTION 

This chapter describes the adsorption kinetics of Cr(VI) and As(III) onto the MF, MC and MFC 

metal oxide nanocomposites. The effect of solution pH and determination of the optimum 

adsorbent dosage concentration for the adsorption process are discussed. 

5.2 ADSORPTION DYNAMICS 

5.2.1 Influence of solution pH 

The adsorbent surface charge, degree of ionisation and adsorbate speciation are highly 

dependent on the solution pH (Akram et al., 2017). The adsorbent surface is electrically neutral 

at pH at point of zero charge (pHpzc). It is positively charged at pH < pHpzc, and is negatively 

charged at pH > pHpzc. The pHpzc of the MF, MC and MFC metal oxides were found to be 6.69, 

6.82 and 6.75, respectively. 

Chromium(VI): The effect of pH on Cr(VI) adsorption on the MF, MC and MFC metal oxides 

is shown in Fig 5.1. 
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Fig 5.1   Effect of pH on adsorption of Cr(VI) onto MC, MF and MFC metal oxides. 
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The plot shows that the adsorption of the Cr(VI) is influenced by solution pH, with maximum 

adsorption capacity for the MF (qe = 162.21 mg/g), MC (qe = 154.04 mg/g) and MFC (qe = 

180.58 mg/g) metal oxides taking place at pH 2. The adsorption capacities are high at low pH 

values and decrease with an increase in solution pH, suggesting that electrostatic interactions 

or ion exchange might be part of the adsorption mechanism (Panda et al., 2017). The same 

result was reported by Belachew and Hinsene (2020) on adsorption of Cr(VI) anions onto 

cationic surfactant-modified Ethiopian kaolin at different pH values. The pKa1 and pKa2 values 

of chromic acid (𝐻2𝐶𝑟𝑂4) are 0.74 and 6.50, respectively (Jiang et al., 2013). At low to slightly 

neutral pH, the Cr(VI) mainly exists as bichromate, 𝐻𝐶𝑟𝑂4
− anions in aqueous solution, 

(Barrera-Diaz et al., 2012; Zhang et al., 2018) while the metal oxide adsorbent surfaces are 

highly protonated resulting in strong electrostatic attractions between the adsorbate and the 

adsorbent increasing the adsorption capacity. It has been shown that metal ions can leach into 

solution at low pH values (Guo et al., 2019). A study of the stability of the MF, MC and MFC 

metal oxides at pH’s 2-7 was done and the results are presented in Figs 5.2a-c, respectively. To 

determine the optimum pH for the adsorption of Cr(VI) on each of the metal oxides in this 

investigation, the USEPA and WHO prescribed maximum contaminant levels (MCL) of Mn, 

Fe and Cu, which are 0.05, 0.3 and 1.3 mg/dm3, respectively were taken into consideration 

(Praharaj et al., 2002; Lemley et al., 2005; Orisakwe et al., 2006). At pH 2, where the maximum 

adsorption of the pollutant anions is taking place, leaching of the adsorbent metal ion 

components into solution is also very high at that acidic pH. Hence, a pH of 3 was taken as the 

optimum for the adsorption of the Cr(VI) on the MF (qe = 141.07 mg/g), MC (qe = 120.52 

mg/g) and MFC (qe = 168.13 mg/g) metal oxides, since at pH 3, the amounts of Mn, Fe and Cu 

ions leaching into the treated water were all below the permissible maximum contaminant 

levels. The same conclusion was also reached at by Inyang and co-workers (2016), who 

reported that the amount of adsorbent metal ions leached at pH 2 is far much greater than that 

leached at pH 3 in aqueous media. The pH investigations showed that an increase in solution 

pH increased stability of the metal oxide adsorbents, but greatly reduced the Cr(VI) adsorption 

capacities. The reduction in the adsorption capacities at higher pH values might be due to: (i) 

electrostatic repulsion between the negatively charged adsorbent surface (pH > pHpzc) and the 

predominant Cr(VI) anions (𝐶𝑟𝑂4
2−), (ii) competition for active sites between the 𝐶𝑟𝑂4

2− anions 

and 𝑂𝐻−, and (iii) the predominant 𝐶𝑟𝑂4
2− oxyanion has lower free energy (-2.1 to -0.3 

kcal/mol) than 𝐻𝐶𝑟𝑂4
− (-2.5 to -0.6 kcal/mol) and shows low affinity for the adsorbent (Liu et 

al., 2018; Wu et al., 2018), since it binds to two positive centres resulting in rapid depletion of 
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adsorption active sites (Nogueira et al., 2016). An analogous interpretation was made by Gheju 

et al. (2016), on studying the effects of solution pH on Cr(VI) anions removal using MnO2. 

The MFC ternary metal oxide showed better adsorptive capabilities than either the MF or MC 

binary metal oxides as it had higher adsorption capacities at pH’s 2 and 3. Further 

investigations on adsorption of Cr(VI) were done at pH 3 mainly due to the increase in stability 

of the metal oxide systems at this pH. This study seeks to remove Cr(VI) from solution with 

minimal or negligible conversion to Cr(III). The reduction of Cr(VI) can occur as: 

3𝐹𝑒2+ + 𝐻𝐶𝑟𝑂4
− + 7𝐻+ ⇌ 3𝐹𝑒3+ + 𝐶𝑟3+ + 4𝐻2𝑂               (5.1) 

or 

𝐻𝐶𝑟𝑂4
− + 7𝐻+ + 3𝑒− ⇌ 𝐶𝑟3+ + 4𝐻2𝑂                (5.2) 

The reduction process is very slow in the environment, taking months or even years but the 

rate increases significantly at pH values less than 3 (Jardine et al., 1999). Duranoğlu and co-

workers (2012) also reported a similar finding in their investigation on the adsorption of Cr(VI) 

onto activated carbon derived from acrylonitrile-divinylbenzene co-polymer. The researchers 

observed that Cr(III) ions were only observed at pH 2 during the adsorption process and 

proposed that this might be due to (1) a deficiency of H+ protons required to facilitate the 

reduction of Cr(VI) at pH values above 2, and (2) possibly the Cr(VI) reduction took place but 

the formed Cr(III) ions were rapidly adsorbed onto the surface of the adsorbent due to a 

deficiency of H+ protons which can compete with the Cr(III) cations for adsorption active sites 

above a solution pH of 2. Hence, application of pH 3 as the optimum is anticipated to alleviate 

the formation of Cr(III) from the reduction of Cr(VI) during the adsorption process. 
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Fig 5.2  Effect of pH on stability of the (a) MC, (b) MF and (c) MFC metal 

oxide adsorbents (the MCL of ions of Fe and Cu are not shown since they are much 

higher than the concentration amounts of Fe and Cu ions leaching from the metal oxide 

systems into the treated water – MCL: Fe = 0.3 mg/dm3 and Cu = 1.3 mg/dm3). 
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Arsenic(III): The plot of effect of pH on As(III) adsorption onto MC, MF and MFC metal oxide 

composites is presented in Fig 5.3. The adsorption capacities are low in acidic and very alkaline 

solution conditions, with maximum adsorption taking place at pH 8 for the MF (qe = 32.42 

mg/g), and at pH 9 for the MC (qe = 34.51 mg/g) and MFC (qe = 42.34 mg/g) metal oxides. 

The MFC ternary metal oxide exhibited the highest adsorption capacity suggesting that its 

surface has a higher affinity for the As(III) species. The predominant form of As(III) is 𝐻3𝐴𝑠𝑂3 

at pH < 9 (Xiu et al., 2018). 

 

 

Fig 5.3   Effect of solution pH on adsorption of As(III) on MC, MF and MFC metal oxide 

composite adsorbents. 

The low adsorption capacities at low solution pH (ie., pH < pHpzc) are due to reduced affinity 

between the protonated adsorbent surface and the neutral 𝐻3𝐴𝑠𝑂3 [Äs(OH)3]. At circumneutral 

solution pH, the metal oxide surface and the neutral 𝐻3𝐴𝑠𝑂3 form Lewis acid-base interactions 

creating inner-sphere surface complexes increasing adsorption (Cumbal & Sengupta, 2005; 

Zhang et al., 2018). Other researchers have reported the same result and concluded that the 

maximum uptake of weak acids such as arsenious acid (𝐻3𝐴𝑠𝑂3; pKa1 = 9.22) by metal oxides 

usually takes place at solution pH values close to pKa1 values of the weak acids (Zhang et al., 

2012; Zhang et al., 2013). The decrease in adsorption at high pH is probably due to (1) increase 

in electrostatic repulsion between the dominant 𝐻2𝐴𝑠𝑂3
− and 𝐻𝐴𝑠𝑂3

2− anionic forms of As(III) 

and the negatively charged adsorbent surface (since the solution pH > pHpzc), and (2) the 
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increase in competition for active sites between the 𝑂𝐻− ions and the arsenite anions (Shan & 

Tong, 2013; Zhang et al., 2013; Wen et al., 2019). As maximum adsorption of As(III) is at a 

pH ˃ pHpzc of the MC (pHpzc = 6.82), MF (pHpzc = 6.69) and MFC (pHpzc = 6.75) metal oxide 

adsorbents, surface complexation via chemisorption and not electrostatic interactions controls 

the uptake of adsorbate from solution (Chandra et al., 2010; Cheng et al., 2016). The same 

conclusion about As(III) adsorption process was also reported by Roy et al. (2017) using 

Azadirachta indica (neem) bark powder. 

5.2.2 Adsorbent dosage concentration 

Chromium(VI): The plots in Figs 5.4a-c show the effect of the MF, MC and MFC metal oxides 

adsorbent masses on Cr(VI) adsorption capacity and the Cr(VI) removal percentage from 

solution during the adsorption process. For the MF oxide adsorbent, an increase in mass 

decreased the adsorption capacity but caused an increase in the percentage removal of the 

adsorbate as shown in Fig 5.4a. The Cr(VI) adsorption capacity showed a marked decrease 

from 85.93 mg/g to 65.29 mg/g as the MF oxide adsorbent mass increased from 0.01 g to 0.05 

g, but only decreases from 65.29 mg/g to 58.85 mg/g as the adsorbent mass increased from 

0.05 g to 0.1 g. As more mass of adsorbent was added from 0.05 g to 0.2 g, a pattern could be 

observed, that is, for each stage increase in adsorbate mass, the resulting decrease in adsorption 

capacity became smaller. The percentage removal of Cr(VI) from solution showed a marked 

increase from 14.07 % to 34.71 % as the mass of adsorbent increased from 0.01 g to 0.05 g, 

but showed a small increase from 34.71 % to 41.16 % as adsorbent mass increased from 0.05 

g to 0.1 g. As the adsorbent mass increased from 0.05 g to 0.2 g, it was noted that the increase 

in % removal of adsorbate became smaller at each mass incremental stage. 
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Fig 5.4a The effect of MF metal oxide dose on the adsorption of Cr(VI). 

 

For the MC metal oxide adsorbent, as the mass increased, the adsorption capacity decreased 

but the percentage removal of adsorbate increased. The Cr(VI) adsorption capacity showed a 

decrease from 120.15 mg/g to 67.56 mg/g as the MC oxide adsorbent mass increased from 0.01 

g to 0.05 g and decreases from 67.56 mg/g to 36.70 mg/g as the adsorbent mass increased from 

0.05 g to 0.1 g. The percentage removal of Cr(VI) from solution increased from 12.02 % to 

33.78 % as the mass of adsorbent increased from 0.01 g to 0.05 g, but showed a small increase 

from 33.78 % to 36.70 % as adsorbent mass increased from 0.05 g to 0.1 g. The plot in Fig 

5.4b shows that as the mass of MC oxide adsorbent increases from 0.01 g to 0.05 g, there is a 

marked decrease in adsorption capacity of Cr(VI) from solution, but a smaller decrease in the 

adsorption capacity is observed when the mass of adsorbent increases from 0.05 g to 0.1 g. The 

same pattern was noted for subsequent increases in MC adsorbent dose after 0.05 g. 
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Fig 5.4b The effect of MC metal oxide dose on the adsorption of Cr(VI). 

 

The plot in Fig 5.4c shows the effect of MFC metal oxide adsorbent mass on Cr(VI) adsorption 

capacity and the removal percentage of Cr(VI) from solution during the adsorption process. 

The plot shows that as the mass of MFC oxide adsorbent increased, the adsorption capacity 

decreased, but the % removal of the adsorbate increased. The Cr(VI) adsorption capacity 

showed a marked decrease from 169.03 mg/g to 85.72 mg/g as the MFC oxide adsorbent mass 

increased from 0.01 g to 0.05 g, but only decreases from 85.72 mg/g to 53.72 mg/g as the 

adsorbent mass increased from 0.05 g to 0.1 g. As more mass of adsorbent was added from 

0.05 g to 0.2 g, a pattern could be observed, that is, for each stage increase in adsorbate mass, 

the resulting decrease in adsorption capacity became smaller. The percentage removal of 

Cr(VI) from solution increased from 16.90 % to 42.86 % as the mass of adsorbent increased 

from 0.01 g to 0.05 g, but showed a small increase from 42.86 % to 53.72 % as adsorbent mass 

increased from 0.05 g to 0.1 g. A trend was noted, that as adsorbent mass was increased from 

0.05 g to 0.2 g, the increase in % removal of adsorbate became smaller after each mass increase. 
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Fig 5.4c The effect of MFC metal oxide dose on the adsorption of Cr(VI). 

 

The decrease in Cr(VI) adsorption capacity due to an increase in the MF, MC and MFC metal 

oxide adsorbent doses with a fixed concentration and fixed volume of Cr(VI) is attributed to 

an increase in the number of adsorbent particles and adsorption active sites. During the 

adsorption process, some adsorbent active sites remain unoccupied due to: (1) a shortage of 

adsorbate resulting in lower adsorption capacities (Algothmi et al., 2013), (2) a decrease in 

total surface area due to aggregation and/or overlapping of adsorption active sites, and (3) an 

increase in diffusion path length (Franca et al., 2009). The observed large initial increase in the 

percentage removal of Cr(VI) with an increase in the mass of the metal oxide adsorbents up to 

0.05 g with a fixed concentration and fixed volume of adsorbate is due to an increase in the 

number of adsorption active sites resulting in more adsorbate being removed from solution 

(Ofomaja, 2010; Huang et al., 2015). As more mass of adsorbent is added, the increase in % 

removal of adsorbate becomes smaller after 0.05 g. This is attributed to a shortage of adsorbate 

due to the large availability of the adsorption active sites (Goswami et al., 2012). Therefore, 

0.05 g was chosen as the optimum metal oxide adsorbent mass and used in subsequent 

investigations for the MF, MC and MFC metal oxide adsorbents. 
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Arsenic(III): The effect of the mass of the MF, MC and MFC metal oxide adsorbents on As(III) 

ions adsorption capacities and the % removal of As(III) from solution is presented in Figs 5.5a-

c. The plot in Fig 5.5a shows that as the mass of the MF oxide was increased from 0.01 g to 

0.2 g, the As(III) adsorption capacity decreased, but the removal percentage of As(III) 

increased. The MF oxide adsorbent mass was increased in stages, that is, from 0.01 g to 0.05 

g, 0.05 g to 0.1 g, 0.1 g to 0.15 g, and 0.15 g to 0.2 g. The adsorption capacities associated with 

each mass increase stage were noted as 38.10 mg/g, 34.30 mg/g, 20.02 mg/g, 14.29 mg/g and 

11.29 mg/g, respectively. The removal percentages of As(III) for each of the above-stated mass 

increase intervals were observed to be 7.62, 34.30, 40.04, 42.86 and 45.16, respectively. 

 

Fig 5.5a The effect of MF binary metal oxide dose on adsorption of As(III). 

 

The plot in Fig 5.5b shows the effect of the MC oxide adsorbent dose on As(III) adsorption 

capacity and the % removal of As(III) from solution. From the plot, it is observed that as the 

mass of MC oxide was increased from 0.01 g to 0.2 g, the As(III) adsorption capacity 

decreased, but the removal percentage of As(III) increased. The MC oxide adsorbent mass was 

increased from 0.01 g to 0.05 g, 0.05 g to 0.1 g, 0.1 g to 0.15 g, and 0.15 g to 0.2 g. The 

adsorption capacities associated with each mass increase stage were noted as 39.40 mg/g, 36.04 

mg/g, 21.94 mg/g, 15.08 mg/g and 11.50 mg/g, respectively. The removal percentages of 
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As(III) for each of the above-stated mass increase intervals were observed to be 7.88, 36.04, 

43.88, 45.24 and 45.98, respectively. 

 

 

Fig 5.5b The effect of the MC binary metal oxide dose on adsorption of As(III). 

 

The effect of the mass of the MFC metal oxide adsorbent on As(III) adsorption capacity and 

the % removal of As(III) from solution is presented in Fig 5.5c. The plot shows that as the mass 

of MFC oxide was increased from 0.01 g to 0.2 g, the As(III) adsorption capacity decreased, 

but the removal percentage of As(III) increased. The MFC oxide adsorbent mass was increased 

from 0.01 g to 0.05 g, 0.05 g to 0.1 g, 0.1 g to 0.15 g, and 0.15 g to 0.2 g. The adsorption 

capacities associated with each mass increase were noted as 70.30 mg/g, 40.92 mg/g, 21.99 

mg/g, 15.39 mg/g and 11.72 mg/g, respectively. The removal percentages of As(III) for each 

of the above-stated mass increase intervals were observed to be 14.06, 40.92, 43.98, 46.18 and 

46.86, respectively. 
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Fig 5.5c The effect of the MFC ternary metal oxide dose on adsorption of As(III). 

 

The decrease in As(III) adsorption capacity due to an increase in the mass of each of the MF, 

MC and MFC metal oxide adsorbents with a fixed concentration and fixed volume of As(III) 

is attributed to an increase in the number of adsorbent particles and adsorption active sites. This 

causes some adsorption active sites to remain unoccupied due to the limited amount of 

adsorbate, resulting in a decrease in adsorption capacities (Ofomaja, 2010b; Algothmi et al., 

2013). 

 

The observed large initial increase in the percentage removal of As(III) with an increase in the 

mass of each of the MF, MC and MFC metal oxide adsorbents with fixed concentration and a 

fixed volume of adsorbate is attributed to an increase in the number of adsorption active sites 

resulting in more adsorbate being removed from solution (Ofomaja, 2010b; Huang et al., 2015). 

As more mass of adsorbent is added, the increase in % removal of adsorbate becomes smaller 

after 0.05 g. This is attributed to a shortage of adsorbate due to the large availability of the 

adsorption active sites (Goswami et al., 2012). Therefore, 0.05 g was chosen as the optimum 

adsorbent mass for each of the MF, MC and MFC metal oxides and used in subsequent 

investigations. 
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5.2.3 Kinetic studies 

The study of adsorption kinetics is of paramount importance in the design and scale-up of an 

efficient adsorption system. The fitting of kinetic and diffusion models gives an insight of the 

rate-controlling step in the adsorption process since the adsorption of liquids on porous solid 

adsorbents involves a series of steps: (1) the bulk transport of adsorbate to the hydrodynamic 

film surrounding the external surface of the adsorbent, (2) adsorbate migration from the bulk 

to the surface of the adsorbent across the hydrodynamic film, (3) intraparticle (pore) diffusion, 

and (4) attachment of adsorbate onto the adsorbent surface (Tran et al., 2017). Step 1 is assumed 

to be negligible due to vigorous stirring of the adsorption system, while step 4 is known to be 

fast hence, cannot be rate-controlling during the adsorption process. Therefore, the slower 

process between film or pore diffusion (steps 3 and 4 respectively) maybe rate-controlling 

during the adsorption (Singh & Pant, 2006). 

 Effect of concentration on adsorption kinetics 

The batch kinetic investigations were performed at varying initial concentrations (10, 20, 25, 

50 and 75 mg/dm3) of either Cr(VI) or As(III) as described in section 3.6.3.4. 

5.2.3.1.1 Kinetic models: Pseudo-first-order, pseudo-second-order and the Elovich rate 

equations 

The Cr(VI) and As(III) batch adsorption kinetic experimental data were fitted onto the non-

linear forms of the pseudo-first-order, pseudo-second-order and Elovich rate equations using 

KyPlot version 5.0 software (Yoshioka, 2002). The software utilized a quasi-Newton non-

linear regression algorithm to determine the adsorption parameters. The non-linear equations 

give more accurate model parameters than those calculated using linear techniques (Lima et 

al., 2015; Tran et al., 2017). The pseudo-first-order rate equation describes adsorption kinetics 

for diffusion across a boundary layer (Lagergren, 1898) and is presented as: 

 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)                   (5.3) 

 

where 𝑞𝑡 (mg/g) and 𝑞𝑒 (mg/g) are the adsorption capacities at time 𝑡 (min) and equilibrium 

respectively; and 𝑘1 (1/min) is the pseudo-first-order rate constant, which is calculated from a 
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non-linear plot of 𝑞𝑡 against 𝑡. The pseudo-second-order rate equation describes adsorption 

kinetics taking place by surface chemisorption (Blanchard et al., 1984) and is presented as: 

 

𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1+𝑘2𝑞𝑒𝑡
                    (5.4) 

 

where 𝑘2 (g/mg.min) is the pseudo-second-order rate constant and is obtained from a non-

linear plot of 𝑞𝑡 against 𝑡. The initial adsorption rate, ℎ (mg/g.min) is derived from a 

rearrangement of Eq 5.4 as 𝑡 approaches zero (Ho et al., 1996), giving: 

 

ℎ = 𝑘2𝑞𝑒
2                    (5.5) 

 

The Elovich equation describes the kinetics of heterogenous chemisorption on solid adsorbents 

(Zeldowitsch, 1934) and is presented as: 

 

𝑞𝑡 =
1

𝛽
ln(1 + 𝛼𝛽𝑡)                   (5.6) 

 

where α (mg/g.min) is the initial adsorption rate constant at zero coverage and β (mg/g) is the 

adsorption constant related to the degree of surface coverage and activation energy for 

chemisorption. A non-linear plot of 𝑞𝑡 against 𝑡 gives the Elovich kinetic constants, 𝛼 and 𝛽. 

Chromium(VI): The kinetic parameters and error functions for pseudo-first-order, pseudo-

second-order and Elovich rate equations for Cr(VI) adsorption on MC, MF and MFC 

nanostructured metal oxides are presented in Tables 5.1a-c. 
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Table 5.1a Kinetic modelling of different concentrations of Cr(VI) adsorption on MC binary metal oxide at 299 K. 

Kinetic model Parameters 
Cr(VI) concentration (mg/dm3) 

10 20 25 50 75 

 qe (mg/g) (exp) 12.38 13.91 16.38 18.54 20.87 

pseudo-first-order qe (mg/g) 11.51 12.74 15.08 17.11 19.17 

 k1 (1/min) 0.4266 0.3866 0.3273 0.2662 0.1758 

 R2 0.9498 0.9347 0.9199 0.9236 0.9076 

 % variance 0.9089 1.3787 2.3244 2.7189 4.0629 

pseudo-second-order qe (mg/g) 11.96 13.19 15.62 17.84 20.04 

 k2 (g.mg.min) 0.0559 0.0551 0.0546 0.0525 0.0501 

 h (mg/g.min) 7.99 9.59 13.32 16.71 20.12 

 R2 0.9874 0.9807 0.9762 0.9841 0.9774 

 % variance 0.2281 0.4071 0.6905 0.5644 0.9942 

Elovich equation β (mg/g) 0.52 0.55 0.59 0.63 0.65 

 α (mg/g.min) 51.42 96.72 155.11 620.62 1206.45 

 R2 0.9891 0.9893 0.9907 0.9878 0.9903 

 % variance 0.1971 0.2251 0.2693 0.4325 0.4265 
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Table 5.1b Kinetic modelling of different concentrations of Cr(VI) adsorption on MF binary metal oxide at 299 K. 

Kinetic model Parameters 
Cr(VI) concentration (mg/dm3) 

10 20 25 50 75 

 qe (mg/g) (exp) 15.94 16.75 19.60 22.05 23.66 

pseudo-first-order qe (mg/g) 14.58 15.60 18.18 21.05 22.06 

 k1 (1/min) 0.4014 0.3965 0.3807 0.3573 0.2749 

 R2 0.9561 0.9580 0.9496 0.9362 0.9277 

 % variance 1.3042 1.3505 2.2199 3.6597 4.4331 

pseudo-second-order qe (mg/g) 15.16 16.21 18.85 21.77 22.95 

 k2 (g.mg.min) 0.0409 0.0401 0.0391 0.0365 0.0348 

 h (mg/g.min) 9.40 10.54 13.89 17.30 18.33 

 R2 0.9866 0.9917 0.9862 0.9827 0.9843 

 % variance 0.3974 0.2665 0.6057 0.9922 0.9599 

Elovich equation β (mg/g) 0.49 0.51 0.53 0.58 0.70 

 α (mg/g.min) 53.14 125.44 148.16 166.09 367.81 

 R2 0.9865 0.9768 0.9852 0.9843 0.9838 

 % variance 0.3996 0.7476 0.6532 0.8982 0.9963 

 

 

 



164 

 

Table 5.1c Kinetic modelling of different concentrations of Cr(VI) adsorption on MFC ternary metal oxide at 299 K. 

Kinetic model Parameters 
Cr(VI) concentration (mg/dm3) 

10 20 25 50 75 

 qe (mg/g) (exp) 16.95 18.84 22.09 25.53 27.71 

pseudo-first-order qe (mg/g) 16.08 17.72 21.32 24.24 26.30 

 k1 (1/min) 0.4005 0.3096 0.2377 0.1869 0.1589 

 R2 0.9416 0.9455 0.9789 0.9846 0.9672 

 % variance 2.0306 2.2132 1.2710 1.2033 2.9266 

pseudo-second-order qe (mg/g) 16.65 18.34 22.14 25.20 27.31 

 k2 (g.mg.min) 0.0386 0.0382 0.0379 0.0369 0.0351 

 h (mg/g.min) 10.71 12.88 18.57 23.44 26.19 

 R2 0.9814 0.9881 0.9977 0.9965 0.9968 

 % variance 0.6455 0.4849 0.1401 0.2761 0.2832 

Elovich equation β (mg/g) 0.47 0.48 0.59 0.65 0.73 

 α (mg/g.min) 71.22 157.26 198.64 283.94 350.74 

 R2 0.9900 0.9836 0.9555 0.9419 0.9639 

 % variance 0.3467 0.6655 2.6889 4.5483 3.2202 
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The experimental and the pseudo-first-order and the pseudo-second-order adsorption capacities 

for MC, MF and MFC metal oxide adsorbents, showed an increase as the initial Cr(VI) 

concentration increased with a constant adsorbent dose. The experimental adsorption 

capacities, qe (mg/g) for the metal oxides increased in the ranges: MC, 12.38-20.87; MF, 15.94-

23.66; and MFC, 16.95-27.71, as the initial bulk concentration increased from 10-75 mg/dm3. 

The pseudo-first-order and the pseudo-second-order adsorption capacities, qe (mg/g) increased 

in the ranges: MC, 11.51-19.17; MF, 14.58-22.06; MFC, 16.08-26.30 and MC, 11.96-20.04; 

MF, 15.16-22.95; MFC, 16.65-27.31, respectively as the initial Cr(VI) concentration increased 

from 10-75 mg/dm3. The increases in the adsorption capacities were attributed to an increase 

in the number of adsorbent particles resulting in many adsorption active sites being occupied. 

The magnitudes of the adsorption capacities for the mixed metal oxides were in the order MFC 

> MF > MC. This suggests that the MFC ternary metal oxide had the highest affinity for the 

Cr(VI) oxyanions with the MC binary metal oxide exhibiting the least affinity for the adsorbate 

particles. 

