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Carbon nanotubes from waste cooking palm oil as adsorbent
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Abstract
In this work, waste cooking palm oil (WCPO)-based carbon nanotubes (CNTs) with encapsulated iron (Fe) nanoparticles have
been successfully produced via modified thermal chemical vapor deposition method. Based on several characterizations, the
dense WCPO-based CNT was produced with high purity of 89% and high crystallinity proven by low ID/IG ratio (0.43).
Moreover, the ferromagnetic response of CNTs showed that the average coercivity and magnetization saturation were found
to be 551.5 Oe and 13.4 emu/g, respectively. These produced WCPO-based CNTs were further used as heavy metal ions
adsorbent for wastewater treatment application. Some optimizations, such as the effect of different adsorbent dosage, varied
initial pH solution, and various heavy metal ions, were investigated. The adsorption studies showed that the optimum adsorbent
dosage was 1.8 g/L when it was applied to 100mg/L Cu (II) solution at neutral pH (pH 7). Further measurement then showed that
high Cu (II) ion removal percentage (~80%) was achieved when it was applied at very acidic solution (pH 2). Last measurement
confirmed that the producedWCPO-based CNTs successfully removed different heavy metal ions in the following order: Fe (II)
> Zn (II) ≈Cu (II) with the removal percentage in the range of 99.2 to 99.9%. The adsorption isotherm for Cu (II) was better fitted
by Langmuir model with a correlation coefficient of 0.82751. WCPO-based CNTs can be a potential material to be applied as
adsorbent in heavy metal ion removal.
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Introduction

At present, water pollution is one of the greatest challenges in
our time. The lack of fresh and clean water is the main prob-
lem around the world. Water contamination by heavy metals
has become more serious with increased industrial activities
such as metallurgical, chemical manufacturing, tannery, bat-
tery manufacturing industries, and others, as well as rapid
urbanization (Ahmad et al. 2009; Božić et al. 2009; Sankhla
et al. 2016). Meanwhile, the improper disposal and discharge
of used oil, such as waste engine oil (WEO) to the environ-
ment, also contributes to heavy metal contamination of water.
As an example, the high concentration of heavy metals, such
as iron (Fe), zinc (Zn), copper (Cu), and others, in WEO can
be poisonous to our ecological system and human health
(Suriani et al. 2015a). WEO can percolate into groundwater
or rivers, which may be used as water source for cooking,
drinking, and others. The United States Environmental
Protection Agency provided the guidelines for the limit value
of heavy metals in the drinking water for Cu, Fe, and Zn of
1.3, 0.3, and 0.5 mg/L, respectively (Fernández-Luqueño et al.
2013). Higher concentration of Cu, which is frequently ob-
served in surface water, can affect human health, causing kid-
ney failure, system irritation, depression, anemia,
Alzheimer’s, Parkinson’s, and other illnesses (Ahmad et al.
2009; Briffa et al. 2020). Excessive exposure to Fe and Zn
through water ingestion results in its accumulation in the mus-
cle, liver, and gills (Fernández-Luqueño et al. 2013; Briffa
et al. 2020). Therefore, the removal of heavy metals from
water is considered the main issue at present. Various tech-
niques, such as reverse osmosis, adsorption, chemical precip-
itation, ion-exchange, electrodialysis, and solvent extraction,
have been explored for the removal of these heavy metals
from polluted water (Malik et al. 2019). However, when the
concentrations of heavy metal ions are raised to 500 mg/L,
these techniques become ineffective and uneconomical, with
permissible limits of heavy metal ions in solution of only
approximately 1 mg/L (Ahmad et al. 2009; Balintova et al.
2012). Given the aspects of economy and effectiveness, the
adsorption process is considered one of the promising and
widely used methods for solving these problems (Siddiqa
et al. 2015; Adeli et al. 2017).

Numerous adsorbent materials, such as activated carbon
(Gangupomu et al. 2016), peat (Chwastowski et al. 2017;
Bartczak et al. 2018), biomaterials (Gao et al. 2017), rice husk
(Amen et al. 2020; Nata et al. 2020), peanut hulls (Shan et al.
2020), zeolites (Oliveira et al. 2019), chitosan (Liu et al.
2019), and functionalized polymers (Liu et al. 2020), are re-
ported to be capable of functioning as adsorbent materials for
the removal of heavy metals from aqueous solutions.
However, most of these adsorbent materials show lower ad-
sorption capacity owing to the limitation of active sites, diffi-
culties in the separation of adsorbent from solution, expensive

production cost, and complicated methodology, such as
functionalization of adsorbents (Zare et al. 2015;
Gangupomu et al. 2016). On account of high surface area,
high adsorption capacity, and rapid separation from the solu-
tion, carbon nanotubes (CNTs) have been explored to remove
heavy metal ions in solution or wastewater (Yadav and
Srivastava 2017; Duan et al. 2020; Wadhawan et al. 2020).
Owing to their tunable physical, electrical, structural, and
chemical properties, CNTs can inspire innovative and prom-
ising technologies to solve water shortage and pollution prob-
lems (Ihsanullah et al. 2016). Liu and Cheng (2005) and
Pyrzyńska and Bystrzejewski (2010) reported the removal of
heavy metal ions from aqueous solutions by using CNT-based
fossil fuel as adsorbent material. CNTs are relatively expen-
sive, with the current price being approximately $25–100 per
gram by using fossil fuel-based carbon sources (Lu et al.
2007). Therefore, cost is frequently a limiting factor for
large-scale applications of CNT-based materials for water
treatment. In overcoming this problem, high-quality CNTs
were successfully synthesized by using free carbon sources,
such as WEO, waste cooking palm oil (WCPO), waste chick-
en fat, and gutter oil (Suriani et al. 2010, 2013, 2015a, b, c,
2016a, c), by thermal chemical vapor deposition (TCVD)
method, which is a cost-effective approach for large-scale
CNT production (Suriani et al. 2009, 2016b; Shamsudin
et al. 2012).

