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a b s t r a c t

The treatment of fish pond wastewater utilizing nanocomposites by batch adsorption using puri-
fied carbon nanotubes and silver-doped carbon nanotubes (CNTs) as nano-adsorbents was explored in
this study. Ultraviolet spectroscopy, X-ray diffraction (XRD), and high-resolution transmission electron
microscopy (HRTEM) were used to confirm the biosynthesized AgNPs. The metallic silver is associated
with the peaks in the XRD pattern, and HRTEM studies indicated that AgNPs are between particle sizes
of 11.12 and 15.39 nm. Purified carbon nanotubes (P-CNTs) and silver-doped carbon nanotubes (Ag-
CNTs) were produced using a Fe–Ni/kaolin catalyst in a catalytic chemical vapour deposition process,
followed by acid purification and doped with silver nanoparticles, respectively. HRTEM, HRSEM, FTIR,
and BET were used to characterize the as-synthesized CNTs, P-CNTs, and Ag-CNTs. Both unpurified
and purified CNTs were tube-like, extremely porous, and crystalline, with Ag-CNTs having a higher
surface area (1068 m2/g) greater than P-CNTs (268.40 m2/g). The batch adsorption process was used to
investigate the adsorption behaviour of P-CNTs and Ag-CNTs to remove Fe, Mn, and Zn from fish pond
effluent as a function of contact time, adsorbent dosage, and temperature. The Freundlich isotherm
described equilibrium sorption data better than the Langmuir isotherm, and the adsorption kinetics fit
well with the pseudo-second-order model. A thermodynamic study of the adsorption process found
that the change in Gibbs free energy was negative, indicating that the adsorption process was feasible
and spontaneous. Consequently, it has been demonstrated that removing heavy metals from aquatic
effluent using Ag-doped CNTs is effective in aquaculture.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Human activities from domestic, industrial, commercial, or
gricultural use, surface runoff or stormwater, and sewer intake
r infiltration were sources of wastewater (Luo et al., 2014).
igh quantities of nutrients and solid debris which characterize
hese wastewaters are typically dumped into the water bodies,
esulting in pollution and environmental and health risks. Aquatic
eeds contain extremely nutritious and chemical products, which
ave resulted in waste that is difficult to control and dangerous
o aquatic life. Aquaculture wastes are primarily made up of

∗ Corresponding author at: Department of Chemistry, Federal University of
echnology, PMB 65, Minna, Niger State, Nigeria.

E-mail address: saheedmustapha09@gmail.com (S. Mustapha).
ttps://doi.org/10.1016/j.rsma.2022.102797
352-4855/© 2022 Elsevier B.V. All rights reserved.
nitrogenous wastes, which are highly poisonous to macrofauna in
open bodies of water. These issues and the rapid expansion of fish
farming demanded the implementation of controls for fish farm
effluent and wastewater (Anijiofor et al., 2018). Physical factors
such as pH, total suspended solids (TSS), total dissolved solids
(TDS), ammonia, turbidity and colour, and organic contaminants
are some metrics of fish effluent that affect the aquatic environ-
ment. The increase in ammonia concentrations could raise blood
ammonia levels, making it very harmful to fish, similar to sus-
pended particles, which cause interstitial clogging and substrate
embedment in fish (Omitoyin et al., 2017).

The level of pollution caused to the fish and fish pond is
determined by water sources, water scarcity, and the nature
of additives employed in fish farming. Growing environmen-
tal awareness and stricter regulatory standards have prompted

https://doi.org/10.1016/j.rsma.2022.102797
https://www.elsevier.com/locate/rsma
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.rsma.2022.102797&domain=pdf
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umerous industries to find adequate wastewater treatment meth
ds (Teh et al., 2016). As a result, it is critical to treat wastewater
rom fish ponds for reuse and safeguard the environment sur-
ounding fish farms. Existing wastewater treatment technologies,
uch as sedimentation, flocculation, disinfection, filtration, ozona-
ion, and UV (ultraviolet) light, have various disadvantages, such
s high energy consumption and insufficient pollutant removal,
nd toxic sludge production. Thus, finding effective and reliable
olutions for treating municipal and industrial wastewater is crit-
cal. Among the different new technologies, nanotechnology via
dsorption deemed an attractive technique has enormous poten-
ial for wastewater treatment due to its advantages, such as high
lexibility, simplicity of design, ease of operation, insensitivity to
oxic pollutants, and small concentrations of harmful compounds.
arious efficient, eco-friendly, and cost-effective nanomaterials
ike carbon nanotubes (CNTs), metallic nanoparticles, graphene,
nd zeolite with distinct capabilities for successful wastewater
econtamination.
CNTs are carbon compounds made up of rolled-up graphene

ayers in tubes. Single-walled CNTs (SWCNTs) are made up of
nly one layer of tube, whereas multi-walled CNTs (MWCNTs)
re made up of many layers of tube. Arc discharge, laser abla-
ion, electrolysis, flame synthesis, and catalytic chemical vapour
eposition (CCVD) are techniques used to produce CNTs. Because
f its capacity to control growth directions and scale-up manufac-
uring in large quantities, the CCVD process is most extensively
mployed (Alfarisa et al., 2016). Multi-walled carbon nanotubes
MWCNTs) have been widely used as a new adsorbent for remov-
ng various organic and inorganic contaminants from wastewater
ecause of their enormous specific surface area, high aspect ra-
io, and layered structures (Hamzat et al., 2019). Despite these
ositive attributes, carbonaceous material aggregation during and
fter synthesis impacts and limits CNTs efficiency. As a result, it
s necessary to change the surface of pure CNTs to improve their
dsorption capacity and dispersion rate (Lu et al., 2008).
Metallic nanoparticles such as silver nanoparticles (AgNPs)

ave attracted a lot of interest due to their antibacterial and
dsorptive properties (Farid et al., 2018). Silver nanoparticles are
ynthesized using green nanoparticle synthesis, which is envi-
onmentally beneficial. Xanthium strumerium (Rough cocklebur),
urrayakoenigii (curry), Ocimum sanctum (Tulsi), Acacia farne-

siana (Acacia), Macrotyloma uniflorum (Horsegram), and even fruit
xtracts of Musa paradisiacal (banana peels) have all been used
o synthesize AgNPs with significant antimicrobial activity. These
lant extracts act as reducing and/or capping agent in the reac-
ion with silver nitrate when synthesizing AgNPs. Therefore, the
ntibacterial efficacy, biocompatibility, and depollution efficiency
f produced AgNPs could be improved by doping them onto
he matrix CNTs. For example, Goscianska and Pietrzak (2015)
oated MWCNTs with silver nanoparticles to remove the anionic
artrazine colour from an aqueous solution. The azo dye adsorp-
ion capability of multi-walled carbon nanotubes increased as
ilver nanoparticles increased. Carbon nanotubes treated with
ilver nanoparticles have lower adsorption capabilities in the
ollowing order: CNTs (52.24 mg/g) > 5 Ag/CNTs (84.04 mg/g) >
Ag/CNTs (72.33 mg/g) > 1 Ag/CNTs (62.07 mg/g) > 5 Ag/CNTs

84.04 mg/g) > 5 Ag/CNTs (72.33 mg/g). These experiments show
hat varied loading concentrations of AgNPs on the surface of
NTs can be a promising material for water treatment. Ag/N-
oped TiO2/CNT was used to remove formaldehyde under visible

light irradiation, and they found the materials to be sufficient in
environmental purification systems (Tan et al., 2022). Khalatbary
et al. (2022) used γ -Fe2O3/MWCNTs/Ag nanocomposites to re-
ove sulphamethazine from an aqueous solution. They reported

hat the exothermic nature of the adsorption process obeyed the

seudo-second-order model, and the reusability result showed

2

the potential removal efficiency of the pollutant even after four
adsorption cycles. In the studies of Kai et al. (2022) and Yang
et al. (2022), R. palustris/CNTs/Ag/TiO2 and CNTs/Ag/TiO2 were
used for the degradation and mineralization of dye wastewater.
However, little or no knowledge of investigating the adsorptive
removal of some toxic metals from fish pond wastewater using
AgNPs/CNTs composite and its promising approach for useability
has been investigated.

In this study, the production and characterization of MWC-
NTs using the CCVD method with Fe–Ni/kaolin as the cata-
lyst and green synthesis of silver nanoparticles using an extract
from Carica papaya leaves as a reducing and stabilizing agent
doped on the MWCNTs through a wet impregnation method are
investigated. Some physicochemical parameters of fish pond
wastewater before and after treatment with pure-CNTs and Ag-
NPs using adsorption studies are presented. In addition, the
isotherm, kinetic, thermodynamic, and regeneration of nanoma-
terials for their potential uses in wastewater were also performed.

2. Materials and methods

The reagents such as iron(III) trioxonitrate (V) nonahydrate
[Fe(NO3)3.9H2O, 99.95%], nickel(II) trioxonitrate (V) hexahydrate
[Ni(NO3)2.6H2O, 99.99%], silver trioxonitrate (V) (AgNO3, 99.99%),
itric acid (HNO3, 65%) and sulphuric acid (H2SO4, 98%) were pur-
hased from Sigma-Aldrich. All the reagents used without further
urification in this study were of analytical grade. The kaolin used
s catalyst support was collected from Kankara in Kastina State,
igeria. All of the chemicals and gases used are of the highest
uality. A catalytic chemical vapour deposition (CCVD) approach
as used to synthesize carbon nanotubes (CNTs). CNTs were
roduced in this study by decomposing acetylene (C2H2) over
he synthesized Fe–Ni/kaolin catalyst using the wet impregnation
ethod.