The pseudo-first-order rate constants, k1 (1/min), for the MC, MF and MFC oxides decreased 

with an increase in the initial bulk concentration at a fixed adsorbent mass. The noted decreases 

in the k1 (1/min) values for each metal oxide adsorbent were: MC, 0.4266-0.1758; MF, 0.4014-

0.2749; and MFC, 0.4005-0.1589 as the initial Cr(VI) concentration increased from 10-75 

mg/dm3. An interpretation of the units of the rate constants showed that the time needed for the 

adsorption process to attain equilibrium is given by 1 𝑘1⁄ . Therefore, the smaller the values of 

k1, the longer the time needed to reach adsorption equilibrium at higher initial Cr(VI) 

concentration (Tan & Hameed, 2017). At high initial adsorbate concentration, the following 

can increase the time needed to attain equilibrium: (1) an increase in boundary layer resistance 

which can be a result of an increase in solution viscosity (El Haddad et al., 2013) as the amount 

of solute per unit volume increases, (2) reduction in concentration driving force due to rapid 

uptake of Cr(VI), and (3) repulsion and/or steric effects between the adsorbate particles due to 

crowding around the adsorption active sites or surface saturation. The magnitudes of the k1 

(1/min) values of the metal oxide adsorbents are in the order: MC > MF > MFC. For example, 

at an initial Cr(VI) concentration of 10 mg/dm3 the k1 (1/min) values for each of MC, MF and 

MFC metal oxides were 0.4266, 0.4014 and 0.4005, respectively. The observed difference in 

the rate constant values might be due to the varying sizes of the adsorbent particles. The results 

from transmission electron microscopy showed that the average particle diameters of the metal 

oxides were: MC, 0.60 nm; MF, 0.62 nm and MFC, 0.90 nm. Therefore, the smaller the 
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adsorbent particles, the larger the k1 (1/min) values. The same result was reported by Vincent 

and co-workers (2014) on adsorption of thallium(I) onto Prussian Blue-alginate composite 

adsorbent. Smaller particles have larger exposed surface areas and this reduces the distance 

that the adsorbate needs to travel to access the adsorption active sites (pore length), shortening 

the time needed for the adsorption process to attain equilibrium (Sutherland & Venkobachar, 

2010). 

The pseudo-second-order rate constants, k2 (g/mg.min), for the MC, MF and MFC metal oxide 

adsorbents showed a decrease as the initial pollutant concentration was increased. The k2 

(g/mg.min) values for the metal oxides decreased as follows: MC, 0.0559-0.0501; MF 0.0409-

0.0348; and MFC, 0.0386-0.0351, as the initial pollutant concentration increased from 10-75 

mg/dm3. The larger the k2 value, the shorter the time needed to reach equilibrium (1 𝑘2⁄ ), at 

high initial concentrations of the adsorbate. A comparison of the k2 (g/mg.min) values for the 

MC, MF and MFC metal oxides at an initial Cr(VI) concentration of 10 mg/dm3, showed that 

they were in the order: MC (0.0559) > MF (0.0409) > MFC (0.0386). The adsorbent particle 

sizes followed an opposite order, with MC oxide particles being the smallest and MFC oxide 

particles being the largest. The noted variations in the magnitudes of the pseudo-second-order 

rate constants were attributed to variations in the size of adsorbent particles, that is, the smaller 

the adsorbent particle size, the larger the exposed number of adsorption active sites, resulting 

in shorter equilibrium attainment periods, hence larger k2 values. The pseudo-second-order 

initial adsorption rate constants, h (mg/g.min) for the MC, MF and MFC metal oxides increased 

as the initial bulk concentration increased. The h (mg/g.min) values increased as follows: MC, 

7.99-20.12; MF, 9.40-18.33; and MFC, 10.70-26.19 as the initial concentration of Cr(VI) 

increased from 10-75 mg/dm3. The increase in the pseudo-second-order initial rate constant as 

the initial bulk concentration is increased is attributed to an increase in collision frequency 

between the adsorbent and absorbate increasing the initial rate of adsorption. At an initial 

Cr(VI) concentration of 10 mg/dm3, the magnitude of the h (mg/g.min) values for the metal 

oxides were in the order: MFC (10.70) > MF (9.40) > MC (7.99). A higher initial adsorption 

rate constant suggests greater affinity by the adsorbent’s surface for the pollutant. 

The modelling of the experimental kinetic data using the Elovich equation showed that the 

model parameters, that is, the initial adsorption rate constant, α (mg/g.min) and the adsorption 

constant, β (mg/g) increased as the initial concentration of Cr(VI) was increased. The 

magnitudes of the initial adsorption rate constants, α (mg/g.min) for the metal oxides increased 

in the following ranges: MC, 51.42-1206.45; MF, 53.14-367.83; and MFC, 71.22-350.74, as 



167 

 

the initial bulk concentration was increased from 10-75 mg/dm3. The observed increases in the 

adsorption constants, β (mg/g) for the metal oxides as the initial adsorbate concentration 

increased from 10-75 mg/dm3 were: MC, 0.52-0.65; MF, 0.49-0.70; and MFC, 0.47-0.73. The 

noted increases of the Elovich kinetic parameters were attributed to an increase in the number 

of adsorbate particles due to an increase in the initial bulk concentration, increasing the number 

of occupied adsorption active sites. The increases of the initial adsorption rate, α (mg/g.min) 

and the adsorption constant, β (mg/g) were both in the order: MFC > MF > MC and can be 

correlated with the adsorbent’s surface affinity for the adsorbate. 

The suitability of the kinetic models in describing the adsorption kinetics of Cr(VI) removal 

using the MC, MF and MFC metal oxides was determined by use of the coefficient of 

determination, R2 and the percentage variable error, % variance error functions together with 

the kinetic isotherm plots in Figs 5.6a-c. The kinetic isotherms compare the agreement between 

the experimental adsorption capacities, qe (mg/g)(exp), and the modelled adsorption capacities, 

qe (mg/g) for the adsorption process. For the adsorption kinetics on the MC oxide, the pseudo-

first-order model R2 values were lower (0.9076-0.9498), while the % variance values were 

higher (0.9089-4.0629), the pseudo-second-order model R2 values were lower (0.9762-0.9874) 

and the % variances were slightly higher (0.2281-9.9942), the Elovich model R2 values were 

higher (0.9891-0.9903) and the % variances were lower (0.1971-0.4325). The error functions 

and kinetic isotherm plots comparing the experimental qe (mg/g) and the modelled qe (mg/g) 

in Fig 5.6a show that the Elovich equation is more suited to describe the adsorption kinetics of 

Cr(VI) on the MC oxide than either the pseudo-first- or pseudo-second-order models. This 

implies that the adsorption removal might be chemisorption and that the MC adsorbent surface 

is heterogeneous. 
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Fig 5.6a A comparison of predicted adsorption capacities of kinetic models with 

experimental data for Cr(VI) adsorption on MC binary metal oxide. 

For the adsorption kinetics on the MF oxide, the pseudo-first-order model had lower R2 values 

(0.9277-0.9580) and higher % variances (1.3042-4.4331), the pseudo-second-order model had 

high R2 values (0.9827-0.9917) and lower % variances (0.2665-0.9922), with Elovich R2 values 

between 0.9768-0.9865 and % variance values between 0.3996-0.9963. The error functions 

and the plot of the kinetic isotherms comparing the experimental qe (mg/g) and the modelled 

qe (mg/g) in Fig 5.6b show that the pseudo-second-order model was more suited to describing 

the adsorption kinetics of the Cr(VI) onto the MF oxide. The adsorption of the pollutant might 

be taking place following a chemisorption mechanism. 

For the adsorption kinetics on MFC oxide, the pseudo-first-order model R2 values were lower 

(0.9416-0.9846) and the % variance values were higher (1.2033-2.9266), the pseudo-second-

order model R2 values were higher (0.9814-0.9977) and the % variance values were lower 

(0.1401-0.6455), the Elovich model R2 values were lower (0.9419-0.9900) and the % variances 

were higher (0.3467-4.5484). The error functions and the kinetic isotherm plots which compare 

the experimental qe (mg/g) and the modelled qe (mg/g) in Fig 5.6c, showed that the pseudo-

second-order model was better suited in the description of the Cr(VI) adsorption kinetics on 

MFC adsorbent. The adsorption might be following a chemisorption mechanistic model. 
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Fig 5.6b A comparison of predicted adsorption capacities of kinetic models with 

experimental data for Cr(VI) adsorption on MF binary metal oxide. 

 

Fig 5.6c A comparison of predicted adsorption capacities of kinetic models with 

experimental data for Cr(VI) adsorption on MFC ternary metal oxide. 
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The kinetic isotherm plots in Figs 5.6a-c show that the pseudo-first-order model was in 

agreement with the experimental data only in the initial 5 minutes and not for the entire 

adsorption process for the MC, MF and MFC metal oxide adsorbents. The deviation of the 

pseudo-first-order model from the experimental data after the initial 5 minutes was attributed 

to a change in the mechanism, probably from film diffusion to pore diffusion (Hokkanen et al., 

2015). This might be due to a decrease in the concentration gradient of the adsorbate between 

the bulk solution and the surface of the adsorbent caused by the rapid uptake of the adsorbent 

as there are many vacant adsorption sites during this initial stage of the adsorption process 

(Ofomaja, 2010a). This phenomenon can affect the transport of adsorbate species across the 

boundary layer to the adsorbent surface (Ofomaja, 2011). 

Arsenic(III): The obtained kinetic parameters are presented in Tables 5.2a-c. The results show 

an increase in the values of the experimental, pseudo-first-order and pseudo-second-order 

adsorption capacities, qe (mg/g) with an increase in the initial concentration of As(III) from 10-

75 mg/dm3, at a fixed dose of each of the MC, MF and MFC metal oxide adsorbents. The 

experimental adsorption capacities, qe (mg/g) increased in the ranges: MC, 11.01-24.71; MF, 

8.94-21.91; and MFC, 15.89-29.87; the pseudo-first-order adsorption capacities, qe (mg/g) 

increased in the ranges: MC, 10.29-23.30; MF, 8.32-20.45; and MFC, 14.89-27.55; and the 

pseudo-second-order adsorption capacities, qe (mg/g) increased in the ranges: MC, 10.72-

23.30; MF, 8.68-21.35; and MFC, 15.55-28.84 as the initial As(III) concentration increased 

from 10-75 mg/dm3. 
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Table 5.2a Kinetic modelling of different concentrations of As(III) adsorption on MC binary metal oxide at 299 K. 

Kinetic model Parameters 
As(III) concentration (mg/dm3) 

10 20 25 50 75 

 qe (mg/g) (exp) 11.01 14.95 17.68 21.67 24.71 

pseudo-first-order qe (mg/g) 10.29 14.06 16.51 20.40 23.30 

 k1 (1/min) 0.7091 0.8359 1.2906 1.1646 1.5504 

 R2 0.9516 0.9647 0.9723 0.9608 0.9709 

 % variance 0.6337 0.8456 0.8559 1.8596 1.7154 

pseudo-second-order qe (mg/g) 10.72 14.64 17.21 21.26 24.20 

 k2 (g.mg.min) 0.1258 0.1132 0.1089 0.0944 0.0922 

 h (mg/g.min) 14.56 24.26 32.25 42.67 53.99 

 R2 0.9937 0.9955 0.9967 0.9964 0.9979 

 % variance 0.0824 0.1088 0.1018 0.1689 0.1249 

Elovich equation α (mg/g.min) 287.74 468.93 616.31 981.07 1174.27 

 β (mg/g) 0.90 0.78 0.71 0.64 0.59 

 R2 0.9736 0.9563 0.9587 0.9654 0.9696 

 % variance 0.3458 1.0481 1.2728 1.6394 1.7919 
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Table 5.2b Kinetic modelling of different concentrations of As(III) adsorption on MF binary metal oxide at 299 K. 

Kinetic model Parameters 
As(III) concentration (mg/dm3) 

10 20 25 50 75 

 qe (mg/g) (exp) 8.94 11.98 15.35 18.54 21.91 

pseudo-first-order qe (mg/g) 8.32 11.14 13.87 17.07 20.45 

 k1 (1/min) 0.8832 1.1948 1.1195 1.3640 1.4360 

 R2 0.9722 0.9435 0.9080 0.9318 0.9545 

 % variance 0.2344 0.8037 2.0727 2.2396 2.1176 

pseudo-second-order qe (mg/g) 8.68 11.66 14.57 17.87 21.35 

 k2 (g.mg.min) 0.1661 0.1649 0.1214 0.1237 0.1121 

 h (mg/g.min) 12.51 22.42 25.77 39.50 51.09 

 R2 0.9971 0.9926 0.9967 0.9969 0.9944 

 % variance 0.0247 0.1053 0.0525 0.4311 0.2596 

Elovich equation α (mg/g.min) 398.31 540.47 723.05 929.16 1298.77 

 β (mg/g) 1.23 1.06 0.79 0.73 0.69 

 R2 0.9515 0.9797 0.9739 0.9885 0.9515 

 % variance 0.4084 0.2877 0.1374 0.3785 0.4084 
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Table 5.2c Kinetic modelling of different concentrations of As(III) adsorption on MFC ternary metal oxide at 299 K. 

Kinetic model Parameters 
As(III) concentration (mg/dm3) 

10 20 25 50 75 

 qe (mg/g) (exp) 15.89 18.13 20.78 23.98 29.87 

pseudo-first-order qe (mg/g) 14.89 17.08 19.49 22.23 27.55 

 k1 (1/min) 0.8212 1.0311 1.1317 1.3052 1.3639 

 R2 0.9615 0.9561 0.9498 0.9419 0.9283 

 % variance 1.0487 1.4752 2.2209 3.2214 6.1648 

pseudo-second-order qe (mg/g) 15.55 17.85 20.36 23.25 28.84 

 k2 (g.mg.min) 0.1037 0.0962 0.0854 0.0834 0.0735 

 h (mg/g.min) 25.07 30.65 35.40 45.08 61.13 

 R2 0.9965 0.9967 0.9953 0.9913 0.9962 

 % variance 0.0957 0.1118 0.2066 0.4816 0.8168 

Elovich equation α (mg/g.min) 521.47 722.49 935.66 1407.52 1610.63 

 β (mg/g) 0.68 0.66 0.57 0.57 0.44 

 R2 0.9617 0.9708 0.9734 0.9838 0.9879 

 % variance 1.0429 0.9818 1.1762 0.8996 1.0385 
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The increases in the adsorption capacities with an increase in the initial concentration of the 

As(III) was ascribed to an increase in occupancy of adsorption active sites due to an increase 

in the number of adsorbate particles and concentration gradient between the adsorbent surface 

and the bulk solution (Vieira et al., 2017). The adsorption capacities of the As(III) increased 

rapidly for the MC, MF and MFC metal oxide adsorbents in the initial 30 minutes of the adsorption 

process and thereafter became almost constant probably due to (1) saturation of adsorption active 

sites, (2) decrease in concentration gradient due to the initial rapid uptake of the As(III), and (3) 

repulsion and/or steric effects between adsorbed As(III) species and those in the bulk solution 

reducing access of adsorbate particles to the adsorption active sites (Nashine & Tembhurkar, 2016; 

Zhang et al., 2016). The magnitudes of the As(III) adsorption capacities for the mixed metal 

oxides were in the order MFC > MF > MC at all initial concentrations of the As(III). This 

suggests that the MFC ternary metal oxide had the highest affinity for the As(III) with the MF 

binary metal oxide exhibiting the least affinity for the adsorbate particles. The kinetic isotherm 

plots on Figs 5.7a-c, compare the agreement between the experimental adsorption capacities, 

qe (mg/g)(exp), and the modelled adsorption capacities, qe (mg/g) for the adsorption process. 

 

 

Fig 5.7a A comparison of predicted adsorption capacities of kinetic models with 

experimental data for As(III) ions adsorption on MC binary metal oxide. 
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Fig 5.7b A comparison of predicted adsorption capacities of kinetic models with 

experimental data for As(III) ions adsorption on MF binary metal oxide. 

 

 

Fig 5.7c A comparison of predicted adsorption capacities of kinetic models with 

experimental data for As(III) ions adsorption on MFC ternary metal oxide. 
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The kinetic isotherm plots show good agreement between the pseudo-second-order model and 

the experimental adsorption capacities at the different initial concentrations of the As(III) for 

the whole adsorption process. The pseudo-first-order model only shows a good fit with the 

experimental data in the first 5 minutes of the adsorption process. The same result was reported 

by Ouma et al. (2018) during the investigation of arsenite adsorption mechanism on pine cone-

magnetite composite. 

The pseudo-first-order rate constants, k1 (1/min), for the MC, MF and MFC oxides increased 

with an increase in the initial As(III) concentration at a fixed adsorbent mass. The increases in 

the k1 (1/min) values for each metal oxide adsorbent were: MC, 0.7091-1.5504; MF, 0.8832-

1.4360; and MFC, 0.8212-1.3639. The larger the values of k1, the shorter the time needed to 

reach adsorption equilibrium at a higher initial concentration of As(III), probably due to a 

decrease in boundary layer resistance. The magnitudes of the k1 (1/min) values of the metal 

oxide adsorbents are in the order: MC > MF > MFC. For example, at an initial As(III) 

concentration of 75 mg/dm3, the k1 (1/min) values for each of MC, MF and MFC metal oxides 

were 1.5504, 1,4360 and 1.3052, respectively. The difference in the pseudo-first-order rate 

constants can be attributed to the varying sizes of the adsorbent particles. The smaller the 

adsorbent particles, the larger the k1 (1/min) values since smaller adsorbent particles have larger 

exposed surface areas. This reduces the distance that the adsorbate needs to travel to access the 

adsorption active sites, shortening equilibration time for the adsorption process (Sutherland & 

Venkobachar, 2010). 

The pseudo-second-order rate constants, k2 (g/mg.min) for the MC, MF and MFC metal oxide 

adsorbents showed a decrease as the initial As(III) concentration increased. The k2 (g/mg.min) 

values for the metal oxides decreased as follows: MC, 0.1258-0.0922; MF 0.1661-0.1121; and 

MFC, 0.1037-0.0735, as the initial As(III) concentration increased from 10-75 mg/dm3. The 

larger the k2 value, the shorter the time needed to reach equilibrium (1 𝑘2⁄ ), at high initial 

concentrations of the adsorbate. The pseudo-second-order initial adsorption rate constants, h 

(mg/g.min) for the MC, MF and MFC metal oxides increased as the initial As(III) concentration 

increased from 10-75 mg/dm3. The h (mg/g.min) values increased as follows: MC, 14.56-

53.99; MF, 12.51-51.09; and MFC, 25.07-51.09. The increase in the pseudo-second-order 

initial rate constant as the initial bulk concentration is increased is attributed to an increase in 

collision frequency between the adsorbent and absorbate. The MFC metal oxide adsorbent had 

higher h (mg/g.min) values at all initial concentrations of As(III) and the MF metal oxide 
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adsorbent had the least. A higher initial adsorption rate constant suggests greater affinity by 

the adsorbent’s surface for the pollutant. 

The modelling of the experimental kinetic data using the Elovich equation showed that the 

initial adsorption rate constant, α (mg/g.min), increased and the adsorption constant, β (mg/g), 

decreased as the initial concentration of As(III) was increased from 10-75 mg/dm3. The 

magnitudes of the initial adsorption rate constants, α (mg/g.min) for the metal oxides increased 

in the following ranges: MC,287.74-1174.27; MF, 398.31-1298.77; and MFC, 521.47-1610.63. 

The observed decreases in the adsorption constants, β (mg/g) for the metal oxides were: 

MC,0.90-0.59; MF, 1.23-0.69; and MFC, 0.68-0.44. The increases of the initial adsorption rate 

constant, α (mg/g.min) with an increase in the initial concentration of As(III) is attributed to an 

increase in the number of adsorbate particles increasing the number of occupied adsorption 

active sites. The decrease of the surface coverage adsorption constant, β (mg/g) can be due to 

desorption of the adsorbate at higher concentrations. 

The coefficient of determination, R2 and the percentage variable error, % variance statistical 

error functions were applied to the modelled experimental kinetic data in order to determine 

the model best suited to describe the adsorption kinetics of the As(III) onto the MC, MF and 

MFC metal oxides. The results for the error functions are presented in Tables 5.5a-c. For the 

pseudo first-order model: 0.9516 < R2 < 0.9723 and 0.6337 < % variance < 1.8596 for the MC 

oxide; 0.9080 < R2 < 0.9722 and 0.2344 < % variance < 2.2396 for the MF oxide; and 0.9283 < R2 

< 0.9615 and 1.0487 < % variance < 6.1648 for the MFC oxide. For the pseudo second-order 

model: 0.9937 < R2 < 0.9979 and 0.0824 < % variance < 0.1689 for the MC oxide; 0.9767 < R2 < 

0.9971 and 0.0247 < % variance < 0.5257 for the MF oxide; and 0.9862 < R2 < 0.9967 and 0.0957 

< % variance < 1.1868 for the MFC oxide. For the Elovich model: 0.9563 < R2 < 0.9736 and 0.3458 

< % variance < 1.7919 for the MC oxide; 0.9515 < R2 <0.9885 and 0.1374 < % variance < 0.4084 

for the MF oxide; and 0.9617 < R2 < 0.9879 and 0.8996 < % variance < 1.1762 for the MFC oxide. 

The error functions show that the pseudo-second-order model showed a good fit to the 

adsorption kinetics at all initial concentrations of As(III) onto the MC, MF and MFC metal 

oxide adsorbents, with R2 close to 1 and % variance close to zero. The error functions results 

and the kinetic isotherm plots show that the adsorption kinetics of As(III) uptake at different 

initial concentrations onto the MC, MF and MFC metal oxides is best described by the pseudo-

second-order model. This suggests that the adsorption process onto the metal oxides might be 

chemisorption in nature and is controlled by the availability of vacant adsorption active sites 
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rather than by arsenic concentration as assumed by the pseudo-first-order model (Yoon et al., 

2017). 

5.2.3.1.2 Diffusion models: External mass transfer, intraparticle diffusion and the Boyd 

diffusion models 

Chromium(VI): The adsorption process involves the mass transportation of adsorbate particles 

from the bulk solution to the adsorbent’s external surface followed by diffusion into the pores 

of the adsorbent. In aqueous solution, a hydrodynamic film or boundary layer forms around the 

external surface of the solid adsorbent. The initial step during the adsorption process involves 

the mass transfer of adsorbate across the hydrodynamic film. The external mass transfer 

diffusion rate constant, ks (1/min) was determined by plotting Ct/Co at different initial 

concentrations of Cr(VI) against time at 299 K, and the results are presented in Figs 5.8a-c. 

The variables Co and Ct represent the initial concentration of Cr(VI) (mg/dm3) and at time t 

(mins), respectively. The initial slope of the graph represents the external mass transfer 

diffusion rate constant and is based on the premise that the Ct/Co relationship is linear for the 

first 5 minutes, due to the rapid adsorption of Cr(VI) onto the MF, MC MFC metal oxides 

during this initial adsorption period. If the Ct/Co against t plot is a straight line, it implies that 

film diffusion solely controls the adsorption process. 

 

Fig 5.8a External mass transfer diffusion plot for Cr(VI) adsorption onto MF binary 

metal oxide. 
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Fig 5.8b External mass transfer diffusion plot for Cr(VI) adsorption onto MC binary 

metal oxide. 

 

Fig 5.8c External mass transfer diffusion plot for Cr(VI) adsorption onto MFC ternary 

metal oxide. 
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Only the initial first section of the external mass transfer diffusion plot is linear, suggesting that 

film diffusion is not the only rate-controlling step of the adsorption process. The external mass 

transfer diffusion rate constants for the adsorption processes are presented in Tables 5.3a-c. 

The ks (1/min) values for MC, MF and MFC oxides decreased in the ranges 0.0522-0.0090, 

0.0682-0.0117 and 0.0774-0.0181, respectively, as the initial concentration of the bulk 

increased from 10-75 mg/dm3. The decrease in the magnitudes of the external mass transfer 

diffusion rate constants due to an increase in initial pollutant concentration is attributed to an 

increase in resistance across the hydrodynamic film. This might be due to: (1) the increase in 

the initial adsorbate concentration with a fixed number of adsorbent particles reducing the 

available surface area for adsorption, increasing boundary effects (Ofomaja, 2011), (2) the wide 

adsorbent particle size and the tendency of the nanostructured metal oxide particles to 

agglomerate might increase boundary effects (Ociński et al., 2016), and (3) the increase in 

solution viscosity as the amount of solute per unit volume increases might also increase 

resistance across the boundary layer. At initial Cr(VI) concentration of 10 mg/dm3, the ks 

(1/min) values for the oxides were: MC, 0.0522; MF, 0.0682; and MFC, 0.0774. This suggests 

that external mass transfer during the initial rapid uptake of the pollutant during the adsorption 

process is more controlling for the MC metal oxide. 

The intraparticle diffusion model was applied onto the kinetic experimental data to determine 

if the rate-determining step in the adsorption process is pore diffusion controlled. The 

simplified model equation is given as (Weber & Morris, 1963): 

 

𝑞𝑡 = 𝑘𝑖𝑑𝑡0.5 + 𝐶                   (5.7) 

 

where kid is the rate constant for intraparticle diffusion (mg/g.min0.5) and C (mg/g) is a constant 

which determines the thickness of the boundary layer or surface adsorption. A linear plot of qt 

against t0.5 gives kid from the slope and C from extrapolation of the linear section to the ordinate 

intercept. If intraparticle diffusion is the rate-limiting step during the adsorption process, the 

plot of qt against t0.5, should be linear and pass through the origin. 
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Table 5.3a Diffusion coefficients for the adsorption of varying concentrations of Cr(VI) onto MC binary metal oxide. 

Diffusion parameters 

Concentration of Cr(VI) (mg/dm3) 

10 20 25 50 75 

External mass transfer      

ks (1/min) 0.0522 0.0274 0.0242 0.0129 0.0090 

R2 0.9347 0.9767 0.9542 0.9459 0.9237 

Intraparticle diffusion      

kid (mg/g.min0.5) 0.283 0.298 0.321 0.271 0.331 

C (mg/g) 9.438 10.622 12.911 15.665 17.874 

R2 0.9549 0.9919 0.9794 0.9686 0.9563 

Boyd diffusion model      

(D1 × 10-17) (cm2/s) 2.135 1.816 1.596 1.482 1.231 

R2 0.9678 0.9807 0.9639 0.9440 0.9546 

(D2 × 10-17) (cm2/s) 6.077 6.303 6.434 7.536 7.736 

R2 0.9500 0.9646 0.9351 0.9735 0.9619 
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Table 5.3b Diffusion coefficients for the adsorption of varying concentrations of Cr(VI) onto MF binary metal oxide. 

Diffusion parameters 

Concentration of Cr(VI) (mg/dm3) 

10 20 25 50 75 

External mass transfer      

ks (1/min) 0.0682 0.0380 0.0345 0.0181 0.0117 

R2 0.9321 0.9489 0.9874 0.9249 0.9657 

Intraparticle diffusion      

kid (mg/g.min0.5) 0.423 0.321 0.437 0.441 0.453 

C (mg/g) 11.361 13.412 14.972 19.575 20.475 

R2 0.9892 0.9697 0.9708 0.9364 0.9601 

Boyd diffusion model      

(D1 × 10-17) (cm2/s) 2.666 2.546 2.409 2.058 1.798 

R2 0.9829 0.9496 0.9848 0.9787 0.9098 

(D2 × 10-17) (cm2/s) 6.671 7.342 7.661 7.564 8.008 

R2 0.9336 0.9345 0.9591 0.9754 0.9442 
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Table 5.3c Diffusion coefficients for the adsorption of varying concentrations of Cr(VI) onto MFC ternary metal oxide. 

Diffusion parameters 

Concentration of Cr(VI) (mg/dm3) 

10 20 25 50 75 

External mass transfer      

ks (1/min) 0.0774 0.0477 0.0404 0.0282 0.0181 

R2 0.9127 0.9548 0.9374 0.9766 0.9811 

Intraparticle diffusion      

kid (mg/g.min0.5) 0.281 0.291 0.214 0.282 0.311 

C (mg/g) 14.071 15.776 19.926 22.341 24.367 

R2 0.9026 0.9594 0.9957 0.9753 0.9947 

Boyd diffusion model      

(D1 × 10-17) (cm2/s) 8.467 7.891 6.515 4.837 4.171 

R2 0.9970 0.9834 0.9308 0.9637 0.9546 

(D2 × 10-17) (cm2/s) 1.368 1.679 2.263 2.318 2.122 

R2 0.9673 0.9789 0.9541 0.9192 0.9687 
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The plots of qt against t0.5 are presented in Figs 5.9a-c and show that the rate-controlling step 

in the adsorption of Cr(VI) onto the metal oxides is not solely intraparticle diffusion since no 

linear segment of the graph passes through the origin. The plots are divided into two linear 

steps suggesting the presence of multiple mechanisms during the adsorption process (Tan & 

Hameed, 2017). The first, rapid stage is attributed to external surface adsorption controlled by 

adsorbate migration across the boundary layer to the external surface of the adsorbent. The 

second, slower stage shows the gradual adsorption of adsorbate particles and is controlled by 

intraparticle diffusion (Knocke & Hemphill, 1981). The two stages in the intraparticle diffusion 

plots suggest that the adsorption process is controlled by boundary layer diffusion of adsorbate 

during the initial stages, which then switches to intraparticle diffusion-controlled adsorption 

(Sarkar et al., 2014). The switch in the mechanism can be attributed to a decrease in the 

concentration gradient which increases the boundary effect as the adsorption process proceeds. 

