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ABSTRACT
Fe–Ni/kaolin catalyst was used for the production of carbon nanotubes (CNTs) via catalytic chem-
ical vapour deposition followed by acid purification treatment and functionalization with poly-
ethylene glycol to give purified carbon nanotubes (P-CNTs) and polyethylene glycol carbon
nanotubes (PEG-CNTs), respectively. The as-synthesized CNTs, P-CNTs and PEG-CNTs were charac-
terized by high-resolution transmission electron microscopy (HRTEM), high-resolution scanning
electron microscopy (HRSEM), Fourier transform infrared and Brunauer Emmett Teller (BET). The
adsorption behaviour P-CNTs and PEG-CNTs to remove specifically Cr and Zn from battery waste-
water were examined by the batch adsorption process as a function of different contact time,
adsorbent dosage and temperature. The HRSEM/HRTEM/BET analysis confirmed that both nano-
adsorbents were tube-like in nature, high porosity and crystalline, with PEG-CNTs possessing high
surface area (970.81m2/g) than P-CNTs (781.88m2/g). The optimum contact time and adsorbent
dosage to remove Cr and Zn by P-CNTs and PEG-CNTs were 90 and 50min and 0.3 g, respectively.
Under the applied conditions, PEG-CNTs exhibited high adsorption capacity than P-CNTs for the
selected heavy metals. The adsorption equilibrium data were better fitted to the Freundlich model
while the kinetic data conformed to the pseudo-second-order model. Thermodynamic studies
demonstrated the feasibility and endothermic nature of the system. This study demonstrated that
both nano-adsorbents purify battery wastewater and with better performance by PEG-CNTs.
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Introduction

The direct release of untreated industrial wastewater con-
taining heavy metals is a trending source of environmental
concern especially to human life and aquatic species due to
perceive accumulative and persistence toxicity nature it pos-
sess.[1] Wastewater originating from a wide range of indus-
tries such as metallurgical, electroplating, petrochemical,
metal processing, mining, tannery, battery industries con-
tains one or more heavy metal ions such as lead, cadmium,
chromium, nickel, arsenic amongst others.[2,3] The impact of
these potentially toxic metals in the environment is increas-
ing on daily basis due to increasing natural and anthropo-
genic activities such as flooding, population growth,
industrial and technological expansion, energy utilization to
mention but a few.[4,5] Exposure to heavy metals especially
at concentrations well above the limits set by World Health
Organization (WHO) and the Environmental protection
agency (EPA) has been on the increase in the third-world
countries, particularly those with limited water resources.[6]

The adverse health effects associated with exposure to cad-
mium, mercury, lead, chromium, arsenic, iron, zinc have

been well established and documented in the literature.[3]

Heavy metals are toxic, mobile, highly recalcitrant and non-
biodegradable and often categorized as chemicals of emerg-
ing concern due to the damaging effect on the normal func-
tions of various organs of living cells in the body.[7] Thus,
remediation of wastewater containing heavy metals prior to
discharge is of earnest and great importance.

Different treatment techniques used to remove heavy
metals from wastewater include reduction and precipita-
tion,[2] coagulation and flocculation, ion exchange,[8] mem-
brane technologies,[9] electrolysis, ozonisations,[10] reverse
osmosis, electrochemical separation[1] and electro coagula-
tion[11] to mention but a few. Despite the satisfactory results
obtained via these technologies, there exist some limitations
such as large capital or operational costs of chemicals/
reagents; generation of toxic sludge, and ineffectiveness
removal of heavy metals in the range of 1–100mg L�1 from
wastewater.[12] In view of these limitations, alternative and
more effective and economical method are desired and
adsorption technology has been identified as a panacea for
the removal of heavy metal ions in the range of 1–100mg
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L�1 from wastewater.[4] Adsorption technology is considered
more advantageous compared to other techniques due to its
simplicity, relative availability, low cost and effectiveness in
the removal of potential toxic element from very dilute com-
plex solutions containing diverse pollutants.[13] Other char-
acteristics of adsorption process include: potential for
regeneration of the adsorbents, high metal uptake and gen-
eration of less toxic sludge.

Several adsorbents have been employed for the sequestra-
tion of metal ions from aqueous solutions such as activated
carbon,[12] alumina,[14] peat, modified chitosan,[11] sewage
sludge ash, peanut hulls, activated carbon clothes,[15] sugar
beet pulp, biomaterials,[16] kaolinite, olive stone,[17] alum
sludge, bagasse, and resins.[6] However, these adsorbents
exhibit low adsorption efficiency, weak diffusion limitation;
absence of enough active surface sites; and generation of
secondary wastes. Therefore, there is need to develop novel,
advanced, classical and cost-effective adsorbent for cleaning
of industrial wastewater. Multi-walled carbon nanotubes
(MWCNTs) have been extensively employed as a novel
adsorbent for the removal of various organic and inorganic
pollutants wastewater due to its large specific surface area,
high aspect ratio and above all exceptional hollow and lay-
ered structures.[4] Other properties of MWCNTs include
high mechanical, thermal, electrical and optoelectronic prop-
erties which usually depend on atomic arrangement, the
diameter and length of the tubes and morphology.[18,19]

