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ARTICLE INFO ABSTRACT

Editor: Dong-Yeun Koh The pollution of the environment emanating from the electroplating wastewater containing cadmium, copper,
iron, nickel and lead is a universal critical issue that require efficient treatment methods. Herein, super carbon
nanotubes (CNTs) were synthesized on iron-nickel/kaolin catalyst, treated (TR-CNTs) and functionalized
(PN@TR-CNTs) as a suitable nanoadsorbent. The nanoadsorbents were characterized to confirm the properties
by several physicochemical methods such as x-ray diffraction, Fourier transform infrared spectroscopy, high
resolution scanning electron microscopy, high-resolution transmission electron microscopy, energy dispersive x-
ray and Brunauer-Emmett-Teller. The characterizations indicate successful synthesis, purification and func-
tionalization of the nanoadsorbents. The surface area of the CNTs, TR-CNTs and PN@TR-CNTs were evaluated as
583.31, 781.88 and 970.81 m? g™, respectively. The effect of pH, contact time, nanoadsorbent dosage and
temperature on the adsorption of the selected metal ions was carried out and the best conditions were obtained at
PH (5 and 6), contact time (60 min), nanoadsorbent dosage (0.4 g/L) and temperature (50 °C). Redlich-Peterson
and pseudo second-order isotherm and kinetic models best fitted the experimental data. Similarly, the metal ions
adsorption by TR-CNTs and PN@TR-CNTs were thermodynamically spontaneous. The adsorption mechanism
was dominated by pore filling and electrostatic attraction, ahead of hydrogen bonding and surface complexation.
With good reusability of 6 cycles, the nanoadsorbents can be utilized as a potential material for metal ions
removal from electroplating wastewater.
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(ID1, copper [Cu(ID)], iron [Fe(I)], nickel [Ni(II)] and lead [Pb(II)] are
particularly hazardous to human health even at low concentrations since

1. Introduction

Water is one of the most important natural resources for maintaining
human life. Several pollutants such as heavy metals, dyes and antibiotics
are regrettably entering natural water systems due to increased popu-
lation growth and industrialization [1]. For instance, the effluents from
the electroplating industry contain a variety of harmful compounds,
including solvents, cleaning products, and heavy metals [2]. When
released into the environment untreated, metals such as cadmium [Cd

they are toxic, highly mobile, and non-biodegradable [3,4]. For
instance, Cd(II) is extremely harmful to human bone, kidneys, lungs, and
is also carcinogenic [5,6]. Chronic conditions like liver and brain dam-
age, irritability, sleeplessness, nausea, and diarrhoea can be caused by
an excessive amount of Cu(I) accumulating in the body [7]. According
to reports, wastewater with an excess of Fe(II) is carcinogenic, damages
the intestinal tract, and irritates the respiratory system [8]. In addition,
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asthma, dermatitis, lung fibrosis, headaches, liver damage, brain hae-
morrhage, cardiac arrest, and carcinogenicity are all severe outcomes of
prolonged exposure to nickel [9]. Also, Pb(II) has been associated with
neurological diseases, cancer, anorexia, plumbism, anaemia, damage to
the kidney, and impairment of the brain [10]. Given these challenges,
there is an increasing global demand for the treatment of wastewater. To
achieve this, World Health Organization (WHO) have recommended the
allowable concentrations of 0.01, 1.0, 0.5, 0.07 and 0.1 mg/L for Cd(IL),
Cu(Il), Fe(II), Ni(II) and Pb(II) ions in drinking water [11].

Numerous treatment technologies, including photocatalysis [12],
membrane processes [13], coagulation/flocculation [14], reverse
osmosis [15], advanced oxidation [16], electrochemical [17], and
adsorption [18], have been used extensively in the treatment of heavy
metals in water environments. Among them, adsorption is one of the
most appealing treatment options because of its low-cost, adaptability,
simplicity of use, low production of harmful by-products, and reusability
of adsorbents [19,20]. For the treatment of wastewaters containing
heavy metals, scientists have created a range of adsorbents recently. The
majority of adsorbents, however, have a very limited adsorption ca-
pacity, and the effectiveness of their adsorption in severely acidic con-
ditions was assessed. For the treatment of wastewaters containing heavy
metals, researchers have recently created a range of adsorbents such as
agricultural waste [21], biochar [22], activated carbon [23], zeolites
[24,25], chitosan [26], carbon nanotubes (CNTs) [27] and graphene
oxides [28]. However, most of the adsorbents such as biochar, activated
carbon, zeolites and chitosan have a very limited adsorption capacity,
instability challenges at low solution pH and complex regeneration that
limits their practical application. In contrast, carbon nanotubes (CNTSs)
have been reported to have a good surface area, efficient recyclability
and high stability under low solution pH, therefore presenting an
excellent potential for practical application in wastewater treatment
[29,30]. Although the adsorption capacity of pristine CNTs is relatively
low and the adsorption rates slow due to the lack of well-developed
binding sites for the adsorption process.

To enhance the surface properties of CNTs, several strategies have
been employed for the purification and functionalization using oxida-
tion, acid treatment, metal oxyhydroxide, metal nanoparticles, poly-
amine and incorporation of different materials [31]. Among these, acid
treatment and incorporation of different materials to improve the
functional groups have been employed to enhance metal ions adsorption
capacities due to super electrostatic attraction and surface complexation
between the functional groups and the metal ions. For instance, when
modified with compounds which have the desired functionalities, CNTs
have been found to have significant improvements in high adsorption
capacity [32]. Particularly, CNTs have been used to remove various
heavy metals from simulated and industrial wastewater [33-36]. To the
best of our understanding, this study reports for the first time the
treatment and functionalization of CNTs for the comparative adsorption
of Ni(Il), Fe(I), Cu(Il), Cd(Il), and Pb(II) from electroplating industrial
wastewater.

In this study, carbon nanotubes were prepared using a chemical
vapour deposition (CVD) technique. A high-performance acid-treated
CNTs (TR-CNTs) and p-Nitrobenzoic acid functionalized CNTs (PN@TR-
CNTs) were prepared by ultrasonication. The prepared CNTs, TR-CNTs
and PN@TR-CNTs were characterized using x-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), high-resolution scan-
ning electron microscopy (HRSEM), high-resolution transmission elec-
tron microscopy (HRTEM), energy dispersive x-ray (EDX) and
Brunauer-Emmett-Teller (BET) analytical techniques. Overall, the
comparative adsorption performance of the CNTs, TR-CNTs and
PN@TR-CNTs was carried out. The effect of solution pH, nanoadsorbent
dosage, contact time and temperature on the adsorption of Ni(II), Fe(II),
Cu(ID), Cd(11), and Pb(II) was investigated. The experimental data were
fitted to the isotherm and kinetic models, while the thermodynamic
parameters were also determined.
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2. Materials and methods
2.1. Materials

All the chemicals utilized in this research were of analytical grade
and obtained from Sigma Aldrich. The chemicals used in this study are
cadmium sulphate (CdSO4), copper (II) sulphate pentahydrate
(CuS04.5H30), iron (II) sulphate heptahydrate (FeSO40.7 H20), nickel
(II) sulphate hexahydrate (NiSO4.6H20), lead (II) sulphate (PbSO4),
sodium hydroxide (NaOH), hydrochloric acid (HCI), trioxonitrate (V)
acid (HNOg), polyethylene glycol (PEG) and p-Nitrobenzoic acid with a
purity range of 95.5-99.9%. The liquid nitrogen, nitrogen gases, acet-
ylene, and argon gas were procured from the British Oxygen Company,
Nigeria. Distilled water and deionized water were used for the solution
preparations.

2.2. Fabrication of CNTs

The fabrication of CNTs involves two stages, the preparation of
catalysts and the synthesis of CNTs. In the first stage, the preparation of
bimetallic Fe-Ni catalyst assisted on kaolin support was achieved using
the wet impregnation method reported elsewhere [37]. The bimetallic
catalyst (Fe-Ni/kaolin) was synthesized by measuring 3.64 g of FeS-
04.7H20 and 5.05 g of NiSO4.6H20 into a 200 mL beaker containing
10 g of kaolin. Afterwards, 50 mL of distilled water was added to the
mixture and stirred steadily at 250 rpm on a magnetic stirrer for 30 min.
Then, the sample was oven dried 110 °C for 16 h and ground using a
mortar and a pestle. The ground samples were thereafter calcinated
using a muffle furnace at 400 °C for 10 h. The sample was allowed to
cool to room temperature, sieved through a 150 um mesh size and stored
in an airtight container labelled Fe-Ni/kaolin catalyst.