The results of the calculated intraparticle diffusion parameters are presented in Tables 5.3a-c 

and reveal that the magnitudes of the kid (mg/g.min0.5) and C (mg/g) values increase with an 

increase in the initial bulk concentration. The same result was reported by Raji and Pakizeh 

(2014) during the adsorption of Hg(II) on ZnCl2-MCM-41 adsorbent. The large values of kid 

(mg/g.min0.5) and C (mg/g) signify greater film diffusion resistance, which corresponds with 

the observed decrease in external mass transfer diffusion rate constants with an increase in the 

initial concentration of Cr(VI) in solution. A large C (mg/g) value also implies an enhanced 

influence of surface adsorption to the rate-limiting step. The magnitudes of the intraparticle 

rate constants at different pollutant concentrations were large for the MF oxide suggesting that 

intraparticle diffusion was more controlling on this metal oxide during the adsorption. 
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Fig. 5.9a Intraparticle diffusion treatment of Cr(VI) adsorption onto MF binary metal 

oxide at different initial Cr(VI) concentrations. 

 

 

Fig. 5.9b Intraparticle diffusion treatment of Cr(VI) adsorption onto MC binary metal 

oxide at different initial Cr(VI) concentrations. 
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Fig. 5.9c Intraparticle diffusion treatment of Cr(VI) adsorption onto MFC ternary metal 

oxide at different initial Cr(VI) concentrations. 

The effects of film and pore diffusion on the adsorption of Cr(VI) onto the metal oxides were 

investigated by fitting the kinetic experimental data onto the Boyd model (Boyd et al., 1947), 

to distinguish between film and intraparticle diffusion-controlled adsorption (Ociński et al., 

2016). The model assumes that the adsorbent particles are spherical and that the diffusion 

follows Fick’s second law giving the mathematical relation (Crank, 1975): 

 

𝑞𝑡

𝑞𝑒
= 6 (

𝐷𝑡

𝑎2
)

0.5

{𝜋−0.5 + 2 ∑ 𝑖𝑒𝑟𝑓𝑐
𝜋𝑎

𝐷𝑡
0.5

∞
𝑛=1 } − 3

𝐷𝑡

𝑎2
               (5.8) 

 

where a (cm) is the radius of the adsorbent. When t is small, D is replaced by D1, and Eq 5.8 

reduces to: 

 

𝑞𝑡

𝑞𝑒
= 6 (

𝐷1

𝜋𝑎2)
0.5

𝑡0.5                   (5.9) 

 

The graphs of fractional uptake, qt/qe against the square root of time, t0.5 (min0.5) are presented 

in Figs 5.10a-c. The plots are divided into two linear segments. The first initial stage is fast and 

precedes a much slower uptake stage. The magnitudes of the film diffusion coefficient, D1 
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(cm2/s) for the metal oxides at varying initial concentrations of Cr(VI) were computed from a 

gradient of the plots of qt/qe against t0.5, and the results are presented in Tables 5.3a-c. 

 

 

Fig 5.10a Fractional uptake of different concentrations of Cr(VI) on MC binary metal 

oxide against the square root of time. 

 

Fig 5.10b Fractional uptake of different concentrations of Cr(VI) on MF binary metal 

oxide against the square root of time. 
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Fig 5.10c Fractional uptake of different concentrations of Cr(VI) on MFC ternary metal 

oxide against the square root of time. 

As t becomes large, Eq 5.8 becomes (Boyd’s equation): 

 

(1 −
𝑞𝑡

𝑞𝑒
) =

6

𝜋2 𝑒𝑥𝑝 (
−𝐷2𝜋2

𝑎2 𝑡)                (5.10) 

 

when 𝐵 = 𝜋2 𝐷2

𝑎2, Eq 5.10 solves to: 

 

𝐵𝑡 = −0.4997 − ln (1 −
𝑞𝑡

𝑞𝑒
)                (5.11) 

 

The magnitude of B is computed from the gradient of a plot of Bt against t at different initial 

Cr(VI) concentrations. The value of B is then used to determine the pore diffusion coefficient, 

D2 (cm2/s), from 𝐵 = 𝐷2𝜋2 𝑎2⁄ , and the results are presented in Tables 5.3a-c. The Boyd plots 

of Bt against t are used to show whether external mass transport (film) or intraparticle (pore) 

diffusion controls the adsorption process. If the Boyd plot is linear and cuts through the origin, 

rate of adsorbate migration is intraparticle or pore diffusion controlled. A non-linear or linear 

Boyd plot which does not cut through the origin shows that the adsorption process is controlled 

by a chemical reaction or external mass transport (Cáceres-Jensen et al., 2013). The Boyd plots 

presented in Figs 5.11a-c, for the MC, MF and MFC metal oxides exhibit linear relationships 
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which do not pass through the origin during the beginning of the adsorption process. This 

reveals that external mass transport controls the adsorption process during the initial phase. 

The y-intercepts for the metal oxides as the initial bulk concentration increased from 10-75 

mg/dm3, were in the ranges: MC, -0.15-0.14; MF, -0.18-(-0.03); and MFC, -0.08-(-0.09). The 

y-intercept values of the binary MC and MF metal oxides shifted towards positive digits as the 

initial pollutant concentration increased. This was attributed to an increase in external mass 

transfer processes. The y-intercept values for the ternary MFC metal oxide shifted towards 

negative digits suggesting a decrease in external mass transfer processes. The noted differences 

between the binary and the ternary metal oxides might be due to differences in adsorbent 

particle sizes and their surface conformations which in turn might affect the boundary effects 

as the initial Cr(VI) concentration increased. The binary MC metal oxide showed the largest 

shift of y-intercept values to positive values, implying that as the initial concentration of the 

Cr(VI) increased, external mass transfer processes on this binary metal oxide were enhanced. 

 

 

Fig 5.11a Boyd plots for adsorption of different concentrations of Cr(VI) on MC binary 

metal oxide. 
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Fig 5.11b Boyd plots for adsorption of different concentrations of Cr(VI) on MF binary 

metal oxide. 

 

Fig 5.11c Boyd plots for adsorption of different concentrations of Cr(VI) on MFC binary 

metal oxide. 
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The film diffusion coefficients, D1 (cm2/s), decreased as the initial Cr(VI) concentration 

increased. The decrease in D1 (cm2/s) with increasing initial Cr(VI) concentration can be due 

to the increase in boundary layer resistance caused by an increase in viscosity as the number 

of solute particles increase per unit volume. The magnitudes of D1 (cm2/s) for the MFC metal 

oxide were higher than for the MC and MF metal oxides. The larger values of D1 (cm2/s) for 

the MFC metal oxide can be attributed to the larger MFC particle sizes which reduced the 

external surface area reducing the boundary layer effect. The pore diffusion coefficients, D2 

(cm2/s), increased with an increase in the initial bulk concentration. The increase of D2 (cm2/s) 

with an increase in initial Cr(VI) concentration was attributed to an increase in the 

concentration gradient between the bulk solution and the external surface of the metal oxides 

as the initial pollutant concentration increased facilitating rapid diffusion of adsorbate particles 

into the pores on the adsorbent surface (Kupeta et al., 2018). The ternary MFC metal oxide 

exhibited larger D2 (cm2/s) values than for the binary MC and MF metal oxides. This suggests 

that the MFC surface was more porous or had pores of the right sizes to accommodate entry of 

the Cr(VI) oxyanions, enabling faster diffusion of the adsorbate particles into the pores. The 

diffusion coefficients of the metal oxides presented in Table 5.3a-c show that D2 (cm2/s) > D1 

(cm2/s). This implies that the adsorbate particles encountered greater resistance to diffuse 

through the hydrodynamic film than to diffuse into the pores, suggesting that film diffusion 

controls the adsorption process at this stage. 

Arsenic(III): The external mass transfer diffusion plots and rate constants, ks (1/min) for the 

adsorption at different initial concentrations of As(III) onto MC, MF and MFC metal oxides 

are presented in Figs 5.12a-c and Tables 5.4a-c, respectively. The ks (1/min) values for MC, 

MF and MFC oxides decreased in the ranges 0.0095-0.0021, 0.0079-0.0018 and 0.0136-

0.0024, respectively, as the initial concentration of the As(III) increased from 10-75 mg/dm3. 

The ks (1/min) decreased due to an increase in boundary layer resistance. The increase in 

boundary layer resistance is attributed to: (1) an increase in solution viscosity caused by an 

increase in As(III) concentration, and (2) as the initial adsorbate concentration increases, with 

a fixed number of adsorbent particles, the available surface area for adsorption becomes 

smaller, increasing resistance across the hydrodynamic film (Ofomaja, 2011). The low ks 

(1/min) values for the MF oxide showed that external mass transfer of As(III) at the different 

initial adsorbate concentrations was more controlling for this metal oxide and least for the MFC 

metal oxide. This might be due to the differences in adsorbent particle sizes, surface 

conformation and extend of agglomeration of the nanometal oxides particles. 
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Fig 5.12a External mass transfer diffusion plot for adsorption of different initial 

concentrations of As(III) adsorption onto MC binary metal oxide at 299 K. 

 

Fig 5.12b External mass transfer diffusion plot for adsorption of different initial 

concentrations of As(III) onto MF binary metal oxide at 299 K. 
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Fig 5.12c External mass transfer diffusion plot for adsorption of different initial 

concentrations of As(III) onto MFC ternary metal oxide at 299 K. 

 

The intraparticle diffusion model equation (Eq 5.7) (Weber & Morris, 1963) was applied onto 

the kinetic experimental data to determine if the rate-determining step in the adsorption of 

varying concentrations of As(III) is pore diffusion controlled. The intraparticle diffusion plots 

of qt against t0.5 are presented in Figs 5.13a-c and show that intraparticle diffusion is not the 

only rate-controlling step in the adsorption of As(III) onto the MC, MF and MFC metal oxides. 

The plots are split into two linear sections, and none of them passes through the origin, showing 

that several mechanisms control the adsorption process. The initial rapid stage is attributed to 

external surface adsorption controlled by external mass transport since diffusion across the 

boundary layer to the adsorbent surface is only important at the beginning of the adsorption 

process (Cáceres-Jensen et al., 2013). The second stage signifies the slow adsorption of the 

adsorbate particles and is intraparticle diffusion-controlled. The switch in the adsorption 

mechanism can be ascribed to a decrease in the concentration driving force which increases the 

boundary effect as the adsorption process proceeds. The results of the calculated intraparticle 

diffusion parameters and the R2 error functions are presented in Tables 5.4a-c. 
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Fig. 5.13a Intraparticle diffusion treatment of As(III) adsorption onto MC binary metal 

oxide at different initial As(III) concentrations. 

 

 

Fig. 5.13b Intraparticle diffusion treatment of As(III) adsorption onto MF binary metal 

oxide at different initial As(III) concentrations. 
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Fig. 5.13c Intraparticle diffusion treatment of As(III) adsorption onto MFC ternary metal 

oxide at different initial As(III) concentrations. 

The results show that the magnitudes of the kid (mg/g.min0.5) and C (mg/g) increase as the initial 

concentration of the As(III) increases, signifying an increase in boundary effects which 

corresponds with the observed decrease in external mass transfer diffusion rate constants. The 

increase in the magnitudes of the intraparticle diffusion model constants can also be due to 

enhanced surface adsorption. The magnitudes of the intraparticle diffusion rate constants at 

different initial As(III) concentrations were large for the ternary MFC metal oxide than for the 

binary MC and MF metal oxides suggesting that intraparticle diffusion was more controlling 

on the ternary MFC metal oxide during the adsorption (Yoon et al., 2017). The smaller binary 

MC and MF metal oxide adsorbent particles experience less intraparticle diffusion resistance 

(Tan & Hameed, 2017). The failure of the experimental kinetic data to precisely conform to 

either the external mass transfer diffusion or the intraparticle diffusion models suggests that 

the adsorption process might be controlled by a chemical reaction (Ociński et al., 2016). 
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Table 5.4a Diffusion coefficients for the adsorption of different initial concentrations of As(III) onto MC binary metal oxide at 299 K. 

Diffusion parameters 

Initial concentration of As(III) (mg/dm3) 

10 20 25 50 75 

External mass transfer      

ks (1/min) 0.0095 0.0068 0.0052 0.0033 0.0021 

R2 0.9721 0.9557 0.9485 0.9431 0.9657 

Intraparticle diffusion      

kid (mg/g.min0.5) 0.1542 0.1768 0.2185 0.1866 0.1989 

C (mg/g) 9.375 13.039 15.319 19.649 22.514 

R2 0.9987 0.9884 0.9880 0.9834 0.9767 

Boyd diffusion model      

(D1 × 10-17) (cm2/s) 2.240 2.146 1.837 1.748 1.338 

R2 0.9535 0.9177 0.9482 0.9214 0.9836 

(D2 × 10-17) (cm2/s) 9.192 10.779 11.012 11.297 11.442 

R2 0.9135 0.9155 0.9522 0.9264 0.9515 

 



197 

 

Table 5.4b Diffusion coefficients for the adsorption of different initial concentrations of As(III) onto MF binary metal oxide at 299 K. 

Diffusion parameters 

Initial concentration of As(III) (mg/dm3) 

10 20 25 50 75 

External mass transfer      

ks (1/min) 0.0079 0.0040 0.0034 0.0021 0.0018 

R2 0.9576 0.9841 0.9773 0.9689 0.9509 

Intraparticle diffusion      

kid (mg/g.min0.5) 0.1104 0.1147 0.1834 0.2231 0.2415 

C (mg/g) 7.646 10.797 12.766 16.547 19.607 

R2 0.9775 0.9502 0.9648 0.9601 0.9199 

Boyd diffusion model      

(D1 × 10-17) (cm2/s) 2.670 1.474 1.263 1.056 1.016 

R2 0.9773 0.9184 0.9456 0.9294 0.9851 

(D2 × 10-17) (cm2/s) 10.859 11.667 11.882 12.222 14.710 

R2 0.9361 0.9401 0.9287 0.9050 0.9752 
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Table 5.4c Diffusion coefficients for the adsorption of different initial concentrations of As(III) onto MFC ternary metal oxide at 299 K. 

Diffusion parameters 

Initial concentration of As(III) (mg/dm3) 

10 20 25 50 75 

External mass transfer      

ks (1/min) 0.0136 0.0066 0.0062 0.0029 0.0024 

R2 0.9681 0.9574 0.9876 0.9775 0.9646 

Intraparticle diffusion      

kid (mg/g.min0.5) 0.1785 0.1323 0.1474 0.2091 0.2688 

C (mg/g) 13.963 16.746 19.136 21.688 26.907 

R2 0.9888 0.9502 0.9780 0.9937 0.9968 

Boyd diffusion model      

(D1 × 10-17) (cm2/s) 5.226 3.739 3.887 2.571 2.396 

R2 0.9887 0.9843 0.9362 0.9284 0.9590 

(D2 × 10-17) (cm2/s) 21.601 22.225 22.126 19.607 18.392 

R2 0.9135 0.9155 0.9522 0.9264 0.9515 
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The effects of film and pore diffusion on the adsorption of different initial concentrations of 

As(III) onto the MC, MF and MFC metal oxides were investigated by fitting the kinetic 

experimental data onto the Boyd model (Eq’s 5.9 and 5.11) (Boyd et al., 1947). The graphs of 

fractional uptake, qt/qe against the square root of time, t0.5 (min0.5) are presented in Figs 5.14a-

c. The plots are divided into two linear segments. The initial stage is fast and is followed by a 

much slower uptake stage. The film diffusion coefficients, D1 (cm2/s) and the pore diffusion 

coefficient, D2 (cm2/s) for the MC, MF and MFC metal oxides at varying initial concentrations 

of As(III) were computed from the plots of qt/qe against t0.5 and Bt against t (min), respectively 

and the results are presented in Tables 5.4a-c.  

 

 

 

Fig 5.14a Fractional uptake of different initial concentrations of As(III) on MC binary 

metal oxide against the square root of time. 
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Fig 5.14b Fractional uptake of different initial concentrations of As(III) on MF binary 

metal oxide against the square root of time. 

 

 

Fig 5.14c Fractional uptake of different initial concentrations of As(III) on MFC ternary 

metal oxide against the square root of time. 
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The Boyd plots presented in Figs 5.15a-c, for the MC, MF and MFC metal oxides show linear 

relationships which do not cut through the origin in the initial phase of the adsorption process 

at the different initial concentrations of As(III). This signifies that external mass transport 

controls the adsorption process during the initial phase. The y-intercepts for the MC, MF and 

MFC metal oxides as the initial bulk concentration increased from 10-75 mg/dm3, were in the 

ranges of -0.0015-0.3802, -0.0066-0.3333 and 0.9881-0.3230. The y-intercept values for the 

binary MC and MF metal oxides shifted towards positive digits but the y-intercept values of 

the ternary MFC metal oxide shifted towards negative digits as the initial As(III) concentration 

increased. The increase in the positive nature of the y-intercept values for the binary MC and 

MF metal oxides was ascribed to an increase in external mass transfer processes, and the 

decrease in the positive nature of the y-intercept values for the ternary MFC metal oxide was 

attributed to a decrease in external mass transfer processes. The observed differences between 

the binary and the ternary metal oxides might be due to differences in adsorbent particle sizes 

and their surface conformations which in turn might affect the boundary effects as the initial 

concentration of the As(III) increased. The film diffusion coefficients, D1 (cm2/s), of the MC, 

MF and MFC metal oxides decreased as the initial As(III) concentration increased. The 

decrease in D1 (cm2/s) with increasing initial As(III) concentration was ascribed to the increase 

in boundary layer resistance caused by an increase in solution viscosity. The magnitudes of D1 

(cm2/s) for the ternary MFC metal oxide were higher than for the binary MC and MF metal 

oxides. The larger values of D1 (cm2/s) for the ternary MFC metal oxide can be attributed to 

the larger MFC particle sizes which reduced the external surface area reducing the boundary 

layer effect. The pore diffusion coefficients, D2 (cm2/s), increased with an increase in the initial 

bulk concentration for the binary MC and MF metal oxides but decreased for the ternary MFC 

metal oxide. The increase of D2 (cm2/s) with an increase in initial As(III) concentration was 

attributed to an increase in the concentration driving force between the bulk solution and the 

external surface of the metal oxides as the initial As(III) concentration increased, thus 

enhancing the rapid diffusion of adsorbate particles into the pores on the adsorbent surface. 

The small binary MC and MF metal oxide adsorbent particles have small pore lengths, 

therefore experience less intraparticle diffusion resistance and this might account for the 

increase in their pore diffusion coefficients, D2 (cm2/s) with an increase in initial As(III) 

concentration. The decrease in the D2 (cm2/s) values for the ternary MFC metal oxide adsorbent 

might be due to an increase in intraparticle diffusion resistance due to the large ternary MFC 

metal oxide particles which have larger pore lengths. The ternary MFC metal oxide exhibited 
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larger D2 (cm2/s) values than for the binary MC and MF metal oxides. This suggests that the 

ternary MFC metal oxide surface was more porous or had pores of the right sizes to 

accommodate the entry of the As(III) species, enabling faster diffusion of the adsorbate 

particles into the pores. The diffusion coefficients of the metal oxides presented in Table 5.4a-

c show that D2 (cm2/s) > D1 (cm2/s). This implies that the adsorbate particles encountered 

greater resistance to diffuse through the boundary layer than to diffuse into the pores, signifying 

that film diffusion controls the adsorption process at this stage. 

 

 

Fig 5.15a Boyd plots for adsorption of different initial concentrations of As(III) onto MC 

binary metal oxide. 
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Fig 5.15b Boyd plots for adsorption of different initial concentrations of As(III) onto MF 

binary metal oxide. 

 

Fig 5.15c Boyd plots for adsorption of different initial concentrations of As(III) onto MFC 

ternary metal oxide. 
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 Effect of temperature on adsorption kinetics 

5.2.3.2.1 Kinetic models: Pseudo-first-order, pseudo-second-order and the Elovich rate 

equations 

Chromium(VI): The kinetic parameters and error functions for pseudo-first-order, pseudo-

second-order and Elovich rate equations for Cr(VI) adsorption on MC, MF and MFC 

nanostructured metal oxides are presented in Tables 5.5a-c. For the kinetic modelling of MC 

metal oxide adsorbent, the experimental adsorption capacities for the Cr(VI), qe (exp) were 

12.38, 10.99, 10.21, 9.92 and 9.59 mg/g at 299, 304, 309, 314 and 319 K, respectively. For the 

pseudo-first-order kinetic model, the adsorption capacities, qe were 11.51, 10.29, 9.62, 9.32 

and 8.98 mg/g, while the pseudo-first-order rate constants, k1 were 0.4266, 0.6588, 0.9131, 

1.0371 and 1.2039 (1/min) at 299, 304, 309, 314 and 319 K, respectively. The coefficient of 

determination, R2 values were in the range 0.9498-0.9738 and the percent variable error, % 

variance values were in the range 0.2804-0.9089 as the initial temperature of the Cr(VI) 

increased from 299-319 K. For the pseudo-second-order kinetic model, the qe values were 

11.96, 10.71, 10.03, 9.72 and 9.37 mg/g; the pseudo-second-order rate constant, k2 values were 

0.0559, 0.1001, 0.1496, 0.1761 and 0.2125 g/mg.min; the initial adsorption rate constants, h 

were 7.99, 11.46, 15.05, 16.63 and 18.64 mg/g.min at 299, 304, 309, 314 and 319 K, 

respectively. The R2 values were in the range 0.9874-0.9967, while the % variances were in 

the range 0.0447-0.2281 as the initial temperature of the Cr(VI) increased from 299-319 K. For 

the Elovich kinetic model, the initial adsorption rate constants, α were 51.42, 203.14, 414.79, 

669.84 and 870.85 mg/g.min; the adsorption constant, β values were 0.52, 0.87, 1.09, 1.21 and 

1.37 mg/g at 299, 304, 309, 314 and 319 K, respectively. The R2 and % variance values were 

in the ranges 0.9438-0.9891 and 0.1917-0.6305, respectively with an increase in Cr(VI) initial 

temperature from 299-319 K. 
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Table 5.5a Kinetic modelling at different temperatures of 10 mg/dm3 of Cr(VI) adsorption on MC binary metal oxide. 

Kinetic model Parameters 
Temperature (K) 

299 304 309 314 319 

 qe (mg/g) (exp) 12.38 10.99 10.21 9.92 9.59 

pseudo-first-order qe (mg/g) 11.51 10.29 9.62 9.32 9.98 

 k1 (1/min) 0.4266 0.6588 0.9131 1.0371 1.2039 

 R2 0.9498 0.9666 0.9738 0.9698 0.9689 

 % variance 0.9089 0.4479 0.2938 0.3099 0.2804 

pseudo-second-order qe (mg/g) 11.96 10.71 10.03 9.72 9.37 

 k2 (g.mg.min) 0.0559 0.1004 0.1496 0.1761 0.2125 

 h (mg/g.min) 7.99 11.46 15.05 16.63 18.64 

 R2 0.9874 0.9967 0.9947 0.9951 0.9946 

 % variance 0.2281 0.0447 0.0591 0.0504 0.0501 

Elovich equation β (mg/g) 0.52 0.87 1.09 1.21 1.37 

 α (mg/g.min) 51.42 203.14 414.79 669.84 870.85 

 R2 0.9891 0.9639 0.9438 0.9496 0.9511 

 % variance 0.1971 0.4829 0.6305 0.5169 0.4553 
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Table 5.5b Kinetic modelling at different temperatures of 10 mg/dm3 of Cr(VI) adsorption on MF binary metal oxide. 

Kinetic model Parameters 
Temperature (K) 

299 304 309 314 319 

 qe (mg/g) (exp) 15.94 13.66 13.23 12.81 12.24 

pseudo-first-order qe (mg/g) 14.58 13.24 12.71 12.13 11.47 

 k1 (1/min) 0.4014 0.5292 0.5996 0.6524 0.0678 

 R2 0.9561 0.9736 0.9595 0.9605 0.9698 

 % variance 1.3042 0.6081 0.8293 0.7339 0.5032 

pseudo-second-order qe (mg/g) 15.61 13.71 13.18 12.62 11.94 

 k2 (g.mg.min) 0.0409 0.0629 0.0751 0.0842 0.0919 

 h (mg/g.min) 9.40 11.83 13.04 13.42 13.11 

 R2 0.9866 0.9959 0.9955 0.9968 0.9978 

 % variance 0.3974 0.0925 0.0923 0.0588 0.0364 

Elovich equation β (mg/g) 0.49 0.63 0.69 0.74 0.79 

 α (mg/g.min) 53.14 129.64 197.72 237.59 250.89 

 R2 0.9865 0.9573 0.9683 0.9682 0.9605 

 % variance 0.3996 0.9824 0.6496 0.5899 0.6573 
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Table 5.5c Kinetic modelling at different temperatures of 10 mg/dm3 of Cr(VI) adsorption on MFC ternary metal oxide. 

Kinetic model Parameters 
Temperature (K) 

299 304 309 314 319 

 qe (mg/g) (exp) 16.95 15.51 14.63 13.74 13.05 

pseudo-first-order qe (mg/g) 16.08 14.97 13.66 12.81 12.12 

 k1 (1/min) 0.4005 0.5336 0.7985 1.0525 1.7004 

 R2 0.9416 0.9498 0.9441 0.9477 0.9537 

 % variance 2.0306 1.4296 1.2546 0.9926 0.7438 

pseudo-second-order qe (mg/g) 16.65 15.47 14.22 13.35 12.65 

 k2 (g.mg.min) 0.0386 0.0582 0.0941 0.1322 0.2251 

 h (mg/g.min) 10.71 13.93 19.01 23.55 36.01 

 R2 0.9814 0,9873 0.9908 0.9915 0.9922 

 % variance 0.6455 0.3608 0.2064 0.1606 0.1248 

Elovich equation β (mg/g) 0.47 0.57 0.72 0.89 1.22 

 α (mg/g.min) 71.22 180.42 270.66 291.45 802.34 

 R2 0.9900 0.9706 0.9753 0.9691 0.9811 

 % variance 0.3467 0.8371 0.5529 0.5852 0.3036 
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For the kinetic modelling of MF metal oxide, the qe (exp) values were 15.94, 13.66, 13.23, 

12.81 and 12.22 mg/g at Cr(VI) initial temperatures of 299, 304, 309, 314 and 319 K, 

respectively. The pseudo-first-order kinetic model. qe values were 14.58, 13.24, 12.71, 12.13 

and 11.47 mg/g, while the pseudo-first-order rate constants, k1 were 0.4014, 0.0.5292, 0.5996, 

0.6524 and 0.6678 (1/min) at 299, 304, 309, 314 and 319 K, respectively. The R2 values were 

in the range 0.9561-0.9736 and % variances were in the range 0.5032-1.3042 as the 

temperature of the Cr(VI) increased from 299-319 K. For the pseudo-second-order kinetic 

model, the qe values were 15.61, 13.71, 13.18, 12.62 and 11.94 mg/g; the, k2 values were 

0.0409, 0.0629, 0.0751, 0.0842 and 0.0919 g/mg.min; the, h values were 9.40, 11.83, 13.04, 

13.42 and 13.11 mg/g.min at Cr(VI) initial temperatures of 299, 304, 309, 314 and 319 K, 

respectively. The R2 values were in the range 0.9866-0.9978, while the % variances were in 

the range 0.0364-0.3974 as the Cr(VI) initial temperature increased from 299-319 K. For the 

Elovich kinetic model, the initial adsorption rate constants, α were 53.14, 129.64, 197.72, 

237.59 and 250.89 mg/g.min; the adsorption constant, β values were 0.49, 0.63, 0.69, 0.74 and 

0.79 mg/g at each of Cr(VI) initial temperature of 299, 304, 309, 314 and 319 K, respectively. 

The R2 and % variance values were in the ranges 0.9573-0.9865 and 0.3996-0.9824, 

respectively with an increase in Cr(VI) initial temperature from 299-319 K. 