.1. Preparation of Fe–Ni/Kaolin catalyst

Utilizing the wet impregnation process, the catalyst was pre-
ared. 4.04 g Fe(NO3)3.9H2O and 2.91 g Ni(NO3)2.6H2O were
eighed in a beaker and dissolved in 50 cm3 de-ionized water.
he 8 g of kaolin support was added to the mixture and agitated
n a magnetic stirrer for 30 min at 120 rpm. The resultant
ixture was then oven-dried for 8 h at 120 ◦C, cooled to room

emperature, ground, and screened through a 150 µm sieve, as
hown in Plate 1 (A and B). The nitrates were decomposed by
he catalyst powders after being calcined at 500 ◦C for 16 h in a
urnace. The sample was weighed and recorded to determine the
ield using Eqs. (1) and (2).

atalyst yield before calcination

=
weight before oven drying − weight after oven drying

weight before oven drying
× 100

(1)
Catalyst yield after calcination

=
weight before calcination − weight after calcination

weight before calcination
× 100

(2)

2.2. Carbon nanotube synthesis

As depicted in Plate 1(C), CNTs were produced by decom-
posing the carbon source (acetylene) in a tubular quartz reactor
positioned horizontally in a furnace. The heating rate of the
furnace, reaction temperature, and gas flow rates are precisely
regulated as needed, thanks to electronic control. In the center
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Plate 1. A flow diagram for the synthesis of CNTs.
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f the quartz tube, the catalyst, 1.0 g, was positioned in a quartz
oat, with the catalyst spread out into a thin layer. To establish
n inert environment, remove the impurity, and stop the samples
rom oxidizing before and after the reaction period, the furnace
as heated at 10 ◦C/min while argon was flowing into the system
t 30 mL/min. The argon flow rate was set to 230 mL/min once
he temperature reached the designated reaction temperature of
50 ◦C, and C2H2 was injected at a flow rate of 150 mL/min to

begin the onset of CNTs growth. After the 45-min setup reaction
period, the C2H2 flow was discontinued, and the furnace was
allowed to cool to ambient temperature on a continuous flow
of argon for 30 ml/min. The boat was taken out of the reactor
and the produced CNTs, as seen in Plate 1(D), were weighed and
recorded. Using the relationship indicated in Eq. (3), the CNTs
yield (%) was calculated.

CNTs yield (%) =
Weight product − Weight catalyst

Weight catalyst
× 100 (3)

.2.1. Purification of the as-synthesized CNTs
The raw CNTs (see Plate 1D) were purified using the acid treat-

ent. 5 g of the synthesized CNTs were combined with 300 cm3

f mixed acids (HNO3 and H2SO4 at v/v 1:3) in an ultrasonic
ath and then sonicated at 40 ◦C for 90 min. This was done
o remove any remaining Fe, Ni, amorphous carbon, or support
aterial (kaolin) from the CNTs when they were produced and

o provide oxygen on the surface of the material. The pH of 7
as achieved by cooling the CNTs to room temperature, washing
hem repeatedly with de-ionized water, and filtering them. The
et purified CNTs (P-CNTs) is dried in an oven at 120 ◦C for 12 h.

.3. Synthesis of silver nanoparticles (AgNPs)

Carica papaya leaves were washed thoroughly with de-ionized
ater and sun-dried to air dry to remove any remaining moisture.
0 g powdered leaves were combined with 100 cm3 of de-ionized
ater and heated at 60 ◦C for 30 min. After the solution turned
 a

3

ight yellow, it was cooled to room temperature, filtered through
hatman filter No. 1, and kept in a refrigerator at 4 ◦C.
In the biosynthesis of AgNPs, silver nitrate aqueous solution

1 mM) was prepared by weighing 0.16987 g of the silver nitrate
rystals using a weighing balance and dissolved in 100 cm3 of
e-ionized water (10 mM stock of AgNO3). The obtained silver
itrate solution was kept in a brown reagent bottle and used
o synthesize silver nanoparticles. 5 cm3 of aqueous extract of
awpaw leaves (as seen in Plate 2(a)) was added to 95 cm3 of
n aqueous solution of 1.0 mM AgNO3 and heated on a magnetic
tirrer at 60 ◦C for 30 min. The brown colour formation indicated
he synthesis of silver nanoparticles (Plate 2(b)), which were
ooled to room temperature and transferred to an opaque brown
ottle. The obtained AgNP was characterized using a UV–Vis
pectroscopy.

.4. Preparation of silver-doped multi-walled carbon nanotubes (Ag-
NTs)

The adopted method for the preparation of Ag-CNTs followed
he previously reported procedure for the synthesis of AgNPs.
ifferent volumes of 20, 40, 60, 80, and 100 cm3 AgNP solutions
ach were added to 0.1 g of P-CNTs, and the resultant mixtures
ere first centrifuged for 10 min after being sonicated for 18 h at
0 ◦C. After centrifugation, de-ionized water was used to wash
he black solid residue until it achieved a pH of 7 and oven-
ried at 105 ◦C for 12 h. To characterize the Ag-CNTs, they were
ven-dried.

.5. Characterization of synthesized nanomaterials

The support material (kaolin), synthesized catalyst, as-prepared
NTs, purified CNTs, AgNPs, and Ag-CNTs were characterized
sing different analytical tools. The XRF and BET were used as
he main characterization technique for the support material
kaolin) to determine the elemental composition and surface

rea of kaolin, respectively. The BET, FTIR, XRD, EDX/HRSEM,



S. Aliyu, A.S. Ambali, T.J. Oladejo et al. Regional Studies in Marine Science 58 (2023) 102797

a
o
E
t

t
E
c
e
m
s
m
w
r
e
r
a
v
n
T

e
w
w
T
a
r
a
w

Plate 2. (a) Aqueous extract of pawpaw leaves (b) AgNPs from pawpaw leaf extract.
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nd SAED/HRTEM were techniques used to determine the quality
f the catalyst (Fe–Ni/kaolin catalyst). While TGA, BET, XRD,
DX/HRSEM, SAED/HRTEM, and XPS were used to characterize
he unpurified and purified CNTs, AgNPs and Ag-CNTs.

The X-ray fluorescence Philips PW2400 analyser was used
o determine the elemental composition of the kaolin sample.
xactly 300 mg of kaolin sample was prepared by pressing it into
ellulose before analysing it on a Philips PW2400 XRF spectrom-
ter using calibration software designed from standard reference
aterials to determine its elemental composition. The thermal
tabilities of the samples were examined using a thermalgravi-
etric Perkin Elmer STA 4000 analyser. Samples with a known
eight (15 mg) were placed in a ceramic pan and heated from
oom temperature to 900 ◦C at a rate of 10 ◦C/min while being
xposed to nitrogen gas at a pressure of 2.5 bar and a flow
ate of 20 mL/min. The NOVA 4200e Quantachrome instrument
nalyser was used to analyse the BET surface area and total pore
olume. 300 mg samples were degassed at 150 ◦C for 4 h under a
itrogen gas flow to eliminate contaminants and water moisture.
he adsorbate used was nitrogen gas. At -196 ◦C, the surface areas

and pore size distributions were then measured. Using nitrogen
adsorption/desorption, the BET method was used to determine
the pore size distribution of the samples for certain surface areas.

The structural to functional alterations in the sample were
examined using a Fourier transforms infrared (FTIR) spectrome-
ter. A Perkin Elmer Frontier FTIR spectrometer was used for this
analysis. The FTIR spectra were captured at a resolution of 400
to 4400 cm-1 and a scan speed of 0.125 cm/s. Using a Bruker
AXS D8 Advance X-ray diffractometer with Cu K radiation, XRD
patterns were captured from Bragg’s angles of 10 to 90◦. The
lemental composition was ascertained by combining the HRSEM
ith energy-dispersive X-ray spectroscopy (EDX). Zeiss Auriga
ith electron high tension at 5 kV was used for this investigation.
he Zeiss Auriga model was used to carry out HRTEM and selected
rea electron diffraction (SAED). The non-monochromatic MgK X-
ay source (1253.6 eV, 15 kV, 200 W) and hemispherical sector
nalyser were used in the XPS analyses, which were conducted

ith a PHI 5400 XPS spectrometer. The spectrometer dispersion

4

was adjusted to offer binding energy (BE) of 932.67 eV for the Cu
2p3/2 line of metallic copper, and the instrument work function
was calibrated to give a BE of 83.96 eV for the Au 4f7/2 line of
metallic gold.

