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A Angstrom
Ar Argon
As Arsenic
Cad The different in the adsorbate concentration at the mg/L

initial time and time t caused by adsorption

Gy Adsorbate concentration at breakthrough time mg/L or pg/L
cd* Cadmium

Ce Concentration at equilibrium mg/L

Co Initial concentration mg/L

Gy Desired effluent concentration of BDST model mg/L or pg/L
cr’ Chromium

C Concentration of adsorbate at time (t) mg/L or pg/L
cu?* Copper mg/L
CH;3COOH Acetic acid

cm’/g Cubic centimeter per gram

CP Chloramphenicol

F Linear velocity cm/min
Fe,O5 Iron (IIT) oxide

g/L Gram per liter

H, Hydrogen

HCL Hydrochloric acid

HNO; Nitric acid

HRT Hydraulic retention time

H,SO4 Sulfuric acid

kip Equilibrium rate constant of PFO 1/min

kap Equilibrium rate constant of PSO 1/min

kag Adams-Bohart kinetic constant

ke Rate constant of BDST model L/(mg.h)

Kk Freundlich isotherm constant
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ki

kp

KTn

kyn

L/h

M
mg/L
min
mL/min
m?/g
m’/day

mmol/g

ppm

Jo
Jdo

e

qexp.

Jmax

s

Equilibrium rate constant of IDM

Langmuir isotherm constant

Thomas rate constant

Yoon-Nelson rate velocity constant

Liter per hour

The amount of M3-pIN, packed in the column
Milligram per liter

Minute

Milliliter per minute

Square meter per gram

Cubic meter per day

milimol per gram

Freundlich constant

Saturation adsorbate concentration

Nitrogen

Sodium hydroxide

Nikel

Oxygen

Lead

Part per million

Volumetric flow rate

Column adsorption capacity

Amount of adsorbate adsorbed per unit of dry
weight of adsorbent at breakthrough time
Adsorption capacity at equilibrium
Experimental adsorption capacity

Langmuir maximum adsorption capacity of the
adsorbent

Amount of adsorbate adsorbed per unit of dry

weight of adsorbent at saturation/exhaustion time

mg/g.min or

pg/g.min

mL/min
mg/g or ug/g
mg/g or ug/g

mg/g or pg/g
mg/g or ug/g

mg/g or ug/g

mg/g or ug/g
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qt Amount of adsorbate adsorbed per unit of dry mg/g or ug/g
weight of adsorbent at time t

r Correlation constant

Ry Removal percentage of adsorbate at breakthrough %
time

R Removal percentage of adsorbate at %
saturation/exhaustion time

RF Radio frequency

pm Revolutions per minute

SCCM Standard cubic centimeters per minute

SMT Sulfamethazine

t Service time of column

TC Tetracycline

\Y% Volume

Vy Volume of water treated at breakthrough time L

Z Bed height cm

Zn*" Zinc

AG Change in Gibbs free energy J/mol

AH Change in enthalpy J/mol

AS Change in entropy J/mol/K

pum Micro meter

T The time required for 50% adsorbate breakthrough ~ min
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ABBREVIATIONS
Symbol Description
HMs Heavy metals
ABs Antibiotics
StS Steel shavings
BDST Bed depth service time

M, M, M3, My-pIN,
M;-plAr, M,plO,,
MxplH,

RO

SEM-EDS

SEM- SUPRA 55VP
XRD

XPS

BET

FTIR

MP-AES

HPLC

Steel shavings with particles sizes 0-75; 75-150 and
150-425um; modified steel shavings with plasma in N,
Ar, Oy and H; gases

Reverse osmosis

Scanning electron microscopy - energy-dispersive X-ray
spectroscopy

Scanning electron microscopy SUPRA 55V

Powder X-ray diffraction

X-ray photoelectron spectroscopy

Brunauer emmett teller

Fourier transform infrared spectroscopy

Microwave plasma-atomic emission spectrometry

High-performance liquid chromatography

XVil



Van Son Tran DOCTORAL THESIS 2017

LIST OF TABLES

Table 2.1 Chemical structure and properties of the study antibiotics (Ahmed et al.,

2015; Adams et al., 2002; Homem and Santos, 2011; Xia et al., 2014; Pubchem,

Table 2.2 Common methods for HMs removal from aqueous solution (Rahimi et al.,
2015; Nguyen et al., 2013; Atta et al., 2015; Simate and Ndlovu, 2015 )................. 23
Table 2.3 Common methods for removing ABs from aqueous solution (Homem and
SANTOS, 20T 1) iiiiiiiiiiiiieee ettt e e et ee e e e e e reee e e s e tnbbreaeeeeeennbrraaaeeaeans 29

Table 2.4 Prices of low-cost adsorbents (Bailey et al., 1999; Bhattacharyya and

Gupta, 2008; Rafatullah et al., 2010; Olivella et al., 2012; Tran et al., 2015)........... 36
Table 2.5 Heavy metals of adsorption capacity (mg/g) of biosorbents.................... 47
Table 2.6 ABs adsorption capacities of raw/modified biosorbents.............c...c....... 50

Table 2.7 Removal mechanisms of metal ions with Fe” (O’Carroll et al., 2013) ..... 56
Table 2.8 Synthesis/preparation and characterization of iron adsorbents and HMs
adsorption isotherms, kinetics, experimental conditions.............ccccceeevueeriveenneennne. 60

Table 2.9 Synthesis/preparation and characterization of iron adsorbents and ABs

adsorption isotherms, kinetics, experimental conditions.............ccocceeevveiriiveennennnne. 62
Table 3.1 Summary of adsorbents preparation StePS .........ccveeevevvererirereerenreeenennenan. 75
Table 3.2 Summary of adsorbents characterization studies..........ccccccueeeereierennnnn... 78
Table 3.3 Kinetic and isotherm models of HMs adsorption on StS............cccce....... 84
Table 3.4 Kinetic and isotherm models of antibiotics adsorption on StS................. 89

Table 3.5 The elution program applied in the antibiotics analysis using HPLC..... 103
Table 4.1 Removal efficiencies of HMs and ABs on different sizes of raw and

plasma modified StS.......cooiiiiii e 109

XViil



Van Son Tran DOCTORAL THESIS 2017

Table 4.2 Elementary composition of different kinds of adsorbents...................... 113

Table 4.3 Summary comparison in characterisations of raw and plasma modified StS

Table 4.4 Binding energy, chemical state, relative peak area and atomic percentage

of peaks in narrow scan of Cls region of M3-pIN; scan of Ols region Fe2p3/2 region

Table 5.1 Thermodynamic parameters for HMs adsorption on M3 and M3-pINs.... 131
Table 5.2 Isotherm and kinetic parameters using the non-linear regression method
for HMs adsorption onto raw and N treated plasma M3 particles..........ccccccueeeennee 137
Table 5.3 Isotherm and kinetic parameters using the non-linear regression method
for competitive HMs adsorption onto raw and N treated plasma Mj particles....... 142
Table 6.1 Thermodynamic parameters for ABs adsorption on M3 and M3-pIN; .... 159
Table 6.2 Isotherm and kinetic parameters using the non-linear regression method
for antibiotics adsorption onto Mz and M3-pINg......ccceeviiiiiiiiniiiiiieeee e 164
Table 6.3 Isotherm and kinetic parameters using the non-linear regression method
for competitive adsorption kinetics and isotherms of ABs on M3 and M3-pIN;...... 169
Table 6.4 Binding energy, chemical state, relative peak area and atomic percentage

of peaks in narrow scan of Cls region of the adsorbent before and after adsorption ....

Table 6.5 Binding energy, chemical state, relative peak area and atomic percentage

of peaks in narrow scan of Ols region of the adsorbent before and after adsorption ....

X1X



Van Son Tran DOCTORAL THESIS 2017

Table 6.6 Binding energy, chemical state, relative peak area and atomic percentage
of peaks in narrow scan of Fe2p3/2 region of the adsorbent before and after
Y0 o) 5 0] 5 (0 ) FO RSP 180
Table 7.1 Breakthrough curve parameters for HMs adsorption onto Mj-pIN; at
different operating CONAIIONS .........eeeeveuiiiiieiiie ettt eees 194
Table 7.2 Adams—Bohart, Thomas and Yoon-Nelson model constants for HMs
adsorption onto M3-pINy COTUMMN ...cevviiiiiiiiiiciieceee e e 197
Table 7.3 BDST model constants for HMs adsorption onto M3-pIN,.................... 200
Table 7.4 Breakthrough curve parameters for ABs adsorption onto M;-pIN, at
different operating CONAIIONS ......c.ueieiiiiieiiiie et 203
Table 7.5 Adams—Bohart, Thomas and Yoon-Nelson model constants for ABs
adsorption onto M3-pIN, COTUMM ..oeiviiiiiiiiiii e 206

Table 7.6 BDST model constants for ABs adsorption onto Ms-pINj.......cceeeeeneee. 207

XX



Van Son Tran DOCTORAL THESIS 2017

LIST OF FIGURES

Figure 2.1 Sources of antibiotics in the environment (Adapted from Homem and
SANTOS, 20T 1) 1uiiiiiiiiiiiiiiiie e e et e e et e e e e e e ettt e e e e e e eatraraeaeeeeaaanrees 20
Figure 2.2 symptom of aplastic anemia (Pinterest, 2017)........cccceevcuiiiriinnveenneennnn. 22
Figure 2.3 Average chemical composition of some typical lignocellulose (% dry
weight) (Tran et al., 2015)...uiiiiiiiiiciie e e ee e 43
Figure 2.4 Molecular structure of chitosan (adapted from Celis et al., 2012)........... 46
Figure 2.5 Schematic representation of the magnetic adsorbents separation (Adapted
from Oliveira et al., 2004D) .....ccouviiiiiiiiiiiiiie e e eer e e 55
Figure 2.6 The generation of steel shavings from a steel processing machine
(Dreamstime, 2017) ..ooiiiiiiiiiiiee e e et e e et e e e e e e e eeaaes 63
Figure 2.7 diagram of multi-step process in plasma surface cleaning (Belkind and
Gershman, 2008) ........ciiiiiiiiiee e e et e e e e e e eee e e e e abarraeaeeeeaaaes 65
Figure 2.8 Scheme of plasma cleaning with oxygen (Plasma electronic, 2017)....... 65
Figure 3.1 Steel shavings at the steel processing laboratory, UTS............cccuveeeeeee. 73
Figure 3.2 Flowchart for the preparation of adsorbents from StS................c....c..... 74
Figure 3.3 Images of steel shavings: (A) after washing and drying; (B) after grinding
by @ pug and ring CTUSNET .......cccuiiiiiiiiiieciiee et ee e erae e 75
Figure 3.4 Chamber window of plasma equipment: (A) before; (B) in action ......... 76
Figure 3.5 Radio frequency (RF) plasma configuration with nitrogen for the surface
treatment Of StS ... e 77
Figure 3.6 SEM-EDS instruments: (A) Zeiss Evo SEM and (B) Supra 55VP SEM.79
Figure 3.7 XRD and XPS instruments: (A) Seimens D5000 X-ray Diffractometer

and (B)Thermo Scientific ESCALAB 250X .....cccoiiiiiiiiieeiiiieecieeeeceee e 80

XX1



Van Son Tran DOCTORAL THESIS 2017

Figure 3.8 BET system instruments: (A) micrometrics tristar Il system, and (B)
Micrometrics VacPrep 061 Sample Degas .........ccceeveiiiiiiiiiiieeeiie e 81
Figure 3.9 Zeta potential and FTIR instruments: (A) Nano-ZS Zeta-sizer (Malvern,
Model: ZEN3600) and (B) MIRacle 10, Shimazhu ..........c.cccoovveeniiiiniiiniiienieene 82
Figure 3.10 Schematic diagram of treatment system using nitrogen plasma modified
steel Shavings deSIZN 1 ...cc.vviiiiiiiieiiciiee e e e e 94
Figure 3.11 Schematic diagram of treatment system using nitrogen plasma modified
SES AESIZN 2. .ttt e ettt e e e b e e e e beaeeenraeaeaas 95
Figure 3.12 Schematic diagram of treatment system using nitrogen plasma modified
SES dESIZN 3.t et e et e et e e e e e ea 96
Figure 3.13 MP-AES and HPLC instruments: (A) 4100-MP-AES, Agilent
Technologies and (B) Jasco HPLC-UV ........occiiiiiiiiiieeeeeeee e 102
Figure 3.14 (A) Chromatograph of SMT, CP and TC by HPLC- UV and (B)
Analytical standard lines of SMT, TC and CP.........cccccovvveiiiiiiiiieiiieeie e 103
Figure 4.1 SEM results of raw and nitrogen plasma modified adsorbent A: M3; B:
M;-pIN; (M3: StS<75 um; M3-pIN,: StS<75 um was plasma modified with Ny)... 110
Figure 4.2 EDS results of raw and nitrogen plasma modified adsorbents (A) Ms; (B)
M;-pIN, (M3: StS<75 um; M3-pIN,: StS<75 um was plasma modified with Ny)... 112
Figure 4.3 XRD patterns of adsorbents: (A) Ms; (B) M3-pIN,; (C) Ms-plAr (Ms:
StS<75 pm; M3-pIN,, M3-plAr: StS<75 pm was plasma modified with N,, Ar).... 114
Figure 4.4 The XPS spectra of N, plasma modified steel shavings (M3-pINy): (A)
full survey; (B) narrow scan of Cls region; (C) narrow scan of Ols region; (D)
Nnarrow scan Of FE2P T€ZI0OMN ......oiiiiiiiiiiiiii e 117

Figure 4.5 FTIR spectra of M3 and M3-pINa.......coooiiiiiiiiiiiiiiieieeieeeiee e 118

XX11



Van Son Tran DOCTORAL THESIS 2017

Figure 4.6 Zeta potential as a function of pH solution: (A) Mj: (B) M3-pIN; ........ 121
Figure 4.7 Particle size distribution of grinded steel shavings.............cccccceeeeeneeen. 121
Figure 5.1 Effect of factors to removal efficiency of metal ions: (A) pH-Mj; (B)
dose-M3; (C) pH-M3-pIN; (D) dose-M3-pINg c.cevviiiiiiiiiieiiiiee et 130
Figure 5.2 Adsorption isotherm of HMs on (A) Mj; and (B) Ms-pIN, (initial
concentration 0-500 mg/L single metal ion; pH 5, dose 5g/L; at 130 rpm; at 25°C; for
24 NOUTS).eeteeeiiieee et ee ettt e e ettt e e ettt e e e ettteeeenabeeeessseeeessssseeeansseeesasssaeeesssseeensreaeenns 134
Figure 5.3 Adsorption kinetic models of HMs on (A) M3 and (B) M;-pIN; (initial
concentration: 100 mg/L single metal ion; no pH adjustment; dose 5g/L; at 130 rpm
shaking speed; at ToOmM tEMPETAtUTE) ........cceiuuiireriiieeeiiee e 136
Figure 5.4 Competitive adsorption isotherms of HMs on (A) M3 and (B) M3-pIN;
(total initial concentration 0-500 mg/L; 0-166.67 mg/L single metal ion; pH 5; dose
5g/L; at 130 rpm; at 25°C; for 24 ROULS) i 139
Figure 5.5 Competitive adsorption kinetics of HMs on (A) M3 and (B) M3-pIN; (total
initial concentration: 100 mg/L, 20mg/L single metal ion; no pH adjustment; dose
S5g/L; at 130 rpm shaking speed; at room temperature) ..........ccceeeeeevverereiverereneeenns 141

Figure 5.6 Removal mechanisms of metals and chlorinated compounds with Fe'

(O’Carroll et al. 2013)...uuiieeiiiieeiiie ettt e er e e s e e sraeeeetrreeeensreaeenes 143
Figure 5.7 Regeneration of M3-pIN; after adsorption of Pb*", Cu®’, Cd*", Cr’* and
ZIT 145
Figure 5.8 Adsorption and desorption cycles for HMs on Ms-pIN;.......ccocoeeeeenee 146

Figure 6.1 Effect of pH on adsorption of the antibiotics on (A) Ms; (B) M3-pIN,.. 156

Figure 6.2 Effect of dose on antibiotics adsorption efficiency using (A) Mj; (B) M;3-

XX1i1



Van Son Tran DOCTORAL THESIS 2017

Figure 6.3 Langmuir and Freundlich adsorption of SMT, TC, CP on M3 and M3-pIN;
(initial concentration: 100 - 20000 pg/L; pH 3 was adjusted for SMT, CP; pH 5 for
TC; adsorbent dose of 2g/L; at 250C) .................................................................... 162
Figure 6.4 Sorption kinetics of SMT, TC and CP on M3 and M;-pIN; (initial
concentration: 1000 pg/L; no pH adjustment; adsorbent dose of 2g/L; at room
1051001 01T 21 R0 <) PR PPPPR 163
Figure 6.5 Competitive adsorption isotherm of ABs on M3 and M3-pIN; (total multi-
antibiotics initial concentration: 0 - 20000 ug/L, each solute concentration: O-
6666.67 ng/L; pH 3; adsorbent dose of 2g/L; at 25%C) e 167
Figure 6.6 Competitive adsorption kinetics of ABs on Mj; and Mj;-pIN, (total
competitive initial concentration: 1000 pg/L, each solute concentration is 333.33
pg/L; no pH adjustment; adsorbent dose of 2g/L; at room temperature)................ 168
Figure 6.7 Regeneration of M3-pIN; after adsorption of ABS .......c.cooeviiiiieiiiennne. 171

Figure 6.8 Adsorption and desorption cycles for ABs on M;-pIN; using methanol

Figure 6.9 FTIR spectrums for M3, M3-pIN, and antibiotics loaded M3-pIN; ....... 174
Figure 6.10 Full survey of N, plasma modified steel shavings before and after
AASOTPHION. ...eeiiiiie ittt ettt e e et e e e e eetb e e e eesaeeestbeeeeenssaeeesnnseeeeannseeeennnnes 175
Figure 6.11 XPS narrow scan of Cls region for M3-pIN, (A) before adsorption and
(B) after adSOTPLION .....oeeeieiiiieeiiie et 176
Figure 6.12 XPS narrow scan of Ols region for M3-pIN; (A) before adsorption and
(B) after adSOTPLION .....oeeeiiiiieeiiie et e e 177
Figure 6.13 XPS narrow scan of Fe2p region for M;-pIN; (A) before adsorption; (B)

after adsorption; (C) combined spectrums of before and after adsorption.............. 180

XX1V



Van Son Tran DOCTORAL THESIS 2017

Figure 7.1 Remaining concentrations of HMs in the outlet flow after treatment using
nitrogen plasma modified StS (M;-pIN,) with different designs: (A) Pb*"; (B) Cu®’;
(C) Cd*; (D) Cr" and (B) Zn ..o 187
Figure 7.2 Remaining concentrations of ABs in the outlet flow after semi-pilot scale
treatment units using M3-pIN;: (A) SMT; (B) TC and (C) CP ....ccevvveevivereinennn, 189
Figure 7.3 Effects of flow rate on the breakthrough curve of HMs adsorption on M3-
pINa: (A) Pb*"; (B) Cu"; (C) Cd*"; (D) Cr’" and (E) Zn®" (natural pH, bed height =
35 cm; initial concentrations (C,) of HMs: Pb** 5.94; Cu*" 4.74; Cd** 6.48; Cr't 6.44
ANA ZN" 518 M@IL) oo, 191
Figure 7.4 Effects of bed height (Z) on the breakthrough curve of HMs adsorption
on M3-pINy: (A) Pb*"; (B) Cu®’; (C) Cd*"; (D) Cr’* and (E) Zn*" (natural pH, flow
rate = 3.47 L/min; initial concentrations (C,) of HMs: Pb*" 5.94; Cu*" 4.74; Cd**
6.48; Cr’" 6.44 and Zn™ 5. 18 M@/L) co..vveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 193
Figure 7.5 BDST model plots for 10% and 90% breakthrough of Pb**, Cu®, Cd*",
cr’’, zZn* adsorption onto M3-pIN; column at different bed heights (natural pH, flow
rate = 3.47 L/min; initial concentrations (C,) of HMs: Pb*" 5.94; Cu*" 4.74; Cd**
6.48; Cr’" 6.44 and Zn>" 5. 18 MG/L) v..vveeeeeeeeeeeeeeeeeeeeeeee e 199
Figure 7.6 Effects of flow rate on the breakthrough curve of ABs adsorption on Mj3-
pIN2: (A) SMT; (B) TC and (C) CP (natural pH, bed height = 35 cm; initial
concentrations (C,) of ABs: SMT 100.1; TC 97.3 and CP 99.5 pg/L).....ccccueeee.e. 201
Figure 7.7 Effects of bed height (Z) on the breakthrough curve of ABs adsorption on
M;-pIN;: (A) SMT; (B) TC and (C) CP (natural pH, flow rate = 3.47 L/min; initial

concentrations (C,) of ABs: SMT 100.1; TC 97.3 and CP 99.5 pg/L)  .............. 203

XXV



Van Son Tran DOCTORAL THESIS 2017

Figure 7.8 BDST model plots for 10% and 90% breakthrough of SMT, TC and CP
adsorption onto M3-pIN, column at different bed heights (natural pH, flow rate =

3.47 L/min; initial concentrations (C,) of ABs: SMT 100.1; TC 97.3 and CP 99.5

XXV1



Van Son Tran DOCTORAL THESIS 2017

LIST OF RESEARCH OUTCOMES

Peer-riewed journal papers

I.

Tran, V.S., Ngo, H.H., Guo, W., Zhang, J., Liang, S., Ton-That, C.,
Zhang, X., 2015. Typical low cost biosorbents for adsorptive removal
of specific organic pollutants from water. Bioresource technology, 182,
pp-353-363.

Tran, V.S., Ngo, H.H., Guo, W., Ton-That, C., Li, J.,, Li, J., Liu, Y.,
2017. Removal of antibiotics (sulfamethazine, tetracycline and
chloramphenicol) from aqueous solution by raw and nitrogen plasma

modified steel shavings. Science of The Total Environment, 601,

pp.845-856.

. Tran, V.S., Guo W.S., Ngo, H.H., Li, J., Liu, Y., Li, J., Ton-That, C.,

2017. Enhancement of steel shavings’ heavy metal adsorption capacity
by a novel plasma modification method. Journal of Industrial and

Engineering Chemistry (Submitted and under reviewing).

Contribution to scientific forums

1.

Tran, V.S., Ngo, HH., Guo, W.S., Ton-that, C., 2017. Single and
competive adsorption of antibiotics (sulfamethazine, tetracycline and
chloramphenicol) onto nitrogen plasma modified steel shavings (oral
presentation). The Inaugural International Conference on Green
Technologies for Sustainable Water (GTSW). Hanoi, Vietnam, 13-16

October, 2017 (accepted).

XXVl



Van Son Tran DOCTORAL THESIS 2017

Awards
1. 2015 HDR Students publication Award from Faculty of Engineering
and Information Technology (FEIT), University of Technology Sydney
(UTS) for publishing in high quality Journals.
2. 2014 one-off scholarship from Centre for Technology in Water and

Wastewater (CTWW), University of Technology Sydney (UTS).

XXViil



Van Son Tran DOCTORAL THESIS 2017

PhD DISSERTATION ABSTRACT

Author: Van Son Tran
Date: 23 June 2017
Thesis title: Plasma modified steel processing by-product for removing

heavy metals and antibiotics from water
School: Civil and Environmental Engineering
Supervisors: Prof. Dr. Huu Hao Ngo (Principal supervisor)

Dr. Wenshan Guo (Alternative supervisor)

Assoc. Prof. Dr. Cuong Ton-that (Co-supervisor)

Abstract:

The presence of heavy metals (HMs) and antibiotics (ABs) in the aquatic
environment causes critical problems to human health and the environment. The
adsorptive removal of HMs and ABs onto cost-effective adsorbents has a high
potential. In this study, adsorbents were prepared from steel shavings (StS), a by-
product generated from the steel processing industries. Among adsorbents, nitrogen
plasma modified StS (M3-pIN,) has highest adsorption capacities of HMs and ABs.
Adsorption and co-precipitation were the mechanisms for HMs removal by the
adsorbents, while main driving forces for ABs adsorption were hydrogen bonding,
electrostatic and non-electrostatic interactions, and redox reaction. Thermodynamic
data demonstrated that both adsorption processes of HMs and ABs onto the
adsorbents were feasible, spontaneous and endothermic. Solution pH, particle size,
adsorbent dose and contact time exerted great influences on the adsorption process.

Optimal conditions for the adsorptive removal of HMs were pH 5, adsorbent dose
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5g/L, at 25°C. The best removal of sulfamethazine (SMT) and chloramphenicol (CP)
was observed at pH 3, while tetracycline (TC) was ultimately removed at pH 5 (with
the same adsorbent dose of 2 g/L and at 25°C). The Pseudo-first-order kinetic and
Pseudo-second-order kinetic models described the adsorptive kinetics of HMs and
ABs very well. The Langmuir maximum single adsorption capacities of Pb*", Cu2+,
Cd*", Cr'" and Zn*" onto M3-pIN, were: 27.04, 20.64, 16.87, 14.89 and 18.47 mg/g,
respectively. In competitive adsorption of multi-metals solutions, each competitive
solute adsorption capacities were approximately 2-fold less than the single
adsorption capacities. However, the total of competitive adsorption capacities was
higher than those of single solute sorption. Single Langmuir adsorption capacities of
SMT, TC and CP onto M;-pIN, were 2702.55, 2158.36 and 2920.11 pg/g,
respectively. Adsorption capacities of mixed-ABs onto the adsorbents were nearly 2-
fold less than individual adsorption capacities. Furthermore, the metals-loaded M;-
pIN> was well regenerated using sulphuric acid 0.IN after 5 cycles of adsorption-
desorption, while the most effective reagent to regenerate ABs-loaded M3-pIN, was
methanol 0.1N solution after 2-3 adsorption-desorption cycles. The semi-pilot scale
experiments confirmed that fixed-bed column using Ms-pIN, could efficient abate
both HMs and ABs from water with the highest removal efficiencies at a flow rate of
3.47 L/min and bed height of 35 cm. The column adsorption data was well described
by The Thomas, Yoon-Nelson and BDST models. Overall, the application of Mj3-
pIN, for removing HMs and ABs from aqueous solution can provide tremendous

benefits in treating water and reducing solid wastes.
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1.1. Problem statement
1.1.1. Heavy metals and antibiotics pollution in water and health risk

Typical heavy metals (HMs) in wastewater such as lead, copper, cadmium,
chromium and zinc can endanger public health and the natural environment due to
their toxicity, persistence and steady accumulation (Ali et al., 2013). Exposure to
HMs can cause damage to internal organs and many diseases, even at very low
dosages (Fu and Wang, 2011). The United States Environmental Protection Agency
(USEPA) has established maximum contamination levels for some typical HMs in
surface or groundwater to be used in supplying water for drinking (Nguyen et al.,
2013). For instance, the safe levels for lead, copper, cadmium, chromium and zinc
are 0.006, 0.25, 0.01, 0.05 and 0.80 mg/L, respectively.

Water pollution caused by antibiotics has also become a widespread
environmental problem (Rajapaksha et al., 2015). The chemicals are widely used in
human and veterinary medicine for inhibiting illness (Lu et al., 2016). Recent studies
have shown that a number of antibiotics are detected in surface and groundwater
(Adams et al., 2002). Most antibiotics access the environment, particularly in the
aquatic matrix, through discharge or disposal from medical, municipal, and
agricultural sources (Adams et al, 2002, Pouran et al., 2014). Even at low
concentrations in water, pharmaceuticals can pose serious problems to the ecosystem
such as potential risks of environmental toxicity and promotion of microbial
resistance (Chen et al., 2011; Qiang et al., 2013; Fan et al., 2010; Lu et al., 2016).

Some typical antibiotics are selected in this study including sulfamethazine
(SMT), tetracycline (TC) and chloramphenicol (CP). Sulfamethazine (SMT) is a

compound belonging to the sulphonamide group. SMT is usually used in veterinary
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medicine or livestock feeds for cattle and swine which can be detected at high
concentration in aqueous solution due to poor adsorption ability on soil (Rajapaksha
et al., 2015). Tetracycline (TC) belonging to the tetracyclines group of antibiotics, is
also applied to livestock as an additive to combat diseases (Chen et al., 2011).
Chloramphenicol (CP) is an antibiotic commonly utilized in veterinary clinics. The
appearance of the compounds in water results in several side effects such as aplastic
anemia (Nie et al., 2015). While being banned from applying to food-producing for
animals in developed countries, these chemicals are still used in many developing
nations due to their low cost, effectiveness and availability (Nie et al., 2015).

Thus, the developing efficient and cost-effective techniques for the removal
of such compounds (HMs and ABs) from water are critically important (Chen et al.,
2011; Nguyen et al., 2013).

1.1.2. Removal technologies of heavy metals and antibiotics from water

Current literature shows that several common methods have been used for the
removal of HMs from aqueous solution such as chemical precipitation, ion exchange,
adsorption, membrane filtration, coagulation-flocculation, flotation, electrochemical,
electrodialysis and photocatalysis (Fu et al., 2011; Nguyen et al., 2013; Wang and
Chen, 2009; Cundy et al., 2008). Adsorption has distinct advantages over other
methods for removing HMs at low concentration due to its environmental friendly,
economical and highly efficient (Tran et al. 2015). Hence, the adsorption technique
has become a forefront among the major processes for removing heavy metal from
water (Hua et al., 2012).

Recently, a wvariety of methods to remove antibiotics and other

pharmaceuticals from aquatic matrix such as advanced oxidation processes,
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combined chemical/biological treatment, aerobic digestion integrated with activated
carbon, ion exchange, coagulation, flocculation, sedimentation, ultraviolet
irradiation, have been attempted by a number of reseachers (Adams et al., 2002;
Homem and Santos, 2011; Qiang et al., 2013; Nie et al., 2015). However, Qiang et
al. (2013) reported that these conventional methods are moderately ineffective in
removing antibiotics from aquatic media. The authors suggested that adsorption
using cost-effective adsorbents is considered as an effective process to remove
antibiotics from aqueous solution.

1.1.3. Adsorption of heavy metals and antibiotics by steel shavings

There are many kinds of adsorbents, however, studies on iron (in the zero
valent (Fe) and oxides state) as an adsorbent has garnered significant interest
because of its adsorption ability, abundance and its known role in the environment as
a cycler of heavy metal contaminants (Cundy et al., 2008). Moreover, some types of
iron-based adsorbents are magnetic and offer advantages in the separation process
from aqueous solutions under a magnetic field for recycling or regeneration (Hua et
al., 2012).

Several types of magnetic materials have been employed in HMs abatement,
for instance, magnetic iron, nanoparticles, magnetite, iron coated sand, blast furnace
slag, green rust and iron oxides (Bhatnagar and Mika, 2010; Haider, 2011; Uziim et
al., 2008; Sikder et al., 2014; Gheju and Balcu, 2011).

Similarly, a number of iron-based adsorbents have been used for the removal
of antibiotics from aqueous solution (Xia et al., 2014; Chen et al., 2011; Qiang et al.,

2013; Ghauch et al., 2009; Fang et al., 2011).
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Using adsorbents from wastes or by-products of agricultural, municipal and
industrial sectors can reduce the quantity of solid waste, coupling with an increase in
the value of the materials. Steel shavings (StS), a magnetic waste generated in very
large amounts from steel processing industry. The materials contain large amounts of
zero-valent iron and iron oxides (Tran et al., 2017). Hence, studies on the utilization
of steel shavings to abate metal ions and antibiotics from aqueous solution are
urgently required.

The application of a novel modification technique to produce a superior
adsorbent is certainly valuable for water treatment. In recent years, one of the most
promising modification methods for iron-based adsorbents is plasma cleaning (Tran
et al.,, 2017). Gas plasma treatment causes to potential effects on chemical or
physical surface changes. When exposing the iron to a plasma generated in a
vacuum, the surface of the adsorbent is bombarded. It leads to adventitious
hydrocarbons being removed from the iron surface, enhancing the iron surface
available for adsorption of pollutants. Selecting employed gas to produce the plasma
is very important (Deiries et al., 2005). Some common gases have been used for the
process such as oxygen, hydrogen, argon, nitrogen and helium (Plasma etch, 2017).
Oxygen, the most commonly gas in plasma cleaning, is effective in removing
hydrocarbons both physically and chemically on the surfaces of oxidation-resistant
metals such as aluminum and stainless steel (Deiries et al., 2005). Nevertheless,
when using a material prone to oxidation as iron, inert gasses, for instance argon and
nitrogen, can serve to generate the plasma with the purpose of achieving the same

result without further oxidizing the sample (Tran et al., 2017).
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This research “Plasma modified steel processing by-product for removing
heavy metals and antibiotics from water” aims to use steel shavings, a low-cost
adsorbent, for removing HMs and ABs from water. In this study, gas plasma method
was employed to improve the efficiency of HMs and ABs removal from aqueous
solution by the adsorbents.

1.2. Research hypotheses

The principal hypothesis for this research is the removal of HMs and ABs
from water using nitrogen plasma modified steel shavings.

The subsequent hypothesis is steel shavings will be an efficient, affordable
and sustainable adsorbent for the removal of HMs and ABs from water. With the
regeneration of adsorbent and applicability of plasma modified steel shavings in
synthesized wastewater at semi-pilot scale treatment will be economically
achievable.

1.3. Objectives

The overall objective of this research is to explore novel, economical and
approachable materials to abate toxicants such as heavy metals and antibiotics from
water.

To achieve this overall objective, this study has set out a number of specific
targets as follows:

e Reviewing current studies in the literature on water pollution by heavy metals
and antibiotics, together with technologies for removing them from aqueous
solution;

e Exploring novel low-cost materials for heavy metals and antibiotics removal
from water, based on findings in the literature review and conducting

experimental studies;
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e Determining optimal conditions such as particle size, employed gas in plasma
modification to develop adsorbents for the removal of pollutants;
e Characterizing the developed materials in the pre and post adsorption states;
e Conducting parametric studies to determine the factors influencing adsorption
process such as pH, adsorbent dose, temperature;
e Discovering adsorption isotherm and kinetic models of single and
competitive solutes of toxicants on the material;
e Proposing adsorption mechanisms of metal ions and antibiotics onto the
adsorbent based on literature review and experimental data;
e Evaluating the regeneration of the adsorbents after adsorption of metal ions
and antibiotics from aqueous solution;
e Designing treatment units at semi-pilot scales for synthesized wastewater
treatment by using the adsorbent;
e Examining the factors affecting the removal efficiencies of heavy metals and
antibiotics to achieve the optimal treatment design for the applicability of the
materials in wastewater treatment;
e Assessing column adsorption data by the use of dynamic breakthrough curves
models.
1.4. Research significance

The use of steel shavings not only can reduce large quantity of solid waste
but also produce a good adsorbent for removing pollutants from water and
wastewater. The amount of steel shavings as a by-product from steel processing
industry is very large. Applicability of the adsorbent to wastewater treatment

depends on the adsorption capacity, regeneration ability and treatment design.
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1.5. Thesis outline
This thesis consists of 8 chapters with the following structure:

Chapter 1 presents a context for this study and identifies the research
problem, together with the research objectives and its significance. In addition, the
main tasks to achieve the objectives and scope of this research are also emphasized
in details. Chapter 1 finishes with the layout of the thesis.

Chapter 2 offers a research background for this study. This chapter starts
with the introduction of literature review. Then, the water pollution caused by HMs
and ABs (definition, sources, adverse effects and regulations) are discussed.
Subsequently, the chapter introduces technologies for removing HMs and ABs from
water, especially adsorption method using low-cost adsorbents. The use of iron-
based adsorbents focuses on the removal mechanisms, adsorption capacities and
applications. The plasma technique for adsorbent modification is also introduced in
this chapter. Chapter 2 concludes with key findings from literature review and
determines the proper research direction.

Chapter 3 provides the materials and methodologies utilized in this study.
This chapter describes in details all experiments conducted in the present study such
as chemical preparation, experimental set up and experimental procedures.
Furthermore, instruments for material characterization, analytical methods and
equipment for analyzing HMs and ABs concentrations are presented.

Chapter 4 refers to the development of adsorbents from steel shavings for
removing HMs and ABs from water. A comparative study on different kinds of
adsorbents is carried out to determine the most effective adsorbent. Characterization

of the selected adsorbent is then implemented using Scanning electron microscope
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(SEM-EDS), Powder X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET),
Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS) and Zeta-potential methods.

Chapter 5 explores the performance of raw and modified steel shavings in
batch experiments for removing HMs. The influential factors of the adsorption
process including pH, adsorbent dose and temperature are studied. Adsorption
kinetics and isotherms in single and competitive solutes of metal ions are critically
analyzed. In addition, the proposed mechanism of HMs sorption on the adsorbents is
proposed and discussed. In the final part of this chapter, regeneration of adsorbents
and adsorption-desorption cycles are also carried out.

Chapter 6 focuses on the antibiotics removal by raw and modified steel
shavings in batch experiments. A frame work of experimental study is set up in this
chapter for the removal of ABs to appraise the affecting factors such as pH,
adsorbent dose and temperature to adsorption process. The isotherms and kinetics
models are used to analyze the experimental data of single and competitive
adsorptive removal of ABs from water. Additionally, desorption ability of the
adsorbents is determined. Finally, uptake pathways for abatement of ABs from water
by raw and modified steel shavings are suggested using XPS and FTIR spectra
analyzing.

Chapter 7 reports the performance of nitrogen plasma modified steel
shavings for removing HMs and ABs in semi-pilot scales. Removal efficiencies of
pollutants using the adsorbent in different semi-pilot scale treatment designs are
discussed in details. From experimental results, the optimal semi-pilot treatment

design is chosen and analyzed. Influences of solution pH, flow rate and bed height of
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the column design are implemented. The chapter also presents the evaluation of
experimental adsorption data by dynamic breakthrough curves models including
Adams—Bohart, Thomas, Yoon—Nelson and BDST.

Chapter 8 summarizes major findings of this work for HMs and ABs

removal from water and recommendations for future research.
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2.1. Introduction

This chapter investigates heavy metal and antibiotics pollution in water such
as definition, characteristics of the pollutants, sources and occurrence in the
environment, negative effects on human health and natural ecosystems, and relevant
regulations for those contaminants. Subsequently, the techniques for removing the
pollutants from aqueous solution, focusing on adsorption method using low-cost
adsorbents are also mentioned and discussed. Additionally, the use of iron-based
adsorbents (emphasizing on adsorption mechanism and application) in the removal
of metal ions and antibiotics is analyzed. The use of steel shavings as a novel
adsorbent is mentioned. This chapter discusses the utilization of gas plasma
technique for improving surface properties of steel shavings for abating metal ions
and antibiotics from aqueous solution. Finally, chapter 2 summarizes major findings

and research gaps, which guide the thesis research.
2.2. Heavy metal and antibiotics pollution in water
2.2.1. Heavy metals pollution in water

A. Definition, characteristics

Definition of heavy metals

Heavy metals (HMs) are usually defined as metals with moderately high
densities, atomic weights, or atomic numbers. Typical heavy metals in wastewater
selected in this study including lead, copper, cadmium, chromium and zinc can
endanger public health and the natural environment due to their toxicity, persistence

and steady accumulation (Barakat and Kumar, 2015).
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Characteristics of these typical heavy metals

According to USEPA (2002), lead occurs in several oxidation states: 0, +1,
+2 and +4, in which Pb*" is the most stable ionic species in natural environments. On
the other hand, copper exists in four oxidation states: 0, +1, +2 and +3. Since most
copper ions exist in Cu'" (cuprous) and Cu?* (cupric), Cu'" is not stable and often
oxidized to Cu®*" (Hossain, 2013). Cadmium is present in +2 oxidation state in nature,
and can form complexes with hydroxide, carbonate, chloride, sulfate and humic
material (Arain et al., 2008; USEPA, 2002). Chromium occurs in two oxidation
forms including primarily in the trivalent state (+3) and hexavalent state (+6).
Among the two forms, Cr’" is the primary and most stable state of chromium
(Barceloux and Barceloux, 1999). The chemical nature of zinc is quite similar to that
of cadmium. Zn*" is the oxidation state in aqueous solution (Hossain, 2013).
B. Sources and occurrence of HMs in the environment

Heavy metals are naturally present in the environment and enter aquatic
environments via various geochemical processes (Sapkota et al., 2008). The
pollutants may go into the aquatic environment due to anthropogenic sources such as
discharge from households, agriculture and industries (Nagajyoti et al., 2010). There
is also an increasing awareness that urban runoff causes a serious metal problem
(Raskin et al., 1997). Street dust (from the air), dirt, and various solids, together with
various applied chemicals (e.g., pest control), have contributed significantly to the
problem (Nagajyoti et al., 2010). Another domestic source of heavy metal
contaminants is landfill which is an engineered measure for solid waste storage. Each
year the amounts of lead, copper and zinc generated are 332,350; 35,370; 131,880

tons into the atmosphere, 138,000; 112,000; 226,000 tons into the aquatic
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environment and 796,000; 954,000; 1,372,000 tons into the soil, respectively
(Hossain, 2013).

