
lable at ScienceDirect

Chemosphere 254 (2020) 126780
Contents lists avai
Chemosphere

journal homepage: www.elsevier .com/locate/chemosphere
Enhanced adsorption of As(V) and Mn(VII) from industrial wastewater
using multi-walled carbon nanotubes and carboxylated multi-walled
carbon nanotubes

T.C. Egbosiuba a, c, e, *, A.S. Abdulkareem a, e, A.S. Kovo a, e, E.A. Afolabi a, J.O. Tijani b, e,
W.D. Roos d

a Department of Chemical Engineering, Federal University of Technology, PMB.65, Minna, Niger State, Nigeria
b Department of Chemistry, Federal University of Technology, PMB.65, Minna, Niger State, Nigeria
c Department of Chemical Engineering, Chukwuemeka Odumegwu Ojukwu University, PMB 02, Uli, Anambra State, Nigeria
d Department of Physics, University of the Free State, P.O. Box 339, ZA-9300, Bloemfontein, South Africa
e Nanotechnology Research Group, Africa Centre of Excellence for Mycotoxin and Food Safety, Federal University of Technology, P.M.B 65, Minna, Niger State,
Nigeria
h i g h l i g h t s
* Corresponding author. Department of Chemical
Odumegwu Ojukwu University, PMB 02, Uli, Anambr

E-mail addresses: ct.egbosiuba@coou.edu.ng, e
(T.C. Egbosiuba).

https://doi.org/10.1016/j.chemosphere.2020.126780
0045-6535/© 2020 Elsevier Ltd. All rights reserved.
g r a p h i c a l a b s t r a c t
� Preparation of bimetallic (FeeNi)
supported activated carbon catalyst
using RSM.

� MWCNTs was successfully prepared
and functionalized to obtain
MWCNTs-OCH2CO2H.

� Carboxylation enhanced the adsorp-
tion capacity of MWCNTs-OCH2CO2H
to 250 and 238 mg/g for As(V) and
Mn(VII).

� Improved adsorption by MWCNTs-
OCH2CO2H was due to metal ions
strong binding on carboxyl methoxy
groups.

� MWCNTs and MWCNTs-OCH2CO2H
significantly treated the wastewater
to attain WHO standard for reuse.
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The presence of As(V) and Mn(VII) in water beyond the permissible concentration allowed by World
Health Organization (WHO) standard affects human beings, animals and the environment adversely.
Hence, there is need for an efficient material to remove these potentially toxic elements fromwastewater
prior to discharge into water bodies. This research focused on the application of response surface method
(RSM) assisted optimization of FeeNi/Activated carbon (AC) catalyst for the synthesis of MWCNTs. Also,
the MWCNTs was carboxylated and the adsorption behaviors of both nano-adsorbents in the removal of
As(V) and Mn(VII) from industrial wastewater was investigated through experimental and computational
techniques. The prepared FeeNi/AC, MWCNTs and MWCNTs-OCH2CO2H were characterized using BET,
TGA, FTIR, HRSEM, HRTEM, XRD and XPS. The result showed the BET surface area of FeeNi/AC, MWCNTs
and MWCNTs-OCH2CO2H were obtained as 1100, 1250 and 1172 m2/g, respectively. Due to the enhanced
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impact of carboxylation, the adsorption capacity of As(V) and Mn(VII) removal increased from 200 to
192 mg/g for MWCNTs to 250 and 298 mg/g for MWCNTs-OCH2CO2H. The isotherm and kinetic models
were best fitted by Langmuir and pseudo-second order kinetics, while the thermodynamic investigation
found that the adsorption process was endothermic, spontaneous and chemisorptions controlled. The
regeneration potential of MWCNTs and MWCNTs-OCH2CO2H after six repeated applications revealed
good stability of adsorption efficiency. The study demonstrated optimization importance of FeeNi/AC
catalyst design for MWCNTs adsorbents and the potentials of utilizing both MWCNTs and MWCNTs-
OCH2CO2H in the removal of selected heavy metals from water and soil.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Wastewater generated from chemical industries constitutes one
of themain sources of contamination of the environment andwater
sources (Joseph et al., 2019). Hazardous metal ions like Arsenic (As),
Manganese (Mn), Nickel (Ni), Chromium (Cr), Cadmium (Cd), Lead
(Pb), Iron (Fe), Copper (Cu), Zinc (Zn) and Mercury (Hg) are one of
the key pollutants contained in wastewater from chemical in-
dustries (Lee et al., 2017). The characteristic attribute of these heavy
metals is non-biodegradability, prolonged accumulation, high
toxicity and mobility (Oh et al., 2019). The long-term exposure of
human beings to As(V) and Mn(VII) may cause various adverse
health effects such as cancer, neurotoxicity, damage of nervous
system, birth defects, manganism and liver damage (Yadav et al.,
2019). For instance, maximum permissible concentrations of
arsenic and manganese for a safe water for drinking purposes are
0.2 and 0.5 mg/L, respectively (US EPA, 2012). Therefore, it is
important to treat industrial wastewater to remove heavy metals
prior to reuse or discharge into the water bodies.

Meanwhile, various treatment technologies have been
employed such as ion exchange (Zhao et al., 2019a, 2019b), chem-
ical oxidation (Oh et al., 2020), filtration (Bhateria and Singh, 2019),
membrane technology (Byun et al., 2019), coagulation (Bora and
Dutta, 2019), flocculation and electro-coagulation process to treat
complex industrial wastewater (Fu et al., 2019). These techniques
have certain limitations such as high cost of reagents, generation of
toxic sludge, occupation of space, high energy requirements
amongst others (Gholipour et al., 2020). Conversely, adsorption
technology shows exceptional characteristics such as simplicity in
design, cost effectiveness, environmental friendliness and high
removal efficiency especially when heavy metals concentration in
wastewater ranges from 1 to 100 mg/L (Yang et al., 2019a, 2019b).
For this purpose, adsorbents like activated carbon (Roh et al., 2018),
clays (Pietrelli et al., 2019), metal oxide/hydroxide (Siddiqui and
Chaudhry, 2017) and nanomaterials have been used by different
researchers to sequester heavy metals from wastewater (Siddiqui
et al., 2019). Among these adsorbents, nanomaterials such as car-
bon nanotubes (Xu et al., 2018) have been developed to remove
arsenic and manganese from wastewater.

Carbon nanotubes have gained extensive attention over other
nanoparticles due to their excellent structure and physical prop-
erties that influences the chemical, mechanical, optical, electrical,
thermal and adsorptive properties of CNTs (Veksha et al., 2020). The
techniques for the synthesis of CNTs includes arc-discharge (Yatom
et al., 2017), chemical vapor deposition (CVD) (Ahamed et al., 2019)
and laser ablation (Yang et al., 2019a, 2019b). Both arc discharge
and laser ablation synthesis routes are batch processes character-
ized by high synthesis temperature, high design cost, high energy
requirement, low CNTs yield, low CNTs selectivity, design difficulty
and growth variables control (Bankole et al., 2018a, 2018b). On the
other hand, CVDmethod is a continuous process with low synthesis
temperature, low energy requirements, high metal catalysts influ-
ence, high CNTs selectivity, availability of carbon source, ease of
design and growth variables control to obtain high CNTs yield
(Chen et al., 2020; Malekimoghadam, 2018).

Various process parameters such as catalyst, carbon source,
carrier gas, growth temperature and time have been identified to
exert great influence on the CNTs yield and quality (Shukrullah
et al., 2016). Among all the growth parameters, catalyst has been
widely proved to perform key functions during CNTs growth (Moo
et al., 2019). Although, transition metals such as Fe, Ni, Co, Mo, Mn,
Cu, Pt can be impregnated on the support material (kaolin, zeolite,
CaCO3, MgO, Al2O3) for the growth of carbon nanotubes, studies
have shown that the combination of transition metals (bimetallic
catalysts) enhances the synthesis of MWCNTs of high yield and
quality (Nahil et al., 2015). Furthermore, it is required that catalysts
for carbon nanotubes synthesis undergo high-temperature post-
treatment process like calcinations to remove residual elements
(chloride, nitrate or sulfide) and water at the temperature range
350e600 �C, and eventually form active metals (Nadar et al., 2018).
Due to catalyst deactivation caused by the oxidic catalyst supports
and post-calcination treatment process, there is need for alterna-
tive supports that is effective in the dispersion and stabilization of
catalyst particles after the deposition of the catalysts under less
intense post-thermal treatment (Luo et al., 2018).

In the recent times, researchers have identified non-oxidic
catalyst supports such as activated carbon (AC) for CNTs growth
due to the controlled dispersion of metal particles and the non-
formation of inactive materials like carbonates, aluminates and
silicates (Almkhelfe et al., 2018; P�erez-Mayoral et al., 2016). Simi-
larly, AC is largely considered due to its resistance to acidic and
basic environments, low cost, mechanical and thermal stability and
porosity control (Maharjan et al., 2019). Other properties possessed
by AC include: flexibility of definite interactions of metal-support
that enhances the activity and selectivity, and above all they are
very cheap compared to previously utilized supports such as car-
bonate, alumina and silica (Luo et al., 2018; P�erez-Mayoral et al.,
2016).

The optimization of FeeNi catalyst preparation on AC support at
different temperature, time, stirring speed and mass of catalyst
using response surface method (RSM) stimulates the growth of
CNTs. RSM is an important optimization technique that examines
the interaction of two or more process parameters. Factorial design
have been used to optimize FeeCo catalyst preparation on CaCO3
support for MWCNTs synthesis (Bankole et al., 2018a, 2018b). Aliyu
et al. (2017) also reported the synthesis of MWCNTs on FeeNi
catalyst prepared on kaolin support. The influence of FeeNi cata-
lysts on different Al2O3 supports was examined for the synthesis of
CNTs from waste plastics (Yao et al., 2018). Previous study on the
synthesis of CNTs from plastics using metallic nickel catalysts (Jia
et al., 2020) revealed that the activities of nickel catalysts were
highly dependent on the interaction of metal support. The



Table 1
(a) Actual and coded values of RSM optimization and (b) detailed experimental run for FeeNi/AC catalyst preparation.

Process Parameters Code Coded Values
-a �1 0 þ1 þa

a.

Mass of AC support (g) A 4 6 8 10 12
Stirring speed (rpm) C 100 250 400 550 700
Pre-calcination temperature (oC) D 105 110 115 120 125
Pre-calcination time (h) B 6 8 10 12 14

b.