2.6. Characterization of fish pond wastewater

The wastewater from the fish pond was collected from FAIB
Construction International in Minna, Niger State, Nigeria. The
physicochemical properties of the wastewater were measured us-
ing the methods described by American Public Health Association
(American Public Health Association , APHA). A pH meter was
used to calculate the pH of the effluent. Similarly, the dissolved
oxygen level (DO) was determined using the DO meter, and the
pH and electrical conductivity were calculated using a multi-
parameter analyser C 3010. The standard methods outlined by
the American Public Health Association (APHA) were used to
determine the following chemical parameters: chemical oxygen
demand (COD), biochemical oxygen demand (BOD), total dis-
solved solids (TDS) alkalinity, and the total amount of nitrate,
sulphate, phosphate, ammonium, chloride, magnesium, potas-
sium, and calcium. The atomic absorption spectrophotometer
(AAS) (Perkin Elmer 200) was used to measure the concentration
of heavy metals in the fish pond wastewater before and after
treatment. Eq. (4) was used to compute the quantity of metal
adsorbed (Mustapha et al., 2019).

Q =
(Co − Ce)V

M
(4)

where Co is the initial concentration of the metal in the fish-
ond wastewater before adsorption in mg/L, Ce is the concentra-
ion of a metal ion in the filtrate after adsorption in mg/L, M is
he weight of the adsorbent (mg), V is the volume of adsorbate
L), and Q is the amount of metal ion adsorbed (mg/g) on each
dsorbent. Eq. (5) provides the metal removal efficiency (E).

=
(Co − Ce)

× 100 (5)

Co
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Fig. 1. UV–VIS spectrum of silver nanoparticles.
D

Table 1
The phytochemical constituents of pawpaw leaf extract.
Plant extract Phytochemical Concentration (mg/g)

Pawpaw leaf Tannins 19.11 ± 0.13
Flavonoid 3.73 ± 0.10
Total Phenol 8.91 ± 0.21

where Co and Ce are metal concentrations in the wastewater
before and after adsorption in mg/L, respectively, and E is the
percentage of metal removal.

3. Results and discussion

Phytochemical analysis of the extract
Table 1 presents the qualitative results of some phytochem-

icals, such as tannins, phenols, and flavonoids in the aqueous
extract of pawpaw leaves. From Table 1, tannins had the max-
imum concentration levels (19.11 ± 0.13 mg/g), followed by
henols (8.91 ± 0.21 mg/g) and flavonoids (3.73 ± 0.10 mg/g),
espectively. The phytochemical constituents of pawpaw leaf ex-
ract were also reported to be (0.001 ± 0.10 mg/g) for tannins,
0.011 ± 0.01 mg/g) for phenol, (0.013 ± 0.01 mg/g) for flavonoid
y Bamisaye et al. (2013). According to several studies, these
hytoconstituents play significant roles in the biochemical reduc-
ion of silver ions to silver nanoparticles as well as in stabilizing
nd capping the synthesized nanoparticles, which suggests that
he phytochemical screening and quantitative estimation of the
queous extracts of pawpaw leave obtained in this study were
ery rich in phenols, flavonoids, and tannins (Mohanta et al.,
017).

. Synthesis of ag nanoparticles

UV-visible spectroscopy
A notable colour shift occurred during the biosynthesis of

gNPs. The AgNO 3 solution had no colour when it first started.
The plant extract and the colour of the mixture turned brownish
 a

5

after 30 min of continuous stirring at 70 ◦C. This colour shift was
regarded as proof that AgNPs had been successfully synthesized.
Analysing the absorption spectrum of wavelength between 200
and 800 nm, as presented in Fig. 1, it was determined that silver
nanoparticles were formed in an aqueous solution.

At 419.50 nm, there was a noticeable peak. The surface stim-
ulation of the silver metal’s plasmon resonance phenomena may
cause the aqueous solution to change colour (Zargar et al., 2014).
This happens due to the conduction electrons on the surface of
the metal nanoparticles oscillating together when they align in
resonance with the wave of irradiation light (Amendola et al.,
2017). The characteristic colour of the nanoparticle is produced
by the scattering and absorption of light at a certain frequency
which is made possible by the combined oscillation of free elec-
trons within the metal nanoparticles and the surface resonance.

X-ray diffraction
Fig. 2 depicts the XRD pattern of biosynthesized AgNPs from

Carica papaya leaf extract. The XRD was used to determine the
crystal structure of AgNPs, and the resulting diffraction peaks of
various intensities were found at 2 theta angles of 38.35◦, 44.87◦,
64.83◦, 77.76◦, and 81.74◦, representing (111), (200), (220), (311)
and (222) face-centered cubic structures of silver. The results
agreed with the literature (JCPDS card no-04-0783) and were
similar to the XRD analysis of Chandhru et al. (2019). The biore-
duction of silver nitrate and the synthesis of AgNPs are caused by
interactions between these phytochemicals and silver ions.

From Fig. 2, the observed Bragg peaks might have resulted
from some bioorganic compounds/proteins in the Carica Papaya
leaf extract (Sagadevan et al., 2019). Using Debye Scherrer’s equa-
tion in Eq. (6), the average Ag nanoparticle crystallite size was
11.35 ± 1.05 nm.

=
Kλ

β cos θ
(6)

where D is the particle size, K is a dimensionless shape factor,
its value is 0.94, λ is the X-ray wavelength (0.154 nm), β is full
width half maximum (FWHM) of the peaks, and θ is the Bragg’s
ngle.
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Fig. 2. XRD pattern of AgNPs.
HRTEM/EDX analysis
The HRTEM analysis was carried out to investigate the size and

hape of biosynthesized silver nanoparticles presented in Fig. 3.
he image showed clear and distinct spherical shapes of silver
anoparticles, with particle size distributions ranging from 11.12
o 15.39 nm for the magnifications represented in Fig. 3 (A1 and
2). Each of the diffraction rings in Fig. 3(c) was discovered to be
onsistent with the face-centered cubic structure of the Ag (111),
200), (220), (311), and (222) crystalline fringes. The particle size
nd SAED pattern of AgNPs agreed with the XRD results.
The EDX spectrum showed that the sample contained ele-

ental silver (Fig. 4). The absorbance of silver nano-crystals is
ttributed to the surface Plasmon resonance, and the optical
bsorption of the silver metal peak in the EDX measurement was
bserved between ∼3–4 Kev.
The surface hydroxyl group in the Carica papaya leaves may

be the source of oxygen peaks in the EDX spectrum and the
formation of carbon coupled with the carbon grid used during the
EDX analysis. Other peaks (Ca and Si) that appeared were likely
from the plant extract, and the grid used for the analysis must
have caused the appearance of peaks for Cu and C.

XPS of silver nanoparticles
XPS was used to determine the surface oxidation state of each

element contained in the produced silver nanoparticles, and the
findings are displayed in Fig. 5.

XPS measurements were performed on AgNPs, and the sput-
tered sample of AgNPs shows the presence of C, O, and Ag, as
shown in Fig. 5. As presented in Fig. 6(a), the C1s spectrum at
284.93 and 287.36 eV are attributed to the sp 2 bonded carbon
(C–C) and carbonyl group (C==O), respectively. The spectrum of
O1s (Fig. 6b) with peak at 532.31 eV indicates C==O. carbon was
identified in the binding energy region of 284.93 eV, oxygen
at 532.31 eV, and silver at 368.77 and 375.08 eV, respectively.
Fig. 6(c) shows the spectrum of Ag3d and Ag3d for metallic
5/2 3/2

6

Table 2
XRF analysis of kaolin.
Oxide Kaolin (wt %)

(This study)
Kaolin (wt %)
(Mamudu
et al., 2020)

Kaolin (wt %)
(Salahudeen,
2018)

SiO2
Al2O3
Fe2O3
TiO2
CaO
MgO
Na2O
K2O
MnO
BaO
SO3
Cr2O3
V2O5
P2O5
CuO
LOI
Total

54.21
28.43
0.80
0.11
1.86
0.41
0.35
3.90
0.03
0.73
0.22
0.04
0.10
-
-
8.81
100.00

58.50
16.62
5.62
0.90
1.14
2.09
1.07
1.50
0.01
-
-
-
-
0.10
0.02
12.35
99.9

52.04
27.81
0.93
0.12
1.19
0.50
0.57
1.89
-
–
-
-
-
-
0.02
14.70
99.32

related to 368.94 and 375.08 eV, respectively. Silver is a nor-
mal transitional metal with different electronic states; since its
orbitals have large volumes, the energy required to give away
electrons is significantly less. It is easy to give 2 electrons from
the S orbital, forming a common oxidation state.
Production of CNTs

Characterization of kaolin
The support material (kaolin) was characterized to ascertain

its appropriateness in CNTs production prior to the synthesis of
bimetallic catalysts. Using the XRF technique, the oxide compo-
sitional analysis of the kaolin sample is displayed in Table 2. The
elements in the kaolin sample and their respective percentages
were noted, and the results show that silica (54.21%) and alumina
(28.43%) are the two main components, respectively. Other oxides
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Fig. 3. TEM/SAED of synthesized AgNPS.
2
a
(
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like iron oxide, potassium oxide, magnesium oxide, titanium ox-
ide, calcium oxide, and barium oxide are in small quantities. The
raw kaolin sample lost 8.81% of its volatile and organic content
upon ignition, a loss on ignition (LOI) measurement. According to
reports, kaolin has a more significant amount of silica, alumina,
and titania and supports catalyst production due to its excellent
thermal stability, large surface area, and porosity (Karim et al.,
2018; Aliyu et al., 2017a). Thus, kaolin will enhance commercial
support much more when used as catalyst support.