Despite MWCNTs exceptional properties, agglomeration of
the carbonaceous material during and after the synthesis
affects and limits its efficiency hence the need to modify the
surface of raw CNTs and enhance its adsorption capacity
and dispersion rate.[3] Chemical modification of MWCNTs
by polymers is considered necessary to reduce the rate of
agglomeration, increase surface functional groups and sur-
face area of the material.[20] Functionalization of MWCNTs
for heavy metals removal from wastewater have been inde-
pendently reported by Mohammed and Robert[21] and
Bankole et al.[2]

In this study, synthesis and characterization of MWCNTs
via catalytic chemical vapour deposition (CCVD) followed
by purification and functionalization with polyethylene gly-
col (PEG) were carried out. In addition, the efficiency of
purified and PEG functionalized CNTs for adsorption of the
chromium and zinc from industrial battery wastewater were
investigated. The effects of contact time, dosage of the devel-
oped nano-adsorbents and temperature were studied to
understand adsorption mechanism of heavy metals removal
from battery wastewater by the prepared materials.

Materials and methods

Materials

The chemicals used in this study include: iron (II) trioxoni-
trate (V) nonahydrate, nickel (II) trioxonitrate (V) hexahy-
drate, dimethylformamide (DMF), PEG, hydrogen
tetraoxosulphate (VI) acid and hydrogen trioxonitrate (V)
acid. The chemicals were all supplied by Sigma Aldrich,
while argon gas, acetylene gas and liquid nitrogen were

supplied by British Oxygen Company, Nigeria. All the
chemical and gases were of analytical grade with percentage
purity in the range 98–99.99% and used without further
purification.

Preparation of bimetallic catalyst

Fe–Ni/kaolin was prepared by a wet impregnation as
described by Bankole et al.[2] About 5.05 g of Fe
(NO3)3.9H2O and 3.64 g of Ni (NO3)2.6H2O were weighed
separately and both dissolved in 50mL of distilled water to
form a mixture. Kaolin (8.0 g) was added into the mixture
and stirred on a magnetic stirrer at 300 rpm for 30min. The
resulting slurry was oven dried at 120 �C for 8 h and there-
after cooled to room temperature. The oven dried sample
was then pulverized and finally screened through a 150mm
sieve and subsequently the final powder was calcined at
500 �C for 14 h.

Synthesis of carbon nanotubes

Carbon nanotubes (CNTs) were produced by a CCVD
method involving decomposition of carbon source (acetylene
gas) in a tubular quartz reactor onto the Fe–Ni/kaolin cata-
lyst. A known weight (1.0 g) of Fe–Ni/kaolin catalyst support
was heated at 10 �C/min in a CCVD machine under the
continuous flown of argon gas at 15mL/min. As the tem-
perature rose to 750 �C, the argon flow rate was re-adjusted
to 100mL/min and acetylene gas was flown in the reactor at
the rate of 200mL/min. The reaction was monitored for
45min and thereafter acetylene gas was stopped and the fur-
nace left to cool to room temperature. The ceramic boat
containing the carbonaceous material was then removed and
the quantity of as-synthesized CNTs was weighed. The per-
centage yield of CNTs produced was determined using the
following equation:

CNTs Yield %ð Þ ¼ WProduct � Wcatalyst

Wcatalyst
� 100% (1)

where Wproduct is the total mass of the catalyst and final car-
bon material produced while Wcatalyst represents the initial
mass of Fe–Ni/kaolin catalyst.

Purification and functionalization of CNTs

Acid treatment method described by Wang et al.[22] was fol-
lowed for the purification of the raw CNTs. About 300mL
of HNO3 and H2SO4 mixture (v/v 1:3) was mixed with 5 g
of the synthesized CNTs in an ultrasonic bath sonicated at
40 �C for 90min. This was done to remove residual Fe, Ni,
amorphous carbon and support material (kaolin) that
remained in as-synthesized CNTs and also to introduce oxy-
gen onto the surface of the CNTs. The CNTs was cooled to
room temperature and continuously washed with distilled
water and filtered until the pH of 7 was obtained. The wet
purified CNTs (P-CNTs) were oven dried at 120 �C for 12 h.
The dried P-CNTs were mixed and dispersed with 100mL
of 20% PEG solution and 100mL of 10% DMF. The mixture
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was stirred for 18 h at 25 �C, and then later centrifuged for
10min. After centrifugation, the black solid residue was
washed with distilled water until it reaches the pH of 7. The
resultant black solid (polyethylene glycol functionalized car-
bon nanotubes (PEG-CNTs)) was oven dried at 120 �C for
12 h to get a resultant dried PEG-CNTs crystalline powder.