To synthesize CNTs, 1.0 g of Fe-Ni/kaolin catalyst was weighed into
a quartz crucible and placed inside a chemical vapour deposition (CVD)
furnace chamber. The argon gas flow rate was kept constant at 100 mL/
min until the desired reaction temperature of 800 °C was attained.
Thereafter, the acetylene gas flow rate was set at 250 mL/min and the
argon gas flow rate increased to 300 mL/min until a reaction time of
60 min. In the end, the furnace was cooled to room temperature, while
the weight of the produced CNTs was weighed and recorded as reported
previously [37].

2.3. Purification and functionalization of CNTs

The synthesized CNTs were treated to remove catalyst impurities and
other amorphous carbon. Particularly, 20 mL of HNO3 and 60 mL of HCl
(v/v 1:3) were mixed before the addition of 20 g of the synthesized
CNTs. The mixture was stirred and sonicated at 40 °C for 90 min using
ultrasonic bath to remove impurities and introduce an oxygen group to
the CNTs surface. Thereafter, the mixture was steadily washed with
deionized water and filtered using Whatman No. 42 filter paper until pH
7 was achieved. The obtained residue was dried in the oven at 110 °C for
12 h and stored in a sample bottle labelled TR-CNTs.

Furthermore, the TR-CNTs were functionalized by adding PEG
(20.50 g, 512.50 mmol) and p-Nitrobenzoic acid (10.0 g, 60 mmol) to a
20 g of TR-CNTs contained in a 250 mL conical flask. Thereafter, the
sample was placed in a sonication bath at 40 °C for 1 h for effective
reaction with the surface structures of TR-CNTs. Afterwards, the ob-
tained product was separated by centrifugation before the oven drying
at 110 °C for 12 h. The obtained functionalized CNTs were stored in a
safe container and labelled PN@TR-CNTs.

2.4. Characterisation of materials
The obtained CNTs, TR-CNTs and PN@TR-CNTs were characterised

using X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), high-resolution scanning microscopy (HRSEM), High-Resolution
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transmission electron microscopy (HRTEM) and Brunauer Emmett
Teller (BET) methods. The X-ray diffraction analysis was investigated on
the samples using a Buker AXS D8 diffractometer. The diffractometer
was equipped with a Cu Ka radiation source which functions in the range
of 10-90°. The functional groups were performed using a Perkin Elmer
spectrum FTIR spectrometer, USA. The spectra recorded for the samples
are in the range of 4000-500 cm™!. The morphology was examined by
Zeiss Auriga HRSEM coupled with energy dispersive x-ray (EDX) and the
microstructure was analysed by Zeiss Auriga HRTEM at an operating
condition of 5 kV. The surface area and porosity were achieved using the
Sorptometric 1990 Thermo Fisher Scientific Inc BET model.

2.5. Selected metal ions analysis

To investigate the adsorption effectiveness of the prepared nano-
adsorbents, electroplating industry wastewater was collected from
Minna, Niger State Nigeria. By using atomic adsorption spectrometry
(AAS, PG 990, PG Instruments, UK), the residual metal ions concentra-
tion in the electroplating wastewater was determined as 18.40 mg/L for
Cd(ID), 20.39 mg/L for Cu(Il), 19.52 mg/L for Fe(Il), 23.70 mg/L for Ni
(ID) and 30.35 mg/L for Pb(II). To obtain an initial metal ion concen-
tration of 0.1 g/L, each stock solution of the metal ions was prepared
using 0.25 M of CdSO4 (52.12 g), CuSO4.5H20 (39.90 g), FeSO4.7H2,0
(37.98 g), NiSO4.6H,0 (38.69 g) and PbSO4 (75.82 g) in a litre of
distilled water. In all the supernatant preparations, a water bath
(SB25-12DT, Scientz) was utilized before filtration using Whatman No.
1 filter paper and the subsequent determination of the residual metal
ions concentrations using the AAS method.

2.6. Batch adsorption study

Initially, the comparison of the removal efficiencies of CNTs, TR-
CNTs and PN@TR-CNTs towards the selected CA(II), Cu(Il), Fe(II), Ni
(ID and Pb(II) ions was conducted at constant pH (7), contact time
(20 min), temperature (30 °C), initial metal concentration (0.1 g/L) and
at different nanoadsorbent dosage (0.1, 0.2, 0.3, 0.4 and 0.5 g/L).
Thereafter, TR-CNTs and PN@TR-CNTs with a higher adsorption ca-
pacity compared to CNTs were further applied to study their adsorption
capacities towards Cd(II), Cu(Il), Fe(II), Ni(Il) and Pb(II) ions from
electroplating wastewater in a batch adsorption experiment.

Overall, the batch adsorption study was examined at various pH (2,
3, 4,5, 6,7 and 8), contact times (10, 20, 30, 40, 50, 60 and 120 min),
nanoadsorbent dosage (0.1, 0.2, 0.3, 0.4 and 0.5 g/L) and temperature
(30, 35, 40, 45 and 50 °C). Briefly, 0.1 g/L each of TR-CNTs and PN@TR-
CNTs were measured in a 250 cm® conical flask containing 50 mL of
electroplating wastewater. The flask was corked and the mixture was
shaken at different pH, contact times, nanoadsorbent dosage and tem-
peratures using each of the TR-CNTs and PN@TR-CNTs. All adsorption
tests were performed in triplicates and the average was recorded. At the
end of the variations of pH, contact time, nanoadsorbent dosage and
temperature, the solutions were filtered using Whatman No. 42 filter
paper and the filtrate was analysed by atomic absorption spectrometry
(AAS, PG 990, UK) to determine the residual concentrations of Cd(II), Cu
(ID), Fe(ID), Ni(II) and Pb(II) ions.

The percentage removal (%) and adsorption capacity, q. (mg/g) of
the TR-CNTs and PN@TR-CNTs adsorbents were calculated using Eqs.
(1) and (2) [38,39], respectively.

Removal rate = G-C x 100 (@]
0
V(Cy — Ce)
=———=x100 2
e W X (2)

where Cy (mg/L) indicate the initial concentration of the metal in the
wastewater, C. (mg/L) refers to the residual concentration of the metal
ions, W is the mass of the TR-CNTs and PN@TR-CNTs adsorbents (mg)
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and V is the volume of effluent (mL).

2.7. Reusability analysis

In this study, a regeneration study was carried out to evaluate the
restoration of the retention capacity of TR-CNTs and PN@TR-CNTs to-
wards the target pollutants. For this purpose, 0.1 M of NaOH and
0.1 M H3SO4 were used as a regeneration eluent to achieve metal ions
release and practicability of reusability. Typically, 0.4 g/L of TR-CNTs
and PN@TR-CNTs were introduced to a 0.1 g/L of the metal ions con-
centration and stirred vigorously at 50 °C for 1h. The reusability
effectiveness (R, %) investigation was repeated consecutively for six
cycles, while the reusability capacity was calculated using Eq. (3) [40].

Re(%) _ C()C_ Ce

0

x100 3

2.8. Statistical functions

Herein, the statistical experimental analysis was repeated in tripli-
cate, while the isotherm, kinetic and thermodynamic constants were
estimated at a 95% confidence level using Origin 2015 software. The
evaluation of the experimental data fitness to the mathematical model
was explored in this study by the determination coefficient (R%) and the
sum of square error (SSE) using the mathematical expressions presented
in Egs. (4) and (5) [41].

Z’r::l (qe.exp - qe.cal)z

R =1- n 2
Yot (Qeexp = Qecexp)

4

SSE = Z(qe,exp - qe.cal)2 (5)

whereby q. ., and q., in (mg/g) refer to the experimental and calcu-
lated adsorption capacity at equilibrium, respectively.