Ordinary CNTs encounter problems, such as difficulty in
dispersion and separation in aqueous solution because of
small particle size (Huang et al. 2015; Rodríguez et al.
2020). Hence, the combination of the magnetic behavior
of metal oxides with CNTs as adsorbent materials enhances
the adsorption of heavy metals in wastewater. During ad-
sorption, CNTs can be well dispersed in water for the re-
moval of heavy metal ions. Qu et al. (2008) developed
CNTs filled with Fe2O3 particles for the removal of heavy
metal ions from aqueous solutions. Tang et al. (2012) re-
ported magnetic CNTs as adsorbent materials for the simul-
taneous removal of heavy metal ion Cu (II) and atrazine
from aqueous solution. However, the method involved cer-
tain modification and functionalization for the production
of magnetic CNTs. Current methods for the synthesis of
magnetic CNTs present several disadvantages, such as high
cost, time consumption, environmental toxicity, complicat-
ed methodology, and low yield (Wright et al. 2012; Bollen
et al. 2016; Sengupta 2018). Hence, the introduction of a
metal catalyst by TCVD is the simplest technique to pro-
duce CNTs with filled metal nanoparticles. As seen from a
previous work (Suriani et al. 2013, 2015a, c, 2016a, b, c),
the encapsulated Fe nanoparticles in CNTs were achieved
using ferrocene as catalyst. Fe particles were continuously
supplied by decomposition of ferrocene during CNT
growth, which may result in longer Fe nanoparticles encap-
sulated in the CNT tubes (Liu et al. 2010; Sengupta 2018).
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To the best of our knowledge, CNTs from waste, such as
WCPO, have yet to be systematically studied as adsorbent
material for the removal of heavy metal ions. Here, we report-
ed the high production of CNTs bymodified TCVD and using
ferrocene as catalyst and WCPO as carbon source (Suriani
et al. 2016b) for the application in water treatment. We find
that Fe nanoparticle-encapsulating CNT tubes are good adsor-
bent materials for the removal of heavy metal ions. The pre-
pared CNTs were used as adsorbent materials for the removal
of Fe (II), Zn (II), and Cu (II). Meanwhile, the effects of
adsorbent dosage and changes in pH were studied. We also
proposed the adsorption mechanism of heavy metal ions by
using WCPO-based CNTs as adsorbent materials.

Experimental and method

Synthesis of adsorbent material CNTs from WCPO

The synthesis of CNTs was similar to that in a previous report
(Suriani et al. 2010). The precursor container was filled with
1000 mL WCPO and 5.33 wt% ferrocene as the catalyst and
then connected to the peristaltic sprayer. Then, the precursor
was sprayed into the furnace at a flow rate of 30 mL/min and
15 min of time interval between sprayers. The precursor fur-
nace and deposition furnace were set at 500 and 800 °C, re-
spectively. After synthesis, a WCPO-based CNT powder was
collected in the collection container at the end of the deposi-
tion furnace (Suriani et al. 2016b). The WCPO-based CNT
sample was then analyzed by using field-emission scanning
electron microscopy (FESEM) (Hitachi SU8020), micro-
Raman spectroscopy (Renishaw InVia microRaman system),
and thermogravimetric analysis (TGA) (Mettler Toledo TGA/
DSC 1 STARe System). The magnetic properties of the pro-
duced WCPO-based CNTs were determined using a vibrating
sample magnometer (VSM) (LakeShoreModel 7404) at room
temperature. The as-synthesized CNTs were then used as ad-
sorbent material for application in the removal of heavy metal
ions.

Adsorption experiments

Analytical-grade chloride salt solutions (Merck) were used to
prepare the stock solution containing 1000mg/L of Cu (II), Zn
(II), and Fe (II) heavy metal ion. To obtain the required con-
centrations, metal chloride salts were diluted with deionized
water. In this study, the initial concentration of heavy metal
ions was set to 100 mg/L for all batch adsorption experiments.
To study the effect of adsorbent dosage on heavy metal ions
adsorption, a total of 0.2–2.2 g of CNTs from WCPO were
dispersed in a 250 mL solution containing 100 mg/L of Cu
(II), and then, the mixture was stirred for 1 h at room temper-
ature. The investigation of pH solution effect was then carried

out by varying Cu (II) pH solution of 1–6. The acidic
solution was adjusted by using a 1 M HCl solution.
Meanwhile, the variation in heavy metal ions Cu (II), Zn
(II), and Fe (II) was studied using 100 mg/L initial concen-
tration at pH 7. After the adsorption process, WCPO-based
CNTs were separated from the solution by filtration pro-
cess. The concentration of remaining heavy metal ions in
the solution was analyzed using inductively coupled plas-
ma atomic emission spectroscopy (ICP-OES) (Agilent
Technologies 700 series). The functional groups of CNTs
from WCPO before and after adsorption of heavy metal
ions were determined using Fourier transform infrared
spectroscopy (FTIR) (Thermo Nicolet 6700). Meanwhile,
trace amounts of heavy metal ions in the CNTs after ad-
sorption process were analyzed using energy dispersive X-
ray spectrometer (EDS) and FESEM. The removal percent-
age of heavy metal ions and equilibrium adsorption capac-
ity were calculated based on the following equations:

%Removal ¼ Co � Ceð Þ
Co

� 100 ð1Þ

qe ¼
Co−Ceð Þ V

m
ð2Þ

whereCo andCe are the initial and equilibrium heavymetal
ion concentration (mg/L), respectively; qe is the equilibrium
adsorption capacity (mg/g); and V andm are the volume of the
solution (L) and adsorbent dosage (g), respectively (Shan et al.
2020).