Characterization of industrial battery wastewater

The industrial battery wastewater was collected from Fogo
Battery (directly from point source) Ilorin, Kwara State,
Nigeria. The physicochemical parameters of the wastewater
were carried out and the inorganic constituents of the waste-
water were determined using the American Public Health
Association (APHA) method.[23] The pH of the wastewater
was determined by pH metre. In the same vein, pH and
electrical conductivity were estimated using a multi-param-
eter analyser C 3010 while dissolved oxygen (DO) metre
was used to determine the level of DO. The following chem-
ical parameters: chemical oxygen demand (COD), biochem-
ical oxygen demand (BOD), total dissolved solid (TDS),
alkalinity, the total amount of nitrate, nitrite, sulphate, phos-
phate, ammonium, chloride, cyanide and fluoride were
determined by the standard method described by the
APHA. All these analyses were performed at Regional Water
Quality laboratory, Federal Ministry of Water Resources,
Minna, Niger State. The heavy metal analysis was carried
out using the Atomic Absorption Spectrophotometer (AAS
PG 990 model).

Batch adsorption experiment

The adsorption efficiencies of P-CNTs and PEG-CNTs for
the removal of selected heavy metals (chromium and zinc)
from battery wastewater were evaluated at different contact
time, dosage of adsorbent and temperature via batch adsorp-
tion process. To investigate effect of contact time, 0.1 g of P-
CNTs and PEG-CNTs were individually dispersed into
250mL conical flask containing 50mL of the battery waste-
water. The mixture was corked and stirred on magnetic stir-
rer at 190 rpm under room temperature at sampling was
done at predetermined time interval of 10, 20, 30, 50, 60, 90
and 120min, respectively. The effect of adsorbent dosage
was carried out by adding different amount of nano-adsorb-
ents: 0.1, 0.2, 0.3, 0.4 and 0.5 g to 50mL of battery waste-
water in 250mL conical flask. The mixture was shaken on a
magnetic stirrer for 90min under constant room tempera-
ture and stirring speed. The effects of temperature on the
selected heavy metals were performed by adding 0.1 g each
of P-CNTs and PEG-CNTs nano-adsorbent to 50mL of bat-
tery wastewater in 250mL conical flask. The temperature
was varied from 303 to 343K while the stirring speed and
the volume of the adsorbate were kept constant. After equi-
librium time of 90min was reached, the sample solutions
were filtered through a 0.45mm membrane filter and the fil-
trate was analysed for the removal of selected heavy metals
using the AAS PG 990 model.

Data analysis

The amount of metal adsorbed[24] by each adsorbent was
calculated by using the following equation:

Q ¼ V C0�Ceð Þ
W

� 100 (2)

where C0 is the initial concentration of the metal in the bat-
tery wastewater before adsorption in mg L�1, Ce is the con-
centration of metal ion in the filtrate after adsorption in mg
L�1, W is the weight of the adsorbent (mg), V is the volume
of adsorbate (L) and Q is the amount of metal ion adsorbed
on purified and functionalized CNTs (mg/g) of
each adsorbent.

The metal removal efficiency[25] (E) is given by the fol-
lowing equation:

E ¼ C0�Ce

C0
� 100 (3)

Characterization of as-synthesized, purified and
functionalized CNTs

As-synthesized, purified and PEG-functionalized MWCNTs
were characterized for their surface area/pore volume,
microstructures and morphology by the Brunauer Emmett
Teller (BET), high-resolution transmission electron micros-
copy (HRTEM) and high-resolution scanning electron
microscopy (HRSEM). While the elemental composition,
particle size and functional groups were identified using
electron dispersion X-ray spectroscopy (EDS), dynamic light
scattering Zetasizer Nano-S series and Fourier transform
infrared (FTIR) Perkin Elmer 100 Spectrum Two.

Results and discussion

Physicochemical properties of battery wastewater

The untreated and treated battery wastewater was character-
ized for their physicochemical properties and the result is
presented in Table 1. As shown in Table 1, the pH of the
wastewater was 1.2, which is highly acidic and on treatment
with the nano-adsorbents, the pH increased significantly to
6.30 and 6.45 for P-CNTs and PEG-CNTs, respectively. This
may be linked to electrostatic interaction between the heavy
metal ions in the wastewater and the functional groups on
the surface of the nano-adsorbents resulting to the forma-
tion of weak bases. According to WHO, the pH of waste-
water should be in the range of 6.5–8.5 and pH of 7 for
drinking water.[7,26] Hence, the pH of the treated wastewater
will pose no threat to the aquatic organisms. The electrical
conductivity of battery wastewater prior to treatment was
high and above the acceptable limit due to high amount of
chlorine (chloride ion)-related raw materials used during the
electrochemical process of battery production.[27] The max-
imum discharge limit of conductivity in drinking water is
1000 lS/cm,[26,28] however that of the collected battery
wastewater was 16,400 lS/cm which is extremely high. After
treating with nano-adsorbents, the values of conductivity,
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chloride ion and other anions (fluoride, sulphate, nitrite and
nitrate) significantly reduced and fall within WHO[28] and
National Environmental Standards Regulatory and
Enforcement Agency (NESREA)[26] maximum limit as
shown in Table 1. The WHO sets 5–6mg L�1 as its dis-
charge standard for DO, NESREA has a minimum discharge
limit of 4mg L�1. After treatment, the DO of the wastewater
increased from 3.11mg L�1 to 5.75 and 5.85 for P-CNTs
and PEG-CNTs, respectively, which falls within NESREA[26]

and WHO[28] standards. Furthermore, it can be observed
from Table 1 that ammonium, cyanide, COD and BOD5

were completely reduced upon the interaction with the
nano-adsorbents under applied experimental conditions. The
results from Table 1 showed that the nano-adsorbents were
efficient in the removal of the target contaminants.