For the kinetic modelling of MFC metal oxide adsorbent, the experimental adsorption 

capacities, qe (exp) were 16.95, 15.51, 14.63, 13.74 and 13.05 mg/g at Cr(VI) initial 

temperatures of 299, 304, 309, 314 and 319 K, respectively. For the pseudo-first-order kinetic 

model, the adsorption capacities, qe were 16.08, 14.97, 13.66, 12.81 and 12.12 mg/g, while the 

pseudo-first-order rate constants, k1 were 0.4005, 0.5336, 0.7985, 1.0525 and 1.7004 (1/min) 

at 299, 304, 309, 314 and 319 K, respectively. The coefficient of determination, R2 values were 

in the range 0.9416-0.9537 and the percent variable error, % variance values were in the range 

0.7438-2.0306 as the Cr(VI) initial temperature increased from 299-319 K. For the pseudo-

second-order kinetic model, the qe values were 16.65, 15.47, 14.22, 13.35 and 12.65 mg/g; the 

pseudo-second-order rate constant, k2 values were 0.0386, 0.0582, 0.0941, 0.1322 and 0.2251 

g/mg.min; the initial adsorption rate constants, h were 10.70, 13.93, 19.01, 23.55 and 36.01 

mg/g.min at each of the Cr(VI) initial temperatures of 299, 304, 309, 314 and 319 K. The R2 

values were in the range 0.9814-0.9922, while the % variances were in the range 0.1606-0.6455 

as the Cr(VI) initial temperature increased from 299-319 K. For the Elovich kinetic model, the 

initial adsorption rate constants, α were 71.22, 180.42, 257.66, 291.45 and 802.34 mg/g.min; 

the adsorption constant, β values were 0.47, 0.57, 0.72, 0.89 and 1.22 mg/g at each of Cr(VI) 
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initial temperatures of 299, 304, 309, 314 and 319 K, respectively. The R2 and % variance 

values were in the ranges 0.9691-0.9900 and 0.3036-0.8371, respectively with an increase in 

Cr(VI) initial temperature from 299-319 K. 

The experimental and the pseudo-first-order and the pseudo-second-order adsorption 

capacities, qe (mg/g), for MC, MF and MFC metal oxide adsorbents decreased as the initial 

Cr(VI) temperature increased. The results highlighted that the adsorption of Cr(VI) is 

exothermic. The same conclusion was reported by Baral et al. (2006), on the adsorption of 

hexavalent chromate onto sawdust treated with formaldehyde. The decreases in the adsorption 

capacities were ascribed to an increase in the kinetic energy and mobility of the adsorbate 

particles resulting in desorption (Gheju et al., 2016). The magnitudes of the adsorption 

capacities for the mixed metal oxides were in the order MFC > MF > MC at the different initial 

temperatures for the Cr(VI). This showed that the MFC ternary metal oxide had the highest 

affinity and least desorption for the Cr(VI) oxyanions, with the MC binary metal oxide 

exhibiting the least affinity and highest desorption for the adsorbate particles as the initial 

temperature of the bulk solution increased from 299-319 K. 

The pseudo-first-order rate constants, k1 (1/min), for the MC, MF and MFC oxides increased 

with an increase in the initial temperature of the bulk solution at a fixed adsorbent mass. The 

larger the values of k1, the shorter the time needed to reach adsorption equilibrium at higher 

initial Cr(VI) temperatures. At high initial adsorbate temperature, the time needed to attain 

equilibrium decreases and this might be due to a decrease in viscosity and an increase in kinetic 

energy of the adsorbate particles, causing a reduction in boundary layer effects (El Haddad et 

al., 2013). The magnitudes of the k1 (1/min) values of the metal oxide adsorbents are in the 

order: MC > MF > MFC. For example, at an initial Cr(VI) temperature of 299 K, the k1 (1/min) 

values for each of MC, MF and MFC metal oxides were 0.4266, 0.4014 and 0.4005, 

respectively. The observed differences in the rate constant values, k1 (1/min), is attributed to 

the decrease in adsorbent particle sizes. The smaller the adsorbent particles, the larger the k1 

(1/min) values, since smaller particles have a larger exposed surface area (Vincent et al., 2014). 

 

The pseudo-second-order rate constants, k2 (g/mg.min), for the MC, MF and MFC metal oxide 

adsorbents increased as the initial pollutant temperature increased. The larger the k2 value, the 

shorter the time needed to reach equilibrium. The observed variations in the magnitudes of the 

pseudo-second-order rate constants, k2 (g/mg.min) for the metal oxides (MC > MF > MFC) 
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were attributed to variations in the size of adsorbent particles, that is, the smaller the adsorbent 

particle size, the larger the exposed number of adsorption active sites, resulting in shorter 

equilibrium attainment periods, hence larger k2 values. The pseudo-second-order initial 

adsorption rate constants, h (mg/g.min) for the MC, MF and MFC metal oxides increased as 

the initial temperature of the bulk solution increased. The increase in the pseudo-second-order 

rate equation parameters, k2 (g/mg.min) and h (mg/g.min), as the initial temperature of the bulk 

solution increased is attributed to an increase in kinetic energy of the adsorbate particles 

causing an increase in collision frequency between the adsorbent and absorbate. At an initial 

Cr(VI) temperature of 299 K, the magnitudes of the h (mg/g.min) values for the metal oxides 

were in the order: MFC > MF > MC, suggesting that the ternary MFC metal oxide surface 

showed greater affinity for the pollutant. 

The modelling of the experimental kinetic data using the Elovich equation showed that the 

model parameters, that is, the initial adsorption rate constant, α (mg/g.min) and the adsorption 

constant, β (mg/g) increased as the initial temperature of Cr(VI) was increased. The noted 

increase of the Elovich kinetic parameter, α (mg/g.min) was attributed to an increase in 

collision frequency due to an increase in thermal energy of the adsorption system. The increase 

in β (mg/g) might be due to swelling of the adsorbent at high temperature, increasing the surface 

coverage. 

The pseudo-second-order kinetic model was better suited than the pseudo-first-order and 

Elovich kinetic models in describing the adsorption experimental kinetic data as it showed 

higher R2 (close to one) and lower % variance (close to zero) error values for the MC, MF and 

MFC metal oxide adsorbents, as the initial temperature of the Cr(VI) increased from 299-319 

K. The pseudo-second-order modelled adsorption capacities qe (mg/g) were also in close 

agreement with the experimental adsorption capacities, qe (exp)(mg/g), than for the pseudo-

first-order and Elovich kinetic models. This suggests that the adsorption kinetics followed a 

chemisorption mechanistic pathway at the different initial temperatures of the Cr(VI). 

Arsenic(III): The kinetic parameters presented in Tables 5.6a-c show that the As(III) adsorption 

capacities, qe (mg/g) obtained from the experiments and mathematical modelling using the 

pseudo-first-order and the pseudo-second-order rate equations increased as the initial 

temperature of the bulk solution increased from 299-319 K for the MC, MF and MFC metal 

oxide adsorbents. The experimental adsorption capacities, qe (mg/g) increased in the ranges: 

MC, 11.01-14.71; MF, 8.94-13.41; and MFC, 15.89-30.87; the pseudo-first-order adsorption 
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capacities, qe (mg/g) increased in the ranges: MC, 10.29-13.49; MF, 8.32-12.49; and MFC, 

14.89-28.84; and the pseudo-second-order adsorption capacities, qe (mg/g) increased in the 

ranges: MC, 10.72-14.15; MF, 8.68-13.01; and MFC, 15.55-29.81 as the initial temperature of 

the bulk solution increased from 299-319 K. This suggest that the adsorption process is 

endothermic. The increase in the adsorption capacities is attributed to an increase in kinetic 

energy of the adsorbate particles and swelling of the adsorbent, enhancing the attachment of 

the As(III) species onto the adsorbent surface. The adsorption capacities of the As(III) increased 

rapidly for the MC, MF and MFC metal oxide adsorbents in the initial 30 minutes of the adsorption 

process and thereafter became almost constant probably due to (1) saturation of adsorption active 

sites, (2) decrease in concentration gradient due to the initial rapid uptake of the As(III), and (3) 

repulsion and/or steric effects between adsorbed As(III) species and those in the bulk solution 

reducing access of adsorbate particles to the adsorption active sites (Nashine & Tembhurkar, 2016). 

The magnitudes of the As(III) adsorption capacities for the mixed metal oxides were in the 

order MFC > MF > MC at all the initial temperatures of the As(III). This suggests that the MFC 

ternary metal oxide had the highest affinity for the As(III) with the MF binary metal oxide 

exhibiting the least affinity for the adsorbate particles. 
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Table 5.6a Kinetic modelling at different temperatures of 10 mg/dm3 of As(III) adsorption on MC binary metal oxide. 

Kinetic model Parameters 
Temperature (K) 

299 304 309 314 319 

 qe (mg/g) (exp) 11.01 11.65 12.58 13.67 14.71 

pseudo-first-order qe (mg/g) 10.29 10.75 11.69 12.48 13.49 

 k1 (1/min) 0.7091 0.8521 1.2214 1.3007 1.5111 

 R2 0.9516 0.9186 0.9389 0.9246 0.9219 

 % variance 0.6337 1.1206 0.9506 1.3352 1.5949 

pseudo-second-order qe (mg/g) 10.72 11.22 12.23 13.08 14.15 

 k2 (g.mg.min) 0.1258 0.1262 0.1629 0.1674 0.1713 

 h (mg/g.min) 14.56 15.89 24.37 28.64 34.29 

 R2 0.9937 0.9923 0.9909 0.9941 0.9918 

 % variance 0.0824 0.2442 0.1424 0.2831 0.3726 

Elovich equation α (mg/g.min) 287.74 478.6705 690.16 742.34 873.76 

 β (mg/g) 0.90 0.93 1.02 1.17 1.30 

 R2 0.9736 0.9772 0.9731 0.9799 0.9724 

 % variance 0.3458 0.1767 0.2639 0.1797 0.1549 
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Table 5.6b Kinetic modelling at different temperatures of 10 mg/dm3 of As(III) adsorption on MF binary metal oxide. 

Kinetic model Parameters 
Temperature (K) 

299 304 309 314 319 

 qe (mg/g) (exp) 8.94 9.89 11.35 12.54 13.41 

pseudo-first-order qe (mg/g) 8.32 9.13 10.42 11.31 12.49 

 k1 (1/min) 0.8832 0.9421 1.2763 1.6931 1.7089 

 R2 0.9722 0.9561 0.9363 0.9413 0.9541 

 % variance 0.2344 0.4378 0.7875 0.8239 0.7749 

pseudo-second-order qe (mg/g) 8.68 9.54 10.91 11.81 13.01 

 k2 (g.mg.min) 0.1661 0.1796 0.1901 0.2394 0.2627 

 h (mg/g.min) 12.51 16.35 22.63 33.39 44.46 

 R2 0.9971 0.9942 0.9981 0.9972 0.9937 

 % variance 0.0247 0.0574 0.0466 0.0796 0.1065 

Elovich equation α (mg/g.min) 398.31 535.13 747.85 833.92 971.32 

 β (mg/g) 1.23 1.41 1.60 1.63 1.71 

 R2 0.9515 0.9675 0.9747 0.9792 0.9741 

 % variance 0.4084 0.3241 0.1893 0.4519 0.5686 
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Table 5.6c Kinetic modelling at different temperatures of 10 mg/dm3 of As(III) adsorption on MFC ternary metal oxide. 

Kinetic model Parameters 
Temperature (K) 

299 304 309 314 319 

 qe (mg/g) (exp) 15.89 19.13 21.78 24.98 30.87 

pseudo-first-order qe (mg/g) 14.89 18.01 20.41 23.17 28.47 

 k1 (1/min) 0.8212 0.0936 1.0271 1.1523 1.2693 

 R2 0.9615 0.9561 0.9498 0.9419 0.9283 

 % variance 1.0487 1.4752 2.2209 3.2214 6.1648 

pseudo-second-order qe (mg/g) 15.55 18.82 21.33 24.22 29.81 

 k2 (g.mg.min) 0.0854 0.1037 0.1109 0.1292 0.1334 

 h (mg/g.min) 20.65 36.73 50.46 75.79 118.54 

 R2 0.9965 0.9967 0.9953 0.9913 0.9962 

 % variance 0.0957 0.1118 0.2066 0.4816 1.1868 

Elovich equation α (mg/g.min) 521.47 612.41 808.17 920.53 1103.64 

 β (mg/g) 1.68 1.71 1.77 1.87 1.94 

 R2 0.9617 0.9708 0.9734 0.9738 0.9779 

 % variance 1.0429 0.9818 1.1762 0.8996 1.0385 
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The pseudo-first-order rate constants, k1 (1/min), for the MC, MF and MFC oxides increased 

with an increase in the initial temperature of As(III). The increases in the k1 (1/min) values for 

each metal oxide adsorbent were: MC, 0.7091-1.5111; MF, 0.8832-1.7089; and MFC, 0.8212-

1.2693. The larger the values of k1, the shorter the time needed to reach adsorption equilibrium 

at higher initial As(III) temperature. This is attributed to a decrease in boundary layer resistance 

due to a decrease in solution viscosity with an increase in the initial solution temperature. The 

magnitudes of the k1 (1/min) values of the metal oxide adsorbents are in the order: MF > MC 

> MFC. For example, at an initial As(III) concentration of 75 mg/dm3, the k1 (1/min) values 

for each of MC, MF and MFC metal oxides were 1.7089, 1,5111 and 1.2693, respectively. The 

difference in the pseudo-first-order rate constants is attributed to the varying sizes of the 

adsorbent particles. The smaller the adsorbent particles, the larger the k1 (1/min) values due to 

diminished pore length, shortening equilibration time for the adsorption process. 

The pseudo-second-order rate constants, k2 (g/mg.min), for the MC, MF and MFC metal oxide 

adsorbents exhibited an increase as the initial temperature of the As(III) increased. The k2 

(g/mg.min) values for the metal oxides increased as follows: MC, 0.1089-0.1713; MF 0.1661-

0.2627; and MFC, 0.0854-0.1334, as the initial temperature of As(III) increased from 299-319 

K. The larger the k2 value, the shorter the time needed to reach equilibrium (1 𝑘2⁄ ), at a high 

initial temperature of the adsorbate. The pseudo-second-order initial adsorption rate constants, 

h (mg/g.min) for the MC, MF and MFC metal oxides increased as the initial As(III) temperature 

concentration increased. The h (mg/g.min) values increased as follows: MC, 14.56-34.29; MF, 

12.51-44.46; and MFC, 20.65-118.54. The increase in the pseudo-second-order initial rate 

constant as the initial temperature of the bulk solution is increased is attributed to an increase 

in collision frequency between the adsorbent and absorbate. The ternary MFC metal oxide 

adsorbent had higher h (mg/g.min) values at all initial concentrations of As(III) and the binary 

MF metal oxide adsorbent had the least. A higher initial adsorption rate constant suggests 

greater affinity by the adsorbent’s surface for the pollutant. 

The modelling of the experimental kinetic data using the Elovich equation showed that the 

model parameters, that is, the initial adsorption rate constant, α (mg/g.min) and the adsorption 

constant, β (mg/g) increased as the initial temperature of As(III) was increased. The magnitudes 

of the initial adsorption rate constants, α (mg/g.min) for the metal oxides increased in the 

following ranges: MC,287.74-873.76; MF, 398.31-971.32; and MFC, 521.47-1103.64. The 

increases in the adsorption constants, β (mg/g) for the metal oxides were: MC,0.90-1.30; MF, 

1.23-1.71; and MFC, 1.68-1.94. The increase of the Elovich kinetic parameter, α (mg/g.min) 
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was attributed to an increase in kinetic energy of the adsorbate particles, thus increasing 

collision frequency. The increase in β (mg/g) might be due to swelling of the adsorbent at high 

temperature, enhancing attachment of the As(III) onto the adsorbent surface. 

The rate equation best suited to describe the adsorption kinetics of As(III) at different initial 

temperatures onto the MC, MF and MFC metal oxides was determined using the kinetic 

isotherm plots on Figs 5.7a-c and error functions (coefficient of determination, R2 and 

percentage variable error,  % variance) presented on Tables 5.6a-c. For the pseudo first-order 

model: 0.9186 < R2 < 0.9516 and 0.6337 < % variance < 1.5949 for the MC oxide; 0.9363 < R2 < 

0.9722 and 0.2344 < % variance < 0.8390 for the MF oxide; and 0.9283 < R2 < 0.9615 and 1.0487 

< % variance < 6.1648 for the MFC oxide. For the pseudo second-order model: 0.9937 < R2 < 

0.9909 and 0.0824 < % variance < 0.3726 for the MC oxide; 0.9937 < R2 < 0.9981 and 0.0247 < 

% variance < 0.1065 for the MF oxide; and 0.9913 < R2 < 0.9967 and 0.0957 < % variance < 

1.1868 for the MFC oxide. For the Elovich model: 0.9724 < R2 < 0.9799 and 0.1549 < % variance 

< 0.3458 for the MC oxide; 0.9515 < R2 <0.9792 and 0.1893 < % variance < 0.5686 for the MF 

oxide; and 0.9617 < R2 < 0.9779 and 0.8996 < % variance < 1.1762 for the MFC oxide. The error 

functions show that the pseudo-second-order model showed a better fit than either the pseudo-

first-order or the Elovich models, to the experimental kinetic data for the adsorption of As(III) 

at different initial temperatures onto the MC, MF and MFC metal oxide adsorbents, with R2 

close to unity and % variance close to zero. The kinetic isotherm plots on Figs 5.7a-c also show 

good agreement between the experimental and the pseudo-second-order modelled adsorption 

capacities. The adsorption process seems to follow a chemisorption mechanism involving 

valence forces due to transfer or sharing of electrons. 

5.2.3.2.2 Diffusion models: External mass transport, intraparticle diffusion and the Boyd 

diffusion models 

Chromium(VI): The external mass transfer diffusion rate constant, ks (1/min) was determined 

by plotting Ct/Co at different initial temperatures of 10 mg/dm3 Cr(VI) against time, and the 

results are presented in Figs 5.16a-c. The Ct/Co versus t plots show that there is an increase in 

the rate of adsorption in the initial 5 minutes of the adsorption process as the initial temperature 

of Cr(VI) is increased. The rate of adsorption decreases as the adsorption process proceeds 

after the initial rapid stage. A similar observation was reported by McKay and Poots (1980) on 

the investigation of dye adsorption onto the wood adsorbent. The observed phenomenon was 

attributed to desorption of adsorbate due to the presence of large amounts of thermal energy in 

the adsorption system (Gheju et al., 2016).  
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Fig 5.16a External mass transfer diffusion plot for Cr(VI) adsorption onto MF binary 

metal oxide at different temperatures. 

 

 

Fig 5.16b External mass transfer diffusion plot for Cr(VI) adsorption onto MC binary 

metal oxide at different temperatures. 
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Fig 5.16c External mass transfer diffusion plot for Cr(VI) adsorption onto MFC ternary 

metal oxide at different temperatures. 

 

The external mass transfer diffusion rate constants for the adsorption processes are presented 

in Tables 5.7a-c. The ks (1/min) values for MC, MF and MFC oxides increased in the ranges 

0.0522-0.0617, 0.0682-0.0735 and 0.0774-0.0813, respectively, as the initial temperature of 

the bulk solution increased from 299-319 K. The increase in the magnitudes of the external 

mass transfer diffusion rate constants, due to an increase in initial temperature of Cr(VI) 

pollutant is attributed to a decrease in boundary layer resistance. This decrease in boundary 

layer resistance is due to (1) a decrease in solution viscosity as the initial temperature increases, 

and (2) at a higher temperature, the adsorbent can swell, increasing the available surface area 

for adsorption, thus decreasing resistance to film diffusion. The MC metal oxide had the lowest 

external mass transfer diffusion rate constants, suggesting that external mass transfer was more 
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Table 5.7a Diffusion coefficients for the adsorption of Cr(VI) onto MF binary metal oxide at different initial temperatures. 

Diffusion parameters 

Temperature (K) 

299 304 309 314 319 

External mass transfer      

ks (1/min) 0.0682 0.0687 0.0676 0.0722 0.0735 

R2 0.9342 0.9649 0.9276 0.9349 0.9762 

Intraparticle diffusion      

kid (mg/g.min0.5) 0.223 0.165 0.127 0.105 0.093 

C (mg/g) 12.861 12.686 12.160 11.455 10.434 

R2 0.9892 0.9690 0.9551 0.9293 0.9906 

Boyd diffusion model      

(D1 × 10-17) (cm2/s) 2.546 2.675 2.841 2.993 3.616 

R2 0.9843 0.9831 0.9670 0.9429 0.9576 

(D2 × 10-17) (cm2/s) 7.634 9.991 10.617 10.828 12.292 

R2 0.9956 0.9734 0.9813 0.9939 0.9749 
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Table 5.7b Diffusion coefficients for the adsorption of Cr(VI) onto MC binary metal oxide at different initial temperatures. 

Diffusion parameters 

Temperature (K) 

299 304 309 314 319 

External mass transfer      

ks (1/min) 0.0522 0.0521 0.0536 0.0551 0.0617 

R2 0.9278 0.9347 0.9459 0.9378 0.9561 

Intraparticle diffusion      

kid (mg/g.min0.5) 0.283 0.167 0.137 0.119 0.094 

C (mg/g) 9.438 9.198 8.778 8.655 8.532 

R2 0.9549 0.9788 0.9691 0.9736 0.9501 

Boyd diffusion model      

(D1 × 10-17) (cm2/s) 1.965 2.135 2.336 2.741 2.751 

R2 0.9697 0.9855 0.9679 0.9978 0.9901 

(D2 × 10-17) (cm2/s) 6.704 9.783 11.245 11.691 11.862 

R2 0.9783 0.9789 0.9943 0.9919 0.9892 
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Table 5.7c Diffusion coefficients for the adsorption of Cr(VI) onto MFC ternary metal oxide at different initial temperatures. 

Diffusion parameters 

Temperature (K) 

299 304 309 314 319 

External mass transfer      

ks (1/min) 0.0774 0.0734 0.0796 0.0805 0.0813 

R2 0.9367 0.9712 0.9777 0.9689 0.9741 

Intraparticle diffusion      

kid (mg/g.min0.5) 0.281 0.101 0.209 0.146 0.108 

C (mg/g) 14.071 14.451 12.439 12.123 11.844 

R2 0.9026 0.9310 0.9344 0.9903 0.9623 

Boyd diffusion model      

(D1 × 10-17) (cm2/s) 4.171 5.681 7.494 6.143 7.005 

R2 0.9967 0.9871 0.9892 0.9936 0.9973 

(D2 × 10-17) (cm2/s) 1.508 2.086 2.224 2.310 2.408 

R2 0.9874 0.9976 0.9870 0.9913 0.9899 
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The plots of qt against t0.5 presented in Figs 5.17a-c show that no linear section of the graphs 

cuts through the origin. This implies that intraparticle diffusion is not the only rate-determining 

step in the adsorption of Cr(VI) onto the MC, MF and MFC metal oxides. The plots are divided 

into two linear segments signifying the presence of multiple mechanisms during the adsorption. 

The initial stage is fast and due to external surface adsorption controlled by film diffusion. The 

subsequent stage is due to slow adsorption of the Cr(VI) and is intraparticle diffusion-

controlled. The results of the calculated intraparticle diffusion parameters are presented in 

Tables 5.7a-c. The results show that the magnitudes of the kid (mg/g.min0.5) and C (mg/g) values 

decrease with an increase in the initial temperature of the bulk solution. The decreasing values 

of kid (mg/g.min0.5) and C (mg/g) signify a reduction in boundary layer resistance, which 

corresponds with the observed increase in external mass transfer diffusion rate constants with 

an increase in initial temperature of the bulk solution. The decrease of the C (mg/g) values also 

implies the reduced influence of surface adsorption in the rate-controlling step. The magnitudes 

of the intraparticle diffusion parameters at different initial pollutant temperatures were large 

for the MFC metal oxide suggesting that intraparticle diffusion was more controlling during 

the adsorption process on the ternary MFC metal oxide. 

 

 

Fig. 5.17a Intraparticle diffusion treatment of Cr(VI) adsorption onto MC binary metal 

oxide at different initial temperatures. 
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Fig. 5.17b Intraparticle diffusion treatment of Cr(VI) adsorption onto MF binary metal 

oxide at different initial temperatures. 

 

 

Fig. 5.17c Intraparticle diffusion treatment of Cr(VI) adsorption onto MFC ternary metal 

oxide at different initial temperatures. 
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The fractional uptake plots are presented in Figs 5.18a-c and the values of D1 (cm2/s) are 

outlined in Tables 5.7a-c. 

 

Fig 5.18a Fractional uptake of Cr(VI) at different temperatures on MC binary metal oxide 

against the square root of time. 

 

Fig 5.18b Fractional uptake of Cr(VI) at different temperatures on MF binary metal oxide 

against the square root of time. 
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Fig 5.18c Fractional uptake of Cr(VI) at different temperatures on MFC ternary metal 

oxide against the square root of time. 
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oxide. The film diffusion coefficients, D1 (cm2/s), increased as the initial temperature of the 

bulk solution increased. The increase in D1 (cm2/s) with increasing initial solution temperature 

is due to a decrease in boundary layer resistance, probably due to a decrease in solution 

viscosity. The magnitudes of D1 (cm2/s) for the MFC metal oxide were higher than for the MC 

and MF metal oxides. The larger values of D1 (cm2/s) for the MFC metal oxide are due to the 

large sizes of the MFC metal oxide particles which results in a decrease in the external surface 

area reducing the boundary layer effect. The pore diffusion coefficients, D2 (cm2/s), increased 

with an increase in the initial bulk concentration. The increase of D2 (cm2/s) with an increase 

in initial Cr(VI) concentration was attributed to an increase in mobility of the adsorbate 

particles resulting in an increase in the diffusion of adsorbate particles into the pores on the 

adsorbent surface. The MFC metal oxide exhibited larger D2 (cm2/s) values than for the MC 

and MF metal oxides. This suggests that the MFC surface was more porous or had pores of the 

right sizes to accommodate entry of the Cr(VI) oxyanions, enabling faster diffusion of the 

adsorbate particles into the pores. The diffusion coefficients of the metal oxides presented in 

Table 5.7a-c show that D2 (cm2/s) > D1 (cm2/s). This implies that the adsorbate particles 

encountered greater resistance to diffuse through the boundary layer than to diffuse into the 

pores. Therefore, the adsorption process appears to be controlled by film diffusion. 

 

 

Fig 5.19a Boyd plots for adsorption of Cr(VI) on MC binary metal oxide at different 

temperatures. 
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Fig 5.19b Boyd plots for adsorption of Cr(VI) on MF binary metal oxide at different 

temperatures. 

 

Fig 5.19c Boyd plots for adsorption of Cr(VI) on MFC ternary metal oxide at different 

temperatures. 
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Arsenic(III): The external mass transfer diffusion rate constants, ks (1/min) were determined 

by plotting Ct/Co at different initial temperatures of As(III) against time, and the results are 

presented in Figs 5.20a-c. 

 

Fig 5.20a External mass transfer diffusion plot for adsorption of 10 mg/dm3 As(III) at 

different initial temperatures onto MC binary metal oxide. 

 

Fig 5.20b External mass transfer diffusion plot for adsorption of 10 mg/dm3 As(III) at 

different initial temperatures onto MF binary metal oxide. 
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Fig 5.20c External mass transfer diffusion plot for adsorption of 10 mg/dm3 As(III) at 

different initial temperatures onto MFC ternary metal oxide. 
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(1/min) values than the ternary MFC metal oxide. This implies that the migration of adsorbate 

across the boundary layer to the adsorbent external surface was more controlling for the binary 

metal oxides than for the ternary MFC metal oxide.  