3. Results and discussion
3.1. Characterization of materials

3.1.1. XRD analysis

The crystallographic structures of CNTs, TR-CNTs and PN@TR-CNTs
were investigated by XRD patterns. As shown in Fig. la, three sharp
diffraction patterns of CNTs were revealed at 2 Theta values of 26.52°,
44.50° and 51.60°. The determined XRD patterns showed correspon-
dence to the graphite crystal planes of (002), (200) and (102), respec-
tively [42]. The main diffraction patterns of the nanoadsorbents
effectively matched the simulated peaks from the crystallographic in-
formation file [43,44]. The diffraction peak with the miller index (002)
corresponds to hexagonal graphite and also referred to the spacing be-
tween graphite carbon layers. The diffraction patterns of the nano-
adsorbents clearly showed that the structure of the CNTs was
significantly retained even after acid purification and functionalization
using PEG and p-Nitrobenzoic acid. Also, another small peak identified
at 74.75° on the CNTs, TR-CNTs and PN@TR-CNTs which may be
attributed to the presence of carbon. However, the crystalline peaks
identified on the TR-CNTs and PN@TR-CNTs at 67.91° may be linked to
the acid treatment effect of the nanoadsorbents. Remarkably, diffraction
patterns occurrence at 21.72°, 37.73°, 38.66° and 60.02° on the
PN@TR-CNTs may be due to the functionality modifications of the
crystalline structure by PEG and p-Nitrobenzoic acid. The determined
average crystallite sizes of 16.96, 22.32 and 30.77 nm were obtained for
CNTs, TR-CNTs and PN@TR-CNTs using the Debye-Scherrer equation
[45].

3.1.2. FTIR analysis
The information on the characteristic functional groups of the CNTs,



A.S. Abdulkareem et al.
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Fig. 1. (a) XRD diffraction patterns and (b) FTIR spectra of CNTs, TR-CNTs and
PN@TR-CNTs.

TR-CNTS and PN@TR-CNTs were identified by FTIR spectra and the
results are presented in Fig. 1b. As can be seen in Fig. 1b, there were
remarkable differences between the occurrence of the peaks on CNTs,
TR-CNTS and PN@TR-CNTs. According to the results, the characteristic
peak at 870, 776 and 755 em™! for CNTs, TR-CNTS and PN@TR-CNTs
were assigned to the C-H bending vibrations of the alkane and aro-
matic groups. Furthermore, the absorption peaks common to the
nanoadsorbents were identified at 1070, 1550 and 3520 cm™!, which
were attributed to the alkoxy C-O, C=C stretch and O-H stretch due to
alcohol. The C-H bending vibrations that occurred at 1400 cm ™! on the
CNTs shifted to lower wavenumber (1340 cm ') after acid treatment on
the TR-CNTs but reappeared with reduced intensity on the
PN@TRCNTs. Particularly, the peak at 1700 em™! defined on the
PN@TR-CNTs corresponds to the C=O stretching vibrations of the
carboxylic acid that emanated from the free azobenzene dicarboxylic
acid [46]. Above all, the absence of this peak on the CNTs and TR-CNTs
indicates that PN@TR-CNTs were successfully prepared. The presence of
other peaks vibrations on CNTs at 2068, 2266 and 2988 cm™! were
assigned to the stretching vibrations of C=C, C=N and C-H bonds. On
the TR-CNTs, the presence of peaks at the wavenumber of 2000, 2220,
2601 and 3055 cm™! were assigned to the C=0, C=N, C-H and O-H
groups due to the acid treatment. The vibrations at 2965, 3174 and
3368 cm™! on the PN@TR-CNTs were attributed to C-H and O-H
stretching bands attributed to the functional presence of PEG and
p-Nitrobenzoic acid. These results proved successful synthesis of CNTs,
acid purification of TR-CNTs and surface functionalization of the
PN@TR-CNTs using PEG and p-Nitrobenzoic acid for enhanced
carbonyl, carboxyl and hydroxyl functional groups towards the
adsorptive removal of the metal ions from electroplating wastewater.
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3.1.3. Morphological analysis

The HRSEM micrographs of the CNTs, TR-CNTS and PN@TR-CNTs
shown in Fig. 2(a,b,c) provided the morphologies and network
structures.

As shown in Fig. 2(a,b,c), the nanoadsorbents showed rough, spongy,
non-uniform and agglomerated clusters of carbonaceous material on the
networked tubular surface. It is evident in Fig. 2b that a rougher surface
and larger diameter of TR-CNTs compared to CNTs in Fig. 2a, thereby
leading to reduction in diameter uniformity. Remarkably, the surface of
TR-CNTs is smoother due to acid functionalization, while the surface of
PN@TR-CNTs (Fig. 2¢) revealed a networked surface coverage by a thin
layer and the associated diameter increment [47]. In Fig. 2b, the aligned
smooth surface of TR-CNTs was attributed to the removal of impurities
and amorphous carbon through the purification process. The HRSEM of
PN@TR-CNTs presented in Fig. 2c indicated clear, aggregated and net-
worked tubes of different diameters with the presence of whitish parti-
cles that showed successful incorporation of carboxylic functional
groups on the networked surface matrix of the PN@TR-CNTs. The
observed surface aggregation of the nanoadsorbents may be attributed
to the rough surface adsorption of the tubular networks [44]. As can be
seen after functionalization, the diameter of the CNTs obtained
increased significantly due to the wrapping of the additional functional
group such as C=0, C-O, O-H, C-N and C-H by the CNTs. In general, the
diameters of the nanoadsorbents were evaluated in the range of
15-100 nm.

3.1.4. Microstructural analysis

Further investigation of the microstructure of CNTs, TR-CNTs and
PN@TR-CNTs was conducted by HRTEM. The results of the corre-
sponding microscopic image of the nanoadsorbents are shown in Fig. 2
(d,e,f). As can be seen in Fig. 2d, the presence of a dense black-coloured
spot suggested the occurrence of amorphous carbon and residual par-
ticles from kaolin-supported catalysts. However, after acid treatment,
the carbonaceous material and other impurities present on the surface of
CNTs were significantly reduced (Fig. 2e). Above all, the functionalized
PN@TR-CNTs revealed a dark spot due to the incorporated p-Nitro-
benzoic acid encapsulated within the tubular structures of CNTs. Hence,
it can be intuitively adjudicated that TR-CNTs modified p-Nitrobenzoic
acid was successfully fabricated with an average particle size of
30.50 nm.

3.1.5. Elemental analysis

The EDS of the CNTs, TR-CNTs and PN@TR-CNTs showing the
compositions of elements are depicted in Fig. S1(a,b,c) (Supplementary
material). As can be seen in Fig. S1(a,b,c) the presence of the C, O, AL Si.
Fe and Ni are provided in percentage elemental composition. In all CNTs
spectra, the amount of carbon was higher than other elements which
confirms that graphite is the predominant component of the nano-
adsorbent. Typically, the carbon content in CNTs (81.23%) increased to
84.55% and 94.18% after purification and functionalization. The
occurrence of Al, Si, O, Fe and Ni in the CNTs was from kaolin support
and Fe/Ni catalyst used for the CNTs synthesis (Fig. Sla). Also, the
reduction in the percentage composition of the impurities was evident
after purification (Fig. S1b) and functionalization (Fig. S1c). This sug-
gests that purification and functionalization effectively removed impu-
rities and enhanced surface functional moieties that are beneficial to the
effectiveness of the nanoadsorbents in wastewater treatment. In addi-
tion, a sharp increase was demonstrated by the oxygen peak for CNTs,
TR-CNTs and PN@TR-CNTs after purification and functionalization due
to the acid treatment and incorporation of functional groups.

3.1.6. Surface properties analysis

The specific surface area, pore volume and pore size of the CNTs, TR-
CNTs and PN@TR-CNTs were measured by the Ny adsorption method.
According to the results, 583.31 m? g1, 0.2963 cm® g ! and 16.83 nm
were obtained as the surface area, pore volume and pore size of CNTs,
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Fig. 2. HRSEM patterns of (a) CNTs; (b) TR-CNTs; (c) PN@TR-CNTs; HRTEM patterns of (d) CNTs; (e) TR-CNTs and (f) PN@TR-CNTs.

while TR-CNTs showed the surface area, pore volume and pore size of
781.88 m? g1, 0.325 cm® g7}, 22.04 nm. The observed higher surface
area of TR-CNTs over CNTs may be linked to successful the acid puri-
fication technique that removed amorphous carbon and unreacted
metallic impurities, thereby opening both CNTs end caps and sidewalls
[48,49]. Furthermore, the functionalized PN@TR-CNTs showed a sur-
face area, pore volume and pore size of 970.81 m? g™, 0.346 cm® g~?
and 31.21 nm. The observed increment in the surface properties of
PN@TR-CNTs after functionalization may be attributed to the incorpo-
ration of additional functional groups into the networked tubular
structure of CNTs. The surface properties of the nanoadsorbents fol-
lowed the incremental trend of PN@TR-CNTs > TR-CNTs > CNTs. This
indicates greater availability of interfacial area and active sites for the
occurrence of nanoadsorbent/metal ions interaction that enhances the
removal of metal ions from wastewater in PN@TR-CNTs CNTs compared
to TR-CNTs and CNTs. Importantly too, the pore sizes of the nano-
adsorbents were in the mesoporous range of 2-50 nm, thus signifying
that the materials are mesoporous in nature. The results of the surface
properties of CNTs, TR-CNTs and PN@TR-CNTs showed successful pu-
rification and functionalization of the nanoadsorbents, thereby corre-
sponding with the XRD patterns, FTIR spectrum, HRSEM and HRTEM
micrographs.