The concern about negative effects of HMs on human health and aquatic
ecosystems has been rising since the early 1970s (Karvelas et al., 2003). Generally,
HMs pollution was mostly associated with areas of intensive industries (Hossain,
2013; Karvelas et al., 2003). Nowadays, heavy metal pollution is a problem in both
industrial and developing countries. The concentrations of HMs in various
environmental matrices are in the ppb range to less than 10 ppm (Tchounwou et al.,
2012).

C. Adverse effects of the HMs pollution

Metals can be classified into two groups including those that are vital for
survival, such as iron and calcium, and those that are unnecessary or toxic, such as
cadmium and lead (Hossain, 2013). Exposure to HMs can cause neurotoxic and
carcinogenic effects, damage to internal organs and many diseases, even at
significant low dosages (Rahimi et al., 2015; Sapkota et al., 2008). Lead can cause
several adverse effects to human health such as encephalopathy, seizures and mental
retardation, kidney damage, disruption of the nervous system, and reducing
hemoglobin production (Igwe and Abia, 2007; Hossain, 2013). Correspondingly, the
intake of copper can lead to health problems, e.g. gastrointestinal disturbance, liver
and kidney failure, Wilson's disease and insomnia to human (Hossain, 2013).
Negative effects of cadmium include birth defects, kidney damage, renal disorder,
Itai-Itai disease, hepatic damage, cancer, and hypertension (Han et al., 2009; Igwe
and Abia, 2007; Kurniawan et al., 2006). Moreover, chromium can result in liver and

kidney necrosis (Dayan and Paine, 2001). Zinc could create some severe effects to
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human health such as depression, lethargy, neurologic signs (seizures and ataxia, and
increased thirst) (Kurniawan et al., 2006).

Correspondingly, the higher accumulation of HMs in the surface and
groundwater systems prevents the growth of aqueous organisms and ends the
beneficial usages of the water bodies. The metal ions could accumulate in fishes and
other aquatic organisms, and lastly could reach the human body through food chains
(Hu et al., 2005). Moreover, the heavy metals can leach into the groundwater and
drinking water (Hossain, 2013).

D. HMs relevant regulations

Because of HMs toxicity and bioaccumulation, many countries have set up
legislation and regulations for disposal of waste containing heavy metal (European
Commission, 2002; Karvelas et al.,, 2003). The United States Environmental
Protection Agency (USEPA) has established maximum contamination levels of some
typical HMs for surface or groundwater to be used in the drinking water supply. For
instance, the safe levels of lead, copper, cadmium, chromium and zinc are 0.006,
0.25,0.01, 0.05 and 0.80 mg/L, respectively (Nguyen et al, 2013).

2.2.2. Antibiotics pollution in water
A. Definition, characteristics
Definition of antibiotics

Antibiotics (ABs) are traditionally defined as a group of compounds that
eradicate microorganisms or inhibit their growth (Sapkota et al., 2008; Marzo and
Bo, 1998). Nevertheless, the term “antibiotic” has been extended for antibacterial,
antiviral, antifungal and antitumor substances. Most of these chemicals are natural

from microbial origin, however possibly semi-synthetic or totally synthetic (Sapkota
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et al., 2008; Homem and Santos, 2011). The chemicals are widely used in large
quantities to treat bacterial diseases in both humans and animals (Nie et al., 2015).
Characteristics of antibiotics

There are several classes of ABs depending on the spectrum, the mechanism
of action or the chemical structure. There are about 3000 different compounds which
are used as constituents of medicinal products in human and veterinary medicine
(Ghauch et al., 2009). The physicochemical properties of antibiotics will affect their
distribution in the environment as reported by Kemper (2008). Some typical
antibiotics are selected in the present study including sulfamethazine (SMT),
tetracycline (TC) and chloramphenicol (CP). Sulfamethazine (SMT) is a compound
belonging to the sulphonamide group. SMT is usually used in veterinary medicine or
livestock feeds for cattle and swine, and can be detected at high concentration in
aqueous solution due to soil’s poor ability to adsorb it (Rajapaksha et al., 2015).
Tetracycline (TC), which belongs to the tetracyclines group of antibiotics, is also
applied to livestock as additives to combat diseases (Chen et al., 2011).
Chloramphenicol (CP) is an antibiotic commonly utilized in veterinary clinics and
effective against Gram-positive and Gram-negative cocci and bacilli (Liu et al.
2009). The characteristics of SMT, TC and CP such as molecular formular, weight,
core structure and treatment methods are shown in Table 2.1.
B. Sources and occurrence of ABs in the environment

ABs are widely used in veterinary and human medicine with annual
consumption was 100000-200000 tons (Xu et al., 2007; Lu et al., 2016). While being
banned from application to food-producing animals in developed countries, these

chemicals are still used in many developing nations due to their low cost,
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effectiveness, availability and limited or no regulatory guidelines in place (Nie et al.,
2015; Sapkota et al., 2008). Human and veterinary antibiotics have been detected in
different matrices, as observed by Homem and Santos (2011). Recent studies have
shown that several ABs are detected in surface and groundwater (Adams et al.,
2002).

Most antibiotics enter the environment, notably in the aquatic matrix, through
discharge or disposal from medical, municipal, and agricultural sources (Adams et
al., 2002, Pouran et al., 2014). Figure 2.1 illustrates the pathway of antibiotics going
into the natural environment through a diversity of sources. The chemicals can
contaminate soil, surface and groundwater via runoff or leaching by using manure of
livestock, aquaculture, poultry, pets as fertilizer for agriculture production (Homem
and Santos, 2011). In the same way, disposal and excretion of households, industry,
hospitals and services introduce human antibiotics into the environment (Homem and
Santos, 2011). According to Xu et al. (2007), most of wastewater treatment plants
(WWTPs) and drinking water treatment plants (DWTPs) are not prepared to
eradicate high polar micropollutants such as antibiotics. Thus, antibiotics can enter

the surface water, groundwater and drinking water.
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Table 2.1 Chemical structure and properties of the study antibiotics (Ahmed et al., 2015; Adams et al., 2002; Homem and Santos, 2011;
Xia et al., 2014; Pubchem, 2017)

Compound, Molecular Logkow, Analysis Possible structure Core structure Treatment methods
CAS number formular, weight pKa, wave
Solubility length
Sulfamethazine C,H4N,O,S 0.14/0.28 275 It is characterized by =~ Coagulation, flocculation,
57-68-1 278.34 2.65/7.65 sulfonyl group sedimentation, excess lime,
4.3(10% E "f)\ connected to an soda ash, softening,
9==9==0 amine group powdered activated carbon
sorption, chlorination,
ozonation, direct photolysis,
u Ny ion exchange, reverse
osmosis, nanofiltration,
semiconductor
photocatalysis, photo-fenton
Tetracycline CyHuN,Og-HCl  —1.37 260 This antibiotic Ion exchange, nanofiltration,
60-54-8 444 .43 33 contains an coagulation, adsorption with
8.3 octrahydronaphtacene activated carbon, adsorption

ring skeleton,
consisting of 4 fused

rings

with aluminum oxide,
semiconductor
photocatalysis, photo-fenton,

direct photolysis
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Compound, Molecular Logkow, Analysis Possible structure Core structure Treatment methods
CAS number formular, weight pKa, wave
Solubility length
Chloramphenicol C;,H;,CI,N,05 1.14 272/278 S e It contains a Semiconductor
56-75-7 323.13 - N, nitrobenzene moiety  photocatalysis, nano zero-
5.5% . , connected to a valent iron, adsorption,

(=)

propanol group as
well as an amino
group binding a
derivative of

dichloroacetic acid

advanced oxidation
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Figure 2.1 Sources of antibiotics in the environment (Adapted from Homem and
Santos, 2011)

First reports regarding appearance of ABs in water were seen around 40 years
ago (WHO, 2011). According to Homem and Santos (2011), the presence of ABs in
environmental matrices has been investigated. Antibiotics have been detected in
several environmental matrices including surface water, groundwater, seawater,
drinking water, wastewater treatment plants effluent, hospital wastewater and
biosolids (Adams et al., 2002; Ghauch et al., 2009). Typically, the concentrations of
ABs are in the higher mg/L range in hospital effluents, and lower mg/L range in
municipal wastewater and ng/L in surface, sea and groundwater (Adams et al., 2002;
Homem and Santos, 2011).

According to WHO (2011), concentrations of pharmaceuticals in surface
water, groundwater and partially treated water are usually less than 0.1 pg/L and

concentrations in treated water are generally below 0.05 ug/L. For instance,
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concentrations of chloramphenicol (CP) in municipal sewage, the Nanming River
and the sediment of Nanming River of Guiyang City, China were reported at 47.4
pg/L; 19.0 pg/L and 1138 ng/kg, respectively (Liu et al., 2009). The chemical was
also revealed in sewage treatment plant effluents and river water at concentrations up
to 0.56 and 0.06 ug/L, respectively (Liu et al., 2009).

Furthermore, sediments from rivers that are influenced by agricultural
activities have higher ABs levels than sediments from other areas (Kiimmerer, 2009).
Due to the use of manure or sludge as fertilizers, appearance of ABs in soil is also
more prevalent. Thus, the findings of these compounds in vegetables and cereals
were also reported by Homem and Santos (2011). Current literature shows detection
of TCs at up to 0.15 pg/L in groundwater and surface water, 86—199 pg/kg in soil,
4.0 mg/kg in liquid manure, and 3 pg/L in farm lagoons (Chen et al., 2011). The ABs
are very stable in the environment due to their highly polarity and non-volatile nature
(Hernando et al., 2006).

C. Adverse effects of the ABs pollution

Even low concentrations of pharmaceuticals in water can pose serious
problems to the ecosystem such as their potential risks of environmental toxicity and
promotion of microbial resistance (Chen et al., 2011; Qiang et al., 2013; Fan et al.,
2010; Lu et al., 2016). The appearance of the compounds in water results in several
side effects such as aplastic anemia. Aplastic anemia is a condition that occurs when
the human body stops producing enough new blood cells, causing fatigue and a
higher risk of infections and uncontrolled bleeding (Figure 2.2). While being banned
from application to food-producing animals in developed countries, these chemicals

are still used in many developing nations due to their low cost, effectiveness and
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availability (Nie et al., 2015). Antibiotics cannot be effectively removed by
conventional wastewater treatment methods. Thus, they can accumulate causing a
serious problem for aquatic organism and the ecosystem (Xi et al., 2014; Nie et al.,
2015; Rajapaksha et al., 2015). Different negative effects of CP were discovered,
e.g., fatal bone marrow depression and aplastic anemia as reported by Liu et al.
(2009).

Additionally, ABs are responsible for the production of resistant
microorganisms, resulting in serious problems of public health such as difficulties in

treating pathologies and imbalance of microbial ecosystems (Homem and Santos,

2011).
Symptoms of
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Figure 2.2 symptom of aplastic anemia (Pinterest, 2017)
D. ABs relevant regulations

Pharmaceuticals in general, and specifically antibiotics are normally
controlled by stringent regulatory processes and necessarily rigorous preclinical and

clinical studies to evaluate their efficacy and safety prior to commercialization
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(WHO, 2011). Thus, ABs are generally better characterized than other environmental
pollutants. The European Union (1990) has set up several legal limits for ABs in
food such as 4-1500 pg/kg for milk and 25-6000 pg/kg for other food products from
animal origin. However, there is no legislation applied to environmental matrices
(Homem and Santos, 2011).
2.3. Technologies for the removal of heavy metals and antibiotics from water
Due to negative effects of water pollution caused by HMs and ABs,
developments in efficient and cost-effective techniques for the removal of such
compounds from water are necessary (Chen et al., 2011). There are different methods
for removing HMs and ABs from water.
2.3.1. Heavy metals removal technologies
Numerous methods have been employed for the removal of heavy metals
from water and wastewater. Table 2.2 shows the advantages and disadvantages of
each method for removing metals from wastewater.

Table 2.2 Common methods for HMs removal from aqueous solution (Rahimi et al.,
2015; Nguyen et al., 2013; Atta et al., 2015; Simate and Ndlovu, 2015 )

Method Advantages Disadvantages
Chemical Inexpensive Ineffective at low contaminant
precipitation Simple process concentration

High consumption of reagents

Large amounts of sludge

Ion exchange

Adsorption

High treatment capacity
Energy efficient
Metal selective
High regeneration of materials
Most of metals can be removed
Effectively removes low
concentration of heavy metals
(>99%)
Regeneration by desorption

23

High cost

Less number of metal ions removed
lon-exchange resins must be
regenerated by chemical reagents
Cost of adsorbent

Limited by ability of adsorbent
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Method Advantages Disadvantages
Membrane High efficiency High cost due to membrane fouling
filtration Treat large volumes Process complexity
Small space requirement, high
separation selectivity
Coagulation- Good recoverability properties  High chemical consumption
flocculation High cost
Flotation High contaminant selectivity High initial capital cost
Low operating cost
Electrochemical ~ Metal selective Initial solution pH and current density
Pure metals can be achieved High consumption of electricity
Rapid and highly controlled Production of sludge
removal
No additional reagents
required
Electrodialysis High separation selectivity High operational cost due to
membrane fouling and energy
consumption
Photocatalysis Removal of metals and organic Long duration time, limited

pollutant simultaneously, less

harmful by-products

applications

A. Chemical precipitation

Due to some metal salts being insoluble in water and can be precipitated,

some necessary anions are added to remove heavy metals from aqueous solution

(Hossain, 2013). This method is usually utilized for the removal of HMs up to parts

per million (ppm) from wastewater. The sludge is often produced during the

treatment process, leading to a significant problem (Gray and Schrefler, 2001).

Precipitation is also ineffective in the removal of HMs at low concentrations and

consumes a lot of reagents (Srivastava and Majumder, 2008; Hossain, 2013).

B. Ion exchange

The ion exchange process uses electrostatic forces on the exchange resin for

exchanging metal ions from water (Kurniawan et al., 2006). The treatment method is
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not suggested for any wastewater containing over 2500 mg/L of dissolved solids
(Dabrowski et al., 2004). This technique uses an ion exchanger, commonly synthetic
organic resins, to exchange either cations or anions and it can clean up water at ppb
levels.

However, this removal technology requires high investment and operational
cost as well as partial uptake of certain ions (Hossain, 2013). Other disadvantages of
ion exchange include ineffectiveness with concentrated metal ions and highly
sensitive to pH of the solution (Dabrowski et al., 2004). Furthermore, the ion
exchange needs chemical reagents to regenerate (Hossain, 2013).

C. Adsorption

Adsorption has distinct advantages over other methods for removing HMs at
low concentration because it is environmental friendly, economical and highly
efficient (Tran et al., 2015; Wang and Chen, 2009). The removal process is flexible
in design and operation and frequently produces high-quality treated effluent. In
addition, adsorbents can be regenerated by suitable desorption reagents (Fu and
Wang, 2011). Hence, the adsorption technique has become at the forefront among the
major processes for removing heavy metals from water. Nevertheless, the efficiency
of this method is limited depending on the capability of the adsorbent.

D. Membrane filtration

Membrane technology has been used in many industries for the removal of
metal ions from water (Hossain, 2013). The treatment method can be used to abate
oil and metal ions. This removal technique is highly efficient, treating large volumes,
requiring a small space and has high separation selectivity. Membrane practices

regularly consist of microfiltration, ultrafiltration, nanofiltration and reverse osmosis.
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Most of membrane technologies require high quality of feed solution, hence they are
often utilized as the last process in wastewater treatment. Conversely, the high cost
of membranes and instability with certain kinds of chemicals and pH of solution are
disadvantages of this method. Additionally, the membrane must be cleaned and
washed, high cost due to membrane fouling and complexity of operation (Nguyen et
al., 2013; Radjenovic’ et al., 2008).
E. Coagulation-flocculation

Coagulation-flocculation is a treatment process for removing suspended
solids, colloidal particles and heavy metals. This technique is used in the final stage
of liquid-solid separation and followed by sedimentation and filtration (Fu and
Wang, 2011). Coagulation is the destabilization of colloids through the forces that
keep them apart. Various coagulants were applied in the conventional treatment
processes such as aluminium, ferrous sulfate, ferric chloride and polyaluminium
chloride (PAC) (El Samrani et al., 2008). Flocculation is the agglomeration of
polymers to form bridges between the flocs and bind the particles into large
agglomerates or clumps, which then can be settled (Fu and Wang, 2011; Hossain,
2013). While the coagulation-flocculation has a good recoverability of HMs, the
technique requires high chemical consumption, high cost and it cannot completely
remove the HMs from wastewater (Nguyen et al., 2013).
F. Flotation

Flotation is a technique that was used in mineral and environmental
technologies. The process is often applied following a biological treatment stage in a
wastewater treatment plant for removing metal-loaded biomass. Several kinds of

flotation have been utilized such as foam or bubble fractionation, foam separation or
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froth flotation to remove HMs from water (Hossain, 2013). The flotation technology
has a high contaminant selectivity and low operating cost. However, it requires high
initial capital investment (Nguyen et al., 2013).
G. Electrochemical

Electrochemical technique uses a cathode and anode system with electricity
to remove HMs from water. In this method, the metal ions are attached to the cathode
surface and can recover metals in the elemental metal state (Fu and Wang, 2011).
Advantages of the process are metal selectivity, pure metals achievement, rapid and
highly controlled removal and no additional reagents requirement (Wang et al.,
2007). However, the wastewater treatment by electrochemical technology involves
high capital investment and electricity supply cost. Moreover, the process also
produces a large amount of sludge (Nguyen et al., 2013; Tran et al., 2015).
H. Electrodialysis

Electrodialysis is a membrane separation technique for removing HMs using
an ion exchange membrane by applying an electric potential (Barakat, 2011). This
method separates ionic species (heavy metals) of a solution by the use of
semipermeable ion-selective membranes (Hossain, 2013). The advantages of this
process are high separation selectivity and maintaining a low metal ions
concentration. The method’s drawbacks are energy consumption, high capital cost
and the formation of metal hydroxides which clog the membrane resulting in high
operational cost (Tran et al., 2015; Hossain, 2013). As a membrane process,
electrodialysis requires clean feed, careful operation, periodic maintenance to inhibit

any damages (Barakat, 2011).
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K. Photocatalysis

Photocatalytic process is a technique that converts solar energy for useful
purposes such as HMs removal. Many semiconductors have been used for this
technique including TiO,, ZnO, CeO,, CdS, ZnS, etc (Barakat, 2011). Among those,
titanium dioxide has achieved the best performance in removing contaminants from
aqueous solution. The technology can remove metals and organic pollutants
simultaneously and creates less harmful by-products. The destruction of
environmental pollutants by a photocatalytic process is rapid and efficient. However,
this treatment process involves a long duration time and has limited applications.
2.3.2. Antibiotics removal technologies

So far, no studies on the removal of pharmaceuticals via conventional
drinking water treatment processes have been reported (Adams et al., 2002). On the
other hand, a variety of methods to remove antibiotics and other pharmaceuticals
from aquatic matrix such as advanced oxidation processes, combined
chemical/biological treatment, aerobic digestion integrated with activated carbon, ion
exchange, coagulation, flocculation, sedimentation, ultraviolet irradiation, have been
attempted (Adams et al., 2002; Homem and Santos, 2011; Qiang et al., 2013; Nie et
al., 2015). However, it was reported that these conventional methods were
moderately ineffective in removing antibiotics from aquatic media (Qiang et al.,
2013). Adsorption using cost-effective adsorbents is considered an effective process
that removes antibiotics from aqueous solution (Qiang et al., 2013). Table 2.3

summarizes several conventional methods for the removal of ABs from water.
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Table 2.3 Common methods for removing ABs from aqueous solution (Homem and

Santos, 2011)

Method Advantages

Disadvantages

Conventional methods
Biological process, Can treat large effluent flow
filtration, coagulation, rate
flocculation,

sedimentation

Cannot apply for high concentration of
pollutants, creates new waste, low

efficiency

Oxidation and advanced oxidation
Chlorination High efficiency
Ozonation Fast speed, working well with
fluctuating flow rate and
composition of influent
Fenton and photo-Fenton Energy saving, low-cost

reagents, environmental safe

Uses chemicals, high operating cost
High cost of equipment and
maintenance, chemicals, energy supply,
highly affected by operating conditions
Dependent on operating conditions and

target pollutants concentration

Photolysis Appropriate removal of Low removal efficiency
wastewater containing photo-  Dependent on the chemical structure of
sensitive contaminants the ABs, COD level

Semiconductor High efficiency and energy Dependent on catalyst concentration,

photocatalysis saving and operating conditions

Electrochemical Effective, versatile, cost- Can treat small flow rates only; high

processes effective, ease and clean operating cost; dependences of
technology; can treat high electrode material and experimental
levels of ABs and COD conditions

Adsorption High efficiency Not able to destroy ABs but adsorb
Not producing toxic them on adsorbents’ surface
metabolites High cost of conventional adsorbent

(activated carbon)

Membrane

Reverse osmosis, nano Simple and high energy High maintenance cost

and ultrafiltration efficiency Slow speed for ABs removal

Ion exchange Reversible process

Sensitive to temperature
Requiring backwashing and

regeneration regularly; fouling problem

Combined chemical Maximize removal efficiency

and biological processes

Need careful set up and operation
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A. Conventional methods

The conventional wastewater treatment plants frequently used techniques
such as biological processes, filtration and coagulation/flocculation/sedimentation
(Adams et al., 2002; Homem and Santos, 2011; Arikan, 2008). The biological
process degraded organic compounds in activated sludge tanks and treating large
effluent flow rates. However, this technique cannot be applied for treatment of high
toxic pollutants due to their being toxic to microorganisms (Homem and Santos,
2011). The filtration removes the solid particles by passing the wastewater via a
filtration media such as sand, coal, diatomaceous earth, granular activated carbon.
The disadvantage of filtration is it cannot degrade pollutants, but accumulate it in the
solid phase, creating a new waste (Eckenfelder, 2006).
Coagulation/flocculation/sedimentation utilizes chemicals to increase the solids
sedimentation, pollutants precipitation and colloids formation and is easy to settle
down. Nevertheless, the methods achieve low efficiency for removing ABs and need
a following treatment to remove the pollutants from water (Homem and Santos,
2011).
B. Oxidation and advanced oxidation processes

One of the alternative treatment methods for removing antibiotics from
aqueous solution is oxidation and advanced oxidation processes. The methods use
oxidation reagent or oxidants to oxidize the pollutants to less toxic compounds.
Oxidants were used such as chlorine and molecular ozone. Advanced oxidation
processes are oxidative methods based on the generation of intermediate radicals, the
hydroxyl radicals (.OH), which are extremely reactive and less selective than

chlorine or molecular ozone. The advanced oxidation processes are very effective to
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treat many organic pollutants (Bautitz and Nogueira, 2007). Homem and Santos
(2011) indicated several types of oxidants were used in advanced oxidation processes
including ozonation, Fenton, photo-Fenton, photolysis, semiconductor photocatalysis
and electrochemical processes.
Chlorination

Chlorine gas or hypochlorite has been often used for disinfecting the drinking
water in the post-treatment stage because of its low cost and high efficiency (Acero
et al., 2010). Recently, chlorinated species such as chlorine, chlorine dioxide,
hypochlorous acid were also utilized for treating wastewater containing
pharmaceuticals. Due to its oxidizing power, chlorine oxidizes them to readily
biodegradable and less toxic compounds (Deborde and von Gunten, 2008).
Ozonation

Ozone is a strong direct or indirect oxidant. Due to its selective reaction with
nucleophilic molecules, molecular ozone can oxidize organic compounds which have
carbon-carbon double bonds, aromatic bonds or nitrogen, phosphorous, oxygen or
sulphur atoms (Ikehata et al., 2006). On the other hand, molecular ozone will be
decomposed in water to form hydroxyl radicals. The .OH groups react with ABs, and
then remove the pollutants from water. This is a fast process and can work well with
fluctuating flow rate and composition of wastewater. In contrast, disadvantages of
this technique are high cost of equipment and maintenance, mass transfer limitations
requiring large amount of oxidant as well as energy supply (Homem and Santos,
2011). Furthermore, antibiotics removal from water by ozonation treatment was
influenced by the presence of organic matter, suspended solids, carbonate,

bicarbonate and chlorine ions, pH and temperature (Homem and Santos, 2011).
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Fenton and photo-Fenton

Fenton’s reagent is a mixture of hydrogen peroxide and ferrous ions in acidic
medium that has a strong oxidizing ability (Gan et al., 2009). The mixture produces
hydroxyl radicals which react with antibiotics from aqueous solution (Homem and
Santos, 2011). Generally, the application of UV light in the Fenton process (photo-
Fenton) improves the treatment performance. The benefits of this technology are
energy saving as solar radiation is used, using low-cost reagents, environmentally
safe. The dependencies on pH, temperature, catalyst, hydrogen peroxide and target-
compound concentration of the ABs removal are the drawbacks of Fenton and photo-
Fenton. For high turbidity wastewater, the photo-Fenton is unsuitable since the
turbidity prevents the penetration of UV light.
Photolysis

Photolysis uses the natural or artificial light to decompose or dissociate
chemical compounds. Typically, photolysis can work in two ways: direct and
indirect. In direct photolysis, organic pollutants absorb UV light and react with the
constituents of the water matrix or suffer self-decomposition (Trovo et al., 2009). On
the other hand, indirect photolysis degrades the contaminants by photosensitizers like
oxygen and hydroxyl or peroxyl radicals (Arslan-Alaton and Dogruel, 2004). The
efficiency of photolysis is affected by the absorption spectrum of the target-
compound, radiation intensity and frequency, reagent concentration, and very long
reaction times (Kiimmerer, 2009). This technology is ineffective to remove
antibiotics from water compared to other methods and only appropriate to

wastewater containing photo-sensitive contaminants with low chemical oxygen
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demand (COD) concentrations (Homem and Santos, 2011). Moreover, this process
depends on the chemical structure of the antibiotics.
Semiconductor photocatalysis

Semiconductor photocatalysis is the technique which uses artificial or
sunlight to activate a semiconductor (commonly TiO, due to its high stability, good
performance and low cost) for degrading pollutants. The removal mechanism of this
technology includes both hydroxyl radicals and other radical species derived from
oxygen (Homem and Santos, 2011). Removal efficiency of ABs by semiconductor
photocatalysis depends on catalyst concentration, wavelength, radiation intensity, pH
and water matrix. The technique can use solar energy and achieves high efficiency,
thus it is energy saving. In contrast, it is difficult to apply widely as it depends on the
penetration of light through aqueous solution (Homem and Santos, 2011). It can be
time consuming and costly.
Electrochemical processes

The electrochemical process has also been used to remove toxic organic
compounds. In this technique, pollutants are oxidized in anodes (graphite, TiO,, Ti-
based alloys, Ru or Ir oxides, boron-doped diamond) in the presence of an
electrolyte. Antibiotics can be destroyed by direct anodic oxidation or indirectly in
the liquid bulk with mediation of electroactive species (Panizza and Cerisola, 2009).

Advantages of this technique are effective, versatile, cost-effective, easy and
clean technology (Panizza and Cerisola, 2009). The technology can also treat
wastewater containing high concentrations of both antibiotics and COD (Homem and
Santos, 2011). However, the applicability of this technology is limited to small flow

rates and the high operating cost is also a disadvantage. The process performance
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depends on the nature and structure of the electrode material, experimental
conditions (pH, temperature) and electrolyte composition (Jara et al., 2007).
C. Adsorption processes

The adsorptive removal of organic pollutants from water has been widely
applied. The most common adsorbents are solid materials. Remediation of antibiotic-
contaminated water has been studied by sorption on various sorbents such as natural
sorbents, clays, chitosan derivative, activated carbon, and more (Rajapaksha et al.,
2015). There are two different kinds of adsorption regarding the nature of forces
involved including chemical and physical adsorption. In physical adsorption, van der
Waals interactions are mainly forces which are moderately weak. On the other hand,
chemical adsorption relates to the electron transfer and chemical bonds formation
between antibiotics and the solid surface. The interactions in chemical adsorption are
strong and limited to the monolayer coverage (Ruthven, 2006). The advantage of
adsorption is removing ABs instead of producing potentially more dangerous
metabolites (Putra et al., 2009). Conversely, the technology did not destroyed the
antibiotics but concentrated them on adsorbents’ surface. The conventional and most
used adsorbent is activated carbons. However, their high cost means wide application
of this adsorbent is difficult. Thus, adsorption using cost-effective adsorbents is
considered an effective process that removes antibiotics from aqueous solution
(Qiang et al., 2013).
D. Membrane processes

The application of membrane technology for removing antibiotics from

aqueous solution has been increased. The process is unable to degrade the toxicants
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but transfers them into concentrated form. There are several kinds of membrane to
abate ABs such as reverse osmosis, nanofiltration, ultrafiltration and ion exchange.
Reverse osmosis, nano and ultrafiltration

Reverse osmosis is a kind of membrane techniques (Radjenovié et al., 2008).
This process is often used to immobilize large molecules and ions of pollutants. The
flow occurs against the concentration gradient in reverse osmosis. This technique can
efficiently remove dissolved salts but not effectively abate organic compounds.
Moreover, reverse osmosis is simple and has high energy efficiency. Nevertheless,
the membranes are very quickly fouled or damaged. In comparison with other
techniques, reverse osmosis is a slow process for removing ABs from wastewater
(Homem and Santos, 2011). Other membrane processes are nanofiltration and
ultrafiltration (Radjenovi¢ et al., 2008). The technologies are cross-flow filtrations
and usually charged (carboxylic groups, sulfonic groups). Hence, ion repulsion is the
main factor in this treatment and it can remove smaller molecules such as antibiotics.
Furthermore, these membrane processes are sensitive to temperature.
Ion exchange

The water treatment by ion exchange is the use of ion exchange resin (anion
or cation exchangers) to exchange with cations or anions in a liquid medium (Choi et
al., 2007). The most used materials for iron exchange resin is polymeric (styrenic and
acrylic) due to their stability and great selectivity (Dickert, 2000). Ion exchange is
also a reversible process which allows a prolonged using time of the resin. On the
other hand, the technique requires backwashing and regeneration regularly and

fouling is also a problem (Ustiin et al., 2007).
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E. Combined processes

Combination of different technologies in one water treatment system is
necessary to maximize the cleaning performance. However, the combination of
techniques as different stages for water treatment needs a careful study to avoid
negative influences. For instance, most microorganisms in a biodegradation tank are
sensitive to the toxic pollutants or chemicals from previous treatment stages. Thus,
advanced oxidize processes or adsorption has been used as a pre-treatment step to
oxidize the pollutants, making them less toxic and biodegradable before treating with
microorganisms (Tekin et al., 2006).
2.3.3. Adsorption of HMs and ABs using typical low cost materials

Several typical low-cost materials have been applied for removing HMs and
ABs from aqueous solution such as natural minerals, agricultural waste/by-products
and industrial waste/by-products. Table 2.4 specifies the cost of some typical low-
cost adsorbents and commercial activated carbon.

Table 2.4 Prices of low-cost adsorbents (Bailey et al., 1999; Bhattacharyya and
Gupta, 2008; Rafatullah et al., 2010; Olivella et al., 2012; Tran et al., 2015)

Types of adsorbent Price (US.kg")  Source

Coconut shell charcoal 0.34 Bhattacharyya and Gupta, 2008

Rice husk 0.025 Rafatullah et al., 2010

Lignin 0.06 Bhattacharyya and Gupta, 2008

Chitosan 2.2-15.43 Bailey et al., 1999; Rafatullah et al.,
2010

Clay 0.04-0.12 Rafatullah et al., 2010

Zeolite 0.03-0.12 Rafatullah et al., 2010

Clinoptilolite 0.03-0.12 Bhattacharyya and Gupta, 2008

Spheroidal cellulose 1.07 Bhattacharyya and Gupta, 2008

Peat 0.023 Bhattacharyya and Gupta, 2008

Commercial activated carbon 20 -22.00 Rafatullah et al., 2010

Cork waste 0.48 Olivella et al., 2012
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A. Natural minerals

Natural minerals have been used as sorbents for toxicants removal from
wastewater. Typical kinds of these adsorbents such as zeolite, peat, and clays were
used for removing HMs and ABs from aqueous solution. The three materials have
high adsorption capacity, are locally available and inexpensive. Hence, they are also
considered as low-cost adsorbents.
Zeolite

Zeolites are naturally occurring hydrated aluminosilicate minerals, belonging
to the class of “tectosilicates” mineral (Erdem et al., 2004). Erdem et al. (2004)
presented the molecular structure of zeolites consists of three-dimensional
frameworks of SiO4 and AlO, tetrahedra with composition (% by weight): SiO;
69.31, ALOs 13.11, Fe,O3 1.31, CaO 2.07, MgO 1.13, Na,O 0.52, K,O 2.83, SO;
0.10, H,O 6.88 and Si/Al 4.66. The authors argued that the aluminum ion is small
enough to occupy the position in the center of the tetrahedron of four oxygen atoms,
the excess oxygen in the alumina molecules gives the framework of a negative
charge which can be balanced by trapping positively-charged ions (sodium,
potassium, or calcium). These cations are exchangeable with metal ions in solutions
such as lead, cadmium, zinc, and manganese. Peri¢ et al. (2004) reported that the
sorption mechanism of heavy metals on zeolites is a complex procedure due to their
porous structure, inner and outer charged surfaces, mineralogical heterogeneity,
existence of crystal edges, broken bonds, and other imperfections on the surface.
Furthermore, surfactant modified zeolite can also remove organic compounds and
oxyanions from water (Kuleyin, 2007). The sorption of oxyanions by surfactant

modified zeolite was recognized as being due to anion exchange on the positively
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charged surfactant bilayer, whereas the sorption of hydrophobic organic
contaminants was due to partitioning of the organics into the organic phase created
by the surfactant tail groups (Li et al., 2000).

Brazilian natural scolecite, a kind of natural zeolites which has the molecular
formula Nay26Cag95Al2,07S13,00010.3H20, was used as an adsorbent for toxic metal
removal by Dal Bosco et al. (2005). The study revealed that the sorption capacity of
scolecite for metals at 298 K followed the series Cr > Mn > Cd > Ni and the
adsorption process was best described by a Freundlich isotherm. With the same
conditions, conversely, adsorption capacity of metal ions on natural zeolite is
different, depending on characteristics of the ion. In their study, Zamzow et al.
(1990) claimed that the selectivity series of clinoptilolite in the sodium form is: Pb*"
> Cd*" > Cs" > Cu*" > Co*" > Cr'" > Zn*" > Ni*" > Hg”". Maximum adsorption
capacities of toxicants on zeolites (mg/g) following the Langmuir isotherm were also
reported by many authors: Cu®" 9.0, Co*" 14.4, Zn*" 8.8, Mn”" 4.2 (Erdem et al.,
2004); Cr’* 106.4, Ni** 122.0, Cd*" 100.0, Mn®" 109.9 (Dal Bosco et al., 2005); Zn*"
41.8, Cu** 44.2, Cd*" 45.2, Pb*" 56.8 (Baker et al., 2009).

The removal of ABs by natural and synthesized zeolites has been reported by
some authors (Fukahori et al., 2012; Fukahori et al., 2011; Otker and Akmehmet-
Balcioglu, 2005; Blasioli et al., 2014; Fukahori and Fujiwara, 2014; Liu et al., 2013).
Adsorption and degradation of enrofloxacin on natural zeolite achieved maximum
adsorption capacities of 19.3 to 22.6 (mg/g) (Otker and Akmehmet-Balcioglu, 2005).
Fukahori et al. (2012) used the high-silica zeolite HSZ-385 to remove seven
sulfonamide antibiotics from livestock urine. The adsorbed amounts of sulfathiazole,

sulfamerazine, sulfamethizole, sulfadimidine and sulfamethoxazole on high-silica
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zeolite HSZ-385 were 75.0, 87.9, 93.2,91.7, and 94.5 mg/g, respectively. A study by
Martucci et al. (2012) reported the use of synthetic organophilic zeolites for
adsorptive removal of pharmaceuticals such as erythromycin, carbamazepine and
levofloxacin from aqueous solutions. Other studies researched the removal of
sulfamethoxazole by high silica zeolites; sulfonamide antibiotic removal by
TiO2/high-silica zeolite HSZ-385 composite; tetracycline antibiotics removal by
MCM-41 has been modified by impregnation with zeolite (Blasioli et al., 2014;
Fukahori and Fujiwara, 2014; Liu et al., 2013).
Peat

Peat moss is a complex matter with lignin and cellulose as primary
constituents. These constituents, especially lignin and humic acid, bear polar
functional groups, such as alcohols, aldehydes, ketones, carboxylic acids, phenolic
hydroxides and ethers that can be involved in chemical bonding (Coupal and
Lalancette, 1976). Brown et al. (2000) claimed that due to the polar character of peat,
it has a quite high adsorption capacity for dissolved solids, such as metals and polar
organic molecules. The authors stated that the mechanism of metal ions binding to
peat remains a controversial area with ion-exchange, complexation, and surface
adsorption being the prevalent theories. It is frequently believed that ion exchange is
the most predominant process. The humification of peat produces humic and fulvic
acids and thus can capture heavy metals. Metals react with the carboxylic and
phenolic acid groups of the acids to release protons or, at sufficiently high pH, with
their anion sites to displace an existing metal (Brown et al., 2000). In a study,
Couillard (1994) noted that the mechanism of sorption process on peat might be

explained as a chemical reaction between functional groups of peat with heavy metal
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ions to form metals organic complexes or a cation exchange reaction. According to
this study’s results, there are many probable interactions between toxicants and peat:
(1) cation exchange with H ions found in the -COOH, phenolic hydroxyl and
heterocyclic groups; (2) the interaction of metallic cations to form chelate
complexes; (3) the formation of hydrogen bonds between polyvalent cations and the
hydroxyl, lignin, cellulose and hemicellulose groups within the porous structure; and
(4) the formation of anion-cation bonds. These interactions depend on the
characteristics of the peat and the contaminants.

The maximum adsorption capacities of HMs onto two kinds of peat following
the Langmuir model which have been reported by Gosset et al. (1986) were: HCI
modified eutrophic peat: Cu®™ 12.1, Cd** 20.2, Zn*" 11.1, Ni*" 11.2 mg/g; and HCI
modified oligotrophic peat Cu*12.1, Cd*" 22.5, Zn*"13.1, Ni*" 11.7 mg/g.

So far, there is no study on directly using peat for the abatement of ABs from
wastewater. Only some studies have used activated carbon from peat to remove ABs
from water (Carabineiro et al., 2011; Aroguz, 2006, Mohammad-Khah and Ansari,
2009). Adsorption capacities of ciprofloxacin on activated carbons prepared from
peat ranged from 60 to 300 mg/g (Carabineiro et al., 2011). Langmuir adsorption
capacity of azinphosmethyl on pyrolyzed (at 600°C) ocean peat moss was 4.54 mg/g
(Aroguz, 2006).