Characterization of the purified and PEG-
functionalized CNTs

HRSEM image in Figure 1a revealed the presence of non-
uniform aggregated tubes of different diameter embedded
with residual kaolin and metallic particles. In the case of
HRSEM micrograph displayed in Figure 1b, arrays of long
uniform tubes containing less impurity were observed due
to the significant reduction of catalytic particles and removal
amorphous carbon deposition by the acids.[29] Similarly, the
HRSEM micrograph of PEG-CNTs shown in Figure 1c

exhibited additional characteristics of the tube-like structure
despite the functionalization by the polymer matrix of PEG;
an indication of easy dispersion of PEG on the CNTs. In
addition, the functionalization did not affect the side wall of
PEG-CNTs, instead additional increment in the diameter
and length was observed. It should be mentioned that the
functionalization also resulted to rough clustering of poly-
mer matrix on the outer wall of the CNTs surface. It was
also noticed that the polymer matrixes expanded at the end
of the tube leading to the formation of long diameter tube
at the fracture surface. The formation of an open end tube
is considered more advantageous during the adsorp-
tion process.[30]

In the same vein, Figure 2 revealed the HRTEM images
of as-synthesized CNTs, P-CNTs and PEG-CNTs. It can be
seen that the prepared CNTs is multi-walled in nature due
to the presence of multiple layers and concentric tubes. The
occurrence of lattice fringes in Figure 2a indicates that the
prepared multi-wall CNT is highly crystalline even though
small amount of amorphous carbon and other catalytic
impurities remained on the outer layer of the CNTs. After
the acid purification of as-synthesized CNTs, significant
reduction of amorphous carbon and other metal impurities
that covered the outer layer of CNTs were observed (see
Figure 2b). It is evident from Figure 2b that multiple graph-
itic walls accompanied by slight defective etching at the
outer edges with hollow inner diameter were formed.[31]

Figure 1. HRSEM images of (a) P-CNTs (b) EDS of P-CNTs (c) PEG-CNTs.

Table 1. Physicochemical characteristics of battery wastewater after the adsorption process with nano-adsorbents.

Parameter Raw

Effect of
temperature (�C) Effect of dosage(g)

NESREA[26] WHO[28]P-CNTs PEG-CNTs P-CNTs PEG-CNTs

pH 1.2 6.30 6.45 6.35 6.40 6.5–8.5 5.5–8.5
TDS (mg L�1) 10,986 267 230 254 211 – 600
Conductivity (mS/cm) 16,400 399 344 379 315 – 1,000
Dissolved oxygen (mg L�1) 3.11 5.12 5.55 5.75 5.85 4.0 5–6
Nitrate (mg L�1) 328 3.89 3.57 3.60 2.60 40 50
Ammonium (mg L�1) 5.00 0.00 0.00 0.00 0.00 2.0 1.5/0.5
Chloride (mg L�1) 2,730 32.2 52.9 55.2 32.2 350 250
Phosphate (mg L�1) 1.70 0.05 0.01 0.04 0.00 3.5 0.5
Cyanide (mg L�1) 0.50 0.00 0.00 0.00 0.00 0.10 0.05
Fluoride (mg L�1) 5.40 0.13 0.11 0.12 0.09 – 1.5/1
Sulphate (mg L�1) 112 0.00 0.00 0.00 0.00 500 250/200
COD (mg L�1) 680 13.0 10.0 4.75 2.30 30 40.0
BOD5 (mg L�1) 12.0 3.05 2.50 1.15 1.12 6.0 10/5–7
Nitrite (mg L�1) 0.24 0.04 0.04 0.03 0.04 0.8 3/0.5
Total bacteria count (cfu/mL) 0 0 0 0 0 – –
Chromium (mg L�1) 0.788 0.068 0.0 0.0 0.0 0.05 0.05
Zinc (mg L�1) 3.586 0.119 0.111 0.060 0.045 0.2 2
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Figure 2c depicts multi-wall CNTs with high degree crystal-
linity and nested tubules. The small dark spot on the surface
depicts polymer embedded on the tubular network of CNTs,
this observation is similar to the report of Bankole et al.[2]

Also, the internal and the external diameter of the CNTs
were found to be 21 and 46 nm, respectively. Also in Figure
2c, it was noticed that the polymer dispersed on the wall of
CNTs, which suggest the introduction of more functional
groups such as –OH, –COOH and H–C–H on the surface
of MWCNTs.[22] A tip growth mechanism was observed for
the synthesized CNTs, which implied that the Fe–Ni/Kaolin
catalyst resided at the tip of the CNT during growth.[32] In
addition, the functionalization via chemical oxidation of the
tip growth CNTs resulted to the attachment of functional
groups such as –COOH, ¼C–O and/or –OH.[33]

The EDS result which revealed the elemental composition
present in the nano-adsorbents is presented in Figure 3a–c.
In Figure 3a, the percentage composition of C was found to
be higher compared to Al, Si and O that originated from
kaolin (support) and metal catalyst (Fe and Ni). In Figure
3b and c, it was noticed that the percentage composition of
these elements reduced except C and O which increased
after the acid purification and polymer functionalization.
These two processes have helped in the removal of residual
impurities and incorporation of more functional group
by PEG.

