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Faced with more and more stringent environmental regu-
lations, nowadays heavy metals are the priority pollutants
of surface and ground waters. Water contamination with
these compounds is becoming one of the most serious
environmental problems because of the toxic nature of the
heavy metal ions, even at low trace levels. With the rapid
development of industries such as metal plating facilities,
mining operations, tanneries, fertilisers, and paper indus-
tries, heavy metals wastewaters are directly or indirectly
discharged into the environment increasingly. Unlike organic
contaminants, heavy metals are not biodegradable and tend
to accumulate in living organisms. Many heavy metal ions,
such as mercury, cadmium, lead, nickel, and chromium,
are known to be very toxic or carcinogenic. Due to the
noxious effects of heavy metals, there are growing public
health concerns about environmental pollution with heavy
metals. Thus, it is imperative to remove or reduce heavy
metal contamination in water in order to prevent or reduce
contaminating the environment and the possibility of uptake
in the food web. This issue contains original research studies
on removal of heavymetals fromwater by different treatment
methods including adsorption, membranes, and coagulation.

The paper by F. A. Olabemiwo et al. investigated the
potential ability of raw fly ash (RFA) and polyelectrolyte-
coated fly ash (PEFA) to remove cadmium (Cd) frompolluted
water and described the removal of cadmium (Cd) ions from
polluted water using raw fly ash (RFA) and polyelectrolyte-
coated fly ash (PEFA). They revealed that a 4.0 g/L dosage
of PEFA removed around 99% of 2.0mg/L of Cd in 15min
at 150 rpm compared to only 27% Cd removal achieved by
RFA under the same conditions. A comparative study of

raw and metal oxide impregnated carbon nanotubes for the
adsorption of hexavalent chromium from aqueous solution
was carried out by M. I. Qureshi et al. They reported the
use of raw, iron oxide, and aluminum oxide impregnated
carbon nanotubes (CNTs) for the adsorption of hexava-
lent chromium (Cr(VI)) ions from aqueous solution. They
showed that impregnated CNTs achieved significant increase
in the removal efficiency of Cr(VI) ions compared to raw
CNTs. In fact, both CNTs impregnated with 10% loading of
iron and aluminum oxides were able to remove up to 100% of
Cr(VI) ions fromaqueous solution.WhileO.Y. Bakather et al.
studied the removal of selenium ions from aqueous solution
using iron oxide impregnated carbon nanotubes (CNTs).
Total removal of 1 ppm Se ions from water was achieved
when 25mg of CNTs impregnated with 20wt.% of iron
oxide nanoparticles is used. Maximum adsorption capacity
of the Fe

2
O
3
impregnated CNTs, predicted by Langmuir

isotherm model, was found to be 111mg/g. Also using Fe
2
O
3

impregnated CNTs have shown an efficient removal of haz-
ardous organic components such as toluene and paraxylene
(p-xylene) from aqueous solution as reported by A. Abbas
et al. Batch adsorption experiments show that iron oxide
impregnatedCNTs have higher degree of removal of p-xylene
(i.e., 90%) comparedwith toluene (i.e., 70%), for soaking time
2 h, with pollutant initial concentration of 100 ppm, at pH
6 and shaking speed of 200 rpm at 25∘C. This new finding
might revolutionize the adsorption treatment process and
application by introducing a new type of nanoadsorbent that
has super adsorption capacity towards heavy metals ions and
organic pollutants fromwater. In addition, S. N. A. Shah et al.
cover the chemical as well as the biological concerns about
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nanoparticles (NPs) particularly titanium dioxide (TiO
2
)

NPs and emphasize the toxicological profile of TiO
2
at

the molecular level in both in vitro and in vivo systems.
Although nanoparticles (NPs) have made incredible progress
in the field of nanotechnology and biomedical research and
their applications are demanded throughout industrial world
particularly over the past decades, little is known about the
fate of nanoparticles in ecosystem. Concerning the biosafety
of nanotechnology, nanotoxicity is going to be the second
most priority of nanotechnology that needs to be properly
addressed.

Another study was carried out by S. A. Zamani et al.,
to produce optimized biochar from oil palm empty fruit
bunches (OPEFB), as a green, low cost adsorbent for uptake
of zinc from aqueous solution. High removal of zinc was
achieved by this green bioactive carbon material.

We hope that this special issue would shed light on many
important aspects related to removal of heavy metals from
water and attract attention by the scientific community to
pursue further investigations in this field.
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Fly ash (FA) is a major industrial waste generated from power stations that add extra cost for proper disposal. Recent research
efforts have consequently focused on developing ways to make use of FA in environmentally sound applications. This study,
therefore, investigates the potential ability of raw fly ash (RFA) and polyelectrolyte-coated fly ash (PEFA) to remove cadmium
(Cd) from polluted water. Using layer-by-layer approach, functionalized fly ash was coated with 20 layers from 0.03% (v/v) of
cationic poly(diallyldimethylammonium chloride) (PDADMAC) and anionic polystyrene sulfonate (PSS) solutions. Both surface
morphology and chemical composition of the adsorbent (PEFA) were characterized using Field-Emission Scanning Electron
Microscope (FE-SEM), X-Ray Diffraction (XRD), Fourier-Transform Infrared (FTIR), and X-Ray Fluorescence (XRF) techniques.
The effects of pH, adsorbent dosage, contact time, initial contaminant concentration, and mixing rate of the adsorption of Cd
were also studied in batch mode experiments. Results of the study revealed that a 4.0 g/L dosage of PEFA removed around 99% of
2.0mg/L of Cd in 15min at 150 rpm compared to only 27% Cd removal achieved by RFA under the same conditions. Results also
showed that adsorption by PEFA followed both Langmuir and Freundlich models with correlation coefficients of 98% and 99%,
respectively.