Run Mass of AC support (g) Stirring speed (rpm) Pre-calcination temperature (oC) Pre-calcination time (h)

1(FT) 10 550 120 12
2(FT) 10 550 120 8
3(FT) 10 550 110 12
4(FT) 10 550 110 8
5(FT) 10 250 120 12
6(FT) 10 250 120 8
7(FT) 10 250 110 12
8(FT) 10 250 110 8
9(FT) 6 550 120 12
10(FT) 6 550 120 8
11(FT) 6 550 110 12
12(FT) 6 550 110 8
13(FT) 6 250 120 12
14(FT) 6 250 120 8
15(FT) 6 250 110 12
16(FT) 6 250 110 8
17(CP) 8 400 115 10
18(CP) 8 400 115 10
19(CP) 8 400 115 10
20(CP) 8 400 115 10
21(CP) 8 400 115 10
22(CP) 8 400 115 10
23 (AC) 12 400 115 10
24 (AC) 4 400 115 10
25 (AC) 8 700 115 10
26 (AC) 8 100 115 10
27 (AC) 8 400 125 10
28 (AC) 8 400 105 10
29 (AC) 8 400 115 14
30 (AC) 8 400 115 6

FT¼Factorial, AP ¼ Axial Point and CP¼Centre Point.
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synthesis of CNTs using FeeNi catalyst on rice straw support was
demonstrated by (Fathy, 2017). In another study, Sivakumar et al.
(2011) reported that CNTs was synthesized on AC supported
FeeNi catalyst, but the authors did not optimize the preparation of
the FeeNi/AC to enhance the surface properties. To the best of our
knowledge, no previous study has investigated the optimization of
the preparation of FeeNi on AC support using central composite
design (CCD) adapted RSM. In addition, no researcher has reported
the adsorption potentials of carboxylated MWCNTs synthesized
from FeeNi/AC catalysts for As and Mn uptake from chemical in-
dustrial wastewater.

This paper reports for the first time the development of FeeNi/
AC catalyst using RSM. The obtained catalyst at the optimum con-
ditions was calcined and used for the synthesis of MWCNTs. The as-
synthesized MWCNTs were purified by acids followed by carbox-
ylation with CH2BrCOOH. The MWCNTs and MWCNTs-OCH2CO2H
nano adsorbent were characterized and investigated for the
sequestration of As(V) and Mn(VII) from chemical industrial
wastewater. The adsorption isotherms, kinetics and thermody-
namics parameters were evaluated. The successful utilization of AC
as bimetallic (FeeNi) catalyst support for MWCNTs growth repre-
sents a viable innovative alternative to the previously used support
materials and a crystal improvement on the current methods,
yielding high quality MWCNTs.
2. Materials and methods

2.1. Materials

All chemicals used in this study were Analytical Grade (AR). The
high purity iron (III) trioxonitrate (V) nonahydrate
(Fe(NO3)3$9H2O), nickel (II) trioxonitrate (V) hexahydrate
(Ni(NO3)2$6H2O), tetraoxosulphate (VI) acid (H2SO4), sodium hy-
droxide (NaOH) and bromoacetic acid (CH2BrCOOH) with per-
centage purity (95e99.9%) were purchased from Sigma Aldrich
Chemicals and used without further purification. The argon, acet-
ylene and nitrogen gases were of high percentage purity (>98%)
and purchased from British Oxygen Company (BOC Gases) Lagos,
Nigeria. The chemical industrial wastewater was collected from
industrial layout Nnewi, Nigeria. Activated carbon (AC) was pre-
pared via ultrasonic enhanced influence on the surface area of AC
from Empty Fruit Bunch (EFB) as reported in our previous study
(Egbosiuba et al., 2019).
2.2. Optimization of FeeNi/AC catalyst preparation

RSM was utilized to study mass of support, stirring speed, dry-
ing temperature and drying time influence on FeeNi/AC catalyst
yield. The parameters values for catalyst preparationwere obtained
from preliminary investigation trial runs using literature data. The
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considered actual and coded preparation factors are presented in
Table 1a.

A known weight (4.0 g) and (3.0 g) of Fe(NO3)3$9H2O and
Ni(NO3)2$6H2O was weighed and made to dissolve in distilled
water (50 cm3). 10 g of the AC support was added to the solution
and stirred continuously at stirring speed of 550 rpm for 10 min.
The obtained slurry was oven dried at 120 �C for 12 h. The sample
was cooled to room temperature and ground with mortar to avoid
agglomeration. The catalyst samples were screened using 150 mm
sieve, weighed and recorded. The yield of the dried catalyst was
calculated using Eq. (1) (Bankole et al., 2018a, 2018b). The experi-
mental runs of the applied conditions presented in Table 1b were
carried out using the same procedure.

Yield Driedð%Þ¼
Mass after oven drying
Initial mass ofmixture

x 100 % 1

The obtained optimum yield was subjected to calcinations at
350 and 400 �C for 4 and 6 h respectively to remove residual ni-
trates and moisture in the samples. Brunauer-Emett-Teller (BET)
technique was used to determine the calcined FeeNi/AC catalyst
surface area. Also, the yield of FeeNi catalyst after calcinations was
calculated using Eq. (2) (Bankole et al., 2018a, 2018b).

Yield Calcinedð%Þ¼
Mass after calcination
Mass after oven drying

x 100 % 2

For the statistical analysis of the results, all the experiments
were conducted in triplicate (n ¼ 3). The influence of process var-
iables on the yield of FeeNi/AC catalysts aided the conduct of
Analysis of Variance (ANOVA) to show the main and combined
effects of the factors considered as indicated in the empirical
models in order to validate yield dependence on these parameters.

2.3. Synthesis of MWCNTs

The calcined FeeNi/AC catalyst (5 g) was weighed and put into a
ceramic boat positioned at the quartz tube centre of the CVD
furnace. The purging of the system of air carried out through the
flow of argon gas (30mL/min) over the FeeNi/AC at the heating rate
of 10

�
C/min. At the temperature of 750 �C, argon gas flow rate was

adjusted to 250 mL/min and acetylene gas flow rate was set at
200 mL/min for 60 min. Thereafter, the furnace was allowed to cool
to room temperature and the ceramic boat withdrawn for weighing
and recording of the produced CNTs yield. The percentage yield of
CNTs was determined using the mathematical expression shown in
Eq. (3) (Bankole et al., 2018a, 2018b).

CNTs Yield ð%Þ¼ Mtotal � Mcatalyst

Mcatalyst
� 100 % (3)

where Mtotal is the total mass of the FeeNi/AC catalyst and CNTs
after CVD reaction process while Mcatalyst is the initial mass of
FeeNi/AC catalyst.

2.4. Functionalization of MWCNTs

The produced carbon nanotubes were purified by acid treat-
ment technique (HNO3 and H2SO4 mixture) for the removal of re-
sidual iron, nickel, amorphous carbon and other impurities
introduced into the catalyst samples during synthesis. MWCNTs
(5 g) was sonicated in distilled water (100 mL) and NaOH (8 g) for
3 h CH2BrCOOH (10 g) was added and the resulting mixture soni-
cated for 3 h. Afterwards, distilled water was used to wash the
mixture to achieve a pH of 7. Subsequently, the mixturewas filtered
and oven dried at 120 �C for 10 h to obtain MWCNTs-OCH2CO2H.
2.5. Characterization

The morphology, functional groups, surface area and thermal
stability of FeeNi/AC catalyst, MWCNTs and MWCNTs-OCH2CO2H
were characterized by high resolution scanning electron micro-
scopy (HRSEM, Zeiss Auriga), Fourier-transform infrared (FT-IR,
Frontier FT-IR, PerkinElmer, UK), Brunauer-Emett-Teller (BET,
NOVA4200e, Quantachrome UK) and thermogravimetric analysis
(TGA, PerkinElmer, UK). The microstructures, phase structures,
oxidation states and functional groups of MWCNTs-OCH2CO2H
were also characterized by high resolution transmission electron
microscopy (HRTEM, Zeiss Auriga), X-ray diffraction (XRD, 6000,
Shimadzu Scientific) and X-ray photoelectron spectrometry (XPS,
PHI 5400 instrument, USA). A pH meter (Eutech Instruments) was
used to determine the charge densities of the solution as the charge
on the surface of MWCNTs and MWCNTs-OCH2CO2H was adjusted
between 2 and 8 using 0.1 M of H2SO4 and NaOH until the charge
density became zero. The point at which the pH of the solution
became zero was noted as the point of zero charge (PZC).

2.6. Metal analysis

Prior to the supernatants preparation, the concentration of
As(V) and Mn(VII) in the raw chemical industry wastewater was
analyzed by atomic adsorption spectrophotometer (AAS, PG 990,
PG Instruments, UK). The preparation of the supernatants in the
adsorption studies was carried out using water bath (SB25-12DT,
Scientz). The supernatants were filtered prior to analysis for the
As(V) and Mn (VII) concentration by AAS method.

2.7. Batch adsorption studies

The selected heavy metal (HM) ions (As(V) and Mn(VII))
adsorption on MWCNTs and MWCNTs-OCH2CO2H nano-adsorbent
was conducted through batch adsorption using wastewater from
chemical industries. The calculation of the adsorption percentage
and adsorption capacity (qe) were carried out using Eqs. (4) and (5),
respectively (Huang et al., 2019).

% Removal ¼ C0 � Ce; t
C0

x 100 4

qe ¼ ðC0 � CeÞV
m

5

where qe (mg/g) indicates the adsorption capacity of HM adsorbed
per gram of the adsorbent at equilibrium, C0 (mg/L) and Ce (mg/L)
denotes the initial and equilibrium concentrations of HM, m (mg)
refers to the adsorbent mass used during the adsorption process
and V (L) is the adsorbate solution volume. The influence of solution
contact time, adsorbent dosage, temperature and pH were inves-
tigated and described as follows:

To determine contact time influence for As(V) and Mn(VII)
adsorption on MWCNTs and MWCNTs-OCH2CO2H, 20 mg of nano-
adsorbent was added to 100 cm3 of chemical industry wastewater
in a conical flask of 250 cm3. The mixtures were corked and placed
in the water bath at 40 �C and a constant pH (5) for stirring at
various contact time (5, 10, 20, 30, 40, 60, 120 and 180 min).

For the investigation of influence of adsorbent dosage for As(V)
and Mn(VII) adsorption on MWCNTs and MWCNTs-OCH2CO2H,
different amounts of nano-adsorbent (10, 20, 30, 40, 50 and 60 mg)
was mixed with 100 cm3of chemical industry wastewater in a
conical flask of 250 cm3. The mixtures were corked and stirred in a
water bath at 40 �C and pH (5) for 60 min (equilibrium time).