 

To determine whether the adsorption of As(III) at different initial temperatures onto the MC, 

MF and MFC metal oxides is pore controlled, the Weber and Morris (1963) intraparticle 

diffusion model equation (Eq 5.7) was applied onto the kinetic experimental data. The 

intraparticle diffusion plots of qt against t0.5 are presented in Figs 5.21a-c and show that 

intraparticle diffusion is not the only rate-limiting step in the adsorption process. The plots are 

split into two linear sections which do not pass through the origin, showing that several 

mechanisms control the adsorption process. The initial rapid stage is attributed to external 

surface adsorption controlled by external mass transport since diffusion across the boundary 

layer to the adsorbent surface is only important at the beginning of the adsorption process 

(Cáceres-Jensen et al., 2013). The second stage signifies the slow adsorption of the adsorbate 

particles and is intraparticle diffusion-controlled. The switch in the adsorption mechanism can 

be ascribed to a decrease in the concentration driving force which increases the boundary effect 

as the adsorption process proceeds. The results of the calculated intraparticle diffusion 

parameters and the R2 error functions are presented in Tables 5.8a-c. The results show that the 

magnitudes of the kid (mg/g.min0.5) and C (mg/g) increase as the initial concentration of the 

As(III) increases, suggesting an increase in boundary effects and influence of film diffusion to 

the adsorption process (Gheju et al., 2016). The magnitudes of the intraparticle diffusion rate 

constants at different initial temperatures of the As(III) were larger for the ternary MFC metal 

oxide than for the binary MC and MF metal oxides suggesting that intraparticle diffusion was 

more controlling on the ternary MFC metal oxide during the adsorption (Yoon et al., 2017). 

The smaller binary MC and MF metal oxide adsorbent particles experience less intraparticle 

diffusion resistance. The increase in the magnitude of kid (mg/g.min0.5) with an increase in the 

initial temperature can also be attributed to the increase in the kinetic energy of the adsorbate, 

enhancing their entry into pores on the surface of the adsorbent (Ofomaja et al., 2010a). The 

precise non-conformity of the experimental adsorption kinetic data to the external mass transfer 

or the intraparticle diffusion models seems to suggest that the adsorption process is also 

controlled by a chemical reaction (Ociński et al., 2016). 
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Table 5.8a Diffusion coefficients for the adsorption of 10 mg/dm3 of As(III) onto MC binary metal oxide at different initial temperatures. 

Diffusion parameters 

Initial As(III) temperature (K) 

299 304 309 314 319 

External mass transfer      

ks (1/min) 0.0095 0.0081 0.0081 0.0080 0.0079 

R2 0.9721 0.9206 0.9409 0.9857 0.9129 

Intraparticle diffusion      

kid (mg/g.min0.5) 0.1141 0.1470 0.1542 0.1609 0.1759 

C (mg/g) 9.375 10.059 11.365 11.764 13.019 

R2 0.9987 0.9376 0.9460 0.9951 0.9716 

Boyd diffusion model      

(D1 × 10-17) (cm2/s) 2.239 1.436 1.271 1.037 0.085 

R2 0.9535 0.9777 0.9354 0.9627 0.9777 

(D2 × 10-17) (cm2/s) 9.192 8.736 7.981 7.904 7.849 

R2 0.9647 0.9820 0.9314 0.9594 0.9783 
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Table 5.8b Diffusion coefficients for the adsorption of 10 mg/dm3 of As(III) onto MF binary metal oxide at different initial temperatures. 

Diffusion parameters 

Initial As(III) temperature (K) 

299 304 309 314 319 

External mass transfer      

ks (1/min) 0.0079 0.0077 0.0075 0.0072 0.0065 

R2 0.9612 0.9607 0.9521 0.9512 0.9456 

Intraparticle diffusion      

kid (mg/g.min0.5) 0.1147 0.1186 0.1461 0.1695 0.1864 

C (mg/g) 7.646 8.302 9.588 10.403 12.110 

R2 0.9775 0.9567 0.9439 0.9603 0.9988 

Boyd diffusion model      

(D1 × 10-17) (cm2/s) 2.669 2.055 1.308 1.043 0.088 

R2 0.8773 0.8754 0.9394 0.9413 0.9391 

(D2 × 10-17) (cm2/s) 10.859 10.489 9.433 9.235 8.226 

R2 0.8900 0.8715 0.9493 0.9379 0.9418 
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Table 5.8c Diffusion coefficients for the adsorption of 10 mg/dm3 of As(III) onto MFC ternary metal oxide at different initial temperatures. 

Diffusion parameters 

Initial As(III) temperature (K) 

299 304 309 314 319 

External mass transfer      

ks (1/min) 0.0131 0.0136 0.0146 0.0156 0.0171 

R2 0.9812 0.9860 0.9439 0.9317 0.9783 

Intraparticle diffusion      

kid (mg/g.min0.5) 0.1323 0.1474 0.1785 0.2091 0.2688 

C (mg/g) 13.963 17.746 20.136 22.688 27.907 

R2 0.9888 0.9502 0.9780 0.9937 0.9968 

Boyd diffusion model      

(D1 × 10-17) (cm2/s) 5.226 3.359 3.540 2.369 2.242 

R2 0.8887 0.8943 0.9362 0.9284 0.9590 

(D2 × 10-17) (cm2/s) 22.225 22.126 21.601 19.607 18.392 

R2 0.9135 0.9155 0.9522 0.9264 0.9515 
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Fig. 5.21a Intraparticle diffusion treatment of 10 mg/dm3 As(III) adsorption onto MC 

binary metal oxide at different initial temperatures. 

 

Fig. 5.21b Intraparticle diffusion treatment of 10 mg/dm3 As(III) adsorption onto MF 

binary metal oxide at different initial temperatures. 
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Fig. 5.21c Intraparticle diffusion treatment of 10 mg/dm3 As(III) adsorption onto MFC 

ternary metal oxide at different initial temperatures. 

 

The graphs of fractional uptake, qt/qe against the square root of time, t0.5 (min0.5) are presented 

in Figs 5.22a-c. The initial stage is fast and is followed by a much slower uptake stage. 

 

 

Fig 5.22a Fractional uptake of As(III) at different initial temperatures onto MC binary 

metal oxide against the square root of time. 
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Fig 5.22b Fractional uptake of As(III) at different initial temperatures onto MF binary 

metal oxide against the square root of time. 

 

 

Fig 5.22c Fractional uptake of As(III) at different initial temperatures onto MFC ternary 

metal oxide against the square root of time. 
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The film diffusion coefficients, D1 (cm2/s) and the pore diffusion coefficient, D2 (cm2/s) for the 

MC, MF and MFC metal oxides at varying initial temperatures of As(III) are presented in 

Tables 5.8a-c. The Boyd plots presented in Figs 5.23a-c, for the MC, MF and MFC metal 

oxides show linear relationships which do not cut through the origin in the initial phase of the 

adsorption process at the different initial temperatures of As(III). This signifies that external 

mass transport controls the adsorption process during the initial phase. The film diffusion 

coefficients, D1 (cm2/s), for the MC, MF and MFC metal oxides decreased as the initial As(III) 

temperature increased. The decrease in D1 (cm2/s) with increasing initial As(III) temperature 

was ascribed to the increase in boundary layer resistance caused by the agglomeration of the 

adsorbent nanoparticles. The magnitudes of D1 (cm2/s) for the ternary MFC metal oxide were 

higher than for the binary MC and MF metal oxides. The larger values of D1 (cm2/s) for the 

ternary MFC metal oxide can be attributed to the larger MFC particle sizes which reduced the 

extent of agglomeration thereby reducing the boundary layer effect. The pore diffusion 

coefficients, D2 (cm2/s), decreased with an increase in the initial temperature of the bulk 

solution for the MC, MF and MFC metal oxides. The decrease of D2 (cm2/s) with an increase 

in initial As(III) temperature was attributed to an increase in surface reactions reducing the 

driving force for the adsorbate species to enter into the adsorbent pores. The increase in 

temperature appears to enhance agglomeration on the smaller binary MC and MF metal oxides, 

reducing access of the adsorbate particles to the pores on the binary MC and MF metal oxides, 

accounting for the observed smaller D2 (cm2/s) values. An increase in temperature might 

increase the bond lengths of the 𝐻3𝐴𝑠𝑂3 adsorbate particles. This coupled with the 

agglomeration effect observed on the smaller binary MC and MF metal oxides might also 

enhance pore blockage reducing the ability of the adsorbate particles to enter small pores on 

the adsorbent surface causing a reduction in the magnitude of the D2 (cm/s) values (Dai et al., 

2016). The diffusion coefficients of the metal oxides presented in Tables 5.8a-c show that D2 

(cm2/s) > D1 (cm2/s). This implies that the adsorbate particles encountered greater resistance to 

diffuse through the boundary layer than to diffuse into the pores, signifying that film diffusion 

controls the adsorption process at this stage. 
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Fig 5.23a Boyd plots for adsorption of As(III) at different initial temperatures onto MC 

binary metal oxide. 

 

Fig 5.23b Boyd plots for adsorption of As(III) at different initial temperatures onto MF 

binary metal oxide. 
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Fig 5.23c Boyd plots for adsorption of As(III) at different initial temperatures onto MFC 

ternary metal oxide. 

5.2.3.2.3 Activation energies 

Chromium(VI): The activation energies of the adsorption kinetic processes can be used to 

determine whether the diffusion pathway is film or pore-controlled (Zulfikar et al., 2013). The 

activation energy, Ea (kJ/mol), was calculated using the Arrhenius (1889) equation: 

 

ln 𝑘2 = ln 𝑘𝑜 −
𝐸𝑎

𝑅𝑇
                 (5.12) 

 

where, k2 (g/mg.min) is the pseudo-second-order rate constant, ko (g/mg.min) is the 

temperature-independent factor, Ea (kJ/mol) is the activation energy, R is the Arrhenius 

constant (8.314 J/mol.K) and T (K) is the solution temperature. The slope of the Arrhenius plot 

of ln k2 against 1/T gives the activation energy, Ea (kJ/mol) and the plot is presented in Fig 

5.24. The Cr(VI) adsorption activation energies, Ea (kJ/mol), on the MC, MF and MFC metal 

oxides, as the initial solution temperature was increased from 299-319 K, were found to be 

18.007, 17,427 and 18,330. If the adsorption process is film diffusion-controlled, the Ea 

(kJ/mol) values are found to be between 17-21, and for pore diffusion-controlled adsorption, 

the Ea (kJ/mol) values are from 21-42 (Sparks, 1999; Namasivayam & Sangeetha, 2006). Thus, 
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the Ea values show that the adsorption of Cr(VI) onto the MC, MF and MFC metal oxides as 

the initial temperature is increased from 299-319 K is film diffusion controlled. 

Fig 5.24 Arrhenius plots for the adsorption kinetics of Cr(VI) onto MC, MF and MFC 

metal oxide at different temperatures. 
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is increased from 299-319 K is probably film diffusion controlled. 
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Fig 5.25 Arrhenius plots for the adsorption kinetics of As(III) onto MC, MF and MFC 

metal oxide at different temperatures. 

5.3 CONCLUSION 

The influence of solution pH and adsorbent dosage concentration on the uptake of Cr(VI) and 

As(III) from aqueous solution onto the MC, MF and MFC metal oxide composite is well 

presented in this chapter. An initial solution pH of 3 was found to be optimum for the non-

specific uptake of Cr(VI) from the liquid phase onto the surface of the MC, MF and MFC metal 

oxides. For the specific adsorption of As(III), a solution pH of 8 was determined as the optimum 

for the MF metal oxide, whilst a pH of 9 was applied for the MC and MFC metal oxides. In 

both adsorption investigations, the optimum adsorbent dose was found to be 0.05 g for the MC, 

MF and MFC nanostructured metal oxide composites. 

 

The non-linear kinetic models applied onto the adsorption of Cr(VI) and As(III) from solution 

showed that the pseudo-second-order rate equation was better suited in describing the time-

dependence of the adsorption processes at different initial Cr(VI) and As(III) concentrations 

and temperatures onto the MC, MF and MFC metal oxides. The diffusion models showed that 

the adsorption processes are controlled by both film and pore diffusion at different stages of 

the adsorption. The precise non-conformity of the data to either film or pore diffusion seems 
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to suggest the participation of a chemical reaction in the adsorption processes. The suitability 

of the models to describe the experimental data was quantified by use of regression error 

functions (R2 and % variance). 
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CHAPTER 6 

6 RESULTS AND DISCUSSION 

6.1 INTRODUCTION 

This chapter consists of two main sections. The first section is on the adsorption of Cr(VI) and 

As(III) onto the nanostructured binary MC, MF and ternary MFC metal oxide composites. This 

section is divided into sub-sections comprising of the equilibrium isotherms, thermodynamic 

parameters, proposed Cr(VI)/As(III) uptake mechanistic pathways, effect of co-existing ions, 

desorption and regeneration of the MC, MF and MFC nanostructured metal oxide composite 

adsorbents. The second part is on co-precipitation of the MFC ternary metal oxide system onto 

the biochar support to synthesize the MFCb nanocomposite. The spectroscopic characterization 

of the nanocomposite and its applications in the adsorption of Cr(VI) and As(III) is presented. 

6.2 ADSORPTION ISOTHERM STUDIES 

An adsorption isotherm is a curve showing the amount of adsorbate retained on the solid-phase 

per unit mass of adsorbent to that present in the liquid phase at equilibrium at constant 

temperature and solution pH. The isotherm describes the adsorbate-adsorbent interaction 

yielding information that is of paramount importance in the design and operation of an efficient 

adsorption system (Rangabhashiyam et al., 2014; Hu & Zhang, 2019). Several adsorption 

isotherm models have been postulated and are presented in section 2.8.2. These adsorption 

isotherms can be broadly classified into four main classes, that is, the S, L, H and C, according 

to the IUPAC isotherm classification system (Giles et al., 1974). 

6.2.1 Isotherm modelling 

The Cr(VI) and As(III) experimental adsorption data was fitted onto non-linear forms of the 

Langmuir (1918), Freundlich (1906) and the Dubinin-Radushkevich (1947) isotherm models 

using KyPlot version 5.0 software to determine the isotherm parameters. The Langmuir and 

Freundlich models describe the nature of adsorbent surface coverage by the adsorbate particles, 

while the Dubinin-Radushkevich model provides information about the dominant pollutant 

uptake mechanism onto the MC, MF and MFC metal oxides (Ouma et al., 2018). 
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The Langmuir adsorption isotherm model (Langmuir, 1918) assumes reversible monolayer 

adsorption and a finite number of energetically equivalent and structurally homogeneous 

adsorption active sites. The non-linear form of the Langmuir equation is represented as: 

 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                    (6.1) 

 

where qe (mg/g) and qm (mg/g) are the adsorption capacity and the maximum saturation 

monolayer adsorption capacity at equilibrium, respectively, Ce (mg/dm3) is the adsorbate 

concentration at equilibrium, and KL (dm3/mg) is the Langmuir constant depicting the affinity 

of the adsorbent for the adsorbate. A non-linear plot of qe against Ce gives qm (mg/g) and KL 

(dm3/mg). For isotherms which subscribe to the Langmuir model, the nature of the adsorption 

can be evaluated by calculating the dimensionless separation factor, RL (Hall et al., 1966) 

represented as: 

 

𝑅𝐿 =
1

1+𝐾𝐿𝐶𝑜
                    (6.2) 

 

where Co (mol/dm3) is the initial adsorbate concentration. The RL values show if the adsorption 

is linear (RL = 1), unfavourable (RL > 1), favourable (0 < RL < 1) or irreversible (RL = 0). The 

Freundlich adsorption isotherm model (Freundlich, 1906) describes reversible multilayer 

adsorption on heterogeneous surfaces, with interaction between neighbouring adsorbed 

species, and its non-linear form is expressed as: 

 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1 𝑛⁄

                    (6.3) 

 

where KF (mg/g)/(mg/dm3)n is the Freundlich constant, and n (dimensionless) is the intensity 

parameter, which denotes the structural heterogeneity of the adsorption surface or the driving 

force for the adsorption. A non-linear plot of qe against Ce gives KF (mg/g)/(mg/dm3)n and n. 

The values of n show whether the adsorption is linear (n = 1), favourable (n < 1) or 

unfavourable (n > 1). When n = 1, the Freundlich equation reduces to Henry’s law, a one-

parameter isotherm equation. The Dubinin-Radushkevich (D-R) model (Dubinin & 

Radushkevich, 1947) is a temperature-dependent adsorption isotherm which considers the 

effect of pores on an adsorbent, and the non-linear form of the equation is: 
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𝑞𝑒 = 𝑞𝐷𝑅𝑒−𝐾𝐷𝑅𝜀2
                   (6.4) 

 

where 𝑞𝐷𝑅 (mg/g) is the maximum adsorption capacity, 𝐾𝐷𝑅 (mol2/J2) is the D–R constant 

related to the adsorption energy, and ɛ (kJ/mol) is the Polanyi adsorption potential: 

 

𝜀 = 𝑅𝑇 ln (1 +
1

𝐶𝑒
)                   (6.5) 

 

where R is the universal gas constant (8.314 J/mol.K) and T is the temperature (K). A plot of 

qe against ɛ2 gives 𝑞𝐷𝑅 (mg/g) and 𝐾𝐷𝑅 (mol2/J2). The D-R constant, 𝐾𝐷𝑅 (mol2/J2) is used to 

calculate the mean free energy, E (kJ/mol) using the equation: 

 

𝐸 =
1

√2𝐾𝐷𝑅
                    (6.6) 

 

The magnitude of the mean free energy, E (kJ/mol) gives an insight into the dominant 

adsorption mechanism. For physisorption, E < 8 kJ/mol, E is between 8-16 kJ/mol for 

chemisorption through ion exchange and E > 16 kJ/mol for particle diffusion-controlled 

adsorption (Argun et al., 2007; Lunge et al., 2014; Hu & Zhang, 2019). 

 

Chromium(VI): The Langmuir, Freundlich and D-R isotherm model parameters together with 

the associated R2 and % variance error functions are presented on Tables 6.1a-c. The Langmuir 

isotherm model showed the best fit to the experimental equilibrium data than the Freundlich 

and D-R isotherm models with R2 > 0.9979 and % variance < 0.9559 for the adsorption of 

Cr(VI) onto MC, MF and MFC metal oxides. This suggests that the reversible uptake of Cr(VI) 

occurred on identical, energetically equivalent adsorption active sites with the adsorption 

process not proceeding beyond monolayer coverage. The separation factor, RL values were 

between 0.0155-0.0263, showing that the adsorption of Cr(VI) was favourable on the MC, MF 

and MFC nanostructured metal oxides. The Langmuir isotherm parameters, that is, the 

maximum saturation monolayer adsorption capacity, qm (mg/g) and the affinity constant, KL 

(dm3/mg) decreased with an increase in initial temperature of the bulk from 299-319 K, 

suggesting that the uptake of Cr(VI) was exothermic. The ternary MFC metal oxide had the 

largest qm (mg/g) and KL (dm3/mg) values of 168.7061 and 0.6363 at 299 K, respectively 
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showing that the ternary MFC metal oxide surface had the greatest affinity for the Cr(VI) 

species than the binary MC (qm=131.0787 mg/g; KL=0.5064 dm3/mg) and MF (qm=142.1607 

mg/g; KL=0.5026 dm3/mg) metal oxides during the adsorption process. The Langmuir 

maximum saturation monolayer adsorption capacity, qm (mg/g) of the nanostructured MF, MC 

and MFC metal oxides compare favourably with other adsorbents reported in the literature. 

The comparison results are presented on Table 6.2. 

 

The Freundlich and D-R isotherm models also showed reasonably good fits to the experimental 

equilibrium data with R2 values from 0.9617-0.9791 and 0.9595-0.9891, respectively for the 

MC, MF and MFC metal oxides. The dimensionless Freundlich isotherm parameter, n for the 

MC, MF and MFC metal oxides had values from 0.5354-0.8605, showing that the Cr(VI) 

adsorption was favourable. The D-R isotherm showed that the dominant mechanism of Cr(VI) 

adsorption onto the MC, MF and MFC metal oxides was physical, since all the calculated mean 

free energy, E values were between 3.194-6.030 kJ/mol. 
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Table 6.1a Equilibrium parameters for adsorption of Cr(VI) onto binary MC metal oxide composite. 

Isotherm model 
Temperature (K) 

299 304 309 314 319 

Langmuir      

qm (mg/g) 131.0787 120.3597 109.9617 105.4098 90.3749 

KL (dm3/mg) 0.5064 0.4479 0.4245 0.3999 0.3702 

R2 0.9989 0.9992 0.9983 0.9979 0.9999 

% variance 0.5294 0.2124 0.7716 0.9164 0.0812 

RL 0.0194 0.0218 0.0230 0.0244 0.0263 

Freundlich      

KF (mg/g)/(mg/dm3)n 1.1419 1.1819 1.1782 1.1677 1.1285 

N 0.5749 0.6642 0.7442 0.7769 0.8605 

R2 0.9643 0.9618 0.9636 0.9624 0.9657 

% variance 3.3507 3.2229 4.0264 5.2156 4.1840 

Dubinin-Radushkevich (D-R)      

𝑞𝐷𝑅 (mg/g) 126.7225 116.4777 105.3829 100.7861 88.1729 

𝐾𝐷𝑅 × 10-8 (mol2/J2) 2.366 3.109 4.522 4.901 2.562 

E (kJ/mol) 4.597 4.010 3.325 3.194 4.418 

R2 0.9794 0.9891 0.9841 0.9853 0.9881 

% variance 4.4293 2.8241 3.6921 2.8916 3.9953 
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Table 6.1b Equilibrium parameters for adsorption of Cr(VI) onto binary MF metal oxide composite. 

Isotherm model 
Temperature (K) 

299 304 309 314 319 

Langmuir      

qm (mg/g) 142.1607 136.0316 118.1141 106.8832 105.6529 

KL (dm3/mg) 0.5026 0.4909 0.4606 0.4302 0.4175 

R2 0.9998 0.9989 0.9999 0.9997 0.9984 

% variance 0.6268 0.8737 0.1774 0.7092 0.9559 

RL 0.0195 0.0199 0.0212 0.0227 0.0234 

Freundlich      

KF (mg/g)/(mg/dm3)n 1.3283 1.2807 1.1834 1.1763 1.1688 

N 0.6077 0.6281 0.6745 0.7515 0.7741 

R2 0.9682 0.9649 0.9617 0.9643 0.9699 

% variance 3.4795 4.6498 3.2568 2.5442 2.1749 

Dubinin-Radushkevich (D-R)      

𝑞𝐷𝑅 (mg/g) 138.1583 131.2364 114.4799 103.7309 100.0788 

𝐾𝐷𝑅 × 10-8 (mol2/J2) 1.890 2.946 2.651 2.901 4.583 

E (kJ/mol) 5.143 4.120 4.343 4.152 3.303 

R2 0.9529 0.9868 0.9794 0.9887 0.9876 

% variance 7.7385 3.5037 5.7971 3.9128 2.1171 
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Table 6.1c Equilibrium parameters for adsorption of Cr(VI) onto ternary MFC metal oxide composite. 

Isotherm model 
Temperature (K) 

299 304 309 314 319 

Langmuir      

qm (mg/g) 168.7061 157.2242 143.5321 127.6419 121.0739 

KL (dm3/mg) 0.6363 0.5529 0.5297 0.4719 0.4489 

R2 0.9979 0.9992 0.9979 0.9993 0.9988 

% variance 0.4269 0.4816 0.7886 0.7570 0.8304 

RL 0.0155 0.0178 0.0185 0.0208 0.0218 

Freundlich      

KF (mg/g)/(mg/dm3)n 1.4424 1.3904 1.3229 1.1609 1.1807 

N 0.5354 0.5718 0.6103 0.6052 0.6582 

R2 0.9791 0.9674 0.9753 0.9786 0.9758 

% variance 1.3205 1.7393 2.8952 3.1545 3.4146 

Dubinin-Radushkevich (D-R)      

𝑞𝐷𝑅 (mg/g) 168.8144 152.4139 137.6756 123.9527 116.8043 

𝐾𝐷𝑅 × 10-6 (mol2/J2) 1.375 2.002 2.649 2.218 2.695 

E (kJ/mol) 6.030 4.998 4.345 4.748 4.307 

R2 0.9595 0.9856 0.9835 0.9837 0.9854 

% variance 4.9957 1.7943 2.5791 3.9036 2.2139 
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Table 6.2 Comparison of Cr(VI) adsorption capacities onto various adsorbents. 

Adsorbent Langmuir capacity (mg/g) References 

CTAB-kaolin 22.72 Belachew et al., 2020 

Pterospermum acerifolium 76.92 Rangabhashiyam et al., 2018 

MnO2-coated diatomite 48.20 Du et al., 2015 

Magnetic Fe3O4 1.21 Parsons et al., 2014 

MnFe2O4@SiO2-CTAB 25.04 Li et al., 2017 

Co-coated charcoal 45.45 Wang et al., 2012 

Human hair 9.85 Mondal & Basu, 2019 

Birnessite 47.20 Islam et al., 2019 

Activated carbon-Al 33.74 Sun et al., 2014 

Activated carbon-ZnCl2 72.46 Ramirez et al., 2020 

Graphene oxide-Fe3O4 124.50 Zhao et al., 2016 

MC 131.08 This study 

MF 142.16 This study 

MFC 168.71 This study 
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Arsenic(III): The equilibrium isotherm model parameters together with the R2 and % variance 

error functions for the adsorption of As(III) onto MC, MF and MFC metal oxides are presented 

on Tables 6.3 a-c. The Langmuir isotherm model showed the best fit to the experimental data 

than the Freundlich and D-R isotherm models with R2 > 0.9965 and % variance < 0.6186. 

These results show that the adsorption was reversible and due to monolayer surface coverage 

on homogenous adsorption active sites. The RL values were in the range of 0.0202-0.0649, 

suggesting favourable adsorption of As(III) on the MC, MF and MFC nanostructured metal 

oxides. The Langmuir isotherm parameters, that is, the maximum saturation monolayer 

adsorption capacity, qm (mg/g) and the affinity constant, KL (dm3/mg) increased with an 

increase in initial temperature of the bulk from 299-319 K, suggesting that the uptake of As(III) 

was endothermic. The ternary MFC metal oxide had the largest qm (mg/g) and KL (dm3/mg) 

values of 33.0707 and 0.1215 at 319 K, respectively showing that the ternary MFC metal oxide 

surface had the greatest affinity for the As(III) species than the binary MC (qm=26.8454 mg/g; 

KL=0.0653 dm3/mg) and MF (qm=23.4166 mg/g; KL=0.0572 dm3/mg) metal oxides during the 

adsorption process. The Langmuir maximum saturation monolayer adsorption capacity, qm 

(mg/g) of the nanostructured MF, MC and MFC metal oxides compare favourably with other 

adsorbents reported in the literature. The comparison results are presented in Table 6.4. 

 

The Freundlich and D-R isotherm models showed reasonably good fits to the experimental data 

with R2 values from 0.9341-0.9578 and 0.9057-0.9895, respectively for the MC, MF and MFC 

metal oxides. The dimensionless Freundlich isotherm parameter, n for the MC, MF and MFC 

metal oxides had values from 0.5163-0.8987, showing that the As(III) adsorption was 

favourable. The values of the calculated mean free energy, E from the D-R isotherm showed 

chemisorption to be the dominant adsorption mechanism of As(III) onto the MC (8.334-9.597 

kJ/mol), MF (6.433-8.533 kJ/mol) and MFC (11.468-15.089 kJ/mol) metal oxides. The 

magnitudes of the E values increased with an increase in initial solution temperature. 
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Table 6.3a Equilibrium parameters for adsorption of As(III) onto binary MC metal oxide composite. 

Isotherm model 
Temperature (K) 

299 304 309 314 319 

Langmuir      

qm (mg/g) 22.0232 23.9324 24.5280 25.4533 26.8454 

KL (dm3/mg) 0.0441 0.0449 0.0531 0.0625 0.0653 

R2 0.9956 0.9979 0.9992 0.9990 0.9984 

% variance 0.3551 0.1942 0.0773 0.1077 0.2038 

RL 0.0536 0.0527 0.0450 0.0385 0.0369 

Freundlich      

KF (mg/g)/(mg/dm3)n 0.0808 0.0877 0.0911 0.0956 0.1011 

N 0.7636 0.8113 0.8592 0.8775 0.8987 

R2 0.9341 0.9471 0.9437 0.9468 0.9482 

% variance 7.2497 5.6942 8.0534 7.6702 6.9712 

Dubinin-Radushkevich (D-R)      

𝑞𝐷𝑅 (mg/g) 20.2722 22.1230 22.9252 24.0339 25.4237 

𝐾𝐷𝑅 × 10-9 (mol2/J2) 7.199 6.867 6.169 5.913 5.429 

E (kJ/mol) 8.334 8.532 9.003 9.195 9.597 

R2 0.9140 0.9726 0.9790 0.9879 0.9895 

% variance 9.7651 3.2186 2.9957 1.3059 1.2784 
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Table 6.3b Equilibrium parameters for adsorption of As(III) onto binary MF metal oxide composite. 