1. Introduction

In today’s world, one issue ofmajor concern is water pollution
as the quality of water available for consumption greatly
affects the health and wellbeing of humans and animals. Fac-
tors like industrialization, agricultural activities, urbaniza-
tion, and population increase among others are likely reasons
for water quality depreciation [1, 2]. The constant discharge
of different pollutants such as organic compounds and heavy
metals into the environment is causing growing concern to
the entire world. Unlike most organic contaminants, heavy
metals aremainly problematic because they accumulate in the
tissues of living organisms and do not biodegrade, thereby
leading to countless threats to the ecological environments
and wellbeing of humans at large [3]. Majorly known heavy

metals primarily consist of cadmium, chromium, mercury,
lead, cobalt, nickel, and so forth; these metallic ions are toxic
and pose severe effects on human health.

Cadmium (Cd) which is a deadly heavy metal of work-
related and environmental worry has been recognized as a
substance that is teratogenic and carcinogenic to human.
The allowable limit for Cd in drinking water is set at
3.0 ppb byWorldHealthOrganization (WHO) [4]. If ingested
beyond the limit, it would affect the kidney or probably
damage it. Common ways via which Cd get leached to the
environment include industrial processes like smelting, alloy
manufacturing, and pesticide and anthropogenic activities
such as improper disposal of cigarette, unused paints, fertil-
izers, and Ni/Cd batteries [5]. Therefore, the removal of this
heavy metal from contaminated water has become a task of

Hindawi
Bioinorganic Chemistry and Applications
Volume 2017, Article ID 7298351, 13 pages
https://doi.org/10.1155/2017/7298351

https://doi.org/10.1155/2017/7298351


2 Bioinorganic Chemistry and Applications

paramount importance. For that, numerous methods such as
membrane separation, ion exchange, coagulation, softening,
solvent extraction, and adsorption have been employed [6].
Some of these techniques are effective but are not widely
applicable to different pollutants and also generate chemical
waste. Application of these techniques relies on cadmium
concentration and associated costs [7]. Mahvi & Bazrafshan
(2007) applied electrocoagulation to remediate cadmium
using Al electrode. Simulated wastewater of different concen-
trations of cadmium was filled in a tank and their removal
was measured at different pH (3, 7, and 10) and at electric
potential range of 20, 30, and 40 volts. Their investigation
showed that initial pH was lower than the final pH value
[8]. Numerous studies have used the adsorption mechanism
for heavy metals removal using activated carbon owing to its
very good adsorption features but with comparatively high
operating cost [9, 10].Therefore, the need to develop low-cost
adsorbents for heavy metals removal from aqueous solution
has greatly increased. Adsorbents such as Setaria grass [11],
sawdust [12], zeolite [13], clay [9], biomass [14, 15], and fly ash
[6, 16–19] have been used.

Fly ash (FA) is one of the major wastes from power
stations that cannot be cheaply disposed of. Recent research
efforts have consequently focused on developing ways to
make use of FA in applications that are friendly to the
environment. Apart from its limited applications in cement
and concrete industries, fly ash alternative use/reuse in envi-
ronmental study takes advantage of its reasonable adsorptive
property for some water pollutants. Al-Khaldi et al. con-
ducted a comparative study on Cd adsorption using activated
carbon, CNT, CNF, and fly ash. They found out that, at pH 7
in 120min with 50mg and 150 rpm, percent removal of 95, 27,
34, and 38%was attained for fly ash, CNT, CNF, and activated
carbon, respectively [7]. However, the efficiency of the FA
for removing water pollutants was limited in a few previous
studies and, therefore, there is a need to improve its adsorp-
tion efficiency [18]. One way to achieve this objective could
be to coat the surface with polyelectrolytes which enhanced
the adsorptive capacity of several adsorbent materials [18].
Literature search showed that no work has been conducted
to assess the efficiency of FA to remove Cd from water after
being coated with layers of polyelectrolytes which is the main
aim of this work. As fly ash is cheaper compared to other
adsorbent materials, any improvement in the efficiency of
polyelectrolyte-coated fly ash in the removal of heavy metal
ions from water gives it an advantage over other adsorbent
materials.