The adsorption of As(V) and Mn(VII) onto MWCNTs and
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MWCNTs-OCH2CO2H was evaluated at various temperatures (25,
30, 35, 40 and 50 �C) by mixing 30 mg of the nano-adsorbent into a
250 cm3conical flask with 100 cm3of chemical industry wastewater
maintained at a pH of 5. The mixtures were corked and stirred in a
water bath to attain an equilibrium time of 60 min.

The solution pH influence on the uptake of As (V) andMn(VII) by
MWCNTs and MWCNTs-OCH2CO2H was investigated. The chemical
industry wastewater initial pH was adjusted to 2e7 by either 0.1 M
NaOH or 0.1 M H2SO4. At each pH, 30 mg each of MWCNTs and
MWCNTs-OCH2CO2H was mixed with 100 cm3of the chemical in-
dustry wastewater in a conical flask of 250 cm3. The corked mix-
tures were stirred in a water bath at 50 �C for a period of 60 min.

Thereafter, the mixtures obtained at each contact time, adsor-
bent dosage, temperature and solution pH were filtered using
Whatmann grade 1 filter paper and the supernatants were
collected to determine the equilibrium concentration (Ce) of As(V)
and Mn(VII) by AAS method. The Ce was applied to evaluate the
equilibrium adsorption capacity (qe).
2.8. Ionic strength

For ionic strength evaluation, 30 mg each of MWCNTs
andMWCNTs-OCH2CO2Hwas also mixed with 100 cm3of the
chemical industry wastewater in a 250 cm3conical flask using KCl
and NaCl in the concentration range of 0.1e1.0 mol/L. at the tem-
perature (50 �C), adsorbent dosage (30mg) and solution pH (8). The
corked mixtures were further stirred for 60 min and thereafter
filtered using Whatmann grade 1 filter paper. The filtrate was
analyzed for As(V) and Mn(VII) using AAS.
2.9. Reusability investigation

Regeneration potential of MWCNTs and MWCNTs-OCH2CO2H
was evaluated using H2SO4 (0.1 M) as a washing solution after the
adsorption process. Specifically, 30 mg of As (V) and Mn (VII)
adsorbed MWCNTs-OCH2CO2H was added to 100 cm3 of the
washing solution and the mixture was shaken for 3 h. Thereafter,
the nano-adsorbent was separated by filtration using 0.2 mm filter
paper and washed severally. The reusability of the nano-adsorbent
was repeated for 5 cycles to examine the regeneration capacity of
MWCNTs and MWCNTs-OCH2CO2H. The re-adsorption ability was
calculated as follows (Zhao et al., 2019a, 2019b);

qe; n
qe; 0

� 100 % 6

where qe,n describes the adsorption capacity of the nano-adsorbent
after n cycles, while qe,0 refers to the capacity without regeneration.
2.10. Computational analysis

2.10.1. Adsorption kinetics
The capacity of adsorption (qt) was determined and analyzed by

pseudo-first-order, pseudo-second-order, Elovich and intra-
particle diffusion (Ho, 2006; MartinezeVargas et al., 2018) for the
experimental data evaluation. The linear fitting technique from
Origin software (Origin Pro 9.0, Origin Lab Corporation) was
applied to analyze the experimental adsorption rate data.

The pseudo first order model is expressed as follows (Ho, 2006):

In ðqe � qtÞ¼ In qe � k1t 7

The pseudo-second-order model is represented as follows (Ho,
2006):
t
qt

¼ 1
k2q2e

þ t
qe

8

The Elovich model is mathematically presented as follows
(Kazak et al., 2018):

qt ¼
�
1
b

�
In ðabÞ þ

�
1
b

�
In t 9

The intraparticle diffusion model representation is shown as
follows (MartinezeVargas et al., 2018):

qt ¼ kintt
1=2 þ C 10

where qe (mg/g) denotes the adsorbed quantity of As(V) and Mn
(VII) at equilibrium, qt (mg/g) indicates the As(V) and Mn(VII)
adsorbed quantity at time t (min), k1 (min�1), k2 (mg/g.min), kint
(mg/g.min0.5) and a (mg/g.min) refers to the constant rates for
pseudo-first order, pseudo-second order and intraparticle diffusion
models. The a in the Elovich kinetic model refers to the initial
adsorption rate (g/mg$min2), while b is the extent of surface
coverage coefficient (mg/g$min). In intraparticle diffusion model, C
(mg/g) is the constant for the thickness of boundary layer.
2.10.2. Adsorption isotherm
The equilibrium concentration (Ce) was applied to calculate the

equilibrium capacity of adsorption (qe). Adsorption isotherm was
evaluated by fitting the experimental data to the linearized forms of
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (D-R)
isotherm (Langmuir, 1918; Siyal et al., 2019; Dubinin, 1969).

The Langmuir isotherm model is denoted as follows (Langmuir,
1918):

Ce
qe

¼ 1
KLqm

þ Ce
qm

11

Freundlich isotherm model equation is described as follows
(Siyal et al., 2019):

Inqe ¼ In KF þ
1
nF

InCe 12

Temkin isotherm model equation is presented as follows (Zhao
et al., 2019a, 2019b):

qe ¼
RT
bT

InAT þ
�
RT
bT

�
InCe 13

D-R isotherm model is represented as follows (Dubinin, 1969):

In qe ¼ Inqs � kadn
2 14

where qe (mg/g) is the adsorption capacity at equilibrium for As(V)
and Mn (VII), qm(mg/g) refers to the maximum adsorption capacity
for monolayer coverage on the nano-adsorbent surface, Ce (mg/L)
indicates the As(V) and Mn(VII) concentration at equilibrium. kL
(L.mg�1) is the Langmuir equilibrium adsorption constant. KF (mg/
g) andnF ¼ the Freundlich adsorption isotherm constant denoting
the adsorption capacity of the nano-adsorbent and the heteroge-
neity of adsorption process respectively. bT (kJ/mol) and AT (L/g) are
the Temkin constants that are related to the heat of adsorption and
maximum binding energy. T is the temperature (�C), while R
(8.314 J/mol.K) ¼ universal gas constant. The constants, qad and qs
are related to the mean free energy of adsorption and the mono-
layer saturation of D-R capacity of adsorption. Also, n is a Polyani
potential.
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2.10.3. Adsorption thermodynamics
The nature of the adsorption of As(V) andMn(VII) ontoMWCNTs

and MWCNTs-OCH2CO2H was determined by the determination of
the thermodynamic parameters such as Gibbs free energy (DG�),
enthalpy (DH�), entropy (DS�) and activation energy (Ea). The Van’t
Hoff expression was utilized to evaluate the Gibbs energy change
(DG, kJ/mol) shown in Eqs. (15) and (16) respectively (Huang et al.,
2019);

DG� ¼ DH� � TDS� 15

In
qe
Ce

¼ � DH�

RT
þ DS�

R
16

where DH� (J mol�1) and DS� (J K�1 mol�1) represent the standard
enthalpy and entropy change. R is the universal gas constant (8.314
JK-1 mol�1), while T denotes temperature (K), DH� (kJ mol�1) and
DS� (kJ K�1 mol�1) were determined from the slope and intercept of
a linear plot of In qe

Ce
against 1

T respectively.

2.10.4. Error analysis
All the experiments were carried out in triplicate to enhance

validation of the results. Statistical error analysis such as linear
determination coefficient (R2), the non-linear Chi-square test (c2)
and the sum of square error (SSE) was used to evaluate the fitness of
the isotherm and kinetic model to the experimental data. The
mathematical expressions are represented in Eqs. (17) and (18) as
follows (Mouni et al., 2018):

X2 ¼
X�

qe; exp � qe; cal
�2.

qe; cal 17

SSE¼
X�

qe; exp � qe; cal
�2

18

where qe; exp (mg/g) and qe; cal (mg/g) describe the experimental
and calculated equilibrium capacity respectively. Small values of c2

and SSE, indicates the similarity to the experimental data, while
higher values describes that the model data differs with the
experimental data.

3. Results and discussion

3.1. Optimization of FeeNi/AC catalyst

RSM optimization technique was utilized to study the effects of
mass of AC support, stirring speed, pre-calcination temperature and
pre-calcination time on the yield of supported bimetallic FeeNi
catalyst on AC. The drying of the catalysts was also employed to
achieve successful dispersion of Fe and Ni metals on AC support.

3.1.1. Effect of pre-calcination temperature
Pre-calcination temperature was investigated on the prepara-

tion of FeeNi/AC catalyst and the result is presented in Table E1
(Supplementary data). It was observed that at the pre-calcination
temperatures of 105, 110 and 115 �C, the yields of FeeNi/AC were
80.65, 85.0 and 92.5%, respectively. However, with further increase
in temperature from 120 to 125 �C, the yield of FeeNi/AC catalyst
reduced to 85.40 and 76.20%, respectively. As shown in Table E1 the
optimum yield of FeeNi/AC (92.5%) was achieved at the pre-
calcination temperature (115 �C), pre-calcination time (10 h), stir-
ring speed of (400 rpm) and mass of AC (8 g). The increasing trend
of catalyst yield from 105 to 115 �C could be attributed to the
improved diffusion of metallic particles onto the surface of the
substrate. Furthermore, as the temperature was increased to 120 �C
and 125 �C, significant reduction of FeeNi/AC catalysts yield from
85.4% to 76.2% was observed and was linked to loss of entrapped
liquid in the pores through diffusion.

3.1.2. Effect of pre-calcination time
The influence of pre-calcination time on the yield of FeeNi/AC

catalyst yield was investigated and the result is presented in
Table E1. According to Table 2, it was noticed that at the pre-
calcination time of 6, 8 and 10 h, the obtained catalyst yields
were 82.1, 85.0 and 92.5% yield respectively. As the pre-calcination
time was further increased to 12 and 14 h, the catalyst yield
reduced to 85.4 and 81.5%, respectively. The increasing yield of
catalyst at the pre-calcination time of 6e10 hmay be ascribed to the
deposition and enhanced diffusion of metallic (iron and nickel)
components on the porous surface of the AC. The decrease in
FeeNi/AC catalyst yield at higher pre-calcination time may be due
to the diffusion of the entrapped liquid in the solid pores (Nadar
et al., 2018). The precipitation of unabsorbed solute from the
blocked or entrapped liquid in the pores of the solid during the
process of pre-calcination may also be responsible for the reduced
yield (Jiang et al., 2018).