Results and discussion

Characterization of WCPO-based CNTs as adsorbent
material

Figure 1a, b presents FESEM images of the synthesized
WCPO-based CNTs. The synthesized CNTs possess a small
diameter between 15.3 and 32.7 nm and are denser than those
in the previous study (Suriani et al. 2016b). HRTEM of the
sample in Fig. 1c indicates that CNTs consist of approximate-
ly 20 graphitic layers with interlayer spacing of 0.33 nm,
which is consistent with graphite interplanar spacing
(Suriani et al. 2015b, 2016b). The HRTEM image in Fig. 1d
reveals that Fe nanoparticle of 90 nm in length was encapsu-
lated at the middle of the nanotube with inner and outer diam-
eters of 9.8 and 26.7 nm, respectively. The TEM image (Fig.
1e) further confirmed that most of the Fe catalysts were en-
capsulated in the nanotube (shown by red arrow) and were
responsible for the magnetic properties of CNTs.

The representative hysteresis loop of as-prepared CNTs
(Fig. 1f) shows a smooth S-shaped curves symmetric around
H = 0, which exhibits a typical ferromagnetic behavior. The
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Fig. 1 a–b FESEM, c–eHRTEM
images, f VSM analysis, g micro-
Raman spectrum, and h TGA and
DTA curves of the produced
WCPO-based CNTs
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saturation magnetization (Ms) and coercivity value of the sam-
ple are about 13.4 emu/g and 551.5 Oe, respectively. ThisMs

value was comparable than those reported by Fu et al. (14.1
emu/g) and Ahangari et al. (15 emu/g) which synthesized
Fe3C-filled aligned CNTs and zinc nickel ferrite-CNTs nano-
composite, respectively (Fu et al. 2013; Ahangari et al. 2019).
The ratio of remnant to saturation magnetization, Mr/Ms of
prepared sample, was found to be 0.25, as is in good agree-
ment with the ferromagnetic character of the material (Mr/Ms

= 0.25–0.30) (Luo et al. 2010). The magnetic character of the
synthesized CNTs was believed to be due to the presence of
Fe nanoparticles in the nanotubes. These nanoparticles act as
catalyst in CNT growth. Owing to this magnetic character,
CNTs from WCPO can be utilized as adsorbent material for
heavy metal ion removal. The function of magnetic nanopar-
ticle encapsulated in the adsorbent material allows the material
to be easily dispersed in aqueous solution (Wang et al. 2012;
Li et al. 2013; Sun et al. 2014) and enhance the capacity of
adsorption of metal ions in acidic solution (Vázquez et al.
2016).

The micro-Raman spectrum of the WCPO-based CNTs is
represented in Fig. 1g. Two intense peaks of D- and G-peaks
were observed at around 1351 and 1581 cm−1, respectively.
Sharp G-peak indicates the well-graphitized WCPO-based
CNT formation which is in good agreement with the
HRTEM analysis. The ID/IG ratio of the WCPO-based CNTs
was found to be 0.43, indicated the good crystallinity of
WCPO-based CNTs (Suriani et al. 2015b). Meanwhile, the
intense G’-peak at 2698 cm-1 indicated the smaller diameter
with low defect of the produced CNTs. The presence of low
defect may decrease the electrical resistivity of CNTs and lead
to the increase in the adsorption of heavy metal ions onto the
CNT surface (Lu et al. 2006).

The TGA and differential TGA (DTGA) curves of the
WCPO-based CNTs are presented in Fig. 1h. Small weight
loss of 2.3% detected at around 490–550 °C was mainly due
to the decomposition of amorphous carbon. No significant
weight loss was found between 250 and 500 °C, which dem-
onstrates better crystallinity degree of nanotubes with minimal
amorphous carbon content (Suriani et al. 2009, 2015b). At a
temperature of 510 °C, the oxidation of WCPO-based CNTs
was started and then followed by the combustion of WCPO-
based CNTs at temperature of 571 °C as indicated by the
exothermic peak in the DTGA curve. The remaining 8.1%
of the total weight loss was due to the presence of the Fe
catalyst as confirmed by HRTEM and other volatile materials
in the sample. The purity of the WCPO-based CNTs was
found to be 89.6%, which demonstrates high sample purity
(Suriani et al. 2015b). Hence, CNT fromWCPO is believed to
be the best candidate as adsorbent material for the removal of
heavy metal ions owing to the low amorphous carbon and
impurities present in the sample as confirmed by Raman spec-
troscopy and TGA.

Effect of adsorbent dosage

The effect of WCPO-based CNT dosage on the removal per-
centage of Cu (II) is studied at the initial concentration and pH
of 100 mg/L and 7, respectively. The results reveal that by
increasing WCPO-based CNT dosage from 0.2 to 1.6 g/L,
higher Cu (II) removal percentage from 28.1 to 98.0% was
achieved as shown in Fig. 2. Higher adsorbent dosage in-
creases the number of active sites and yields greater availabil-
ity of exchangeable sites betweenWCPO-based CNTs and Cu
(II) in the solution (Kosa et al. 2012; Bernard and Jimoh 2013;
Sun et al. 2014; Mubarak et al. 2015; Vázquez et al. 2016;
Gupta et al. 2017; Ahangari et al. 2019). Further increments of
CNT dosage from 1.6 to 2.2 g/L did not significantly affect the
Cu (II) removal percentage, with the removal of Cu remaining
in the range of ~98.0% prior to saturation at 99.0% at 1.8–2.2
g/L CNTs. All Cu (II) ions are assumed to be attached at the
active sites of 1.8 g CNTs. Hence, in this study, the optimum
dosage of CNTs was ~1.8 g/L to remove ~99% of Cu (II) at
the initial concentration of 100 mg/L. The study of adsorbent
dosage is in good agreement with the findings of Mubarak
et al. which reported that up to ~96% of Cu (II) ions were
successfully removed from the solution by using 0.05–
0.10 g of MWCNTs at a low initial concentration of 10 mg/
L (Mubarak et al. 2015).