Isotherm model 
Temperature (K) 

299 304 309 314 319 

Langmuir      

qm (mg/g) 18.3937 20.0499 21.1858 21.7577 23.4166 

KL (dm3/mg) 0.0360 0.0375 0.0442 0.0542 0.0572 

R2 0.9968 0.9957 0.9970 0.9960 0.9979 

% variance 0.1709 0.2745 0.2216 0.3206 0.1995 

RL 0.0649 0.0625 0.0535 0.0441 0.0419 

Freundlich      

KF (mg/g)/(mg/dm3)n 0.0661 0.0717 0.0774 0.0810 0.0870 

N 0.5163 0.5635 0.5961 0.6131 0.6377 

R2 0.9427 0.9573 0.9459 0.9552 0.9477 

% variance 6.5816 5.8932 7.9905 6.8379 6.7693 

Dubinin-Radushkevich (D-R)      

𝑞𝐷𝑅 (mg/g) 16.808 18.277 19.614 20.521 21.941 

𝐾𝐷𝑅 × 10-9 (mol2/J2) 12.082 12.043 9.382 7.300 6.867 

E (kJ/mol) 6.433 6.443 7.300 8.276 8.533 

R2 0.9844 0.9894 0.9887 0.9856 0.9776 

% variance 2.8736 2.6729 2.7341 3.4693 4.0672 
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Table 6.3c Equilibrium parameters for adsorption of As(III) onto ternary MFC metal oxide composite. 

Isotherm model 
Temperature (K) 

299 304 309 314 319 

Langmuir      

qm (mg/g) 31.6677 32.2363 33.1329 34.0484 35.0701 

KL (dm3/mg) 0.0797 0.1024 0.1107 0.1160 0.1215 

R2 0.9965 0.9968 0.9983 0.9993 0.9997 

% variance 0.6186 0.5956 0.3379 0.1451 0.0796 

RL 0.0304 0.0238 0.0221 0.0211 0.0202 

Freundlich      

KF (mg/g)/(mg/dm3)n 0.1214 0.1249 0.1288 0.1325 0.1364 

N 0.6837 0.6951 0.7163 0.7316 0.7695 

R2 0.9408 0.9578 0.9478 0.9569 0.9466 

% variance 6.0339 5.7841 6.6957 5.9662 7.1278 

Dubinin-Radushkevich (D-R)      

𝑞𝐷𝑅 (mg/g) 30.0203 30.9258 31.8794 32.8543 33.9181 

𝐾𝐷𝑅 × 10-9 (mol2/J2) 3.802 2.881 2.513 2.366 2.196 

E (kJ/mol) 11.468 13.174 14.104 14.537 15.089 

R2 0.9414 0.9309 0.9652 0.9560 0.9057 

% variance 8.0956 9.6935 7.8201 7.1474 11.8516 
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Table 6.4 Comparison of As(III) adsorption capacities onto various adsorbents. 

Adsorbent Langmuir capacity (mg/g) References 

Pine cone-Fe3O4 composite 16.94 Ouma et al., 2018 

Goethite 8.46 Zheng et al., 2020 

Hydrilla verticilata 11.65 Nigam et al., 2013 

Iron/olivine composite 2.83 Ghosal et al., 2018 

Iron-coated brown seaweed 4.20 Vieira et al., 2017 

Pine cone biochar 0.0057 Van Vinh et al., 2015 

Azadirachta indica bark 0.17 Roy et al., 2017 

Sugarcane bagasse 11.90 Tajernia et al., 2014  

Saccharum officinarum 28.57 Gupta et al., 2015 

Magnetite-pine cone 18.02 Pholosi et al., 2019 

MF 23.42 This study 

MC 26.85 This study 

MFC 35.07 This study 

 

6.2.2 Thermodynamic parameters of Cr(VI) and As(III) adsorption 

The energy changes in the adsorption of Cr(VI) and As(III) onto the MC, MF and MFC metal 

oxides were investigated by determining the magnitudes of the changes in Gibbs free energy, 

∆𝐺° (kJ/mol), changes in entropy, ∆𝑆° (J/mol.K), and changes in enthalpy, ∆𝐻° (kJ/mol). These 

thermodynamic parameters are of paramount importance since they give an insight into the 

adsorption mechanism (Fu et al., 2015). The magnitudes of the adsorption thermodynamic 

parameters were determined using the Langmuir isotherm constant, KL (dimensionless): 

 

∆𝐺° = −𝑅𝑇 ln(𝐾𝐿)                   (6.7) 

 

From the third principle of thermodynamics (Lima et al., 2019a): 

 

∆𝐺° = ∆𝐻° − 𝑇∆𝑆°                   (6.8) 

 

Combining Eq’s 6.7 and 6.8 gives the Van’t Hoff equation (1884): 
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ln(𝐾𝐿) =
∆𝑆°

𝑅
−

∆𝐻°

𝑅𝑇
                   (6.9) 

 

The ∆𝐺° values were calculated from Eq 6.7, while the values of  ∆𝑆° and ∆𝐻° were computed 

from the intercept and slope of the linear plot of ln(𝐾𝐿) against 1/T, respectively. 

 

Chromium(VI): The calculated thermodynamic parameters for the adsorption of Cr(VI) onto 

the MC, MF and MFC metal oxides are presented in Table 6.5. The ∆𝐺° (kJ/mol) values for 

the MC [-25.302-(-26.164)], MF [-25.284-(-26.483)] and MFC [-25.870-(-26.676)] metal 

oxide adsorbents were negative, showing that the adsorption of Cr(VI) was spontaneous and 

thermodynamically feasible as the initial solution temperature increased from 299-319 K (Lima 

et al., 2019b). The ∆𝐺° (kJ/mol) values became more negative as the initial temperature of the 

bulk increased, suggesting favourable uptake of Cr(VI) onto the MC, MF and MFC metal 

oxides at lower temperatures (Saha & Chowdhury, 2011). The negative ∆𝐻° (kJ/mol) values 

of the MC (-11.755), MF (-7.971) and MFC (-13.603) metal oxides confirm that the adsorption 

process is exothermic. This also corresponds with the experimental adsorption kinetic and 

equilibrium data which showed that the adsorption capacities decreased as the initial solution 

temperature was increased from 299-319 K. The magnitudes of ∆𝐻° (kJ/mol) during 

physisorption are between 2.1-20.9, while for chemisorption they are between 80-200 

(Anastopoulos & Kyzas, 2016). The calculated ∆𝐻° values are all less than -20.9 kJ/mol 

suggesting that the dominant adsorption mechanism of Cr(VI) onto the MC, MF and MFC 

metal oxides was physical. The positive ∆𝑆° (J/mol.K) values for the MC (+45.152), MF 

(+58.001) and MFC (+40.859) metal oxides show the degree of affinity between the adsorbent 

and adsorbate and show the increase in randomness at the solid-liquid interface during the 

adsorption process as the initial solution temperature was increased from 299-319 K. The 

increase in randomness is attributed to (1) displacement of adsorbed solvent species by the 

adsorbate species (Saha & Chowdhury, 2011), (2) decrease in order due to structural changes 

on the adsorbate anions after adsorption (Ouma et al., 2018), and (3) desorption of the 

physisorbed adsorbate species at higher solution temperatures due to the presence of weak 

binding forces between the adsorbate particles and the adsorbent surface (Deng et al., 2019). 

This corresponds with the low adsorption capacities of the adsorbate observed as the initial 

temperature of the bulk was increased. The ternary MFC metal oxide showed the largest 

magnitude of the ∆𝐺° (kJ/mol) and ∆𝐻° (kJ/mol) values but the smallest magnitude of the ∆𝑆° 

(J/mol.K) values than the binary MC and MF metal oxides. This suggests that the adsorption 
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of Cr(VI) is thermodynamically favoured on the ternary MFC than on the binary MC and MF 

metal oxides. 

 

Table 6.5 Thermodynamic parameters for the adsorption of Cr(VI) onto the MC, MF and 

MFC metal oxide composite adsorbents. 

 Thermodynamic 

parameter 
Temperature (K) 

  299 304 309 314 319 

MC 

∆𝐺° (kJ/mol) -25.302 -25.416 -25.696 -25.956 -26.164 

∆𝐻° (kJ/mol) -11.755     

∆𝑆° (J/mol.K) +45.152     

       

MF 

∆𝐺° (kJ/mol) -25.284 -25.647 -25.906 -26.146 -26.483 

∆𝐻° (kJ/mol) -7.971     

∆𝑆° (J/mol.K) +58.001     

       

MFC 

∆𝐺° (kJ/mol) -25.870 -25.948 -26.265 -26.388 -26.676 

∆𝐻° (kJ/mol) -13.603     

∆𝑆° (J/mol.K) +40.859     

 

Arsenic(III): The calculated thermodynamic parameters for adsorption of As(III) are presented 

in Table 6.6. The obtained ranges of the ∆𝐺° (kJ/mol) values for the nanostructured metal 

oxides as the initial temperature of the bulk was increased from 299-319 K were: MC [-19.641-

(-22.183)], MF [-20.146-(-22.534)] and MFC [-21.617-(-24.181)]. The ∆𝐺° values were all 

negative, implying that the adsorption of As(III) onto the MC, MF and MFC metal oxides was 

spontaneous and feasible, with the spontaneity and feasibility of the adsorption process 

increasing as the initial solution temperature increased from 299-319 K (Lima et al., 2019b). 

The positive change in enthalpy, ∆𝐻° values of the MC (+17.680 kJ/mol), MF (+20.506 

kJ/mol) and MFC (+15.463 kJ/mol) nanostructured metal oxides shows that the adsorption of 

the As(III) was endothermic. This corroborates the experimental adsorption data obtained from 

the kinetic and equilibrium investigations which showed that the adsorption capacities 

increased with an increase in the initial temperature of the bulk from 299-319 K. The positive 

change in entropy, ∆𝑆° values for the MC (+126.190 kJ/mol), MF (+133.947 kJ/mol) and MFC 
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(+124.652 kJ/mol) metal oxides shows the degree of adsorbate-adsorbent affinity and the 

increase in randomness at the solid-liquid interface during the As(III) adsorption process as the 

initial solution temperature was increased from 299-319 K. The increase in randomness is due 

to the displacement of adsorbed solvent species by the adsorbate species (Saha & Chowdhury, 

2011) and decrease in order due to structural changes on the adsorbed surface adsorbate 

particles (Ouma et al., 2018). The ternary MFC metal oxide exhibited the largest magnitude of 

the ∆𝐺° values but the smallest ∆𝐻° and ∆𝑆° values in comparison to the binary MC and MF 

metal oxides. This implies that the adsorption of As(III) is more thermodynamically favoured 

on the ternary MFC than on the binary MC and MF metal oxides. 

 

Table 6.6 Thermodynamic parameters for the adsorption of As(III) onto the MC, MF and 

MFC metal oxide composite adsorbents. 

 Thermodynamic 

parameter 
Temperature (K) 

  299 304 309 314 319 

MC 

∆𝐺° (kJ/mol) -19.641 -20.073 -20.825 -21.695 -22.183 

∆𝐻° (kJ/mol) +17.680     

∆𝑆° (J/mol.K) +126.190     

       

MF 

∆𝐺° (kJ/mol) -20.146 -20.528 -21.296 -22.067 -22.534 

∆𝐻° (kJ/mol) +20.506     

∆𝑆° (J/mol.K) +133.947     

       

MFC 

∆𝐺° (kJ/mol) -21.617 -22.612 -23.184 -23.681 -24.181 

∆𝐻° (kJ/mol) +15.463     

∆𝑆° (J/mol.K) +124.652     

 

6.2.3 Proposed Cr(VI) and As(III) uptake mechanisms 

 Theory 

It is misleading to assign an adsorption mechanism based only on results from fitting 

experimental adsorption data onto kinetic models (Tran et al., 2017). Both macroscopic and 
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microscopic experimental techniques are crucial to gain insight into the adsorption mechanism. 

The elucidation of an adsorption mechanism is achieved by (1) use of analytical techniques 

such as FTIR, XPS, pHpzc, NMR, SEM, DSC, TGA/DTA, XRD, N2 adsorption-desorption 

isotherms, Boehm titration, et cetera, (2) adsorption thermodynamic data (Ea, ∆H° and ∆S°), 

and (3) knowledge of the chemical nature of the adsorbent surface and adsorbate speciation 

(Lima et al., 2015; Lima et al., 2016; Tran et al., 2016). 

 The change in surface charge (∆pHpzc) 

Chromium(VI): The results of the pHpzc of the MC, MF and MFC metal oxide surfaces before 

and after adsorption of Cr(VI) anions are plotted on Figs 6.1a-c. The plots show no change in 

magnitudes of the pHpzc of the surfaces of MC, MF and MFC metal oxides before and after 

Cr(VI) adsorption. Zero or negligible shift in pHpzc on the adsorbent surface after adsorption 

implies that the adsorption occurs by outer-sphere surface complexation due to electrostatic 

forces, while a significant shift in pHpzc suggests that the adsorption takes place through inner-

sphere surface complexation due to chemical bond formation (Goldberg & Johnston, 2001). 

The inner-sphere surface complexes have no water molecules between the adsorbent surface 

functions and adsorbate species, while outer-sphere surface complexes have one or more water 

molecules between the functional group on the surface of the adsorbent and the adsorbate. The 

formation of inner- and outer-sphere surface complexes between the MC, MF and MFC 

nanostructured metal oxides and Cr(VI) adsorbent at pH < pHpzc can be represented as Eq’s 

6.10 and 6.11, respectively: 

−𝑀𝑂𝐻2
+ + 𝐻𝐶𝑟𝑂4

− ⇌ −𝑀𝐻𝐶𝑟𝑂4 + 𝐻2𝑂              (6.10) 

−𝑀𝑂𝐻2
+ + 𝐻𝐶𝑟𝑂4

− ⇌ −𝑀𝑂𝐻2
+(𝐻𝐶𝑟𝑂4

−)              (6.11) 

where −𝑀𝑂𝐻2
+ represents the nanostructured metal oxide composites protonated surface 

adsorption active sites. The observed results suggest that outer-sphere surface complexation 

due to electrostatic forces (Eq 6.11) is the dominant Cr(VI) adsorption mechanism on the MC, 

MF and MFC nanostructured metal oxide composite adsorbents. 
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Fig 6.1  pHpzc determination of (a) MF, (b) MC and (c) MFC 

metal oxides before and after Cr(VI) adsorption. 
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Arsenic(III): The pHpzc of the MC, MF and MFC metal oxides before and after As(III) uptake 

are presented in Figs 6.2a-c. The plots show that the pHpzc after As(III) uptake increased 

showing that the adsorbent surfaces became positively charged. The shifts in pHpzc are 

characteristic of inner-sphere surface complex formation (Goldberg & Johnston, 2001). The 

increase in net positive charge on the surface of the MC, MF and MFC metal oxide adsorbents 

is attributed to specific adsorption of non-ionic 𝐻3𝐴𝑠𝑂3 and eliminates electrostatic forces as 

controlling the As(III) adsorption process (Zhang et al., 2009). This signifies that the dominant 

As(III) adsorption mechanism is chemisorption due to inner-sphere surface complexation. 
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Fig 6.2  pHpzc determination of (a) MC, (b) MF and (c) 

MFC nanostructured metal oxides before and after As(III) 

adsorption. 
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 Effect of ionic strength 

Chromium(VI): An increase in ionic strength can affect the electric potential and thickness of 

the electric double layer since ionic strength is a function of the background electrolyte 

concentration. This can interfere with the attachment of adsorbate ions onto the adsorbent 

surface (Lv et al., 2013). The contribution of ionic strength to Cr(VI) uptake onto the MC, MF 

and MFC metal oxides was determined at different concentrations of NaNO3 electrolyte (0.00-

0.2 mg/dm3) at pH 3 and the results are plotted in Figs 6.3a-c. The results reveal a reduction in 

Cr(VI) adsorption capacity onto the nanostructured MC, MF and MFC metal oxide composites 

with increasing electrolyte concentration. An analogous result was reported by Ajouyed and 

co-researchers (2010) on the adsorption of Cr(VI) onto α-alumina oxide. The authors explained 

that a decrease in adsorption capacity due to an increase in electrolyte concentration signifies 

the formation of surface complexes during the adsorbent-adsorbate interactions. The ionic 

strength results suggest that monodentate outer-sphere surface complexation is the dominant 

Cr(VI) adsorption mechanism onto the MC, MF and MFC metal oxides, since inner-sphere 

surface complexes either exhibit small dependence on ionic strength or show an increase in 

adsorption capacity with an increase in ionic strength. Monodentate outer-sphere surface 

complexes are prone to changes in ionic strength (Johnston & Chrysochoou, 2014). The noted 

decrease in Cr(VI) anion adsorption capacity due to an increase in ionic strength on the 

nanostructured metal oxides is attributed to changes in the electric double layer (compression) 

or metal activity, increasing electrostatic repulsion between the adsorbent surface and the 

adsorbate (Ahmed et al., 2016; Gheju et al., 2016). The ionic strength results confirm the 

findings from the studies of changes of the pHpzc of the MC, MF and MFC nanostructured 

metal oxide composites before and after Cr(VI) adsorption (section 6.2.3.2), that uptake of 

Cr(VI) onto the adsorbent was by electrostatic interactions through the formation of outer-

sphere surface complexes. 
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Fig 6.3a The effect of ionic strength on adsorption of Cr(VI) onto binary MC metal oxide 

composite. 

 

 

Fig 6.3b The effect of ionic strength on adsorption of Cr(VI) onto binary MF metal oxide 

composite. 
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Fig 6.3c The effect of ionic strength on adsorption of Cr(VI) onto ternary MFC metal 

oxide composite. 

 

Arsenic(III): The results of the effect of electrolyte strength on As(III) adsorption onto the MC, 

MF and MFC metal oxide composites at pH’s 8 (MF) and 9 (MC and MFC) are plotted in Figs 

6.4a-c. At pH 8, the adsorption capacities of As(III) onto the MF metal oxide increased from 

27.31-28.56 mg/g. The As(III) adsorption capacities at pH 9 on the MC and MFC metal oxides 

increased from 28.03-29.97 mg/g and 34.05-35.14 mg/g, respectively. The results show a weak 

dependence of the As(III) adsorption onto the MC, MF and MFC metal oxide composites on 

electrolyte concentration which is attributed to the formation of inner-sphere surface complexes 

(Roy et al., 2017; Ouma et al., 2018). An increase in electrolyte strength reduces pka values of 

the surface hydroxyl groups making them labile and easily exchanged during the adsorption 

process (Roy et al., 2017; Pholosi et al., 2019). The increases of the As(III) adsorption 

capacities with an increase in electrolyte concentration followed the order MFC > MC > MF, 

implying enhanced inner-sphere surface complex formation by ligand exchange on the MFC 

metal oxide composite than either the MC or MF metal oxide composites during the adsorption 

process. 
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Fig 6.4a The effect of ionic strength on adsorption of As(III) onto binary MC metal oxide 

composite. 

 

Fig 6.4b The effect of ionic strength on adsorption of As(III) onto binary MF metal oxide 

composite. 
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Fig 6.4c The effect of ionic strength on adsorption of As(III) onto ternary MFC metal 

oxide composite. 

 FTIR spectral studies 

Chromium(VI): FTIR spectroscopy provides information about metal ion adsorbate binding 

sites on the adsorbent which is invaluable in the elucidation of the adsorption mechanism. The 

FTIR spectra of the nanostructured MC, MF and MFC metal oxides before and after adsorption 

of Cr(VI) anions at pH 3 are presented in Figs 6.5a-c. The spectra in Fig 6.5a showed the 

disappearance of the wide absorption at 3179 cm-1 after Cr(VI) adsorption onto the MC metal 

oxide. The wide peak is replaced with two new low-intensity absorptions at 3439 and 3331 cm-

1 due to Cr-O or Cr=O stretching vibrations from complexation of Cr(VI) with the surface 

hydroxyl groups on the adsorbent (Du et al.,2015). The absorptions at 1660 and 1488 cm-1 due 

to –OH and adsorbed H2O disappeared after Cr(VI) adsorption. This reveals that the surface 

hydroxyl groups on the nanocomposite interacted with the 𝐻𝐶𝑟𝑂4
− oxyanion. The peak at 1090 

cm-1 decreased in intensity and shifted to 1104 cm-1 after adsorption, while new peaks were 

observed at 983 and 857 cm-1. The two new peaks were also observed by Ballav and co-workers 

(2014) on the investigation of Cr(VI) adsorption mechanism onto Fe3O4 glycine doped 

polypyrrole magnetic nanocomposite. These changes were attributed to stretching vibrations 

of Cr-O or Cr=O due to physical adsorption of HCrO4
- since the anion retained its hydration 
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shell and no direct chemical bond was formed with the adsorbent surface (Wang & Lo, 2009; 

Nogueira et al., 2016). The absorptions at 631, 591 and 448 cm-1 shifted to lower wavenumbers 

also due to Cr-O vibrations (Liu et al., 2012; Du et al., 2015; Mohan et al., 2015; Mishra, 2016). 

These results showed the presence of interaction between Cr(VI) and the oxygen-containing 

hydroxyl groups on the adsorbent surface. 
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Fig 6.5a FTIR spectra of binary MC metal oxide composite before and after Cr(VI) 

adsorption. 

 

The FTIR spectra in Fig 6.5b showed a reduction in the intensity of the wide O-H absorption 

band at 3342 cm-1 after Cr(VI) adsorption onto the MF metal oxide. This is attributed to the 

formation of surface complexes between the hydroxyl groups and Cr(VI). The physically 

adsorbed H2O peak at 1619 cm-1 can also disappear due to vigorous stirring during the 

adsorption process. The Mn-OH absorption band reduced in intensity and shifted to 1079 cm-1 

after Cr(VI) adsorption. Other peak shifts resulted in absorptions being noted at 895, 514 and 

427 cm-1 after the adsorption process. The changes in the intensity of peaks and shifting of 
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peaks were ascribed to Cr-O stretching vibrations (Wang & Lo, 2009; Liu et al., 2012; Du et 

al., 2015). This reveals that Cr(VI) interacted with the adsorbent via surface hydroxyl groups. 
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Fig 6.5b FTIR spectra of binary MF metal oxide composite before and after Cr(VI) 

adsorption. 

 

Fig 6.5c showed a reduction in intensity and shift of the wide absorption to 3359 cm-1 after 

Cr(VI) adsorption onto the MFC metal oxide. This was ascribed to Cr-O or Cr=O stretching 

vibrations from complexation of Cr(VI) with the surface hydroxyl groups on the adsorbent (Du 

et al.,2015). The absorptions at 1665 and 733 cm-1 disappeared, while new peaks were observed 

at 1109, 1077, 938 and 862 cm-1 and the absorptions at 526 and 467 cm-1 shifted to lower 

wavenumbers after Cr(VI) adsorption. The changes were attributed to Cr-O or Cr=O stretching 

vibrations or bending modes of HCrO4
- (Wang & Lo, 2009; Liu et al., 2012; Ballav et al., 2014; 

Du et al., 2015; Mohan et al., 2015; Mishra, 2016). These results showed that the MFC metal 

oxide surface hydroxyl functions interacted with the Cr(VI) anions. 
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Fig 6.5c FTIR spectra of ternary MFC metal oxide composite before and after Cr(VI) 

adsorption. 

 

The peaks on Figs 6.5a-c due to Cr-O vibrations show that the adsorbed Cr(III) or Cr(VI) 

interacted with oxygen-bearing functional groups on the surface of the adsorbent forming 

coordination and outer-sphere complexes, respectively (Liu et al., 2012). The infrared results 

suggest that the dominant uptake mechanism of Cr(VI) involved electrostatic interaction with 

the surface hydroxyl groups on the MC, MF and MFC nanocomposites forming outer-sphere 

complexes. 

 

Arsenic(III): Figs 6.6a-c show the FTIR spectra of the nanostructured MC, MF and MFC metal 

oxides before and after As(III) adsorption. The FTIR spectrum for the MC metal oxide 

composite in Fig 6.6a shows a reduction in the intensity of the absorption bands at 3179, 1090 

and 591 cm-1 after adsorption of As(III). The peaks at 1660 and 1488 cm-1 shifted to 1562 and 

1397 cm-1, respectively after the adsorption process. These infrared absorptions are either due 

to the vibration of metal-bonded or hydrogen-bonded surface hydroxyl groups. The observed 

spectral changes are attributed to the formation of Mn-O-As and Cu-O-As and confirm the 

formation of inner-sphere surface complexes during As(III) adsorption between the MC metal 

oxide composite surface hydroxyl groups and the hydroxyl groups on the arsenic species 
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(Ouma et al., 2018). The absorption peak at 825 cm-1 which can be due to S-O vibrations 

(Fernández-Carrasco et al., 2012) from SO4
2- used during the MC metal oxide synthesis 

decreased in intensity after the adsorption of As(III). The observed peak is due to As-O 

vibrations characteristic of metal-O-As (Makreski et al., 2015). It could have been formed 

during SO4
2-/As(III) ligand exchange between the adsorbent and the adsorbate (Wu et al., 

2013). The results reveal that the As(III) interacted with both the Mn and Cu in the composite 

adsorbent by ligand exchange and the formation of inner-sphere surface complexes. 
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Fig 6.6a FTIR spectra of binary MC metal oxide composite before and after As(III) 

adsorption. 

Fig 6.6b shows the FTIR spectra of MF metal oxide composite before and after As(III) 

adsorption. The absorption peaks at 3342 and 1619 cm-1 decreased in intensity, while the 

absorptions at 1099 and 916 cm-1 shifted to 1032 and 881 cm-1, respectively after the 

adsorption. This is due to the formation of inner-sphere surface complexes between the 

hydroxyl groups on the adsorbent surface and the adsorbate resulting in As-O vibrations from 

Mn-O-As and Fe-O-As linkages (Makreski et al., 2015; Ouma et al., 2018). This is evidence 

that the As(III) interacted through valence forces and ligand exchange with the hydroxyl 

functions on Mn and Fe in the binary metal oxide during the adsorption process. The absorption 

peaks due to As-O vibrations in Fe-O-As have been attributed by some authors as being due to 
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As(V) formed from the oxidation of As(III). They reported that it is difficult for FTIR to detect 

As(III) adsorbed onto iron oxides (Goldberg & Johnston, 2001; Ren et al., 2011, Wu et al., 

2013; Li et al., 2020). 
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Fig 6.6b FTIR spectra of binary MF metal oxide composite before and after As(III) 

adsorption. 

 

The FTIR spectra of the MFC metal oxide before and after As(III) adsorption is presented in 

Fig 6.6c. The spectrum shows decreases in the intensity of the absorption peaks at 3211 and 

1665 cm-1 due to O-H vibrations after the adsorption due to formation of inner-sphere surface 

complexes between the adsorbate and surface hydroxyl groups on the adsorbent. The peak at 

1086 cm-1 shifted to 1124 cm-1 after the adsorption due to the formation of Mn-O-As. The 

absorption at 811 cm-1 due to S-O vibrations in SO4
2- (Fernández-Carrasco et al., 2012) 

increased in intensity and shifted to 838 cm-1 after the adsorption of As(III). This is attributed 

to As-O vibrations typical of Fe-O-As linkage (Makreski et al., 2015) formed through SO4
2-

/As(III) ligand exchange (Wu et al., 2013) during the formation of inner-sphere surface 

complexes. The absorption peak at 568 cm-1 due to Mn-O and Cu-O vibrations increased in 

intensity and shifted to 529 cm-1 after the adsorption. The FTIR results show that the As(III) 
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interacted with surface-oxygen containing functional groups on the metal oxide during the 

adsorption through ligand exchange and the formation of inner-sphere surface complexes 

(Ouma et al., 2018). 
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Fig 6.6c FTIR spectra of ternary MFC metal oxide composite before and after As(III) 

adsorption. 