3.2. Performance comparison of the nanoadsorbents

Herein, CNTs, TR-CNTs and PN@TR-CNTs were all examined for the
comparison of Cd(II), Cu(ll), Fe(II), Ni(Il) and Pb(II) removal perfor-
mance. The adsorption capacities of Cd(II), Cu(Il), Fe(II), Ni(I) and Pb
(II) for CNTs, TR-CNTs and PN@TR-CNTs are shown in Fig. 3(a,b,c) at
various nanoadsorbent mass. From Fig. 3c, it is evident that PN@TR-
CNTs recorded highest adsorption capacity of 160.08 mg/g for Cd(II),
201.86 mg/g for Cu(Il), 170.60 mg/g for Fe(Il), 226.00 mg/g for Ni(II)
and 250.39 mg/g for Pb(II) compared to Cd(II) (142.71 mg/g), Cu(Il)
(164.99 mg/g), Fe(ll) (152.67 mg/g), Ni(ll) (198.89 mg/g), Pb(Il)
(224.59 mg/g) and Cd(II) (100.39 mg/g), Cu(Il) (150.89 mg/g), Fe(Il)
(125.34 mg/g), Ni(Il) (179.93 mg/g), Pb(Il) (198.49 mg/g) obtained for
TR-CNTs (Fig. 3b) and CNTs (Fig. 3a) respectively at adsorbent mass of
0.5 g/L. According to this finding, PN@TR-CNTs were more effective in
the removal of the metal ions from electroplating industry wastewater,
followed by TR-CNTs and CNTs. The remarkable greater specific surface
area of PN@TR-CNTs compared to TR-CNTs and CNTs may be ascribed
to the higher effectiveness in the removal of the metal ions. Additionally,
the introduction of further carbonyl, carboxyl and hydroxyl functional
groups through treatment and functionalization in the case of TR-CNTs
and PN@TR-CNTs may be attributed to the observed increased reac-
tivity towards the metal ions and their eventual elimination from the
wastewater [50]. The increased number of active sites accessible for
adsorption is connected to the observed enhanced metal ions adsorption
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PN@TR-CNTS and (f) zeta potential of TR-CNTs and PN@TR-CNTs.

capacity with the increasing nanoadsorbent mass. Further adsorption
studies for the metal ions removal from wastewater were carried out
using TR-CNTs and PN@TR-CNTs due to their higher adsorption ca-
pacities compared to the pristine CNTs.

3.3. Adsorption studies

3.3.1. Effect of pH

Overall, one of the key factors significantly impacting the adsorption
process is the initial pH of the metal ions solution. This is because it
affects interactions between the surface species of the nanoadsorbent

and the adsorbate ions as well as the charged species that will form at the
surface of the nanoadsorbent. Fig. 3(d,e) illustrates how initial solution
pH affects TR-CNTs and PN@TR-CNTs ability to remove Cd(II), Cu(Il),
Fe(II), Ni(II) and Pb(II) from wastewater. The Cd(II), Cu(II), Fe(II), Ni
(II), and Pb(II) adsorption capacity of TR-CNTs and PN@TR-CNTs was
significantly decreased within the pH range of 2-4, whereas a consid-
erable increase in adsorption capacity was achieved within the range of
pH 4-6. It is evident from the results that the maximum adsorption ca-
pacities of 118.50, 164.14 and 138.20 mg/g for Cd(II), Cu(II) and Fe(II)
were obtained at pH 6 using TR-CNTs, while 128.80, 175.35 and
152.27 mg/g of the metal ions were achieved at the same pH. In
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contrast, the maximum adsorption capacities for Ni(II) and Pb(II) ions
were obtained as 210.38 and 292.36 mg/g using TR-CNTs, while that of
PN@TR-CNTs are 219.27 and 296.28 mg/g, respectively when the pH
was 5.

The pHpzc of TR-CNTs and PN@TR-CNTs was determined to be 4.5
and 5, as shown in Fig. 3f, indicating that the surface of the nano-
adsorbents exhibits electropositivity (protonated) at pH levels below 4.5
and 5, while being negatively charged (deprotonated) at pH levels above
4.5 and 5. Due to electrostatic repulsion ascribed to interactive
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competitiveness between protons (H") and metal ions, positive metal
ions are unfavourable for interacting with the positively charged surface
of nanoadsorbents at pH < pHpzc [10]. Nevertheless, this unfavourable
effect gradually decreases as pH increases, leading to enhanced
adsorption. Therefore, at higher pH levels (pH > 4.5/5) the negatively
charged (deprotonated) surface of the adsorbent favours greater metal
ions removal efficiency. The trend of this result demonstrates that the
adsorption process is significantly influenced by repulsive electrostatic
forces [51]. At pH levels above 5 and 6, the potential for Ni(II), Pb(ID),

350

300 |

N

i

S
T

[

(=

S
T

Adsorption capacity (mg/g)
2

100k Cd(n
A —o— Cu(ll)
50 Fe(Il)
ol —— Ni(Il)
I —o— Pb(Il)
1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 20 40 60 80 100 120 140
Contact time (min)
350 F
300
%
oh L
2250
2200 F
3
§150
§ 100k —e—Cd(ID)
& —e— Cu(ID)
Z 50 —e— Fe(Il)
< ol —e—Ni(Il)
—e— Pb(II)
1 n 1 1

" 1 " 1 n 1 n "
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Nanoadsorbent dosage (g/L)
400

l

©

w

(=]
T

©

(=

(=]
T

y-

A 4

e 2l
R E 4l
q v

[}

[9Y

S

T
1o

Xk

2 N

1 Y S

E B S

Adsorption capacity (mg/g)
g
\ ‘ W
.
; ,

t

—A&— Cd(I)

—v— Cu(ID)

—<—Fe(Il)

—>—Ni(II)

—&— Pb(1)

" 1 N 1 " 1 " 1 " 1 " 1 " 1 "
303 306 309 312 315 318 321 324

Temperature (K)

—_

wn

(=]
T

C

—_

(=

(=]
T

w
(=]
T

Fig. 4. The effect of nanoadsorbent dosage on the adsorption of Cd(II), Cu(II), Fe(I), Ni(II) and Pb(II) using (a) TR-CNTs and (b) PN@TR-CNTS (conditions: pH of 5
(Ni(II) and Pb(II)) and 6 (Cd(II), Cu(Il) and Fe(II)), contact time of 30 min and temperature of 303 K); the effect of contact time on the adsorption of Cd(II), Cu(Il), Fe
(ID, Ni(1I) and Pb(II) using (c) TR-CNTs and (d) PN@TR-CNTS (conditions: pH of 5 (Ni(II) and Pb(II)) and 6 (Cd(1I), Cu(Il) and Fe(II)), nanoadsorbent dosage of 0.4 g/
L and temperature of 303 K); the effect of temperature on the adsorption of Cd(II), Cu(Il), Fe(Il), Ni(II) and Pb(II) using (e) TR-CNTs and (f) PN@TR-CNTS (con-
ditions: pH of 5 (Ni(II) and Pb(II)) and 6 (Cd(II), Cu(Il) and Fe(Il)), nanoadsorbent dosage of 0.4 g/L and contact time of 60 min).
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Cd(ID), Cu(Il) and Fe(II) oxyhydroxide precipitation on the surface of the
nanoadsorbents may have caused a minor reduction in removal effec-
tiveness. This finding confirms that the optimal removal of Ni(II) and Pb
(II) by TR-CNTs and PN@TR-CNTs, was accomplished at pH 5, while
that of Cd(II), Cu(Il), and Fe(II), was better removed at pH 6.