To comprehend the extent and suitability as a support ma-
terial in the catalyst synthesis for the production of CNTs, it is
crucial to determine the surface area, pore volume, and pore size
 m

7

distribution of the kaolin. According to Zhu et al. (2016a), more
significant surface areas of supports lead to higher active metal
dispersion, making them preferable. As shown in Table 3, the
surface area of kaolin in this experiment was 11.56 m2/g, and
the pore volume and size corresponded to 0.00645 cm3/g and
0.64, respectively. As a result, the kaolin offers a good surface
rea as catalyst support for the CCVD process of producing CNTs
see Table 4). .

The micrograph shows the aluminosilicate [Al2(Si2O7)(OH)4],
hich is the main component in kaolin and has irregular particle
orphologies and a plate-like character, as illustrated in Fig. 7.
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Fig. 4. EDX of AgNPs.
Fig. 5. XPS survey of AgNPs.
Table 3
BET value of kaolin.
Sample catalyst Surface area (m2/g) Pore volume (cm3) Pore size (Å)

Kaolin 11.56 6.45 × 10−3 20.64
The strong interaction connection in aluminosilicate material may
be connected to the structure shown.

The crystal structure and phases of the kaolin sample were
etermined using XRD. In Fig. 8, the XRD pattern of the kaolin
sed in this study is presented, and it is observed from the
RD pattern that the kaolin was amorphous in nature. Numerous
eaks at various diffraction angles and intensities are seen in the
esults in Fig. 8. As a result, quartz, muscovite, and kaolinite in
he kaolin sample were identified. The kaolinite diffraction angles
2θ ) are identified at 12.37, 20.43, 24.88, 36.16, 38.37, 54.88,
8

and 60.43◦. As presented in Table 2, the XRF results show the
high capacity of silicon(IV) oxide, which conform to the identified
phase (quartz) in the XRD result, will aid the synthesis of CNTs in
this research study.

Characterization of Fe–Ni/kaolin catalyst
BET analysis of Fe-N/kaolin catalyst
FTIR of Fe–Ni/kaolin catalyst
Fig. 9 depicts the FTIR spectrum of Fe–Ni/kaolin catalyst. The

band at 437 cm−1 was attributed to octahedral metal stretching,
whereas the band at 591 cm−1 corresponds to intrinsic stretching
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Fig. 6. XPS profile of AgNPs for (A) C 1s (B) O 1s and (C) Ag 3d.
Fig. 7. HRSEM micrograph of kaolin sample.
Table 4
BET value of Fe–Ni/ Kaolin catalyst.
Sample catalyst Surface area m2/g Pore volume cm3/g Pore size (Å)

Fe–Ni/Kaolin catalyst 21.68 1.48 × 10−2 25.99
9
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Fig. 8. XRD patterns of Kankara kaolin.
Fig. 9. FTIR spectrum of Fe–Ni/Kaolin catalyst by wet impregnation method.
ibrations of the metal at the tetrahedral site (Fe–O) and (Ni–O).
ccording to Gunjakar et al. (2008), these two absorption bands
re features of inverse spinel ferrites, and their positions in the
nfrared spectrum correlate to spinal NiFe2O4.

The presence of the Si-O-Si or Si-O-Al asymmetric stretching
ands at 1079 cm−1 and 958 cm−1, respectively, indicates the
etal adsorption on the surface of the support material. The O-Al-
symmetric bending vibration is represented by the absorption
and at 756 cm−1.
HRSEM of the catalyst
10
Fig. 10 depicts the microscopic structure of the produced
Fe–Ni/kaolin catalyst at different magnifications for a detailed
micrograph of the catalyst sample. This figure shows that the
nanoflakes metal catalyst was most evenly distributed on the
surface of the kaolin support material, which is a crucial criterion
for a catalyst to be used in the synthesis of CNTs.

EDX was used to perform elemental analysis on the prepared
catalyst, as presented in Fig. 11. The results are consistent with
the expected stoichiometry for the catalyst, demonstrating that
all particles contained both Fe and Ni in a close wt.% ratio (50:50).
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Fig. 10. The HRSEM image/micrograph of the Fe–Ni/kaolin catalyst.
The carbon grid served as a basis for the peaks that were assigned
to carbon. According to Fig. 11, pure NiFe2O4was synthesized
since the average atomic ratio of Ni to Fe was almost 1:1. The
elements C, O, Mg, Ca, Fe, and Ni had the atomic percentage
of 22.77, 61.38, 2.93, 7.38, 2.56, and 2.98, respectively may be
present at lower energy levels, according to EDX. Oxides of the
elements were present in the catalyst sample, contributing to the
greater percentage weight of oxygen.

HRTEM/SAED analysis of the catalyst
In Fig. 12, it can be deduced that the pores and pore walls

can be distinguished due to different densities; the dark region
corresponds to the pore wall, and the bright one to the pore
of the catalyst particles exhibited various sizes in the range of
29–33 nm. Also, the TEM images showed that some (NiFe2O4)
particles had been effectively loaded on the kaolin.

The Fe–Ni/kaolin sample was calcined at 500 ◦C, and the
AED pattern of the sample is shown in Fig. 12. The lighter
11
areas, which could be referred to as dense concentric ring regions,
indicated the presence of iron and nickel particles. In comparison,
darker areas could be identified as kaolin, as presented in Fig. 12.
With each ring reflecting a distinct family of planes with a varied
inter-planar separation, a series of concentric rings reflecting
multiple spots very close together at various rotations around the
center beam point was observed. The diffraction ring patterns
observed in the SAED were indexed as (111), (211), (220), and
(311) planes in the spinel structure (Fe–Ni). Thus, the diffraction
pattern confirms the presence of Fe–Ni in the sample.

TGA analysis of synthesized CNTs
Fig. 13 (a–c) summarized TGA curves of as-synthesized CNTs,

purified CNTs, and CNTs/AgNPs examined under an oxygen gas
atmosphere.

From Fig. 13, the synthesized nanotubes consist of three re-
gions; (a, b and c), the initial, main, and char decomposition
regions. Water removal is the primary cause of the first weight
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Fig. 11. An EDX spectrum of the Fe–Ni/kaolin catalyst.
Fig. 12. RTEM and SAED of Fe–Ni/kaolin catalyst.
oss for both as-synthesized and purified CNTs at temperatures
etween 0 and 300 ◦C (ambient moisture). At temperatures be-
ween 300 and 420 ◦C, these altered thermal characteristics and
eight loss of the sample result from some physical damage,
rimarily to the amorphous carbon component. Here, the second
egion is the primary thermal stage (when the weight loss is
ignificant). However, Montazer et al. (2012) claimed that the
GA of as-produced CNTs varies on several factors, including
neven carbon cages, tube diameters, and structural defects.
Fig. 13(c) depicts the disintegration of Ag-doped CNT nanocom-

osites at a greater temperature than naturally occurring and
ure carbon nanotubes. Although silver is an efficient oxidative
12
catalyst because of its capacity to split oxygen molecules into
atoms, it also provides sites for the oxidation of approaching
chemical compounds by lightly adsorbing those atoms on the
surface (Dey and Dhal, 2019). The residual mass of silver-doped
CNTs examined was less than that of as-synthesized CNTs. The
observed differences between as-synthesized and purified CNTs
could be due to the thermal-oxidative destruction of the former,
which resulted from the defect site along the CNTs wall. The
purification process introduces the defect sites and provides the
purified CNTs with enhanced air stability. Suggesting that after
purification, the purity and crystalline carbon content of CNTs
marginally rise from 63.83 to 69.76%. This further indicates that
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Fig. 13. TGA profiles of unpurified CNTs, purified CNTs, and Ag-CNTs.
Table 5
EDX analysis of carbon nanotubes.
Composite Samples C Ag O Al Si Ti Fe Ni Cu

As-synthesized 91.59 – 3.02 1.41 1.35 0.05 1.62 0.86 0.10
P-CNTs 95.06 – 1.11 0.88 1.17 0.04 0.89 0.72 0.13
Ag-CNTs 85.82 5.65 5.86 0.9 0.87 0.08 0.45 0.26 0.11
pure CNTs are more thermally stable than CNTs that have been
directly produced. In conclusion, the results of this investigation
showed that the technique produced highly thermally stabilized
Ag-CNTs that were not destroyed or derivatized by the deposition
process (Verma and Maheshwari, 2019).

HRSEM/EDX analysis of synthesized CNTs
The HRSEM images, as presented in Fig. 14(a), show the pos-

ession of a long-strands curly branched tube-like structure of
gglomerated carbon nanotubes, as indicated by arrows. An at-
empt was made to investigate the effectiveness of the purifica-
ion process using the HRSEM techniques (Fig. 14b). The result
emonstrates that P-CNTs are curved filaments braided into web-
ike structures with glossy tips. The image (Fig. 14c) also shows a
ypical structure with diameters ranging from 16 to 38 nm, one
f the distinctive qualities of the MWCNTs produced using CVD
rocedures.
The HRSEM micrograph of Ag-CNTs, shown in Fig. 14(c), was

aken to confirm the presence of produced nanoparticles on CNT
urfaces. The image also shows that MWCNTs had reduced in size
ompared to purified CNTs after integrating silver nanoparticles,
nd they had maintained their tube-like form for a considerable
ime prior to its cleavage (Fig. 14c).