3.1.3. Effect of stirring speed
The effect of stirring speed on FeeNi/AC catalyst yield was

studied and the result presented in Table E1. The result indicated
that 77.5, 82.5 and 92.5% yield of FeeNi/AC catalyst was obtained at
the stirring speed of 100, 250 and 400 rpm respectively. Further
increment in the stirring speed to 550 and 700 rpm, caused
reduction in the yield to 85.4 and 82.8%. As noticed in Table E1,
maximum FeeNi/AC catalyst yield of 92.5% was obtained using
400 rpm stirring speed. The increment in the FeeNi/AC catalyst
yield with increase in stirring speed may be attributed to the high
adsorption rate of solute which enhanced dispersion of metallic
particles onto the support during wet impregnation process (Jiang
et al., 2018). On the other hand, the reduction in FeeNi/AC catalyst
yield above the stirring speed of 400 rpm could be linked to the
diffusion of moisture during pre-calcination.

3.1.4. Effect of mass of AC
Table E1 shows the yield of FeeNi/AC catalyst obtained from the

variation of mass of AC. As shown in Table E1, FeeNi/AC catalyst
yield of 75.1, 83.7 and 92.5% was obtained using 4, 6 and 8 g of AC.
Conversely, further increase in the mass of AC to 10 and 12 g,
resulted to the decrease in FeeNi/AC catalyst yield to 85.4 and
85.0%, respectively. As stated in Table 2, maximum FeeNi/AC
catalyst yield of 92.5% was obtained using 8 g of AC. The enhanced
catalyst yield with increasing mass of AC may be attributable to
improved deposition and diffusion of metal components to the AC
porous surface. The decrease in catalyst yield using higher amount
of AC may be due to the availability of more AC during impregna-
tion than diffusion rate during drying process, thereby causing
decrease in yield at equilibrium between the solute adsorption and
liquid diffusion.

3.1.5. Post-calcinations of FeeNi/AC catalyst
Post-calcination of the FeeNi/AC catalyst was carried out to

remove the residual moisture and nitrates. The influence of post-
calcination temperature and post-calcination time on the surface
area of FeeNi/AC catalyst was investigated using the obtained op-
timum yield (92.5%) at pre-calcination temperature (115 �C), pre-
calcination time (10 h), stirring speed (400 rpm) and mass of AC
support (10 g) (Table E1). During post-calcination, the trans-
formation of iron (III) nitrate nonahydrate and nickel (II) nitrate
hexahydrate to hematite (Fe2O3) and nickel oxide (NiO) may occur
between temperature of 250 and 300 �C respectively (Nadar et al.,



Table 2
Isotherm models calculated parameters for As(V) and Mn(VII) adsorption onto MWCNTs and MWCNTs-OCH2CO2H.

Isotherm Parameters MWCNTs MWCNTs-OCH2CO2H

As(V) Mn(VII) As(V) Mn(VII)

Langmuir qm (mg/g) 200 ± 2.0 192 ± 2.2 250 ± 2.1 238 ± 2.3
KL (L.min�1) 1.12 ± 0.041 0.84 ± 0.035 1.29 ± 0.045 0.96 ± 0.042
RL 0.014 ± 0.006 0.015 ± 0.003 0.008 ± 0.005 0.011 ± 0.004
R2 0.999 0.999 0.999 0.999
SSE 0.029 0.001 0.008 0.081
X2 0.062 0.000 0.010 0.056

Freundlich 1/nF 0.121 ± 0.012 0.144 ± 0.014 0.101 ± 0.011 0.124 ± 0.013
nF 8.244 ± 0.080 6.925 ± 0.071 9.950 ± 0.084 8.071 ± 0.090
KF (mg/g) 289.668 ± 2.601 305.141 ± 2.711 341.036 ± 2.598 357.108 ± 2.600
R2 0.991 0.995 0.980 0.989
SSE 0.537 0.304 0.263 1.599
X2 0.112 0.184 0.203 0.180

Temkin bT (kJ/mol) �761.06 ± 0.002 �651.780 ± 0.018 �905.770 ± 0.015 �752.02 ± 0.001
AT (L/g) 3.2 � 10�5±0.001 10.3 � 10�5±0.002 5.7 � 10�5±0.002 3.1 � 10�5±0.003
R2 0.996 0.996 0.984 0.984
SSE 0.269 0.720 0.423 0.325
X2 0.102 0.910 0.250 0.141

D-R Kad 8 � 10�6±0.030 2.0 � 10�6±0.025 1.0 � 10�6±0.040 5 � 10�5±0.030
qs 210.440 ± 2.200 204.078 ± 2.150 261.256 ± 2.200 250.811 ± 2.100
R2 0.941 0.962 0.888 0.906
SSE 12.142 12.216 14.916 18.728
X2 2.802 2.925 3.407 5.594
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2018).
At the post-calcination temperature (350 �C) and holding time

(4 h), the BET surface area for the catalyst was 820m2/g, while post-
calcination of the same sample at 400 �C for 4 h had a BET surface
area of 900 m2/g. In addition, BET surface area of 880 m2/g was
obtained at the post-calcination temperature and time of 350 �C
and 6 h. Again, at 400 �C for 6 h, the maximum BET surface area of
1100 m2/g was obtained. It can be seen that at different post-
calcinations temperature and holding time, the surface area of
the catalyst increased due to the decomposition of themetallic salts
to their respective metal oxides. Sivakumar et al. (2011) reported
the decomposition of iron (III) nitrate nonahydrate and nickel (II)
nitrate hexahydrate to Fe2O3 and NiO at 350 �C.

3.1.6. Statistical analysis of FeeNi/AC catalyst synthesis with
respect to yield

The interactive effects of pre-calcination temperature, pre-
calcination time, stirring speed and mass of AC support on the
yield of FeeNi/AC catalyst were analyzed using Central composite
design (CCD) adapted from Response surface method (RSM). The
result of the Analysis of variance (ANOVA) of FeeNi/AC catalyst
yield is presented in Table E2. As shown in Table E2, the model F-
value of 84.39 from ANOVA for bimetallic FeeNi/AC catalyst is an
indication of a significant model. Furthermore, Table E2 revealed
that mass of support with the highest F-value (116.19) had the
greatest effect on the yield of FeeNi/AC catalyst, followed by stir-
ring speed, drying temperature, and drying time with the F-values
of 36.31, 23.05 and 1.62 respectively. Among the interaction of the
preparation parameters, CD with F-value of 43.76 exhibited high
influence on the yield of FeeNi/AC. Also, the F-value of 36.33 and
35.62 obtained for the interaction of AB and AD indicated an
improvement in the catalyst yield compared with the F-values of
5.67, 4.61 and 1.91 achieved for the interaction of BC, AC and BD.

Additionally, quadratic function F-values of 404.84 and 310.41
demonstrated increased impact of drying temperature and mass of
support on the yield of FeeNi/AC, followed by stirring speed and
drying time with the F-values of 305.01 and 222.72 respectively.
Similarly, it was found that the operating variables exhibited sub-
stantial effects on the yield of FeeNi/AC catalyst due to lack of fit F-
value of 1.69 which denotes insignificance relative to the pure error.
Previous researchers opined that non-significant lack of fit vali-
dates the fitness of themodel (Nadar et al., 2018). The ANOVA result
reveals the fitting of the experimental data to the proposed model
and validates the influence of the independent variables on the
yield of FeeNi/AC catalyst. The final equation with respect to the
actual value is given in Eq. (19) as.

FeeNi/AC Yield ¼ 91.6 þ 1.871A þ 1.046B - 0.833C -
0.221D þ 1.281AB þ 0.456AC þ 1.269AD - 0.506BC -
0.294BD þ 1.406CD - 2.860 A2 - 2.835 B2 - 3.267C2 - 2.423D2 .(19)

The developed model (Eq. (19)) describes the relationship be-
tween the preparation parameters on the yield of FeeNi/AC.

3.2. Characterization of FeeNi/AC catalyst

The results of the thermal behavior of the pre-calcined and post-
calcined bimetallic FeeNi/AC catalyst are presented in Fig. C1a
(Supplementary data). It is apparent from Fig. C1a that pre-
calcined and post-calcined FeeNi/AC catalyst shows clear increase
in weight loss with increasing temperature. The stages of weight
loss in the FeeNi/AC catalyst thermogram were identified at the
temperatures range of 100 �C - 300 �C, 300 �C - 400 �C and 400 �C -
650 �C respectively.

It is evident from the result that the loss of absorbed moisture
on both the pre-calcined and post-calcined FeeNi/AC catalyst was
responsible for the weight loss before 100 �C. The thermogram
curve observed at the temperature of 100 �C - 300 �C depict the
removal of crystal water of the nitrates and the elimination of
volatile products. In addition, the rapid decomposition which
occurred at the temperature of 300�C-500 �C indicates the oxida-
tive decomposition of iron and nickel nitrates mixture. The per-
centage weight loss observed for the pre-calcined FeeNi/AC
catalyst are 11.85% (100 - 300 �C), 65.35% (300e400 �C) and 38.41%
(400 - 650 �C), while the percentage weight loss observed on the
thermogram curve of the post-calcined catalyst are 6.5% (100 -
300 �C), 50.73% (300e400 �C) and 27.66% (400 - 650 �C). According
to the thermogram curve, it is obvious that post-calcined FeeNi/AC
catalyst may be considered more thermally stable than the pre-
calcined FeeNi/AC catalyst above the temperature of 600 �C due
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to the presence of metallic oxides attached on the surface of the AC
support.

The functional groups present in the FeeNi/AC catalyst were
analyzed by FTIR and the results are shown in Fig. C1b. For the pre-
calcined FeeNi/AC catalyst, the absorption peaks were observed at
672 cm�1, 1387 cm�11647 cm�1, 2353 cm�1 and 3437 cm�1 which
corresponds to the strong absorption vibrational stretch at
672 cm�1 (CeH), 1387 cm�1 (OeH), 1647 cm�1 (C]O), 2353 cm�1

(C^C) and 3437 cm�1 (OeH). This indicates the presence of alkane,
carboxylic, alcohol and phenol (Nadar et al., 2018). The vibrational
bands indicates the presence of strong CeH (682 cm�1), OeH
(1387 cm�1) CeO (1650 cm�1), C^C (2354 cm�1) and OeH
(3437 cm�1) peaks bending from alkane, carbonyl, carboxylic,
alcohol and phenol groups (Nadar et al., 2018). It is significant to
note that, three additional peaks were present in the post-calcined
FeeNi/AC catalyst at 1052 cm�1 2074 cm�1 and 3122 cm�1. The new
peaks are assigned to vibration bonding of OeH (1052 cm�1), CeO
(2074 cm�1) and CeH (3122 cm�1) due to aromatics, carbonyl,
carboxyl and hydroxyl compound introduced to the FeeNi/AC
catalyst by calcination process.