3.3.2. Effect of contact time

In this study, the effect of contact time on the adsorption capacity of
Cd(I), Cu(II), Fe(II), Ni(II) and Pb(II) using TR-CNTs and PN@TR-CNTs
was varied for 10, 20, 30, 40, 50, 60, 90 and 120 min at a constant pH (5
(for Ni(II) and Pb(II)) and 6 (for Cd(II), Cu(Il) and Fe(Il)), adsorbent
dosage (0.4 g/L) and temperature (303 K). The result presented in Fig. 4
(a,b) revealed a rapid removal of the metal ions within the first 30 min
which was attributed to the availability of a large number of binding
sites at this period. Particularly, the defensive force between the free
metal ions in the adsorbate solution and the adsorbed metal ions on the
surface of the TR-CNTs/PN@TR-CNTs may decline the availability of
the binding sites on the nanoadsorbents [51]. The adsorption of the
metal ions increased gradually after 30 min until equilibrium saturation
was attained at 60 min for both TR-CNTs and PN@TR-CNTs. Notably,
the TR-CNTs adsorption capacity for Cd(II), Cu(Il), Fe(II), Ni(II) and Pb
(I) at the saturation stage were 130.88, 178.84, 152.67, 222.91 and
298.40 mg/g. On the other hand, a higher adsorption capacity of
147.57, 183.88, 169.25, 229.97 and 304.92 mg/g were achieved for Cd
(ID), Cu(1n), Fe(1I), Ni(II) and Pb(II) using PN@TR-CNTs after 60 min.
Beyond the contact time of 60 min, no observable increment was evident
for all the metal ions using both nanoadsorbents.

It is evident in this study that PN@TR-CNTs removed all metal ions
better than TR-CNTs at different contact times and may be ascribed to
the abundant carboxyl, carbonyl and hydroxyl functional groups
incorporated onto the nanoadsorbent through functionalization. Also,
the removal of Pb(I) and Ni(II) was higher compared to Cu(II), Fe(II)
and Cd(II) at each experimental condition. Particularly, the removal
differences of these metal ions may be due to their variations in elec-
tronegativity and ionic radius [52]. The electronegativity of the metal
ions in this study is 1.69 for Cd(II), 1.90 for Cu(Il), 1.83 for Fe(Il), 1.91
for Ni(II) and 2.33 for Pb(II), while their ionic radius is 0.78 A for cd(n,
0.73 A for Cu(lI), 0.64 A for Fe(II), 0.55 A for Ni(II0 and 0.98 A for Pb
(ID) [53-55]. Metal ions with greater electronegativity levels and smaller
ionic radii adsorb more quickly than those with lower electronegativity
levels and larger ionic radii [56]. The adsorption trend of the nano-
adsorbents towards the metal ions followed the electronegativity levels,
whereby the adsorption capacity followed the trend Pb(II)>Ni(II)>Cu
(ID>Fe(ID)>Cd(II). It is evident that higher electronegativity Pb(II), Ni
(ID), and Cu(II) ions had better access to the pores of nanoadsorbents and
increased removal efficiency than Fe(II) and Cd(Il), respectively. The
removal of the metal ions was, however, favoured by a smaller ionic
radius, except for Cu(Il), which was eliminated before Fe(II).

3.3.3. Effect of nanoadsorbent dosage

The influence of nanoadsorbent dosage of TR-CNTs and PN@TR-
CNTs on the removal of Cd(II), Cu(Il), Fe(Il), Ni(Il) and Pb(Il) at a
temperature of 30 °C is depicted in Fig. 4(a,b). From the experimental
results in Fig. 4c, it can be concluded that Cd(II), Cu(II), Fe(II), Ni(I) and
Pb(Il) adsorption capacity increased from 76.21 to 147.60 mg/g,
137.43-182.82 mg/g, 109.15-165.30 mg/g, 177.44-226.33 mg/g and
231.74-292.85 mg/g with respect to increment in TR-CNTs nano-
adsorbent dosage from 0.1 to 0.4 g/L at the initial metal ions concen-
trations of 50 mg/L, contact time of and pH of 5 (Ni(II), Pb(II)) and 6 (Cd
(ID), Cu(Il), Fe(II)). Similarly, it can be seen in Fig. 4d that the adsorption
capacities of Cd(1I), Cu(Il), Fe(II), Ni(II) and Pb(Il) increased from 82.84
to 164.44 mg/g, 175.24-233.12 mg/g, 114-194.24 mg/g,
228.72-283.47 mg/g and 286.75-332.43 mg/g as the PN@TR-CNTs
nanoadsorbent dosage was increased from 0.1 to 0.4 g/L. Noticeably,
a further increase in both nanoadsorbent dosages to 0.5 g/L resulted in a
minimal decline in the adsorption capacity of the metal ions. The
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removal efficiency increases with the increase in nanoadsorbent dosage
due to a high number of absorption sites [57]. However, further increase
beyond a certain level saturated the available adsorption sites, reducing
the adsorption [58]. Similar results were observed to remove metal ions
using functionalized chitosan and spent lithium-ion battery as adsor-
bents [10,59]. The theory of available adsorption sites explained the
results of the adsorption. The higher surface area of PN@TR-CNTSs over
TR-CNTs provides ample adsorption sites for increased adsorption effi-
ciency toward the metal ions removal.

3.3.4. Effect of temperature

In this study, the influence of temperatures (303, 308, 313, 318 and
323 K) on the adsorption capacity of TR-CNTs and PN@TR-CNTs for Cd
(I, Cu(Il), Fe(II), Cd(II) and Pb(II) adsorption is displayed in Fig. 4(e,f).
According to the results, an increase in metal ions adsorption was
observed from 184.50 to 196.65 mg/g for Cd(II), 251.05-262.64 mg/g
for Cu(ll), 211.70-222.48 mg/g for Fe(Il), 312.05-316.27 mg/g for Ni
(II) and from 348.88 to 349.37 mg/g for Pb(II) with solution tempera-
ture increase from 303 to 323 K using TR-CNTs. Similarly, an increasing
trend in the adsorption capacity of PN@TR-CNTs for Cd(II), Cu(Il), Fe
(I1), Cd(11) and Pb(II) adsorption was observed to increase from 188.28
to  211.60mg/g, 273.46-294.05mg/g,  227.91-246.95 mg/g,
322.21-330.66 mg/g and 380.98-382.12 mg/g, respectively, with
increasing solution temperature from 303 to 323 K. The increasing trend
of the adsorption capacity with temperature elevation indicates that the
removal of the metal ions on both nanoadsorbents was endothermic and
spontaneous due to enhanced interaction between the metal ions and
the nano adsorbent that increased the kinetic energy and elevated
mobility of the metal ions for increased diffusion to the surface of TR-
CNTs/PN@TR-CNTs [57,60]. Additionally, more active sites and pores
were activated on the surfaces of TR-CNTs and PN@TR-CNTs at higher
temperatures, which may be ascribed to the possible surface impurities
removal with increasing temperature [46]. The obtained result is
consistent with earlier findings on the adsorption of Cd(II), Cu(Il), Fe(Il),
Ni(II), and Pb(II) onto various adsorbent materials [61-65].