Clays

The last natural mineral which will be discussed is clay, which has been used
since a very early time for ceramic and building purposes. Clays have a net negative
charge in their structures, hence lead to the adsorption capacity of the minerals. The

adsorption ability of clays usually depends on their chemical nature and pore
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structure (Lin and Juang, 2002). Due to the properties of clays such as the large
specific surface area, chemical and mechanical stability, layered structure, and high
cation exchange capacity (CEC), they are excellent adsorbent materials
(Bhattacharyya and Gupta, 2008). The edges and the faces of clay particles can
adsorb anions, cations, non-ionic and polar contaminants from water (Bhattacharyya
and Gupta, 2008). Clays may be classified into three main classes including
kaolinite, micas (such as illite), and smectites (for instance montmorillonite) (Bailey
et al., 1999). Montmorillonite is a three layer mineral that has a basic unit consisting
of one aluminate layer sandwiched between two silicate layers, while the basic unit
of kaolinite is a double layer consisting of one silicate and one aluminate layer
(Srivastava et al., 1989). Kaolinite has the theoretical composition (%) of Si0, 46.54,
ALO; 39.50 and H,O 13.96 expressed in terms of the oxides (Bhattacharyya and
Gupta, 2008). Montmorillonite demonstrates it has the highest cation exchange
capacity among other kinds of clays (Bailey et al., 1999). Its theoretical composition
(%) without the interlayer material was Si0O, 66.7, Al,0O5 28.3, H,0 5.0.

Some elements have been used to improve clays adsorption capacity
including acid, bases, pillar ions, organic compounds. Maximum adsorption
capacities on sodium dodecylsulfate modified montmorillonite following Langmuir
isotherm were (mg/g): Cu*" 16.1, Zn** 13.3 (Lin and Juang, 2002). According to a
study of Gupta and Bhattacharyya (2006), adsorption capacities of Cd*" on materials
from clays were (mg/g): kaolinite 6.8, montmorillonite 30.7; polyhydroxo zirconium
modified kaolinite 5.3; tetrabutylammonium bromide modified kaolinite 6.3; and
tetrabutylammonium bromide montmorillonite 43.5. Akar et al. (2009) reported in

their study that adsorption capacities of Cr®" on Turkish montmorillonite clay are
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(mg/g): HDTMA modified clay 10.2; natural clay 3.6; heat-activated clay (at 100°C)
4.2; and acid-activated 4.5. In another study which was conducted by Ijagbemi et al.
(2009) it was noted that adsorption capacities of metal ions on analytical grade of
montmorillonite are (mg/g): Cu>* 7.6 and Ni*" 12.9. A material from clays, which
was prepared by Wu et al. (2009), was Fe pillared montmorillonite clay and had
adsorption capacity of Cd*" is 25.7 mg/g.

Bentonite (its main content is montmorillonite) has also been used for
removing ABs from water by several studies (Ahmed et al., 2015; Zhang et al.,
2013a). A study using bentonite, AC, zeolite and pumice for removing ciprofloxacin
was investigated (Gen¢ and Dogan, 2015). Geng et al. (2013) concluded that
adsorptive removal efficiency of ciprofloxacin from aqueous solution on bentonite
was 99% with a contact time of 30 min at pH 4.5. The study indicated that adsorption
of ciprofloxacin following Langmuir model on bentonite was 147.1 mg/g. Another
study showed maximum adsorption capacities of amoxicillin onto bentonite
following Langmuir isotherm were from 47.3715 to 53.9315 (mg/g) (Putra et al.,
2009).

B. Agricultural waste and by-products

Tons of cheap biosorbents belonging to some principal categories (including
lignocellulose, algae, chitin/chitosan, activated sludge, bacteria biomass, fungal
biomass) can be employed for HMs and ABs removal (Abdolali et al., 2014, Ahmad
et al., 2009; Liu et al., 2012). Among these categories, lignocellulose and
chitin/chitosan are very highly applicable groups because of their representativeness,
high adsorption capacity and availability. Maximum adsorption capacities of heavy

metals and ABs onto the low-cost biosorbents are presented in Table 2.5 and 2.6.
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Lignocellulose

Lignocellulose is plant dry matter, which is often referred to as biomass or
lignocellulosic biomass. As the primary building block of plant cell walls,
lignocellulose contains cellulose, hemicellulose, lignin, as well as a small amount of
pectin, protein, extractives and ash (Jorgensen et al., 2007). Figure 2.3 expresses the

chemical composition of several representative examples of lignocellulose.
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Figure 2.3 Average chemical composition of some typical lignocellulose (% dry
weight) (Tran et al., 2015)

Lignocellulosic agricultural wastes have a high potential for sorption of
heavy metals because of their inexpensive price and high adsorption properties
(Krishnani et al., 2008). Many investigators studied the removal of metal ions by the
Lignocellulosic waste and by-products and the Langmuir maximum adsorption

capacities of HMs onto the adsorbents are indicated in Table 2.5. Several adsorbents
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have highest adsorption capacities of HMs such as Pb>": natural seaweed 369.6 mg/g
(Ahmady-Asbchin et al., 2009), rice husk (tartaric acid) 108 mg/g (Wong et al.,
2003); Zn*": carrot residues (HCI) 29.6 mg/g (Nasernejad et al., 2005), natural
seaweed 46.3 mg/g (Ahmady-Asbchin et al., 2009); Cd*": green coconut shell 285.7
mg/g (Pino et al., 2006); Cu®": seaweed (2-propanolits) 143.3 mg/g (Basha et al.,
2009), sawdust (formaldehyde) 37.2 mg/g (Ahmad et al., 2009); Cr®": macro algae
Gracilaria verrucosa (modified) 377.6 mg/g (Ata et al., 2012).

In other research works, adsorbents from lignocellulosic precursors are also
used for the removal of ABs from water. The lignocellulose adsorbents have
frequently been modified before use for water containing ABs treatment. Some
authors have utilized activated carbon obtained from lignicellulose to uptake
antibiotics from aqueous solution. Ilhan et al. (2012) used woodchip for removing
antibiotics from water and concluded that 65% of the sorbed atrazine, 70% of
sulfamethazine, 90% of enrofloxacin, and 80% of monensin A were reserved in
wood chips. In a study, removal of antibiotics by coagulation and granular activated
carbon filtration was conducted (Choi et al., 2008). While removal efficiencies of
oxytetracycline-HCI, democlocycline-HCI and tetracycline were more than 90%, less
than 70% of minocycline-HCl and meclocycline-sulfosalicylate were removed.
Torres-Pérez et al. (2012) has used activated carbons from agricultural residues to
abate antibiotics from water and the removal efficiencies reduced in the order:
commercial granular activated carbon GAC2 (817 mg/g) > beet pulp BP-H,O (288
mg/g) > commercial granular activated carbon GAC1 (133 mg/g) > peanut hulls PH-

H,0 (28 mg/g). In another study, penicillin G uptake capacity was determined as
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330.0 mg/g for activated sludge, 459.0 mg/g for R. arrhizus and 375.0 mg/g for
activated carbon at the experimental conditions (Aksu and Tung, 2005).

Modification biomass for removing ABs from water has been studied by
several investigators. Yu et al. (2017) researched on levofloxacin removal from water
using zirconium (IV) loaded corn bracts. The adsorbent exhibited a strong
adsorption capacity (Qmax = 73 mg/g) and it can also regenerated with desorption
rate up to 89% with pH 11. In another study, removal efficiencies of
fluoroquinolones antibiotics by microporous activated carbon from lignocellulosic
biomass by microwave pyrolysis were 96.12% of ciprofloxacin and 98.13% of
norfloxacin, respectively (Ahmed and Theydan, 2014). Maximum Langmuir
adsorption capacities of 131.14 and 166.99 mg/g for ciprofloxacin and norfloxacin
on the adsorbent were achieved, respectively. Balarak and Mostafapour (2016) have
treated canola residues with temperature at 105°C and 0.5M H,SO, for using as an
adsorbent to remove metronidazole antibiotic. The theoretical maximum of
adsorption capacity following Langmuir model was 21.42 mg/g and equilibrium
status was achieved within 90 min of contact time.

Chitin/chitosan

Chitin is a naturally mucopolysaccharide and its structure is shown in Figure
2.4. This biopolymer is created by a vast number of living creatures, and was seen as
the most natural polymer after cellulose in terms of abundance (Rinaudo, 2006). The
compound is highly hydrophobic and is insoluble in water and most organic solvents
(Ravi Kumar, 2000). It consists of 2-acetamido-2-deoxy-B-D-glucose through a 3 (1
- 4) linkage and can be degraded by chitinase (Ravi Kumar, 2000). Chitin is a

component in the exoskeletons of crabs and other arthropods and in the cell walls of
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some fungi (Bailey et al., 1999). Chitin production is associated with sea food
processing such as shrimp or crab canning. A very important derivative of chitin is
chitosan or glucosamine. It can be produced from chitin and is a component of fungal

cell walls (Tran et al., 2015).

N, oH NH, OH NH,
0 0
" O/m Ho Dm 0 0/
e < i Ho o Ho ‘ 0
o NlH 0 NH, 0
C=0
|

CH,

Figure 2.4 Molecular structure of chitosan (adapted from Celis et al., 2012)

Table 2.5 shows several studies using chitin/chitosan for removing HMs from
water. The metal ions, its adsorption capacities, isotherm models are showed (Table
2.5). A study used chitosan-coated biosorbent (dip-coating the oxalic acid-treated
activated alumina with chitosan gel) for removing arsenic from aqueous solution and
Langmuir maximum adsorption capacities were As’~ 56.50 and As’" 96.46 mg/g
(Boddu et al., 2008). An et al. (2001) utilized crab shell (containing chitin) to remove
HMs. The maximum adsorption capacities of HMs onto the material following
Langmuir isotherm were Pb*" 198.9, Cd*" 154.0, Cu®*" 55.9 and Cr*" 49.4 mg/g (An et
al., 2001).

There are only a few studies which have used direct chitin/chitosan to uptake
ABs from aqueous solution. Some investigators modified chitin/chitosan with other
materials to treat water containing antibiotic pollutants. The removal of penicillin G
by chitin/chitosan in fungal biomass was researched (Aksu and Tung, 2005).
Maximum loading capacities of penicillin G at 35°C were 591.8 mg/g for dried R.
arrhizus, 434.8 mg g ' for dried activated sludge and 463.0 mg g ' for activated
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carbon. In another study, Bhowmik and Bajpai (2012) used chitin for removing
gatifloxacin from synthetic wastewater and removal capacities reached 97.11 + 2.35,
100.0 £3.23 and 181.82 + 5.58 mg/g at 18, 28 and 37°C.

Amino-acid-modified-chitosan was used to remove antibiotics and the
achieved removal efficiencies were norfloxacin (50%), sulfadiazine or tylosin (60%)
from water (Jia et al., 2016). In a study conducted by Ou et al. (2015), maximum
adsorption capacity of erythromycin by magnetic imprinted polymers synthesized
from chitosan-stabilized Pickering emulsion was from 15.51 to 52.32 umol/g. In
their studies, Priya et al. (2016a,b) used chitosan and other materials to create
photocatalytic reagents to mineralizing and degrading oxytetracycline and ampicillin
antibiotics from water.

Table 2.5 Heavy metals of adsorption capacity (mg/g) of biosorbents

HMs Sorbents (modifying agent) Isotherms Q. (mg/g) Source
Rice husk (alkali and heat) Langmuir 58 Krishnani et al., 2008
Rice husk (tartaric acid) Langmuir 108 Wong et al., 2003
Sawdust (formaldehyde) Langmuir  37.0 Ahmad et al., 2009
Sawdust (formaldehyde and Langmuir 22.2 Taty-Costodes et al.,
sulphuric acids) 2003
Lignin from black liquor Langmuir  89.5 Guo et al., 2008
Modified lignin from alkali glycerol Langmuir 8.2-9.0 Demirbas, 2004
b delignication
Natural seaweed Langmuir  369.6 Ahmady-Asbchin et
al., 2009
Crab shell Langmuir  198.9 Anetal., 2001
Activated carbon prepared from Langmuir 13.1 Imamoglu and Tekir,
hazelnut husks 2008
Neem leaves (boiling) Langmuir 91.34 Zafar et al., 2013
Neem leaves (acetic acid) Langmuir  89.75 Zafar et al., 2013
Neem leaves (autoclave) Langmuir 84.70 Zafar et al., 2013
Rice husk (alkali and heat) Langmuir 8.1 Krishnani et al., 2008
Zn Sawdust (formaldehyde and NaOH)  Langmuir 9.4 Séiban et al., 2006
Sawdust (NaOH and H,SOy,) Langmuir  14.1 Naiya et al., 2009
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HMs Sorbents (modifying agent) Isotherms Q,,,, (mg/g) Source
Lignin from black liquor Langmuir 11.2 Guo et al., 2008
Carrot residues (HCI) Langmuir  29.6 Nasernejad et al.,
2005
Natural seaweed Langmuir  46.3 Ahmady-Asbchin et
al., 2009
Rice husk (alkali and heat) Langmuir  16.7 Krishnani et al., 2008
Sawdust (NaOH) Langmuir  73.6 Memon et al., 2007
Sawdust (formaldehyde and Langmuir 19.1 Taty-Costodes et al.,
sulphuric acids) 2003
Sawdust (NaOH and H,SOy) Langmuir  26.7 Naiya et al., 2009
cd Lignin from black liquor Langmuir 254 Guo et al., 2008
Green coconut shell powder Langmuir  285.7 Pino et al., 2006
Natural seaweed Langmuir  95.8 Ahmady-Asbchin et
al., 2009
Crab shell Langmuir  154.0 Anetal., 2001
Activated carbon from coconut Langmuir 934 Kadirvelu and
coirpith Namasivayam, 2003
Rice husk (alkali and heat) Langmuir  10.9 Krishnani et al., 2008
Rice husk (tartaric acid) Langmuir 29 Wong et al., 2003
Sawdust (raw) Langmuir  10.6 Larous et al., 2005
Sawdust (formaldehyde) Langmuir  37.2 Ahmad et al., 2009
Sawdust (formaldehyde and NaOH)  Langmuir 12.4 Séiban et al., 2006
Sawdust (H,SO,) Langmuir 13.5 Acar and Eren, 2006
Lignin from black liquor Langmuir  22.9 Guo et al., 2008
Modified lignin from alkali glycerol Langmuir 6.7 -7.5 Demirbas, 2004
cu delignication
Carrot residues (HCI) Langmuir 32.7 Nasernejad et al.,
2005
Seaweed (2-propanolits) Langmuir  143.3 Basha et al., 2009
Natural seaweed Langmuir  109.9 Ahmady-Asbchin et
al., 2009
Crab shell Langmuir 55.9 Anetal., 2001
Activated carbon prepared from Langmuir 6.6 Imamoglu and Tekir,
hazelnut husks 2008
Sugar beet pulp Langmuir 21.2 Huguenot et al., 2010
Rice husk (alkali and heat) Langmuir 5.5 Krishnani et al., 2008
Ni Lignin from black liquor Langmuir 6.0 Guo et al., 2008
Seaweed (2-propanolits) Langmuir 131.6 Basha et al., 2009
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HMs Sorbents (modifying agent) Isotherms Q. (mg/g) Source
Natural seaweed Langmuir  55.5 Ahmady-Asbchin et
al., 2009
Chitosan-coated ~biosorbent (dip- Langmuir As’" 56.50; Boddu et al., 2008
coating the oxalic acid-treated As’796.46
activated alumina with chitosan gel)
shelled Moringa oleifera Lamarck Langmuir As’™ 1.59; Kumari et al., 2006
seed powder As™"2.16
As Rice polish Langmuir As’" 138.88; Ranjan et al., 2009
As’" 147.05
Fruit rinds of G. cambogia (fresh) Langmuir As’" 128.10  Kamala et al., 2005
Fruit rinds of G. cambogia Langmuir As’"704.11 Kamala et al., 2005
(immobilized)
Sawdust of Picea abies (ferric Langmuir As’"9.259 Urik et al., 2009
oxyhydroxides)
Rice husk (alkali and heat) Langmuir  36.1 Krishnani et al., 2008
Almond shell (raw) Langmuir  135.13 Khaloo et al., 2012
Sugarcane bagasse (raw) - 35.71 Abdolali et al., 2014
Carica papaya wood Langmuir  185.62 Basha et al., 2011
Rice straw (raw) Langmuir  103.10 Song et al., 2013
Rice straw (modified by grafting Langmuir 161.30 Song et al., 2013
method)
Coconut fiber (Pristine/raw) Langmuir  166.670 Johari et al., 2014
He Coconut fiber (NaOH) Langmuir  142.860 Johari et al., 2014
Aquatic weed water hyacinth roots Langmuir  5.53 Padmapriya and
Murugesan, 2013
Aquatic weed water hyacinth shoots ~ Langmuir  3.92 Padmapriya and
Murugesan, 2013
Leaves of Rambai Tree Langmuir  121.95 Sen et al., 2010
Lignin (mercapto-functionalized Langmuir  101.2 Zhou et al., 2014
alkali)
Sugarcane bagasse Langmuir  35.71 Khoramzadeh et al.,
2013
Sawdust (raw) Langmuir 41.5 Gupta and babu, 2009
Sawdust (formaldehyde) Langmuir 9.6 Baral et al., 2006
Cr Sawdust (polyacrylamide) Freundlich 12.4 Raji and Anirudhan,
1998
Sawdust (polypyrrole coated) Langmuir 3.4 Ansari and Fahim,

2007
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HMs Sorbents (modifying agent) Isotherms Q,,,, (mg/g) Source
Lignin (purified) Langmuir 6.6 Wiltowski et al., 2000
Carrot residues (HCI) Langmuir 45.1 Nasernejad et

2005

Crab shell Langmuir 494 Anetal., 2001
Commercial activated carbon Langmuir  39.6 Mohan et al., 2006
Activated carbon derived from acid Langmuir 12.2 Mohan et al., 2006
treated coconut shells
Activated carbon prepared from Langmuir 3.5 Selvi et al., 2001
coconut tree sawdust
Hazelnut shell activated carbon Langmuir 170.0 Kobya, 2004
Macro algae Gracilaria verrucosa Langmuir 343.1 Ataetal., 2012
(raw)
Macro algae Gracilaria verrucosa Langmuir 377.6 Ataetal., 2012
(modified)
Macro algae Gracilaria verrucosa Khan 21.17 Ataetal., 2012
(raw)
Macro algae Gracilaria verrucosa Khan 36.91 Ataetal., 2012
(modified)
Macro algae Gracilaria verrucosa Sips 134.70 Ataetal., 2012
(raw)
Macro algae Gracilaria verrucosa Sips 163.00 Ataet al., 2012
(modified)
Macro algae Gracilaria verrucosa Toth 111.60 Ataetal., 2012
(raw)
Macro algae Gracilaria verrucosa Toth 136.30 Ataetal., 2012

(modified)

Table 2.6 ABs adsorption capacities of raw/modified biosorbents

ABs Adsorbents Isotherms Q,,.x (mg/g) Source
. bio-char derived from fast . .
Tetracycline . . Langmuir  58.8 Liuetal., 2012
pyrolysis of biomass
. Activated carbon from beet . Torres-Pérez et
Tetracycline Langmuir 288
pulp al., 2012
) Activated carbon from peanut ) Torres-Pérez et
Tetracycline Langmuir 28
hulls al., 2012
o ) ) Aksu and
Penicillin G R. arrhizus Langmuir 459
Tung, 2005
Levofloxacin  Zirconium (IV) loaded corn Langmuir 73 Yuetal., 2017
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ABs Adsorbents Isotherms Q. (Mg/g) Source

bracts

Microporous activated carbon
Ahmed and

Ciprofloxacin  from lignocellulosic biomass by Langmuir 131.14
Theydan, 2014

microwave pyrolysis

Microporous activated carbon
Ahmed and

Norfloxacin from lignocellulosic biomass by Langmuir  166.99
Theydan, 2014

microwave pyrolysis
Acid and thermal modified

Metronidazole ) Langmuir 21.42
canola residues
L Chitin/chitosan in fungal . Aksu and
Penicillin G . Langmuir 591.8
biomass Tung, 2005
R . ) Aksu and
Penicillin G Activated sludge Langmuir  434.8
Tung, 2005
o . ) Aksu and
Penicillin G Activated carbon Langmuir  463.0
Tung, 2005
. . . . ) Bhowmik and
Gatifloxacin Gatifloxacin Langmuir  181.82 +5.58 o
Bajpai, 2012
Magnetic imprinted polymers 15.51 ¢
Slto
Erythromycin  synthesized from chitosan- Langmuir Ouetal., 2015

52.32 I/
stabilized Pickering emulsion Hmove

C. Industrial waste and by-products

Using industrial waste and by-products as adsorbents for HMs and ABs
removal has also been researched by numerous investigators. This section focuses on
two typical kinds of industrial wastes and by-products: fly ash and red muds.
Fly ash

Fly ash or coal fly ash is a by-product and it is generated from the combustion
of pulverized coal and collected from the cyclones or electrostatic precipitator
systems at power thermal plants (Querol et al., 2002). In the USA and EU, by-
products of coal combustion are approximately 115 million tons annually. A large
portion of these by-products are coal fly ash (Querol et al., 2002). Fly ash continues

to be used in many fields such as construction, agriculture, metal recovery and water
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treatment (Ayala et al., 1998). A study conducted by Ayala et al. (1998) indicated
that the main components (%) of fly ash in Asturias were SiO, (49-53), Al,O3 (24-
28), Fe 03 (6.3-8.3), CaO (4.3-5.3), MgO (1.6-2.0), Na,O (0.6), K,0O (3.6-3.7) and
TiO; (1.0-1.1). As its major contents are alumina, silica, ferric oxide and calcium
oxide, fly ash is alkaline and may consequently neutralize wastewater and adsorb
metal ions (Ayala et al., 1998). According to Mohan and Gandhimathi (2009), the
surface of silica (SiO,) in fly ash has a high possibility for attracting metal ions. It
has been stated that fly ash has a potential for heavy metals as well as organic
pollutants removal from wastewater (Mohan and Gandhimathi, 2009).

Results from a study conducted by Panday et al. (1985) showed that
maximum adsorption capacity of Cu®" on fly ash was 1.5 mg/g. Another study
reported adsorption capacities of HMs onto fly ash were Cd*" (3.77 - 6.36 mg/g),
Cu”™ (10.18 - 12.78 mg/g), Ni*" (1.25-1.66 mg/g) (Visa et al., 2010). In their study,
Nascimento et al. (2009) modified fly ash by hydrothermal method for removing
HMs from water. The Langmuir maximum adsorption capacities of Cu®’, Zn**, Pb*"
and Mn®" onto the adsorbent were 76.9, 59.2, 194.7 and 60.4 mg/g, respectively
(Nascimento et al., 2009). Gupta and Ali (2004) have experimented using bagasse fly
ash as an adsorbent for heavy metals such as lead and chromium. In this study,
bagasse fly ash was modified with hydrogen peroxide. The adsorption process of
lead and chromium by bagasse fly ash took place through a particle diffusion
mechanism, maximum metal ions binding capacities of bagasse fly ash following
Langmuir isotherm were Pb>" 2.5 and Cr’" 4.4 mg/g.

ABs abatement by fly ash was conducted by some investigators such as

ciprofloxacin hydrochloride removal by adsorption on coal fly ash and activated
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alumina; antibiotics by TiO,/fly-ash cenospheres (Maheshwari et al., 2013; Huo et
al., 2012). In another study, Lu et al. (2013) utilized fly-ash cenospheres for selective
photodegradation of single and ternary antibiotics solution and removal efficiency
was up to 77% in 90 min under visible light irradiation.

Red muds

Red muds are obtained as alkaline leaching wastes of bauxite mineral in the
Bayer process of alumina production. Its chemical composition (% by weight) is as
follows: Fe,O3 37.3, A1,05 17.6, Si0, 16.9, TiO, 5.6, Na,O 8.3, CaO 4.4, loss on
ignition 7.2 (Apak et al., 1998). Red muds are composed of sodium aluminosilicates,
kaolinite, chamosite, iron oxides (hematite) and hydroxides. Fundamentally, Fe is in
the form of hematite, Ti is in the form of Fe-Ti oxides and Al is in the form of
ahiminosilicates (Apak et al.,, 1998). The main components of red muds are
Cancrinite and hematite that adsorb heavy metals (Santona et al., 2006). Cancrinite
has an open porous structure and can be considered as a material with zeolitic-like
properties (Santona et al., 2006). After acid treatment, the proportion of hematite in
the material increases (Santona et al., 2006). Cancrinite has a negative charge density
in its lattice, thus can attract metal ions to neutralize them (Santona et al., 2006).
Adsorption of heavy metals on hematite was through the formation of specific inner-
sphere bonds (Santona et al., 2006).

There is extensive research on using red muds for toxicants elimination from
aquatic environment such as arsenic (Altundogan et al., 2000; Geng-Fuhrman et al,
2005; Bertocchi et al., 2006), copper (Lopez et al., 1998; Giiglii and Apak, 2000; Han
et al., 2002; Bertocchi et al., 2006; Nadaroglu et al., 2010), Cadmium (Lopez et al.,

1998; Giiglii and Apak, 2000; Han et al., 2002; Gupta and Sharma, 2002; Santona et
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al., 2006; Bertocchi et al., 2006), lead (Gtliglii and Apak, 2000; Gupta et al., 2001;
Han et al., 2002; Santona et al., 2006; Bertocchi et al., 2006), Chromium (Pradhan et
al., 1999; Gupta et al., 2001), zinc (Lopez et al., 1998; Gupta and Sharma, 2002;
Bertocchi et al.,, 2006; Santona et al., 2006), and nickel (Lopez et al., 1998).
Maximum toxicants adsorption capacities following the Langmuir isotherm of
materials from red muds were (mg/g): unmodified red muds: Pb*" 389.5, Cd** 151.8,
Zn*" 161.5 (Santona et al., 2006); neutralized red muds or bauxsol: As’" 4.31, As’*
5.07 (Altundogan et al., 2000), As>" 1.08 (Geng-Fuhrman et al., 2005), Cu®" 5.35
(Nadaroglu et al., 2010); Cu®" 19.7, Ni*" 11.0, Cd*" 10.6, Zn*" 12.6 (Lopez et al.,
1998); HCI modified red muds: Pb*" 159.5, Cd*" 102.3 and Zn*" 104 (Santona et al.,
2006), Cr"" 8.3 (Pradhan et al., 1999), As’" 3.0 (Geng¢-Fuhrman et al., 2005); and
H,0, and thermal modified red muds: Pb* 64.8, Cr’t35.7 (Gupta et al., 2001).

So far, there is no study on ABs adsorptive removal by red muds.
2.4. Adsorption of HMs and ABs using magnetic materials (iron-based
adsorbents)
2.4.1. Introduction

Water pollution with toxicants such as heavy metals, antibiotics have caused
a lot of concern in recent decades. These kinds of pollutants have high toxicity, low
biodegradability and accumulate in the food chain. High concentration of the
toxicants can cause negative effects to human health and the aquatic environment. A
great deal of studies recently has been motivated by the requirement to lower the
concentration of these toxicants in drinking and surface water. Among the methods
to address this problem, adsorption on a solid adsorbent is the prominent one (Tran et

al., 2015).
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Of the different kinds of adsorbents, magnetic materials have demonstrated
their high adsorption capacity for pollutants and offer advantages in the separation
process from aqueous solutions under a magnetic field for recycling or regeneration
(Hua et al., 2012; Oliveira et al. 2004a). Due to its magnetic property, a magnetic
adsorbent acts not only as an adsorbent for removing pollutants from solution, but
also as a magnetically energizable element for attracting and retaining paramagnetic
particles, which can be taken out from solution (Figure 2.5). Magnetic separation
replacing the common filtration and centrifuge separation technologies, there are less
complex technical requirements and operating cost in the regenerating process may
make the adsorption process more economical (Kaminski et al.,, 1997). The
advantage of this separation technology is that the harmful ingredients together with
the magnetic particles can be eliminated from the polluted system by a simple
magnetic field (Raven et al., 1998). These adsorbents are also suitable for oil spill
control or toxicants removal from solid-liquid phase (Oliveira et al., 2004b). After
magnetic separation in the external magnetic field, the harmful components can often
be removed from the magnetic particles, and the magnetic particles can be used
again. Easier operation and lower cost in regenerating process render the adsorption
process more economical (Hu, 2005).

magnetic
adsorbents

—>

magnet Clean

Contaminated effluent

effluent
Figure 2.5 Schematic representation of the magnetic adsorbents separation

(Adapted from Oliveira et al., 2004b)
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Several types of iron based adsorbents for adsorptive removal of heavy
metals and antibiotics have been reported such as mineral iron oxides/hydrated
oxides, synthesized iron coated-materials, iron nanoparticles and industrial iron
containing waste or by-products. The use of relative inexpensive adsorbents obtained
from waste or by-products have become very attractive to researcher as they are
efficient and reduce the huge volume of solid waste. This section continues with
reviewing the practice of cost-effective iron based adsorbents in application for
removing toxicants such as metal ions and antibiotics from aqueous solution.

2.4.2. Uptake mechanism of HMs and ABs from water by iron-based adsorbents
A. Removal pathway of HMs

O’Carroll et al. (2013) have proposed 4 mechanisms for heavy metals
removal by iron adsorbent including: reduction, adsorption, oxidation/re-oxidation
and co-precipitation for specific metal ions (Table 2.7). In another study, three
mechanisms were proposed for the adsorption of lead on oxides of iron and
manganese include strong specific adsorption, a special affinity for oxides of
iron/manganese with the possibility of oxidation of the HMs, and the formation of
some specific HMs-iron/manganese minerals (McKenzie, 1980).

Table 2.7 Removal mechanisms of metal ions with Fe” (O’Carroll et al., 2013)

Removal process Metal

Reduction Cr, As, Cu, U, Pb, Ni, Se, Co, Pd, Pt, Hg, Ag
Adsorption Cr, As, U, Pb, Ni, Se, Co, Cd, Zn, Ba
Oxidation/re-oxidation As, U, Se, Pb

Co-precipitation Cr, As, Ni, Se

Precipitation Cu, Pb, Cd, Co, Zn
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B. ABs abatement mechanism

Qiang et al. (2013) proposed three kinds of hydrogen bonding between the
nitrogen of the aniline, sulfinol or pyrimidine group of SMT and the surface
hydroxyl group of FeM48 being the major driving force for adsorption. Additionally,
the -1 electron-donor acceptor interaction between SMT (n1-electroneacceptor) and
the adsorbent (11-electronedonor) also promoted adsorption (Qiang et al., 2013). Chen
et al. (2011) confirmed that the adsorption pathway of TC on PVP-nano zero-valent
iron included electrostatic interactions and Fe-TC complexation reactions.
Meanwhile the removal of CP as reported by Nie et al. (2015) and Xia et al. (2014)
was a redox reaction.

2.4.3. Application of iron adsorbents for removing heavy metals from aqueous
solution

Many studies have been conducted to use iron adsorbents for the removal of
metal ions from water (Table 2.8).

Hematite (Fe,O;) obtained from an Indian iron ore was employed (passed
through 200 mesh size) for removing Cd*" from water (Singh et al., 1998). The
highest removal efficiency (98%) was reached at 2h and 40 g/L dose of hematite.
Maximum adsorption capacity of Cd*" onto the adsorbent was 0.244 mg/g. Guo et al.
(2007) also used natural hematite to abate As’" from aqueous solution and the
achieved adsorption capacity was 202 pg/g.

Another kind of iron adsorbent which was studied by many researchers for
the abatement of HMs was magnetite (Fe;O4) (Table 2.8). In their study, Dong et al.
(2010) synthesized hydroxyapatire/magnetite for purifying water containing Pb*",
The adsorbent has very large surface area (109 m?/g) which demonstrated its very
high adsorption capacity (598.8 mg/g). In a study, magnetite was synthesized by

coprecipitation and coated on natural zeolite for removing Cu*" and Cd*" (Feng et al.,
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2000). Removal efficiencies of Cu®" and Cd*" by the adsorbent were 99.33 and 94.29
%, respectively at pH 7-8, 30 min contact time, dose of 2 g/L and 20°C. A study
conducted by Boparai et al. (2011) used nano zerovalent iron (synthesized following
“bottom-up” method) to purify Cd*" from water. Maximum adsorption capacity of
the adsorbent following Langmuir isotherm was 769.2 mg/g.

A very interesting iron material source which has been used for abating HMs
is the waste and by-products from the industrial sector (Rangsivek and Jekel, 2005;
Gheju and Balcu, 2011; Lee et al., 2003). In their research, Rangsivek and Jekel
(2005) have utilized scrap iron obtained from steel cylinders to remove Cu®" and
Zn*" from water. Langmuir adsorption capacities could reach 100 mg/g for both Cu®"
and Zn”" at the optimal conditions: pH5, 48h of contact time, dose of 0.5 g/L and at
20°C. In another study, scrap iron was collected from a steel processing laboratory to
abate Cr®" through a packed column (containing 360g of scrap ion) (Gheju and
Balcu, 2011). Achieved removal efficiency of Cr°" by the material was 98.5% at pH
9.1. Lee et al. (2003) also used waste iron particles from an iron and steel processing
company for the uptake of Cr®". The removal efficiency could reach 100% within 8
hours when the initial concentration was less than 30mg/L and within 200h when
Cr®" initial concentration was 80 mg/L.
2.4.4. Application of iron adsorbents for removing antibiotics from aqueous solution

Table 2.9 summarizes some studies that have been conducted for removing
ABs from water by iron adsorbents.

Some iron-based adsorbents have been used for removing antibiotics from
water (Xia et al., 2014; Chen et al., 2011; Qiang et al., 2013; Ghauch et al., 2009;
Fang et al., 2011). A study conducted by Xia et al. (2014) utilized nanoscale zero-
valent iron for degradation of chloramphenicol from water. BET surface area and

BJH adsorption average pore diameter of the adsorbent are 32.02 m?/ g and 8.04 nm,
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respectively. The removal efficiency of CP by the material increased with an increase
of dose and a decrease of initial pH. The CP in the solution (100 mg/L) was fully
removed within 5 min in the conditions adsorbent dose of 1.06 g/L, pH 6.8 and at
room temperature (Xia et al., 2014). Another study also used nanoscale zero-valent
iron to remove metronidazole from aqueous solution (Fang et al., 2011). The
adsorbent was synthesized by the same technique as utilized by Xia et al. (2014)
(Liquid phase reduction). The material has a very high BET surface area (35 mz/g).
At solution pH of 5.6, initial metronidazole concentration of 80 mg/L and adsorbent
dose of 0.1 g/L, the nanoscale zero-valent iron can remove 100% of the antibiotic
within 5 min. In the same conditions, removal efficiency of metronidazole by
commercial zero-valent iron powder (purchased) only reached 20 % after 12 hours
(Fang et al., 2011).

Similarly, Chen et al. (2011) also used liquid phase reduction to prepare
polyvinylpyrrolidone modified nanoscale zero valent iron for the uptake of TC. The
adsorbent has a BET surface area of 36.9 m*/g and it has a core-shell structure. After
4 hour of contact time, the material can adsorb both TC and its degradation products
from water. Percentage of removed TC reached 98.4% at the conditions: initial
concentrations from 50-300 mg/L; initial pH 6.5; 6 hours of contact time; adsorbent
dose of 0.1 g/L and at 25°C (Chen et al., 2011).

The adsorptive removal of SMT by magnetic mesoporous nanocomposite was
tested by Qiang et al. (2013). The authors prepared magnetic (Fe;O,) nanoparticles
by a sonochemical process and then synthesized the magnetic mesoporous
nanocomposite by self-assembly technology. Adsorption of SMT onto the adsorbent
followed Pseudo-second-order. At pH 6.3, SMT initial concentration of 100 mg/L,
contact time of 24 hours, dose of 1 g/L at 250C, the adsorbent removed 92.3% of the

antibiotic.
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Table 2.8 Synthesis/preparation and characterization of iron adsorbents and HMs adsorption isotherms, kinetics, experimental conditions

HMs

Pb2+

Pb2+

Pb2+

2
Cu™"

2
Cu*

2+
Cu

2+
Cu

Cd2+

cd*

Adsorbents

Hydroxyapatite/
Magnetite
Magnetite

Chitosan
magnetite

Scrap iron
Goethite nano-
photocatalysts
Hematite nano-
photocatalysts
Magnetite

Hematite

Magnetite

Synthesis/
preparation method

Coprecipitation and
precipitation
Coprecipitation and
coating on natural zeolite
Coprecipitation and
hydrothermal

Obtained from steel
cylinder, sawing
Coprecipitation

Coprecipitation

Coprecipitation and
coating on natural zeolite
Mineral from Indian iron
ore

Coprecipitation and
coating on natural zeolite

Surface HMs

conc.
(mg/L)

10-500

40

0.54 -
47.43
0.54 -
47.43
20

20

Experimental condition
(pH, time, dose,
temperature)

pHS5; 24 h; 0.5 g/L; 25°C

pH 7-8; 30 min; 0.5g/L;
20°C

pH 6; 120 min; 0.1 g/L;
room temperature

pH 5,48 h; 0.5 g/L; 20°C

pH5.2; 9 h; 0.3g/L; room
temperature

pH5.2; 9 h; 0.3g/L; room
temperature

pH 7-8; 30 min; 2 g/L;
20°C

pH 9.2; 120 min; 40 g/L;
20°C

pH 7-8; 30 min; 2 g/L;
20°C

Isotherm (Langmuir:

Kinetics (Best

Qumax, mg/g; Freundlich  fitted model)

Ky (mg/g/mg)™)
removal efficiency
Quuax 598.8

100%

Qunax 63.33

Qmmax 100

Quax 149.25
Ky 72.4
Qunax 84.46
Ky 24.46
99.33%

Qmax 0.244

94.29%

Pseudo-second-
order

Pseudo-second-
order
Pseudo-second-
order

References

Dong et al., 2010

Feng et al., 2000

Wan Ngah et al.,
2011; Tran et al.
2010

Rangsivek and
Jekel, 2005
Chen and Li,
2010

Chen and Li,
2010

Feng et al., 2000

Singh et al., 1998

Feng et al., 2000
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HMs Adsorbents Synthesis/ Surface HMs Experimental condition Isotherm (Langmuir:  Kinetics (Best  References
preparation method area conc. (pH, time, dose, Qumax, mg/g; Freundlich  fitted model)
(m%/g)  (mg/L) temperature) Kr (mg/g/mg)™)
removal efficiency
Cd**  Nano zerovalent  Synthesized via “bottom-  26.3 25-450 pH;72h; 0.5 g/L; 25°C Quuax 769.2 Pseudo-second-  Boparai et al.,
iron up” method Ky 91 order 2011
cr™ Scrap iron Scrap iron collected from - 25 pH 9.1; 360 g of adsorbent ~ 98.5% - Gheju and Balcu,
steel processing laboratory was packed in a column 2011
Cr”  Maghemite Sol-gel 178 5-200  pH 2.5; 15 min; 5 g/L; Ky 19.2 - Hu et al., 2005
nanoparticles 25°C
Cr"™  Waste iron Iron particles obtained 1.2 10-100  No pH adjustment; 8 h; 66  100% - Lee et al., 2003
particles from iron and steel g/L; room temperature
processing company
Zn*"  Scrap iron Obtained from steel 0.384 5 pH 5,48 h; 0.5 g/L; 20°C Qumax 50-100 - Rangsivek and
cylinder, sawing Jekel, 2005
As® Hematite Mineral hematite - 1 -; 1440 min; 10-40 g/L; Qunax 202x107 - Guo et al., 2007
20°C
Hg”"  Silica coated Coprecipitation and 9.4- 50x10"  Natural pH; 48 h; - ; 21°C 74% - Girginova et al.,
magnetite coating 13.2 } 2010
Ni** Chitosan Coprecipitation and - - pH 6; 120 min; 0.1 g/L; Qmax 52.55 - Wan Ngah et al.,
magnetite hydrothermal room temperature 2011; Tran et al.