Figure 4 depicts the particle size (diameter) distribution
of both P-CNTs and PEG-CNTs. In Figure 4a, the distribu-
tion of diameter size ranges from 21 to 100 nm for P-CNTs,
while for Figure 4b, the diameter distribution ranges from
11 to 100 nm. This suggests that the two samples have dif-
ferent diameter distribution and incorporation of PEG onto
CNTs, lead to the reduction in size.

Furthermore, the specific surface areas of as-synthesized
CNTs, P-CNTs and PEG-CNTs were determined by the
BET method under nitrogen multilayer adsorption measure-
ment. It was found that the BET surface area of PEG-CNTs
was the highest (970.81m2/g) followed by P-CNTs
(781.88m2/g) and as-synthesized CNTs (583.31m2/g). As
reported by Peigney et al.[34] the experimental measured sur-
face area of multi-wall CNTs generally ranges from 10 to
500m2/g, and can increase on purification and functionali-
zation. The chemical treatment of CNTs during the

purification and functionalization allows molecules to have
access to both the internal and external surface of the CNTs,
thereby enhancing the surface area by 50–380%. Therefore,
the high surface area of P-CNTs and PEG-CNTs was attrib-
uted to the acid treatment and PEG functionalization of
CNTs, respectively.[35]

The FTIR spectra of as-synthesized-CNTs, P-CNTs and
PEG-CNTs are displayed in Figure 5. The absorption band
observed at 1081 cm�1 for the as-synthesized CNTs (Figure
5a) corresponds to –OH (hydroxyl group) earlier reported
by Muhammad and Abdullahi.[6] The frequency band
noticed at 1445 cm�1 for as-synthesized CNT confirmed the
presence of C ̶ ̶ ̶ ̶ ̶ ̶ ̶ C stretching. This is slightly different from
the band observed by Muhammad and Abdullahi[6] at
1500 cm�1 probably due to the nature of the precursor and
the support used in the synthesis of the catalyst. According
to Figure 5a, the peak at 2148 cm�1 for as-synthesized-CNTs
is assigned C¼C bond, while the band at 3010 cm�1 indi-
cates the presence of –OH. After the purification (see Figure
5b), the following absorption bands were observed at 1586
and 3114 cm�1, which correspond to carboxylic functional
group (–COOH) and hydroxyl group (–OH), respectively.[36]

The peak around 838 and 1069 cm�1 represents out of plane
deformation vibrations of the alkyl group and hydroxyl
group attached to the CNT surface. After the incorporation
of PEG on CNT surface as shown in Figure 5c, a new
absorption band was noticed at 1154 cm�1, which corre-
sponds to –C¼O of ester group. Also, in Figure 5b, it can
be seen that the intensity of the peaks at 2561 and
3138 cm�1 assigned as C-H stretching vibrations and –OH
increased upon functionalization.[22]

Adsorption parameters

Effect of contact time
The results of the effect of contact time on the removal effi-
ciency of Cr and Zn from the battery wastewater by the
nano-adsorbents are shown in Figure 6a and b. In Figure 6a
and b, it was observed that the amount of Cr and Zn ions
removed increases with increasing contact time irrespective
of the nano-adsorbents up till an optimum time of 20min
for both nano-adsorbent. The fast initial adsorption rate
may be due to the higher driving force within the mixture,

Figure 2. HRTEM images of (a) As-synthesized CNTs (b) P-CNTs (c) PEG-CNTs.

JOURNAL OF ENVIRONMENTAL SCIENCE AND HEALTH, PART A 5



leading to the fast transfer mechanism between the adsorbed
metals and the active site of the adsorbent. It was also
observed that for P-CNTs shown in Figure 6a, the optimum
contact time was 20min where Cr and Zn removal effi-
ciency was 91.93% and 72.15%, respectively. While the per-
centage metal ions removed at equilibrium time of 60min
for P-CNTs were 97.33% (Cr) and 78.26 (Zn). In Figure 6b
for PEG-CNTs, the optimum contact time was also 20min,
where the amount of Cr and Zn sequestered was 96.7% and

78.48%, respectively. Unlike P-CNTs, the equilibrium was
attained at 90min with 98.08% removal efficiency for Cr
and 82.95% for Zn. It is obvious that at every contact time,
the amount of Cr removed was greater than that of Zn. The
differences may be ascribed to the fact that Cr with smaller
ionic radii (0.62Å) diffuse faster than Zn with larger ionic
radii (0.74Å). The equilibrium time of 60 and 90min for
both nano-adsorbents was considered as economical route
time for wastewater treatment during industrial applications.

Figure 3. EDS elemental composition of CNTs of (a) As-synthesized CNTs.