The percentage of Cu (II) removal was seen to be highly
dependent on the initial concentration of the solution, where
the removal percentage of Cu (II) decreases with the increase
in initial concentration of Cu (II) (Rao et al. 2009). From the
observation in our current work, at 0.2 g/L adsorbent dosage
of WCPO-based CNTs, only ~28% of Cu (II) ions were re-
moved from the solution by consuming high initial concentra-
tion of 100 mg/L. In contrast to the studies reported by Kosa

Fig. 2 Removal percentage of Cu (II) by using 0.2–2.2 g WCPO-based
CNTs as adsorbent with initial pH and concentration of 7 and 100 mg/L,
respectively
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et al. (Kosa et al. 2012), the same MWCNT dosage of 0.2 g
and almost the entire (~98%) Cu (II) amount were successful-
ly removed at an initial concentration of 1 mg/L. The lack of
available active sites for further adsorption of metal ions on
the adsorbent surface hinders further adsorption of heavy met-
al ions in the solution. Thus, a high adsorbent dosage is need-
ed to provide adequate active sites to enhance the adsorption
of metal ions at high initial concentration (Rao et al. 2009; Ma
et al. 2012).

Therefore, for confirmation, further investigation using low
initial concentration of Cu (II) solution of 10 mg/L was con-
ducted with 0.05 to 0.10 g/L WCPO-based CNTs as adsor-
bent. The results reveal that up to ~99% of Cu (II) ions were
successfully removed from the solution by 0.10 g/L WCPO-
based CNTs. The good adsorption of metal ions at low initial
concentration was also believed to be due to the high collision
efficiency between heavy metal ions and the WCPO-based
CNT adsorbent, leading to better adsorption capacity toward
metal ions particularly at low initial concentration (Ma et al.
2012). In the meantime, this finding was superior to that in the
work reported by Mubarak et al. (Mubarak et al. 2015), where
only ~96% Cu (II) ions were removed using the same
MWCNT dosage of 0.10 g.

In comparison with other adsorbents based on waste mate-
rials, such as activated carbon from orange peel (ACOP), ma-
ple, Meranti, and fir sawdust, CNTs fromWCPO have shown
considerable potential as low-cost absorbent materials owing
to the ability to adsorb metal ions at lower dosage (Bernard
and Jimoh 2013; Vázquez et al. 2016). With ACOP as an
adsorbent material example, only 50–61% Cu (II) was re-
moved by 0.1–1.0 g of ACOP dosage at an initial concentra-
tion of Cu (II) of ~43 mg/L (Bernard and Jimoh 2013). In
comparison, CNTs from WCPO prepared in this study suc-
cessfully removed ~99% of Cu (II) by 1.8 g/L at an initial
solution concentration of 100 mg/L. Meanwhile, substantial
amounts of 10 g maple and Meranti and 5 g fir tree sawdust
were only capable of removing about ~72–89% Cu (II) at
initial concentrations of 50, 100, and 48 mg/L, respectively
(Rafatullah et al. 2009; Rahman and Islam 2009; Marković
et al. 2011). BET and Langmuir analysis of 34.418 and 55.698
m2/g, respectively presented by previous report, also con-
firmed the large specific surface area of the produced
WCPO-based CNTs (Maryam et al. 2013). This value also
in a good agreement with Peigney et al. (2001) which reported
that smaller-sized CNTs (refers to the tube diameter size of
~30 nm) possessed high surface area of 25–50 m2/g thus pro-
vided higher available specific surface of CNTs (refer to Fig.
1d) to enhance metal ion adsorption (Marković et al. 2011).
Meanwhile, adsorbent materials derived from natural waste
that are used as adsorbent materials, such as ACOP, maple,
Meranti, and fir tree sawdust, present drawbacks, such as larg-
er average particle size in the range of 100–600 μm, which is
attributed to low adsorption capacity (Rafatullah et al. 2009;

Rahman and Islam 2009; Marković et al. 2011; Bernard and
Jimoh 2013).

WCPO-based CNTs also demonstrate superior adsorption
capacity compared with the chemically functionalized and
acid-treated MWCNTs, such as amine-functionalized Fe3O4

nanoparticles (MNP–NH2) (Hao et al. 2010) and nitric–
sulfuric acid (t-MWCNTs) (Wang et al. 2013), respectively.
MNP–NH2 and t-MWCNTs appeared in the range of 5–74%
and 15–94% of Cu (II) removal by using 0.01–1.0 and 0.1–
1.0 g adsorbent dosage at low initial concentrations of 10 and
12 mg/L, respectively (Hao et al. 2010; Wang et al. 2013).
Apart of excellent heavy metal adsorption capacity of heavy
metal ions, WCPO-based CNTs also offer easy and environ-
mental friendly preparation set-up and inexpensive absorbent
compared with chemically functionalized (MNP–NH2) and
acid-treated MWCNTs (t-MWCNTs) because the preparation
of chemically functionalized and acid-treated MWCNTs in-
volved complex procedures, time consumption, and the use of
hazardous chemical for these treatments (Ali et al. 2016). The
comparison of Cu (II) adsorption by using different adsorbent
materials is tabulated in Table 1.

Effect of initial pH solution

The effect of initial pH on Cu (II) adsorption capacity in the
solution was studied in the range of 1–7 by using 1.8 g
WCPO-based CNTs as an adsorbent with an initial concentra-
tion of 100 mg/L. The relationship between the initial pH
solution values and the removal percentage of Cu (II) by
WCPO-based CNTs is presented in Fig. 3. In general, the
percentage of Cu (II) removal increases as the initial pH in-
creases from 1 to 6 and achieves its saturation level at pH 7. In
this study, at a low initial pH solution range from 1 to 3
(strongly acidic medium), a minimum removal percentage of
Cu (II) in the range of ~76–81% is believed to be due to high
H+ ions generated by the protonation of electron on the adsor-
bent surface, and the predominant Cu (II) species in the solu-
tion was Cu2+ (Lu et al. 2006). Thus, the competition between
H+ and Cu2+ on the same sites of WCPO-based CNT surface
hinders Cu2+ from approaching the active sites (Rafatullah
et al. 2009). The increases in initial pH from 3 to 6 also yield
in the increased percentage of removal for Cu (II) from ~81 to
99% before the equilibrium state is reached at an initial pH of
7. The possible explanation for higher Cu (II) removal was
believed to be due to the increase in deprotonation, which
enhances the electrostatic attraction forces between the surface
of WCPO-based CNTs and heavy metal ions (Rao et al.
2007).