3.4. Isotherm studies

The adsorption isotherms can show how the adsorbed Cd(II), Cu(ll),
Fe(II), Ni(II), and Pb(II) are distributed across the solid and liquid phases
on the achievement of equilibrium adsorption state. Four adsorption
isotherm models were used in this study to fit the experiment results,
including Langmuir, Freundlich, Redlich-Peterson, and Sips (Langmuir-
Freundlich). The four model equations were presented in Table 1,
whereas Fig. 5 showed the results of the nonlinear regression fitting and
Table 1 identified the pertinent parameters. As can be seen from the
results, all of the isotherm models provided a good fit to the experi-
mental data of the metal ions. However, the comparison for the best fit
was based on the sum of square errors (SSE) and coefficient of deter-
mination (R?) presented in Table 1. For a more thorough assessment of
the models goodness of fit, the error functions for the analyzed isotherm
models were generated and the findings are shown in Table 1. It had
been reported previously that error analysis of the nonlinear forms of the
models provided a more accurate way to calculate the isotherm pa-
rameters [66]. The Redlich-Peterson model fits the experimental data
more closely than other models when comparing the four isotherm
models, because of their greater R? and lower SSE values. For
Redlich-Peterson and Sips models, it suggested that metal ions removal
was not ideal monolayer adsorption, but a combination of physisorption
and chemisorption processes that demonstrate the heterogeneity of Cd
(1), Cu(ID), Fe(II), Ni(1I) and Pb(II) adsorption on the surface of TR-CNTs
and PN@TR-CNTs. Overall, the obtained trend of the goodness of fit is
Redlich-Peterson > Sips > Langmuir > Freundlich.
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Table 1
Adsorption isotherm constants for the adsorption of metal ions by TR-CNTs and PN@TR-CNTs.
Model/Mathematical Expression Adsorbent Parameters Cd (I Cu (I Fe (II) Ni (I1) Pb (I1)
Langmuir TR-CNTs qm(mg/g) 170.911 202.604 191.571 227.536 319.230
9, KLCe Ky, (L/mg) 5.023 22.088 14.017 26.942 47.033
de =1 + K. Ce R? 0.984 0.985 0.986 0.989 0.990
SSE 0.052 0.064 0.047 0.051 0.085
PN@TR-CNTs qm(mg/g) 224.072 261.530 243.070 306.499 351.251
Ky (L/mg) 6.740 22.925 10.114 31.450 46.023
R? 0.988 0.97 0.985 0.989 0.993
SSE 0.055 0.080 0.085 0.070 0.092
Freundlich TR-CNTs ng 2.252 5.873 4.170 6.952 9.981
1 Ky (mg/g)/(L/mg)/" 210.793 212.291 201.942 257.990 329.070
q. = KFCeH R? 0.981 0.984 0.982 0.985 0.987
SSE 1.324 1.504 1.217 1.032 1.170
PN@TR-CNTs ng 2.633 6.261 3.392 7.950 10.934
Ky (mg/g)/(L/mg)"/™ 229.880 272.011 253.891 318.063 366.012
R? 0.983 0.985 0.984 0.987 0.986
SSE 1.022 1.240 1.433 1.701 1.650
Redlich-Peterson TR-CNTs qrp 163.091 197.990 160.432 270.223 314.360
~ qrpKreCe Kgp (L/mg) 47.913 30.890 32.524 21.990 14.512
9 T T3 (KepCo)" n 0.812 0.443 0.482 0.402 0.233
R? 0.992 0.995 0.993 0.996 0.997
SSE 0.003 0.005 0.002 0.001 0.002
PN@TR-CNTs drp 129.892 209.341 183.604 260.392 357.160
Krp(L/mg) 25.474 15.220 20.302 13.174 9.754
n 0.592 0.582 0.651 0.520 0.381
R? 0.991 0.997 0.995 0.998 0.999
SSE 0.004 0.006 0.001 0.008 0.005
Sips TR-CNTs gs (mg/mg) 182.080 218.974 200.492 219.511 328.042
qs(KsCe)" Ks (L/mg) 0.140 0.161 0.242 0.141 0.093
de = 1 KsCo) n 1.040 1.682 1.451 1.380 1.032
R? 0.989 0.991 0.988 0.993 0.995
SSE 0.041 0.032 0.025 0.045 0.013
PN@TR-CNTs gs(mg/mg) 228.46 270.99 239.48 317.05 361.00
Ks (L/mg) 0.381 0.160 0.301 0.132 0.090
n 1.410 1.022 14.412 1.023 1.004
R? 0.990 0.995 0.992 0.995 0.996
SSE 0.017 0.011 0.020 0.018 0.010

where ge (mg/g) is the amount of metal ions adsorbed at equilibrium; Ce (mg/L) is the metal ions concentration at equilibrium; KL (L/g) is the Langmuir constant; gqm
(mg/g is the Langmuir adsorption capacity; KF (mg/g)/(mg/L)n is the Freundlich constant; n (dimensionless) is the exponential representation of the model; KS (L/mg)
is the Sips constant; qS (mg/g) is the Sips adsorption capacity; KRP (L/mg) is the Redlich-Peterson constant and qRP (mg/g) is the Redlich-Peterson adsorption

capacity.
3.5. Kinetic studies

In the kinetics study, mathematical models were proposed for the
description of adsorption classification into diffusion and reaction
models. In adsorption diffusion models, the three basic steps followed
are external diffusion, intraparticle (internal) diffusion and the ex-
change process between the binding sites of the nanoadsorbent and the
metal ions [66]. Then again, the adsorption reaction models involve the
unconsidered chemical reactions in the modelling of the adsorption
process. The evaluated kinetic models in this study include pseudo-first
order, pseudo-second order, Elovich and intraparticle diffusion (IPD)
models as mathematically represented in Table 2. The fitting results of
the adsorption kinetic experimental data to the kinetic models are
shown in Fig. 6.

Accordingly, the adsorption of Cd(II), Cu(Il), Fe(II), Ni(II) and Pb(II)
ions onto the TR-CNTs and PN@TR-CNTs were time-dependent and
provides possible information on the adsorption mechanism of the metal
ions. The evaluated kinetic adsorption parameters and error functions
are presented in Table 2. As can be seen from the presented parameters,
the pseudo-second order kinetic model suitably fitted the experimental
data better than the pseudo-first order, Elovich and intraparticle diffu-
sion models. The trend of the kinetic results is an indication that the
metal ions adsorption by TR-CNTs and PN@TR-CNTs were dominated
by chemisorption due to chemical bonding and electrostatic interaction
between the Cd(II)/Cu(Il)/Fe(II)/Ni(II)/Pb(II) ions and the TR-CNTs/
PN@TR-CNTs [67]. Based on the assumption of the Elovich model
that the adsorbent surface is energetic and heterogenous, the

interactions and desorption between the adsorbed metal ions do not
influence the adsorption kinetics at low coverage of the surface.
Particularly, the obtained higher values of the initial adsorption rate (o)
compared to the desorption constant (f) is an indication of adsorption
interaction effectiveness between the nanoadsorbents and the metal
ions.

3.6. Thermodynamic studies

To determine the viability, spontaneity, unpredictability, and endo-
thermic/exothermic nature of the removal process, thermodynamics
analyses of Cd(II), Cu(II), Fe(II), Cd(II), and Pb(II) adsorption onto TR-
CNTs and PN@TR-CNTs were performed. By examining the adsorptive
nature of Cd(II), Cu(Il), Fe(II), Cd(II), and Pb (1I) onto TR-CNTs and
PN@TR-CNTs using Eqs. (6), (7) and (8) [68-70], the thermodynamic
parameters, such as the adsorption systems change in Gibbs free energy
(AG®, kJ/mol), adsorption systems change in enthalpy (AH°, kJ/mol),
and adsorption systems change in entropy (AS°, kJ/mol) were
determined.

AG° = —RTInky (6)

ky = g— @
AS°  AH°

Inki=— "

n Ky R RT ®
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Table 2
Adsorption kinetic parameters for the adsorption of metal ions by TR-CNTs and PN@TR-CNTs.
Model/Mathematical Expression Adsorbent Parameters Cd (ID Cu (ID Fe (I) Ni (I Pb (ID)
Pseudo-first order g, = q, (1 — e*kll) TR-CNTs qe, (mg/g) 136.155 170.508 153.990 215.335 298.342
K; (1/min) 0.047 0.114 0.073 0.143 0.173
R? 0.959 0.893 0.990 0.754 0.652
SSE 0.955 0.923 0.956 0.933 0.872
PN@TR-CNTs qe, (mg/g) 147.594 182.323 168.039 225.388 299.626
K; (1/min) 0.065 0.099 0.077 0.163 0.198
R? 0.964 0.992 0.980 0.990 0.995
SSE 0.872 0.631 0.960 0.905 0.880
kog?t TR-CNTs qe, (mg/g) 165.103 185.830 174.558 229.963 311.611
Pseudo-second order q, = 3=~ 7 Kz x 10~3(1/min) 0.310 1.030 0.582 1.200 1.380
R? 0.986 0.995 0.999 0.997 0.999
SSE 0.492 0.306 0.185 0.511 0.257
PN@TR-CNTs qe, (Mg/g) 170.178 199.966 189.876 237.160 310.521
K, x 10~3(g/mg.min) 0.499 0.811 0.559 1.551 1.782
R? 0.990 0.996 0.999 0.997 0.999
SSE 0.266 0.441 0.306 0.120 0.481
Elovich q, = lln(l +opt) TR-CNTs o (g/mg min) 14.796 785.099 73.855 9024.411 17476.000
B B (mg/g) 0.026 0.045 0.034 0.047 0.052
R? 0.922 0.990 0.953 0.994 0.990
SSE 2.044 5.180 4.417 8.331 7.833
PN@TR-CNTs o (g/mg min) 43.585 459.518 94.633 144205.331 413040.010
p (mg/g) 0.032 0.039 0.032 0.058 0.063
R? 0.950 0.983 0.961 0.990 0.992
SSE 1.307 8.682 3.650 5.322 4.306
Intraparticle diffusion q, = kpto-s +C TR-CNTs k, 13.091 14.522 13.774 17.592 22.898
C (mg/g) 16.743 54.500 37.353 77.046 118.885
R? 0.814 0.831 0.820 0.835 0.846
SSE 18.499 27.938 24.611 45.440 36.521
PN@TR-CNTs kp 13.541 15.485 15.018 17.707 22.708
C (mg/g) 31.296 56.090 42.029 86.658 123.003
R? 0.830 0.844 0.836 0.855 0.878
SSE 22.052 16.350 19.560 27.270 25.610

whereby qt (mg/g) is the amount of Cd(1I), Cu(1I), Fe(II), Ni(II) and Pb(II) ions adsorbed at a defined time; qe (mg/g) is the amount of Cd(II), Cu(Il), Fe(II), Ni(II) and Pb
(ID) ions adsorbed at equilibrium; t (min) is the adsorption time; k1 (1/min) is the rate constant of the pseudo-first order model; k2 (g/mg min) is the rate constant of the
pseudo-second order model; o (mg/g min) is the initial rate constant of Elovich model; f (mg/g) is the constant due to desorption; kp (mg/g-min0.5) is the rate constant
of the intraparticle diffusion model and C (mg/g) is a constant correlated to the thickness of the boundary layer.