Figure 4. Diameter size distribution of (a) P-CNTs (b) PEG-CNTs.
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The PEG-CNTs successfully removed more of the metal
ions than P-CNTs due to higher surface area and availability
of more functional groups and binding sites on the former
than the latter. The observed interaction between the nano-
adsorbents (P-CNTs and PEG-CNTs) and the heavy metal
ions in the industrial battery wastewater is based on the ion-
exchange mechanism. The functional groups (–COOH,
–OH, –C¼O) attached to the surface of nano-adsorbents
shown in Figure 5b and c acted as an electron donor and
anchoring sites for pollutants in the wastewater. Again, high
dispersion rate of PEG-CNTs (Figure 5b) than that of P-
CNTs in the wastewater owing to stronger electrostatic
attraction provided by PEG contributed to high adsorption
efficiency of PEG-CNTs than P-CNTs.[22]

Effect of adsorbents dosage
The effects of different mass of nano-adsorbents dosage
(0.1–0.5 g) on the selected heavy metals removal from bat-
tery wastewater were investigated and the results obtained
are shown in Figure 7a and b. It can be seen that the per-
centage removal increases with increasing amounts of
adsorbent (0.4 g for P-CNTs and 0.3 g for PEG- CNTs). It
was clear that dosage needed by P-CNTs to reach equilib-
rium was much higher than PEG-CNTs. The increased in
adsorption of metal ions removal by PEG-CNTs may be
attributed to high surface area and availability of functional
binding active sites. However, a very slow increase in
removal beyond optimum dose may be attributed to weak
interaction between the sorbate and the sorbent.

Effect of temperature
As shown in Figure 8a and b, it was observed that increase
in temperature from 303 to 343K was responsible for the
corresponding increase in the removal efficiency and
adsorption capacity of the selected heavy metal ions onto P-
CNTs and PEG-CNTs. The observed phenomenon may be
ascribed to the fact that an increase in temperature caused a
swelling effect within the internal and external structure of
the nano-adsorbent. This invariably resulted to the corre-
sponding increase in the rate of penetration of the active
site of the nano-adsorbents by the metal ions. The optimum
temperature for P-CNTs and PEG-CNTs was 333 and 323K,
respectively. Beyond this temperature, there was a slight and
minimal increase in the removal efficiency of Cr and Zn.

Figure 5. FTIR spectra of (a) as-synthesized-CNTs, (b) P-CNTs and (c) PEG-CNTs.

(a)

(b)

Figure 6. Effect of contact time on percentage removal of heavy metals on (a)
P-CNT (b) PEG-CNTs [adsorbent dosage (0.1 g), stirring speed (190 rpm) and
temperature (25 �C), volume of battery wastewater (50mL), stirring
time (120min)].

Figure 7. Effect of Dosage on percentage removal of heavy metal using (a) P-
CNTs (b) PEG-CNTs [stirring speed (190 rpm) and temperature (25 �C), volume
battery wastewater (50mL), stirring time (90min)].
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Adsorption of isotherms
The equilibrium data were analysed using Langmuir and
Freundlich isotherm models in order to find out the rela-
tionship between the selected heavy metal ions adsorbed on
the nano-adsorbents. The Langmuir isotherm model which
is fitted for monolayer adsorption on the surface is shown
in the following equation:

Ce

qe
¼ 1

qmK
þ Ce

qm
(4)

where Ce (mg L�1) was the equilibrium concentration of Cr
and Zn in the industrial battery wastewater; qe (mg/g) was
the amount of adsorbate at equilibrium; qm (mg/g) was the
maximum adsorption capacity and KL (L/mg) was the
Langmuir constant related to the affinity binding site. The
constants qm and KL can be determined from the intercept
and the slope of the linear plot of Ce/qe against Ce.

The Freundlich isotherm model is expressed in Eq. (5)

logq ¼ logkf þ 1=nlog Ce (5)

Kf and n represent the adsorption capacity and the
adsorption driving force, respectively. It has been established
that as the Kf increases, the adsorption capacity increases
including adsorption strength (n). Generally, for good
adsorption, the estimated values of n ranged between 2–10
with 1–2 for moderate and <1 for poor adsorption.[2]

The constants and correlation coefficient (R2) of
Langmuir and Freundlich adsorption isotherms are shown
in Table 2. It is obvious that adsorption mechanism of the
two metals by P-CNTs (see Figure 9) and PEG-CNTs (see
Figure 10) fitted well to the Freundlich isotherm model than

Langmuir, which is based on high correlation coefficient
(>0.9). Conversely, PEG-CNTs possessed high adsorption
capacity and removal efficiency for Cr and Zn from the
wastewater due to the chemical modification of the nano-
adsorbents than P-CNTs. Also, the n-values of PEG-CNTs
for Cr and Zn were higher than that of P-CNTs suggesting
stronger electrostatic interaction between PEG-CNTs and
the metal ions than with P-CNTs. The high adsorption cap-
acity of PEG-CNTs might probably be due to availability of
more functional groups (–OH and –C¼OH) on its surface
than in P-CNTs alone. In addition, the result shown in
Table 2 demonstrates that the adsorption of Cr and Zn onto
the nano-adsorbents was multilayer in nature which agreed
with the findings of Ibtissem and Malika[37] and
Padmavathy et al.[24]

Adsorption kinetics

The adsorption kinetics of Cr, and Zn onto P-CNTs and
PEG-CNTs were investigated using three models: Lagergren-
first-order, pseudo-second-order models and the elovich
model. The first-order, second-order kinetic and elovich kin-
etic models are given in Eqs. (6–8), respectively.

log qe�qtð Þ ¼ logqe � K
2:303

t (6)

1
qt

¼ 1
k2q2e

þ t
qe

(7)

qt ¼ 1
b
ln abð Þ þ 1

b
lnt (8)

The parameter constants of the three models have been
summarized in Table 3.