 XPS studies 

Chromium(VI): The X-ray photoelectron spectra of the MC, MF and MFC composites before 

and after the adsorption of Cr(VI) are presented in Figs 6.7a-f. The spectra show the emergence 

of two new peaks after the adsorption of Cr(VI) at 585.6 and 575.5 eV for the MC composite, 

584.4 and 574.2 eV for the MF composite, 585.2 and 573.2 eV for the MFC composite, which 

corresponds to Cr 2p1/2 and Cr 2p3/2, respectively (Zhang et al., 2018). The multiplet Cr 2p 

photoelectron peaks revealed the presence of Cr(III) and Cr(VI) on the surface of the 

nanocomposites after the adsorption process (Cheng et al., 2016a; Qi et al., 2016). The results 

showed that toxic Cr(VI) was reduced to less harmful Cr(III) during the adsorption of the 

Cr(VI) onto the MC, MF and MFC nanocomposite surfaces. This suggests that the uptake of 

Cr(VI) from aqueous solution using the MC, MF and MFC nanometal oxide composites 

followed a reduction-adsorption coupled mechanistic pathway.
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Fig 6.7  X-ray photoelectron spectra of the nanocomposite adsorbents before and after Cr(VI) adsorption. 
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Arsenic(III): The low-resolution survey scans of the MC, MF and MFC nanocomposites 

showed a new As 3d peak around electron binding energies of 44-46 eV after As(III) 

adsorption. This showed that the functional groups on the As(III) species interacted with the 

nanocomposite adsorbent surface functions during the adsorption process. Figs 6.8a-c (i and ii) 

show the high-resolution X-ray photoelectron spectra of O 1s before and after the adsorption 

of As(III) onto the MC, MF and MFC nanocomposites, respectively. The binding energies of 

the O 1s peaks increased by 0.1, 0.3 and 0.2 eV after As(III) adsorption onto the MC (530.0 to 

530.1 eV), MF (529.7 to 530.0 eV) and MFC (530.1 to 530.3 eV) metal oxides, respectively. 

The O 1s electron binding energies increased due to a decrease in the electron charge density 

around the O shell caused by the specific interaction of the adsorbate species with –OH groups 

on the adsorbent surface (Lin et al., 2012). The multiplets of the O 1s photoelectron peaks in 

Figs 6.8a-c (i and ii) further revealed a decrease in surface oxygen amounts of –OH (MC from 

47.23 to 43.74 %, MF from 34.27 to 31.71 % and MFC from 47.58 to 41.37 %) and H2O (MC 

from 4.82 to 3.27, MF from 5.71 to 0.00 % and MFC from 5.46 to 4.81 %) groups and an 

increase in O2- species after As(III) adsorption onto the nanocomposite adsorbents. The 

increase in percent amounts of O2- species on the MC (47.95 to 52.99), MF (60.02 to 68.29) 

and MFC (46.96 to 53.11) surfaces after As(III) adsorption was ascribed to the formation of 

M-O-As (where M is either Mn, Fe or Cu). A similar finding was reported by Cui and co-

workers (2012) during the adsorption of As(III) and As(V) onto amorphous ZrO2. The noted 

decreases in percent amounts of surface oxygen groups were attributed to the specific 

interaction between the hydroxyl groups on the nanocomposite surface and the hydroxyl groups 

on the arsenic species forming inner-sphere surface complexes. This corroborates infrared 

analysis which showed decreases in –OH and H2O groups and the emergence of As-O moieties 

on the adsorbent surface during the adsorption. The high-resolution X-ray photoelectron 

spectra of As 3d after adsorption of As(III) onto the MC, MF and MFC nanocomposites is 

presented in Figs 6.8a-c (iii), respectively. The Gauss-Lorentz fit of the As 3d photoelectron 

peaks showed the presence of duplets characteristic of As(III) and As(V). This implies that a 

part of the As(III) was oxidised to As(V) during the adsorption process on the surfaces of the 

nanocomposite metal oxides (Pholosi et al., 2018). The As(V) is also able to form inner-sphere 

surface complexes with the -OH groups on the adsorbent surface. The analysis of XPS 

confirmed the findings from ∆pHpzc, ionic strength and FTIR studies which suggested that 

inner-sphere ligand exchange was the dominant As(III) uptake mechanism between the 

adsorbent surface –OH groups and the –OH functions on the arsenic species in solution.
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Fig 6.8a High-resolution XPS scan of O 1s for the MC nanocomposite (i) before and (ii) after adsorption of As(III) and (iii) As 3d after the 

adsorption process. 
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Fig 6.8b High-resolution XPS scan of O 1s for the MF nanocomposite (i) before and (ii) after adsorption of As(III) and (iii) As 3d after the 

adsorption process. 
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Fig 6.8c High-resolution XPS scan of O 1s for the MFC nanocomposite (i) before and (ii) after adsorption of As(III) and (iii) As 3d after the 

adsorption process. 
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 As(III)/𝑵𝑶𝟑
− exchange coefficients 

The As(III)/NO3
- exchange coefficient (𝑅𝐴𝑠(𝐼𝐼𝐼)/𝑁𝑂3

−) is the ratio of the concentration of 

adsorbed As(III) to the concentration of released NO3
- ions. It shows whether ligand or ion 

exchange took place during the adsorption of As(III) via the formation of inner-sphere surface 

complexes (Wu et al., 2013). Table 6.7 shows the variation of the As(III)/NO3
- exchange 

coefficients of the metal oxide composite adsorbents with an increase in the initial 

concentration of As(III). The results show that a general increase in the initial concentration of 

As(III) increased the magnitude of the As(III)/NO3
- exchange coefficients on the MC, MF and 

MFC metal oxides. The As(III)/NO3
- exchange coefficients increased from 0.058-0.554, 0.082-

0.678 and 0.115-0.743 for the MC, MF and MFC metal oxide composites, respectively, with 

an increase in the initial concentration of As(III) from 0-50 mg/dm3 showing that the exchange 

of NO3
- with arsenic ions occurred during the As(III) adsorption process. This suggests that 

ligand or ion exchange was part of the As(III) adsorption process. Ouma and co-workers (2018) 

reported a similar result during the adsorption of As(III) onto Fenton-treated pine cone-

magnetite composite adsorbent. In their investigation, the As(III)/NO3
- exchange coefficients 

increased from 0.05-0.51. The higher As(III)/NO3
- exchange coefficients observed for the MFC 

metal oxide showed that ligand or ion exchange was more pronounced on the MFC metal oxide 

composite than either the MC or MF metal oxide composites during the adsorption of As(III). 
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Table 6.7 The variation of As(III)/NO3
- exchange coefficients. 

 [As(III)] (mg/dm3) 𝑹𝑨𝒔(𝑰𝑰𝑰)/𝑵𝑶𝟑
− 

MC 0 0. 

 5 0.082 

 10 0.116 

 25 0.256 

 50 0.678 

MF 0 0 

 5 0.058 

 10 0.144 

 25 0.311 

 50 0.554 

MFC 0 0 

 5 0.115 

 10 0.295 

 25 0.416 

 50 0.743 

 

 Summary of Cr(VI) and As(III) adsorption reaction pathways 

Chromium(VI): The modelling of experimental adsorption data onto the D-R isotherm model 

suggested that physical adsorption was the dominant Cr(VI) uptake mechanism onto the MC, 

MF and MFC metal oxide composites since the calculated mean free energy, E values were 

between 3.194-6.030 kJ/mol with an increase in initial temperature of solution from 299-319 

K. An analysis of thermodynamic parameters revealed that the adsorption was exothermic with 

magnitudes of ∆𝐻° < -20.9 kJ/mol suggesting that the dominant adsorption mechanism of 

Cr(VI) onto the MC, MF and MFC metal oxides was physical. The adsorption of Cr(VI) onto 

the MC, MF and MFC metal oxide composites was dependent on pH as it influenced adsorbent 

surface charge, adsorbate speciation and the adsorbate availability for adsorption. The 

mechanistic pathway for Cr(VI) removal from aqueous solution at pH 3 using the 

nanostructured MC, MF and MFC metal oxide composites involved the protonation of the 

adsorption binding sites: 
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−𝑀 − 𝑂𝐻 + 𝐻+ → −𝑀 − 𝑂𝐻2
+               (6.12) 

 

where −𝑀 − 𝑂𝐻 is the adsorbent surface binding site. The protonated adsorbent surface 

interacted with the Cr(VI) oxyanions forming non-specific outer-sphere surface complexes 

through electrostatic interactions (Johnston & Chrysochoou, 2014): 

 

−𝑀 − 𝑂𝐻2
+ + 𝐻𝐶𝑟𝑂4

− → −𝑀 − 𝑂𝐻2
+ … 𝐻𝐶𝑟𝑂4

−             (6.13) 

 

Some of the Cr(VI) was reduced at the low acidic solution pH to Cr(III) as in Eq 6.14: 

 

𝐻𝐶𝑟𝑂4
− + 7𝐻+ + 3𝑒− → 𝐶𝑟3+ + 4𝐻2𝑂              (6.14) 

 

and/or Eq 6.15: 

 

3𝐹𝑒2+ + 𝐻𝐶𝑟𝑂4
− + 7𝐻+ → 3𝐹𝑒3+ + 𝐶𝑟3+ + 4𝐻2𝑂             (6.15) 

 

Due to microprecipitation, the formed Cr(III) forms coordinate bonds with hydroxyl groups on 

the metal oxide composites adsorption binding sites: 

 

−𝑀−(𝑂𝐻)𝑥 + 𝐶𝑟3+ → −𝑀 − (𝑂𝐻)3𝐶𝑟3+              (6.16) 

 

Arsenic(III): D-R isotherm modelling showed that ligand exchange was the dominant As(III) 

adsorption mechanism onto the MC, MF and MFC metal oxide composites since the calculated 

mean free energy, E values were between 6.433-15.089 kJ/mol with an increase in initial 

solution temperature from 299-319 K. The computation of adsorption parameters revealed that 

the adsorption was endothermic suggesting that the dominant adsorption mechanism of As(III) 

onto the MC, MF and MFC metal oxides was chemical. The adsorption of As(III) onto the MC, 

MF and MFC metal oxide composites was dependent on pH as it influenced adsorbent surface 

charge, adsorbate speciation and the availability of the adsorbate for adsorption. The adsorption 

mechanism for removal of As(III) at pH 8 (MF) and pH 9 (MC and MFC) involved the specific 

formation of inner-sphere surface complexes by ligand exchange between the hydroxyl groups 

on the adsorbent surface and the hydroxyl groups on the arsenic species (Wu et al., 2013; Cheng 

et al., 2016b). At solution pH > pHpzc the adsorbent surface is negatively charged: 
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−𝑀 − 𝑂𝐻 + 𝑂𝐻− → 𝑀 − 𝑂− + 𝐻2𝑂              (6.17) 

 

where −𝑀 − 𝑂𝐻 is the adsorbent surface binding site. The deprotonated adsorbent surface 

interacts with the dominant 𝐻3𝐴𝑠𝑂3 species 

 

As

OH

OHHO

 

 

through ligand exchange forming inner-sphere surface complexes: 

 

−𝑀 − 𝑂− + 𝐻3𝐴𝑠𝑂3 → −𝑀𝐻𝐴𝑠𝑂3 + 𝐻2𝑂              (6.18) 

 

or 

 

−𝑀 − 𝑂− + 𝐻2𝐴𝑠𝑂3
− → −𝑀𝐴𝑠𝑂3 + 𝐻2𝑂              (6.19) 

 

A part of the As(III) was oxidised to As(V) in the presence of manganese oxides: 

 

𝑀𝑛𝑂2 + 𝐻3𝐴𝑠𝑂3 + 2𝐻+ → 𝑀𝑛2+ + 𝐻3𝐴𝑠𝑂4 + 𝐻2𝑂            (6.20) 

The dominant As(V) species at pH’s 8 and 9 is 𝐻𝐴𝑠𝑂4
2−, 

 

As
O

OH

O

O
 

 

Some of the As(V) species present in solution at pH 8 and 9 might also have been formed 

through the following reaction (Vieira et al., 2017): 

 

𝐻3𝐴𝑠𝑂3 + 𝐻2𝑂 → 𝐻𝐴𝑠𝑂4
2− + 4𝐻+ + 2𝑒−              (6.21) 

 

H3AsO4 

pka1 = 2.2 

pka2 = 6.98 

pka3 = 11.6 
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and it interacts with the negatively charged adsorbent surface forming an inner sphere surface 

complex by ligand exchange: 

 

−𝑀 − 𝑂− + 𝐻𝐴𝑠𝑂4
2− → −𝑀𝐴𝑠𝑂4 + 𝑂𝐻−              (6.22) 

 

The As(V) can interact with the metal oxide nanocomposite adsorbents by electrostatic or 

Lewis acid-base interactions unlike As(III) which can only have Lewis acid-base interactions 

(Cumbal & Sengupta, 2005). The electrostatic interactions between the adsorbent surfaces and 

As(V) were ruled out since the adsorption processes occurred at solution pH’s > 

pHpzc.(Chandra et al., 2010, Cheng et al., 2016b; Roy et al., 2017). 

6.2.4 Effect of co-existing anions 

Chromium(III): The presence of co-existing anions affects the ionic strength of the solution 

and enhances competition with the adsorbate anions for the adsorption active sites, with the 

latter having a more pronounced effect on the adsorption of adsorbate anions (Lv et al., 2013). 

The effect of naturally co-existing anions (𝑃𝑂4
3−, 𝐶𝑂3

2−, 𝑆𝑂4
2− and 𝐶𝑙−) in solution on the 

adsorption of 𝐻𝐶𝑟𝑂4
− anions onto the nanostructured MC, MF and MFC metal oxide 

composites at pH 3 is presented on Figs 6.9a-c. The plots show that the co-existing anions 

(𝑃𝑂4
3−, 𝐶𝑂3

2−, 𝑆𝑂4
2− and 𝐶𝑙−) compete with the 𝐻𝐶𝑟𝑂4

− anion for the adsorption active sites on 

the MC, MF and MFC metal oxides. Several factors such as molecular dimensions, ionic radii, 

charge density, extend of hydration, et cetera, determine the magnitude of competition for 

adsorption active sites between adsorbate and co-existing anions (Duranoğlu et al., 2012). The 

inhibitive effect of the co-existing anions on adsorption of 𝐻𝐶𝑟𝑂4
− follows the order: 𝑃𝑂4

3− >

𝐶𝑂3
2− > 𝑆𝑂4

2− > 𝐶𝑙−. The co-existing anions in the investigation have charge densities greater 

than that of 𝐻𝐶𝑟𝑂4
−, hence can reduce the Cr(VI) adsorption capacities onto the MC, MF and 

MFC metal oxides. The 𝑃𝑂4
3− ions with the highest charge density, similar ionic radii and 

molecular dimensions to the 𝐻𝐶𝑟𝑂4
− adsorbate ions confers the greatest competitive force for 

the adsorption active sites, while the 𝐶𝑙− ions with the least charge density amongst the co-

existing anions exhibit the least competitive effect to the adsorbate anions on the adsorption 

active sites (Qi et al., 2016; Lin et al., 2018). The 𝐶𝑂3
2− ions can form inner-sphere surface 

(oxy) hydroxyl carbonate complexes with the metals on the adsorption active sites thus 

reducing the 𝐻𝐶𝑟𝑂4
− adsorption capacity (Lv et al., 2013). 
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Fig 6.9a The effect of co-existing anions on adsorption of Cr(VI) onto binary MC metal 

oxide composite. 

 

Fig 6.9b The effect of co-existing anions on adsorption of Cr(VI) onto binary MF metal 

oxide composite. 
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Fig 6.9c The effect of co-existing anions on adsorption of Cr(VI) onto ternary MFC 

metal oxide composite. 

 

Arsenic(III): The effects of co-existing anions (𝑃𝑂4
3−, 𝐶𝑂3

2−, 𝑆𝑂4
2− and 𝐶𝑙− ) found in natural 

water bodies on As(III) adsorption onto the MC, MF and MFC metal oxide nanocomposites at 

pH 8 for the MF metal oxide and pH 9 for the MC and MFC metal oxide composites are 

presented in Figs 6.10a-c. The plots reveal that the As(III) adsorption capacities onto the metal 

oxide nanocomposites were dependent on pH and increased in the presence of  𝐶𝑙−, 𝐶𝑂3
2− and 

𝑆𝑂4
2− anions but decreased in the presence of 𝑃𝑂4

3−. The observed increases in the As(III) 

adsorption capacities followed the order 𝐶𝑙− > 𝑆𝑂4
2− > 𝐶𝑂3

2−. A similar observation was 

reported by Pholosi and co-workers (2018) on the adsorption of As(III) onto magnetite-pine 

cone composite. The authors attributed the increase in As(III) adsorption capacities to weaker 

binding affinities between the nanocomposite metal oxide adsorbents and the 𝐶𝑙−, 𝐶𝑂3
2− and 

𝑆𝑂4
2− anions (Yu et al., 2013). The inhibitory effect of 𝑃𝑂4

3− anions on the adsorption of As(III) 

onto the metal oxide nanocomposites was ascribed to the ability of 𝑃𝑂4
3− to form stronger 

chemical interactions with the adsorbent than As(III). This is due to similar chemical properties 

between phosphate and arsenic species since P and As are in the same group on the periodic 

table (Li et al., 2017; Pholosi et al., 2018). The phosphate ions form hydroxyl groups in aqueous 
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media which compete with the hydroxyl groups of As(III) for the surface hydroxyl groups on 

the adsorbent (Pholosi et al., 2019). For example, at pH 7, the phosphate ion exists as: 

 

P

O

OH

OH

-O

 

 

The 𝑃𝑂4
3− is thus able to reduce the As(III) adsorption capacity through charge diffusion and 

competitive adsorption (Goldberg, 2002). The phosphate ion can also form stable complexes 

with transition metals [such as Fe(H2PO4)3] than either the 𝐶𝑙−, 𝑆𝑂4
2−, or 𝐶𝑂3

2− anions (Wu et 

al., 2013). An analogous finding was reported by Sahu and co-researchers (2017) on the 

adsorption of As(III) using cigarette soot activated carbon modified with Fe3O4. The largest 

decrease in the reduction of As(III) adsorption due to presence of 𝑃𝑂4
3− was observed on the 

ternary MFC metal oxide nanocomposite (30.11 %) than on the MC (21.33 %) and MF (23.02 

%) binary metal oxides. This suggests that ligand exchange was more pronounced on the 

ternary than on the binary metal oxide nanocomposites. 

 

 

Fig 6.10a The effect of co-existing anions on adsorption of As(III) onto binary MC metal 

oxide nanocomposite. 
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Fig 6.10b The effect of co-existing anions on adsorption of As(III) onto binary MF metal 

oxide nanocomposite. 

 

 

Fig 6.10c The effect of co-existing anions on adsorption of As(III) onto ternary MFC 

metal oxide nanocomposite. 
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6.2.5 Desorption studies 

The type of eluent (NaOH or CH3COOH or H2O) which effectively desorbs the adsorbate can 

give an insight into the adsorption mechanism. If the desorbing agent is water, the adsorbate-

adsorbent interaction could be physical with weak electrostatic forces. If the desorption is 

achieved with a strong acid or base such as HCl or NaOH, the dominant adsorption mechanism 

might be ion exchange. If the metal ion adsorption occurs by chemisorption, the eluent is acetic 

acid, CH3COOH (Pholosi et al., 2013). 

 

Chromium(VI): The desorption experimental results are presented in Fig 6.11 and showed that 

the desorption profiles of the nanostructured MC, MF and MFC metal oxides followed a similar 

pattern. The desorbing ability of the eluents followed the order NaOH > H2O > CH3COOH. 

The Cr(VI) desorption percentages with 0.1 mol/dm3 NaOH eluent were 81.67 for MC, 86.39 

for MF and 89.07 for MFC, and with H2O as eluent, the Cr(VI) desorption percentages were 

49.68 for MC, 61.29 for MF and 57.61 for MFC. The desorption percentages with 0.1 mol/dm3 

CH3COOH eluent were 19.03 for MC, 31.37 for MF and 27.95 for MFC. The results suggest 

that the dominant adsorption mechanism for Cr(VI) onto the nanostructured MC, MF and MFC 

metal oxides involved ionic interactions and ion-exchange. The same conclusion was derived 

by Aigbe et al. (2018) and Lin et al. (2018), who utilised basic NaOH as a desorbing agent for 

Cr(VI) from polypyrrole magnetic nanocomposite and modified rice straw, respectively and in 

both investigations, the optimum adsorption occurred in acidic media (pH 2). 
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Fig 6.11  % amounts of desorbed Cr(VI) from the nanostructured metal oxide 

composites using different eluents. 

 

Arsenic(III): The results showing the % desorption of As(III) from the metal oxide 

nanocomposite surfaces are presented in Fig 6.12. The results revealed that 0.1 mol/dm3 NaOH 

showed the highest desorption percentages of the As(III) from the MC (90.23 %), MF (91.58 

%) and MFC (93.47 %) metal oxide adsorbent surfaces. The As(III) desorption percentages 

were the least for H2O, that is, 6.89, 4.35 and 8.11 for the MC, MF and MFC metal oxides, 

respectively. The results showed that H2O was a weak As(III) eluent from the adsorbent 

surfaces implying that the contribution of physical adsorption to the adsorbate binding 

mechanism was not significant. The desorption profiles showed a similar trend and the 

desorbing ability of the eluents was in the order NaOH > HCl > CH3COOH > H2O. The 

observed results suggest that the dominant binding mechanism of the As(III) onto the metal 

oxide nanocomposites was through inner-sphere exchange reactions. Several researchers have 

reported on the ability of NaOH and HCl to effectively desorb As(III) from an adsorbent 

surface (Zhou et al., 2014; Yoon et al., 2017; Pholosi et al., 2018). 
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Fig 6.12 % amounts of desorbed As(III) from the metal oxide nanocomposites using 

different eluents. 

6.2.6 Regeneration and reuse 

The regeneration of exhausted adsorbents greatly determines the cost-effectiveness of the metal 

ion wastewater remediation technology and facilitates the recovery/recycling of metals from 

the effluent (Dubey & Sharma, 2017). 

 

Chromium(VI): The regeneration and reuse of the nanostructured MC, MF and MFC metal 

oxide composites was determined by performing five successive Cr(VI) adsorption/desorption 

cycles using 0.1 mol/dm3 NaOH as the eluent and the results are presented in Fig 6.13. For the 

MC metal oxide the Cr(VI) adsorption capacities decreased from 47.89-43.91 mg/g (8.31 % 

decrease), for the MF metal oxide the capacities decreased from 51.99-45.76 mg/g (11.98 % 

decrease) and for MFC metal oxide decreased from 63.78-59.81 mg/g (3.97 % decrease) during 

the five adsorption/desorption cycles. The ternary MFC metal oxide composite had the lowest 

decrease in Cr(VI) adsorption capacity of 3.97 % showing that the ternary metal oxide system 

is more applicable and stable over successive adsorption/desorption cycles than the binary 
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is, only small differences in Cr(VI) adsorption capacities were noted after each 

adsorption/desorption cycle. The observed small difference in adsorption capacity after each 

cycle was attributed to the coordination species formed from Cr(III) and the surface hydroxyl 

groups on the metal oxide composites (Lin et al.,2018): 

 

−𝑀−(𝑂𝐻)𝑥  + 𝐶𝑟3+ ⇌ −𝑀−(𝑂𝐻)3𝐶𝑟3+              (6.23) 

 

The formed coordination species, −𝑀−(𝑂𝐻)3𝐶𝑟3+ is not easily eluted with the strong base 

due to the formation of a strong dative covalent bond affecting the regeneration of some 

adsorption active sites. The MFC metal oxide showed higher adsorption capacities at each 

adsorption-desorption cycle than either the MC or MF metal oxides. This implies that its 

adsorption sites are reproducible making it a suitable adsorbent for Cr(VI) decontamination 

from aqueous solutions. 

 

 

Fig 6.13 The effect of cycle times on Cr(VI) adsorption onto the nanostructured MC, MF 

and MFC metal oxides. 
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onto the MC, MF and MFC metal oxide nanocomposites are presented on Fig 6.14. After each 

adsorption/desorption cycle, a small decrease in As(III) adsorption capacity was observed on 

each of the nanostructured MC, MF and MFC metal oxides. For the MC metal oxide the As(III) 

adsorption capacities decreased from 25.89-19.91 mg/g (23.09 % decrease), for the MF metal 

oxide the capacities decreased from 23.99-18.76 mg/g (21.80 % decrease) and for MFC metal 

oxide decreased from 33.78-30.81 mg/g (8.79 % decrease) during the five 

adsorption/desorption cycles. The ternary MFC metal oxide composite had the lowest decrease 

in As(III) adsorption capacity of 8.79 % showing that the ternary metal oxide system is more 

applicable and stable over successive adsorption/desorption cycles than the binary metal 

oxides. 

 

Fig 6.14 The effect of adsorption cycles on As(III) adsorption onto the MC, MF and 

MFC metal oxide nanocomposites. 
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6.3 MFC-BIOCHAR COMPOSITE 

6.3.1 Characterization of MFCb composite 

 Fourier-transform infrared (FTIR) spectroscopy 

The FTIR spectrum of the MFCb composite is shown in Fig 6.15. The absorption bands at 

3585, 3565, 3382 and 3260 cm-1 are characteristic of O-H vibrations from hydroxyl groups on 

the surface of the composite (Wang et al., 2013). The peak at 1646 cm-1 was assigned to C=O 

stretching vibrations due to ester or carbonyl linkages on the biochar support (Gan et al., 2015). 

The peaks at 1481 and 1191 cm-1 were ascribed to Mn-OH structural vibrations (Du et al., 

2015). The absorption peaks at 1361 and 1081 cm-1 were attributed to O=C-O and C-O-C 

stretching vibrations from the biochar surface functional groups (Dong et al., 2017). The peaks 

at 992, 941 and 861 cm-1 were due to Mn-O vibrations (Wei et al., 2019). The absorption peaks 

at 776 and 725 cm-1 were assigned to overlap of Fe-O and Mn-O vibrations (Chen et al., 2011; 

Wei et al., 2019). The weak absorption band at 630 cm-1 was attributed to vibrations of aromatic 

structures on the biochar support (Gan et al., 2015). The absorption at 592 cm-1 was assigned 

to overlap of Mn-O and Cu-O stretching vibrations (Morales et al., 2009; Nogueira et al., 2016). 
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Fig 6.15 FTIR spectrum of MFCb composite. 
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 Scanning electron microscopy (SEM) 

The scanning electron micrograph on Fig 6.16a shows the surface morphology of MFCb 

composite. The micrograph shows fluffy and porous nanograins. The oxide surface appears 

rough and amorphous indicating the availability of a large surface area (Roy et al., 2017). The 

elemental surface distribution of the composite obtained from energy-dispersive X-ray 

spectroscopy (EDS) is presented on Fig 6.16b. It shows the elemental weight percent 

composition of the MFCb composite to be: manganese 26.86, iron 29.81, copper 5.94, oxygen 

21.06, carbon 11.10 and phosphorus 4.46. The EDS analysis data can only be used qualitatively 

since it is representative of a small portion of the nanomaterial. The obtained data suggest that 

the elements were distributed throughout the composite. 

 

  

Fig 6.16 Surface analysis of MFCb composite (a) scanning electron micrograph and (b) 

EDS elemental analysis. 

 Transmission electron microscopy (TEM) 

The transmission electron micrograph of the MFCb composite is presented on Fig 6.17a. It 

shows less aggregation than the TEM image of the MFC metal oxide (section 4.3.3.3). On some 

parts of the image, the particles are well distributed suggesting the even distribution of the 

MFC metal oxide system onto the biochar support. Image J software was used to determine the 

particle size distribution and the result is shown on Fig 6.17b. The particle sizes range from 0.3 

to 0.8 nm with an average particle size of 0.56 ± 0.05 nm. 
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Fig 6.17 (a) Transmission electron micrograph and (b) particle size distribution of MFCb 

composite. 

 Textural properties 

The textural properties of the raw biochar, MFC and MFCb are presented in Table 6.8. The 

average surface area was calculated using the BET method while the average pore volume and 

average pore size were computed using the BJH adsorption method. The results show that the 

raw biochar had a BET surface area of 0.1989 m2/g, a pore volume of 0.0046 cm3/g and average 

pore size of 0.1620 nm. The MFC and MFCb composites had BET surface areas of 77.2427 

and 84.8730 m2/g, pore volumes of 0.2409 and 0.2319 cm3/g and pore sizes of 14.7560 and 

12.9656 nm, respectively. The poor adsorptive capabilities of the raw biochar towards Cr(VI) 

and As(III) were attributed to its small average surface area, pore volume and pore size (Dong 

et al., 2017). This made the biochar a good candidate as a support for the MFC metal oxide 

system as its presence was anticipated not to interfere with the adsorption of Cr(VI) and As(III) 

in the MFCb composite. The average surface area of the MFCb composite was larger than for 

the MFC metal oxide and this might have been due to the distribution/impregnation of the MFC 

metal oxide system onto the biochar surface reducing aggregation of the nanoparticles and 

increasing the number of available adsorption binding sites. 