These findings were similar to those reported in the litera-
ture for the adsorption of Cu (II) by using fossil fuel-based
MWCNTs synthesized by Pyrzyńska et al. (Pyrzyńska and
Bystrzejewski 2010) and Wang et al. (Wang et al. 2013). At
the initial pH range of 2 to 7 by using 0.05 to 0.5 g MWCNT

Environ Sci Pollut Res



adsorbent with low initial concentration of 10–12 mg/L,
Pyrzyńska and Bystrzejewski (2010) and Wang et al. (2013)
successfully removed ~5–65% and ~ 20–96% of Cu (II) from
the solution, respectively. In comparison with our work,
which used a solution with a low initial Cu (II) concentration
solution of 10 mg/L, WCPO-based CNTs demonstrate excel-
lent performance as an adsorbent material for Cu (II) removal
compared with the previous study (Rao et al. 2009; Ma et al.
2012). Almost ~99% Cu (II) ions were successfully removed
from the solution by using a small amount of CNTs of 0.1 g at

pH of 7. The experiment cannot be continued at pH solution
exceeding 7 because the precipitation of copper hydroxides
(Cu(OH)2) can occur as low as pH of 7.1 (Kamari and Ngah
2010). Cu(OH)2 precipitation usually occurs in a solution at as
early as 10 h prior to complete precipitation within 100 h
(Karami 2013). Hence, the initial pH of 7 was considered as
the optimum pH to remove ~99% of Cu (II) for both lower and
higher initial Cu concentration of 10 and 100 mg/L by 0.1 and
1.8 g WCPO-based CNT adsorbent, respectively. Table 1
shows the effect of pH for the adsorption of Cu (II) as obtained
by the other study that used various adsorbent materials
(Rafatullah et al. 2009; Rahman and Islam 2009; Hao et al.
2010; Marković et al. 2011; Kosa et al. 2012; Bernard and
Jimoh 2013; Wang et al. 2013; Mubarak et al. 2015).

Effect of different heavy metal ions

Contaminated water typically contains more than one heavy
metal, such as Cu, Fe, Zn, and others. Therefore, the study of
adsorption of heavy metal ions by using a variety of metal
ions, such as Zn (II) and Fe (II), has been extended. The
experiments were carried out using Zn (II) and Fe (II) at initial
concentration solution of 100 mg/L and pH solution of 7 by
using 0.6–1.8 g WCPO-based CNT adsorbent. The same ad-
sorption trend was observed, similar to the adsorption of Cu
(II) as previously explained. The adsorption capacity of all
three metal ions improves with the increase in CNT dosage
from 0.6 to 1.8 g. Figure 4a shows the removal percentage of
metal ions by usingWCPO-based CNT adsorbent in the range

Table 1 Type of adsorbent materials used for Cu (II) removal

Adsorbent materials Removal
percentage of Cu
(II) (%)

Adsorbent
dosage (g/L)

Initial
concentration
of
Cu (II) (mg/L)

Initial
pH

Maximum
adsorption
capacity of Cu (II),
qm
(mg/g)

Model Reference

CNTs from acetylene 50–95 0.05–0.10 10 5.5 99 Freundlich (Mubarak et al.
2015)

Functionalized MWCNTs The highest; 93 0.001–0.01 20 3 118.41 Langmuir (Gupta et al. 2017)

Activated carbon from
banana peel

The tested value;
40.4

0.8–9.2 85 6.5 14.3 Langmuir (Van Thuan et al.
2017)

Sesame seed cake 45–99 0.25–1 10 5 4.24 Langmuir (Kumar et al. 2019)

Magnetic tubular carbon
nanofibers

35–99.9 0.05–0.5 50 6 375.93 Langmuir (Ahmad et al. 2020)

Iron oxide magnetic
nanoparticles

The highest; 92 0.0025–0.04 0.048 9 0.7 Freundlich (Almomani et al.
2020)

Potassium
permanganate-
modified pineapple cel-
lulose

The highest; 95.5 5-20 1000 7 2.39 Freundlich and
pseudo-second
order

(Zhuang et al. 2020)

CNTs from WCPO 65–99 0.05–0.10 10 7 31.25 Langmuir This work
28–99 0.2–2.2 100

Fig. 3 Effect of pH solution (1–7) on the adsorption of Cu (II) by using
1.8 g WCPO-based CNT adsorbent with 100 mg/L initial concentration
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of 91.9–99.9%, 69.9–99.5%, and 50.8–99.2% for Fe (II), Zn
(II), and Cu (II), respectively. Interestingly, Fe (II) was sub-
stantially removed (99.9%) by only 0.8 g WCPO-based CNT
adsorbent prior to achieving the saturation level (see Fig. 4)
compared with Zn (II) and Cu (II), which require higher
amounts of CNT-basedWCPO (1.8 g) for substantial removal
of the ions from the solution (~99%). With as low as 0.6 g
CNT adsorbent, the removal percentage of Zn (II) was ob-
served at ~69.9% as compared with Cu (II) removal of
~50.8%. The comparison between Zn (II) and Cu (II) adsorp-
tion capacity in this study is consistent with the study by Kosa
et al. (Kosa et al. 2012), in which 0.05 g MWCNT adsorbent
removed approximately ~72% and 70% of Zn (II) and Cu (II),
respectively, from the solution with low initial concentration
and pH of 1 mg/L and 5, respectively. Hence, the adsorption
capacity ofWCPO-based CNTs for different metal ions in this
study was in the following order: Fe (II) > Zn (II) ≈Cu (II).
This order is also consistent with the report by Karami et al.
(Karami 2013), in which about ~75%, 60%, and 50% of Fe
(II), Zn (II), and Cu (II), respectively, (Fe (II) > Zn (II) > Cu
(II)) were removed by using 0.50 g magnetite nanorod adsor-
bent at pH of 5.5 with high initial solution concentration. The
decrease in the ionic radius of metal ions from 0.61 to 0.74 Å
is shown in the following order: Fe 0.61 Å > Cu 0.73 Å ≈Zn
0:74ð Þ Å. The trend shows higher adsorption on the CNT