As can be seen in Table 3, the correlation coefficient (R2)
of pseudo-second-order kinetic for adsorption of Cr and Zn
was greater than that of pseudo-first-order and the elovich
model. This suggests that the pseudo-second-order kinetic
model better described adsorption kinetic of Cr and Zn
onto P-CNTs. It further implies that the adsorption of Cr
and Zn from the battery wastewater is a function of two
parameters, namely contact time, adsorbent dosage or tem-
perature. Also, the calculated values of equilibrium adsorp-
tion capacity (qe.cal) from the pseudo-second-order model
were 17.83 and 2.787mg/g for Cr and Zn which is closer to
the experimental data (qe.exp ¼ 17.45, 2.692mg/g),

Table 2. Isotherm parameters for the selected heavy metal removed from bat-
tery wastewater adsorption using P-CNTs and PEG-CNTs.

Isotherm parameters

P-CNTs PEG-CNTs

Cr Zn Cr Zn

Langmuir
KL (L/mg) 3.3861 1.4303 35.60 3.9158
Qo (mg/g) 2.1231 4.1494 0.5135 0.4978
R2 0.9229 0.8858 0.2858 0.8744
RL 0.0761 0.5041 0.0079 0.2707
Freundlich
Kf 0.5810 1.8391 0.5114 4.8029
N 1.6776 0.8671 3.3979 1.2829
R2 0.9620 0.9429 0.9754 0.9580

Figure 8. Effects of Temperature on percentage removal of heavy metals on (a)
P-CNTs (b) PEG-CNTs [adsorbent dosage (0.4 g), stirring speed (190 rpm), volume
of battery wastewater (50mL) and stirring time (90min)].
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respectively. The values obtained differed appreciably from
that of the pseudo-first-order model.

According to Table 4, it can be noticed that the R2 value
(> 0.9) of the pseudo-second-order kinetic model was
higher than that of pseudo-first-order kinetic and the

elovich model. Generally, the order of fitness of the kinetic
model for the adsorption of Cr and Zn from the battery
wastewater by PEG-CNTs occurred in the following order:
pseudo-second-order kinetic> elovich model> pseudo-first-

Figure 9. Isotherm plots [(a) Langmuir for Cr, (b) Langmuir for Zn, (c)
Freundlich for Cr, (d) Freundlich for Zn] for the selected heavy metal removed
from industrial battery wastewater adsorption using P-CNTs. Figure 10. Isotherm plots [(a) Langmuir for Cr, (b) Langmuir for Zn, (c)

Freundlich for Cr, (d) Freundlich for Zn] for the selected heavy metal removed
from industrial battery wastewater adsorption using PEG-CNTs.
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order kinetic. It could be observed that the pseudo-second-
order was better suitable to describe the adsorption of Cr
and Zn on P-CNTs and PEG-CNTs implying that the rate
limiting step was chemisorption in nature (Fig. 11).

Thermodynamic studies

The effect of temperature on the adsorption potential of the
prepared nano-adsorbents was examined by varying the
temperature from 303 to 343�K. This was done to predict
the possible influence of the thermodynamic parameters,
namely: Gibb’s free energy (DG), entropy (DS) and enthalpy
change (DH) on the adsorption process. The change in free
energy (DG0) can be determined by using Eq. (9)

DG ¼ �RTln K (9)

K ¼ qe
ce

10ð Þ

The Gibbs free energy was also determined by the follow-
ing equation:

DG ¼ DH � TDS (11)

Substituting Eq. (11) into Eq. (9) to obtain Van’t Hoff
Eq. (12)

lnK ¼ DS
R

� DH
RT

12ð Þ

where R is the universal gas constant (8.314 J/mol K) and T
is the temperature (K). The equilibrium constant was deter-
mined using Eq. (10). According to Eqs. (11) and (12),
enthalpy (DH) and entropy (DS) parameters were calculated
from the slope of In K versus 1/T. Table 5 shows the
thermodynamic parameters for the adsorption of the
selected heavy metals from battery wastewater using
P-CNTs.