The atomic weight (%) of metallic silver deposited on the
urface of the CNTs was 5.65% of the EDX result depicted in Ta-
le 5. The presence of C, O, Fe, and Ni, with a negligible quan-
ity of metallic impurities, may be seen in the other elemental
ompositions of silver-doped CNTs.
13
HRTEM of synthesized CNTs
The HRTEM images of unpurified CNTs, purified CNTs, and

silver-doped CNTs were obtained for detailed morphology and
diameter of the materials. Fig. 15(a) reveals a representative
HRTEM image of carbon deposits grown on the surface of kaolin-
supported iron and nickel catalysts (as-synthesized CNTs). A high
density of CNTs indicated a cluster of tube-like structures thickly
covering the catalyst particles. The as-synthesized CNTs con-
tain non-CNTs material, such as the residual growth catalyst
and the catalyst support. The HRTEM results demonstrated that
CNTs have variable wall structures and heterogeneous distribu-
tion of diameters. Additionally, Fig. 15(b) indicates that the pu-
rified CNTs consisted of numerous layers with a well-graphitized
wall structure without any amorphous carbon covering.

The HRTEM analysis of Ag-doped CNT nanocomposites is shown
in Fig. 15(c). It is noted that AgNPs were concentrated within the
lattice fringes of the multilayer CNTs, further supported by the
EDX result, as shown in Table 5. The distinctive morphological
characteristics of these Ag nanoparticles are circular protrusions
widely scattered on the grafted CNT surface.

Fig. 15 presents the SAED pattern of As-synthesized CNTs,
purified CNTs, and Ag-doped CNTs. The SAED patterns of Ag-
CNTs showed characteristic planes consistent with the planes
reported in the XRD results and with the plane of (002), which
indicates CNTs. The SAED patterns also reveal different concentric
rings, which indicate the graphitic nature of the CNTs and the
development of crystallinity of the Ag-CNTs nanocomposites. This
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Fig. 14. HRSEM micrograph (a) unpurified CNT (b) purified CNTs(c) Ag-CNTs.
Fig. 15. HRTEM, SAED, and diameter distribution of (A) unpurified CNT (B) purified CNT (C) Ag-CNTs nanocomposites.
5

shows the polycrystallinity nature of the nanocomposite after en-
capsulating silver nanoparticles with CNTs. The HRTEM analysis
of unpurified and purified CNTs is measured, and the particle size
distribution shown in Fig. 15 is 12.45 and 10.98 nm, respectively.

XRD analysis of synthesized CNTs
Powdered XRD techniques were used to further analyse the as-

synthesized unpurified CNTs, purified CNTs, and Ag-doped CNTs
14
to confirm their mineralogical phases. Only two distinct diffrac-
tion angles could be seen in the XRD patterns of the samples of
as-produced CNTs, as shown in Fig. 16. The patterns show major
peaks around the 2θ value of 26◦ and 44◦ with a corresponding
plane of (002) and (100), which are usually characteristic planes
for graphite-like carbon of the CNTs. The peaks found at 30.49◦,
2.68◦, and 61.80◦ are indexed as the (110), (220), and (211)
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Fig. 16. XRD patterns of (a) as-synthesized CNTs (b) P-CNTs (c) Ag-CNTs.
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lanes of kaolin. The peak around 34.88◦can be assigned to the
111) reflection of bi-metallic oxide (NiFe2O4)

Also, in Fig. 16 for the purified CNTs, the peaks appeared at
26.2◦, 43.47o, and 74.72◦ are indexed as the (002), (100), and
(204) planes of carbon, respectively; it was observed that more
peaks of carbon came up which might be as a result of the
removal of residue metal particles from the as-synthesized CNTs.
Fig. 16 displays similar XRD findings for the Ag-CNTs. At a 2-
theta value of 26.30◦, a distinctive peak was attributed to the
(002) plane of CNTs. The Ag reflection planes of (111), (200),
(220), (311), and (222) are attributed to the peaks at 38.35◦,
4.87◦, 64.83◦, 77.76◦, and 81.74◦, respectively. The additional
eaks around the reflection angles of Ag-CNTs suggest that the
roduced adsorbent could transpire to the crystal lattice of the
aterial. This observed phenomenon in the Ag-CNT composite
RD patterns corresponds to the SAED pattern in Fig. 15. How-
ver, the crystallite sizes of the unpurified and purified CNTs were
alculated from the XRD patterns based on the Debye Scherrer
quation, and the results showed the average crystallite sizes of
3.14 nm and 11.80 nm, respectively.
FTIR of as-synthesized and purified CNTs
Chemical substance surface functional group identification

as analysed using the FTIR spectrum in Fig. 17. In the Ag-CNTs,
he –OH vibrational bond is indicated at the band wavenumber at
894 cm−1, and C-H stretching is consistent with the wavenum-
er of 2848 cm−1. The band wave number at 3759 cm−1 suggests
he –OH vibrational bond for the CNTs is slightly higher than
688 cm−1 as identified for Ag-CNTs. A peak around 1395 cm−1

orresponds to the C–C stretching, showing interaction and sur-
ace disruption brought on by the adhesion of metal particles,
nd the Ag–O peak appears at 870 cm−1. The Ag-CNTs spectrum
hows that silver deposition on MWCNTs increased the strength
f the bands and pushed them towards lower wave numbers. This
odification results from a charge-transfer process and chemical
ontact between the surfaces of the MWCNTs and the AgNPs after
he deposition operation. The C–C bending was also observed at
15
Table 6
BET analysis.

As-synthesized CNTs P- CNTs Ag-CNTs

BET surface area (m2/g) 244.40 268.40 1068
Pore volume (cm3/g) 0.086 0.105 0.381
Pore size (nm) 3.040 3.287 6.503

1589.98 cm−1 for unpurified and purified CNTs. In comparison,
the presence of C–C (1395 cm−1) and C==C (1926 cm−1) was
connected to the synthesized Ag-CNTs could be due to incomplete
acetylene decomposition during catalytic cracking of the gaseous
hydrocarbon material.

BET analysis of synthesized CNTs
The surface area, pore volume, and pore size of the prepared

materials (as-synthesized are presented in Table 6.
The N2 adsorption–desorption isotherms of the CNTs

as-synthesized, the purified CNTs, and the Ag-CNTs are type IV
hysteresis loops, demonstrating the mesoporous features of the
nanomaterials. The as-produced CNTs had a 244.4 m2/g BET sur-
face area. The BET surface area was measured to be 268.40 m2/g
ollowing purification. The findings show that the purifying pro-
edure enhanced the surface area of the nanoadsorbents (Bu-
akova et al., 2018). The more active sites on the adsorbent
urfaces could result from the higher specific surface area, which
ould be advantageous for the occurrence of the redox reaction
nd enhance its capacitance performance (Cuong et al., 2020).
dditionally, the larger pores of purified CNTs make it easier for
articles to move about during the adsorption process, improv-
ng the efficacy of the adsorbent (Li et al., 2016). Silver-doped
NTs had a BET surface area of 1068 m2/g, indicating a greater
urface area increase. Silver nanoparticles doped on the surface
f CNTs may be responsible for this increase in the surface
rea because they have hollow shapes and a lower density than
ynthesized nanoparticles. According to the International Union
f Pure and Applied Chemistry (IUPAC), materials with pores
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Fig. 17. FTIR spectra of unpurified CNTs, purified CNT and Ag-CNT.
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ess than 2 nm are classified as microporous, those between
and 50 nm as mesoporous, and those larger than 50 nm as
esoporous macroporous. As a result, the synthesized nano-
dsorbents in this study revealed that they are mesoporous in
ature (Table 6). In general, the obtained result of the pure CNTs
onfirmed the effectiveness of the purification process. A similar
bservation was reported by Aliyu et al. (2017b), who reported
n increase in the surface area of CNTs after purification.

hysicochemical parameters of fish pond wastewater before
nd after adsorptions
The wastewater samples were characterized for their physic-

chemical properties before and after the adsorption process re-
ults, as presented in Table 7, along with the maximum required
imit for drinking water reported by World Health Organization
WHO) and Anon (2009).