The surface morphology and elemental composition of FeeNi/
AC catalyst was examined using HRSEM coupled with the EDS and
the result of the surface morphology of the pre-calcined and post-
calcined FeeNi/AC catalyst are presented in Fig. C1c and C1d
respectively. The HRSEM micrograph of the pre-calcined FeeNi/
AC catalyst in Fig. C1c revealed the spherically shaped deposition of
iron and nickel particles on the surface of activated carbon support
with few pores.

However, the surfacemorphology of the post-calcined FeeNi/AC
catalyst showed the presence of iron and nickel particles on the
surface of AC. The catalyst particles were densely packed and ho-
mogenous. Not only that, evidence of pore formation was observed
in the post-calcined FeeNi/AC compared to the pre-calcined FeeNi/
AC catalyst. The remarkable pores development and enhancement
observed on the surface of post-calcined FeeNi/AC catalyst could be
attributed to the diffusion of the metallic particles onto the pores of
the AC and decomposition of nitrates during calcinations (Acomb
et al., 2016).

In addition to the HRSEM analysis on the FeeNi/AC catalyst, the
result of the elemental composition of the FeeNi/AC catalyst is
presented in Table E3.

The result of the elemental composition shows that AC support
did not decompose during the calcination process. Also, the iron
and nickel metallic constituents were enhanced due to the
decomposition of nitrates during calcination process. The improved
iron and nickel metallic components on the surface of AC support
confirm that the FeeNi/AC catalyst has the required surface
chemistry composition for the synthesis of carbon nanotubes.

3.3. Characterization of MWCNTs and MWCNTs-OCH2CO2H

The surface properties of MWCNTs and MWCNTs-OCH2CO2H
was investigated and the result revealed that the BET surface area,
total pore volume and average pore diameter of MWCNTs were
1250 m2/g, 0.84 cm3/g and 30 nm, respectively. However, the BET
surface area, total pore volume and average pore diameter of
MWCNTs-OCH2CO2H were obtained as 1172 m2/g, 0.61 cm3/g and
25 nm, respectively. The dense coverage of the surface of MWCNTs-
OCH2CO2H by eOCH2CO2H groups after carboxylation which
occupied the tubular structural network could be responsible for
the observed reduction in the surface area, pore size and pore
volume. Similar observation was made by Yang et al. (2018) that
reported decrease in surface parameters of MWCNTs@SiO2eNH2
after amination reaction. The BET result shows consistency with the
FTIR, TGA, XPS, HRSEM and HRTEM result that confirmed successful
grafting of carboxylic groups on the MWCNTs-OCH2CO2H.
The FTIR spectra of MWCNTs and MWCNTs-OCH2CO2H was

investigated and presented in Fig. 1a.
The strong band at the wave numbers of 1603 cm�1 and

1765 cm�1 on the MWCNTs-OCH2CO2H were ascribed to the
stretching and bending vibration of C]O due to the presence of
carboxylic acid. Other additional absorption bands on the
MWCNTs-OCH2CO2H were associated with the stretching adsorp-
tion at 1158 (CeO), 1255 (CeO), 2000 (C^C) and 2190 (C^C) and
are related to the eCOOH groups. Incidentally, the adsorption peak
at 2071 cm�1 (C^C) on the MWCNTs disappeared after carboxyl-
ation and the disappearance may be linked to the carboxylation
phenomenon (Fig. 1a). In addition, it was observed that the
adsorption peaks at 2456, 2721, 2990, 3740 and 3860 cm�1 which
correspond to C^C, CeH and eOH stretching vibration were
consistent on both the MWCNTs and MWCNTs-OCH2CO2H (Huang
et al., 2019). However, the vibration bands on the MWCNTs-
OCH2CO2H were more pronounced, which may be attributed to the
functional groups incorporated on the surface of MWCNTs through
carboxylation (Jiang et al., 2016). Similar trends in FTIR analysis
have been reported in other MWCNTs and functionalization studies
(Zheng et al., 2018), thereby confirming the successful synthesis of
MWCNTs and grafting of CH2BrCO2H groups onto the MWCNTs.

The TGA curves corresponding to the loss in the mass of
MWCNTs and MWCNTs-OCH2CO2H as a function of temperature is
shown in Fig. 1b. Two distinct stages of decomposition were
observed on the nano-adsorbents. In MWCNTs, the initial weight
loss of 5.5 wt% was observed between the temperatures of 50 �C to
345 �C and was attributed to the evaporation of water. As the
temperature increased further from 345 �C to 540 �C, a significant
weight loss of 64.2 wt% was observed by the MWCNTs due to the
decarboxylation, volatilization and graphitization of the functional
groups (Jun et al., 2018). On the other hand, Fig. 1b revealed that
MWCNTs-OCH2CO2H decomposed faster than MWCNTs due to the
formation of oxygenated functional groups on the surface of
MWCNTs-OCH2CO2H during carboxylation. At the temperature
range of 50 �C to 300 �C, a negligible weight loss of 1.2 wt% was
ascribed to the evaporation of adsorbedmoisture. In addition, rapid
weight loss of 65.5 wt% occurred when temperature was increased
from 300 �C to 450 �C, and such loss was attributed to oxidation of
amorphous carbon and transformation of metallic impurities from
the catalyst support. Beyond the temperatures of 540 �C and 450 �C,
the weight loss of the MWCNTs and MWCNTs-OCH2CO2H were
observed to exhibit insignificant profile reduction due to the loss of
the residual inorganic and organic compounds. The obtained result
showed that the functional groups were successfully incorporated
on the surface of MWCNTs and further corroborates the FTIR and
XPS results. Also, this findings agreed with previously reported
thermal decomposition profiles of MWCNTs and functionalized
MWCNTs (Jun et al., 2018).

Crystalline nature and phase purity of MWCNTs and MWCNTs-
OCH2CO2H were investigated by XRD and corresponding XRD
pattern is shown in Fig. 1c. According to the XRD results, MWCNTs
was found to be crystalline in nature due to the formation of sharp
diffraction peaks at 2 theta values 26.22�, 43.63� and 50.50�, which
correspond to the following crystal planes (002), (101) and (102).
These peaks matched well with a typical graphitic carbon (Jiang
et al., 2016). Also, the crystal planes of the peaks were aligned to
the following interlayer spacing 3.4 nm (002), 2.07 nm (101) and
1.8 nm (102). After carboxylation reaction, MWCNTs-OCH2CO2H
material possessed three sharp diffraction peaks (26.22�, 43.63�

and 50.50�) and twoweak peaks (32.18� and 46.25�) assigned to the
following crystal planes (002), (101), (102), (111) and (222) (Fig. 1c).
The formation of these peaks (32.18� and 46.25�) with the following
interlayer spacing 2.78 nm and 1.96 nm could be attributed to



Fig. 1. (a) FTIR; (b) TGA; (c) XRD; (d) XPS spectra of MWCNTs and MWCNTs-OCH2CO2H; (e) high-resolution C 1s XPS spectra of MWCNTs and (f) high-resolution C 1s XPS spectra of
MWCNTs-OCH2CO2H.
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carboxylation reaction. The peaks corroborated the previously re-
ported crystalline and clear structure of MWCNTs and MWCNTs-
OCH2CO2H respectively (Kang et al., 2018; Wu et al., 2020). This
implies that the carboxylation procedure did not destroy the
crystalline and the crystals lattice structure of the MWCNTs. The
crystallite sizes of MWCNTs according to Debye-Scherrer equation
were determined to 4.21, 6.81 and 9.65 nm, with an average of
6.89 nm. For the MWCNTs-OCH2CO2H, 5.62, 8.57, 10.11, 13.25 and
21.83 nm was estimated as the crystallite sizes. An average crys-
tallite size of 11.88 nm was obtained for the MWCNTs-OCH2CO2H.
The increase in the crystallite size of MWCNTs-OCH2CO2H could be
linked to the incorporated CH2BrCOOH through carboxylation of
MWCNTs.

XPS analysis identifies the functional groups and the elements
present on the surface of nano-adsorbents. Further confirmation of
successful grafting of CH2BrCOOH onto the MWCNTs are displayed
in the XPS spectra. Fig. 1d shows the presence of C (1s) and O (1s)
spectra, thereby indicating that carbon and oxygen were the
dominant elements on the surface of MWCNTs and MWCNTs-
OCH2CO2H. The C (1s) and O (1s) peaks appeared at the binding
energies of 284.5 eV and 533 eV, respectively. However, it was
noticed that therewas an increased in the intensity of the C (1s) and
O (1s) peaks in the XPS spectra of MWCNTs-OCH2CO2H and may be
attributed to the improved functional groups due to carboxylation
(Zhao et al., 2019a, 2019b). The deconvoluted peaks of the high
resolution C (1s) spectrum for the MWCNTs and MWCNTs-OCH2-
CO2H are presented in Fig. 1e and f. According to Fig. 1e, the C (1s)
spectrum of MWCNTs revealed the presence of the following
functional groups (CeC), (CeOH), (CeO) and (OeC]O) at the
binding energies of 286.1, 287.3, 288.9 and 290.6 eV.
In the same vein, Fig. 1f which depict the XPS spectrum of

MWCNTs-OCH2CO2H revealed the presence of the following func-
tional groups at 284.0 (CeC), 285.6 (CeC), 286.8 (CeOH) and 288.4
(CeO). Comparatively, the differences in the binding energies of
similar functional groups on MWCNTs and MWCNTs-OCH2CO2H
suggested shift in absorption peaks due to carboxylation of the
latter than the former. Also, it was observed that carboxylation
enhanced oxygen loss of OeC]O, which resulted to overall
decrease in oxygen content. The functional group revealed by the
XPS result corresponds with the FTIR result in Fig. 1a.

The HRSEM and HRTEM images of MWCNTs and MWCNTs-
OCH2CO2H are shown in Fig. 2(aeh).