2010

-: no information
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Table 2.9 Synthesis/preparation and characterization of iron adsorbents and ABs adsorption isotherms, kinetics, experimental conditions

ABs

CP

TC

SMT

Amoxicillin

Ampicillin

Metronidazole

Metronidazole

Adsorbents

Nanoscale zero-valent iron

Polyvinylpyrrolidone
modified nanoscale zero
valent iron

Magnetic mesoporous
nanocomposite
Microscale and nanoscale
ion

Microscale and nanoscale
ion

Zero-valent iron powder

Nanoscale zero-valent iron

Synthesis/
preparation method

Liquid phase reduction

Liquid phase reduction

Sonochemical; self-
assembly technology
Synthesized
Synthesized

purchased

Liquid phase reduction

Surface ABs

area

(m’/g)
32.02

36.9

35

conc.

(mg/L)
100

50-300

1-100

20

20

80

80

Experimental
condition (pH, time,
dose, temperature)
pH 6.8; 5 min; 1.06
g/L; room
temperature

pH 6.5; 6 h; 0.1 g/L;
25°C

pH 6.3; 24 h; 1 g/L;
25°C

pH 6.6; 0-180 min; -;
pH 6.6; 0-180 min; -;
pH 5.6; 12 h; 0.1
g/L;-

pH 5.6; Smin; 0.1
g/L;-

Removal
efficiency

100%

98.4%

92.3%

100%

100%

20%

100%

Kinetics (Best
fitted model)

Pseudo-
second-order
Pseudo-first-
order
Pseudo-first-

order

References

Xiaetal., 2014

Chen et al., 2011

Qiang et al.,
2013

Ghauch et al.,
2009

Ghauch et al.,
2009

Fang et al., 2011

Fang et al., 2011

-: no information
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2.4.5. Steel shavings as a novel adsorbent

From the above results, iron, particularly in the zero valent (Fe”) and oxide
forms, has been demonstrated to be a good candidate for removing HMs and ABs
from water due to its adsorption ability and abundance (Cundy et al. 2008; Tran et
al., 2017). In addition, iron-based adsorbents often have a magnetic characteristic.
Thus, they offer advantages in solid-liquid separation processes under a magnetic
field (Hua et al. 2012). Using adsorbents from wastes or by-products can reduce the
quantity of solid waste, coupling with an increase in the value of the materials (Tran
et al, 2015).

Steel shavings (StS) are a magnetic waste generated from the steel processing
industry with very large volumes (Segura et al., 2013; Tran et al., 2017). The
material contains a high content of zero valent iron and iron oxides (Tran et al.,
2017). Hence, studying the utilization of steel shavings to abate antibiotics from
aqueous solution is needed. Figure 2.6 shows the generation of the steel shavings

from a steel processing machine (Dreamstime, 2017).

>
.

P

Figure 2.6 The generation of steel shavings from a steel processing machine
(Dreamstime, 2017)
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2.5. Gas plasma for modifying iron materials
2.5.1. Introduction

From the literature review, the use of iron materials for abating HMs and ABs
from aqueous solution has the research potential. Applying a novel modification
technique to produce a superior adsorbent is undoubtedly useful for wastewater
treatment. One of the most promising modification methods for material surface
treatment is plasma (Tran et al., 2017; Belkind and Gershman, 2008). Plasma is a
partly or completely ionized gas containing electrons, free radicals, ions and neutrals
(Jiang et al., 2014). In materials field, plasma technique is applied for some purposes
such as cleaning the surface of materials (remove contaminants), modifying surfaces,
crosslinking polymer surfaces, grafting functional polymers on surfaces, changing
surface properties (without affecting the bulk material), promoting adhesion and
bonding (Plasma electronic, 2017). Plasma cleaning can remove contaminants from
the surface of adsorbents by the use of an ionized gas called plasma in a vacuum
chamber at low pressure (Electronic diener, 2017; Belkind and Gershman, 2008).
The impurities that form surface layers on top of the adsorbents can be removed by
this technique (Belkind and Gershman, 2008). According to Belkind and Gershman
(2008), several steps occur during plasma cleaning process comprising of active
species generation, their transport to the surface, reactions on the surface, and
ultimate removal of the reaction products from the surface (Figure 2.7). Gas plasma
cleaning/modification has many advantages such as no hazardous chemicals usage,
quickness, safeness, energy savings and simple installation/operation (Xiao et al.,

2014; Harrick plasma, 2017).
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Generation of

Plasma —> active species <— Wet chemistry

Transportation of active species
to the surface

Diffusion —> < Gas flow

Heating
Sputtering —> Suri‘erleczclzir;)g:)sses Etching
Pumping <«—{ Removal of reaction products |<— Gas flow

Figure 2.7 diagram of multi-step process in plasma surface cleaning (Belkind and
Gershman, 2008)

When exposing the iron-adsorbent to a plasma generated in a vacuum, the
surface of the adsorbent is bombarded (Tran et al., 2017). It leads to adventitious
hydrocarbons being removed from the iron surface and enhances the iron surface
available for adsorption processes (Tran et al., 2017). Figure 2.8 shows the scheme of

plasma cleaning with oxygen gas.

Energy , Exhaust

H,0

[ Ja
I/’
WOQ

Adsorbent surface

co,

Figure 2.8 Scheme of plasma cleaning with oxygen (Plasma electronic, 2017)

65



Van Son Tran DOCTORAL THESIS 2017

2.5.2. Employed gas in plasma modification

The selection of gas used to produce the plasma is important to produce a
good adsorbent (Deiries et al., 2005). Some kinds of gases have been chosen for
using in plasma to modify the materials such as oxygen, hydrogen, argon, nitrogen,
helium (Plasma etch, 2017). Hydrogen plasma is very effective at eliminating oxide
from glass or metal products (Plasma etch, 2017). Oxygen is effective in removing
hydrocarbons both physically and chemically on the surfaces of oxidation-resistant
metals such as aluminum and stainless steel (Deiries et al., 2005). However, when
using a material prone to oxidation such as iron, inert gases, for instance argon and
nitrogen, can serve to generate the plasma with the purpose of achieving the same
result without further oxidizing the sample (Tran et al., 2017).

2.5.3. The usage of gas plasma for adsorbent modification

Several studies have applied gas plasma for cleaning and modifying the
adsorbent’s surface to remove pollutants from water (Shao et al., 2010; Xiao et al.,
2014; Zhang et al., 2013b; Maldonado et al., 2016; Wu et al., 2012; Shang et al.,
2013).

A study used cold oxygen plasma oxidized carbons (obtained from pecan nut
shells and peach stones) for removal of lead (Maldonado et al., 2016). Maximum
adsorption capacity of Pb>" of the adsorbent was 63 mg/g. Wu et al. (2012) applied
oxygen plasma irradiated bamboo activated carbon for adsorption of aniline. The
authors suggested the improvements of m—m dispersive interaction and hydrogen
bonding are responsible the enhancement of adsorption capacities. In another study,

Shang et al. (2013) modified CeO,/Mg-Fe hydroxides by non-thermal plasma for

66



Van Son Tran DOCTORAL THESIS 2017

abating fluoride from water. After plasma modification the removal capacities by the
adsorbent were considerably enhanced.

In their study, Sahin et al. (2015) modified bentonite clay by plasma
modification for removing methylene blue. The study concluded that cold plasma
enlarged the adsorption capacity of the clay (303 mg/g). In contrast, maximum
adsorption capacities of Cu? on Cameroonian clay decreased from 242.72 mg/g to
202.43 mg/g after 30 min treated with non-thermal plasma (Fouodjouo et al., 2017).

Grafting plasma was also utilized in some studies. Xiao et al., 2014 utilized a
low-temperature plasma technique to graft montmorillonite/iron oxide composite for
the treatment of water containing uranium (VI). The plasma grafting significantly
improved removal efficiency of uranium (VI) from aqueous solution by the material
(Qmax = 2.79x10™ mol/g). Chen et al. (2012) grafted polyacrylic acid with carbon
nanotubes by plasma for removing Co®" from water. Li et al. (2013) synthesized
Fe;04@p-cyclodextrim by plasma-induced grafting technique for the removal of 1-
naphthylamine and Cu®" from water. Adsorption capacities were observed for Cu**
9.04 mg/g and for 1-naphthylamine 144.74 mg/g. In another study, Shao et al. (2010)
used plasma-induced graft technique for modifying carbon nanotube magnetic
composite to remove aniline and phenol from water.

2.6. Conclusion and research gap
2.6.1. Main findings from literature review

Recently, the removal of heavy metal and antibiotics from aqueous solution

has gained a lot of interest. From the literature review, a number of chief findings are

summarized as below:
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Metal ions are naturally (geochemical processes) and anthropogenic
(households, agriculture and industries) present in the aquatic environments.
Heavy metals (HMs) such as lead, copper, cadmium, chromium and zinc can
endanger public health and the natural environment due to their toxicity,
persistence and steady accumulation. Exposure to HMs can cause neurotoxic
and carcinogenic effects, damage to internal organs and many diseases, even
at very low dosages. Currently, the pollution caused by heavy metals is a
problem in both industrial and developing countries. The levels of HMs in
various environmental matrices are in the ppb range to less than 10 ppm.

Antibiotics (ABs) are a group of compounds that eradicate microorganisms or
inhibit their growth. The mainstream of these substances are natural from
microbial origin, however possibly semi-synthetic or totally synthetic.
Antibiotics are widely used in large amounts for treating bacterial diseases in
both humans and animals. The compounds can pollute soil, surface and
groundwater via runoff or leaching from manure of livestock, aquaculture,
poultry and pets as fertilizer for agriculture production. ABs in water can
pose serious problems to the ecosystem and has several side effects, e.g.
aplastic anemia.” A variety of techniques were employed for removing toxic
metals from water and wastewater such as adsorption, chemical precipitation,
ion exchange, coagulation, reverse osmosis, electrolysis and membrane
processes. In addition, numerous methods to eliminate antibiotics from the
aquatic environment, e.g. advanced oxidation processes, combined
chemical/biological treatment, aerobic digestion integrated with activated

carbon, ion exchange, coagulation, flocculation, sedimentation, ultraviolet
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irradiation, have been researched. Among these techniques, the most
efficient, economic and environmentally friendly method for the removal of
HMs and ABs from water is adsorption using cost-effective adsorbents. Many
typical low-cost adsorbents obtained from natural minerals, agricultural
waste/by-products and industrial waste/by-products have been applied for
removing HMs and ABs from aqueous solution.

e Mentioning low-cost adsorbents, iron, particularly in its zero-valent (Feo) and
oxide forms, is a good candidate due to its adsorption capacity and large
quantity. A number of iron adsorbents are magnetic in character, therefore
leading to good outcomes in the solid-liquid separation process under a
magnetic field. It is documented that varieties of magnetic materials have
been used for removing HMs and ABs from aquatic matrices, e.g. scrap iron,
iron nanoparticles, magnetite, magnetic montmorillonite, iron oxides,
microscale zero-valent iron, nanoscale zero-valent iron.

e To date, adsorption and co-precipitation are proposed as the adsorptive
removal mechanisms of HMs such as Pb*>", Cu**, Cd**, Cr" and Zn®" from
water by iron adsorbents. The major driving force for adsorption of ABs onto
zerovalent iron and iron oxides are hydrogen bonding, n-n electron-donor
acceptor, electrostatic and non-electrostatic, complexation and redox
interactions.

e As a magnetic waste which is generated from steel processing industries in
very large quantities, steel shavings have been examined to abate HMs and
ABs. Researching on a novel modification technique to improve adsorption

capacity of steel shavings is certainly useful for wastewater treatment. One of
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the most capable modification approaches for Fe” and iron oxides is plasma
cleaning. The technique can eradicate contaminants from the iron surface via
an ionized gas called plasma in a vacuum chamber at low pressure. Plasma
cleaning has brought many benefits, e.g. no hazardous chemicals usage,
quickness, safeness, energy savings and simple installation/operation.
2.6.2. Research gaps
Even though much work has been conducted for removing metal ions and
antibiotics from water using iron adsorbents, a number of important research gaps
still exist as follows:

e There is a lack of studies on using steel shavings for treating water containing
heavy metals as well as antibiotics. Subsequently, more research is needed to
understand more and confirm whether the application of steel shavings in
removing HMs and ABs from water is warranted and advantageous.

e Application of gas plasma as a novel modification process of adsorbents in
water treatment is very interesting. However, the amount of research in this
field has been limited. Further studies need to be conducted to choose optimal
conditions for the use of this technique to produce the best adsorbent.

e Current studies have only confirmed adsorption mechanisms of HMs and
ABs on other iron adsorbents; there is little research focusing on the driving
forces for the pollutants removal by steel shavings. Thus, there is a real need
for research to provide an understanding of the uptake pathways of metal ions
and antibiotics adsorption onto raw and modified steel shavings.

e  Most of the studies on using iron adsorbents for the abatement of HMs and

ABs from aqueous solution are in batch. In order to apply the adsorbent in
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water treatment industries, more studies in dynamic systems or on semi-pilot

scales need to be implemented.
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3.1. Materials
3.1.1. Steel shavings

In this study, steel shavings (StS) samples were collected at the steel
processing laboratory at the University of Technology Sydney (UTS), Australia
(Figure 3.1). This material, generated from cutting, sawing and other steel processing

techniques, can easily be collected in large amounts in Australia.

Figure 3.1 Steel shavings at the steel processing laboratory, UTS

3.1.2. Solutions of heavy metals

Stock solutions of Pb*", Cu**, Cd*", Cr*" and Zn** (1000 mg/L) were prepared
by dissolving required weights of 1,598.46 mg lead(Il) nitrate (Pb(NO3),); 3,801.97
mg copper nitrate trihydrate (Cu(NOs),.3H,0); 2,744.05 mg cadmium nitrate
tetrahydrate salt (Cd(NOs),.4H,0); 7,695.8 mg chromium(IIl) nitrate nonahydrate
(Cr(NO3);.9H,0); and 4,549.9 mg zinc nitrate hexahydrate (Zn(NOs),.6H,0),
respectively in a mixture of 1000 mL of distilled water and 10mL of concentrated
nitric acid. Working solution was prepared by diluting stock solution with distilled

water.
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3.1.3. Solutions of antibiotics

A stock solution of 100 mg/L was prepared from chemicals, specifically
sulfamethazine (>= 99%), tetracycline (>= 98%), and chloramphenicol (>= 98%).
Working solutions were diluted from the stock solutions.

All chemicals used were of analytical reagent grade and purchased from
CHEMSUPPLY (Australia).
3.2. Methods
3.2.1. Preparation of adsorbents

Figure 3.2 presents the diagram of adsorbents preparation from steel

shavings. The locations and purpose of preparing steps are summarized in Table 3.1.

Steel shavings

y

Washing and drying

Y

Grinding by pug and
ring mill
Sieving

y

Raw StSh materials:
150-425pum (M,), 75-150um (M,), <75pum (M;)

Plasma modification
Ar

Plasma modified materials:
M,-plH, M,plO, M,pIN, M,plAr

Figure 3.2 Flowchart for the preparation of adsorbents from StS
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A. Raw steel shavings

The raw material was washed three times with distilled water, dried at 50°C
and ground in a pug and ring mill (in 3 min). Figure 3.3 shows the images of raw
steel shavings after washing and drying, and after grinding. The ground samples
were subsequently sieved and divided into three fractions: M; with particle sizes in
the range 150-425 pm, M, 75-150 um and M3 0-75 um; the particles were stored in
closed bottles prior to experiments.

Table 3.1 Summary of adsorbents preparation steps

Preparation Location Purpose

technique

Washing Laboratories at School of Civil and Remove all the dust and
and drying Environmental Engineering, Faculty of unwanted contents in the

Engineering and Information Technology, UTS  steel shavings

Pug and ring  Chemistry laboratory, Faculty of Sciences, UTS To grind the steel

crusher shavings into powder
Sieving Laboratories at School of Civil and Classify particle sizes of
Environmental Engineering, Faculty of steel shavings

Engineering and Information Technology, UTS

Plasma Laboratories, School of Physics and Advanced  Clean and modify
modification Materials, Faculty of Sciences, UTS surface structure of the
materials

Figure 3.3 Images of steel shavings: (A) after washing and drying; (B) after grinding

by a pug and ring crusher
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B. Plasma modified material

Gas plasma is a technique to modify unique surface properties of materials,
without affecting the bulk properties (see in 2.5, Chapter 2). Figure 3.4 describes the
chamber window of the gas plasma equipment before and in action. The gas plasma
cleans impurities on the StS surface as well as embedding gas species in the near-
surface region of the particles. The cleaning process took place through the use of
energetic plasma created from gaseous species. Hence, the effect of plasma on a
material is determined by the chemistry of the reactions between the surface and the
reactive species present in the process gas employed. Each gas produces a unique
plasma composition resulting in different surface properties. In this research four
kinds of gases were employed in the plasma treatment including hydrogen (H,),
oxygen (O,), nitrogen (N,) and argon (Ar), which produced the following modified

adsorbents: My-plH,, Mx-plO,, M-pIN,, and M-plAr, respectively.

Figure 3.4 Chamber window of plasma equipment: (A) before; (B) in action

Figure 3.5 illustrates the surface modification process of materials by
nitrogen plasma. With applied gas flow rate in this study of 20 Standard Cubic

Centimetres per Minute (SCCM), visible surfaces of particles would be clean in the
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first 15 min. Because of time consuming and the adventitious carbon could be

reapplied in 1 hour, the conducting time chosen was 15 min.

RF Generator @

StS

Heating stage

Figure 3.5 Radio frequency (RF) plasma configuration with nitrogen for the surface
treatment of StS

Twenty grams of raw steel shavings, after being pre-treated, was evenly
distributed into a clean 6 cm diameter glass petri dish. Following that, it was placed
in the centre of the chamber of a Harrick plasma cleaner/sterilizer PDC-32G with an
attached Adixen ACP 15 vacuum pump set at a pumping speed of 14m’/h. The PDC-
32G was then vacuumed to an ultimate total pressure of 0.3 mbar before the
employed gas (H,, Oz, N, or Ar) was injected into the chamber at a flow rate of 20
SCCM. The unit was then powered at the high setting (RF power of 18 W at 12 Mhz,
cathode voltage = 300 V) for 15 min before the adsorbent was recovered.

C. Comparison with a commercial iron material

In this study, analytical iron (IIT) oxide (Fe,O3) (purity level 98%) was also
used in a control experiment for comparison of removal efficiencies with the studied
adsorbents. The commercial iron (III) oxide (Fe,Os;) was purchased from sigma-

Aldrich Pty. Ltd. 12 Anella Avenue, Castle Hill, NSW 2154, Australia.
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3.2.2. Characterization methods

The studied adsorbents were characterized by Zeiss Evo SEM, SEM-Supra
55VP, Siemens D5000 X-ray Diffractometer (XRD), Brunauer-Emmett-Teller
(BET), X-ray photoelectron spectroscopy (XPS), Zeta potential and sizer, and
Fourier transform infrared spectroscopy (FTIR) to obtain the surface morphology,

elemental composition, mineral species, surface area, surface charge, and functional

groups (Table 3.2).

Table 3.2 Summary of adsorbents characterization studies

Characterization

experiment

Test location

Purpose

Scanning Electron
Microscopy and EDS
(SEM-Zeiss Evo)
Scanning Electron
Microscopy (SEM-
55EV)

Powder X-ray
Diffraction (XRD)

X-ray photoelectron
spectroscopy (XPS)

Brunauer—Emmett—
Teller (BET)

Zeta potential and

Sizer

Fourier transform
infrared spectroscopy
(FTIR)

Microstructural Analysis Unit
(MAU), Faculty of Sciences,
UTS

Microstructural Analysis Unit
(MAU), Faculty of Sciences,
UTS

Microstructural Analysis Unit
(MAU), Faculty of Sciences,
UTS

The Rramaciotti Centre for
Gene Function Analysis,

University of New South Wales

Centre for Nanoscale
BioPhotonics, Dept. of
Chemistry and Biomolecular
Science, Macquarie University
Environmental Engineering
laboratories, Faculty of
Engineering and Information
Technology, UTS
Environmental Engineering
laboratories, Faculty of
Engineering and Information
Technology, UTS

Determine surface morphology
and analyse the elementary
composition of the materials
Determine surface morphology

and structure of steel shavings

Determine mineral species

present in the adsorbents

Determine the chemical stages
of elements in the adsorbents

Determine surface area and

porosity of the adsorbents

Determine zeta potential of the
surface and particle size of the

materials

Determine functional groups
on the surface of the

adsorbents
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A. SEM-EDS

Surface morphology and elementary composition of the material samples
were analysed by Zeiss Evo SEM with attached EDS at 15kV (Figure 3.6). For each
particle, images were collected at different magnifications. For some particle
samples, high magnification was not possible or images were not sufficiently clear
due to excessive charging. Thus, SEM-Supra 55VP also was used for imaging those

samples.

Figure 3.6 SEM-EDS instruments: (A) Zeiss Evo SEM and (B) Supra 55VP SEM

B. XRD

Powder X-ray diffraction (XRD) was used to identify the mineral
species present in the steel shavings. The sample was pulverized to powdered form
and smeared on a metal holder at room temperature. The X-ray diffractograms were
recorded at a rate of 5° per min and a 26 range of 15° to 80°. XRD analysis was

carried out by Seimens D5000 X-ray Diffractometer (Figure 3.7A).
C. XPS

XPS is a surface sensitive technique which is able to determine the binding

energy of elements in the top 10 nm of a sample. The measurements were conducted
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on a Thermo Scientific ESCALAB 250Xi system fitted with a mono-chromated Al K
alpha X-ray source (1486.68 ¢V) (Figure 3.7B). XPS was implemented in the below
conditions: a background vacuum of better than 2E-9 mbar, a power of 150 W (14
kV x 12 mA), a spot size of 500 um, a photoelectron take-off angle of 90° (electron
optics respect to the surface plane), a C 1s = 284.8 eV binding energy reference for
adventitious hydrocarbon, a pass energy of 100 eV for survey scans and 20 eV for

region scans.

Figure 3.7 XRD and XPS instruments: (A) Seimens D5000 X-ray Diffractometer
and (B)Thermo Scientific ESCALAB 250Xi

D. BET

BET characterization was applied to the raw and modified adsorbents. The
particles were degassed using the Micrometrics VacPrep 061 Sample Degas System
at 60 °C for 24 hours. BET analysis was then performed by the micrometrics tristar

III system (Figure 3.8).

E. Zeta potential and particle size distribution

To analyze the surface relating zeta potential of the adsorbents, Malvern Zeta

potential and Sizer was utilized. Mixtures of adsorbents with Mili-Q water were
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adjusted at different solution pH values, and then shaken at 150 rpm for 24 hours.
Subsequently, zeta potential values of the samples were measured by Nano-ZS Zeta-

sizer (Malvern, Model: ZEN3600) (Figure 3.9A).

The particle size of M; was also measured by this instrument. As this method
can only measure particle distribution in the solution, an amount (1 gram) of the
particles M3 was mixed with Mili-Q water and then shaken at 150 rpm for 24 hours.
Subsequently, the liquid phase was measured by Nano-ZS Zeta-sizer (Malvern,

Model: ZEN3600) and the solid phase was dried and weighted.
F. FTIR

The functional groups on the surface of pre and post adsorption materials
were analyzed by Fourier transform infrared spectroscopy (FTIR) on the instrument:
MIRacle 10, Shimazhu (Figure 3.9B). FTIR spectra were measured the absorbance

from 400 to 4000 cm™, at 4 cm™ resolution using a combined 40 scans.

Figure 3.8 BET system instruments: (A) micrometrics tristar Il system, and (B)

Micrometrics VacPrep 061 Sample Degas
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Figure 3.9 Zeta potential and FTIR instruments: (A) Nano-ZS Zeta-sizer (Malvern,
Model: ZEN3600) and (B) MIRacle 10, Shimazhu

3.2.3. Development of adsorbents from steel shavings

Adsorption capacity of adsorbents which have different sizes, employed gas
in plasma modification and commercial iron (III) oxide are compared to find the
most effective adsorbent.
A. Particle size

For studying the effects of particle size onto adsorption ability, different
particle sieve sizes of raw and modified StS including 0-75; 75-150 and 150-425 pm
are tested.
B. Employed gas in plasma modification

Removal efficiencies of HMs and ABs onto different kinds of adsorbents
which were obtained from plasma modification with various applying gases (Ha, O,
N, and Ar) were examined to understand the effects of employed gases.
3.2.4. Batch adsorption experimental set-up for removing HMs
A. Affecting factors on HMs adsorption from aqueous solutions

The effects of solution pH, adsorbent dose and temperature to adsorption of
HMs were examined in this research with single metal ion solutions including Pb*",

Cu”", Cd*", Cr’" and Zn®" separately.
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In order to study the effects of pH on adsorption, 100 mL of 100 mg/L single
metal ion solution were added into a 250 mL flask. The pH value was
adjusted from 2-8 with HCL 0.1M and NaOH 0.1M. Then, 0.5 g of adsorbent
was put into the solution. The mixture was shaken in a shaking table at 130
rpm at room temperature for 24 hours.

Effects of adsorbent dosage (0.1, 0.2, 0.5, 1, 2, 5, 10 and 20 g/L) on
adsorption efficiency of HMs on raw and modified steel shavings were
examined. Different amounts of the adsorbents which were 0.01, 0.02, 0.05,
0.1, 0.2, 0.5, 1 and 2 gram were added to 100 mL solution of the HMs at 100
mg/L. The subsequent steps were carried out in the same procedure as with
the pH influence tests.

Effects of temperature on the adsorption process of HMs onto the adsorbents
were observed at 20, 25 and 30°C. The volume of 100 mL of different metal
ion concentrations (0, 5, 10, 20, 40, 60, 100, 200 and 500 mg/L) were added
into 250 mL flasks, then pH of the solution was adjusted. The optimal
amounts of adsorbent were added, and then shaken at 130 rpm in a
thermostatic shaker for 24 hours.

A magnet was used to separate liquid and solid phases after the adsorption

process. Subsequently, the metal ions concentration in the effluent was measured by

Microwave Plasma - Atomic Emission Spectrophotometer (MP-AES) after passing

through a 1.2 pum filter paper. The adsorption isotherm experiments were conducted

at room temperature. Adsorbed adsorbents were then used for the desorption

examination.

The percentage removal of heavy metals (%) was calculated by the equation:
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% removal =

(Co—Ce)x100

= (3.2.4.1)

The sorption capacity q. (mg/g) was calculated using the following equation:

e

_ (Co—Ce)xv (3.2.4.2)

m

where C, and C, are the initial and equilibrium concentration respectively (mg/L), m is the
mass of adsorbent (g), V is the volume of the HMs solution (L).

B. Isotherms and kinetics models of HMs adsorption

Adsorption kinetics and isotherms models were utilized for describing

adsorptive removal of HMs onto the adsorbents including Langmuir and Freundlich

isotherm models, Pseudo-first-order kinetic (PFO), Pseudo-second-order Kkinetic

(PSO) and Intra-particle diffusion model (IDM). Table 3.3 describes and summarizes

the equations of kinetic and isotherms of HMs adsorption on the adsorbents.

Table 3.3 Kinetic and isotherm models of HMs adsorption on StS

Models Equation Linearized form
Langmuir . = 4.k, C. & _ C, N 1
¢ ]. + kL Ce qe qmax kL Qmax
Freundlich 1/n 1
q, =k.C, Ing, =Ink, +—InC,
n
where: C, is the equilibrium metal ion concentration (mg/L). q. is adsorption
capacity of StS at equilibrium (mg/g). qum.x 1S maximum HMs uptake of the
adsorbent (mg/g); k. is Langmuir constant related to binding energy of
adsorption (L/mg); kr and n are Freundlich constants indicative of the
adsorption capacity and adsorption intensity of the adsorbent, respectively.
PFO dgq In(q, —q,)=Ing, —kt
9=, (0.~4,) @.~q)=Ing.~k
t
PSO dg 1 1 1
_l=k2p(qe_qt)2 = 2+_
d, 9 kg, 4.
IDM q; = k;t%>

where: qe = amount of HMs adsorbed at equilibrium (mg/g); qt = amount of
HMs adsorbed at time t (min) (mg/g); ki, = equilibrium rate constant of PFO
(1/ min); ko, = equilibrium rate constant of PSO (1/min) and ki (mg/g.min) =

the rate constants of IDM, respectively.
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The experiments were performed for Pb**, Cu*', cd*, cr' and zZn*

separately according to the following procedures:

For investigation of the adsorption isotherms, the solutions of the HMs at
different concentrations - 0, 5, 10, 20, 40, 60, 100, 200 and 500 mg/L - were
prepared in 250 mL flasks. Optimal amounts of adsorbents were added. The
solution pH was adjusted to the optimum value as obtained from the pH
effects experiments. The mixtures of adsorbents and HMs solutions were
shaken at 130 rpm at a fixed temperature (25°C) for 24 hours.

In kinetic experiments, the optimal amount of adsorbent which was obtained
from the effect of adsorbent dose tests was mixed with 100 mL of 100 mg/L
single metal ion solution. The mixtures were shaken at 130 rpm and room
temperature. The samples were taken at 5, 10, 15, 30, 45, 60, 120, 240, 480,
1440 and 2880 min.

Next steps for analysis of HMs concentrations in the effluents were carried

out following the same procedure as experiments on the effects of pH and dose of

adsorbent.

C. Competitive adsorption of HMs on raw and modified StS

For calculation of adsorption isotherm of HMs on the adsorbents, 100 mL
multi-metals solutions were prepared at different concentrations with total
competitive solutes concentrations including 0, 5, 10, 20, 40, 60, 100, 200
and 500 mg/L (each metal solute concentration of 0, 1.67, 3.33, 6.67, 13.33,
20, 33.33, 66.67 and 166.67 mg/L). Optimal adsorbent dosage was used. The

mixtures were shaken at 130 rpm for 24 hours at 25°C.
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e In order to study competitive kinetics, 100 mL of mixed solution of Pb*,
Cu*", Cd*', Cr’" and Zn*" (100mg/L of total initial solution concentration,
and each solute concentration is 20 mg/L) were prepared into 250 mL flasks.
The competitive adsorption kinetics was carried out using the optimal
solution pH and adsorbent dosage. The mixture was shaken at 130 rpm in
shaking tables. The samples were taken at 5, 10, 15, 30, 45, 60, 120, 240,
480, 1440 and 2880 min.

Next steps for analysis of HMs concentrations in the effluents were carried
out following the same procedure as above.

The overall competitive adsorption capacities are calculated using
summarized Langmuir and Freundlich Equations (Anwar, 2014). The combined

Freundlich model for 5 metal ions:

Qeotar = Kr1Cor™ + KizCop™™ + KpzCos™™ + KpyCo™ + KpsCos™/™
(3.2.4.3)

Kr(totary = Kp1 + Kpy + Kpst Kpy + Kps (3.2.4.4)

The combined Langmuir model for 5 metal ions:

_ Qmax1KL1Ce1 Qmax2K12Ce2 Qmax3K13Ce3 Qmax4K14Ces

total — 1+K71Co1 1+K12Ces 14K 3Ce3 1+K14Ces
QmaxsKLs5Ces
max e (3.2.4.5)
1+K5Ces
Qmax.(total) = Qmaxl + Qmaxz + Qmax3 +Qmax4 + Qmaxs (3'2'4'6)

where Kgi, K, Kgs, Kgq and Kgs are the Freundlich constant for first competitive solute,
second competitive solute and third competitive solute, respectively. Qmaxi, Qmax2> Qmaxss
Qumaxa and Qs are the maximum Langmuir sorption capacity respectively for the first,
second, third, fourth, fifth competitive solute.
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D. Desorption and regeneration

From the experimental results, the most effective adsorbent in the batch study
for removing HMs was chosen for regeneration experiments. Several reagents were
utilized for desorbing of metal ions from treated materials including tap water, HCI
0.IN, H,SO4 0.IN, HNO; 0.IN, CH3;COOH 0.IN and NaOH O0.IN. Adsorbed
materials and 100 mL of regeneration reagents were added into 250 mL flasks at
room temperature, shaken at 130 rpm for 24 hours and filtered through 1.2 pm filter
paper. The concentrations of HMs in the solutions were analyzed following the same
procedure as above.

After that, the materials were collected and used for the next circles. The
adsorption-desorption cycles of HMs on the adsorbent were carried out in 5
continuous cycles.

3.2.5. Batch adsorption experimental set-up for removing antibiotics
A. Affecting factors on antibiotics adsorption from aqueous solutions

In order to select optimal conditions for the removal process, the effects of

pH, adsorbent dose and temperature were studied. The efficiency in removing

antibiotics from the aqueous solution was calculated as follows:

(Co—Ce)x100

% removal = o

(3.2.5.1)

The adsorption capacity was calculated using equation below:

q, = Lo (3.2.52)

m
where C, and C, are the initial and equilibrium antibiotics concentrations (pug/L), m is the

mass of adsorbent (g) and V (L) is the volume of the antibiotics solutions.
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The experiments were undertaken for 3 antibiotics (SMT, TC and CP)

separately as per the following procedure:

For investigation of the pH influence on the adsorption, 50 mL of the
antibiotic solution 1000 ng/L were prepared into 250 mL flasks. The pH of
the solutions were adjusted from 2-10 using 0.1M HCL and 0.1M NaOH
solutions; then 0.5 gram adsorbent was added. The mixture was shaken in a
shaking table at 130 rpm for 24 hours. The effluent was filtered through a 0.2
um filter paper. The concentrations of the compounds were then analyzed
using HPLC-UV.

Effects of adsorbent dosage (0.1, 0.2, 0.5, 1, 2, 5, 10 and 20 g/L) on
adsorption efficiency of antibiotics on steel shavings were examined.
Different amounts of adsorbent which were 0.005, 0.01, 0.025, 0.05, 0.1,
0.25, 0.5 and 1 gram were added to 50 mL solution of the antibiotic at 1000
ug/L. The subsequent steps were carried out following the same procedure as
for the pH influence tests.

Effects of temperature on the adsorption process of antibiotics onto the
adsorbents were carried out at 20, 25 and 30°C. The volume of 50 mL of
SMT, TC and CP concentrations (100, 200, 500, 1000, 2000, 5000, 10000
and 20000 pg/L) were added into 250 mL flasks, and then optimal pH of the
solution was adjusted. The optimal amounts of adsorbents were added, and
subsequently shaken at 130 rpm in a thermostatic shaker for 24 hours. The
subsequent steps for analyzing ABs concentration were carried out following

the same procedure as with the pH influence tests.
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B. Isotherms and kinetics models of antibiotics adsorption

The Langmuir, Freundlich isotherm models; and Pseudo-first-order kinetic

(PFO), Pseudo-second-order kinetic (PSO) and Intra-particle diffusion model (IDM)

were used to describe the isotherms and kinetics of the adsorptive removal. The

equation and linearized forms of the models are illustrated and summarized in Table

3.4.

Table 3.4 Kinetic and isotherm models of antibiotics adsorption on StS

Models Equation Linearized form
Langmuir
£ g, = qmakaCe Ce = Ce + 1
¢ 1 + kL Ce qe qmax kL qmax
Freundlich n 1
q, =k.C, Ing, =Ink, +—InC,
n
where: C. is the equilibrium concentration (png/L) of the adsorbate. q. is adsorption
capacity of StS at equilibrium (1g/g). qma 18 maximum antibiotics uptake of the
adsorbent (png/g); ki is Langmuir constant related to binding energy of adsorption
(L/ng); ky and n are Freundlich constants indicative of the adsorption capacity and
adsorption intensity of the adsorbent, respectively.
PEO dq, =k ( ) ln(qe —q,)= lnqe _klt
d —Mp qe qt
t
PSO @:kzp(qe_qt)Z l: 12+i
d, 9 kg, 4.
IDM q: =k it0-5

where: qe = amount of antibiotics adsorbed at equilibrium (pg/g); qt = amount of
antibiotics adsorbed at time t (min) (ng/g); ki, = equilibrium rate constant of PFO (1/
min); ky, = equilibrium rate constant of PSO (1/min) and ki (nug/g.min) = the rate

constants of IDM, respectively.

The experiments were performed for 3 antibiotics (SMT, TC and CP)

separately according to the following procedures:

e For examination of the isotherms, the solutions of the antibiotic at different

concentrations - 10, 50, 100, 500, 1000, 2000, 5000, 10000 and 20000 pg/L -

were prepared in 250 mL flasks. The pH was adjusted to the optimum values
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as obtained from the pH effects experiments. Then the optimal amount of
adsorbent which was derived from the adsorbent dose tests was added, and
shaken at 130 rpm at a fixed temperature (25°C) for 24 hours.

In kinetic experiments, the optimal amount of adsorbent which was obtained
from the effect of adsorbent dose tests was mixed with 50 mL the antibiotic
solution of 1000 pg/L, and then shaken at 130 rpm at room temperature. The
samples were taken at different times: 5, 10, 20, 30, 45, 60, 120, 240, 480 and
1440 min.

The subsequent steps for analyzing ABs concentration were carried out

following the same procedure as above.

C. Competitive adsorption of ABs on raw and modified StS

For investigation of competitive adsorption isotherm of ABs on the
adsorbents, 50mL with different concentrations of multi-antibiotics solutions
at total multi-antibiotics solutions from 0, 100, 200, 500, 1000, 2000, 5000,
10000 and 20000 pg/L (each solute concentration of antibiotic at 0, 33.33,
66.67, 166.67, 333.33, 666.67, 1666.67, 3333.33 and 6666.67 pg/L) were
used. The optimal pH and adsorbent dose were adjusted. The mixtures were
shaken at 130 rpm for 24 hours at 25°C.

Kinetics: 50 mL of a mixed solution of 3 antibiotics SMT, TC and CP (1000
pg/L of total initial solution concentration, and each solute concentration is
333.33 pg/L) was prepared into 250 mL flasks to study competitive
adsorption on adsorbents. Optimal amounts of adsorbent were added. The
mixture was shaken at 130 rpm in shaking tables. The samples were taken at

different times: 5, 10, 20, 30, 45, 60, 120, 240, 480 and 1440 min.
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Next steps for analysis of SMT, TC and CP concentrations in the effluents
were carried out following the same procedure as above.

The experimental data regarding competitive adsorption of ABs were
calculated using combined Freundlich and combined Langmuir models (Ahmed et
al., 2017).

The combined Freundlich model for 3 antibiotics:
Qtotal = KFlcell/n + KFZCezl/n + KF3Ce31/n (3.2.5.3)
Kr(totay = Kp1 + Kpy + Kp3 (3.2.5.4)

The combined Langmuir model for 3 antibiotics:

_ Qmax1Kr1Ce1 | Qmax2Kr2Ce2 | Qmax3K13Ce3 (3.2.5.5)
total 14+K71Ceq 14K15Cep 14K} 3Ce3 e

Qmax.(total) = Qmaxl + Qmaxz + Qmax3 (3-2~5-6)

where Kg, Kp, Kgy are the Freundlich constants for first competitive solute, second
competitive solute and third competitive solute respectively. Qumaxi, Qmaxa and Qu.x; are the
maximum Langmuir sorption capacity respectively for the first, second and third competitive

solute.

D. Desorption and regeneration

Several reagents were chosen to desorb the ABs loaded adsorbents including
tap water, H,SO4 0.1N; NaOH 0.1N, Methanol 0.1N and Ethanol 0.1N. Adsorbed
materials and 100 mL of regeneration reagents were added into 250 mL flasks at
room temperature, shaken at 130 rpm. Concentrations of ABs in the effluents were
obtained following the same procedure as above.