The pH of the fish pond wastewater sample was 7.88. While
he pH value varied between 6.74 and 6.61 in the treated wastew-
ter samples using P-CNTs and Ag-CNTs, respectively. After treat-
ent, the pH values fall within the acceptable ranges established
y NESREA guidelines (6.5–8.5), demonstrating that the treated
astewater sample is nearly neutral. The solubility and biologi-
al availability of chemical compounds like nutrients and heavy
etals are directly influenced by pH measurement. The toxicity
f heavy metals is based on how soluble they are. The highly
cidic or alkaline substance would impact the solubility, mobility,
nd metal toxicity of water and consequently destroy marine life
n the ecosystem (Lokhande et al., 2011). As a result, pH mea-
urement has specific crucial characteristics that help determine
astewater quality. According to WHO guidelines, most aquatic
rganisms can survive in water with a pH of 6.5 to 8.5, whereas
he pH range for treated water is tolerable for humans. This fact
eads to the conclusion that the treated water can be used again

or various domestic activities. a

16
The inorganic and organic particles in water make up the total
soluble solids. The raw wastewater sample for this sample had
a total dissolved solids (TDS) value of 240 mg/L as opposed to
the WHO and NESREA standard of 500 mg/L. The TDS values of
the treated wastewater for P-CNTs and Ag-CNTs were 3.00 mg/L
and 2.83 mg/L, respectively, after the wastewater sample was
treated using nanoadsorbents. According to the results, the TDS
concentration readings are below the NESREA-permissible limit
of 500 mg/L. TDS provides a quantity of dissolved organic and
inorganic substances, which can raise the turbidity of water (Khan
et al. 2013). In water bodies, salts are dissolved and are known to
make the water denser and influence freshwater osmoregulation
in aquatic organisms, decreasing the supply and usefulness of
oxygen and water for drinking, irrigation, and other industrial
uses. When dissolved minerals like calcium, chloride, and mag-
nesium are present in water samples, the water conductivity
increase, thus influencing the ability of any medium to transport
an electric current. The maximum permissible conductivity level
is 200 µS/cm, according to WHO and NESREA. According to this
study, treated water samples have a measured conductivity of
6.82 µS/cm for P-CNTs and 7.94 µS/cm for Ag-CNTs, compared
to 397 µS/cm for effluent sample. Although conductivity has no
irect impact on human health, high conductivity may reduce
he aesthetic value of water by imparting a mineral taste to it
Rahmanian et al., 2015).

Aquaculture effluent had much greater levels of dissolved
xygen, biological oxygen demand, and chemical oxygen de-
and than values seen in wastewater treatment. The capacity
f nanoadsorbents to remove nutrients and other contaminants
rom aquaculture wastewater may cause these variations. This
uggests that the toxins in wastewater from aquaculture are
iodegradable. The low level of DO measurement is 3.07 mg/L,
hich could be due to high levels of chemical oxidation demand

nd aerobic microbial activity (BOD), two pollution indicators.
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Table 7
Physicochemical parameters of fish pond wastewater before and after treatment with the maximum
permissible limit at different conditions of dosage (0.4 g/50 cm3) Temperature at 60 ◦C, contact
time of 100 min, and stirring speed of (120 rpm).
Parameters Raw water Treatment

using P-CNT
Treatment
using Ag-CNT

World Health
Organization
(WHO)/
Anon (2009)

pH 7.88 6.74 6.61 6.5–8.5
Conductivity (µs/cm) 397 7.94 6.82 200
Nitrate (mg/L) 6.22 0.56 0.51 10
Phosphate (mg/L) 1.66 0.02 0.01 0.5
Chloride (mg/L) 252.57 8.31 9.70 250
DO (mg/L) 3.07 6.48 8.0 8-10
BOD (mg/L) 6.50 4.50 3.8 10/5–7
COD (mg/L) 42.64 39.25 35.75 40
TDS (mg/L) 240.10 3.00 2.83 500
Manganese (mg/L) 1.435 0.73 0.144 0.40
Zinc (mg/L) 3.75 2.56 1.22 3.00
Iron (mg/L) 4.43 0.64 0.108 0.3
Bacteria (cfu/ml) 7.2 × 102 65.0 0.00 –
TA (mg/L) 78 15.23 5.53 0–0.05
Ca (mg/L) 54.68 56.90 49.62 25–200
Na (mg/L) 16.59 13.96 13.72 200
K (mg/L) 3.80 3.24 3.19 12
Mg (mg/L) 10.41 10.36 8.48 50
Omitoyin et al. (2017) showed lower DO in wastewater drained
from shrimp ponds, ranging from 3.00 mg/L to 3.20 mg/L. This
is due to increasing levels of biodegradable organic materials in
the wastewater discharged from unconsumed feed, fish feces, and
metabolites from microbial activities. The high COD in aquacul-
ture wastewater may be attributed to increased organic matter.
However, the low BOD value of wastewater was recorded as 6.50
mg/L, which is higher than the value obtained from the treated
wastewater of 0.75 mg/L and 0.5 mg/L for P-CNTs and Ag-CNTs,
respectively. Although the COD in wastewater value (42.64 mg/L)
was greater than the WHO and NESREA standard (40 mg/L) and
values of treated wastewater, which are 0.03 mg/L and 0.01 mg/L
for P-CNTs and Ag-CNTs, respectively,

The fact that indicators like phosphate, nitrate, and total al-
alinity (TA) were higher in the wastewater than in the treated
astewater suggests that fish meal, which is a protein-rich feed
onstituent, may have leached nutrients. The wastewater has a
hosphate value of 1.66 mg/L, greater than the phosphate values
f 0.02 mg/L and 0.01 mg/L for P-CNTs and Ag-CNTs, respectively,
or the treated wastewater. According to the literature, more
han 1 mg/L phosphate concentrations could stop sewage from
oagulating in a water treatment system (Omitoyin et al., 2017).
he nitrate level of 6.22 mg/L found in wastewater was higher
han the values of 0.56 mg/L and 0.51 mg/L for P-CNTs and Ag-
NTs, respectively, found in treated wastewater. The TA values
or the treated water, which were significantly lower than the
alue for the wastewater in this investigation, are 15.23 mg/L for
-CNTs and 5.53 mg/L for Ag-CNTs, respectively. The results of the
acterial analysis suggested that the bacterial count may be re-
ated to variations in management strategies that result in varying
evels of organic loads in the pond system from the fish diet (Oni
t al., 2013). The source of bacteria might be traced back to water
ources flowing into the pond. Bacterial counts of aquaculture
astewater were 7.2 × 10 2cfu/mL, much higher than the values

of treated wastewater, which are 65.0 cfu/mL and 0.00 cfu/mL
for P-CNTs and Ag-CNTs, respectively. However, in this study, the
chloride ion is 252.57 mg/Lin in the wastewater, which is slightly
beyond the acceptable limit of Anon (2009) guideline value (250
mg/L), and the chloride value in treated water is 8.31 mg/L and
9.70 mg/L for P-CNTs and Ag-CNTs respectively.

To address this issue, it is necessary to completely remove
or significantly reduce the level of these contaminants in the

wastewater before final discharge into the environment. Table 7

17
shows the concentration of the selected heavy metal in aqua-
culture wastewater and reveals these metals in different propor-
tions. For the adsorption of the selected heavy metals, synthe-
sized nanomaterials were used as the adsorbent.

Adsorption studies
This study investigated the influence of parameters such as

contact time, adsorbent dosage, and temperature on the removal
efficiency of the selected heavy metals by nano-adsorbents.

Effect of contact time
The effect of contact time (0 to 120 min) on nano-adsorbents

is shown in Fig. 18(a) and (b). It can be seen from Fig. 18(a)
and (b) that heavy metal removal increases slightly with time,
irrespective of the nano-adsorbents. In the figures, a very fast
adsorption rate was noticed, and the optimum time for removal
of Mn, Zn, and Fe is 100 min for both P-CNTs and Ag-CNTs.

The optimal time for removing the three metals (Mn, Zn,
and Fe) for the P-CNTs is 100 min. At this stage, the heavy
metals adsorbed onto the CNTs counterbalanced the heavy metals
desorbing from the adsorbent. The heavy metals adsorbed at the
equilibrium time represents the maximum adsorption capacity of
the adsorbent under operating conditions. The time necessary to
reach this state of equilibrium is referred to as the equilibrium
time.

Fig. 18(a) illustrates the effectiveness of pollutant removal in
relation to treatment time. Zn (91.20%), Fe (82.10%), and Mn
(50.25%) had the highest percentage reductions after a total of
100 min of treatment. The initial concentration of heavy metals
in the wastewater, which is essential to the mass transfer of
molecules from the liquid to the solid surface during the adsorp-
tion process and is also time-dependent, may cause the higher
value of Mn. At 100 min, Mn, Zn, and Fe reached this equilib-
rium. The porous nature of the nanoadsorbent contributes to its
capacity for adsorption, along with various interfaces that depend
on the porous nature of the adsorbent and the features of the ad-
sorbate, such as hydrogen bonding, cation exchange, electrostatic
attraction, surface precipitation, and among others. The adsorbent
sites displayed an affinity towards saturation and equilibrium
as the treatment period rose, which described the adsorbent–
adsorbate affinity (Anijiofor et al., 2018). In other words, a high
driving force that results in a quick transfer mechanism between
the adsorbed metals and the active site of the adsorbent may be

the cause of a fast initial adsorption rate.
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f

Fig. 18. Effect of contact time of heavy metals using (a) P-CNT (b) Ag-CNT (adsorbent dosage (0.1 g), stirrer speed (120 rpm), and temperature (25 ◦C) volume of
ish pond wastewater (50 cm3), stirring time (90 min).
Fig. 18(b) also shows that as the contact time increases, a
corresponding increase in the adsorption of the selected heavy
metals was observed. It can also be observed at the initial stages,
the slope was greater and later decreased with time, suggesting
that the rate of adsorption was rapid in the initial stages and
subsequently attained the optimum at 100 min, amounting to Zn
(93.02%), Mn (83.10%) and Fe (89.01%), respectively. The order of
adsorption of heavy metals using Ag-CNTs in decreasing order is
Zn (1.53 Å) > Fe (1.72 Å) > Mn (1.79 Å), which could be attributed
to a decreasing ionic radius of the heavy metals. It can be seen
that equilibrium time is metal-dependent adsorbent specific. The
adsorption of heavy metals on Ag-CNTs was therefore thought to
18
be complete after 100 min. More metal ions were successfully
removed by Ag-CNTs than P-CNTs, indicating a higher interaction
between the adsorbent and adsorbate in the former. Alternately,
the considerable surface area and pore diameters of Ag-CNTs (BET
results in Table 6), the high crystallinity of TEM and XRD, and the
presence of the functional groups may all contribute to their high
adsorption rate.