According to Fig. 2a, b, e and f, it can be found that some
MWCNTs contacted closely with each other forming network of
aggregates. The result showed a curved, tubular and tangled
structural network. Remarkably, distinguishable morphological
structures were identified on the surface of MWCNTs-OCH2CO2H
through the HRSEM andHRTEM, which could be linked to the effect
of carboxylation. Compared to Fig. 2 (a and e), Fig. 2 (b and f) clearly
revealed a decrease in the degree of the structural aggregation
which could be due to carboxylation. In addition, the diameter of
carbon nanotubes obtained through HRTEM (Fig. 2e and f)
increased from 15 to 30 nm and 45e50 nm after carboxylation. The
result suggests that the surface of MWCNTs-OCH2CO2Hwas heavily
covered by carboxylic groups. After adsorption, the HRSEM (Fig. 2c
and d) and HRTEM (Fig. 2g and h) images revealed the closely
packed tubular morphology and deposition of the adsorbed As(V)
and Mn(VII) ions. Correspondingly, the electrostatic repulsion



Fig. 2. HRSEM (a, b, c, d) and HRTEM (e, f, g, h) images of (a, e) MWCNTs; (b, f) MWCNTs-OCH2CO2H; (c, g) MWCNTs after adsorption of As(V) and Mn(VII)and (d, h) MWCNTs-
OCH2CO2H after adsorption of As(V) and Mn(VII).
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existing between eOCH2CO2H groups and the oxygen via carbox-
ylation possibly increased the closed tubular packing. After the
adsorption of As(V) and Mn(VII), the electrostatic repulsion weak-
ened despite the increased tubular packing due to multiple in-
teractions with the adsorption sites (Zhao et al., 2019a, 2019b). The
observed changes in morphology suggests that carboxylation pro-
cedure enhanced the close tubular packing, therefore, the carboxyl
group strengthen the MWCNTs-As(V) and MWCNTs-Mn(VII)
interaction.
3.4. Investigation of parametric effects on the As(V) and Mn(VII)
adsorption

3.4.1. Effect of contact time on As(V) and Mn(VII) adsorption
The influence of contact time on adsorption capacity of

MWCNTs and MWCNTs-OCH2CO2H for the removal of As(V) and
Mn(VII) in chemical industrial wastewater was investigated and the
result is presented in Fig. 3a. As revealed in Fig. 3a, the adsorption
capacities of MWCNTs and MWCNTs-OCH2CO2H for As(V) and
Mn(VII) increased rapidly within first 60 min. This rapid increase in
adsorption at this time domain could be attributed to the external
diffusion of As(V) and Mn(VII) to the massive number of adsorption
sites and the existence of strong electrostatic attraction between
the heavy metals and the nano-adsorbents. Beyond 60 min, there
was insignificant increase in the adsorption capacity due to the
influence of intraparticle diffusion and the saturation of the active
sites on the nano-adsorbents surface (Kazak et al., 2018). In this
study, equilibrium adsorption capacity was achieved in 60 min for
both As(V) and Mn(VII) adsorption onto MWCNTs and MWCNTs-
OCH2CO2H. Moreover, negligible adsorption of As(V) and Mn(VII)
onto the nano-adsorbents were observed after 60 min. As shown in
Fig. 3a, the adsorbed quantity of As(V) and Mn(VII) onto MWCNTs
increased from 176 to 215 mg/g and 139e211 mg/g. In the same
vein, the uptake of As(V) and Mn(VII) equally increased from 196 to
271 mg/g and 184e260 mg/g for MWCNTs-OCH2CO2H. Generally,
the removal efficiency of As(V) and Mn(VII) from the wastewater
usingMWCNTs-OCH2CO2H, was higher compared toMWCNTs. This
could be attributed to the increase in functional groups on the
surface of the former than the latter. The trend of this result showed
that the adsorption behavior of the MWCNTs and MWCNTs-
OCH2CO2H were not dependent on the surface area, but also on the
functionalities of each nano-adsorbent.

Accordingly, MWCNTs-OCH2CO2H with surface area of 1172 m2/
g adsorbed more As(V) and Mn(VII) compared with MWCNTs with
higher surface area of 1250 m2/g. Similar observation was made by
Xu et al. (2018) in the adsorption of heavy metals using function-
alized carbon nanotubes and graphene.
3.4.2. Effect of dosage on As(V) and Mn(VII) adsorption
The influence of nano-adsorbent dosage on the uptake of As(V)

and Mn(VII) ions by MWCNTs and MWCNTs-OCH2CO2H was stud-
ied and the result presented in Fig. 3b. The result demonstrated a
rapid uptake of As(V) and Mn(VII) ions from wastewater when the
nano-adsorbent dose was increased from 10 to 30 mg for both
MWCNTs and MWCNTs-OCH2CO2H. The increment may be due to
increase in the number of adsorption sites and the surface func-
tional groups (Jun et al., 2019). However, further increase in nano-
adsorbent dosage from 40 to 60 mg did not result to any significant



Fig. 3. Influence of (a) contact time, (b) adsorbent dosage, (c) temperature, (d) pH on As(V) and Mn(VII) adsorption onto MWCNTs and MWCNTs-OCH2CO2H, (e) Point of zero charge
(pHPZC) determined by pH drift method and (f) impact of ionic strength (KNa) on As(V) and Mn(VII) adsorption efficiency by MWCNTs and MWCNTs-OCH2CO2H at adsorbent dosage
(30 mg), contact time (60 min) and temperature (50 �C).
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increase in the adsorption of As(V) and Mn(VII) and this may was
linked to the aggregation that limited the active sites of the nano-
adsorbents (Kazak et al., 2018). Notably, maximum removal of
As(V) and Mn(VII) by the nano-adsorbents were achieved using
30 mg dose. More specifically, Fig. 3b revealed that the adsorption
capacities of As(V) andMn(VII) increased from 215 to 240mg/g and
211e231 mg/g for MWCNTs. Similar trend of increment in
adsorption capacity from 251 to 288 mg/g and 259e284 mg/g for
MWCNTs-OCH2CO2H. In comparison, MWCNTs-OCH2CO2H had
better adsorption capacity for As(V) and Mn(VII) than MWCNTs.
Although MWCNTs had a large surface area (1250 m2/g) compared
to MWCNTs-OCH2CO2H (1172 m2/g). This suggest that adsorption
phenomenon in this study largely depend on the functional groups
and not the surface area of the nano-adsorbents. The result of the
adsorption capacity further indicates that strong electrostatic
attraction was the main mechanism of As (V) and Mn(VII)
adsorption, and not weak physical surface area. Also, it was also
found that at every dosage of the nano-adsorbents under the
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applied conditions, more of As(V) was removed than Mn(VII), due
to the smaller ionic radius of (0.46 Å) than Mn(VII) with higher
ionic radius of (0.66 Å). Studies have shown that metal with smaller
ionic radius diffused faster through the pores of the adsorbent than
metal with high ionic radius (Lima et al., 2019).

3.4.3. Effect of temperature on As(V) and Mn(VII) adsorption
Temperature influence on the adsorption of As(V) and Mn(VII)

byMWCNTs andMWCNTs-OCH2CO2Hwas examined and the result
shown in Fig. 3c. According to the result, increase in temperature
had a significant effect on the removal of As(V) and Mn(VII) using
the nano-adsorbents and 50 �C was found to be the optimum
adsorption temperature. Above all, adsorption capacity of As(V) and
Mn(VII) increased from 240 to 246 mg/g and 229e245 mg/g for
MWCNTs, similarly an increase from 288 to 296 mg/g and
284e296 mg/g was observed for MWCNTs-OCH2CO2H. It was
noticed that the adsorption of the two heavy metal ions using
MWCNTs and MWCNTs-OCH2CO2H were favorable due to the
endothermic nature of the reaction. This may be due to the
decrease in solution viscosity, which favored external mass transfer
and diffusion of the As(V) and Mn(VII) onto the pores of the nano-
adsorbents. Furthermore, increase in temperature of the medium
resulted to increase in kinetic energy and rapid collision of As(V)
and Mn(VII) with the active surface sites of the nano-adsorbent.
This by extension improved the interaction of As(V) and Mn(VII)
with the surface functional groups of MWCNTs and MWCNTs-
OCH2CO2H respectively. Comparatively, As(V) and Mn(VII)
adsorption was higher using MWCNTs-OCH2CO2H, compared to
MWCNTs and this could be linked to the large adsorption sites from
the incorporated functional groups on the MWCNTs-OCH2CO2H.

3.4.4. Effect of pH on As(V) and Mn(VII) adsorption
pH is an important adsorption parameter that affects the solu-

bility of heavy metal ions in aqueous solutions and the activity of
the functional groups (Yang et al., 2018). The effect of pH on the
As(V) and Mn(VII) adsorption using MWCNTs and MWCNTs-
OCH2CO2H was evaluated and the result illustrated in Fig. 3d. With
the pH increase from 2 to 6, the As(V) and Mn(VII) adsorption ca-
pacity of MWCNTs increased from 418 to 525 mg/g and
357e470 mg/g, respectively. Similarly, the adsorption capacity of
As(V) and Mn(VII) increased from 552 to 633 mg/g and
487e596 mg/g using MWCNTs-OCH2CO2H as the pH was adjusted
from 2 to 6. It was also observed that beyond the pH of 6, the
adsorption of the two heavy metal ions by the nano-adsorbents
was highly negligible. The low adsorption capacity at low pH (>6)
may be attributed to the strong electrostatic repulsion between the
hydronium ions and As(V) and Mn(VII) in strong acidic conditions
which led to the protonation of oxygen containing groups (Jiang
et al., 2016). Basically, the competition at low pH prevented the
metal ions from adsorbing on the adsorption sites of the nano-
adsorbent. This process is represented in Eq. (20).

-OCH2CO2H þ H30þ eOCHCO2H3
þ þ H20 20

Furthermore, the high adsorption of As(V) and Mn(VII) at the
basic pH range may be due to low concentration of Hþ ion and less
competitionwithmetal ions for adsorption onto negatively charged
surfaces of the nano-adsorbents. The adsorptive behavior of the
two nano-adsorbent with respect to solution pH can be related to
the point of zero charge (pHPZC) which determines charge on the
surface of nano-adsorbent at a particular pH. It also aids the un-
derstanding of the possible electrostatic interactions between the
adsorbate species and the adsorbent in water. The pHPZC for the
MWCNTs and MWCNTs-OCH2CO2H was evaluated and the result
presented in Fig. 3e. As demonstrated in Fig. 3e, the pHPZC for the
MWCNTs and MWCNTs OCH2CO2H were obtained as 5 and 5.5
respectively. This indicates that the surface of the nano-adsorbents
was positively charged at pH < 5 and 5.5, depicting strong elec-
trostatic repulsion between the heavy metal ions (As(V) and
Mn(VII)) and the positively charged surface of the nano-adsorbents.
On the other hand, the MWCNTs and MWCNTs-OCH2CO2H surface
became negatively charged at pH > 5 and 5.5, thereby enhancing
the rate of As(V) and Mn(VII) adsorption onto the nano-adsorbents
due to weak electrostatic force of repulsion (Yang et al., 2018). The
results of this study shows that As(V) and Mn(VII) adsorption from
industrial chemical wastewater using MWCNTs and MWCNTs-
OCH2CO2H is highly pH dependent. Similar observation was also
made by Liu et al. (2018) in the investigation of As(V) adsorption
using ZrO(OH)2/CNTs.