After that, five continuous cycles of adsorption-desorption were studied using
the optimal reagent that was identified from the above experiments for desorbing the

ABs loaded adsorbents.
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3.2.6. Semi-pilot scale experimental set up for removing HMs and ABs from

synthesized wastewater

In the previous batch study, nitrogen plasma modified steel shavings (M3-
pIN,) have been shown to be successful remove HMs and ABs from water. As the
next step, adsorption research using Ms-pIN; is conducted at semi-pilot scales for
removing HMs and ABs from synthesized wastewater. This study aims to design an
novel and effective wastewater treatment unit at semi-pilot scale (up to 5m’/day) for
HMs and ABs removal. The synthesized wastewater containing HMs was prepared
by mixing stock solutions of Pb>", Cu*", Cd*", Cr’" and Zn*" with tap water (HMs
concentrations: Pb*" 5.94, Cu®*" 4.74, Cd*" 6.48, Cr'" 6.44 and Zn*" 5.18 mg/L).
Similarly, a mixture of three antibiotics SMT, TC and CP stock solutions was diluted
with tap water to synthesize wastewater containing ABs (SMT 100.1, TC 97.3 and

CP 99.5 pg/L).
A. Selecting the treatment designs for HMs and ABs removal

For selecting of the most effective design for HMs treatment from water
using the M;-pIN,, three different designs (design 1, 2 and 3 are illustrated in the
Figures 3.10, 3.11 and 3.12, respectively) have been assessed. The semi-pilot
experiments were conducted with synthesized wastewater following the three
treatment designs: two reaction tanks (design 1 and 2) and a fixed-bed column

(design 3).
The volume of the reaction tank (design 1 and 2) can be calculated as below:

Hydraulic retention time (HRT) = volume of tank (V) /influent flowrate (f)
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> V= P*HRT
f=5 m*/day =~0.21 m’/h = 210 liters/h = 3.5 liters/min=~58.3 ml/s

From the batch adsorption study, the adsorption of HMs and ABs onto Mj3-
pIN> increased dramatically and mostly occurred in the first 4 hours (more than 95%
of adsorbates were removed). Moreover, 60 min was the contact time to reach

equilibrium status.

So, the required HRT =4 hour - V = 840 liters. Thus reaction tank designs
(design 1 and design 2) need to meet the requirement of 4 hour HRT, their functional

volumes are larger than 840 liters.
Design 1 description

It includes a tank with 6 panels inside the tank with weirs on the top of 3
panels and at the bottoms of the other three. Panels with weir on top and at the
bottom are put next to each other, so water goes through a zigzag route as in Figure
3.10. Bags are made of cotton fiber with the size of 8x5 cm, it is then easy to open
and close the lid. The bags containing Ms-pIN, are hung on the panels (the total
weight of M3-pIN;: 15 kg). Dimensions of the tank: length 150 cm, width 80 cm and
height 80 cm. The tank has two pipes at the bottom on two sides for water in

(connected to a pump and feed tank) and out.
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Figure 3.10 Schematic diagram of treatment system using nitrogen plasma modified

steel shavings design 1

Design 2 description

A cylindrical tank is used for removing pollutants by Ms-pIN,. The design

has 5 hanging bars on top using plastic pipes; the bags containing M3-pIN; are hung

on the bars with fiber wires (Figure 3.11). A water pump (flow rate of 1000

liters/hour) is used to mix the water and make the water go through the bags (the
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total weight of M3-pIN,: 15 kg). The reaction tank has a radius of 50 cm and a height

of 120 cm. The reaction tank is connected to a peristaltic pump and feed tank.

Effluent
—5

Water level

Influent

— —

\/ Peristaltic pump
Mixing pump

Feed tank

N

Figure 3.11 Schematic diagram of treatment system using nitrogen plasma modified
StS design 2

Bag containing M-pIN,

Design 3 description

In this design, an up-flow packed column is utilized to remove HMs and ABs
using M3-pIN, (Figure 3.12). The design is developed following a fixed-bed column.
However, the adsorbents are stored inside numerous small cotton-fiber bags (bags
with the same design as mentioned above were used) to prevent M3-pIN, from going
with the water flow or column clogging. The dimensions of the column are inner
diameter of 20 cm and height of 100 cm. The sides near the bottom and top of the
column have pipes for influent and effluents. The column was packed with glass

beads and the bags containing Mj3-pIN, (the total weight of Ms-pIN, is 15 kg,
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equivalent with 50cm of bed height) as in Figure 3.12. The bags were filled (about
50% of its volume) with M3-pIN,. The bags containing M3-pIN, were initially mixed
with DI water in a container until no air bubbles was observed. This step is quite
similar to “slurry method” which was developed by Zach-Maor et al. (2011). A layer
of glass beads (5 cm) was put into the column. Subsequently, the wet bags were
carefully organized in the column (layer by layer) to minimize spaces inside the bed.
Finally, another layer of glass beads (5 cm) was placed on top of the M3-pIN, bed.

The influent is pumped through the column with an adjustable flow-rate valve.

Acrylic column

Effluent
O—

Effluent

OTITIIIITY Glass beads
PEPPPIPPPPP

PIVIV PP PP P

Bag containing M 3»plN7

Influent
Glass beads

Peristaltic pump

N

Feed tank

N

Figure 3.12 Schematic diagram of treatment system using nitrogen plasma modified
StS design 3
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B. A column design for HMs removal by nitrogen plasma modified steel shavings
After the best design for removing HMs was chosen, affecting factors to

adsorption process in the treatment design (fixed-bed column) including flow rate

and bed height were studied.

Effects of column design parameters

- For examination of the effect of flow rate on HMs removal by StS in the
system, experiments were carried out at fixed bed height of 35 c¢cm, room
temperature (25°C), non-adjusted pH value and at different flow rates of the
influent including 2500; 5000; 7500; 10000 L/day (equivalent to 1.74, 3.47,
521 and 6.94 L/min). The samples were collected at pre-determined
intervals, then the mixtures were filtrated using 1.2 pm filtration paper and
finally the metal ions in the remaining solution were analyzed by MP-AES.
- Effects of bed height were evaluated by experiments with different bed height

including 20, 35 and 50 cm (by packed with certain amounts of M3-pIN;: 6,
10.5 and 15 kg) and optimal flow rate which was obtained from the above
experiments. The samples were collected at pre-determined intervals and the
metal concentrations were defined as in the previous procedure.

Calculation of breakthrough curve parameters
For evaluation of the adsorption performance of a column, it is necessary to

analyze the break-through curve by calculating breakthrough curve parameters. The

breakthrough time (t,) and treated volume at break-through time (V) are determined

as the time and volume when the outlet pollutant concentration (C;) reached 10% of

the inlet concentration (C/C, = 0.1). Likewise, the exhaustion time (t;) and treated
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volume at exhaustion time (V) are identified as the time and volume when the outlet
concentration (C;) reached 90% of the inlet concentration (C/C, =0.9).

The total amount of pollutant adsorbed onto M3-pIN; column, Q. (Mg/g or
ug/g) and the dynamic adsorption capacity, . (mg/g or pg/g) are calculated
according to the following equations (Han et al., 2009; Paudyal et al., 2013; Sharma

and Singh et al., 2013):

Q t=total

Qtotal = T500 Jt=0 Caqdt (3.2.6.1)
e = T2 (3.2.6.2)

where, t total, Q,M, and Cad are the total time for the column to reach saturation (min),
volumetric flow rate (mL/min), the amount of M;-pIN, packed in the column (g), and the
difference in the pollutant concentration at the initial time and the time t caused by

adsorption (mg/L), respectively.

The prediction of the breakthrough curve is essential for designing a
continuous adsorption system. The relation between concentration and time provides
insights into the adsorbent affinity, adsorbent surface properties, and adsorption
pathways (Foo et al., 2013). For that reason, several mathematical models have been
developed for this purpose. Four different models were used in this research
including Adams—Bohart, Thomas, Yoon—Nelson, and BDST models.

In the Adams—Bohart model, the equilibrium is not instant and the adsorption
rate is controlled by external mass transfer (Quintelas et al., 2013). The model was
used for analyzing the initial part of the breakthrough curve (C/C,=0-0.5) (Long et
al., 2014; Sharma and Singh, 2013). The Adams-Bohart model is expressed as the

following equation (Han et al., 2009):

ln((::_(t) = KABCOt - KABNOE (3263)
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where C, and C; (mg/L or pg/L) are the influent and effluent pollutant concentration, K,g
(L/mg.min or L/pg.min) is the kinetic constant, N, (mg/L or pg/L) is saturation
concentration of the column, Z (cm) is the bed height, F (cm/min) is the linear velocity
achieved by dividing the flow rate (cm’/min) by the column section area (cm?®). The
constants K, and N, of the Adams—Bohart model can be estimated from the linear plot of

In(C/C,) against t.

The Thomas model assumes that the adsorption is not restricted by chemical
interactions but by mass transfer at the interface and the experimental data follows
Langmuir isotherms and second-order kinetics (Foo et al., 2013). Instead of initial
part of breakthrough curves as Adams—Bohart model, Thomas model is suitable for
depicting the whole breakthrough curve (Bulgariu and Bulgariu, 2013). Thomas
model is given as the following equation (Thomas, 1944; Paudyal et al., 2013; Han et

al., 2009):

Co
In(f2-1)= krndo's = KrnCot (3.2.6.4)

t
where ky, is the Thomas rate constant (mL/min.mg or mL/min.pg), q, is the adsorption
capacity (mg/g or ng/g), C, is the inlet pollutant concentration (mg/L or pg/L), C; is the
outlet concentration at time t (mg/L or ug/L), m is the mass of adsorbent (g), Q is the feed
flow rate (mL/min), and t is the filtration time (min). The values of ky, and q, were
determined from the linear plot of In(C,/C; - 1) against t.

The Yoon—Nelson model can also predict the whole period of the
breakthrough curve. The linear expression of this model is described by the

following equation (Yoon and Nelson, 1984; Sharma and Singh, 2013):

C
ln (Co—tct) = kYNt - TkYN (3265)

where kyy stands for the Yoon—Nelson rate constant (min_l), and 7 is the time required for

50% pollutant removal breakthrough (min).
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The BDST model is used for describing the relationship between bed depth
and service time of a column. According to Jain et al. (2013), BDST model can
present appropriately the initial part (10-50%) of the breakthrough curve. The BDST

model is described as the following equation (Han et al., 2009; Paudyal et al., 2013):

ZN 1 C
=T y(f-1)
Cov KpCo Cp

(3.2.6.6)

where t is the service time of column (h), Z is the bed depth (cm), C, is the inlet pollutant
concentration (mg/L or pg/L), C, is the outlet concentration at breakthrough point (mg/L or
pg/L), N, is the column adsorption capacity (mg/L or ng/L), K, is the rate constant [L/(mg.h)
or L/(ng.h)], and v is the linear flow velocity and is calculated by dividing the flowrate by
the area of column (cm/min).

From the plots of time versus bed depth, N, and K, are calculated as follows

(Zach-Maor et al., 2011):

m = slope = % 2> N, = mC,v (3.2.6.7)
C = intercept = ———In(2—1) > Ky = ——In(2—1 3.2.6.8
= intercept = K. n(Cb ) b= e n(Cb ) (3.2.6.8)

Setting t=0 and solving Eq. 3.2.6.6 for Z produces the following equation

(Kumar and Bandyopadhyay, 2006):

Zo = xcin (g—b - ) (3.2.6.9)

where Z, (cm) is called the critical bed depth, which is the minimum bed depth required to

yield the desired effluent concentration (Cy).
C. A column design for ABs removal by nitrogen plasma modified steel shavings

The affecting factors including flow rate and bed height to ABs removal were

studied in the optimal semi-pilot design that was selected in the above section.
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Effects of column design parameters

For studying the effect of flow rate on the removal process of ABs by StS in
the system, experiments were carried out at bed height of 35 cm, room
temperature (25°C) and without pH adjustment. Flow rates of the influent
were 2500, 5000, 7500 and 10000 L/day (equivalent to 1.74, 3.47, 5.21 and
6.94 L/min). The samples were collected at pre-determined intervals, then the
mixtures were filtrated using 0.2 pm paper filters and finally the remaining
concentrations of ABs were analyzed by HPLC.

Effects of bed height were evaluated by experiments with different bed height
including 20, 35 and 50 cm (equivalent with certain weights of M3-pIN,: 6,
10.5 and 15 kg) at the optimal flow rate which was obtained from the effect
of flow rate experiments. The samples were collected at pre-determined
intervals and then the antibiotics concentrations were defined as in the above

procedure.

Calculation of breakthrough curve parameters

Evaluation of experimental data of ABs removal by nitrogen plasma modified

steel shavings was conducted using different dynamic models, the same as above

including Adams-Bohart, Thomas, Yoon-Nelson, and BDST models.

3.2.7. Heavy metals analysis method

Concentrations of HMs were analyzed using 4100-MP-AES, Agilent Technologies

with an auto-sampler at Environmental engineering laboratories, Faculty of

Engineering and Information Technology, UTS (Figure 3.13A).
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3.2.8. Analytical method of the antibiotic concentrations
For analyzing the concentrations of SMT, TC and CP in water, high

performance liquid chromatography (HPLC) with detector UV was utilized (Figure

3.13B).

4 [y
Figure 3.13 MP-AES and HPLC instruments: (A) 4100-MP-AES, Agilent
Technologies and (B) Jasco HPLC-UV

The concentrations of SMT, TC and CP were analyzed by HPLC (Jasco) with
auto-sampler using a reserve phase Zorbax Bonus RP C-18 column (2.1x1.5 mm, 5
um particle size, Agilent Technologies). The detection was done utilizing UV
absorption at a wavelength of 285nm, by 50 uL injection. Acetonitrile and formic
acid were employed as the mobile phase A (v:v = 99.9:0.1) while mobile phase B
consisted of Milli-Q water and formic acid (v:v = 99.9:0.1). The applied program of
elution is presented in Table 3.5 and the running time of the method was 10 min. The
chromatograph of antibiotics by HPLC and the analytical standard lines are depicted
in Figure 3.14.

3.2.9. Statistical analysis
All experiments were implemented in triplicate and data represented the

average values. The deviations were less than 5%.
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Table 3.5 The elution program applied in the antibiotics analysis using HPLC

Time (min) Flow (mL/min) %A %B
Prerun 0.3 40 60
0.1 0.2 15 85
4.0 0.2 15 85
4.1 0.3 40 60
—(A) 8o - (B)
“lm
? : .
z§ Sulfamethazine Chloramphenicol 70 - ¢ Z}Tlt:::r}:liln;icol y =0.0135x
|- e T R?=0.997
60 - X Sulfamethazine

‘ 8 Linear (Tetracycline)
o , 50 Linear (chloramphenicol)

T b Linear (Sulfamethazin,
V05 T M5 2 5 4 B 4 B 5 8 & 85 1 7508 B 8 % 0 f5 4 f5 0 ;40_
oo v x
= o
e Tetracycline 830 - y =0.005x
i R2=0.9974
= 20 -
%5 y = 0.004x
i 10 R? = 0.9864
%L?Qé 0 T T 1

” ' " : 0 2000 4000 6000

Concentration (ng/L)

Figure 3.14 (A) Chromatograph of SMT, CP and TC by HPLC- UV and (B)
Analytical standard lines of SMT, TC and CP

103



Van Son Tran DOCTORAL THESIS 2017

ZUTS

UNIVERSITY OF TECHNOLOGY SYDNEY

Faculty of Engineering and Information Technology

CHAPTER 4
DEVELOPMENT OF ADSORBENTS FROM
STEEL SHAVINGS FOR HEAVY METALS AND

ANTIBIOTICS REMOVAL
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4.1. Introduction

In order to develop steel shavings as an adsorbent for water treatment, it is
necessary to study its physical and chemical characteristics, adsorption capacity and

optimal conditions for modifying the material.

As described in chapter 2 and chapter 3, plasma modification technique was
applied for the development of the adsorbents. This chapter focuses on finding the
effects of conditions such as particle size of StS and employed gas in plasma
modification on the removal of HMs as well as ABs from aqueous solution. From the
results, optimal conditions to enhance adsorption capacities of the adsorbents from
steel shavings were concluded. The adsorption abilities were also compared with

those of commercial iron (III) oxide (Fe,O3).

Chapter 4 also describes and analyzes the characterization of the adsorbents
obtained from steel shavings. From the experimental outcomes, comparison is made

to assess the effects of plasma modification to characteristics of the adsorbents.

Table 4.1 shows adsorption efficiencies between 15 different kinds of
adsorbents including 150<StS<425 um (M;), M;-plO,, M;-plH,, M;-pIN,, M;-plAr,
75<StS<150 pm (Mz), Mz—plOz, Mz—lez, Mz—plNz, Mz—plAI‘, 0<StS<75 pm (M3),

M;-plO,, M3-plH,, M3-pIN,, and M3-plAr for HMs and ABs.

4.2. Effects of particle size, employed gas to adsorptive removal of HMs

Adsorption capacities of different kinds of adsorbents including raw StS
(various particle size), Fe (III) oxide, plasma modified StS (H,, O,, N, and Ar) were

investigated to compare and discuss.
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4.2.1. Particle size

Particle size wields a very large influence on adsorption efficiency of metal
ions on the raw and modified StS. As expected, the finer particles were the ones
possessing the highest removal efficiency (Table 4.1). For example, the removal
efficiencies of Pb*>" on M;, Ma, M; were 73.0, 78.7 and 85.5 %, respectively. The
removal efficiencies of HMs on raw and plasma modified StS (at all the three
particle sizes) were much higher than those of analytical Fe,O3 (Pb*" 31.4, Cu*" 33.2,

Cd* 21.3,Cr’" 19.2 and Zn** 23.8 %).

Furthermore, plasma modification with gases including Hj, O, N, and Ar of
different particle sizes from 0-75; 75-150; 150-425 pum also achieved the similar
outcomes regarding particle size effects on HMs removal. After plasma modification,
the finer particle size also led to higher adsorption capacities of HMs on the
adsorbents. Percentages of removed metal ions on argon plasma modified StS (at
different particle sizes) were Pb>" 73.9, Cu®" 74.3, Cd*" 40.3, Cr’" 33.5, Zn*" 39.9 %
by M;-plAr; Pb** 80.1, Cu®" 81.1, Cd*" 56.2, Cr’" 46.6, Zn*" 44.7 % by My-plAr and

Pb*" 94.2, Cu*" 95.6, Cd*" 54.2, Cr’* 55.6, Zn*" 57.0 % by Ms-plAr.
4.2.2. Employed gas in plasma modification

Table 4.1 displays the effects of gas plasma modification on the removal
efficiencies of HMs on the adsorbents obtained from steel shavings. Plasma
modification significantly affected adsorption efficiencies of heavy metals on steel
shavings. Removal efficiencies of HMs on M3 were Pb** 85.5, Cu*' 87.4, Cd** 50.3,
Cr’* 49.0 and Zn®>" 51.5%. They increased with adsorbents that had been modified

with plasma H,, N,, Ar, especially those of Mj3-pIN, which were Pb* 95.8, Ccu?
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96.3, Cd*" 58.5, Cr’* 57.3 and Zn*" 59.5 %. In contrast, the removal efficiencies on
M;-plO, decreased following plasma modification with O,, these efficiencies being
Pb’" 66.9; Cu’" 72.9; Cd*" 50.6; Cr'" 47.2 and Zn®" 51.0 %. These results
demonstrate that O,-plasma modification has not only cleaned the surface of StS,
oxidized carbon to C-N or C-O gases but also oxidized low-oxygen forms of Fe to a
rich-oxygen form such as Fe;O3;. As can be seen from the results, analytical Fe,O3

has very low adsorption capacity for heavy metals from water.

The above results indicate that plasma modification with H,, Ar, N, did
improve the adsorption capacity of HMs on steel shavings. Especially, plasma
modification with N, gas has considerably enhanced adsorption efficiencies of the
adsorbent. Moreover, N, gas is much cheaper and easier to apply than other gases.
Hence, raw StS (0-75um, M3) and plasma modified StS with nitrogen (0-75um, M3-

pIN,) were selected for conducting the subsequent experiments.
4.3. Effects of particle size, employed gas to adsorptive removal of ABs
4.3.1. Particle size

The particle size has also great effects on removal efficiencies of SMT, TC
and CP by the adsorbents (Table 4.1). The uptake efficiencies of SMT; TC and CP
were 54.2, 55.3, 56.7 % by M;; 58.5, 62.8, 64.6 % by M, and 75.2, 78.6, 80.7 % by
M3, respectively. The smaller particle sizes had the better removal efficiencies. The
particle size of 0-75 pum best removed the antibiotics from aqueous solution. The
removal abilities of antibiotics by the adsorbents were much higher than those of iron

(I1I) oxide (40.8, 41.2 and 43.6 % for SMT, TC and CP, correspondingly). Therefore,
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the particle size of 0-75 um was chosen for removing antibiotics from water in the

next experiments.

After plasma modification, the particle sizes also considerably affected the
removal efficiencies of ABs. For instance, removal efficiencies of SMT, TC and CP
were 55.7, 60.1, 61.2 % on M-plAr; 70.2, 74.9, 76.1 % on M,-plAr; and 91.2, 96.2,

97.5 % on M3-plAr, respectively.
4.3.2. Employed gas in plasma modification

Table 4.1 exhibits that the plasma modification has influenced the removal
efficiencies of SMT, TC and CP by the modified steel shavings. Similar results of
plasma modified steel shavings for removing HMs were achieved for removing ABs.
Plasma modification in oxygen environment reduced the removal efficiencies of steel
shavings. Achieved uptake abilities of SMT, TC and CP by M;-plO, were 50.1, 52.3

and 53.5 % (compared to achieved 54.2, 55.3 and 56.7 % by M), respectively.

In contrast, removal efficiencies of ABs by modified adsorbents increased
after plasma modification of steel shavings with hydrogen, nitrogen and argon, and
this is especially so after steel shavings were plasma modified with nitrogen.
Removal efficiencies of ABs by nitrogen plasma modified steel shavings were
highest among the adsorbents in the same particle sizes. For instance, the percentages
of SMT, CP and TC that removed from water by Ms-pIN; were 94.8, 97.3 and 99.8

%, respectively.

From the experimental data, M3 and M3-pIN, have been utilized to abate ABs

from water in future experiments.
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Table 4.1 Removal efficiencies of HMs and ABs on different sizes of raw and

plasma modified StS

Removal efficiencies Removal efficiencies

Adsorbents of HMs (%) of ABs (%)
Pb>*  Cu’' Cd Crt zZn® SMT  TC CP
Fe,O; 314 332 213 192 238 408 412 436
150<StS<425 pm (M;) 73.0 735 433 31.0 335 542 553 56.7
M;-plO, 689 712 446 29.8 377 50.1 52.3 53.5
M,-plH, 743 762 495 357 403 554 53.2 54.0
M,-pIN, 774 833 534 395 424 603 61.5 65.2
M;-plAr 73.9 743 403 335 399 557 60.1 61.2
75<StS<150 um (M,) 78.7 815 472 40.1 414 585 62.8 64.6
M,-plO, 67.5 708 453 38.8 379 56.8 61.3 62.7
M,-plH, 823 85.1 50.7 442 414 689 70.0 75.4
M,-pIN, 82.8 89.8 563 48.8 50.1 723 76.8 80.3
M,-plAr 80.1 81.1 56.2 46.6 447 70.2 74.9 76.1
0<StS<75 pm (M;) 855 874 503 49.0 515 752 78.6 80.7
M;-plO, 669 729 50.6 472 51.0 73.6 75.4 77.5
M;-plH, 86.8 88.9 512 524 533 859 89.0 92.1
M;-pIN, 95.8 963 585 573 595 948 97.3 99.8
M;-plAr 942 956 542 556 57.0 91.2 96.2 97.5

M, M,, Mj: 150<StS<425 pm, 75<StS<150 um, StS<75 um; M,-plO,, M,-plH,, M,-pIN,,
M;-plAr: M, was plasma modified with O,, H,, N, Ar (100 mg/L of metal ions solutions,
pHS5, 24 hours, room temperature; 1000 pug/L of SMT, TC and CP solutions, pHS, 24 hours,
room temperature)

4.4. Characterization of adsorbents

The studied adsorbents were characterized by Zeiss Evo SEM (with attached
EDS at 15 kV), SEM-Supra 55VP, Brunauer-Emmett-Teller (BET), Siemens D5000
X-ray Diffractometer (XRD), X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared spectroscopy (FTIR) to obtain the surface morphology, elemental
composition, mineral species, surface area, porosity, and appearance of iron oxides
and organic groups on the adsorbed materials. Furthermore, Zeta potential and

particle size distribution of the adsorbents were also measured.
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4.4.1. Surface morphology

The scanning electron microscopy (SEM) micrographs of the surfaces of
some kinds of fresh steel shavings particles (raw and modified) as well as after water
treatment are shown in Figure 4.1 and Appendix A. The SEM images indicate that
the surface of StS has a ‘cloud-like’ structure with abundant protuberances, which
favoured the adsorption of pollutants on its surface (Figures 4.1). As can be seen in
these images, the plasma treatment cleans the surface without modifying the particle
morphology.

Charging in the surface structure is noticed for most samples, especially after

the sorption process which may be due to the pollutants’ dispersal on the StS surface.

Figure 4.1 SEM results of raw and nitrogen plasma modified adsorbent A: Mj; B:
M;3-pIN; (M3: StS<75 um; M3-pINa: StS<75 um was plasma modified with N;)
4.4.2. Elementary composition

Energy-Dispersive X-ray Spectroscopy (EDS) scans taken at the center of a
representative particle from different kinds of adsorbents including Fe,Os3, M3, M;3-
plO2, Ms-plAr, Ms-pIN, were shown in Figure 4.2 and Appendix B with the
elemental compositions from the standardless EDS analysis presented in Table 4.2. It

was observed that the iron content of raw steel shavings (M3, 47.7%) was less than
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that of analytical iron (III) oxide (62.09%). This result can be explained by the
existence of a higher proportion of carbon or other elements resulting from steel
manufacturing in steel shavings than that of commercial Fe,Os. The iron contents of
studied adsorbents in this research were less than those of other studies. In a study
conducted by Gheju and Balcu (2011), the fresh scrap iron contained 81.45% of Fe,
15.56% of O, and small amounts of Al, Si, and Mn). Another study reported that the
zero-valent iron has particle size ranged from 0.4 to 1.25 mm and Fe’ content of 98%
(Rangsivek and Jekel, 2005).

The results also revealed visible changes in the relative concentration of O, C
as well as Fe after plasma modification. The iron content of StS (47.7%) increased
after plasma treatment with gases, namely argon (53.4%) and nitrogen (55.2%). In
contrast, the iron content of the adsorbent declined after being modified with plasma
containing O, gas (46.4%). Moreover, the content of carbon and oxygen in samples
M;-plAr and M;3-pIN; are less than that of Ms. These results can be best explained by
the fact that plasma treatment with gases argon and nitrogen will clean the surface of
the materials and prevent the formation of oxygen-rich iron oxides (see Figure 3.5).
Plasma modified with oxygen gas slightly raised the oxygen content in the adsorbent
(32.96% in raw material to 35.76% in M3-plO,). These percentages might be due to
more formation of oxygen-rich iron oxides such as iron (III) oxide. As oxygen is
necessary for the degradation of the organic compounds during plasma cleaning
process, it can be referred from the experimental data that steel shavings contains
very low content of organic compounds.

The above results suggested the involvement of Fe content as well as the

existing form of Fe in the adsorbent to adsorption of HMs and ABs on the
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adsorbents, whereas Ms-pIN, - low oxygen, high iron contents had the highest

adsorption capacities for HMs and ABs.
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Figure 4.2 EDS results of raw and nitrogen plasma modified adsorbents (A) M3; (B)
M;-pIN; (M3: StS<75 pm; M3-pIN,: StS<75 um was plasma modified with N)
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Table 4.2 Elementary composition of different kinds of adsorbents

Element (%) Fe,0; M; M;-plO;, M;-plAr M;-pIN,
(0] 32.40 32.96 35.76 27.45 27.65
Fe 62.09 47.70 46.40 53.39 55.16
C 4.82 15.31 14.56 12.67 12.52
Al 0.11 2.73 2.08 2.23 3.15
Mg 0.08 0.25 0.00 0.13 0.04
Mo 0.26 0.26 0.00 0.46 0.18
Si 0.06 0.35 0.22 0.98 0.65
Ca 0.09 0.16 0.39 0.11 0.10
Cr 0.07 0.26 0.54 2.57 0.41
K 0.02 0.03 0.15 0.00 0.14

4.4.3. XRD spectrums

The XRD patterns of the StS particles reveals a sharp diffraction peak
Fe(110) at 260 = 44°, which is enhanced by the plasma treatments (Figure 4.3). This
outcome indicates the surface contaminants were removed by the plasma
modification. The strong XRD backgrounds have too many noises which implied
that the adsorbents StS particles were not well crystallized or it has an amorphous
structure (Fang et al., 2011). The presence of iron was identified in all samples.

The XRD spectra confirmed previous results that the iron content rose after

plasma modification using the gases Ar and N».

60 T T T T T T T T
(A)

4 £ i
3
S
g

- = -

1 N 1 N 1 N 1 N L N L N L N 1 " 1 " 1 " 1 " 1 " 1 " 1 "
20 30 40 50 60 70 80 90 20 30 40 50 60 70 30 90
2-theta scale 2-theta scale

113



Van Son Tran DOCTORAL THESIS 2017

100 - | | ©

/Fe

Lin (counts)

20 30 40 50 60 70 80 90

2-theta scale

Figure 4.3 XRD patterns of adsorbents: (A) Ms; (B) M3-pINy; (C) Ms-plAr (Ms:
StS<75 pm; M3-pIN,, M3-plAr: StS<75 um was plasma modified with N, Ar)

4.4.4.BET

Table 4.3 summarizes the comparison between before and after nitrogen
plasma modification of steel shavings. The experimental results exhibited that the
nitrogen plasma modification enhanced the surface area and porosity of the
adsorbents. The BET results showed that the surface area of the modified plasma
with nitrogen steel shavings (Ms-pIN,) was 1.7-fold larger than that of raw steel
shavings (M3) (Table 4.3). Specific surface area of the adsorbents from the BET
analysis of M3 and M;-pIN, were 2.72 and 4.56 m?%g, respectively. Similarly, the
pore volume of the adsorbent slightly enlarged from 0.011319 to 0.01561 cm?®/g (1.4-
fold) after modification. This can be explained by plasma modification removing
hydrocarbon compounds and contaminants from the materials’ surface, thus
increasing the surface area and porosity of the adsorbent. Thus, adsorption capacities
of adsorbent were improved as shown in the results in 4.3.2.

The surface areas of raw and modified StS were greater than those of zero-

valent iron, which was prepared from scrap iron by Rangsivek and Jekel (2005). In
114



Van Son Tran

DOCTORAL THESIS

2017

their study, the zero-valent iron has BET surface area of 0.384 m”/g (Rangsivek and

Jekel, 2005). However, the surface areas of the adsorbents were less than that of

synthesized nano zero-valent iron, which had a BET surface area of 32.02 m%/g (Xia

etal., 2014).

Table 4.3 Summary comparison in characterisations of raw and plasma modified StS

with N»
Character Raw StS (M;) Gas plasma modified StS
(M;-pIN,)

Morphology A special ‘cloud-like’ There are no visible changes
structure with abundant in plasma modified StS
protuberances and many compared to raw StS
pores

Composition e Iron content 47.7% e [ron content 55.2%

Surface area

Single point surface area at
p/p°=0.29

BET surface area

Langmuir surface area

t-Plot Micropore Area

t-Plot External Surface Area
Pore volume

Single point adsorption total
pore volume of pores less than
980.2 A width at p/p°® = 0.98
t-Plot micropore volume

BJH adsorption cumulative
volume of pores between
10.000 A and 3,000.000 A
width

Pore size
Adsorption  average pore
diameter (4V/A by BET)

BJH Adsorption average pore
width (4V/A)

e Oxygen content 33.0%
e Carbon content 15.3%

2.6916 m*/g
2.7179 m*/g
4.0794 m?/g
1.4827 m?*/g
1.2351 m%/g
0.011319 cm®/g

0.000534 cm?/g

0.002454 cm®/g

166.5828 A

33.898 A

e Oxygen content 27.7%
e Carbon content 12.5%

42910 m¥/g

4.5617 m¥/g
9.3362 m¥g

5.2518 m/g

0.015610 cm®/g

-0.001216 cm?/g

0.006003 cm?/g

136.8825 A

40.857 A

Mj: raw StS<75 um; M;-pIN,: raw StS<75 pm was plasma modified with N,

4.4.5. XPS

The XPS spectrum determining the binding energy of elements in the top 10

nm of adsorbents was shown in the full survey scans of Figure 4.4A. From the peaks

in binding energy regions of the elements in XPS narrow scans, chemical bonds,

115



Van Son Tran DOCTORAL THESIS 2017

states and those elements’ environments are determined (Figure 4.4B, C, D). Table
4.4 indicates that the typical chemical states of C in M3-pIN; were C-C at ~284.8 eV,
C-O-C at ~286 eV and O-C=0 at >288.5 eV bonding (Thermo scientific XPS, 2017).
Oxygen’s chemical states with the adventitious carbon and the metals are displayed

in the narrow scans in the Ols region (Table 4.4) (Thermo scientific XPS, 2017).

The Figure 4.4D and Table 4.4 showed the binding energy separation of the
Fe2p3/2A and Fe2p3/2B peaks in all spectra. These outcomes implied a mixed oxide
of both Fe’™ and Fe*" which is Fe;O,. It confirmed that the binding energy of an
element increases when its valence state also increases. The oxide is the principal
oxide existing in the adsorbent M;-pIN,. As can be seen in all spectra, other
components were Fe2p3/2C and Fe2p3/2D which demonstrated the existence of Fe**
and Fe’* in their other separate oxides states of FeO and Fe,Os, respectively. It could
be assumed that these iron oxides were primarily responsible for the adsorption of

HMs and ABs on steel shavings.

Moreover, the spectra of the adsorbents did not show a peak at ~ 706.7eV
binding energy, which indicates the chemical state of zero-valent iron (Fe”) (Thermo
scientific XPS, 2017). The XPS technique can only define at 10 nm layer in the top
of material. Therefore, it can be presumed that the Fe’ core of the adsorbent was

coated by oxide film that was thicker than 10 nm.
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Figure 4.4 The XPS spectra of N, plasma modified steel shavings (M3-pIN,): (A)
full survey; (B) narrow scan of Cls region; (C) narrow scan of Ols region; (D)
narrow scan of Fe2p region

Table 4.4 Binding energy, chemical state, relative peak area and atomic percentage

of peaks in narrow scan of Cls region of M3-pIN; scan of Ols region Fe2p3/2 region

Spectrum Binding Energy (eV) Chemical State  Relative Peak Area  Atomic %
(Region Peak) (CPS.eV)

Cls A 284.79 C-C 4177.22 16.19
ClsB 286.2 C-0-C 687.9 2.67
ClsC 288.51 0-C=0 688.53 2.67
Ols A 530.03 O-metal oxides 24427.48 33.84
OlsB 531.34 C-0 9909.97 13.73
OlsC 532.44 C=0 2407.51 3.34
Fe2p3 A 710.54 Fe;0,/Fe”" 21785.43 9.03
Fe2p3 B 712.8 Fe;0,/Fe’" 18998.32 7.88
Fe2p3 C 716.79 FeO/Fe** 7546.61 3.13
Fe2p3 D 720.12 Fe,04/Fe*" 8492.22 3.53
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4.4.6. FTIR

The FTIR spectra in Figure 4.5 indicated that an absorption band showing the
vibrational properties of Fe-O bond is observed at around 477 cm' (Gupta et al.,
2011). The recorded peaks at 573-588 c¢cm ' showed other iron oxides including
Fe;04 and Fe,O3 (Dong et al., 2014; Shu and Wang, 2009; Du et al., 2010). The
results demonstrated that after nitrogen plasma modification, the content of iron
oxide increased with higher peaks at 477 and 573-588 cm . These outcomes agreed

with the EDS spectra results of M3 and M3-pIN,.
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Figure 4.5 FTIR spectra of M3 and M3-pIN,

4.4.7. Zeta potential
Surface charge relating zeta potential values of the adsorbents depending on

pH of solution were illustrated in Figure 4.6. For Mj particle, when the initial pH
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rose from 3 to 7, the final pH (at equilibrium) of solution tended to increase after the
adsorbents were shaken in water for 48 hours; then the final pH reduced from 7 to 8.
In the same way, mixing M3-pIN; in the solution increased the pH for initial pH from
3.5 to 6, and decreased from 6.5 to 10.5.

The point of zero charge pH values (pHp,c) of M3 and M3-pIN, in water were
defined approximately 5.5 and 5, respectively. Below this pH value, surface charge
of the adsorbents is positive while pH higher than this value surface charge will
become negative. It can be explained for the pH changes of the solution after stirring
as the H" or OH in the solution can interact with the adsorbents’ surface. In this
case, H" can binding on the adsorbents’ surface if pH values are less than pH,,. and
OH’ can binding on the surface of materials if pH values are higher than pH,..

4.4.8. Particle size distribution

In order to assess the applicability of StS to wastewater treatment, the particle
size distribution of StS were examined using sieving machine. The Figure 4.7
illustrates the particle size distribution of steel shavings after 3 min grinding with a
pug and ring crusher. The results showed that grinded steel shavings had a wide
range of particle sizes from 0-1000 pm. The majority of StS was retained on smaller
sieves (0-425 pm) containing 88%. These outcomes imply that StS particle size is
too small in a fixed-bed column, so a unique design is needed to apply the adsorbent
in wastewater treatment. These main particle sizes of steel shavings including 0-75,
75-150 and 150-425 um (35, 36 and 17%, respectively) were investigated. Besides,
the finest particle size (M3: 0-75 um) was also achieved after continuous grinding by
the pug and ring crusher. Hence, application of M3 in wastewater treatment has

potential.
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As described in section 3.2.2E chapter 3, particle size distribution of M3 was
analyzed by the Zeta Potential and sizer. Achieved results of the percentages of
particle sizes in M3 were: 0-0.955 um (0.162 %), 0.955-1.106 um (0.422 %), 1.106-
1.281 um (0.572), 1.281-1484 pm (0.494 %), 1.484-1.718 pm (0.162 %), 1.718-1.99
um (0.186%) and 1.99-75 um (98%). The experimental outcomes indicated that the
majority percentage of Ms particles existed in the micro size (98% of M particles

had size range from 2 to 75 um).
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Figure 4.6 Zeta potential as a function of pH solution: (A) Ms: (B) M3-pIN,
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Figure 4.7 Particle size distribution of grinded steel shavings

4.5. Conclusion
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The achieved results in this chapter demonstrated that particle sizes and

employed gases in plasma cleaning have significant effects on the removal
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efficiencies of HMs and ABs from water by raw and modified steel shavings. The
finer particle sizes had the higher adsorption capacities of HMs as well as ABs onto
both raw and modified StS. Among different studied particle sizes, the finest particle
size (0-75 um) has attained the highest removal efficiencies for HMs and ABs.
Plasma modification with H,, Ar and N, improved the adsorption capacities of
pollutants onto the adsorbents. However, O, plasma modified StS has lower
adsorption abilities of the materials. Thus, raw and nitrogen plasma modified of the
finest particle size steel shavings (M; and M;-pIN,) will be chosen for next
experiments.

Characterizations of the adsorbents were analyzed to better understand the
adsorption process and develop the adsorbent for water treatment. SEM images
indicated that plasma treatment cleaned the surface without changing the surface
morphology of adsorbents. The iron content of StS (47.7%) increased after plasma
treatment with gases, namely argon (53.4%) and nitrogen (55.2%), while it decreased
with plasma modification containing O, gas (46.4%). These outcomes were also
confirmed by XRD spectrums. Nitrogen plasma modification has cleaned and
improved surface area, pore volume of steel shavings and then increased adsorption
capacity of the adsorbent for the antibiotics. The plasma modification with nitrogen
gas cleaned and enhanced 1.7-fold the surface area and 1.4-fold the pore volume of
steel shavings.

XPS and FTIR results specified that the main components for removing HMs
and ABs were Fe304/Fez+, Fe3O4/Fe3 ° FeO/Fe*" and F6203/Fe3+. The pH,,. values of
M; and M;-pIN; in aqueous solution were 5.5 and 5, correspondingly. Particle size

distribution of grinded steel shavings (after 3 min of grinding) showed that
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application of steel shavings as an adsorbent for removing HMs and ABs from water

has a high potential.
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FROM AQUEOUS SOLUTION: A BATCH STUDY
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5.1. Introduction

The pollution in aquatic environment caused by heavy metals (HMs) in
wastewater such as lead, copper, cadmium, chromium and zinc can endanger public
health and the natural environment due to their toxicity, persistence and steady
accumulation (Ali et al., 2013; Fu and Wang, 2011). Exposure to HMs can cause
damage to internal organs and many diseases, even at very low dosages. The United
States Environmental Protection Agency (USEPA) has established maximum
contamination levels of some typical HMs for surface or groundwater to be used in
the drinking supply (Nguyen et al., 2013). For instance, the safe levels of lead,
copper, cadmium, chromium and zinc were, respectively, 0.006, 0.25, 0.01, 0.05 and
0.80 mg/L.