Effect of adsorbent dosage
The adsorbent dosage parameter has a pronounced effect

on removing adsorbate species from wastewater. This study in-
vestigated the effects of different P-CNTs dosages (from 0.1–
0.5 g) on the selected heavy metals removal from fish pond
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Fig. 19. Effect of dosage on heavy metals using (a) P-CNT (b) Ag-CNT (Experimental conditions: stirrer speed (120 rpm) and temperature (25 ◦C) volume of fish
ond wastewater (50 mL), stirring time (90 min).
astewater (see Fig. 19. According to Fig. 19(a), it can be seen that
he percentage removal increases with an increasing amount of
dsorbent (up to 0.5 g/L for selected metals). Of the three selected
eavy metals, Zn was removed fastest, followed by Fe and Mn;
he removal efficiency increased for Zn from 40.20 to 52.10%
pon increasing the adsorbent from 0.1 to 0.5 g/L. Conversely,
he percentage removal for Mn was low compared to the other
elected heavy metals, which increased from 5.23 to 26.90%, with
he maximum removal efficiency achieved under an optimum
ose of 0.5 g/L.
Fig. 19(b) describes the impact of the Ag-CNTs dosage. Up

ntil equilibrium was reached, it was discovered that the removal
fficiency increased proportionally with the Ag-CNT dosage; how-
ver, once equilibrium had been reached, the removal efficiency
emained constant despite the increase in Ag-CNT dosage. Ac-
ording to Fig. 19(b), increasing the mass of Ag-CNTs from 0.1 g
o 0.3 g significantly improves the percentage adsorption of Fe,
n, and Zn, which go from 72.01 to 84.10%, 65.15 to 68.09%, and

5.20 to 82.20%, respectively. It was found to be between 0.1 and

19
0.3 g for these three metals, and increasing the mass of Ag-CNTs
over 0.3 g impacted the removal efficiency increase of Fe, Mn,
and Zn in fish pond effluent. The removal of Fe increased from
72.01 to 87.70%, Mn from 68.10 to 70.10%, and Zn from 75.20 to
100% at the dosage of Ag-CNTs from 0.1 to 0.4 g. The availability
of more adsorption sites for the metal ions adsorption may be
responsible for the observed increase in removal effectiveness.
The saturation of adsorption sites through the adsorption process,
which leads to desorption, is the main cause of the maintenance
in adsorption uptake despite the increase in adsorbent dosage
(Tan et al., 2020). According to the findings in Fig. 19(a) and (b),
Ag-CNTs have a higher surface area than P-CNTs, making them
superior at adsorbing heavy metal ions.

Effect of temperature
The effect of temperature on the removal efficiency of the

selected heavy metal ions from fish pond wastewater was carried
out, and the result is shown in Fig. 20(a). It was observed that
increasing the temperature from 30 to 70 ◦C causes an increase

in the adsorption efficiency of heavy metal ions onto P-CNTs. The
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Fig. 20. Effect of temperature on heavy metals using (a) P-CNT, (b) Ag-CNT (Experimental conditions: stirrer speed (120 rpm), dosage (0.4 g), the volume of fish
ond wastewater (50 mL), stirring time (90 min).
emoval efficiency increased from 38.50 to 48.21% for Mn, 77.40
o 80.20% for Fe, and 68.30 to 82.72% for Zn as the temperature
ncreased from 30 to 70 ◦C. This implies that the optimum tem-
erature to achieve sufficient Mn, Zn, and Fe removal was 70 ◦C.
urthermore, it is possible to have significant removal efficiency
f the selected heavy metals in the fish pond wastewater, increas-
ng the temperature beyond 70 ◦C. Therefore, results showed that
he removal of heavy metal ions using P-CNTs was potentially
nd comparatively favoured at high temperatures than at lower
emperatures. This is because of the increased metal mobility
ue to temperature increment and sufficient interactions with
20
the active sites. Moreover, an increasing temperature produces
a swelling effect within the internal structure of the adsorbent,
which invariably increases the rate of penetration of the active
sites on the adsorbent by the metals (Hamzat et al., 2019).

Fig. 20(a) shows a similar trend to Fig. 20(b), as the tem-
perature increased from 30 to 70 ◦C. The percentage removal
and the adsorption capacity for the selected metals increases
for the chosen temperature range. The study undertaken here is
governed by the endothermic adsorption process. In the case of
Mn, the removal efficiency was increased from 60.30 to 79.40%,
Zn from 80.90 to 99.11%, and Fe from 78.10% to 82.07% as the
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Table 8
Isotherm parameters for removing heavy metals from fish pond wastewater using purified CNTs
and Ag-CNTs.
Isotherm
parameter

P-CNTs Ag-CNTs

Fe Mn Zn Fe Mn Zn

Langmuir
KL (l/mg) 1.4478 0.3979 1.5390 8.1759 0.82473 10.1029
Qmax (mg/g) 0.0137 0.0053 0.0397 0.06820 0.009871 0.12177
R2 0.4952 0.1401 0.3424 0.8967 0.8697 0.6843
Freundlich
Kf 0.1753 6E+10 0.95120 0.1010 60.9223 0.6066
n 0.119 0.01618 0.51557 0.4329 0.0213 0.8073
R2 0.5506 0.2821 0.8342 0.8499 0.7843 0.9274
temperature increased from 30 to 60 ◦C. The rate at which metal
ons diffuse from the bulk of the solution to the bulk of the
dsorbent rises with temperature.
Furthermore, the active adsorption sites become more active

owards the adsorption from the solution as the temperature rises
Sellaoui et al., 2022). The adsorption capacity of the adsorbents
t high temperatures may result from a decrease in the bind-
ng forces between the adsorbent and adsorbate caused by this
emperature increase (Bankole et al., 2017). As a result of their
reater surface area, availability of additional binding sites, nature
f the adsorbent, and electrostatic interaction between them and
he adsorbate, Ag-CNTs showed better adsorption efficiency than
-CNTs in this study.
dsorption isotherm
The results of the adsorption process were examined using

he Langmuir and Freundlich adsorption isotherm equations, as
hown in Eqs. (7) and (8), to identify the isotherm parameters and
odel that best represent the adsorption mechanism (Table 8).
he model with better applicability is determined using the ad-
orption regression correlation coefficient (R2) value (Sharma
t al., 2018).
Ce

Qe
=

1
KLQmax

+
Ce

Qmax
(7)

ln Qe = ln Kf +
1
n
ln Ce (8)

For the Fe adsorption process on P-CNTs, the values of R2 for
the Freundlich isotherm model (0.5506) are greater than those
for the Langmuir model (0.4952). Similar to this, Zn and Fe are
also taken up in the same trend, with R2 values for respective
Langmuir and Freundlich isotherms of 0.3424 and 0.8342 for Zn
and 0.8967 and 8499 for Fe. The value of the Freundlich correla-
tion constant (n) is another crucial factor to be considered before
deciding whether the Freundlich isotherm better describes the
adsorption mechanism. When the Freundlich constant n ranges
in value from 1 to 10, adsorption is considered good. If n is equal
to 1, the adsorption process is linear; otherwise, it is a chemical
process if n is larger than 1 and a physical process if n is less than
0. For Fe, Mn, and Ze, Freundlich constant ‘‘n’’ values of 0.119,
0.01618, and 0.5156 are obtained.

Regarding Fe, Mn, and Zn, the values of n for Ag-CNTs were
0.4329, 0.0213, and 0.8073, respectively, and are less than 1. The
R2 values for the Freundlich isotherm with 0.8499, 0.7843, and
0.9274 for Fe, Mn, and Zn, respectively, are higher than the Lang-
muir model, indicating that the isotherm follows the Freundlich
isotherm model. The Freundlich model presumes that multilayer
adsorption takes place, according to Wang et al. (2017). This
explains how the Freundlich isotherm can describe the adsorption
process on MWCNTs with multiple wall layers.
Adsorption kinetic studies

Regression correlation coefficients were used in Table 9 to
summarize the kinetic adsorption parameters determined from
the kinetic model equations. The model that best describes the
21
kinetics of heavy metals adsorption onto the adsorbent has a
considerably higher value. In this study, the pseudo-first-order,
pseudo-second-order kinetic, and Elovich models, as provided in
Eqs. (9)–(11), were utilized to evaluate the adsorption kinetics
(see Table 10).
t
Qt

=
1

k2Q2
e

+
t
Qe

(9)

ln (Qe − Qt) = ln Qe − k1t (10)

Qt = Bln (A) + Blnt (11)