 

 

 

 

(a) (b) 
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Table 6.8 Textural properties for raw biochar, MFC and MFCb adsorbents. 

Sample BET surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Pore size 

(nm) 

Raw biochar 0.1989 0.0046 0.1620 

MFC 77.2427 0.2409 14.7560 

MFCb 84.8730 0.2319 12.9656 

 

The N2 adsorption/desorption isotherm for the MFCb composite is shown in Fig 6.18a. It shows 

a type II isotherm according to the IUPAC classification with an H3 type hysteresis loop at 

P/P0 = 0.10 to 0.98 due to formation of slit-shaped pores. The reversible type II isotherm is 

characteristic of macroporous adsorbents (Sing et al., 1985; Luo et al., 2003; Lou et al., 2017). 

The pore size distribution for MFCb composite is presented on Fig 6.18b. The result shows the 

presence of pores in the mesoporous and macroporous regions in the range 2-130 nm (Sing et 

al., 1985, Rouquerol et al., 1994). 
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Fig 6.18 (a) N2 adsorption/desorption isotherm and (b) pore size distribution of MFCb 

composite. 

 Surface charge 

The MFCb pHpzc was found to be 6.84. The difference between the pHpzc values for MFC (6.75) 

and MFCb was 0.09. This information is invaluable as it reveals that the magnitudes of the 

surface charges on the MFC and MFCb as a function of pH are more or less the same giving 

an insight into the adsorption mechanisms taking place on the surfaces of the composites. 

(b) (a) 
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6.3.2 Adsorption of Cr(VI) and As(III) 

 pH studies 

Chromium(VI): The adsorption capacity of Cr(VI) onto the MFC and MFCb composites as a 

function of solution pH is presented in Fig 6.19. The pH investigation using MFCb was 

conducted from solution pH 3-7 since leaching of adsorbent metal components at pH 2 was 

determined to be above the acceptable maximum contaminant levels prescribed by WHO. The 

plots in Fig 6.19 showed a similar pattern on the variation of adsorption capacity as a function 

of pH. At pH 3, the observed maximum Cr(VI) adsorption capacities were 168.13 and 183.51 

mg/g on the MFC and MFCb composites, respectively. This translated into an adsorption 

capacity increase of 9.15 % and showed that the biochar particles were not significantly 

involved in the Cr(VI) sequestration mechanism. A similar result was reported by Dong and 

co-workers (2017) on the adsorption of Cr(VI) onto raw biochar and Fe-biochar composite. 

The authors noted that the contribution of the biochar to the adsorption capacity of Cr(VI) onto 

the Fe-biochar was small and that the biochar merely acted as support in the Fe-biochar 

composite. Since the variation of Cr(VI) adsorption capacity followed the same pattern on the 

MFC and MFCb composites, the result in Fig 6.19 suggests that the adsorption of Cr(VI) onto 

the MFCb composite occurred through the formation of outer-sphere surface complexation by 

electrostatic interactions between 𝐻𝐶𝑟𝑂4
− and the functions on the surface of the ternary metal 

oxide system with the biochar acting as a support. At low pH, the composite surface is 

protonated and interacted through electrostatic attraction with the dominant 𝐻𝐶𝑟𝑂4
− species 

increasing the Cr(VI) adsorption capacity. As the solution pH increased, the composite surface 

became deprotonated and negatively charged. This increased the electrostatic repulsion 

between the negative composite surface and 𝐻𝐶𝑟𝑂4
− or 𝐶𝑟𝑂4

2−. The slight increase observed 

on the Cr(VI) adsorption capacity onto the MFCb composite was attributed to (1) the even 

distribution of the MFC metal oxide nanocomposite onto the biochar resulting in an increase 

in exposed and available adsorption binding sites and (2) the Cr(III) might have interacted with 

functions on the biochar forming precipitates on the composite surface (Dong et al., 2017). 
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Fig 6.19 The adsorption capacity of Cr(VI) onto MFC and MFCb composites as a 

function of solution pH. 

 

To show that the adsorption of Cr(VI) occurred on the MFC metal oxide system with the 

biochar acting as a support, the results of the pHpzc studies on the MFC and MFCb composites 

before and after adsorption of Cr(VI) anions are plotted on Figs 6.20a and b. The plots showed 

a similar pattern and no changes in the magnitudes of the pHpzc of the MFC and MFCb 

composites before and after the adsorption of Cr(VI). The similarity of the pHpzc plots suggests 

that the dominant adsorption mechanism is the same in both the MFC and MFCb composites. 

On the MFCb composite, the Cr(VI) was removed from solution by the formation of outer-

sphere surface complexes through electrostatic interactions between the functional groups on 

the MFC nanoparticles and the adsorbate (just as with the MFC oxide) with the biochar playing 

the role of adsorbent support. 
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Fig 6.20 pHpzc determination of (a) MFC and (b) MFCb composites before and after Cr(VI) adsorption. 
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Arsenic(III): To determine the effect of the biochar support on the adsorption process of As(III) 

onto the MFCb composite, the As(III) adsorption capacities of the MFC and MFCb composites 

were determined from pH 2-12. The results showing the variation of the As(III) adsorption 

capacities as a function of pH onto the MFC and MFCb composites are presented in Fig 6.21. 

The plots in Fig 6.20 reveal that the As(III) adsorption capacities onto the MFCb were slightly 

higher than on the MFC but followed the same pattern. This signified that the influence of the 

biochar on the As(III) adsorption mechanistic pathway was not very significant and that the 

adsorption predominantly took place on the MFC metal oxide system, with the biochar only 

acting as a support for the trimetal oxide system. The observed small increase in As(III) 

adsorption capacity was attributed to the even distribution of the MFC metal oxide system onto 

the biochar support. This increased the magnitude of exposed and available adsorption binding 

sites. At low solution pH, the As(III) adsorption capacities onto the MFCb composite were 

lower due to reduced affinity between the protonated adsorbent surface and the neutral 

𝐻3𝐴𝑠𝑂3. As the solution pH was increased the adsorption capacities increased until pH 9 due 

to inner-sphere surface exchange reactions between the functions on the composite surface and 

the adsorbate. At the optimum pH (9), the As(III) adsorption capacities were 42.34 and 47.11 

mg/g on the MFC and MFCb composites, respectively. The presence of biochar resulted in an 

11.27 % increase in the adsorption capacity at the optimal pH. The decrease in adsorption on 

the MFCb composite at high pH was due to (1) an increase in electrostatic repulsion between 

the dominant 𝐻2𝐴𝑠𝑂3
− and 𝐻𝐴𝑠𝑂3

2− anionic forms of As(III) and the negatively charged 

adsorbent surface (since the solution pH > pHpzc), and (2) the increase in competition for active 

sites between the 𝑂𝐻− ions and the arsenite anions. As the maximum adsorption of As(III) is 

at solution pH ˃ pHpzc of the MFCb (pHpzc=6.84), inner-sphere surface complexation by ligand 

exchange and not electrostatic forces controls the uptake of the adsorbate from solution 

(Chandra et al., 2010; Cheng et al., 2016b) 
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Fig 6.21 The adsorption capacity of As(III) onto MFC and MFCb composites as a 

function of solution pH. 

 

Further evidence that the adsorption of As(III) predominantly took place on the MFC metal 

oxide system was provided by experimental studies on the changes in pHpzc before and after 

As(III) adsorption. The plots of pHpzc of the MFC and MFCb composites before and after the 

adsorption of As(III) are presented on Figs 6.22a and b. The plots reveal a similar trend that 

the pHpzc after As(III) uptake increased signifying formation of inner-sphere surface complexes 

on the composite surface (Goldberg & Johnston, 2001). This suggests that the same uptake 

mechanism of As(III) was dominant on both the MFC and MFCb composites implying that the 

adsorption process onto the MFCb composite occurred mainly on the MFC metal oxide system 

with the biochar acting as a support for the metal oxide system adsorbent. 
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Fig 6.22 pHpzc determination of (a) MFC and (b) MFCb composites before and after As(III) adsorption. 
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 Cr(VI) and As(III) adsorption mechanism 

Chromium(VI): The changes in FTIR spectra and the magnitude of surface charge on the MFCb 

composite surface before and after Cr(VI) adsorption were used to elucidate the adsorption 

mechanism of Cr(VI) onto the MFCb composite. The results showed that the adsorption 

predominantly took place on the MFC metal oxide system surface with the biochar acting as a 

support for the adsorbent. The FTIR spectra of MFCb composite before and after Cr(VI) 

adsorption is presented in Fig 6.23. The peaks at 3446 and 3332 cm-1 after Cr(VI) adsorption 

were ascribed to Cr-O or Cr=O stretching vibrations from complexation of Cr(VI) with the 

surface hydroxyl groups on the adsorbent (Du et al.,2015). The absorptions at 1646, 1481 and 

1361 cm-1 disappeared after Cr(VI) adsorption suggesting an interaction between the adsorbent 

surface-oxygen groups (−𝐶𝑂𝑂−) and the adsorbate during the adsorption process. The 

absorption peaks at 1096, 843 and 592 cm-1 after Cr(VI) adsorption were attributed to Cr-O or 

Cr=O vibrations due to the interactions between hydroxyl groups on the MFC metal oxide 

system and the carboxyl groups on the biochar support. 
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Fig 6.23 FTIR spectrum of MFCb composite before and after Cr(VI) adsorption. 
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The studies on changes of the pHpzc of the MFCb composite before and after Cr(VI) adsorption 

(section 6.3.2.1) provided further evidence that the adsorption was by outer-sphere surface 

complexation. The mechanistic pathway of Cr(VI) adsorption onto the MFCb composite at pH 

3 was postulated to have at least four stages: (1) protonation of the MFCb composite surface, 

(2) the interaction of surface functional groups on the adsorbent and Cr(VI) anions through 

outer-sphere complexation, (3) the reduction of Cr(VI) to Cr(III), and (4) dative-covalent 

bonding of the Cr(III) to hydroxyl or carboxyl groups on the MFC metal oxide system and 

biochar support, respectively. 

 

−𝑀 − 𝑂𝐻 + 𝐻+ → −𝑀 − 𝑂𝐻2
+               (6.24) 

 

where −𝑀 − 𝑂𝐻 is the MFC metal oxide system surface. The protonated surface interacted 

with the Cr(VI) oxyanions forming monodentate outer-sphere surface complexes through 

electrostatic forces (Johnston & Chrysochoou, 2014): 

 

−𝑀 − 𝑂𝐻2
+ + 𝐻𝐶𝑟𝑂4

− → −𝑀 − 𝑂𝐻2
+ … 𝐻𝐶𝑟𝑂4

−             (6.25) 

 

Some of the Cr(VI) was reduced at the low acidic solution pH to Cr(III): 

 

𝐻𝐶𝑟𝑂4
− + 7𝐻+ + 3𝑒− ⇌ 𝐶𝑟3+ + 4𝐻2𝑂              (6.26) 

 

During the reduction of Cr(VI), the carbon from the biochar can act as a source of electrons 

and become oxidised to a carboxyl group (Liu et al., 2012). 

 

𝐻𝐶𝑟𝑂4
− + 𝐶 + 3𝐻+ → 𝐶𝑟3+ + 𝐶𝑂𝑂− + 2𝐻2𝑂             (6.27) 

 

The formed Cr(III) can form coordinate bonds with the hydroxyl groups on the metal oxide 

system and the carboxyl groups on the biochar support: 

 

−𝑀−(𝑂𝐻)𝑥 + 𝐶𝑟3+ → −𝑀 − (𝑂𝐻)3𝐶𝑟3+ ↓             (6.28) 

 

−𝑏 − (𝐶𝑂𝑂−)𝑥 + 𝐶𝑟3+ → −𝑏 − (𝐶𝑂𝑂−)3𝐶𝑟3+ ↓             (6.29) 
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where −𝑏 − (𝐶𝑂𝑂−)𝑥 denotes the carboxyl groups on the biochar surface. The adsorption 

binding sites with adsorbed Cr(III) might be difficult to regenerate in subsequent adsorption 

processes since the formed coordinate bonds can be difficult to reverse (Lin et al., 2018). 

 

Arsenic(III): Infrared and surface charge studies on the MFCb composite before and after the 

adsorption of As(III) revealed that the adsorption predominantly took place on the MFC metal 

oxide system surface with the biochar acting as a support for the adsorbent. The FTIR spectra 

of MFCb composite before and after As(III) adsorption is presented in Fig 6.24. The peaks at 

3585, 3565, 3382 and 3260 cm-1 were replaced by a broad weak absorption at 3267 cm-1 after 

As(III) adsorption. This was attributed to As-O vibrations due to the interaction between the 

surface hydroxyl groups on the MFC metal oxide system surface and the hydroxyl groups on 

the As(III) species through inner-sphere ligand exchange reactions. The absorption bands due 

to O=C-O vibrations from ester or carbonyl groups on the biochar surface at 1646, 1361 and 

1081 cm-1 decreased in intensity after the adsorption. This revealed that the As(III) species 

interacted with the surface-bearing oxygen functions on the biochar support. The peak at 1481 

cm-1 due to vibrations of O-H in Mn-OH shifted to 1479 cm-1 after the adsorption of As(III). 

The absorption peaks at 992, 941, 861, 776 and 725 cm-1 disappeared after the adsorption of 

As(III) and a new peak characteristic of As-O vibrations was observed at 823 cm-1 (Ouma et 

al., 2018). This provided evidence that the metal hydroxyl groups on the MFC metal oxide 

system interacted with the As(III) species forming As-O-Mn and As-O-Fe linkages through 

inner-sphere surface complexation and ligand exchange. The absorption peak due to As-O 

vibration in Fe-O-As has been attributed to As(V) formed from the oxidation of As(III) since 

it is difficult for FTIR to detect As(III) adsorbed onto iron oxides (Goldberg & Johnston, 2001; 

Ren et al., 2011, Wu et al., 2013; Li et al., 2020). This revealed that a part of the As(III) was 

oxidised to As(V) during the adsorption process. The absorption peak at 577 cm-1 after 

adsorption was attributed to As-O vibration in Cu-O-As. The infrared spectral changes after 

adsorption of As(III) showed that adsorbate uptake was through inner-sphere ligand exchange 

reactions between oxygen-bearing surface functions on the composite and the hydroxyl groups 

on the As(III) species. 

 

The increase in the pHpzc on the MFCb composite surface after As(III) adsorption (section 

6.3.2.1) provided further evidence for the formation of inner-sphere surface complexes during 
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the adsorption. The mechanistic pathway of As(III) adsorption onto the MFCb composite at 

pH 9 (pH > pHpzc) first involved the deprotonation of the MFCb composite surface: 

 

−𝑀 − 𝑂𝐻 + 𝑂𝐻− → 𝑀 − 𝑂− + 𝐻2𝑂              (6.30) 

 

where −𝑀 − 𝑂𝐻 is the MFC metal oxide system surface binding site. The deprotonated 

adsorbent surface interacts with the dominant 𝐻3𝐴𝑠𝑂3 species through ligand exchange 

forming inner-sphere surface complexes: 

 

−𝑀 − 𝑂− + 𝐻3𝐴𝑠𝑂3 → −𝑀𝐻𝐴𝑠𝑂3 + 𝐻2𝑂              (6.31) 

 

and/or 

 

−𝑀 − 𝑂− + 𝐻2𝐴𝑠𝑂3
− → −𝑀𝐴𝑠𝑂3 + 𝐻2𝑂              (6.32) 

 

and on the biochar surface: 

 

−𝑏 − 𝐶𝑂𝑂− + 𝐻3𝐴𝑠𝑂3 → −𝑏 − 𝐶𝑂𝐻𝐴𝑠𝑂3 + 𝐻2𝑂             (6.33) 

 

and/or 

 

−𝑏 − 𝐶𝑂𝑂− + 𝐻2𝐴𝑠𝑂3
− → −𝑏 − 𝐶𝑂𝐴𝑠𝑂3 + 𝐻2𝑂             (6.34) 

 

where −𝑏 − 𝐶𝑂𝑂− denotes the oxygen-containing surface functions on the biochar. A part of 

the As(III) was oxidised to As(V) in the presence of manganese oxides: 

 

𝑀𝑛𝑂2 + 𝐻3𝐴𝑠𝑂3 + 2𝐻+ → 𝑀𝑛2+ + 𝐻3𝐴𝑠𝑂4 + 𝐻2𝑂            (6.35) 

 

The dominant As(V) species at pH 9 is 𝐻𝐴𝑠𝑂4
2−. A part of the As(V) species present in solution 

at pH 9 might also have been formed through the following reaction (Vieira et al., 2017): 

 

𝐻3𝐴𝑠𝑂3 + 𝐻2𝑂 → 𝐻𝐴𝑠𝑂4
2− + 4𝐻+ + 2𝑒−              (6.36) 
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and it interacts with the negatively charged MFC metal oxide surface forming an inner sphere 

surface complex by ligand exchange: 

 

−𝑀 − 𝑂− + 𝐻𝐴𝑠𝑂4
2− → −𝑀𝐴𝑠𝑂4 + 𝑂𝐻−              (6.37) 

 

The dominant form of the formed As(V) was anticipated to interact with the COO- groups on 

the biochar surface through inner-sphere ligand exchange: 

 

−𝑏 − 𝐶𝑂𝑂− + 𝐻𝐴𝑠𝑂4
2− → −𝑏 − 𝐶𝑂𝐴𝑠𝑂4 + 𝑂𝐻−             (6.38) 

 

The electrostatic interactions between the adsorbent surfaces and As(V) were ruled out since 

the adsorption processes occurred at solution pH’s > pHpzc.(Chandra et al., 2010, Cheng et al., 

2016; Roy et al., 2017). 
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Fig 6.24 FTIR spectra of MFCb composite before and after As(III) adsorption. 
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 Regeneration and reuse 

The ability to desorb the adsorbate from the adsorption binding site on the MFCb composite 

determines the applicability of the composite in Cr(VI) and As(III) decontamination from 

aqueous solution. 

 

Chromium(VI): The results for the regeneration and reuse of the MFCb composite for five 

successive adsorption/desorption cycles are presented in Fig 6.25. The plot revealed that the 

adsorption capacities decreased gradually from 67.89 to 65.65, 64.37, 62.77 and 61.91 mg/g 

from the first to the fifth adsorption cycle. This translated into a decrease of 8.81 % in 

adsorption capacity between the first and the fifth adsorption cycle. The decreases in adsorption 

capacities at each adsorption cycle were attributed to the formation of −𝑀−(𝑂𝐻)3𝐶𝑟3+ and 

−𝑏 − (𝐶𝑂𝑂−)3𝐶𝑟3+ precipitates through coordination bonding between the surface hydroxyl 

groups on the MFC metal oxide system, carboxyl groups on the biochar support and Cr(III) 

from the reduction of a part of the Cr(VI) (Lin et al.,2018). The formed coordination species, 

−𝑀−(𝑂𝐻)3𝐶𝑟3+ and – 𝑏 − (𝐶𝑂𝑂−)3𝐶𝑟3+ are not easily desorbed using a strong base due to 

the formation of a strong dative covalent bond affecting the regeneration of some adsorption 

active sites. This rendered the attached adsorption binding sites unavailable for bonding in 

successive adsorption cycles. The results showed that the MFCb composite was stable and still 

applicable to the adsorption of Cr(VI) after five adsorption/desorption cycles. 

 

 

Fig 6.25 The effect of adsorption cycles on Cr(VI) adsorption onto the MFCb composite. 

0

10

20

30

40

50

60

70

80

1 2 3 4 5

C
r(

V
I)

 a
d

so
rp

ti
o

n
 c

ap
ac

it
y 

(m
g/

g)

Adsorption cycle



317 

 

Arsenic(III): Fig 6.26 shows the results for five As(III) adsorption/desorption cycles of the 

MFCb composite adsorbent. The plot revealed that the adsorption capacities decreased 

gradually from 38.91 to 37.56, 35.73, 34.79 and 33.69 mg/g from the first to the fifth adsorption 

cycle. This was a decrease of 13.89 % in adsorption capacity between the first and the fifth 

adsorption cycle. The results showed that the MFCb composite was stable after five 

adsorption/desorption cycles. 

 

 

Fig 6.26 The effect of adsorption cycles on As(III) adsorption onto the MFCb composite. 

6.4 CONCLUSION 

The Langmuir and Freundlich models described the nature of adsorbent surface coverage, 

while the Dubinin-Radushkevich model provided information about the dominant As(III) and 

Cr(VI) uptake mechanism onto the MC, MF and MFC metal oxides. The calculated 

thermodynamic parameters showed the feasibility, spontaneity and type of the adsorption 

processes. The adsorption of Cr(VI) onto the nanocomposites was predominantly due to 

reduction of Cr(VI) to Cr(III) and outer-sphere surface complexation through electrostatic 

forces, while the adsorption of As(III) was proposed to mainly proceed by the oxidation of 

As(III) to As(V) and inner-sphere ligand exchange reactions. The MFC metal oxide system 
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was successfully precipitated on biochar support to form the MFCb nanocomposite to facilitate 

ease of adsorbent separation from the treated wastewater. 
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CHAPTER 7 

7 CONCLUSION AND RECOMMENDATIONS 

The chapter entails the conclusion of the findings of the investigation and the recommendations 

for future research work. 

7.1 CONCLUSION 

A novel nanostructured ternary MFC metal oxide composite was synthesized from manganese, 

iron and copper salts via facile co-precipitation. The optimization of the adsorbent synthesis 

working parameters was determined using central composite design of the response surface 

methodology. The spectroscopic microstructural analysis of the ternary MFC metal oxide 

nanocomposite revealed the presence of porous mixed metal oxides with surface hydroxyl 

groups. 

 

The MFC nanocomposite was successfully applied for Cr(VI) and As(III) adsorption from 

contaminated water. The adsorption of Cr(VI) onto the MFC nanocomposite was dependent on 

pH with maximum capacity at pH 3. The adsorption kinetic data was best fitted to the pseudo-

second-order model (R2 = 0.9814-0.9977) and was controlled by film and pore diffusion 

processes at different stages of the adsorption. The Langmuir (R2 = 0.9979-0.9993) and 

Freundlich (R2 = 0.9617-0.9791) adsorption isotherms described adsorbate surface coverage, 

and the D-R (R2 = 0.9595-0.9891) isotherm showed that the adsorption was physical with mean 

energy values between 4.307-6.030 kJ/mol. The ternary MFC metal oxide showed superior 

adsorption capabilities over the binary MC and MF metal oxides. At equilibrium, the Langmuir 

adsorption capacities (qm) at pH 3 were 168.71, 142.16 and 131.08 mg/g for the ternary MFC, 

binary MF and MC metal oxide nanocomposites, respectively. The computed thermodynamic 

parameters showed that the adsorption of Cr(VI) onto the MFC nanocomposite was 

spontaneous, feasible (∆G° = -25.870-(-26.676) kJ/mol), exothermic (∆H° = -13.603 kJ/mol) 

and increased randomness (∆S° = +40.859 J/mol/K) at the solid-liquid interface. The uptake of 

Cr(VI) involved the formation of outer-sphere surface complexes through electrostatic 

interactions. A part of the Cr(VI) was reduced to Cr(III) and microprecipitated on the MFC 

nanocomposite surface. The analysis of FTIR and XPS spectra revealed that the dominant 

𝐻𝐶𝑟𝑂4
− anion of Cr(VI) at pH 3 interacted with the nanocomposite surface hydroxyl groups 
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during the adsorption process. The adsorption was sensitive to changes in ionic strength and 

the presence of naturally occurring anions in the environment (Cl-, SO4
2-, PO4

3- and CO3
2-). 

The nanocomposite metal oxide adsorbents underwent five successive adsorption/desorption 

cycles with 0.1 mol/dm3 NaOH as eluent. The adsorption capacities decreased from 63.78-

59.81 mg/g (3.97 % decrease) for the ternary MFC nanometal oxide. For the binary MC 

nanometal oxide, the Cr(VI) adsorption capacities decreased from 47.89-43.91 mg/g (8.31 % 

decrease) and the capacities decreased from 51.99-45.76 mg/g (11.98 % decrease) for the 

binary MF nanometal oxide. The ternary MFC metal oxide nanocomposite exhibited enhanced 

stability after five successive adsorption/desorption cycles than the binary MC and MF metal 

oxide nanocomposites. 

 

The adsorption of As(III) onto the MFC metal oxide nanocomposite was pH-dependent with 

maximum adsorption capacity at pH 9. The pseudo-second-order (R2 = 0.9913-0.9967) kinetic 

equation was better able to describe the adsorption kinetic data than the pseudo-first-order (R2 

= 0.9283-0.9615) and Elovich (R2 = 0.9617-0.9879) kinetic rate equations. The precise non-

conformity of the kinetic diffusion data to either film or pore diffusion showed that a chemical 

reaction was part of the dominant pathway in the As(III) adsorption mechanism. The 

experimental adsorption equilibrium data was best fitted to the Langmuir (R2 = 0.9913-0.9967) 

isotherm. The D-R isotherm showed that the adsorption was chemical with mean energy values 

between 6.433-8.533 kJ/mol. The Langmuir adsorption capacities (qm) at pH 9 were 31.67, 

22.02 and 18.39 mg/g for the ternary MFC, binary MF and MC metal oxide nanocomposites, 

respectively, showing the superior As(III) adsorption capability of the ternary metal oxide 

system. The calculated thermodynamic parameters showed that the adsorption of As(III) onto 

the ternary MFC metal oxide nanocomposite was spontaneous, feasible (∆G° = -21.617-(-

24.181) kJ/mol), endothermic (∆H° = +15.463 kJ/mol) and increased randomness (∆S° = 

+124.652 J/mol/K) at the solid-liquid interface. A part of the As(III) was oxidised to As(V) on 

the nanocomposite surface. The uptake of As(III) and As(V) occurred through specific inner-

sphere ligand exchange reactions. The analysis of XPS and FTIR spectroscopic data before and 

after the adsorption of As(III) showed that the hydroxyl groups on the dominant species of 

As(III) and As(V) at pH 9 interacted with the nanocomposite surface hydroxyl groups during 

the adsorption process. The adsorption was insensitive to changes in ionic strength but the 

presence of Cl-, SO4
2-, PO4

3- and CO3
2- anions. After five successive adsorption/desorption 

cycles with 0.1 mol/dm3 NaOH eluent, the adsorption capacities decreased from 33.78-30.81 
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mg/g (8.79 % decrease) for the ternary MFC nanometal oxide, from 25.89-19.91 mg/g (23.09 

% decrease) for the binary MC nanometal oxide and from 23.99-18.76 mg/g (21.80 % decrease) 

for the binary MF nanometal oxide. This showed enhanced stability of the ternary MFC metal 

oxide nanocomposite over the binary MC and MF metal oxide nanocomposites after five 

successive adsorption/desorption cycles. 

 

The MFC trimetal oxide system was co-precipitated onto biochar support synthesized from 

pine cone powder which is an agro-waste product in the paper and pulp industry. The raw 

biochar showed low selectivity and affinity for Cr(VI) and As(III) species in solution. This 

made it a good candidate to act as support for the MFC trimetal oxide system as it did not 

interfere with the sequestration pathways of Cr(VI) and As(III). The biochar support reduced 

aggregation or agglomeration of the MFC nanoparticles and facilitated ease of adsorbent 

removal from the treated effluent. The fabricated MFC-biochar (MFCb) composite showed 

stability after five adsorption/desorption cycles. 

7.2 RECOMMENDATIONS FOR FUTURE WORK 

This investigation showed the enhanced selectivity, superior adsorption capabilities and 

sequestration pathways of Cr(VI) and As(III) from simulated single-solute systems onto the 

ternary MFC metal oxide nanocomposite. The following recommendations were proposed for 

future research work: 

 Application of the novel ternary MFC metal oxide nanocomposite in the sequestration 

of Cr(VI) and As(III) from simulated binary-solute systems. 

 Application of the ternary MFC nanometal oxide for the adsorption of organics and 

dyes. 

 To study the application of the ternary MFC metal oxide nanocomposite in continuous 

or flow-through systems using real industrial/municipal wastewater samples. 

 Upscaling of the adsorption system to treat large volumes of effluent. 

 