Several common methods have been used for removal of HMs from aqueous
solution such as chemical precipitation, ion exchange, adsorption, membrane
filtration, coagulation-flocculation, flotation, electrochemical, electrodialysis and
photocatalysis (Fu and Wang, 2011; Nguyen et al., 2013). Adsorption has distinct
advantages over other methods for removing HMs at low concentration because it is
environmentally friendly, economical and highly efficient (Tran et al., 2015; Wang
and Chen, 2009). Hence, the adsorption technique is at the forefront among the major
processes for removing heavy metal from water (Hua et al., 2012).

Iron, particularly in the zero-valent (Fe’) state has garnered interest and
studies as an adsorbent because of its adsorption ability, abundance and its known
role in the environment as a cycler of heavy metal contaminants (Cundy et al., 2008).
Moreover, some types of iron-based adsorbents are magnetic and offer advantages in

the separation process from aqueous solutions under a magnetic field for recycling or
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regeneration (Hua et al., 2012). Several types of magnetic materials have been
employed in HMs abatement, for instance, magnetic iron, nanoparticles, magnetite,
iron coated sand, blast furnace slag, green rust and iron oxides (Bhatnagar and Mika,
2010; Haider, 2011; Uziim et al., 2008; Sikder et al., 2014; Gheju and Balcu, 2011).
The use of adsorbents obtained from wastes and by-products can diminish the great
quantity of solid waste as well as add more value to the materials. Steel shavings are
a magnetic waste generated from industrial steel processing in very large amounts.
There were only a few studies which focus on HMs removal by using steel shavings
(Gheju and Balcu, 2011; Rangsivek and Jekel, 2005). Furthermore, in those studies,
steel shavings in millimetre particle size were used only. Additionally, exploring a
novel modification method to improve adsorption capacity of the adsorbent is very
helpful for its practical application.

The results in chapter 4 showed that raw and nitrogen plasma modified steel
shavings at particle size of 0-75 pm (Mj and M;-pIN;) have good adsorption
capacities for HMs from water. Thus, this chapter aims to study HMs adsorption in
batch experiments onto the adsorbents. Firstly, factors influencing the removal
process of HMs (pH, dose, temperature) were studied. Secondly, this chapter focuses
on single and competitive adsorption isotherm and kinetics investigations. Finally,
desorption and regeneration of the adsorbents were tested. From the experimental
results, mechanisms for HMs uptake were proposed.

5.2. Affecting factors to removal efficiencies
5.2.1. Solution pH
The pH of the solution plays an important role in HMs adsorption due to its

influence on the solubility of metal ions and the interaction of metal-adsorbents
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(Hossain et al., 2014). It has been theoretically and experimentally proved that the
Pb*, Cu*’, Cd*, Cr’" and Zn*" precipitate into Pb(OH),, Cu(OH),, Cd(OH),,
Cr(OH); and Zn(OH); in aqueous solution at the pH levels of 7.18, 7.36, 9.08, 7-9
and 10.1, respectively (Hossain, 2013; Wu et al., 2008; Kusvuran et al., 2012;
Sampaio et al., 2009). Experiments on the adsorption process of a pH range of 2-8
were carried out in this study (Figure 5.1A, 5.1C).

In general, the removal efficiencies of all five HMs (Pb*", Cu*', Cd**, Cr’*
and Zn’") rose when the pH increased under some limited conditions such as
constant temperature and out of range metal precipitate pH with hydroxide anion. As
can be seen in Figure 5.1A and 5.1C, the amount of Pb?* adsorbed on M3, M3-pIN,
rose from 15.9% to 57.6% and 17.1% to 62.0%, correspondingly by increasing the
pH from 2 to 5. These results agreed with previous studies on the sorption of copper
and chromium on chitosan—caboxymethyl-B-cyclodextrin entrapped nanozero-valent
iron composite and the removal of aqueous Co™" ions by zero-valent iron
nanoparticles (Uziim et al., 2008; Sikder et al., 2014). When pH rose from 5 to 6,
there was a slight decrease in the efficiency in removing Pb*", while with pH from 7
to 8 it increased considerably. This outcome may have been caused by a formation of
Pb(OH),. To avoid the precipitation of lead hydroxide during the sorption process,
the pH values of the solution were kept below 7 in further experiments. Moreover,
pH 5 value is often obtained at normal Pb(NO3), solution. Thus, pH 5 was chosen as
the optimum level for the adsorption of Pb>" by M3 and Ms-pIN».

The poor removal efficiency at low pH is apparently due to the presence of a
higher concentration of H' in the solution, which competes with Pb*" ion for the

adsorption sites on the adsorbents. When pH increases, the H' concentration
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decreases leading to increased Pb®" uptake. These results can also be explained by
ion-exchange occurring between Fe on the adsorbent’s surface and the metal ions.
During the ion-exchange process the adsorbed cation (M™") exchanges for a proton
(H") according to the following simplified equation (Okochi, 2013):

(Surface)OH + N " — (Surface)OM "™ + [

According to Okochi (2013), as pH increases, the uptake of metals on Fe
sorption sites becomes more important, with certain metals displaying a greater
affinity for those Fe sorption sites. At low pH, adsorption was targeted at the non-
specific ion exchange sites. A similar outcome was achieved in the adsorption of
Ccu*, cd*, ¢’ and Zn*. Adsorption capacities of metal ions by M; and M3-pIN,
are poor at low pH value but increased when the level of pH was raised. The removal
efficiency of Cu(Il) increased dramatically from pH 2-5, then slightly decreased from
5-6 before increasing again because of precipitation of Cu(OH),. Hence, pH 5 was
chosen as the optimum pH value for adsorption of Cu”" onto raw and modified StS.
Meanwhile the removal efficiencies of Cd**, Cr’" and Zn*' were achieved at
approximately pH 6 but did not significantly increase from pH 6-8. However,
precipitate could not be excluded at a higher pH (Wu et al., 2008). To make sure the
maximum adsorption capacities were attained and to avoid precipitation of metal
ions, for further experiments, pH 5 was chosen as the optimum pH value. As the pH
of the prepared medium with distilled water was very close to that pH value, few or
no practical pH adjustments were required for the experiments. Therefore the
experimental processes were both economic and environmentally friendly.

Quite similar outcomes were recorded such as Cr’" removal on lignin, Cu®"

D+ . 2+
and Ni”" removal on Fe;O4 nanoparticles and Zn“" removal on nanoscale zero-valent
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iron (Wu et al., 2008; Hu, 2005; Krzisnik et al. 2014). Conversely, the effect of pH
on Cr’" removal by M3 and Ms-pIN, differed to that of Cr® being removed by iron
nanoparticles where the optimum pH was 2.5 (Hu, 2005).

5.2.2. Adsorbent dosage

The effect of adsorbent dose (g adsorbent/L solution) on the removal
efficiency of HMs on M3 and Mj;-pIN, was tested, and the results are shown in
Figure 5.1B and 5.1D. Similar trends of adsorption are found for all five metal ions
on both raw and plasma modified materials.

The results indicated that the removal percentage of Pb2+, Cu2+, Cd2+, cr’
and Zn>" dramatically increased when the dose was increased from 0.5 to 5 g/L; after
that any observed changes were negligible. Removal efficiencies of Pb*", Cu*", Cd*",
Cr’*, Zn*" were 93.5, 88.6, 77.9, 69.8, 70.5% on M3 and 99.6, 90.6, 85.7, 71.6, 72.7
% on M;-pIN,, respectively. Consequently, a dose of 5g of adsorbent with 1 litre of

the adsorption solution was chosen for the following experiments.
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Figure 5.1 Effect of factors to removal efficiency of metal ions: (A) pH-Mj3; (B)
dose-Mj3; (C) pH-M;3-pIN,; (D) dose-M3-pIN,

5.2.3. Temperature/thermodynamic

The thermodynamic parameters for the adsorption of HMs onto M3 and M;-
N3 were calculated from experimental data, using Van't Hoff and Arrhenius

equations (Boparai et al., 2011):

AG® = -RTInKq (5.2.3.1)
—AH AS
and = ? + ? (5232)

where K4 is the distribution coefficient of the adsorption process; AG°, AH®, and AS°® are the
changes in Gibbs free energy (J/mol), enthalpy (J/mol) and entropy (J/mol/K), respectively;

T is the absolute temperature (K); and R is the gas constant (8.314 J/mol/K).

Kq4 at a specific temperature was defined by plotting In(qe/Ce) versus ge,
using linear regression type. The value of K4 was represented by the intercept of the

plot (Boparai et al., 2011; Benyoucef and Amrani, 2011). Then, AG® was obtained
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by the Equation 5.2.3.1. Finally, InKy4 was plotted against 1/T to calculate AH® and
AS® from the slope and intercept of the plot respectively, using Equation 5.2.3.2.

Generally, adsorption capacity of HMs on M3 and M3-pIN; increased with an
increase of temperature from 20 to 30°C. Table 5.1 shows thermodynamic
parameters for Pb*", Cu®’, Cd*", Cr’’, Zn®" at 20, 25 and 30°C (293, 298, 303°K,
respectively). The negative values of AG® indicated that the adsorption of metal ions
on M3 and M3-pIN, are spontanecous in nature. AG® values reduced with the rise of
temperature from 20 to 30°C, demonstrating an improvement in HMs uptake at
higher temperature. This can be attributed to the degree of spontaneity of the reaction
increases with increasing temperature (Boparai et al., 2011); activation of StS’s
surface by the temperature (Benyoucef and Amrani, 2011).

A positive AH® specified endothermic nature of the adsorption process
(Nguyen et al., 2015). The positive values of AS® revealed high affinity of
adsorbents for metal ions and an increased randomness between solid-solution
interfaces during the sorption process (Hossain, 2013; Sengil and Ozacar, 2008).

Table 5.1 Thermodynamic parameters for HMs adsorption on M3 and M3-pIN,

Metals Temperature  Qmax Kd AG’® AH® AS° r

(o) exp. (J/mol)  (J/mol) (J/mol/K)
(mg/g)

M;
20 20.21 5.101 -3969

Pb> 25 24.67 5.298 -4131 3898 27 0.943
30 25.23 5.377 -4237
20 14.94 4.489 -3658

Cu** 25 17.09 5.434 -4194 19293 78 0.937
30 18.46 5.826 -4439

o 20 10.16 2.982 -2662 41253 149 0774
25 13.47 3.055 2767
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Metals Temperature  Qmax Kd AG’® AH® AS°® r

°O) exp. (J/mol)  (J/mol) (J/mol/K)
(mg/g)

30 1440 5230  -4168
20 9.75 2266  -1993

cr*t 25 12.83 3.833 3329 43633 156 0.837
30 1427  4.083  -3544
20 125 3.351 -2946

Zn* 25 15.68 3916  -3382 29932 112 0.980
30 17.47 5030  -4070

M;-pIN,
20 21.68  6.138  -4420

Pb** 25 2787 7225  -4899 36410 139 0.959
30 30.16  10.062  -5816
20 16.95 3192 -2827

Cu® 25 21.09 6154  -4502 58058 209 0.875
30 22.75 6.989  -4898
20 13.94 2835  -2538

cd* 25 16.87 5503 -4225 62249 222 0.906
30 18.43 6.571 -4743
20 1042 2967  -2649

cr** 25 1472 4249  -3584 56733 203 0.998
30 1616 6400  -4676
20 1572 3524 -3069

Zn* 25 1899 5459 4205 38520 142 0872
30 20.86 5928  -4483

Mj: raw StS<75 pm; M;-pIN,: raw StS<75 um was plasma modified with N,
5.3. Modeling of adsorption isotherm and kinetics
5.3.1. Adsorption isotherm
Langmuir and Freundlich equations and their linear forms are illustrated in
Table 3.3, 5.3 and Figure 5.2. Adsorption was better described by the Langmuir

isotherm than the Freundlich model due to the correlation coefficient (r2) of the
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Langmuir is higher than that of the Freundlich isotherm. Maximum Langmuir
adsorption capacities (Qmax) in mg/g of lead, copper, cadmium, chromium and zinc
on M3, M3-pIN, were 24.34, 16.79, 13.31, 12.83, 14.97 mg/g, respectively and 27.04,
20.64, 16.87, 14.89, 18.47 mg/g, respectively. The adsorption capacity of the
adsorbent increased from 11.1 to 26.7% after nitrogen plasma modification. The
order of the HMs sorption affinity on M3 and M;-pIN, in mg/g can be shown as
follows: Pb*">Cu*">Zn*">Cd*">Cr’".

The maximum adsorption capacities of HMs on raw and N, plasma treated
StS were less than those of Fe;O, nanoparticles. It has been documented in a
previous study that Qp. values of Cr6+, Cu** and Ni*" onto the magnetic
nanoparticles were 19.4, 27.0 and 25.4 mg/g (Hu et al., 2005). However, in this
study, the iron particles were used in micro size instead of nanoparticles. The Qmax
values (in mmol/g) of single metal ions on the two adsorbents followed the order of
Cu*" > Cr'" > Zn*" > Cd*" > Pb*". The Quax value of copper (in mmol/g) is the

highest adsorption capacity among the five metal ions.

Following the Freundlich isotherm, maximum adsorption constant (Kg)
values with smaller r* values for Pb*", Cu**, Cd*", Cr*", Zn*" were: 9.40, 7.31, 4.86,
4.81, 4.90 (mg/g)(L/mg)”n, respectively on M3 and 13.50, 9.26, 6.79, 5.53, 7.39

(mg/g)(L/mg)""™, respectively on Ms-pIN,.
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Figure 5.2 Adsorption isotherm of HMs on (A) Mj; and (B) Ms-pIN, (initial
concentration 0-500 mg/L single metal ion; pH 5, dose 5g/L; at 130 rpm; at 25°C; for
24 hours)
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5.3.2. Adsorption kinetics

Adsorption kinetics of HMs on M3 and M;-pIN; are depicted in Figure 5.3
and Table 5.2. The kinetics sorption of Pb**, Cu*', Cd*', Cr*" and Zn®" on M; and
M;-pIN, were fitted to pseudo-first-order (PFO), pseudo-second-order (PSO) and
intra-particle diffusion model (IDM) as given in Table 3.3 and 5.3. The results of the
correlation coefficient (rz) and Q. cal values indicated that the sorption kinetics were
well fitted with PFO and PSO kinetic models with high r* values. In contrast, the
kinetic data was not fitted with the IDM model due to low r* values. The order of
PFO rate constant k;, and PSO rate constant k,, for the removal of HMs by M3-pIN,
declined as Cr’>Pb*>Cu’>Zn’>Cd** and Crr>zn*>Cd*">Cu’>Pb*,
respectively.

The adsorption speed of HMs on M3 and M;-pIN; increased dramatically
during the first 4 hours and reached equilibrium at 8 hours. The adsorbents gave an
average equilibrium time compared to the other adsorbents. As reported earlier, the
equilibrium time of cr®* adsorption on Fe;04 nanoparticles, activated carbons were
30 minutes, 10-50 hours (Hu et al., 2005; Lalvani et al., 2000). In another study on
Cr’* removal by lignin, the adsorption equilibrium was reached at around 24 hours
(Wu et al., 2008).

Maximum PFO sorption constants (Qe cal) of Pb2+, Cu2+, Cd2+, Cr3+, 7Zn*" were
18.45, 14.36, 8.33, 8.36, 11.00 mg/g on M3 and 19.42, 16.39, 12.70, 10.19, 12.06
mg/g on Mj-pIN,, correspondingly. Following PSO kinetic model, the adsorption
capacities (Qe cal) were 20.38, 15.80, 9.18, 9.20, 12.08 mg/g on M3 and 21.41,

18.05, 14.00, 11.24, 13.31 mg/g on M3-pIN,, correspondingly.
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Figure 5.3 Adsorption kinetic models of HMs on (A) M3 and (B) M;-pIN; (initial
concentration: 100 mg/L single metal ion; no pH adjustment; dose 5g/L; at 130 rpm

shaking speed; at room temperature)
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Table 5.2 Isotherm and kinetic parameters using the non-linear regression method

for HMs adsorption onto raw and N treated plasma M3 particles

Parameters Pb** Cu* cd* crt Zn**

M; M;- M; M;- M; M;- M; M;- M; M;-

plNz plNZ plNz plNZ plNz

Langmuir isotherm model
Qmax exp.

24.67 27.87 17.09 21.09 1347 1687 12.83 1472 1568 18.99
(mg/g)
Qmax cal.

2434 27.04 1679 20.64 1331 16.87 12.83 1489 1497 1847
(mg/g)
Qmax cal.

0.1175 0.1305 0.2642 0.3248 0.1184 0.1501 0.2467 0.2864 0.2290 0.2825
(mmol/g)
r2 0979 0982 0960 0.957 0969 0954 0978 0969 0973 0.959
Ky (L/mg) 0.4707 3.6746 0.5370 0.8519 0.2006 0.2185 0.2248 0.2161 0.1638 0.3564
Freundlich isotherm model
K
r e 940 13.50 7.31 9.26 4.86 6.79 4.81 5.53 4.90 7.39
(mg/g)(L/mg)
N 5.4595 7.0207 6.1369 6.2402 5.3091 5.9349 5.4529 5.4324 4.8320 5.6540
. 0914 0.893 0906 0.899 0933 0949 0909 0905 0.953 0.939

Kinetic Pseudo—first-order (PFO)

Qeexp (mg/g) 1837 1897 1446 16.50 9.04 13.00 9.36 11.24 1158 12.16
Qe cal (mg/g) 1845 1942 1436 1639 8.33 12.70  8.36 10.19 11.00 12.06
K;p (min™) 0.0066 0.0074 0.0068 0.0071 0.0096 0.0066 0.0096 0.0087 0.0067 0.007
r’ 0995 0981 0988 0.992 0984 0992 0945 0954 0993 0.996
Kinetic Pseudo—second-order (PSO)

Qe cal (mg/g) 2038 2141 1580 18.05 9.18 14.00 9.20 11.24  12.08 13.31

Kop (min-") 3.9945 4.2259 5.4973 4.9344 0.0013 5.9466 9.7879 7.1265 6.5667

-4 4 -4 4 4 0.0013 -4 -4 -4
x10 x10 x10 x10 x10 x10 x10 x10

r’ 0.977 0946 0980 0980 0977 0987 0.962 0970 0.975 0.980

Intra-particle diffusion model (IDM)

Kp (mg.g

! min) 0.3786 0.3897 0.2933 0.3337 0.1676 0.2616 0.1695 0.2092 0.2209 0.2462

C 29776 3.4974 2.4764 2.8954 1.8479 2.1060 1.9025 2.1363 19117 2.0912

1’ 0.680 0.604 0.687 0.676 0.649 0.713 0.680 0.700 0.650 0.674

Mj: raw StS<75 pm; M;-pIN,: raw StS<75 pm was plasma modified with N,

From the results of adsorption isotherm and kinetics of HMs on the
adsorbents, Ms-pIN, was the most effective adsorbent for removing Pb*", Cu?*, Cd*",
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Cr’" and Zn*" from aqueous solution. Thus, M3-pIN, was chosen for the next
experiments for regeneration of the material.

5.4. Competitive adsorption of multi-metals solutions on the adsorbents

The isotherms and kinetics studies of competitive adsorption of multi-metal

solutions were carried out as in 3.2.4C, chapter 3.
5.4.1. Competitive adsorption isotherms

Isotherms plots and parameters of HMs competitive adsorption on M3 and
M;-pIN, are shown in Figure 5.4 and Table 5.3. Adsorption data were better fitted
with Langmuir than Freundlich through higher r* constants. These results showed

that sorption of HMs on StS’s surface were of monolayer coverage in nature.

Maximum Langmuir competitive adsorption capacities (Qma) in mg/g of
lead, copper, cadmium, chromium and zinc were 13.39, 9.78, 7.92, 7.31, 8.79 on M3,
respectively and 16.62, 14.00, 9.73, 8.69, 12.28 on M;-pIN,, respectively. Each
competitive solute adsorption capacities of multi-metals were approximately 2-fold
less than the single adsorption capacities. The Equations (3.2.4.3 to 3.2.4.6) were
used to calculate the total sorption capacities of the competitive solutes by adding
individual contributions to the overall sorption for both Langmuir and Freundlich

models.

The total of competitive adsorption capacities onto Mz and M;-pIN, was
higher than those of single solute sorption. These results can be explained by
sorption of HMs on adsorbents through two uptake mechanisms, adsorption and co-
precipitation. Furthermore, different metals have different molecular sizes. The

results indicated that the adsorbents worked well with single and multi-metal ions.
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Figure 5.4 Competitive adsorption isotherms of HMs on (A) M3 and (B) M3-pIN,

(total initial concentration 0-500 mg/L; 0-166.67 mg/L single metal ion; pH 5; dose
5g/L; at 130 rpm; at 25°C; for 24 hours)
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5.4.2. Competitive adsorption kinetics

Competitive adsorption kinetics of HMs on M3 and M3-pIN; are described in
Figure 5.5 and Table 5.3. The PFO and PSO kinetic well described the experimental
adsorption data of Pb*", Cu®", Cd*", Cr’", Zn*" on M; and Ms-pIN,. The adsorption
data were best fitted with PFO kinetic isotherm model through high correlation
coefficient (1*) constants.

Conversely, the IDM kinetic model did not successfully describe the
experimental adsorption data of HMs on raw and modified StS. Equilibrium of
adsorption process was also achieved at 8 hours of contact time. The order of PFO
rate constant k;, for HMs removal by raw and modified StS decreased as

Cr’">Pb*">Cu*">Zn*">Cd*", correspondingly.
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Figure 5.5 Competitive adsorption kinetics of HMs on (A) M3 and (B) M3-pIN; (total
initial concentration: 100 mg/L, 20mg/L single metal ion; no pH adjustment; dose

5g/L; at 130 rpm shaking speed; at room temperature)
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Table 5.3 Isotherm and kinetic parameters using the non-linear regression method

for competitive HMs adsorption onto raw and N treated plasma M3 particles

Parameters Pb** Cu** cd*”* Ccr Zn**
M; M;- M; M;- M; M;- M; M;- M; M;-
pIN; pIN> pIN; pIN; pIN>
Langmuir isotherm model
Qmax exp.
11.31  14.67 8.27 11.82 6.47 8.11 5.72 7.17 7.41 10.06
(mg/g)
Q max cal.
13.39  16.62  9.78 14.00  7.92 9.73 7.31 8.69 8.79 12.28
(mg/g)
Q max cal.
0.0646 0.0802 0.1539 0.2203 0.0705 0.0866 0.1409 0.1671 0.1344 0.1878
(mmol/g)
r’ 0929 0967 0980 0938 0991 0971 0976 0990 0.990 0.894
K (L/mg) 0.0802 0.1106 0.0548 0.0770 0.0323 0.0493 0.0252 0.0388 0.045 0.0668
Freundlich isotherm model
K
’ 211 2.86 1.23 2.11 0.70 1.13 0.53 0.85 0.98 1.73
(mg/g)(L/mg)
n 2.6692 2.6782 2.4319 2.6001 2.1703 2.3598 2.0542 2.2230 2.3355 2.5638
r’ 0.822 0.877 0908 0.837 0975 0902 0970 0947 0943 0.776
Kinetic Pseudo—first-order (PFO)
Qe exp (mg/g) 8.73 11.93 7.56 9.63 4.88 7.20 5.02 7.49 6.06 8.47
Qe cal (mg/g) 8.80 11.92  7.60 9.68 4.58 7.02 4.81 7.50 6.13 8.36
K;p (min™) 0.007 0.0083 0.0066 0.0075 0.01 0.0087 0.01 0.0089 0.0074 0.0089
r’ 0987 0992 0994 0994 0967 0989 0985 0993 0.990 0.991
Kinetic Pseudo—second-order (PSO)
Qe cal (mg/g) 9.69 13.11 8.40 10.67  5.09 7.75 5.31 8.24 6.75 9.20
Kop (min-") 9.0965 7.8801 9.7285 8.7484
4 4 4 4 0.0023 0.0014 0.0023 0.0013 0.0014 0.0012
x10 x10 x10 x10
r’ 0963 0966 0970 0970 0954 0966 0.969 0967 0.962 0.963
Intra-particle diffusion model (IDM)
Kp (mg.g 0.1774 02367 0.1559 0.1954 0.0935 0.1412 0.0955 0.1475 0.1230 0.16
! min) 177 2367 0.155 195 .0935 0. .0955 0.1475 0. 1657
C 1.5644 24293 1.2228 1.7789 0.9876 1.4260 1.1004 1.6125 1.1287 1.7665
r’ 0.648 0.614 0.664 0.638 0.622 0.619 0.617 0.598 0.628 0.599

Mj: raw StS<75 pm; M3-pIN,: raw StS<75 pm was plasma modified with N,
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5.5. Uptake mechanisms of heavy metals by steel shavings

The proposed mechanisms of HMs removal by iron materials was described
in Figure 5.6. O’Carroll et al. (2013) have proposed 4 mechanisms for heavy metals
removal by iron including: reduction for HMs such as Cr, As, Cu, U, Pb, Ni, Se, Co,
Pd, Pt, Hg, Ag; adsorption for HMs such as Cr, As, U, Pb, Ni, Se, Co, Cd, Zn, Ba;
oxidation/Re-oxidation such as As, U, Se, Pb; co-precipitation such as Cr, As, Ni, Se;

and precipitation such as Cu, Pb, Cd, Co, Zn.

From the theoretical and experimental results, the mechanisms of HMs
removal from water using steel shavings which could be proposed are adsorption and

co-precipitation.

Iron (Hydr)oxide
shell (FeEOOH)

R-H

Reduction

Precipitation Oxidation

(n+2)+

n+
Me

Me-Fe-OOH Adsorption

n+

n+ Me

Figure 5.6 Removal mechanisms of metals and chlorinated compounds with Fe’

(O’Carroll et al. 2013)
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5.6. Desorption and regeneration of the HMs loaded adsorbents
5.6.1. Selecting desorption reagent

After HMs adsorption, modified StS (M;-pIN;) was tested for its ability to
regenerate and the results are showed in Figure 5.7. Percentages of recovery metals
were very different for various kinds of regeneration agents including tap water, HCIl
0.IN, H>SO4 0.IN, HNO; 0.IN, CH3;COOH 0.IN and NaOH 0.IN. The H,SO4
solution demonstrated that, of all the researched reagents, it was the best candidate to
regenerate the adsorbent. The results revealed that 98.9% of Pb*", 93.4% of Cu®",
77.2% of Cd*', 53.8% of Cr’" and 54.9% of Zn>" were recovered with H>SO4 0.IN
from metals-loaded M3-pIN,. The three other acids indicated similar and quite high
efficiencies — these being HCI, HNO; and CH3;COOH. Sodium hydroxide solution
0.1IN achieved slightly less efficiency in the recovery of metals. Tap water showed

the lowest efficiency in adsorbent regeneration (<30% for all the five HMs).

According to the above results, acid solutions are better for desorption of
HMs from metals-loaded adsorbent than sodium hydroxide solution. These results
can be explained as follows: the removal efficiencies of HMs on Mj3-pIN; increased
when pH increased, so low pH or acidic environment was good for desorption of

metal ions from adsorbed M3-pIN; (Hu, 2005).
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Figure 5.7 Regeneration of M;-pIN, after adsorption of Pb*", Cu*’, Cd*', Cr*" and
Zn2+

5.6.2. Adsorption-desorption cycles

For assessment of the reusability of steel shavings in removing heavy metals
from water, the metals-loaded adsorbents were regenerated repeatedly using 5 cycles
of adsorption-desorption by the best regeneration reagent (0.1N H,SO4). The Figure
5.8 shows five cycles of adsorption and desorption of heavy metals onto the
adsorbents. The results indicated the adsorbents can be successfully regenerated and
after 5 times the adsorption efficiencies were stable. In some cases, especially after

1-2 times of regeneration, even removal efficiencies for heavy metals of the
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adsorbent increased. It can be explained that the low concentration acid solution
(0.IN H,SO4) played a role as a modification agent to clean and enhance adsorption

capacities of the materials.

These results demonstrated that plasma modified steel shavings with N, is a
very promising adsorbent for removing heavy metal from aqueous solutions. A
previous study on metal ions adsorption on Fe;O4 nanoparticles by Hu (2005) also
achieved the same result that the magnetic material can efficiently work after 5

cycles of adsorption — desorption (Hu, 2005).
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Figure 5.8 Adsorption and desorption cycles for HMs on M;-pIN,
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5.7. Conclusion

From experimental results achieved in this chapter, it could be concluded that
both raw and nitrogen plasma steel shavings (M; and M3-pIN,) can be used as an
adsorbent for the removal of heavy metals Pb*, Cu2+, Cd*, ¢’ and Zn*" from
water. However, the Langmuir adsorption capacities of the adsorbent increased from
11.1 to 26.7% after nitrogen plasma modification. Effects of operating conditions
such as pH, adsorbent dose and temperature on the HMs adsorption were significant.
Optimum conditions for the removal process were pH 5-6, 5 g/LL dose of adsorbent
and at 25°C. Thermodynamic study revealed that adsorption of HMs onto the
adsorbents was a spontaneous, endothermic and highly feasible process.

The experimental data of HMs adsorption onto the adsorbents was better
fitted with the Langmuir rather than the Freundlich isotherm model. The Qp.x values
(in mmol/g) of single metal ions on the M3 and M3-pIN, reduced in the order of cu*
>Cr’" > Zn*"> Cd*" > Pb*". Maximum single adsorption capacities of HMs onto M-
pIN; following Langmuir isotherm were: Pb*" 27.04, Cu®" 20.64, Cd** 16.87, Cr’*
14.89 and Zn*'18.47 mg/g, respectively. The sorption kinetic data was well fitted
with PFO and PSO kinetic models, while the IDM model inappropriately described
the kinetic adsorption.

Chapter 5 also revealed that M3 and M;-pIN, can also remove HMs in
competitive solutions of the five HMs. Maximum Langmuir competitive adsorption
volumes (Qmay) of Pb*", Cu*", Cd*", Cr’" and Zn*" were 13.39, 9.78, 7.92, 7.31, 8.79
mg/g on Mj, respectively and 16.62, 14.00, 9.73, 8.69, 12.28 mg/g on M3-pINy,
respectively. The HMs removal onto M3 and M;-pIN, can result from adsorption and

co-precipitation mechanisms.
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Due to its highest adsorption capacities, nitrogen plasma modification steel
shavings, M;-pIN, was chosen for the next experiments on desorption and
regeneration. Of the agents analyzed for their ability to regenerate used adsorbents,
sulfuric acid (H,SO4) 0.1N was the most suitable solution. Further study on the
surface modification methods for better adsorption capacity and more cost effective
adsorbents from StS is necessary. After 5 cycles of adsorption and desorption, Ms-
pIN, was still stable and demonstrated good adsorption capacities for heavy metals.
To apply M;-pIN, in wastewater treatment, more studies such as HMs removal in a

semi-pilot scale should be implemented.
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6.1. Introduction

Antibiotics (ABs) are expansively used in human and veterinary medicine for
inhibiting illness (Lu et al., 2016). Water pollution by the chemicals has become a
widespread environmental problem (Rajapaksha et al., 2015). Recent studies have
shown that a number of antibiotics are detected in surface and groundwater (Adams
et al., 2002). Most antibiotics enter the environment, notably in the aquatic matrix,
through discharge or disposal from medical, municipal, and agricultural sources
(Adams et al., 2002, Pouran et al., 2014). ABs can pose serious problems to the
ecosystem such as their potential risks of environmental toxicity and promotion of
microbial resistance (Chen et al., 2011; Qiang et al., 2013; Fan et al., 2010; Lu et al.,
2016).

Three typical antibiotics were selected in this study including sulfamethazine
(SMT), tetracycline (TC) and chloramphenicol (CP). Sulfamethazine (SMT) is a
compound belonging to the sulphonamide group. SMT is usually used in human
therapy as well as veterinary medicine or livestock feeds for cattle and swine, and
can be detected at high concentration in aqueous solution due to the poor ability of
soil to adsorb it (Rajapaksha et al., 2015; Ahmed et al. 2017). Tetracycline (TC),
which belongs to the tetracyclines group of antibiotics, is also applied to livestock as
additives to combat diseases (Chen et al., 2011). Chloramphenicol (CP) is an
antibiotic commonly utilized in veterinary clinics. The appearance of the compounds
in water results in several side effects such as aplastic anemia (Nie et al., 2015).
While being banned from application to food-producing animals in developed
countries, these chemicals are still used in many developing nations due to their low

cost, effectiveness and availability (Nie et al., 2015). Thus, developments in efficient
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and cost-effective techniques for the removal of such compounds from water are
necessary (Chen et al., 2011).

Recently, a wvariety of methods to remove antibiotics and other
pharmaceuticals from the aquatic matrix such as advanced oxidation processes,
combined chemical/biological treatment, aerobic digestion integrated with activated
carbon, ion exchange, coagulation, flocculation, sedimentation, ultraviolet
irradiation, have been attempted (Adams et al., 2002; Homem and Santos, 2011;
Qiang et al., 2013; Nie et al., 2015). In comparison with other methods, adsorption
using cost-effective adsorbents is considered an effective process that removes
antibiotics from aqueous solution (Homem and Santos, 2011). The advantage of
adsorption is removing ABs instead of producing potentially more dangerous
metabolites (Putra et al., 2009; Homem and Santos, 2011). The technique also
effectively eliminates contaminants at very low concentration (less than 1 mg/L)
(Putra et al., 2009).

Among the various kinds of adsorbents, iron, particularly in the zero-valent
(Fe®) form, does function as a good candidate due to its adsorption ability and
abundance (Cundy et al., 2008, Aredes et al., 2012, Pouran et al., 2014). Some iron-
based adsorbents have been used for removing antibiotics from water; for example,
persulfate activated by Fe’" and zero-valent iron, microscale zero-valent iron,
nanoscale zero-valent iron, (Ghauch et al., 2009; Xia et al., 2014; Nie et al., 2015).
Also, iron-based adsorbents often have a magnetic characteristic and consequently,
they offer advantages in solid-liquid separation processes under a magnetic field
(Hua et al., 2012). Using adsorbents from wastes or by-products of agricultural,

municipal and industrial sectors can reduce the quantity of solid waste, coupling with
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an increase in the value of the materials. Steel shavings (StS), a magnetic waste
generated in very large amounts from the steel processing industry, contain large
amounts of zero-valent iron. Hence, studies on the utilization of steel shavings to
abate antibiotics from aqueous solution are urgently required. Applying a novel
modification technique to produce a superior adsorbent is undoubtedly useful for
wastewater treatment. One of the most promising modification methods for Fe’ is
plasma cleaning (see 2.5, chapter 2).

When exposing the iron to a plasma generated in a vacuum, the surface of the
adsorbent is bombarded. It leads to adventitious hydrocarbons being removed from
the iron surface and enhances the iron surface available for adsorption processes. The
selection of gas to produce the plasma is important. Oxygen is effective in removing
hydrocarbons both physically and chemically on the surfaces of oxidation-resistant
metals such as aluminum and stainless steel. However, when using a material prone
to oxidation as iron, inert gases, for instance argon and nitrogen, can serve to
generate the plasma with the purpose of achieving the same result without further
oxidizing the sample. Moreover, the cost of nitrogen is considerably cheaper than
that of argon; therefore, the application of nitrogen plasma is more feasible.

From the outcomes in chapter 4, nitrogen plasma modified steel shavings
(M3-pINy) have the highest adsorption capacities for SMT, TC and CP. Thus, this
chapter aimed to study adsorption of ABs onto Mj; and M;-pIN; in batch
experiments. Similar to chapter 5 regarding HMs adsorption, this chapter begins with
studying factors influencing the removal efficiencies of ABs such as pH, adsorbent
dose and temperature. In the next step, adsorption isotherms and kinetics were

evaluated in cases of single and competitive solutions. Then, desorption and
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regeneration abilities of M3-pIN, were examined. Finally, adsorption mechanisms
were proposed by analyzing the adsorbent before and after working with ABs
solutions.
6.2. Affecting factors to removal efficiencies
6.2.1. pH

The effects of pH on antibiotics removal by raw steel shavings (M3) and
plasma modified steel shavings (Ms-pIN,) are shown in Figure 6.1A and 6.1B.
Generally, pH value of the reaction solution exerts a great impact on the raw and
modified steel shavings’ capacity to remove antibiotics. Plasma modification has
improved the absorbents’ ability to remove the antibiotics.

The removal efficiency of SMT by M3 was very high in acidic solution, pH
2.5 t0 2.9 (89.3 to 93.6%) but this fell significantly when pH increased from 3.8 to
9.2 (from 32.2% to 4.4%). These changes could be attributed to the effect of pH on
the speciation of SMT and the surface electrical properties of the adsorbent. The
cationic, neutral and anionic species of SMT were dominant at pH<3, neutral pH and
alkaline pH, respectively (Qiang et al., 2013). During the ion-exchange process, the
adsorbed cation (M"") exchanges for a proton (H") on the surface of the adsorbents as

in the following equation:
(Surface)OH + M " — (Surface)OM " + [

These results partly agreed with the study by Ahmed et al. (2017) on the
removal of sulphonamide antibiotics by functionalized biochar which achieved

maximum adsorption at pH from 3.25 to 4.5. In contrast, the removal efficiency of

SMT by MCM-48 modified magnetic nanocomposite (positive surface charge) was
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low at acidic pH, rose when the pH increased and reached a maximum at pH 6.3
(Qiang et al., 2013). The maximum removal efficiency of SMT by M3 reached 93.6%
at pH 2.9. The same trend was observed for the plasma modified steel shavings
efficiency in removing SMT (Figure 6.1B). The adsorbents’ ability to remove SMT
declined when the pH level increased. The sorption process reached a maximum at

pH 3.01 with a removal efficiency of 95.3%.

The adsorption of TC on M3 and M3-pIN, were also pH-dependent processes.
The removal efficiency of TC by M3 improved when pH increased from 2.4 to 5.1,
then fell away with a decrease in pH from 6.8 to 8.3. The adsorption maximum
reached a value of 68.1% of TC at pH 5.1. The removal efficiency of TC by M3-pIN,
was higher than that by M3 with the maximum adsorption efficiency of 82.1% at pH
4.7. The experimental results displayed that adsorptions of TC on the adsorbents
were effective in both acidic and neutral pH. These findings could be due to the fact
that smimilar to SMT, TC exists in cationic, zwitterionic and anionic forms under
acidic, moderately acidic to neutral and alkaline conditions (Chen et al., 2011). When
pH>7 or an alkaline condition creates repulsion at the surface of the adsorbate and

the adsorbent; this results in poor removal efficiency.

Compared to the sorptions of SMT and TC, the sorption of CP on M3 and Mj3-
pIN, was more stable regarding pH changes (Figure 6.1). Variation in pH values did
not significantly change the efficiency of CP degradation. However, the results
indicated that CP was also most effectively removed by the adsorbent at low pH
values. From pH 3-3.8, CP in the solution was completely removed by the adsorbents

and maximum removal efficiencies were obtained (100%). The adsorption of CP
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slightly reduced at neutral and alkaline pH values and reached its lowest at pH 7.9
with M3 (86.4%) and pH 6.3 with M3-pIN; (87.1%). These outcomes were similar to
a previous report using persulfate activated by Fe’" and zero-valent iron for

removing CP from aqueous solution (Nie et al., 2015).