where kg is the thermodynamic equilibrium constant, T (K) and R (J/
mol/K) stand for the temperature in absolute scale and the universal gas
constant, respectively. The plot of In(q, /C.) on the y-axis and 1/T on the
x-axis was used to investigate the mechanism behind the metal ions
adsorption process onto the nanoadsorbents and determine the ther-
modynamic behaviour as shown in Fig. 7(a,b). The obtained slope from
the plot was equal to AS/R, whereas the intercept was equal to —AH/R
[57]. Table 3 provides an overview of the thermodynamic parameter
data. In general, the obtained negative AG® values show that the metal
ion adsorption process on TR-CNTs and PN@TR-CNTs is spontaneous.
Overall, an increase in temperature significantly decreased the values
for the Gibbs free energy, corroborating a good adsorption capacity at
323 K using both nanoadsorbents.

Noticeably, the values of AH° were obtained in the range of
27.63-63.45 KJ/mol and 45.95-116.25 KJ/mol for the metal ions using
both TR-CNTs and PN@TR-CNTs. Earlier, a previous study reported that
values of AH° in the range of 1-40 KJ/mol indicate physisorption
controlled adsorption process, while the values above 40 KJ/mol signify
chemisorption controlled adsorption process [71]. In this regard, it is
evident that metal ions adsorption by TR-CNTs was dominated by the
physisorption process, while the adsorption of the metal ions by
PN@TR-CNTs was the chemisorption-controlled process. Compara-
tively, the higher AH® values for Cd(II), Cu(Il), Fe(II), Cd(II), and Pb(II)
ions adsorption by TR-CNTs than PN@TR-CNTs revealed enhanced
chemical interactions between the metal ions and the later nano-
adsorbent, thereby corroborating to the higher adsorption capacity for
the metal ions. Above all, the obtained values of AS° for TR-CNTs and
PN@TR-CNTs were in the range of 76.20-160.81 J/mol.K and
184.17-448.52 J/mol.K, respectively. The trend of the positive values of
AS° also affirmed a higher interaction between the metal ions and the
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porous surface of PN@TR-CNTs nanoadsorbent, than TR-CNTs nano-
adsorbent [46]. Furthermore, the increasing randomness at the
solid-liquid interface and the endothermic nature of the adsorption
process are further suggested by the positive values of AS° and AH® [72].

3.7. Comparison study and limitations

The performance of TR-CNTs and PN@TR-CNTs towards the
adsorption of the metal ions in this study was compared with different
materials presented in Table 4.

Similarly, the adsorption parameters such as nanoadsorbent surface
area, adsorption capacity, pH, contact time, adsorbent mass, initial
metal concentrations, temperature, isotherm and kinetic model data
were also highlighted. It is evident from the results that the TR-CNTs and
PN@TR-CNTs exhibited a higher adsorption capacity towards the metal
ions compared to other different adsorbents except for Cd(II) of
194.55 mg/g and Pb(II) of 434.70 mg/g using P(TA-MBA-GGQDs)/Ge
DN gel [19] and PANI-NSA@Ni°CNs [50]. In addition, this study ach-
ieved an improved adsorption capacity using a low nanoadsorbent mass
(0.4 g/L), thus practically saving the materials. Remarkably, the equi-
librium adsorption time of 60 min for the metal ions by the nano-
adsorbents is an indication of time consumption effectiveness for the
adsorption treatment. It can be recommended justifiably that TR-CNTs
and PN@TR-CNTs are effective potential nanoadsorbent for the treat-
ment of Cd(II), Cu(II), Fe(II), Ni(Il) and Pb(II) from real wastewater.

Then again, some possible limitations of this study deserve to be
mentioned. In the first instance, this study was basically on the labora-
tory experimental scale. A pilot study on the application of the TR-CNTs
and PN@TR-CNTs nanoadsorbents is suggested to estimate the feasi-
bility, applicability and overall cost of the real wastewater treatment. In
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ions adsorption using (e) TR-CNTs and (f) PN@TR-CNTs.

addition, further discussion on the treatment of the nanoadsorbents after
reuse is required. Moreover, the prevention of secondary pollution by
incinerating the expired nanoadsorbents may be adopted as a disposal
technique, while considering other methods such as the conversion to
catalysts, support materials and electronic materials to enhance a cir-
cular economy. In the future, it is expected that further studies will
improve the performance of purified and functionalized CNTs in
different applications such as drug delivery, fuel cells, catalysts and
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robust sensors.

3.8. Reusability of nanoadsorbents

The reusability of nanoadsorbents is a prominent factor that de-
termines their sustainability and cost efficiency for commercial appli-
cations. The recyclability of TR-CNTs and PN@TR-CNTs towards the
metal ions adsorption efficiency was investigated as a function of recycle
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Table 3
Thermodynamic parameters of heavy metals adsorption by (a) TR-CNTs and (b) PN@TR-CNTs.
@
T (K) Cd (1) Cu (ID) Fe (I) Ni (ID) Pb (ID)
kq AG® ka AG° kq AG* kq AG*® ka AG°
(J/mol) (J/mol) (J/mol) (J/mol) (J/mol)
303 40.56 -9.33 86.71 -11.24 55.27 -10.11 173.82 -57.99 3115.00 -90.43
308 47.67 -9.90 106.69 -11.96 64.35 -10.66 217.27 -64.35 3323.33 -96.97
313 51.09 -10.24 123.33 -12.53 68.37 -10.99 259.54 -69.65 3990.00 -103.89
318 54.27 -10.56 132.86 -12.93 76.51 -11.47 306.46 -74.01 4990.00 -110.07
323 58.97 -10.95 151.29 -13.48 80.83 -11.80 230.38 -73.32 5545.56 -116.20
AH° (KJ/mol) 27.63 31.57 38.09 46.29 63.45
AS°® (J/mol.K) 76.20 95.55 80.24 115.02 160.81
(b)
T(K) cd(n Cu(ID) Fe(ID) Ni(ID) Pb(I)
kq AG® kq AG® kq AG® kg AG® kq AG®
(J/mol) (J/mol) (J/mol) (J/mol) (J/mol)
303 46.24 -9.33 86.71 -11.24 63.15 -10.04 275.71 -63.17 3115.00 -90.43
308 65.53 -10.71 144.80 -12.74 109.62 -11.42 390.00 -76.01 3990.00 -105.64
313 103.38 -12.07 202.77 -13.82 131.04 -12.69 490.00 -85.63 9990.00 -127.30
318 121.58 -12.69 268.55 -14.79 144.80 -12.94 656.67 -95.93 19990.00 -146.44
323 121.58 -12.89 268.55 -15.02 144.80 -13.89 990.00 -103.60 49990.00 -162.51
AH° (KJ/mol) 46.11 47.12 45.95 50.03 116.25
AS° (J/mol.K) 184.17 193.73 185.76 211.73 448.52
Table 4
Comparison of selected metal ions adsorption performance of TR-CNTs and PN@TR-CNTs with several adsorbents reported by the previous works.
Adsorbent Surface Metal qy (mg/ pH  Contact Adsorbent Initial Temperature Isotherm Kinetic Reference
area (m?%/ ion g) time (min) dosage (g/L) concentration K model model
g) (mg/L)
P(TA-MBA- 0.20 Cd(n 194.55 5 300 - 1000 298 Langmuir PSO? [19]
GGQDs)/Ge Pb(ID) 259.07
DN gel
SPES/MWCNTs 54.02 Pb(ID) 54.05 6 35 0.50 100 298 Langmuir PFO® [76]
PSO
Fe;03-MWCNTs Pb(ID) 67.25 5 360 0.05 200 298 Langmuir PFO [77]1
Fe;03-Carbon 458.59 Cu(In) 3.80 5 120 0.01 50 298 - - [2]
Foam Ni(II) 6.40 7
PANI- 49.84 Pb(I) 434.70 5 90 0.50 150 288 Langmuir PSO [50]
NSA@Ni°CNs
TL 60.30 cdan 3.70 6 - 0.01 5 318 Freundlich PD¢ [78]
Cu(I) 2.80
Ni(ID) 2.00
MGBW - Fe(II) 7.60 8 60 2.00 200 303 Langmuir 1PD¢ [40]
Cu(I) 6.70 8 313 Freundlich
Ni(11) 6.20 6
PPTU - Cu(n) 9.40 6 30 0.12 160 298 Freundlich PSO [8]
Ni(I) 12.60 6
cddn 90.90 9
Pb(ID) 57.10 5
Fe(II) 30.40 6
Fe,03 cddn 25.84 5.5 120 5.00 20 298 Langmuir PSO [79]
Pb(ID) 9.01
BC-MnO3 181.90 Cdn 151.43 4.5 1440 0.03 150 298 Langmuir PSO [80]
TR-CNTs/ 970.81/ cddn 147.60/ 6 60 0.40 100 323 Redlich- PSO Present
PN@TR-CNTs 781.88 Cu(ID) 164.44 6 Peterson study
Fe(ID) 182.82/ 6
Ni(I) 233.12 5
Pb(ID) 165.30/ 5
194.54
225.29/
283.47
302.53/
323.43