surface compared with larger ionic radius (Arshadi et al.
2014; Franus and Bandura 2014). This finding was believed
to be due to better penetration of metal ions via the boundary
layer of CNT absorbent, subsequently followed by easier ad-
sorption on the CNT surface by smaller ionic radius (Kosa
et al. 2012).

Figure 4b–e shows the EDS analysis of WCPO-based
CNTs before the adsorption of Fe (II), Zn (II), and Cu (II).
The trace of carbon (92.18%), oxygen (2.97%), and iron
(4.85%) elements was the major constituents in the adsorbent
material. After the adsorption of Fe (II), Zn (II), and Cu (II),
significant changes were observed on the surface morphology
of WCPO-based CNT adsorbent and were supported by
FESEM and EDS analysis. The appearance of flake- and
lump-like deposits on CNT surface was observed after adsorp-
tion process. In general, after adsorption, functional groups,
such as hydroxyl, carboxyl, and carbonyl groups, are formed
through adsorption and attached to the surface of WCPO-
based CNTs or any active defect site (Das et al. 2014;
Mubarak et al. 2016). Therefore, after the adsorption of heavy
metal ions, the surface of WCPO-based CNTs was less

smooth than that before adsorption. After the adsorption of
metal ions, the presence of Fe (II), Zn (II), and Cu (II) peak
was confirmed by EDS analysis. Thus, WCPO-based CNTs
exhibit excellent performance in the adsorption of Fe (II), Zn
(II), and Cu (II) from the solution. Meanwhile, the presence of
Fe in all samples was due to the ferrocene catalyst consumed
during the synthesis of WCPO-based CNTs.

In this study, better adsorption of metal ions, namely, Fe
(II), Zn (II), and Cu (II), depends on the functional groups in
the adsorbent material. Figure 4f shows the FTIR spectrum
before and after adsorption of metal ions on the surface of
CNTs fromWCPO. Peaks observed before adsorption of met-
al ions were detected at 1287 and 1600 cm−1, which are de-
fined as C-O stretching and aromatic C=C groups, followed
by the carbonyl (C=O) and hydroxyl groups (O-H) at 1740
and 2700 cm−1, respectively (Li et al. 2003; Kamari et al.
2014; Yusoff et al. 2014; Mubarak et al. 2016). Meanwhile,
a broad peak in the range of 3250–3550 cm−1 was assigned as
O-H stretching from carboxyl groups (O=C-OH and C-OH)
(Mubarak et al. 2015; Vázquez et al. 2016). Carboxyl, carbon-
yl, and hydroxyl groups are known as acidic functional groups
that exist on the CNT surface owing to oxidation during post-
annealing treatment at 500 °C under ambient oxygen
(Edwards et al. 2011). The presence of the functional groups
on the adsorbent surface may enhance cation exchange site
and produce electrostatic interaction, thus leading to better
adsorption capacity of metal ions on the adsorbent surface
(Tofighy and Mohammadi 2011). After metal ion adsorption,
new peaks appeared in the range of 784–809 and 996–998
cm−1, indicating the characteristics of (Fe, Zn, Cu) = O and
(Fe, Zn, Cu)-O stretching frequencies, respectively (Rahman
and Islam 2009). Adsorption between CNTs fromWCPO and
metal ions was proven with the disappearance of the carbonyl
and hydroxyl peaks at 1740 and 2700 cm−1 after adsorption
(Vázquez et al. 2016). The shifts in the amine peak from
1600 cm to 1620–1626 cm−1 and carbonyl groups from
1287 to 1302–1315 cm−1, respectively, were believed to be
due to the interaction between the heavy metal ions with the
active site of WCPO-based CNTs through chemical complex-
ion and electrostatic interaction (Sun et al. 2014; Yusoff et al.
2014; Mubarak et al. 2016).

Adsorption isotherm model

To understand the adsorption of Cu (II) on the WCPO-based
CNT absorbent, Langmuir and Freundlich isotherm models
were then used to explain the behavior of metal ion at equi-
librium between adsorbed Cu (II) on CNTs at different dos-
ages of 0.2–2.2 g with 100 mg/L initial concentration of Cu
(II) solution at pH of 7. The linear form of Langmuir model
can be represented as the following equations (Foo and
Hameed 2010; Adeli et al. 2017; Palanivell et al. 2020):

�Fig. 4 aRemoval percentage of Cu (II), Zn (II), and Fe (II) by using 0.6–
1.8 g WCPO-based CNT adsorbent. FESEM and EDS analysis b before
and c–e after the adsorption of Cu (II), Zn (II), and Fe (II), respectively, by
using 1.8 g WCPO-based CNT adsorbent with 100 mg/L initial concen-
tration and at pH of 7. f FTIR spectra of WCPO-based CNTs before and
after adsorption of Cu (II), Zn (II), and Fe (II)
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Ce

qe
¼ 1

KLqm
þ Ce

qm
ð3Þ

where qe (mg/g) represents equilibrium adsorption capacity,
Ce (mg/L) is the equilibrium heavy metal ion concentration
(mg/L), qm (mg/g) is the maximum adsorption capacity of the
metal ions (mg/g), andKL is the Langmuir adsorption constant
(L/mg), which is related to the free energy of heavy metal ion
adsorption. The graph of Ce/qe versus Ce presented in Fig. 5a
was plotted and fitted with linear equation of y = 0.034224 x +