3.4.5. Effect of ionic strength on As(V) and Mn(VII) adsorption
It is important to investigate the effect of ionic strength and

various electrolytes on the equilibrium adsorption capacity because
of the followings: firstly, the composition of the solutions affects
surface charge on the MWCNTs and MWCNTs-OCH2CO2H; sec-
ondly, the possibility of competition between the positive ions (K
and Na) and the metal ions (As (V) and Mn (VII)); and thirdly, high
ionic strengthmay result to the aggregation of the nano-adsorbents
(Jun et al., 2019). The impact of Ionic strength on the adsorption of
As(V) and Mn(VII) by MWCNTs and MWCNTs-OCH2CO2H was
evaluated and the result presented in Fig. 3f. As shown in Fig. 3f, the
influence of ionic strength on the As(V) and Mn(VII) adsorption on
the nano-adsorbents was very negligible. This implies that As (V)
and Mn(VII) was attracted more to the surface of MWCNTs and
MWCNTs-OCH2CO2H, than Kþ and Naþ. This may be attributed to
the monovalent nature of the electrolyte, compared to pentavalent
and heptavalent nature of the adsorates: As(V) and Mn(VII) that
would presumably have higher electrostatic attraction (Zhao et al.,
2019a, 2019b). Also, the ionic radius of As(V) and Mn(VII) are 0.46
and 0.66 Å, while the ionic radius of Kþ and Naþ are 1.55 and 0.95 Å.
Therefore, As(V) and Mn(VII) with smaller ionic radius adsorbed
more on the surface of MWCNTs and MWCNTs-OCH2CO2H because
the electrostatic interactions occurring between penta and hepta-
valence elements were much larger than those between the
adsorbent and mono valence electrolytes (Kþ and Naþ) (Jun et al.,
2019). In addition, the electronegativity value of Asþ5 (2.18) and
Mnþ7 (1.55) were higher than that of K (0.82) and Na (0.93), indi-
cating that As(V) and Mn(VII) removal was faster than Kþ and Naþ.

3.5. Adsorption isotherm

To further investigate the adsorption performance of the inter-
action of As(V) and Mn(VII) with the MWCNTs and MWCNTs-
OCH2CO2H, isotherm models such as Langmuir, Freundlich, Temkin
and D-R were employed to correlate the experimental data ob-
tained at equilibrium. The analysis of the raw industrial wastewater
revealed that the initial concentration of As(V) and Mn(VII) were
92.00 and 76.00 mg/L. After treatment, the concentration obtained
at equilibrium (Ce) for As(V) andMn(VII) was 0.13 and 0.24mg/L for
MWCNTs. Also, the Ce for As(V) and Mn(VII) using MWCNTs-
OCH2CO2H was 0.02 and 0.10 mg/L respectively. The obtained
concentrations of As(V) andMn(VII) on both nano-adsorbents were
lower than their permissible standard concentration of 0.20 and
0.50 mg/L in water by EPA and WHO (US EPA, 2012; WHO, 2017).
The fitting results of the adsorption isotherms of As(V) and Mn(VII)
ontoMWCNTs andMWCNTs-OCH2CO2H are shown in Figs. C2(a-d),
C3, C4, C5 and Table 2.

As revealed by the results, Langmuir model better described the
adsorption isotherms of As(V) and Mn(VII) on MWCNTs and
MWCNTs-OCH2CO2H than the other models based on the values of



Table 3
Comparison of maximum adsorption capacity and BET surface area for MWCNTs and MWCNTs-OCH2CO2H with various adsorbents described in the literature.

Adsorbent Heavy metal qm (mg/g) SBET m2/g Isotherm Kinetics Particle size (nm) Reference

MnFe2O4NPs As(V) 27.65 81.09 Freundlich pseudo-second order 50 MartinezeVargas et al. (2018)
Fe-MWCNTs As(V) 250 e Freundlich pseudo-first order e Alijani and Shariatinia (2017)
GACPMF As(V) 9.52 736.20 Langmuir pseudo-second order e Roh et al. (2018)
ZrO(OH)2/CNTs As(V) 124.60 126.00 Langmuir pseudo-second order 1e8 Liu et al. (2018)
GO/CuFe2O4 As(V) 124.69 e Langmuir e e Wu et al. (2018)
FeOx-GO As(V) 113.00 341.00 Langmuir pseudo-second order 5 Su et al. (2017)
FCNT-HOX As(V) 6.37 169.00 Langmuir pseudo-second order e Sankararamakrishnan et al. (2014)
Af-NPC/MnO2 As(V) 9.43 633.00 Langmuir pseudo-second order e Pathan et al. (2016)
Fe-Purnice Mn(VII) 7.14 e Langmuir e e Çifçi and Meriç (2017)
NZ Mn(VII) 31.20 112 Langmuir e e Ates and Akgül (2015)
Marine nanosediment Mn(VII) 49.20 6.26 Langmuir Pseudo-second order 40e60 Mahmoud et al. (2019)
MWCNTs As(V) 200 1250 Langmuir pseudo-second order 30 This study
MWCNTs Mn(VII) 192 1250 Langmuir pseudo-second order 30 This study
MWCNTs OCH2CO2H As(V) 250 1172 Langmuir pseudo-second order 50 This study
MWCNTs OCH2CO2H Mn(VII) 236 1172 Langmuir pseudo-second order 50 This study
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coefficient of correlation (R2) and error analysis (X2 and SSE).
Overall, Langmuir isotherm affirmed a homogenous andmonolayer
coverage by both MWCNTs and MWCNTs-OCH2CO2H, indicating
the chemisorptions behavior of the adsorption of As(V) andMn(VII)
respectively. The maximum adsorption capacity (qm) of As(V) and
Mn(VII) adsorption onto MWCNTs obtained from Langmuir
isotherm was 200 and 192 mg/g, while As(V) and Mn(VII) adsorp-
tion onto MWCNTs-OCH2CO2H was 250 and 238 mg/g respectively.
From the results of the calculated isotherm parameters in Table 2,
carboxylation greatly improved the adsorption capacity of As(V)
onto MWCNTs (200 mg/g) to 250 mg/g for MWCNTs-OCH2CO2H.

Similarly, the adsorption of Mn(VII) also increased from 192mg/
g for MWCNTs to 238 mg/g for MWCNTs-OCH2CO2H. This shows
that the presence of more functional groups on the carboxylated
MWCNTs improved the binding sites and the adsorption efficiency
of Mn(VII) on the nano-adsorbent. The observed large adsorption
capacity of As(V) over Mn(VII) on both nano-adsorbent could be
due to varying adsorption mechanisms, for instance Mn(VII) basi-
cally formed bidentate complexes, while As(V) mostly forms
monodenate complexes on the adsorbent surfacewith the hydroxyl
Table 4
Kinetic models calculated parameters for As(V) and Mn(VII) adsorption onto MWCNTs a

Kinetics Parameters MWCNTs

As(V) Mn(V

PFO qe,exp (mg/g) 214.449 ± 1.015 211.3
qe,cal (mg/g) 32.9762 ± 1.300 1915
K1 (g mg�1 min�1) �0.037 ± 0.002 �0.2
R2 0.675 0.948
SSE 33.132 311.0
X2 998.675 1515

PSO qe,cal (mg/g) 222.222 ± 1.002 217.3
K2 (g mg�1 min�1) 0.001 ± 0.0001 0.001
h0 (mg g�1 min�1) 58.14 ± 1.001 55.87
R2 1.000 0.999
SSE 1.419 1.101
X2 0.272 0.167
qe,cal (mg/g) 1801.146 ± 2.400 793.6

Elovich a (g mg�1 min�2) 1801.146 ± 2.400 793.6
b (mg g�1 min�1) 0.037 ± 0.006 0.033
R2 0.938 0.905
SSE 289.689 106.3
X2 1397.780 427.2
qe,cal (mg/g) 153.900 ± 1.300 147.2

IPD kt (g mg�1 min�1) 5.796 ± 0.004 5.796
C (mg/g) 147.280 ± 0.300 147.2
R2 0.611 0.611
SSE 11.055 11.70
X2 23.822 27.88
groups (Liu et al., 2018). Compared to the literature results shown in
Table 3, MWCNTs and MWCNTs-OCH2CO2H was found to be more
efficient adsorbents for the sorption of As(V) and Mn(VII) from
industrial wastewater.With the exception of thework of Alijani and
Shariatinia (2017) that reported maximum adsorption capacity of
250 mg/g in the adsorption of As(V) from stock solution of arsenic
as a simulated wastewater using Fe-MWCNTs, the result of this
studywas higher than the adsorption capacity reported by previous
researchers as shown in Table 3. Meanwhile, real wastewater was
used in this study which contains scavengers such as carbonates,
sulphates, phosphates, chlorides, nitrates that also compete for the
adsorptive sites with the metal ions of interest. This is however not
the case with simulated wastewater which contain none of these
scavengers and as such the adsorptive performance in the simu-
lated wastewater will be higher than real industrial wastewater.
Similarly, MartinezeVargas et al. (2018) and Alijani and Shariatinia
(2017) also reported fitness of their experimental data to Freundlich
isotherm, where as other studies collaborated with the Langmuir
isotherm model reported in this research.
nd MWCNTs-OCH2CO2H.

MWCNTs-OCH2CO2H

II) As(V) Mn(VII)

64 ± 2.020 259.683 ± 2.500 251.773 ± 2.010
.140 ± 1.200 105.974 ± 1.100 17.386 ± 1.200
15 ± 0.001 �0.078 ± 0.004 �0.023 ± 0.003

0.992 0.535
65 28.063 42.793
.740 222.944 3159.860
91 ± 1.004 263.157 ± 1.003 256.410 ± 1.001
± 0.0002 0.002 ± 0.0001 0.002 ± 0.0002
0 ± 3.002 144.930 ± 2.001 135.14 ± 1.000

1.000 1.000
0.634 0.847
0.046 0.084

91 ± 1.500 214346.840 ± 2.200 44,184.980 ± 2.300
91 ± 1.500 214346.841 ± 2.200 44,184.981 ± 2.300
± 0.004 0.050 ± 0.005 0.045 ± 0.003

0.914 0.865
18 39,086.788 8021.070
51 213,827.789 43,682,086.,8278,68268
80 ± 1.400 217.080 ± 1.200 205.820 ± 1.100
± 0.003 3.842 ± 0.002 3.842 ± 0.001
80 ± 0.400 217.080 ± 0.600 217.080 ± 0.500

0.626 0.626
0 7.778 8.390
4 8.361 10.260
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3.6. Adsorption kinetics

The experimental data obtained for the adsorption of As(V) and
Mn(VII) onto MWCNTs and MWCNTs-OCH2CO2H were fitted to the
non-linear pseudo-first order, pseudo-second order, Elovich and
intraparticle diffusion kinetic models as presented in Fig. C2(e and
f) and C6. Also, the parameters of the kineticmodels were evaluated
for the best fit based on the values obtained for the R2, SSE and X2 as
shown in Table 4.