NB: a refers to Pseudo-second order; b refers to Pseudo-first order: c refers to pore diffusion and d intraparticle diffusion.

times and the results are presented in Fig. 7(c,d). It was observed that
during the first 4 cycles, the adsorption efficiency of Cd(II), Cu(ll), Fe
(ID), Ni(II) and Pb(Il) gradually declined from 90.2% to 85.1%,
95.2-90.3%, 93.2-88.2%, 96.0-91.4% and 97.6-93.3% using TR-CNTs
and stabilized eventually at 80.5%, 84.2%, 82.4%, 86.1% and 90.2%
after 6 adsorption cycles. Similarly, the recyclability study of PN@TR-
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CNTs towards Cd(II), Cu(Il), Fe(II), Ni(II) and Pb(II) revealed a
declining adsorption efficiency from 93.5% to 88.0%, 96.0-92.0%,
95.0-91.6%, 98.1-93.0% and from 99.0% to 95.0% until stabilization at
85.0%, 90.1%, 89.5%, 88.5% and 92.0% after 6 recycle times.
Remarkably, the adsorption efficiency of the metal ions using TR-CNTs
and PN@TR-CNTs was over 80.0% and 85.2% even after the 6 recycle
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times. The HRTEM micrographs in Fig. 7(e,f) showed that the micro-
structures of TR-CNTs and PN@TR-CNTs maintained an overall micro-
structural network, indicating a preserved surface of the nanoadsorbents
after 6 cycles of reuse. These results indicate that TR-CNTs and PN@TR-
CNTs micrographs could be used for the multiple treatments of Cd(II),
Cu(Il), Fe(I), Ni(II) and Pb(Il) ions containing electroplating waste-
water, thereby reducing cost management.

3.9. Adsorption mechanism

The adsorption mechanism largely depends on the nanoadsorbent
properties such as surface area, porous surface, functional groups and
optimum adsorption conditions. The adsorption mechanism that pri-
marily occurs in nanoadsorbents includes pore filling, electrostatic
interaction, hydrogen bonding and surface complexation [73-75]. The
evaluation of the dominant possible adsorption mechanism was con-
ducted on the nanoadsorbents properties through correlation analysis
and characterization as shown in Fig. 8.

The intraparticle diffusion kinetics were satisfactorily fitted (R = >
0.810) (Table 2), indicating that pore filling contributed positively to the
adsorption mechanism of metal ions adsorption onto TR-CNTs and
PN@TR-CNTs. After Cd(II), Cu(II), Fe(I), Ni(II) and Pb(II) adsorption,
the BET surface properties of the nanoadsorbents were measured as
shown in Table S1. It is evident that the surface area, pore size and pore
volume of the nanoadsorbents decreased, indicating that Cd(II), Cu(Il),
Fe(I), Ni(II) and Pb(II) ions occupied the available active binding sites
and the blockage of the adsorption channels of the TR-CNTs and
PN@TR-CNTs. This investigation showed that the metal ions adsorption
occurred majorly on the external and internal porous surface of the
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nanoadsorbents, an implication that pores filling was the dominant
mechanism for the metal ions adsorption on the nanoadsorbents.

Based on the influence of pH on the metal ions adsorption, the
electrostatic interaction contributions to the adsorption process were
explored (Fig. 3f). As can be seen, the TR-CNTs and PN@TR-CNTs had a
zero point of zeta potential at pH 4.5 and 5, showing that the nano-
adsorbents had a negative zeta potential under weak acidic, neutral and
basic conditions. As such, the negative zeta potential of the nano-
adsorbents enhances the adsorption of the metal ions carrying positive
zeta potentials in solutions. Hence, the adsorption of Cd(II), Cu(Il), Fe
(I, Ni(II) and Pb(II) increased with pH values increment from 4.5/5-6.
The improved performance of the nanoadsorbents at this pH range was
due to less repulsive and more attractive electrostatic interactions be-
tween TR-CNTs/PN@TR-CNTs and metal ions. As shown in Fig. 8, the
nanoadsorbents surface contains functional groups such as -OH, -CHO,
-NH and -COOH. These functional groups were attributed to the occur-
rence of hydrogen bonding, electrostatic interaction and surface
complexation on the surface of the nanoadsorbents. Similarly, the pro-
tonated surface of the nanoadsorbents provoked the adsorption of Cd
(I1), Cu(II), Fe(II), Ni(II) and Pb(II) on the TR-CNTs and PN@TR-CNTs
through the occurrence of electrostatic attraction and hydrogen
bonding. The results of the above analysis confirmed that the adsorption
mechanisms were typically by pore filling and electrostatic attraction,
followed by hydrogen bonding and surface complexation.

4. Conclusion and future directions

In this study, CNTs were successfully synthesized on Fe-Ni/kaolin
supported catalyst using the CVD technique before purification and
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Fig. 8. Proposed adsorption mechanism of metal ions by the nanoadsorbents.
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functionalization to obtain TR-CNTs and PN@TR-CNTs. The character-
ization of the nanoadsorbents was conducted using XRD, FTIR, HRSEM,
HRTEM, EDX and surface properties measurement. The systematic
adsorption performance and mechanism of Cd(II), Cu(Il), Fe(II), Ni(II)
and Pb(II) in electroplating wastewater were investigated. The results of
the characterization indicate successful fabrication of CNTs, and puri-
fication and functionalization of the CNTs surface properties. The
adsorption of the metal ions was optimized at pH of 5 for Ni(II)/Pb(II)
and 6 for Cd(II)/Cu(Il)/Fe(Il), contact time of 60 min, nanoadsorbent
dosage of 0.4 g/L and temperature of 50 °C. Moreover, the isotherm and
kinetic adsorption of the metal ions adhered to Redlich-Peterson and
pseudo second-order models, respectively. The maximum adsorption
capacities for Cd(II), Cu(Il), Fe(I), Ni(II), and Pb(II) were obtained as
147.60, 182.82, 165.30, 225.29 and 302.53 mg/g using TR-CNTs, while
164.44, 233.12, 194.54, 283.47 and 332.43 mg/g were determined for
Cd(IID), Cu(II), Fe(II), Ni(II), and Pb(II) adsorption onto PN@TR-CNTs.
The TR-CNTs and PN@TR-CNTs could be reused repeatedly for 6
adsorption-desorption cycles, providing higher adsorption capacity than
other previous materials. The adsorption mechanism of the metal ions
by the nanoadsorbents was predominantly by pore filling and electro-
static attraction, followed by hydrogen bonding and surface complexa-
tion. Based on the outstanding adsorption performance of the
nanoadsorbents and reusability effectiveness for practical application,
the study explores the great potential of purified and functionalized
CNTs to efficiently remove metal ions from electroplating wastewater.
This study contributes immensely to the development of new generation
nanoadsorbents, as well as providing directions for promising future
research.
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