0.32925, where the slope-1 and slope/intercept represent qm-
and K

L
, respectively (Palanivell et al. 2020). Based on calcu-

lation, qmand KL were found to be 29.22 mg/g and 0.1039
L/mg, respectively. A correlation coefficient (R2) of 0.82751
was obtained for Cu (II) adsorption with this model, indicating
that the experimental data were in good accordance with
Langmuir model. The Langmuir model assumes that the ad-
sorption of heavy metal ions occurs and forms monolayers on
the surface or active sites of the adsorbent (Kumar et al. 2019).
The essential characteristic of the Langmuir model also could
be described by the equilibrium constant, RL, which is defined
as follows (Foo and Hameed 2010; Adeli et al. 2017):

RL ¼ 1

1þ KLCo
ð4Þ

an RL value of 0.0878 was obtained in this study, indicating
favorable adsorption of Cu (II) by the WCPO-based CNT
adsorbent (Foo and Hameed 2010).

Meanwhile, the Freundlich isotherm model deals with the
adsorption of heavy metal ions on a multilayer heterogeneous
surface of adsorbent. The linear form of Freundlich isotherm
equation is given as follows (Foo and Hameed 2010; Ma et al.
2015; Palanivell et al. 2020):

logqe ¼
1

n
logCe þ logKF ð5Þ

where KF (mg/g (L/mg)1/n) and 1/n are Freundlich isotherm
constants and heterogeneity factor, respectively (Alves et al.
2019). Figure 5b shows the linear Freundlich isotherm plot
fitted with the equation of y = 0.17417x + 1.0468, where the
antilog (intercept) and slope represent KF (11.1378) and 1/n
(0.1742), respectively (Palanivell et al. 2020). According to
the Freundlich model, adsorption was favorable when 1/n is
between 0 and 1, and lower 1/n value indicates that the adsor-
bent possesses more heterogeneous binding sites (Ahmadpour
et al. 2014). The R2 for Freundlich model is 0.66673, which is
lower than that of the Langmuir model (0.82751). Hence, a
high validity of the Langmuir model is proposed, in which
during adsorption, Cu (II) ions form a monolayer coverage
on the CNT surface, and the uniform adsorption energies are
equal for all adsorption sites (Adeli et al. 2017; Palanivell et al.
2020). Similar findings also followed the Langmuir model, as
observed by Gupta et al. when utilizing functionalized
MWCNTs for fact adsorption of Cu (II); Langmuir and
Freundlich R2 values were 0.9998 and 0.9821, respectively

Fig. 5 a Langmuir and b Freundlich isotherm models for the adsorption
of Cu (II) by using 0.2–2.2 g WCPO-based CNT adsorbent at the initial
concentration and pH of 100 mg/L and 7, respectively

Table 2 Parameters of Langmuir
and Freundlich isotherms for
adsorption of Cu (II) using
WCPO-based CNT adsorbent
material at 0.2–2.2 g adsorbent
dosage

Langmuir Freundlich

qm (mg/g) KL (L/mg) R2 1/n KF (mg/g (L/mg)1/n) R2

29.22 0.1039 0.82751 0.1742 11.1378 0.66673
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(Gupta et al. 2017). The Langmuir and Freundlich models are
summarized in Table 2.

Adsorption mechanism

The schematic diagram as in Fig. 6a–e illustrated the proposed
adsorption mechanism of heavy metal ions, M2+ (where M
represents the heavy metal ions), by using WCPO-based
CNTs as adsorbent. The adsorption mechanisms were be-
lieved to include the electrostatic attraction and repulsion,
chemical interaction between metal ions and the functional
groups of carboxyl and hydroxyl groups of WCPO-based
CNTs (Fig. 6a), adsorption precipitation, and chemical inter-
action with the defect sites in the adsorbent (Vuković et al.
2010). In addition, the presence of ferromagnetic behavior of
CNTs was believed to participate during the metal ion
adsorption.

Given that the uptake capacity of heavy metal ions is dom-
inated by the pH solution, the adsorption mechanism was
carried out by systematically investigating the effect of solu-
tion pH toward the adsorption of heavy metal ions byWCPO-
based CNTs. In highly acidic medium as shown in Fig. 6b,
heavy metal ions were predominantly M2+ ions (Sočo and
Kalembkiewicz 2015). Equations (6) and (7) show the sug-
gested reaction for the protonation of electron on carboxyl and
hydroxyl groups on the surface of WCPO-based CNTs that
resulted in positively charged (H+) dominating in the solution.
The competition between H+ from the acidic medium andM2+

on the active sites of the CNT adsorbent (CNT–COO− and
CNT–CO−) generates the electrostatic repulsion force, which
decreases the adsorption of metal ions in the solution.

M2þ þ 2 CNTs−COOHð Þ þ H2O

þ Hþ→ CNTs−COOð Þ2Mþ 3Hþ þ OH− ð6Þ
M2þ þ 2 CNTs−COHð Þ þ H2Oþ Hþ→ CNTs−COð Þ2M

þ 3Hþ þ OH− ð7Þ

By increasing pH solution from 4 to 7 (Fig. 6c), the CNT
surface charge changed to negative charge, and the competi-
tion betweenM2+ and H+was decreased at higher pH solution.
Thus, moreM2+ took place on the negative surface sites of the
CNTs, which was due to the deprotonation of electron on the
functional group of WCPO-based CNTs (carboxyl and hy-
droxyl groups) and produced higher electrostatic attraction
force between the surface of WCPO-based CNTs and metal
ions. Therefore, the difference in uptake capacity of metal ion

absorption at variation of pH was also attributed by the car-
boxyl and hydroxyl groups on the adsorbent surface where the
functional group induced negative charge on the WCPO-
based CNTs and led to exchangeability of proton in the func-
tional group with the metal ions.