Particularly in Table 4, pseudo-second-order kinetic model
showed best correlationwith experimental data compared to other
kinetic models as revealed by the high R2, low error (SSE and X2)
values and substantial relationship between the experimental and
calculated adsorption capacity. The adsorption of As(V) andMn(VII)
from industrial wastewater onto the MWCNTs and MWCNTs-
OCH2CO2H at the initial contact time were better described by
pseudo-second order model due to its high values of the initial
rates of adsorption (h0). Equally, the calculated k2 values confirmed
fast adsorption of As(V) and Mn(VII) onto the MWCNTs and
MWCNTs-OCH2CO2H. Meanwhile, the higher values of a compared
to the lower values of b in Elovich model suggests higher adsorp-
tion than desorption process and higher affinity of As(V) and
Mn(VII) to MWCNTs and MWCNTs-OCH2CO2H.

In intraparticle diffusion, the high values of C were attributable
to the rapid adsorption of As(V) and Mn(VII) onto the exterior
surface of MWCNTs and MWCNTs-OCH2CO2H. The evaluated ki-
netic parameters in this study suggest that the adsorption process
of As(V) and Mn(VII) by MWCNTs and MWCNTs-OCH2CO2Hwas
strongly driven by chemical interaction (Lima et al., 2019). Therein,
As(V) and Mn(VII) adsorption onto MWCNTs-OCH2CO2H showed
better adsorption parameters compared to MWCNTs due to the
effect of carboxylation process. According to the comparative study
of the literature results in Table 3, pseudo-second order kinetic
model obtained in this study agreed with the work of most re-
searchers, except Alijani and Shariatinia (2017) that reported
pseudo-first order kinetics in the adsorption of As(V) onto Fe-
MWCNTs.
3.7. Thermodynamics investigation

To analyze the thermodynamic parameters of As(V) andMn(VII)
by MWCNTs and MWCNTs-OCH2CO2H, the thermodynamic plots
are presented in Fig. C2(g and h), while the values of the calculated
parameters are shown in Table 5. As observed from Table 5, DG�

showed negative values at the various temperature ranges, which
also increased with rise in temperature.

The negative values of DG� depict the spontaneous nature of
As(V) and Mn(VII) adsorption onto MWCNTs and MWCNTs-OCH2-
CO2H, while the decrease inDG� with rise in temperature suggested
Table 5
Thermodynamic parameters for As(V) and Mn(VII) adsorption onto MWCNTs and MWCN

Heavy metal T (�C) MWCNTs

DG� (kJ/mol) DH� (kJ/mol) D

As(V) 25 �765.40 ± 1.00 263.46 ± 0.40 4
30 �971.17 ± 2.00
35 �1382.71 ± 1.20
40 �1794.25 ± 2.00
50 �2205.80 ± 1.00
25 �703.27 ± 2.00 494.09 ± 0.50 4
30 �942.74 ± 1.80

Mn(VII) 35 �1182.21 ± 1.00
40 �1421.69 ± 2.00
50 �1900.63 ± 1.00
better adsorption at elevated temperatures. Also, the positive value
for DH� indicated the endothermic nature of As(V) and Mn(VII)
adsorption by MWCNTs and MWCNTs-OCH2CO2H. In addition,
positive values of DH� implies increase in spontaneity due to As(V)/
Mn(VII) interactionwithMWCNTs andMWCNTs-OCH2CO2H during
the adsorption. It was reported that the values of DH� are in the
range of 1e40 kJ/mol for adsorption controlled by physisorption,
while the values higher than 40 kJ/mol indicate chemisorption
(Cheng et al., 2017). Therefore, the adsorption of As(V) and Mn(VII)
by MWCNTs and MWCNTs-OCH2CO2H were chemisorption
controlled because the obtained values of DH� for As(V) and
Mn(VII) adsorption by MWCNTs are 263.46 and 494.09 kJ/mol.
Similarly, 194.45 and 196.72 kJ/mol were obtained as the DH� for
As(V) and Mn(VII) adsorption onto MWCNTs-OCH2CO2H. Further-
more, positive values of DS� demonstrated increase in randomness
at the interface of As(V)/Mn(VII)-MWCNTs/MWCNTs-OCH2CO2H
solution.
3.8. Reusability

The reusability of MWCNTs and MWCNTs-OCH2CO2H in
adsorbing As(V) and Mn(VII) from industrial wastewater was
evaluated through regeneration studies. Reusability is a major
economic factor that determines the stability of adsorbents in
maintaining high adsorption capacity after several cycles of
adsorption (Jun et al., 2019). Therefore, Fig. 4a and b shows the
adsorption efficiency of MWCNTs and MWCNTs-OCH2CO2H over 6
cycles.

After the first regeneration cycle, the adsorption capacity of
As(V) and Mn(VII) by MWCNTs slightly decreased to 87 and 84%,
while As(V) and Mn(VII) adsorption by MWCNTs-OCH2CO2H
decreased to 91 and 95% respectively. These values were almost
constant up to 5 cycles. However, after the sixth adsorption cycle,
As(V) and Mn(VII) adsorption efficiency reduced further to 84 and
80% by MWCNTs and 93 and 90% by MWCNTs-OCH2CO2H respec-
tively. The decrease in adsorption capacity during the repeated
applications could be ascribed to wrapping and stacking of
MWCNTs tubes, which blocked the accessibility of As(V) and
Mn(VII) to the adsorption sites (Zhao et al., 2019a, 2019b). The
wrapped and stacked tubular structure of the regenerated
MWCNTs and MWCNTs-OCH2CO2H are shown in Fig. 4c and d. In
addition, the reduction in adsorption efficiency during the regen-
eration cycles could be traced to the dominance of the adsorption
sites by As(V) and Mn(VII), thus hindering further adsorption of
new As(V) and Mn(VII). Furthermore, the regenerated MWCNTs
and MWCNTs-OCH2CO2H oxygen content decreased to 34.39 and
32.37% respectively (Fig. E4 and E5), due to the removal of oxygen
containing group through decarboxylation. Generally, the data
collected suggests that the decrease in adsorption capacity could be
Ts-OCH2CO2H.

MWCNTs-OCH2CO2H

S� (J/mol) DG� (kJ/mol) DH� (kJ/mol) DS� (kJ/mol)

1.15 ± 0.50 �812.05 ± 1.20 194.45 ± 0.20 40.26 ± 0.40
�1013.34 ± 1.40
�1415.94 ± 2.50
�1818.54 ± 1.60
�2221.13 ± 2.00

7.89 ± 0.60 �862.03 ± 1.50 196.72 ± 0.30 42.35 ± 0.40
�1073.78 ± 2.00
�1497.28 ± 1.00
�1920.78 ± 2.20
�2344.27 ± 2.00



Fig. 4. Regeneration capacity of (a) MWCNTs; (b) MWCNTs-OCH2CO2H for adsorption of As(V) and Mn(VII); TEM image of regenerated (c) MWCNTs and (d) MWCNTs-OCH2CO2H.
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due to the remnant As(V) and Mn(VII) and loss of functional groups
containing oxygen. The decrease in adsorption capacity was
adjudged low after 6 cycles, thereby showing a remarkable reus-
ability potential for industrial wastewater treatment. Also, the used
adsorbents could be disposed after the removal of heavy metals
beyond when it could no longer be regenerated. The reusability
would reduce the operation cost of MWCNTs and MWCNTs-OCH2-
CO2H in water treatment, and also mitigate the discharge of
MWCNTs and MWCNTs-OCH2CO2H into the environment.
4. Conclusion

The optimization of the synthesis parameters of FeeNi/AC
catalyst for the growth of MWCNTs and carboxylated MWCNTs-
OCH2CO2H and for the adsorption of As(V) and Mn(VII) from in-
dustrial wastewater were investigated. The optimum yield of 92.5%
of the developed FeeNi/AC catalyst was obtained at the following
conditions: pre-calcination temperature (115 �C), pre-calcination
time (10 h), stirring speed (400 rpm) and mass of AC support
(10 g). The characterization results using TGA, FTIR and HRSEM/EDS
confirmed the suitability of the developed catalyst for CNTs
synthesis. MWCNTs and MWCNTs-OCH2CO2H was synthesized,
characterized and carboxylated for As(V) and Mn(VII) adsorption
from wastewater. BET, FTIR, TGA, XPS, HRSEM and HRTEM confirm
successful growth and grafting of carboxylic groups on the
MWCNTs-OCH2CO2H. Parametric studies indicated optimum
adsorption of As(V) and Mn(VII) occurred at contact time (60 min),
adsorbent dosage (30 mg), temperature (50 �C) and pH (6) for both
nano-adsorbents. The adsorption of As(V) and Mn(VII) was also
found to depend on the strength of the ions and nature of the
electrolytes. The adsorption isotherm and kinetic model showed
good agreement with Langmuir and pseudo-second order model
for both As(V) and Mn(VII) adsorption by MWCNTs and MWCNTs-
OCH2CO2H. Carboxylation phenomena enhanced the adsorption
capacity of As(V) from 200 to 250 mg/g and Mn(VII) from 192 to
238 mg/g. The thermodynamic result showed that As(V) and
Mn(VII) adsorption by MWCNTs and MWCNTs-OCH2CO2H was
endothermic, spontaneous and chemisorption by nature. The
reusability capabilities of MWCNTs and MWCNTs-OCH2CO2H
revealed that both nano-adsorbents can be recycled and re-useable
after 6 cycle regeneration. Future work will include utilization of
the nano-adsorbents in soil remediation of toxic heavymetals. New
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insights were revealed by the results of this study for chemical
functionalization of MWCNTs adsorbents and would create
awareness on MWCNTs linked technologies for water, air and soil
pollution.
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