Of the three antibiotics, most CP was removed by M; and M;-pIN, and
removal efficiency remained moderately stable with observed changes in pH while
the process of removing SMT and TC were less efficient and largely depended on pH
value. The adsorbents best removed SMT and TC when ABs exist in their neutral
species. These outcomes were verified by the pH values of solution at which SMT
and CP were most efficiently abated, at pH 3, while the highest adsorption of TC was

achieved at pH 5 (Figure 6.1).
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Figure 6.1 Effect of pH on adsorption of the antibiotics on (A) Ms; (B) M3-pIN,
6.2.2. Adsorbent dosage

For the selection of adsorbent dose, different doses of adsorbent used were
0.1, 0.2, 0.5, 1, 2, 5, 10 and 20 g/L in order to compare removal efficiencies of
antibiotics by M3z and M;-pIN,. The results in Figure 6.2 reveal that the removal
efficiency of the antibiotics improved with an increase in doses. This improvement
was a result of the catalytic reduction happening on the surface of the materials for
adsorption and reaction sites (Xia et al., 2014). The maximum adsorption processes
of antibiotics on both M3 and M3-pIN, were reached at a dose of 2 g/L.. Using a dose
of 2 g/L, the removal efficiencies of SMT, TC and CP by M3 and M3-pIN, were 40.6,
67.8, 91.4% and 48.9, 68.4, 95.5% respectively. In the study by Xia et al. (2014), at
the dose of 1.06 g/L of adsorbent, initial pH 6.8 and air presence, CP (100 mg/L) was

totally removed by nano zero-valent iron within 5 min.
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6.2.3. Temperature/thermodynamic

The thermodynamic parameters for the adsorptive removal of ABs onto M3
and M3-N; were determined from experimental data, using Van't Hoff and Arrhenius
equations (see equations 5.2.3.1 and 5.2.3.2, section 5.2.3, chapter 5).

From the results, the adsorption of SMT, TC and CP were best at 25°C among
the studied temperature range from 20 to 30°C. Adsorption capacities rose
significantly from 20 to 25°C. A further increase of temperature from 25 to 30°C
decreased the adsorption capacity. Table 6.1 illustrates the thermodynamic
parameters for ABs removal by Mj; and Mjs-pIN,. The negative values of AG°
indicated that the adsorption of SMT, TC and CP on Mj; and M;-pIN; are
spontaneous in nature. The AG® values reduced with the rise of temperature from 20
to 25°C and increased from 25 to 30°C, demonstrating at 25°C the adsorption process
most effectively occurred.

The similar results were achieved with changes of the adsorption capacities at
different temperatures and can be ascribed to the activation of adsorbents by the
temperature. In detail, temperature rise from 21 to 25°C is needed to overcome
activation energy, but further rise above 25°C triggered a reduction of adsorption
which releases heat. That is probably explained by the complex relation between
chemical activation energy and exothermic reaction nature of adsorption (Ahmed et
al., 2017).

The AH® values of SMT and TC adsorption were positive, while a negative
AHP® of the CP adsorption was achieved. These results specified that the adsorption
of SMT and TC was endothermic in nature whereas exothermic was the nature of CP

adsorption (Nguyen et al., 2015). The outcomes in Table 6.1 showed that the values
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of AS° in most cases of antibiotics elimination by the adsorbents were positive.
According to Sengil and Ozacar (2008), the results discovered high affinity of
adsorbents for most cases of antibiotics adsorption on M3 and M;-pIN; and an
increased randomness between solid-solution interfaces during the removal process.

Table 6.1 Thermodynamic parameters for ABs adsorption on M3 and M3-pIN,

ABs Temperature Qmax exp. Kd AG AH’ AS° r
°O) (ng/g) (J/mol) (J/mol) (J/mol/K)
M;
20 1512 8.715 -5274 0.394
SMT 25 2590 8.987 -5440 1436 23 '
30 1555 8.884 -5503
20 988 4.143 -3463 0.014
TC 25 1549 6.003 -4440 3565 25 '
30 1084 4.331 -3693
20 1874 8.876 -5319
CP 25 2920 9.043 -5456 -7494 -7 0.607
30 2009 8.012 -5242
M3-plN2
20 1972 5.765 -4263
SMT 25 2747 9.209 -5501 8302 44 0.053
30 2065 6.421 -4685
20 1015 4.654 -3746
TC 25 1988 7.422 -4966 9924 48 0.078
30 1281 5.300 -4201
20 2336 8.904 -5326
CP 25 4018 9.147 -5484 -667 16 0.058
30 2801 8.821 -5485

6.3. Modeling of adsorption isotherms and Kinetics
6.3.1. Adsorption isotherms

Sorption isotherm plots and isotherm parameters of Langmuir and Freundlich
isotherm models are presented and summarized in Figure 6.3, Table 3.4 and Table
6.2. Adsorption capacities of antibiotics increased when the initial concentrations

rose. Table 6.2 shows that the sorption data for the antibiotics favored both the
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Langmuir and Freundlich isotherm models. Yet they slightly better fitted with the
Langmuir model where good regressions (0.923<r°<0.985) were observed.

Maximum Langmuir adsorption capacities (Qm.) of SMT, TC, CP were:
2519.98, 1720.20, 2772.81 pg/g on M3; 2702.55, 2158.36, 2920.11 pg/g on M3-pINy,
respectively. The order of the antibiotics’ sorption affinity on the adsorbents can be
shown as follows: CP>SMT>TC. On the other hand, maximum adsorption constant
(Kp) values following Freundlich isotherm with smaller r* values were: 741.81,
101.58, 920.30 pg'"L"g"; and 851.17, 183.67, 944.14 ng'"L"g" respectively for
SMT, TC, CP on M3 and M3-pIN,.

The observed Kg values were higher than reported values in other studies
using different adsorbents for removing SMT, TC and CP. For instance, nano zero-
valent iron was found to indicate maximum Freundlich SMT adsorption capacities of
8.08; 7.03; 6.11 pg'™L g™, respectively, at 288; 298; 308 K (Qiang et al., 2013).
Additionally, bamboo charcoal prepared by Liao et al. (2013) exhibited the Kg
constants of 0.76; 0.04 mg' "L"g™ in the removal of TC and CP, respectively.

6.3.2. Adsorption kinetics

The kinetics of SMT, TC, and CP sorption on M3 and M;-pIN, were fitted to
pseudo-first-order (PFO), pseudo-second-order (PSO) and intra-particle diffusion
model (IDM) as presented in Figure 6.4, Table 3.4 and Table 6.2. Depending on the
correlation coefficient (r*) and Q. cal (adsorption capacity at equilibrium was
calculated following kinetic equation) values, the sorption kinetics of the antibiotics
on the adsorbents were well fitted with both PFO and PSO (high 1) while the data
was not fitted to the IDM model (at very low r%). The values of PFO rate constant kip

and PSO rate constant ko, decreased as SMT-M3>SMT-M3-pIN,>TC-M3-pIN,>TC-
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M3>CP-M;3>CP-M3-pIN; and SMT-M3>SMT-M;-pIN,>TC-M3>TC-M3-pIN,>CP-
M;>CP-Mj;-plIN,, respectively.

The antibiotics were adsorbed significantly in the first 30 min then reduced
and reached equilibrium at 60 min. This equilibrium time is the same as that in
another study using polyvinylpyrrolidone modified nanoscale zero-valent iron to
remove TC (1 hour) (Chen et al., 2011). It is also quicker than the time documented
in one report utilizing MCM-48 modified magnetic mesoporous nanocomposite (24
hours) (Qiang et al., 2013).

Maximum sorption constants (Qe cal) of SMT, TC, CP on M3 and M;-pIN,
following the PFO model of 212.81, 369.74, 370.16 pug/g on M3; and 290.38; 417.01,
445.09 ng/g on Mj3-pIN;, correspondingly, while the PSO adsorption capacities (Qe
cal) were 218.16, 384.15, 391.81 pg/g; and 299.95; 434.97; 470.1 pg/g,

correspondingly.
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Figure 6.3 Langmuir and Freundlich adsorption of SMT, TC, CP on M3 and M3-pIN; (initial concentration: 100 - 20000 pg/L; pH 3 was

adjusted for SMT, CP; pH 5 for TC; adsorbent dose of 2g/L; at 25°C)
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Figure 6.4 Sorption kinetics of SMT, TC and CP on M3 and M3-pIN; (initial concentration: 1000 pg/L; no pH adjustment; adsorbent dose

of 2g/L; at room temperature)
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Table 6.2 Isotherm and kinetic parameters using the non-linear regression method for antibiotics adsorption onto M3 and M3-pIN,
Isotherm Antibiotic/adsorbent Kinetic Antibiotic/adsorbent
parameters SMT- SMT- TC-M; TC-M;- CP-M; CP-M;-  parameters SMT- SMT- TC-M; TC-M;- CP-M;  CP-M;-
M; M;-pIN, pIN, pIN, M; M;-pIN, pIN, pIN,
1. Langmuir 1. Pseudo—first-order
Qmax exp.  2590.1  2746.5 15485 1987.5  2920.1  3167.5 Qeexp (ug/g) 213.3 297.4 375.1 427.2 377.5 452.5
(ng/g)
Qmax cal. 2519.98 2702.55 1720.20 2158.36 2772.81 2920.11 Qe cal (ng/g) 212.81  290.38  369.74 417.01 370.16 445.09
(ng/g)
Ki 0.340 0.374 7.1441 0.001 1.1103  0.86 K;p (min™) 0.2374  0.2206  0.1714 0.1725 0.0962  0.0947
x10™
r’ 0.985 0.982 0.958 0.952 0.981 0.923 r’ 0.999 0.872 0.960  0.895 0.958 0.956
2. Freundlich 2. Pseudo—second-order
K¢ 741.81  851.17  101.58 183.67  920.30  944.14 Qe cal (ug/g) 218.16  299.95  384.15 43497 391.81 470.1
n 6.9821  7.3873  3.4716 3.9235 75920  7.3824  K,p (min-") 0.0023  0.0014  7.6671 6.5598 3.6496  3.0641
x10*  x10*  x10*  x10™
r’ 0.864 0.820 0.926 0910 0.843 0.833 r’ 0.913 0.980 0.894  0.895 0.972 0.974
3. IDM
Kp (ug.g'.min")  0.90 1.69 2.56 3.14 4.22 5.00
C 189.16  250.58  304.41 340.59 26121 314.836
r’ 0.075 0.238 0.125 0.175 0.242 0.247
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6.4. Competitive adsorption of multi-antibiotics solution on the adsorbents
6.4.1. Competitive adsorption isotherms

Isotherm plots and parameters of competitive adsorption of ABs on M3 and
M;-pIN; are shown in Figure 6.5 and Table 6.3. The high values of correlation
coefficients (rz) showed that experimental competitive adsorption data fitted both
Langmuir and Freundlich isotherm models. However, Langmuir isotherm slightly

better describes the adsorption data.

Maximum Langmuir adsorption capacities (ng/g) of competitive solutes of
SMT, TC and CP on the adsorbents were 809.06, 495.69, 920.27 on M3 and 958.97,
616.89, 1075.83 on M;-pIN,, respectively. Competitive adsorption capacities were
nearly 2-fold less than individual adsorption capacities. The total competitive
adsorption of ABs was calculated in Equations 3.2.5.3 to 3.2.5.6 and achieved same

values as individual solute adsorption.

The K values (pg/g) following the Freundlich isotherm of SMT, TC, CP
were 224.51, 139.14, 275.86 on M3 and 257.55, 174.19, 357.34 on M3-pIN,. These
results indicated that the adsorbents can work in both single and competitive solutes
of ABs and the adsorption of ABs on raw and modified StS is monolayer adsorption

in nature.
6.4.2. Competitive adsorption kinetics

Competitive adsorption kinetics of SMT, TC, CP on M3 and M3-pIN;, were
shown in Figure 6.6 and Table 6.3. Adsorption data fitted both PFO and PSO kinetic

models with high 1* constants while low r* values showed that the data was not fitted

165



Van Son Tran DOCTORAL THESIS 2017

with IDM. Same as adsorption of single solute of ABs, the adsorption process for
competitive solutes also reached equilibrium at 60 min. The order of PFO rate
constant k;, for ABs removal by M3 and Mjs-pIN, increased as SMT-M3<TC-

M;<CP-M;3<SMT-M;-pIN,<TC-M3-pIN,<CP-M3-pIN,, respectively.

Maximum PFO competitive adsorption capacities (ng/g) of SMT, TC, CP
were 111.88, 179.25, 188.18 on Mj; and 142.61, 209.25, 222.62 on M;-pIN,,
respectively. Following the PSO kinetic model, the order of k,, constant decreased as
SMT-M;3-pIN,>SMT-M;3>CP-M3-pIN,>TC-M;-pIN,>TC-M;3-pIN,>TC-M3>CP-M3.
Maximum PSO competitive adsorption capacities (ug/g) of SMT, TC, CP were

119.29, 190.22, 199.37 on M3 and 151.02, 221.17, 235.18 on M3-pIN,, respectively.
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Figure 6.5 Competitive adsorption isotherm of ABs on M3 and M3-pIN; (total multi-antibiotics initial concentration: 0 - 20000 pg/L, each
solute concentration: 0-6666.67 pg/L; pH 3; adsorbent dose of 2g/L; at 25°C)
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Figure 6.6 Competitive adsorption kinetics of ABs on M3 and M3-pIN, (total competitive initial concentration: 1000 pg/L, each solute

concentration is 333.33 pg/L; no pH adjustment; adsorbent dose of 2g/L; at room temperature)
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Table 6.3 Isotherm and kinetic parameters using the non-linear regression method for competitive adsorption kinetics and isotherms of

ABs on M3 and M3-pIN,

Isotherm Antibiotic/adsorbent Kinetic Antibiotic/adsorbent
parameters SMT- SMT- TC-M; TC-M;- CP-M; CP-M3;-  parameters SMT- SMT- TC-M; TC-M;- CP-M; CP-M;-
M; M;-pIN, pIN, pIN, M; M;-pIN, pIN, pIN,
1. Langmuir 1. Pseudo—first-order
Qmax exp. 843.02 104735 506.59 643.30 1002.87 1192.39 Qe exp. (Lg/g) 111.23 142.36 179.25 211.59 188.83 228.36
(ng/g)
Qmax cal. 809.06  958.97  495.69 616.89 920.27 1075.83 Qe cal. (ug/g) 111.88 142.61 179.25 209.25 188.18 222.62
(ng/g)
Ky 0.2230  0.2935  0.1046 0.1749 0.6894 1.4690  Kp (min™) 0.0495 0.0592 0.0547 0.0651 0.0564 0.0692
r 0.987 0.957 0.980 0.989 0.957 0.936 r 0.960 0.978 0.963 0.978 0.965 0.946
2. Freundlich 2. Pseudo—second-order
Kr 224.51  257.55 139.14 174.19 275.86  357.34 Qe cal (ng/g) 119.29 151.02 190.22 221.17 199.37 235.18
n 5.8894  5.5515  6.1602 6.0951 6.0356 6.3207  K,p (min-") 5.9336 5.9434 4.2992 4.5742 4.2954 4.6356
x10 x10™ x10 x10 x10 x10™
r’ 0.921 0.948 0.914 0.937 0.949 0.928 r 0.899 0.933 0.920 0.961 0.932 0.962
3. IDM
Kp (ng.g"'.min™) 1.8321 2.0731 2.7548 2.9243 2.8351 3.0907
C 63.91 89.09 107.98 135.46 115.26 146.71
r’ 0.283 0.283 0.292 0.309 0.306 0.346
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6.5. Desorption and regeneration of the ABs loaded adsorbents
6.5.1. Selecting desorption reagent

Several reagents including tap water, H,SO4 0.1N; NaOH 0.1N, methanol
0.1N and ethanol 0.1N were utilized for desorbing antibiotics loaded adsorbents (see
3.2.5D, chapter 3). The Figure 6.7 indicates the desorption efficiencies of ABs from
antibiotic-loaded Mj3-pIN,. As illustrated in Figure 6.7, reagents with organic
solvents such as methanol, ethanol better desorbed the adsorbent after adsorption.
The percentages of ABs were recovered as SMT 89.3, TC 90.2 and CP 92.5 % with
methanol 0.1N and SMT 66.3, TC 70.3 and CP 71.7 % with ethanol 0.1N. However,
the desorption efficiencies were very low with the inorganic reagents including tap
water, sulfuric acid 0.1N and sodium hydroxide 0.1N solutions. The percentages of
recovery ABs ranged from SMT 15.1 to 25.3; TC 16.3 to 26.1 and CP 17.5 t0 27.6 %

with the three inorganic reagents.

From the experimental data, the solution of methanol 0.1N was the best
solution to desorb the ABs-loaded Mj3-pIN, and was chosen for experiments of
adsorption-desorption cycles. Similar results were reported by Hu et al. (2012) who
concluded that methanol solution was also the best reagent for desorbing Ofloxacin,
norfloxacin, ciprofloxacin, enrofloxacin and sulfamethazine from longitudinally

packing molecularly imprinted fibers.
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Figure 6.7 Regeneration of Ms-pIN; after adsorption of ABs

6.5.2. Adsorption-desorption cycles

Figure 6.8 shows the adsorption-desorption cycles for ABs on M3-pIN; using
the reagent methanol 0.IN solution. The outcomes revealed that M;-pIN, was
effectively regenerated. In the first three cycles, the adsorption and desorption
capacities of M3-pIN, were slightly reduced. Adsorption efficiencies of ABs at the
first, second and third cycle were SMT 95.1, 90.2, 86.5 %; TC 98.3, 94.6, 88.7 % and

CP 99.8, 96.2, 90.2 %. From the fourth to the fifth cycle, adsorption and desorption
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abilities of the adsorbent were lower. At the fifth cycle, removal efficiencies of the

regenerated Ms-pIN,; were SMT 75.5; TC 76.3 and CP 77.2 %.

Experimental results clarified that M;-pIN, can be effectively regenerated by
methanol and this makes the adsorbent has more potential in applicability for
wastewater treatment. In another study conducted by Li et al. (2014), a mixture of
CaCl; 0.01 M and NaN; 200 mg/L solution was used for regeneration of carbon

nanotubes. However, the adsorption-desorption was only successful after 2-3 cycles.
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Figure 6.8 Adsorption and desorption cycles for ABs on Mj3-pIN; using methanol
0.IN

172



Van Son Tran DOCTORAL THESIS 2017

6.6. Proposed mechanisms of ABs removal by steel shavings

To generate insights into the adsorption of antibiotics from aqueous solution
by the adsorbents, FTIR and XPS were employed. FTIR spectra of the adsorbents
before and after adsorption including M3, M3-pIN,, SMT loaded M3-pIN,, TC loaded
M;-pIN,, CP loaded M3-pIN, and mixed antibiotics (SMT, TC and CP) loaded Mj3-
pIN, are indicated in Figure 6.9. An absorption band showing the vibrational
properties of Fe-O bond is observed at around 477 cm ™' (Gupta et al., 2011). Other
1

iron oxides namely Fe;O,4 and Fe,O3 were also recorded as peaks at 573-588 cm

(Dong et al., 2014; Shu and Wang, 2009; Du et al., 2010).

The spectra also indicated the existence of organic groups of antibiotics after
adsorption on M;3-pIN,. The peaks in the range of 3800-3900 cm ™' correspond to —
OH groups in TC-M3-pIN,;, CP-M;-pIN, and mixed antibiotics loaded-Ms-pINy,
indicating the existence of hydroxyl groups on the surface of loaded adsorbents,
originated from TC and CP (Ahmed et al., 2017). Those at 1550-1540 cm ' are the
N-H and C-N stretching mode of groups of the three antibiotics (Parikh and
Chorover, 2006). The peaks at 2920 cm™ shows the C-H stretch vibration and peaks

at 1520 cm™ correspond to C=0, originated from TC and CP (Ahmed et al., 2017).
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Figure 6.9 FTIR spectrums for M3, M3-pIN, and antibiotics loaded M3-pIN;

XPS is a surface sensitive method which can determine the binding energy of
elements in the top 10 nm of a sample as shown in the full survey scans of Figure

6.10.
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Figure 6.10 Full survey of N, plasma modified steel shavings before and after
adsorption

By executing narrow scans in the binding energy regions of the elements, it is
possible to relate the peaks in binding energy to chemical bonds, states and those
elements’ environments.

Starting with the two narrow scans in the Cls region (Figure 6.11), displayed
here are peaks that are characteristic of adventitious carbon contamination of the
adsorbent surface (layer thickness 1-2nm). The typical chemical states of C were C-C
at ~284.8 eV, C-O-C at ~286 eV and O-C=0 at >288.5 eV bonding (Table 6.4;

Thermo scientific XPS, 2017).
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Figure 6.11 XPS narrow scan of Cls region for M3-pIN, (A) before adsorption and

(B) after adsorption

Table 6.4 Binding energy, chemical state, relative peak area and atomic percentage

of peaks in narrow scan of C1s region of the adsorbent before and after adsorption

Name Spectrum Binding Chemical Relative Atomic %
(Region Peak)  Energy (eV) State Peak Area
(CPS.eV)
M;-pIN, Cls A 284.79 C-C 4177.22 16.19
ClsB 286.2 C-0-C 687.9 2.67
ClsC 288.51 0-C=0 688.53 2.67
TCloaded ClsA 284.8 C-C 1827.1 7.7
M;-pIN, ClsB 286.34 C-0-C 403.7 1.7
ClsC 288.79 0-C=0 368.94 1.56
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Figure 6.12 shows that oxygen chemical states with the adventitious carbon
and the metals are presented in the narrow scans in the Ols region. The O1sA peaks
(~529-530 eV) in each spectrum are characteristic of metal oxides (Fe,O3, Fe;0y,
FeO) while the OlsB and Ol1sC are characteristic of adventitious carbon C-O
(~531.5-532 eV) and C=0 (~533 eV) bonding, respectively (Table 6.5; Thermo

scientific XPS, 2017).
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Figure 6.12 XPS narrow scan of Ols region for Ms-pIN; (A) before adsorption and
(B) after adsorption
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Table 6.5 Binding energy, chemical state, relative peak area and atomic percentage

of peaks in narrow scan of Ols region of the adsorbent before and after adsorption

Name Spectrum Binding Chemical Relative Atomic
(Region Energy (eV) State Peak Area %
Peak) (CPS.eV)

M;-pIN, Ols A 530.03 O-metal oxides 24427.48 33.84
Ols B 531.34 C-O 9909.97 13.73
OlsC 532.44 C=0 2407.51 3.34

TCloaded OlsA 530.12 O-metal oxides 24518.67 36.92

M;-pIN, Ols B 531.33 C-0 9242.38 13.92
OlsC 532.34 Cc=0 2650.33 3.99

The binding energy of an element increases when its valence state also
increases. This was demonstrated by the binding energy separation of the Fe2p3/2A
and Fe2p3/2B peaks in all spectra in Figure 6.13, suggesting a mixed oxide of both
Fe’" and Fe*" which is Fe;O4. This oxide is the dominant oxide present for both
before and after adsorption processes (Table 6.6). The other two constituents -
Fe2p3/2C and Fe2p3/2D in all spectra - are representative of Fe’" and Fe’' in their
other separate oxides states of FeO and Fe,O3, respectively. These oxides are mainly
responsible for the adsorption of SMT, TC and CP on raw and modified steel
shavings. Figure 13 does not show the spectrum peak at ~ 706.7eV binding energy,
which indicates the chemical state of zero-valent iron (Fe’) (Thermo scientific XPS,
2017). Since the detected limitation of XPS technique is 10 nm in the top surface of
the material, it can be assumed that the Fe” core of the adsorbent was covered by an
iron oxide film that was thicker than 10 nm.

Based on the XPS results and what previous studies have found, the
mechanisms that could be proposed for the removal of antibiotics are: SMT:
hydrogen bonding; TC: electrostatic and non- electrostatic interaction; and CP

removal: redox reaction (Qiang et al., 2013; Chen et al., 2011; Nie et al., 2015; Xia et
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al., 2014). Qiang et al. (2013) proposed three kinds of hydrogen bonding between the
nitrogen of the aniline, sulfinol or pyrimidine group of SMT and the surface
hydroxyl group of FeM48 being the major driving force for adsorption. Additionally,
the -1 electron-donor acceptor interaction between SMT (n-electroneacceptor) and
the adsorbent (;1-electronedonor) also promoted adsorption (Qiang et al., 2013). Chen
et al. (2011) confirmed that the adsorption pathway of TC on PVP-nano zero-valent
iron included electrostatic interactions and Fe-TC complexation reactions.
Meanwhile the removal of CP as reported by Nie et al. (2015) and Xia et al. (2014)
was a redox reaction.
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Figure 6.13 XPS narrow scan of Fe2p region for M3-pIN; (A) before adsorption; (B)

after adsorption; (C) combined spectrums of before and after adsorption

Table 6.6 Binding energy, chemical state, relative peak area and atomic percentage
of peaks in narrow scan of Fe2p3/2 region of the adsorbent before and after

adsorption

Name Spectrum Binding Chemical Relative Atomic %
(Region Energy (eV) State Peak Area
Peak) (CPS.eV)

M;-pIN, Fe2p3 A 710.54 Fe;0,/Fe™ 21785.43 9.03
Fe2p3 B 712.8 Fe;04/Fe’ 18998.32 7.88
Fe2p3 C 716.79 FeO/Fe** 7546.61 3.13
Fe2p3 D 720.12 Fe,03/Fe’ 8492.22 3.53

TC loaded Fe2p3 A 710.77 Fe;0,/Fe*" 26057.06 11.74

M;-pIN, Fe2p3 B 713.26 Fe;04/Fe’ 19896.5 8.97
Fe2p3 C 717.35 FeO/Fe** 9810.93 4.43
Fe2p3 D 720.65 Fe,0,/F¢’" 9747.22 4.4

6.7. Conclusions

This study demonstrated that the raw and modified steel shavings did

effectively remove the antibiotics SMT, TC and CP from aqueous solution. Nitrogen

plasma modification has cleaned and improved the surface area of steel shavings and

then increased adsorption capacity of the adsorbent for the antibiotics.
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The adsorbents can work well in both single and competitive solutions of
antibiotics. The adsorption data fitted better to the Langmuir isotherm model than the
Freundlich model. The antibiotics’ maximum Langmuir sorption capacity declined in
the following order: CP>SMT>TC on both M; and M3-pIN,. In single adsorption of
ABs, maximum Langmuir adsorption capacities following the Langmuir isotherm
(Qmax) of SMT, TC, CP were: 2519.98, 1720.20, and 2772.81 ug/g on Mj; 2702.55,
2158.36, and 2920.11 pg/g on Mj-pIN,, respectively. The competitive adsorption
capacities were nearly 2-fold less than individual adsorption capacities.

The sorption of SMT, TC and CP on the adsorbents reached equilibrium
within an hour and both PFO and PSO models could be used to simulate the kinetic
data. The solution pH remarkably affected the efficiency of M; and M;-pIN; in
removing the pollutants. The optimum pH value for removing SMT and CP was 3
while a level of pH 5 was the most suitable for abating TC from the water. The
adsorbent dose of 2 g/L. best degraded SMT, TC and CP. Furthermore, the adsorption
of SMT, TC and CP were best at 25°C. The nature of adsorption process was
feasible, endothermic and spontaneous. The ABs-loaded M;-pIN, was best desorb by
using the solution of methanol 0.1N and the adsorbent was only successful after 2-3
adsorption-desorption cycles.

Finally, the proposed mechanisms for removing SMT, TC and CP by raw and
nitrogen plasma modified steel shavings were hydrogen bonding, electrostatic and
non- electrostatic interactions and redox reaction. In order to apply steel shavings as
an adsorbent in wastewater treatment, it is necessary to study ABs removal in a semi-

pilot scale.
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7.1. Introduction

Water pollution caused by toxic heavy metals (HMs) and antibiotics (ABs)
has been the subject of many studies due to the destructive effects of the pollutants
on the ecosystem and human health (Badruddoza et al. 2013; Rajapaksha et al.,
2015).

Metal ions such as lead (Pb*"), copper (Cu®"), cadmium (Cd*"), chromium
(Cr’") and zinc (Zn") are toxic and they endanger communities, whole societies and
the environment even at very low dosages. They are allergens or highly toxic
carcinogenic mutagens, and ions can easily accumulate in the bodies of animals and
aquatic organisms. Furthermore the human body can be impacted through bio-
accumulation, bio-concentration and biomagnification when potential poisons are
transported through the food chain (Hossain et al., 2014). Industries generate and
discharge wastes containing different heavy metals into the environment, such as
mining and smelting, surface-finishing, energy and fuel production, fertilizer and
pesticides, metallurgy, iron and steel production, electroplating, electrolysis, electro-
osmosis, leather tanning, photography, electric appliance manufacturing, metal
surface treating, painting, etc. (Wang and Chen, 2009; Badruddoza et al., 2013).

ABs are used to abate illnesses suffered by humans and animals, and
numerous ABs are being detected in surface and groundwater (Adams et al., 2002;
Lu et al., 2016) supplies. Most of the chemicals originate from medical, municipal,
and agricultural sources (Adams et al., 2002; Pouran et al., 2014). ABs can caused
problems to the ecosystem in terms of dangerous toxicity and promote microbial
resistance (Chen et al., 2011; Qiang et al., 2013; Fan et al., 2010; Lu et al., 2016).

Some typical antibiotics analyzed in this research include sulfamethazine (SMT),
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tetracycline (TC) and chloramphenicol (CP). For this reason it is critical to develop
efficient and cost-effective techniques for removing HMs and ABs from water.

Different treatment techniques available for abating toxic metals exist, such
as adsorption, chemical precipitation, ion exchange, coagulation, reverse osmosis,
electrolysis and membrane processes (Fu and Wang, 2011; Nguyen et al., 2013).
Additionally, a variety of methods to remove antibiotics and other pharmaceuticals
from the aquatic matrix such as advanced oxidation processes, combined
chemical/biological treatment, aerobic digestion integrated with activated carbon, ion
exchange, coagulation, flocculation, sedimentation, ultraviolet irradiation, have been
attempted (Adams et al., 2002; Homem and Santos, 2011; Qiang et al., 2013; Nie et
al., 2015).

Of these techniques, however, the most efficient, economic and
environmentally friendly is adsorption using cost-effective adsorbents to remove
HMs and ABs from water (Hua et al., 2012; Tran et al., 2015; Qiang et al., 2013).
Referring to the kinds of adsorbents, iron, particularly in its zero-valent (Fe’) and
oxides form, does function as a good candidate due to its adsorption ability and
abundance (Cundy et al., 2008; Aredes et al., 2012, Pouran et al., 2014). Several
kinds of iron-based adsorbents are magnetic in character, hence leading to good
outcomes in the solid-liquid separation process under a magnetic field (Hua et al.,
2012). Many types of magnetic adsorbents have been utilised for the removal of
HMs and ABs from aqueous solution. These include, for instance, scrap iron, iron
nanoparticles, magnetite, magnetic montmorillonite, iron oxides, persulfate activated

2+ . . . .
by Fe™" and zero-valent iron, microscale zero-valent iron, nanoscale zero-valent iron
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(Oliveira et al., 2004a; Liu et al., 2008; Gupta et al., 2011; Gheju and Balcu, 2011;
Hua et al., 2012; Ghauch et al., 2009; Xia et al., 2014; Nie et al., 2015).

Since magnetic waste is generated from industrial steel processing in large
amounts, steel shavings have been studied for their ability to remove HMs and ABs
(Rangsivek and Jekel, 2005; Gheju and Balcu, 2011; Tran et al., 2017). However, the
number of studies on this process is very limited. Subsequently, more research is
needed to understand more and confirm whether the application of steel shavings in
removing HMs and ABs from water is warranted. One of the most promising
modification methods for Fe’ is plasma cleaning.

From the previous results in batch studies (chapter 5 and chapter 6), nitrogen
plasma modified steel shavings (M3-pIN,) have successfully removed HMs as well as
ABs from water. As the next step, adsorption research has been conducted at semi-
pilot scale for synthesized wastewater. This chapter aims to design an effective
wastewater treatment unit at semi-pilot scale (up to 5m’/day) and discover the best or
optimum operating conditions for removing HMs and ABs.

7.2. Selecting treatment unit

When selecting a potentially well-designed treatment unit utilising the StS for
removing HMs from water, different designs have been assessed (see 3.2.6A in
chapter 3). The semi-pilot experiments were conducted with synthesized wastewater
using the three designs.

7.2.1. Removal of HMs by different treatment designs

As described above (3.2.6, chapter 3), concentrations of HMs in the

wastewater were added before using them for semi-pilot tests and measured by MP-

AES as Pb>" 5.94, Cu®" 4.74, Cd*" 6.48, Cr’" 6.44 and Zn*" 5.18 mg/L. Figure 7.1
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shows the remaining concentrations of the HMs by StS using the four treatment
units.

Based on the experimental results, design 1 and design 2 (see 3.2.6A in
chapter 3) did not successfully remove metal ions from water. With design 1, the
remaining concentrations of Pb*’, Cu*’, Cd*, Cr’", Zn*" after treatment with the
design did reach 2.65, 2.86, 4.02, 3.15, and 2.98 mg/L, respectively. Similar
outcomes were recorded with the removal of metal ions in design 2. The remaining
concentrations of Pb2+, Cu2+, Cd2+, cr ", and Zn*" in the outlet flow with design 2
reached 3.97, 3.1, 5.03, 4.78, and 3.58 mg/L, also respectively. Thus, the removal
process using the two designs proved to be ineffective. These outcomes can be
explained by the contact between M3-pIN, and the aqueous solution. The materials
were stored inside the bags as well as the high density of the StS, so the water flow
pressure was not enough for water to establish good contact with the materials,
especially the particles inside the bulk of the M;3-pIN;.

In contrast, the removal efficiency had much better potential when referring
to the column design. With design 3 when the flow rate was 5m’/day, Pb**, Cu®",
Cd*, Cr'" and Zn*" in water were completely removed during most of the running
time. The levels of Pb*", Cu**, Cd*", Cr’" and Zn*' in the effluent were less than
0.007, 0.16, 0.008, 0.096 and 0.16 mg/L, respectively. Furthermore they were lower
than limited standards as advised in the US-EPA guideline (Nguyen et al., 2013).
The above outcomes confirmed that design 3 was the most effective treatment unit
for removing HMs from wastewater. For this reason the column design served for the
subsequent experiments on removing HMs by Mj;-pIN, in the semi-pilot scale

context.
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Figure 7.1 Remaining concentrations of HMs in the outlet flow after treatment using
nitrogen plasma modified StS (Ms-pIN,) with different designs: (A) Pb*"; (B) Cu”";

(C) Cd*'; (D) Cr’" and (E) Zn*"
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7.2.2. Removal of ABs by different treatment designs

The same procedure for removing HMs was applied to study ABs (combined
SMT, TC and CP solutions) uptake from synthesized wastewater using column
design. Experiments were executed with specific initial concentrations of ABs, these
being SMT 100.1, TC 97.3 and CP 99.5 ng/L, at room temperature and the natural
pH value. Figure 7.2 illustrates the remaining concentrations of ABs in water after

treatment using Ms-pIN,.

Similar results involving HMs removal experiments in semi-pilot scale were
achieved in the ABs removal study. Design 1 and design 2 failed to remove the ABs
from the synthesized wastewater. At contact time lasting 8 hours the remaining
concentrations of SMT, TC and CP in the outlet flow were: firstly, 81.6, 72.1, and
64.6 png/L with design 1; and secondly, 95.8, 91.57, and 85.7 pg/L with design 2.
Conversely, design 3 did effectively abate the ABs from wastewater. The remaining
concentrations of SMT, TC and CP in the effluent at 8 hours of treating time were
1.93, 1.62 and 1.1 pg/L. Therefore design 3 was selected for the following

experiments in semi-pilot scale study on removing ABs via M3-pIN,.
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Figure 7.2 Remaining concentrations of ABs in the outlet flow after semi-pilot scale
treatment units using Ms-pIN,: (A) SMT; (B) TC and (C) CP

7.3. HMs removal in the column design

7.3.1. Affecting factors

A. Flow rate

The effects of influent flow rate (m’/day or L/min) on the efficiency in

removing HMs by nitrogen plasma modified StS are shown in Figure 7.3. Various

flow rates (2500, 5000, 7500 and 10000 L/day or equivalent to 1.74, 3.47, 5.21, and

6.94 L/min, respectively) were chosen to examine the effects of metal ions’

adsorption ability on M3-pIN,. Judging by the results, the flow rate had a great

impact on removing HMs from water by M;-pIN; in the fixed-bed column design.
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The breakthrough curves for the adsorption in the column are determined by plotting
the C/C, (C; is the concentration of metal ions at time t and C, is the initial
concentration of HMs) against the time (t) and displayed in Figure 7.3 and Table 7.1.

The effects indicated that the shorter breakthrough time occurred at higher
flow rate, which is explained by the fact that the higher the flow rate, then more
water passed through the column. As a result, more metal ions became attached to
the binding sites of M3-pIN; and caused the adsorbent to be saturated more rapidly.
These results agreed with previous studies which concluded that higher flow rate
brought about a lower residence time and vice versa (Acheampong et al., 2013).
Thus, the high flow rate decreased the service time of the fixed-bed column as shown
in Figure 7.3 (Hossain, 2013).

Table 7.1 shows that with the high flow rates of 6.94 and 5.21 L/min, the
metal ions were not removed effectively. In case of Pb*" ion, the breakthrough times
(tv) at the two flow rates were undefined as outlet concentrations were higher than
10% of the initial concentration of HMs. For Cu®", Cd2+, Cr'* and Zn*', the t, was
undefined at a flow rate of 6.94 L/min. However, the breakthrough times at the flow
rate of 5.21 L/min were also short and achieved at 120, 298, 220 and 298 min for
Cu*', cd*, Ccr’" and Zn*, respectively.

In contrast, flow rates of 1.74 and 3.47 L/min are suitable for removing HMs
by M3-pIN,. The breakthrough time (tp) and exhaustion/service time (ts) ranged from
440 to 1920 min and 3360 to 12350 min, respectively. The achieved breakthrough
time, service time and adsorption capacities demonstrated that 3.47 L/min was the
optimal flow rate for removing HMs (Pb**, Cu**, Cd*", Cr’* and Zn*") by M;3-pIN; in
the column design (Figure 7.3 and Table 7.1). Consequently, this value of flow rate

was chosen for the following experiments.
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Figure 7.3 Effects of flow rate on the breakthrough curve of HMs adsorption on M3-
pIN2: (A) Pb*"; (B) Cu"; (C) Cd*"; (D) Cr'" and (E) Zn®" (natural pH, bed height =
35 cm; initial concentrations (C,) of HMs: Pb*" 5.94; Cu** 4.74; Cd*" 6.48; Cr’" 6.44
and Zn>* 5.18 mg/L)
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B. Bed height

The breakthrough curves for varying bed heights (20, 35 and 50cm), given
the flow rate of 3.47 L/min are illustrated in Figure 7.4 and Table 7.1. The results
revealed that the lower bed height the shorter breakthrough curves occurred. For
instance, the breakthrough time (at C/C, 10%) of Pb*" adsorption was 480, 960 and
1920 min when the bed height was 20, 35, and 50 cm, respectively. Similarly, the
service time (at C/C, 90%) of the adsorptive removal of lead increased from 3698 to
10560 min when the bed height rose from 20 to 50 cm.

As listed in Table 7.1, the adsorption capacities of HMs on M;-pIN, at
exhaustion points with different bed heights of 20, 35 and 50 cm were as follows:
Pb*" 12.7, 14.06 and 14.51 mg/g; Cu®" 9.1, 11.16 and 11.05 mg/g; Cd*" 8.36, 8.95
and 9.2 mg/g; Cr'" 7, 7.15 and 7.35 mg/g; and Zn®" 9.35, 10.25 and 10.39 mg/g,
respectively. The results were in agreement with competitive adsorption data in batch
experiments where the order of HMs adsorption capacities (in mg/g) reduced as:
Pb*">Cu?">Zn*">Cd**>Cr’*. Moreover, the column adsorption capacities of HMs at
exhaustion points were approximately 80 - 85% of the Langmuir maximum
competitive adsorption capacities in batch experiments.