In this study, the ionic radii of metal ions ranged between
0.061 and 0.074 nm, which is significantly smaller than the
interlayer spacing of WCPO-based CNT adsorbent, which is
0.33 nm; thus, the surface adsorption of metal ions was also
believed to occur on the internal and external wall surfaces of
CNTs. The proposed surface adsorption mechanism on the
external surface of CNTs also adhered with the Langmuir
model isotherm, which proposes that the adsorbed metal ions
form a monolayer coverage on the CNT surface, as illustrated
in Fig. 6d (Bayazit and Kerkez 2014). When WCPO-based
CNT powdered solid adsorbents were made in contact with
the metal ions in the solution, the metal ions migrate first from
the bulk solution to the surface of the CNT absorbent before
they impose a diffusion barrier (Gupta et al. 2005). The uptake
capacity of metal ions by the WCPO-based CNTs is con-
trolled by internal and external diffusion of the adsorbent
(Gupta et al. 2005; Mahalingam et al. 2013). Four possibilities
of adsorption mechanism were believed to occur during the
adsorption of metal ions onto the WCPO-based CNT adsor-
bent, as is in agreement with the four consecutive steps of
adsorption proposed by Gupta and P. Mahalingam et al.
(Gupta et al. 2005; Mahalingam et al. 2013). The adsorption
of heavy metal ion on the WCPO-based CNTs is proposed as
follows: (i) the external mass of heavy metal ions transport
from the bulk solution to the WCPO-based CNT adsorbent
particles; (ii) the heavy metal ions transport to the external
CNT surface (external diffusion); (iii) the transport of heavy
metal ions within the pores of the WCPO-based CNT pores
except for a small amount of adsorption, which is believed to
occur on the external surface known as internal or particle
diffusion; and (iv) lastly, the adsorption of heavy metal ions
onto the interior surface of WCPO-based CNTs (Gupta et al.
2005; Mahalingam et al. 2013). The proposed mechanism for
the adsorption metal ions onto the CNT surface is divided into
two parts; steps (i) and (ii) represent the external diffusion,
whereas steps (iii) and (iv) represent the internal diffusion
for metal ion adsorption. Hence, Eq. (8) has been proposed
to represent the suggested mechanism of the adsorption phe-
nomenon, proving that the external and internal surfaces of
adsorbent were involved for the adsorption of metal ions in
solution.

M2þ þ CxHy þ H2O→M CxHy

� �
2 þ 2Hþ þ OH− ð8Þ

The adsorption mechanism also depended on the defect
sites of WCPO-based CNT adsorbent that can be exhibited
to be capable at relatively high surface reactivity and promotes
radical sites of CNT structure (C-), subsequently forming

�Fig. 6 a The proposed adsorption mechanism of M (II) onto WCPO-
based CNT adsorbent in b acidic medium (pH ranges 1–3); c at the pH
range of 4–6; d adsorption metal ions on the CNT surface, defect sites,
and e the inner tube of CNTs in the presence of Fe nanoparticles
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dangling bonds (Machado et al. 2015). This finding offers an
advantage for metal ions in the solution to attach onto dan-
gling bond spaces of the adsorbent, as shown in Eq. (9). The
highly reactive sites of WCPO-based CNTs increased the
number of metal ions onto the adsorbent surfaces and thus
increases the adsorption of metal ions.

M2þ þ 2C− þ H2Oþ Hþ→MC2 þ 2Hþ þ OH− ð9Þ
where x, y ≥ 1.

The presence of Fe nanoparticles in the inner tube of CNTs
offers advantages as adsorbent material; Fe nanoparticles (also
known as Fe3O4) are believed to act as a magnet (Miyamoto
et al. 2005). The Fe nanoparticles were believed to possess
temporary dipolemoment, and theWCPO-based CNT surface
charge can turn into a negative charge. Thus, the interaction
between Fe nanoparticles and heavy metal ions will occur at
the inner tube of CNTs, as illustrated in Fig. 6e (Miyamoto
et al. 2005; Khandanlou et al. 2015). Meanwhile, at higher pH
value, which is considerably higher than 7 (pH > 8), the pre-
cipitation of metal ions occurs in their hydroxide form
(M(OH)2) (Pyrzyńska and Bystrzejewski 2010; Yusoff et al.
2014).

Conclusion

WCPO-based CNTs encapsulated Fe nanoparticle have been
successfully produced through modified thermal chemical va-
por deposition and applied as adsorbent of heavy metal ions.
Based on the first parameter measurement, higher Cu (II) ion
removal percentage was achieved by increasing adsorbent
dosage from 0.6 to 1.8 g/L then saturated from 1.8 to 2.2
g/L. Therefore, 1.8 g/L was chosen as the optimum adsorbent
dosage with the highest Cu (II) ion removal percentage of
~99% at neutral solution (pH 7). Second parameter measure-
ment showed that high Cu (II) ion removal percentage (~80%)
was also achieved even in a very acidic solution (pH 2). The
last parameter measurement also showed that the produced
WCPO-based CNTs successfully removed various heavy
metal ion removal in the range of 99.2 to 99.9%with the order
of Fe (II) > Zn (II) ≈ Cu (II). The adsorption mechanism
involves the chemical reaction between the functional groups
of adsorbents and metal ions, electrostatic interaction (attrac-
tion and repulsion force), adsorbent surface defects, and the
presence of Fe nanoparticles, which act as magnets to interact
with metal ions during adsorption. In addition, the adsorption
behaviors of metal ions by using WCPO–based CNTs match
well with the Langmuir isotherm model, yielding a higher
correlation coefficient and maximum adsorption capacitymet-
al ions of 0.82751 and 29.22 mg/g, respectively. Moreover,
the encapsulated Fe particles act as magnets to interact with
metal ions during adsorption. This findings showed that the

produced WCPO-based CNTs can be a promising material to
be applied as adsorbent for heavy metal ions removal for
large-volume applications.
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