Table 9 shows that the pseudo-first-order model has R2 values
for Zn, Fe, and Mn of 0.0099, 0.4265, and 0.3568, respectively,
for P-CNTs. This indicates that the pseudo-first-order model is
unsuitable for fitting the adsorption process since the values of
R2 are not close to 1. The pseudo-first-order model does not
accurately describe the kinetic adsorption process for Ag-CNTs,
as shown by the R2 values of 0.0078, 0.6373, and 0.6924 for
Zn, Fe, and Mn, respectively. The calculated pseudo-second-order
parameters, however, exhibit greater correlation values. When
the Ag-CNTs adsorbent was utilized, the R2 values for Zn, Fe, and
Mn were 0.9999, 0.9869, and 0.9101, respectively, and R2 values
of 0.9992, 0.9987, and 0.9927 were obtained for Zn, Fe, and Mn,
respectively, for the P-CNTs. Because the values are close to 1,
this also displays the best fit. Additionally, the R2 values for Zn,
Fe, and Mn for P-CNTs in the Elovich model are 0.8279, 0.9523,
and 0.8632, respectively. The values of R2 for Zn, Fe, and Mn
when employing the Ag-CNTs are 0.8952, 0.6484, and 0.8582,
respectively. This suggests that the Elovich model is likewise
acceptable for fitting the adsorption process because the values
of R2 are also close to 1. As can be seen, the pseudo-second-
order kinetic model has a higher R2 value than the Elovich and
pseudo-first-order kinetic models. The fitness of kinetic models
for the adsorption of Mn, Zn, and Fe from the wastewater of fish
ponds by nanoadsorbents followed the pattern; pseudo-second-
order kinetic > Elovich model > pseudo-first-order kinetic. With
respect to the FTIR and textural properties of the adsorbents, ion
exchange and surface complexation could be responsible for the
adsorption process via the combination of the positively charged
metal ions and the active-sited negatively charged groups of the
adsorbents. This phenomenon occurs through the attraction of
metal ions to the surface of the adsorbents.

Thermodynamic studies
The change in Gibbs free energy (∆G) was established to

understand the spontaneity of the adsorption process to study ad-
sorption thermodynamics. Tables 11 and 12 show that thermo-
dynamic study variables such as a change in enthalpy (∆H) and
change in entropy (∆S) were calculated for purified and func-
tionalized CNTs. The slopes from the plots of lnKd against 1/T
were used to calculate the ∆H values. The ∆S (J/mol K) was
determined using the Gibbs–Helmholtz equation.

The temperature range (303 to 343 K) was used for adsorption
based on the ∆G values in Tables 11 and 12. The heavy metals
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Table 9
Kinetic parameters for the adsorption of selected heavy metals on P-CNTs and Ag-CNTs.
Kinetic
parameters

P-CNTs Ag-CNTs

Zn Fe Mn Zn Fe Mn

Pseudo-first-order
k1 (min) 0.0025 0.0228 0.0277 0.0022 0.012 0.0338
Qe exp (mg/g) 6.595 15.30 11.17 6.59 16.60 19.76
Qecal (mg/g) 0.3575 3.6677 3.661 0.1347 4.2599 18.9714
R2 0.0099 0.4265 0.3568 0.0078 0.6373 0.6924
Pseudo-second-order
k2 (g/mg.min) 0.0490 0.0078 0.0073 0.0062 0.0062 0.0008
Qe (mg/g) 6.7024 16.3132 12.4378 6.6533 1.3310 27.5482
R2 0.9992 0.9987 0.9927 0.9999 0.9869 0.9101
Elovich
B 4.1305 0.5288 0.5421 7.6103 0.7224 0.1587
A 1E+09 57.6126 8.3197 5.74E18 1087.037 1.3550
R2 0.8279 0.9523 0.8632 0.8952 0.6484 0.8582
Table 10
Comparison of the adsorption capacity for Mn and Fe ions removal with previous literature.
Adsorbent Wastewater Surface area

(m2/g)
Adsorption
capacity (mg/g)

Reference

Diethylenetriamine/CNTs/GO Synthetic Fe3+ = 13.80
Mn2+

= 9.50
Zhu et al. (2016b)

Cashew nut shell Electroplating 608.20 Mn2+
= 9.82 Yahya et al. (2020)

Activated carbon Industrial 688.60 Fe3+ = 14.86
Mn2+

= 7.63
Goher et al. (2015)

MWCNTs Acid mine drainage 105.54 Mn2+
= 7.63 Rodríguez and Leiva

(2019)

MWCNTs Synthetic 157.34 Mn2+
= 7.63 Rodríguez et al. (2020)

P-CNTs Fish pond 268.40 Fe3+ = 16.31
Mn2+

= 12.44
This study

Ag-CNTs Fish pond 1068 Fe3+ = 1.33
Mn2+

= 27.55
This study
Table 11
Thermodynamic parameters of the selected heavy metals adsorption using P-CNTs.
Heavy metal T (K) ∆H (kJmol−1) ∆S (kJmol−1K−1) ∆G (kJmol−1)

Mn 303 −1.05 1.36 −1.46
313 −1.47
323 −1.49
333 −1.50
343 −1.51

Fe 303 −1.36 5.47 −3.02
313 −3.07
323 −3.13
333 −3.18
343 −3.24

Zn 303 −3.48 6.29 −5.38
313 −5.45
323 −5.51
333 −5.57
343 −5.63
f
C
s
p

spontaneously adsorb on pure CNTs, as seen by the negative
values of ∆G, indicating that the process will continue at these
emperatures. The negative values ∆G obtained could increase as
he temperature increases. This demonstrates how an increase in
emperature promotes the adsorption spontaneity. The increase
n randomness at the sorbate–solution interface during the ad-
orption process is indicated by the positive values of change
n entropy. A negative ∆G value indicates a favourable reaction.
he adsorption is more advantageous as the temperature rises,
s indicated by an increase in the value of ∆G. Additionally,
he increase in randomness at the solid/liquid interface through-
ut the adsorption process and enhanced Ag-CNT adsorption for
he chosen heavy metals were indicated by the positive value
f ∆S.
22
Regeneration study
Fig. 21(a) and (b) show the removal of Fe, Zn, and Mn from

ish and wastewater and the efficacy and durability of purified
NTs and Ag-CNTs as reusable nanoadsorbents. After the nanoad-
orbents were synthesized and utilized for the first adsorption
rocess, they were retained and reused up to 5 times using HNO3

as a reagent for desorbing contaminants from the nanoadsor-
bents. From Fig. 21(a), it has been proved that regeneration did
not negatively affect the adsorption of heavy metals onto the
Ag-CNTs during 5 cycles, indicating that the nanoadsorbent has
a high level of stability. However, the adsorption of the metal
ions onto purified CNTs during 5 cycles of regeneration drops
through 3 cycles (see Fig. 21b). Therefore, it can be concluded

that the decoration of CNTs with AgNPs performed better in the
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Fig. 21. Stability of (a) A-CNTs and (b) P-CNTs for removal of Mn, Fe, and Zn.
dsorption process under regeneration study for the adsorption
f metal ions.

. Conclusion

In this study, Ag-doped MWCNTs are synthesized to remediate
ishpond effluent. Silver nanoparticles were synthesized using
arica papaya leaf extract via the green synthesis technique. Using
his plant as a reducing and stabilizing agent is demonstrated
y the synthesized AgNPs. The presence of elemental silver was
onfirmed by UV-visible spectroscopy, HRTEM, and XRD. The
urface plasmon resonance peak, 419.50 nm, is associated with
ilver nanoparticles, and the particle size of as-synthesized AgNPs
23
was estimated to be between 11.12 and 15.39 nm. The CCVD
method was used to prepare the bimetallic catalyst on kaolin
support Fe–Ni/kaolin; the catalyst preparation is suitable for the
production of CNTs at the experimental conditions of 8 g mass
of support, oven drying temperature of 140 ◦C, oven drying
time of 8 h, and a stirring speed of 240 rpm. Ag nanoparticles
were doped on the surface of pure carbon nanotubes by the
wet impregnation method. The FTIR confirmed the formation of
Ag-CNTs, and the HRTEM showed that the well-dispersed and
spherical Ag nanoparticles were anchored on the MWCNTs. The
contact time, adsorbent dosage, and temperature influenced the
efficiency of P-CNTs and Ag-CNTs in removing Fe, Mn, and Zn
metals from fish pond effluent. Ag-CNTs were more effective in
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Table 12
Thermodynamic parameters of the selected heavy metals adsorption using Ag-CNTs.
Heavy metal T (K) ∆H (kJmol−1) ∆S (kJmol−1K−1) ∆G (kJmol−1)

Mn 303 −1.48 3.57 −2.56
313 −2.60
323 −2.63
333 −2.67
343 −2.70

Fe 303 −0.34 15.15 −4.93
313 −5.08
323 −5.23
333 −5.38
343 −5.53

Zn 303 −5.09 13.83 −9.28
313 −9.42
323 −9.56
333 −9.70
343 −9.83
H

removing the selected heavy metals than P-CNTs. The Freundlich
isotherm and the pseudo-second-order model were best matched
to the adsorption isotherm and the kinetic model, respectively,
demonstrating that it is a multilayer phenomenon. Fe, Zn, and Mn
adsorption processes from fish pond wastewater were random,
feasible, and spontaneous. This study demonstrated that Ag-CNTs
are more promising nanoadsorbents for the adsorption of heavy
metals from fish pond effluent than purified CNTs. However,
it is of great relevance to study the microbial activities of the
wastewater before and after treatment over a lengthy period and
the possibility of reusing the treated polluted wastewater for
other applications such as household activities.
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