These outcomes suggested that an increase in bed height from 20 to 50 cm
resulted in more HMs uptake. Based on these outcomes, it seems that when the bed
height rose, the diffusion of metallic ions into the adsorbent increased (Malkoc and
Nuhoglu, 2006; Taty-costodes et al., 2005). However, when the bed height increased
from 35 to 50 cm, the adsorption capacities did slightly increase or remained the
same, thus demonstrating that the optimal condition state was virtually reached at the
bed height of 35 cm. Moreover, according to Sousa et al. (2010) it is evident at a
high bed height (50 cm) the M3-pIN, was not dispersed properly in the used flow rate

of 3.47 L/min. Therefore this caused the uptake capacities remain or to decline.
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Figure 7.4 Effects of bed height (Z) on the breakthrough curve of HMs adsorption
on M3-pINa: (A) Pb*"; (B) Cu; ©) cd*; (D) Cr’" and (E) Zn** (natural pH, flow
rate = 3.47 L/min; initial concentrations (C,) of HMs: Pb** 5.94; Cu** 4.74; cd
6.48; Cr'* 6.44 and Zn*" 5.18 mg/L)
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Table 7.1 Breakthrough curve parameters for HMs adsorption onto Mj-pIN; at

different operating conditions

HMs Bed
Flow rate, height, ty Vy Qb R, t, Vi qs R,
Q(L/min) (cm) (min) (L) (mg/g) (%) (min) (L) (mg/g) (%)
1.74 35 1920 3340.8 1.89 949 12350 21489 12.16 12.6
3.47 35 960 3331 1.88 99.8 7160 24845 14.06 17.5
pp2 5.21 35 - - - - 4320 22507 1273 12.5
6.94 35 - - - - 3360 23318 13.19 138
3.47 20 480 1666 1.65 96.5 3698 12832 12.7 31
3.47 50 1920 6662 2.64 99.7 10560 36643 14.51 22.6
1.74 35 1750 3045 1.37 924 12320 21437  9.68 19.8
3.47 35 925  3209.8 1.45 95.8 7124 24720 11.16 31.4
vt 5.21 35 120 625.2 0.28 88.4 4452 23195 1047 184
6.94 35 - - - - 2400 16656  7.52 16
3.47 20 462 1603 1.27 94.3 3320 11520 9.1 27
3.47 50 1880 6524 2.06 97.9 10090 35012 11.06 38.8
1.74 35 1025 1783.5 1.1 94.8 8960 15590 9.62 352
3.47 35 496  1721.1 1.06 952 4180 14505 8.95 29
o 5.21 35 208  1552.6 0.96 914 2480 12921 7.97 38
6.94 35 - - - - 1980 13741 8.48 23.6
3.47 20 260 902.2 0.97 94 2230 7738 836 432
3.47 50 860 2984 1.29 96.5 6136 21292 9.2 30.1
1.74 35 1160 2018.4 1.24 947 7200 12528  7.68 23.9
3.47 35 440  1526.8 0.94 953 3360 11659  7.15  28.6
o 5.21 35 220 1146.2 0.7 79.5 1940 10107 6.2 33.2
6.94 35 - - - - 1440 9994 6.13 222
3.47 20 252 874.4 0.94 95.7 1880 6524 7.0 323
3.47 50 810 2811 1.21 97.7 4930 17107 7.35 38.2
1.74 35 1360 2366.4 1.17 89.8 12260 21332 10.52 21.1
3.47 35 560 19432 0.96 93.1 5988 20778 10.25 32.4
s 5.21 35 298  1552.6 0.77 89.2 3840 20006  9.87 7.3
6.94 35 - - - - 1920 13325 6.57 4.4
3.47 20 298 1034 0.89 932 3120 10826  9.35 29
3.47 50 1106 3838 1.33 95.6 8670 30085 10.39 40.2

Notation: Q - volumetric flow rate (L/min); Z - bed height (cm); t,, V}, — the service time and
treated volume at 10% breakthrough point (L); t;, Vs — the service time and treated volume at
90% saturation point; q, qs — the amount of metal ions loaded per unit of dry weight of M;-
pIN, at 10% breakthrough point and 90% saturation points, respectively; R,, Ry — the
removal percentage of metal ions at 10% breakthrough point and 90% saturation points,

respectively; -: undefined values.
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7.3.2. Breakthrough curves modeling

The results following the calculation of the breakthrough curves modeling for

experimental data on HMs removal by M3-pIN, column are shown in Table 7.2.
A. Adams—Bohart model

As can be seen in Table 7.2, the adsorption capacities of Pb*" and Cu®" onto
the M3-pIN; bed (N,) increased when the flow rate rose from 1.74 to 6.94 L/min. The
adsorption capacities (X103) at flow rates of 1.74, 3.47, 5.21 and 6.94 L/min were,
respectively, 5.47, 10.25, 17.80 and 24.82 mg/L for Pb*" ion; and 4.31, 8.13, 10.97,
and 16.73 mg/L for Cu®" ion, also respectively. However, changes in the flow rate
insignificantly affected the N, values in the cases of Cd*", Cr’" and Zn®". These
results were due to the higher flow rate leading to larger amounts of HMs passing
through the bed and then more ions becoming attached to the adsorbent’s surface.
The kinetic constant (kag) decreased when - in all the metal ions - the flow rate

increased.

In contrast, N, values fell when the bed height increased from 20 to 50 cm.
Furthermore, the growing bed height from 20 to 50 cm resulted in an increase in the
Kagp constant. The outcomes specified a good arrangement between the experimental
data and predicted values, suggesting that Adams—Bohart may be valid for modeling
adsorption processes of HMs onto M3-pIN, (Han et al., 2009). This conclusion was
also confirmed by the obtained correlation coefficients which proved to be quite
high. While Adams—Bohart is a simple and comprehensive model for evaluating the
fixed-bed column adsorption, its validity depends on the conditions being employed

(Kundu and Gupta, 2005).
195



Van Son Tran DOCTORAL THESIS 2017

B. Thomas model

Table 7.2 shows that the Thomas rate constant (kr,) of HMs adsorption onto
M;-pIN, tended to decrease when the flow rate increased from 1.74 to 6.94 L/min.
Adsorption capacities of metal ions were negative at 6.94 L/min, suggesting the flow
rate was too high for good adsorption performance. Referring to the remaining flow
rates (1.74, 3.47 and 5.21 L/min), achieved q, values at a flow rate of 3.47 L/min
were the highest for all five HMs. These outcomes agreed with effects of flow rate
on the HMs removal process, thus demonstrating that the flow rate of 3.47 L/min
was the best one for removing HMs from the synthesized wastewater by M3-pIN; in
the fixed-bed column. Apart from this, an increase in the bed height (20 to 50 cm)
caused the Thomas rate constant to: slightly increase in the cases of Pb*" and Cd*";
an increase (from 20 to 35 cm) and a decrease (from 35 to 50 cm) in the case of Cr’';
and almost no changes in the Cu®" and Zn*".

The correlation cofficients of the Thomas model were mostly higher than
those of the Adams—Bohart model, indicating that the Thomas model could
appropriately be applied to HMs adsorption onto M3-pIN, column. In comparison
with the other adsorbents, the adsorption capacities of Mj-pIN, were equal and
relatively poorer, but the adsorbents were cost-effective when treating water (Han et
al., 2009; Han et al., 2006D).

C. Yoon—Nelson model

The Yoon—Nelson model parameters (kyn and 1) are presented in Table 7.2.
The kyn and 1 values relatively reduced when the flow rate increased from 1.74 to
6.94 L/min. It can be explained by the faster saturation of the column at higher flow

rate (Sharma and Singh, 2013). These results disagreed with those documented by
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Hossain (2013) for the removal of Pb*", Cu*", Cd*" and Zn*" onto cabbage powder.
The outcomes also illustrated that the HMs removal process was not successful at a
flow rate of 6.94 L/min or 10000 L/day. This very high flow rate led to not enough
time for HMs to become attached to the Mj;-pIN,’surface and when the outlet
concentrations of HMs were too high, the T values in Yoon-Nelson model proved to
be negative.

Table 7.2 confirms that at higher bed heights, T values were extended. A
similar trend was reported by Hossain (2013) and Nguyen (2015). The correlation
coefficients (Rz) of the Yoon—Nelson model in most cases are the same as those of
the Thomas model but higher than the Adams—Bohart model. This proves that the
Thomas and Yoon—Nelson models fitted better to the adsorption of HMs onto M3-
pIN; bed than the Adams—Bohart model.

Table 7.2 Adams—Bohart, Thomas and Yoon-Nelson model constants for HMs
adsorption onto M3-pIN; column

HMs Conditions Adams—Bohart Thomas Yoon-Nelson
Q Z

k N, R? &k o R? &k R?
(Umin) (cm) 8 L w '

1.74 35 219 547 0901 253 507 0941 15 5147.8 0.941
3.47 35 219 1025 0.860 269 89 0921 1.6 453425 0.921
521 35 051 17.80 0.868 135 7.11 0968 0.8 2411.25 0.968

2+
Pb 6.94 35 0.12 2482 0.881 0.84 -196 0.788 0.5 -499 0.788
3.47 20 1.85 17.43 0.705 253 11.59 0.806 1.5 3374.67 0.806
3.47 50 253 731 0931 269 722 0967 1.6 5236.13 0.968
1.74 35 232 431 0965 274 394 0990 13 5015.77 0.990
3.47 35 232 813 0.895 295 693 0961 14 442436 0.961
o 5.21 35 1.05 1097 0.769 232 6.04 0955 1.1 2447.64 0.955

6.94 35 015 1673 0.761 127 -345 0978 0.6 -1049.8 0.978
3.47 20 1.9 1221 0593 295 851 0.824 1.4 3103.57 0.824
3.47 50 232 636 0832 295 537 0894 1.4 4901.79 0.894

1.74 35 1.85 1223 0957 201 6.06 0980 13 5643.62 0.980
cd” 3.47 35 1.85 11.55 0.897 216 10.6 0951 1.4 4950.14 0.951
5.21 35 077 11.61 0.832 154 977 0971 1.0 3038.6 0.971
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HMs Conditions Adams—Bohart Thomas Yoon-Nelson
" /zin) (jn) kas N, R*  km Qo R*  ky T R’

6.94 35 0.11 1034 0781 123 -4.16 0.892 0.8 -970.63 0.892
3.47 20 1.39 17.86 0.626 2.01 13.38 0.808 1.3 3570.15 0.808
3.47 50 1.85 825 0.804 216 7.56 0.872 1.4 504336 0.872
1.74 35 171 1247 0950 2.02 5.68 0984 1.3 5321.54 0.984
3.47 35 171 11.73 0927 217 992 0977 14 465893 0.977

o 5.21 35 0.62 11.53 0.853 1.09 1025 0.951 0.7 3207.14 0.951
6.94 35 016 11.84 0814 124 -0.12 0952 0.8 -27.13 0.952
3.47 20 1.4 17.45 0.606 2.02 13.01 0.794 1.3 349338 0.794
3.47 50 171 875 0827 202 77 089 12 532133 0.932
1.74 35 232 9.04 0929 3.09 37 0976 1.6 43075 0.976
3.47 35 232 851 0892 29 739 0965 1.5 431893 0.965
5.21 35 135 795 0822 27 6.68 0953 14 259793 00953

Zn2+ _
6.94 35 0.06 10.61 0594 097 10.18 0.732 0.5 -2974 0.732
347 20 1.74 1379 0687 29 899 0.884 1.5 30014 0.884
3.47 50 212 634 0754 2.7 536 0.848 1.4 447171 0.848

Notation: Q - volumetric flow rate (L/min); Z - bed height (cm); kap - Adams—Bohart model
rate constant (L/mg min)x10™; N, — saturation concentration (mg/L)X103; krn, — Thomas
model rate constant (mL/mg min)x10*; q, — equilibrium HMs adsorption capacity (mg/g);

kyn - Yoon-Nelson model rate constant (1/min)x107; T — the time required for 50%

breakthrough (min); R” values - the correlation coefficients.

D. BDST model

BDST parameters (N, and Ky) and bed depth (Z,) for breakthrough points
(10%) and exhaustion point (90%) (constant concentration of HMs: Pb** 5.94; Cu*"
4.74; Cd*" 6.48; Cr’* 6.44 and Zn*" 5.18 mg/L; flow rate of 3.47 L/min) are listed in
Figure 7.5 and Table 7.3. The quite high correlation coefficients confirmed that the
BDST model fitted relatively well to the HMs-M3-pIN, dynamic adsorption system.
However, negative Z, values at exhaustion point in Table 7.3 confirmed that the
BDST can suitably describe the initial part (10-50%) of the breakthrough curve only
(Jain et al., 2013). The column adsorption capacities N, of HMs at breakthrough 10%
were as follows: Pb”" 70.03; Cu*" 76.84; Cd*" 95.49; Cr’" 94.9; and Zn®" 61.07

mg/L.
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Figure 7.5 BDST model plots for 10% and 90% breakthrough of Pb**, Cu*", Cd*",
Cr’", Zn*" adsorption onto M3-pIN, column at different bed heights (natural pH, flow
rate = 3.47 L/min; initial concentrations (C,) of HMs: Pb*" 5.94; Cu*" 4.74; Cd**

6.48; Cr’* 6.44 and Zn*" 5.18 mg/L)
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Table 7.3 BDST model constants for HMs adsorption onto M3-pIN,

Metal ion Breakpoint (%) N, (mg/L) K, (L/mg h) Z, (cm) R’
PB2 10 70.03 0.0694 5 1
90 87.53 0.0062 -45 0.75
2t 10 76.84 0.0224 14.1 0.881
Cu 90 83.82 0.0109 -26.7 0.964
cd? 10 95.49 0.0848 3 0.75
90 38.19 0.0035 -80 0.75
o 10 94.90 0.0512 5 0.893
90 75.93 0.0047 -67.5 0.75
s 10 61.07 0.1591 2.5 0.923
90 91.60 0.0099 -26.7 0.964

7.4. ABs removal in the column design
7.4.1. Affecting factors
A. Flow rate

The effects of flow rates (1.74; 3.47; 5.21 and 6.94 L/min) on the adsorption
breakthrough of ABs by M;-pIN; column are shown in Figure 7.6. The results
illustrate that flow rate significantly affected the ABs adsorption onto the adsorbent.
The breakthrough time decreased when the flow rate increased. In their research,
Kim et al. (2010) achieved the same outcome regarding the removal of the antibiotic
known as trimethoprim by powdered and granular activated carbon. A similar
explanation for HMs adsorption can be proposed whereby at a high flow rate more
ABs binding on the M3-pIN;’s surface and this makes the adsorption process reach
saturation more quickly (Acheampong et al., 2013).

The listed parameters in Table 7.4 indicate that the M3-pIN, bed ineffectively
removed ABs from wastewater at high flow rates, specifically 5.21 and 6.94 L/min.
For all three ABs, the breakthrough times (t,) at the flow rates were undefined due to
the outlet concentrations being higher than 10% of the initial concentration of ABs.

Nevertheless, ABs adsorption onto the M3-pIN, column was effective at flow rates of
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1.74 and 3.47 L/min. At the flow rate of 3.47 L/min, the highest adsorption capacities
of ABs onto the adsorbent at exhaustion time were achieved: SMT 470.74, TC
363.61 and CP 514.61 pg/g. These column adsorption capacities of ABs onto the M-
pIN> column were about 48 — 59 % of the competitive adsorption capacities which
observed from batch experiments. Hence, 3.47 L/min was chosen as the optimal flow
rate for evaluating the applicability of M3-pIN; fixed-bed column to abate ABs from

wastewater for the next experiments.
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Figure 7.6 Effects of flow rate on the breakthrough curve of ABs adsorption on M3-
pIN2: (A) SMT; (B) TC and (C) CP (natural pH, bed height = 35 cm; initial
concentrations (C,) of ABs: SMT 100.1; TC 97.3 and CP 99.5 pg/L)
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B. Bed height

Figure 7.7 and Table 7.4 depict the influences of bed heights from 20 to 50
cm on the breakthrough curves of ABs adsorption onto Mj;-pIN,. Generally, an
increase in the bed height led to the growth of breakthrough and exhaustion times.
Specifically, when bed height increased from 20 to 50 c¢m, t, of SMT, TC and CP
rose from 690 to 2230, 586 to 2030 and 1030 to 2750 min, respectively. This finding
can be explained by the higher the bed height the longer the contact time of ABs with
adsorbent in the column (Kim et al., 2010). Furthermore, the column adsorption
capacities of ABs on the M3-pIN, bed at exhaustion point significantly rose with an
increase of bed height from 20 to 35 cm. However, when the bed height rose from 35
to 50 cm this virtually had no effect on the adsorption capacities. These data

confirmed that the best operating condition was achieved when the bed height was 35

cm.
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Figure 7.7 Effects of bed height (Z) on the breakthrough curve of ABs adsorption

on Ms-pINy: (A) SMT; (B) TC and (C) CP (natural pH, flow rate = 3.47 L/min;
initial concentrations (C,) of ABs: SMT 100.1; TC 97.3 and CP 99.5 ug/L)

Table 7.4 Breakthrough curve parameters for ABs adsorption onto Ms-pIN, at

different operating conditions

ABs Q Z t Vi qb Ry t Vs s R,
(L/min) (cm) (min) (L) (ng/g) (%) (min) (L) (ng/g) (%)
1.74 35 2920 5081 48.4 89.8 23652 41154 39234 21.2
3.47 35 1440 4997 47.6 91.7 14230 49378 470.74 17.8
SMT 5.21 35 - - - - 8623 44926 42829 19.3
6.94 35 - - - - 5320 36921 351.98 17.5
3.47 20 690 23943 3994 90.8 7160 248452 4145 19.5
3.47 50 2230 7738.1 51.6 92.6 20632 71593 47776  17.5
1.74 35 2880 5011 46.44 86.5 22305 38811 358.54 215
3.47 35 1360 4719  43.73 90.8 11308 39239 363.61 17.6
5.21 35 - - - - 7035 36652 338.6 18.9
e 6.94 35 - - - - 4800 33312 307.74 17.6
3.47 20 586 2033  32.98 91.4 6030 20924.1 339.32 14.6
3.47 50 2030 7044 45.69 91.1 16650 57775.5 37477 12.2
1.74 35 3960 6890  64.97 87.9 26893 46794  443.43 275
3.47 35 1920 6662  63.13 88.3 15650 54306 514.61 21.8
cp 5.21 35 - - - - 9635 50198 475.69 19.8
6.94 35 - - - - 6240 43306  410.37 21.1
3.47 20 1030 3574  59.27 92 7895 273957 45431 173
3.47 50 2750 9543 63.3 89.6 22305 773984 513.41 158

Notation: Q - volumetric flow rate (L/min); Z - bed height (cm); t,, V}, — the service time and

treated volume at 10% breakthrough point (L); t;, V — the service time and treated volume at
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90% saturation point; q, qs — the amount of ABs loaded per unit of dry weight of M;-pIN, at
10% breakthrough point and 90% saturation points, respectively; R,, Ry — the removal
percentage of ABs at 10% breakthrough point and 90% saturation points, respectively; -:

undefined values.
7.4.2. Breakthrough curves modeling

The experimental data of ABs adsorption onto M;-pIN, was calculated
through different models and the outcomes are summarized in Table 7.5.
A. Adams—Bohart model

Table 7.5 indicates that an increase in the flow rate resulted in growing
adsorption capacities for all three ABs. However, as mentioned in section 4.1A, the
effects of flow rate on the adsorption process indicated that at high flow rates, outlet
concentrations of ABs were too high (more than 10% of inlet concentrations). High
adsorption capacities of ABs at high flow rates were possibly caused by more ABs
running through the bed and then more compounds did bind on the M;-pIN;’s
surface. In contrast, a decrease in the kinetic constant (kag) was recorded when the
flow rate increased from 1.74 to 6.94 L/min in most cases for the three ABs.

The bed height’s increase led to a contrasting trend for N, and kap values.
While N, values fell when bed height increased from 20 to 50 cm, the kg constants
rose for all ABs including SMT, TC and CP. At a flow rate of 3.47 L/min and bed
height of 35 cm, N, values of ABs adsorption were achieved as SMT 177, TC 169.61
and CP 176.83 ug/L(x10). As a consequence, a lower bed height and higher flow
rate led to the column having higher adsorption capacities. Similar outcomes were
reported elsewhere recently: firstly, by Nazari et al. (2016) on adsorption of
cephalexin by walnut shell-based activated carbon; and secondly, Liao et al. (2013)
on tetracycline and chloramphenicol adsorption onto bamboo charcoal.
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B. Thomas model

As offered in Table 7.5, Thomas rate constants (k) of ABs uptake by Mj3-
pIN, tended to reduce when the flow rate increased. This result disagreed with
another study regarding the removal of amoxicillin by NHsCl-activated carbon
(Yaghmaeian et al., 2014). Among the four flow rates, adsorption capacities of SMT,
TC and CP were the highest at 3.47 L/min. At that flow rate value, the column ABs
adsorption capacities (q,) on the adsorbent were SMT 132.63, TC 127.86 and CP
143.26 pg/g. These results confirmed the optimal flow rate for ABs adsorption
reported in section 7.4.1A.

Apart from that, kr, values of SMT and TC removal increased when the bed
height grew (20 to 50 cm). Conversely, the kr, constant declined when the bed height
increased in the case of CP. The lower bed height caused higher adsorption capacity
which was confirmed by Nazari et al. (2016) who successfully removed cephalexin
using walnut shell-based activated carbon. The highest attained q, values of SMT,
TC and CP at 20 cm were 175.15, 181.52 and 197.38 pg/g, respectively. The Thomas
model fitted better to the experimental data than the Adams-Bohart model due to
higher correlation cofficients.

C. Yoon—Nelson model

The Yoon—Nelson constant (kyy) decreased when the flow rate rose from
3.47 to 6.94 L/min (Table 7.5). From 1.74 to 3.47 L/min of flow rate, kyn values
stayed the same or slightly increased. When the flow rate grew from 1.74 to 6.94
L/min the t values promptly reduced for SMT, TC and CP. A similar finding was
noted by Nazari et al. (2016). These effects demonstrated that at higher flow rate the
adsorption became saturation more quickly (Sharma and Singh, 2013).
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As expected, the outcomes validated that t values went up when the bed

height was raised. Similar to the Thomas model, the Yoon-Nelson model’s

correlation coefficients (R?) were higher than those of the Adams-Bohart model. This

means that the Yoon-Nelson model better fitted the adsorption data of ABs.

Table 7.5 Adams—Bohart, Thomas and Yoon-Nelson model constants for ABs

adsorption onto M3-pIN; column

Conditions Adams—Bohart Thomas Yoon-Nelson
Abs 07 A T
(L/min) (cm)
1.74 35 008 9297 0848 0.11 73.09 0929 1.1 4406  0.929
3.47 35 0.09 177 0.854 0.13 132.63 0942 13 400939 0.942
5.21 35 0.02 26026 0932 0.06 77.19 0930 0.6 1554 0930
SMT 6.94 35 0.01 497.54 0889 0.09 3839 0972 09 55256 0.972
3.47 20  0.06 288.84 0.757 0.11 175.15 0948 1.1 302546 0.948
3.47 50 0.12 11326 0.802 0.15 97.7 0.898 1.5 421893 0.898
1.74 35 0.10 9051 0773 0.13  75.15 0.863 13 4660.46 0.863
3.47 35 009 169.61 0.646 0.11 12786 0.734 13 396031 0.797
TC 5.21 35 0.02 29501 0.958 0.06 92.8 0957 0.6 1922.17 0.957
6.94 35 001 53745 0937 0.06 61.75 0951 0.6 960.17 0.951
3.47 20 0.07 261.16 0.760 0.11 181.52 0925 1.1 322582 0.925
3.47 50 0.12 11579 0811 0.15 100.02 0904 1.5 4443.53 0.904
1.74 35 005 113.02 0963 0.07 87.68 0956 0.7 531757 0.956
3.47 35 0.06 176.83 0925 0.08 14326 0959 0.8 4356.63 0.959
cp 5.21 35 002 359.72 0929 0.05 137.71 0950 0.5 2789.2 0.950
6.94 35 001 667.56 0978 0.04 126.71 0930 04 1926.75 0.930
3.47 20 0.07 30453 0.740 0.12 197.38 0906 1.2 3430.08 0.906
3.47 50 0.12 119.59 0.782 0.07 1224 0956 1.5 4452 0.869

Notation: Q - volumetric flow rate (L/min); Z - bed height (cm); kap - Adams—Bohart model
rate constant (L/ug min)x10™*; N, — saturation concentration (ug/L)x10’; kg, — Thomas
model rate constant (mL/pg min)x10™; g, — equilibrium ABs adsorption capacity (ng/g); kyx
- Yoon-Nelson model rate constant (1/min)x10~; T — the time required for 50% breakthrough
(min); R? values - the correlation coefficients.
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D. BDST model

Figure 7.8 and Table 7.6 indicate the BDST parameters for breakthrough
points (10%) and exhaustion point (90%) of ABs adsorption onto the M;-pIN,
column. As can be seen from Table 7.6, correlation coefficients of ABs adsorption
were higher than those of HMs adsorption by the adsorbent, therefore demonstrating
that the data concerning adsorptive removal of ABs fitted better to the BDST model.
The adsorption capacities of ABs were: SMT 590.01; TC 573.51; CP 586.48 ng/L at
breakthrough point and SMT 885.08; TC 1147.13; and CP 586.48 png/L.
Nevertheless, the Z, values in all three ABs for breakthrough and exhaustion points
were negative.

Table 7.6 BDST model constants for ABs adsorption onto M3-pIN;

ABs Breakpoint (%) N, (ng/L) K, (L/pg h) Z, (cm) R’
10 590.01 -0.0041 -10
SMT
90 885.08 0.0003 -97.69 0.75
TC 10 573.51 -0.0042 -10
90 1147.13 0.0003 -62.5 1
cp 10 586.48 -0.0017 -25
90 586.48 0.0002 -170 0.75
120 + .
(A) SMT 1 @yTe
y=08x+63m 120 _
100 - R =075 y =1.0667x + 66.667
%0 | i ) 100
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Figure 7.8 BDST model plots for 10% and 90% breakthrough of SMT, TC and CP
adsorption onto M;-pIN, column at different bed heights (natural pH, flow rate =
3.47 L/min; initial concentrations (C,) of ABs: SMT 100.1; TC 97.3 and CP 99.5
ng/L)

7.5. Conclusion

Chapter 7 investigated the application of nitrogen plasma modified steel
shavings (M3-pIN;) to the removal of HMs and ABs at a semi-pilot scale. The study
found that design 1 and design 2 ineffectively abated HMs and ABs from aqueous
solution. However, design 3 (M3-pIN, fixed-bed column) did effectively remove
HMs (Pb*", Cu*", Cd*, Cr’" and Zn®™) as well as ABs (SMT, TC and CP) from
synthesized wastewater at semi-pilot scale (flow rate of 5 m’/day). The outlet
concentrations of pollutants meet the standards established by US-EPA.

The column’s adsorption performance was significantly influenced by the bed
height of the column and influent’s flow rate. Based on the experimental data,
optimal conditions for the removal of HMs were similar to ABs at a flow rate of 3.47
L/min and bed height of 35 cm. At these conditions, adsorption capacities were
14.06, 11.16, 8.95, 7.15 and 10.25 mg/g in cases of Pb>", Cu*", Cd*", Cr’" and Zn*",

respectively; and 470.74, 363.61 and 514.61 pg/g in cases of SMT, TC and CP,
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respectively. In comparison with other conventional adsorbents, the adsorption
capacities of M3-pIN, are relative high. For example, adsorption capacities of lead
and copper on chaff were 6.72 and 1.98 mg/g, respectively (Han et al., 2006a). In
another study, total hexavalent chromium uptake by short-chain polyaniline
synthesized on jute fiber were from 4.14 to 4.66 (Kumar and Chakraborty, 2009). In
their study, Monser and Adhoum concluded that adsorption capacities of copper, zinc
and chromium on modified activated carbon were 38, 9.9 and 6.84 mg/g,
respectively.

Experimental data of HMs adsorption and ABs adsorption in the dynamic
column system were evaluated by different models, namely the Adams—Bohart,
Thomas, Yoon-Nelson and BDST variants. The Thomas and Yoon-Nelson models
better described the adsorption of both HMs and ABs uptake by the column system
than the Adams—Bohart model. Furthermore, the BDST model also fitted well with
the experimental data regarding HMs and ABs. While this model was suitable
applied in breakthrough points 10%, it is not reliable described the adsorption data at

exhaustion point.
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CONCLUSIONS AND RECOMMENDATIONS
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8.1. Overall conclusion

In the previous chapters, different aspects of adsorptive removal of heavy

metals (Pb2+, Cu*, cd*’, cr’t and Zn2+) and antibiotics (sulfamethazine, tetracycline

and chloramphenicol) from aqueous solution onto raw and modified steel shavings

were evaluated. The specific outcomes and contributions for the fields of this study

are presented as follows:

8.1.1. Major findings

The study “Plasma modified steel processing by-product for removing heavy
metals and antibiotics from water” demonstrated that steel shavings can be
used as an efficient and cost-effective means for removing pollutants such as
HMs and ABs from water. Particle size has significantly effects on the
removal efficiency. The finest particle sizes M3 (0-75 um) provided optimal
performance of pollutant removal. The plasma cleaning processes with Hy N>
and Ar improved adsorption capacities of HMs and ABs onto the adsorbents.
Among different kinds of adsorbents, nitrogen plasma modified material (M;-
pIN;) provided the highest adsorption capacities for both HMs and ABs. The
plasma modification in the nitrogen gas environment enhanced 1.7-fold the
surface area and 1.4-fold the pore volume of steel shavings. The iron content
of steel shavings (47.7%) improved after plasma treatment with argon and
nitrogen (53.4 and 55.2%, respectively) whereas it declined with plasma
modification containing O, gas (46.4%). In addition, characterization of M3-
pIN> showed that the main components on the adsorbent surface were

Fe;04/Fe*’, Fes04/Fe’, FeO/Fe*" and Fe,O3/Fe’” which can be responsible
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for removing HMs and ABs from water. The pHp, values of raw and
nitrogen plasma modified M3 in water were 5.5 and 5, respectively.

e Metal ions adsorption batch experiments indicated that raw and nitrogen
plasma modified steel shavings (M3 and M3-pIN;) can effectively remove
heavy metals: Pb*, Cu®’, Cd*', Cr’" and Zn®" from water. Plasma
modification with nitrogen improved adsorption capacities of HMs on the
adsorbents from 11.1 to 26.7%. At the conditions: pH 5-6, 5 g/L adsorbent
dose and at 25°C, the highest removal efficiency was observed.
Thermodynamic data discovered that adsorption of HMs onto the adsorbents
was a spontaneous, endothermic and highly feasible process. The Langmuir
isotherm model better described the adsorption data of HMs onto the
adsorbents than Freundlich isotherm model. The Langmuir adsorption
capacities Qmax values (in mmol/g) of single metal ions on both M3 and M;-
pIN; reduced in the order of Cu*" > Cr’* > Zn?" > Cd*" > Pb*". Maximum
single adsorption capacities of HMs onto Mj-pIN, following Langmuir
isotherm were: Pb*" 27.04, Cu”" 20.64, Cd*' 16.87, Cr'" 14.89 and Zn®'18.47
mg/g, respectively. The PFO and PSO kinetic models provided a good
agreement with the adsorption kinetic data. In competitive solutions of the
five HMs, maximum Langmuir competitive adsorption volumes (Qmnax) of
Pb>", Cu**, Cd*", Cr’" and Zn*" were 13.39, 9.78, 7.92, 7.31, 8.79 mg/g on
M;j, respectively and 16.62, 14.00, 9.73, 8.69, 12.28 mg/g on Mj3-pIN,,
respectively. Adsorption and co-precipitation were proposed as the main
driving forces for HMs removal by the adsorbents. The sulfuric acid (H,SO4)

0.IN solution was the most suitable reagent for desorbing metal-loaded
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adsorbents. The adsorption and desorption capacities on M3-pIN, were high
and stable after 5 cycles, demonstrating that the adsorbent has a high potential
in the application for HMs removal from water.

This research showed that M3 and M;-pIN, could also remove antibiotics
(SMT, TC and CP) from the aqueous solution. Single adsorption capacities of
SMT, TC and CP onto M;-pIN; (2702.55, 2158.36 and 2920.11 pg/g,
respectively) were higher than those of M3 (2519.98, 1720.20 and 2772.81
pg/g, respectively). The competitive adsorption capacities of ABs onto the
adsorbents were nearly 2-fold less than individual adsorption capacities. The
adsorption process reached equilibrium within an hour and was well
simulated by PFO and PSO models. pH 3 was the optimal condition for
eliminating SMT and CP while TC was most effectively removed at pH 5.
The adsorption mechanisms of ABs onto the adsorbents stated were hydrogen
bonding, electrostatic and non- electrostatic interactions and redox reaction.
The most suitable adsorbent dose and temperature for the removal were 2 g/L.
and 25°C, respectively. The nature of adsorption process confirmed by
thermodynamic study was feasible, endothermic and spontaneous. The most
effective reagent to regenerate the adsorbent was methanol 0.1N solution and
adsorption-desorption of the adsorbents was successful after 2-3 cycles.

The semi-pilot scale experiments confirmed that fixed-bed column using Mj3-
pIN2 could efficiently abate both HMs and ABs from water flow rate of 5
m’/day. After treating with the column, the concentrations of Pb**, Cu®’,
Cd*, Cr’" and Zn®" in the effluent met the discharge standards as advised in

the US-EPA guideline. In cases of mixed solution of ABs, the remaining
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levels of SMT, TC and CP in the effluent at 8 hours were 1.93, 1.62 and 1.1
pg/L, respectively. The highest obtained removal efficiencies of HMs were
similar to ABs at a flow rate of 3.47 L/min and bed height of 35 cm. Column
adsorption capacities were 14.06, 11.16, 8.95, 7.15 and 10.25 mg/g in cases
of Pb*", Cu®’, Cd*", Cr’*, Zn*", respectively; and 470.74, 363.61 and 514.61
ug/g in cases of SMT, TC, CP, respectively at the above optimal parameters.
The Thomas, Yoon-Nelson and BDST models better described the column
adsorption data for HMs and ABs rather than the Adams-Bohart model.
8.1.2. Contributions to the field

e The successful use of a novel adsorbent from industrial waste (steel shavings)
for removing metal ions and antibiotics from aqueous solution can reduce
volume of solid waste and add more value to the material. Moreover, the
adsorbents studied in this research were used in micro-scale particle size
which can have good adsorption capacities whilst avoiding disadvantages of
nano-scale iron materials such as risks to human health, generating a new by-
product in the aquatic environment.

e Development of an efficient method for modifying surface of steel shavings
(nitrogen plasma technique) helps to improve adsorption capacities of the
adsorbents.

e Adsorption batch experiments and characterization of adsorbents improve the
understandings on adsorption mechanisms of HMs and ABs onto the
adsorbents.

e Low concentration sulfuric acid solution is the most suitable reagent to

desorb the post-HMs adsorption M3-pIN; and the ABs-loaded adsorbent can
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be regenerated using methanol solution, consequently, the reduced cost of the

adsorbent.

8.2. Recommendations for future works

To apply nitrogen plasma modified steel shavings for the practical application

for the treatment of real wastewater containing HMs and ABs, further studies can be

made as the following recommendations:

Further studies on the surface modification for producing better adsorption
capacity and more cost-effective adsorbents from steel shavings are
necessary, such as scaling up nitrogen plasma system;

A pilot-scale column using M3-pIN, can be conducted to remove HMs and
ABs from real wastewater;

Influences of other pollutants in real wastewater to removal efficiencies of
HMs and ABs by the adsorbents can be further evaluated. Thus, a
combination of treatment system including several methods such as filtration,
biological treatment and adsorption (using Mj3-pIN,) can be proposed and
investigated;

Research on other semi-pilot/pilot scale water treatment designs to utilize
magnetic character of M3-pIN; for continuous water treatment; and

Studies on the recovery of HMs and antibiotics from desorption solutions (in
adsorbents regeneration experiments) can be implemented. Thus, the

recovery HMs and ABs can be separated and used for other purposes.
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Appendix A - SEM images

M;-plAr M;3-pIN,

Figure A1 SEM images of adsorbents at magnification (x1000)

M; M3—p1N2

Figure A2 SEM images of adsorbents at magnification (x200,000)
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(x4000) (x18000)
Figure A3 SEM images of M;-pIN, (after adsorption)
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Appendix B - EDS spectrums
Acps/eV __
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Figure B1 Spectrum of Fe,03

El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [Wt.%]

O 8 K-series 29.64 32.40 56.98
Fe 26 K-series 56.78 62.09 31.28

C 6 K-series 4.41

Al 13 K-series 0.10
Mg 12 K-series  0.07
Mo 42 L-series 0.24
Si 14 K-series 0.06
Ca 20 K-series 0.08
Cr 24 K-series 0.06
K 19 K-series 0.02

482 11.28

0.11
0.08
0.26
0.06
0.09
0.07
0.02

0.11
0.09
0.08
0.06
0.06
0.04
0.02

4.56

1.63
1.56
0.04
0.04

0.05
0.04
0.04
0.04
0.03

Total: 91.46

100.00 100.00
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Figure B2 Spectrum of M;

El1 AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%)] [wt.%)] [at.%] [wt.%]

O 8 K-series 31.83 32.96 47.63 4.64
C 6 K-series 14.79 15.31 29.47 3.03
Fe 26 K-series 46.07 47.70 19.75 1.31
Al 13 K-series 2.64 2.73 234 0.18
Si 14 K-series 0.34 0.35 0.29 0.05
Mg 12 K-series 0.24 0.25 0.23 0.05
Cr 24 K-series 0.25 0.26 0.11 0.05
Ca 20 K-series 0.16 0.16 0.09 0.04
Mo 42 L-series 0.25 0.26 0.06 0.05
K 19 K-series 0.03 0.03 0.02 0.03

Total: 96.58 100.00 100.00
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cps/eV
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Figure B3 Spectrum of M3-plAr

El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]

O 8 K-series 27.06 27.45 43.92
C 6 K-series 12.49 12.67 27.00
Fe 26 K-series 52.62 53.39 24.47

Al 13 K-series
Cr 24 K-series

220 223 212
2.54 257 1.27

Si 14 K-series 0.97 0.98 0.89

Mg 12 K-series
Mo 42 L-series
Ca 20 K-series
K 19 K-series

0.13 0.13 0.14
045 046 0.12
0.11 0.11 0.07
0.00 0.00 0.00

4.51
3.25
1.53
0.17
0.14
0.09
0.05
0.07
0.04
0.00

Total: 98.56 100.00 100.00
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Figure B4 Spectrum of M3-pIN;

El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]

O 8 K-series 33.56 27.65 52.16 4.49
C 6 K-series 11.78 12.52 24.39 2.28
Fe 26 K-series 44.39 55.16 19.77 1.24
Al 13 K-series 2.96 3.15 2.73 0.18
Si 14 K-series 0.61 0.65 0.54 0.06
Cr24 K-series 0.39 0.41 0.19 0.05
K 19 K-series 0.13 0.14 0.08 0.04
Ca 20 K-series 0.09 0.10 0.06 0.03
Mo 42 L-series 0.17 0.18 0.04 0.04
Mg 12 K-series 0.03 0.04 0.03 0.03

Total: 94.12 100.00 100.00
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cps/eV
] —— sample 2.spx
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keV

Figure BS Spectrum of M3-plO;

El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]

C 6 K-series 49.79 14.56 58.93 6.10
O 8 K-series 35.76 35.76 31.77 4.47
Fe 26 K-series 30.03 46.40 7.64 0.83
Al 13 K-series 2.47 2.08 1.30 0.15
Cr 24 K-series 0.59 0.54 0.16 0.05
Si 14 K-series 0.26 0.22 0.13 0.04
Ca 20 K-series 0.13 0.11 0.05 0.03
S 16 K-series 0.02 0.02 0.01 0.03

Total: 119.06 100.00 100.00
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