The negative value of DG which increases as the tem-
perature increases from 303 to 343�K implies spontaneity
and feasibility of the adsorption process. Also, the positive
value of DH indicates endothermic nature of the adsorp-
tion process. This means that the chemical bonds were
broken when heat was absorbed (endothermic) and as a
result caused high rate of collision of the heavy metals as
the temperature increases within the system. In addition,
the positive values of change in entropy (DS) implied
increase in the degree of randomness and disorderliness

at the adsorbate/adsorbents interface during the adsorp-
tion process. The thermodynamic parameters using PEG-
CNTs are shown in Table 6 and it was observed that the
value DH obtained was found to be higher than those pre-
sented for P-CNTs (see Table 5). The positive values DH
suggest that the adsorption is endothermic, which was
supported by the increase in Cr and Zn adsorption onto
PEG-CNTs at high temperature. Moreover, the magnitude
of DG which also increased with increasing in tempera-
ture illustrated that adsorption occurred at high tempera-
ture. The negative value of DG implied a greater driving
force of adsorption resulting into a high adsorption cap-
acity. It is noteworthy to mention that the introduction of
more functional group by polyethylene glycol onto PEG-
CNTs increased the adsorption capacity for Cr. Also, the
enhancement of adsorption capacity of PEG-CNTs at
high temperature may also be attributed to increase in
surface area as evidenced in BET analysis result. Yul
et al.[38] reported that DG value for physiosorption and
chemisorption processes lies between �20 and �80 kJ/
mol. In this study, the values of DG calculated suggest
that the adsorption process was chemisorption and fur-
ther supported the kinetic data analysis. Furthermore, the
positive value of DS signified affinity of PEG-CNTs for
the selected heavy metals and increase in randomness at
the solid/liquid interface during the adsorption pro-
cess.[39] Therefore, the results of DG and DH imply that
the chemisorption process indirectly dominated the
adsorption of Cr, and Zn onto PEG-CNTs from industrial
battery wastewater (Figure 12).

Conclusion

In summary, Fe–Ni/kaolin catalyst was prepared via a wet
impregnation method and subsequently used for the pro-
duction of CNTs via the CCVD method. Acid purification
of the as-synthesized CNTs by 30% (v/v) HNO3/H2S04 fol-
lowed by functionalization of the P-CNTs with PEG,
respectively. The purified and PEG-functionalized CNTs
were characterized using standard analytical techniques.
The HRSEM/HRTEM results indicated that the tubular
structures of the CNTs were not destroyed despite the
functionalization. The surface area of as-synthesized and
P-CNTs was further enhanced after functionalization with
PEG. The adsorption efficiency of purified and PEG-CNTs

Table 3. Kinetic parameters for adsorption of selected heavy metals on P-CNTs.

Metal qeexp (mg/g)

First-order kinetic model Second-order kinetic model Elovich model

qecal (mg/g) K1 (min1) R2 qecal (mg/g/) K2 (g/mg.min) R2 b a R2

Cr 17.45 0.0067 0.0023 0.0121 17.83 0.0316 0.9310 1.0043 7.03x105 0.5707
Zn 2.692 0.0839 0.0265 0.6047 2.787 0.1279 0.9299 3.3047 52.63 0.6654

Table 4. Kinetic parameters for adsorption of heavy metals on PEG-CNTs.

Metal qeexp (mg/g)

First-order kinetic model Second-order kinetic model Elovich model

qecal (mg/g) K1 (min1) R2 qecal (mg/g) K2 (g/mg.min) R2 b a R2

Cr 17.57 0.450 0.0062 0.050 17.79 0.0536 0.9998 0.772 14469.8 0.747
Zn 2.810 0.079 0.0200 0.210 2.937 0.1192 0.9995 3.6711 77.45 0.775
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for the removal of Cr and Zn metals from battery
wastewater was studied was found to depend on contact
time, adsorbent dosage and temperature. The removal
efficiency of selected heavy metal was in order of

PEG-CNTs>P-CNTs and the performance of the nano-
adsorbents was surface area specific. Also, the adsorption
isotherm and kinetic model was best fitted to Freundlich
isotherm and pseudo-second-order model, an evidence of
multilayer phenomenon. The adsorption process of the
selected heavy metal ions from industrial battery waste-
water was feasible and spontaneous, random and

(a)

(b)

(c)

(d)

Figure 11. Kinetic plots [pseudo-first-order for (a) Cr (b) Zn, pseudo-second-
order (c) Cr (d) Zn, elovich (e) Cr and (f) Zn] for adsorption of selected heavy
metals on P-CNTs.

(e)

(f)

Figure 11. Continued.

Table 5. Thermodynamic parameters of the selected heavy metals adsorption
using P-CNTs.

Adsorbate Temp. (�K) DH ðkJmol�1) DS (jmol�1k�1) DG ðkJmol�1)

Cr 303 69.62 252.87 �7.0008
313 �9.5296
323 �12.058
333 �14.587
343 �17.116

Zn 303 24.67 87.68 �1.9000
313 �2.7769
323 �3.6537
333 �4.5305
343 �5.4072

Table 6. Thermodynamic parameters of the selected heavy metals adsorption
using PEG-CNTs.

Adsorbate Temp. (�K) DH ðkJmol�1) DS (jmol�1k�1) DG ðkJmol�1)

Cr 303 20.59 252.88 �56.029
313 �58.558
323 �61.086
333 �63.615
343 �66.144

Zn 303 23.47 84.85 �2.4424
313 �3.0910
323 �3.9395
333 �4.7880
343 �5.6365
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endothermic in nature. This study showed that PEG-func-
tionalized CNTs is a better promising nano-adsorbent
compare to its counterpart for the sequestration of heavy
metals from industrial battery wastewater.
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