Polyelectrolytes are charged organic polymers, which are
soluble in water and are formed from monomers of different
kinds.These polymers could be cationic or anionic depending
on the functional ionic group. They are used in many appli-
cations such as water purification and paper production [20].
Examples of polyelectrolytes include poly(diallyldimethyl-
ammonium chloride) (PDADMAC), polystyrene sulfonate
(PSS), and polyethylenimine (PEI). Studies had been made
to modify adsorbents with polyelectrolytes. Zhang et al. [21]
modified multiwalled CNT with PDADMAC for chromium
adsorption of which 32% removal was achieved at pH 6.
Huang et al. [22] successfully applied silica-coated Fe3O4

n

H3C

H3C

CH3

CH3

N+

(a)

S OO

n
H3C

CH3

O−
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Figure 1: Chemical structures of (a) poly(diallyldimethylammo-
nium chloride (PDADMAC) and (b) polystyrene sulfonate (PSS).

functionalized with c-mercaptopropyltrimethoxysilane for
extraction of Cu2+, Hg2+, Cd2+, and Pb2+ in a varied pH
range and even in the presence of foreign ions acting as
interferents such as Al3+, Fe3+, and Cl−. Stanton et al. [23]
showed that alternating polyelectrolyte deposition on porous
supports can yield nanofiltration membranes allowing high
water flux along with selective ion transport by using pairs of
poly(styrene sulfonate)/poly(allylamine hydrochloride) on
porous alumina.

The aim of this study is to explore the potential efficiency
of fly ash to remove Cd ions from contaminated water and
to evaluate the effect of acid treatment and polyelectrolyte
coating of fly ash on removal efficiency. Moreover, the effects
of experimental parameters such as adsorbent dose, contact
time, pH, mixing rate, initial concentration, and temperature
on the Cd ion removal efficiency were also deduced. Ther-
modynamic parameters like enthalpy, entropy, and Gibbs
free energy were also investigated. The acid treatment of fly
ash was done using HNO3 and the polyelectrolyte coating
of fly ash is done by layer-by-layer (LBL) deposition of two
electrolytes, namely, PDADMAC and PSS, solutions on acid-
treated fly ash (AFA).The Cd ion removal efficiency of adsor-
bents wasmeasured using batch adsorption experiments.The
sorption kinetics of Cd on the adsorbents were investigated
using Langmuir and Freundlich isotherm models. Figure 1
shows the chemical structures of PSS and PDADMAC.

2. Materials and Methods

2.1. Chemicals/Stock Solution. All chemicals and solvents
used were of analytical grade. PDADMAC (Mw:
200,000–350,000 kg/mol.) and PSS (Mw: 70,000 kg/mol.)
were commercially acquired and used. Deionized (DI)
water was generated in real time from Milli-Q Ultrapure
water system (Millipore). Working standard solutions were
prepared from stock Cadmium ICP Standard Solution
supplied by ULTRA Scientific (USA) by serial progressive
dilutions with deionized water. The prepared solutions
were stirred for 30mins with a magnetic stirrer to ensure
homogeneity. The pH of the solutions was adjusted using
either 0.1M HNO3 or 0.1M NaOH solution. Buffer solutions
were added as required in order to keep constant pH during
the experiment.
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Figure 2: Schematic illustration of acid treatment and polyelectrolytes coating of fly ash (FA).

2.2. Adsorbent Preparation. Thefly ash used in this study was
obtained from a local power plant in the Eastern Province
of Saudi Arabia. In this plant, raw fly ash is generated
from the combustion of heavy liquid fuel and collected by
electrostatic precipitation technique. This raw fly ash (RFA)
was processed further to produce acid-treated fly ash (AFA)
and polyelectrolyte-coated fly ash (PEFA).

2.2.1. Acid Treatment of Fly Ash. 150 g of fly ashmaterials was
soaked in 1000mLDI water and stirred for 2 h. After stirring,
the mixture was allowed to settle for 10min before the water
was decanted and the procedure was repeated 3 times which
gives a slurry phase, which was subsequently dried in the
oven at 80∘C temperature for 12 h and stored until used for
the batch treatment experiments. 100 g of washed fly ash was
soaked in 300mL of 1M HNO3. The mixture was refluxed at
110∘C temperature for 24 h.The acid was allowed to evaporate
at 60∘C, after which the reaction mixture was diluted with
500mL DI water until the pH of the filtrate becomes neutral.
The residue was then dried in the oven at 105∘C for 72 h [24–
29].

2.2.2. Layer-by-Layer Deposition (Polyelectrolyte Coating of
Fly Ash). Polyelectrolyte coating of fly ash (PEFA) was
prepared by coating the acid-treated fly ash (AFA) with
polyelectrolyte (PE) using modified procedure of layer-
by-layer method described by Li et al. [30]. Succinctly,
the solutions used were prepared by dissolving 3mL of
poly(diallyldimethylammonium chloride) (PDADMAC) or
polystyrene sulfonate (PSS) in 1000mL of water; the solu-
tions were stirred with a stirrer to ensure a homogenous
mixture. The layering then followed Li et al.’s [30] procedure
but without the addition of NaCl to ensure the formation
of thinly coated PE layers as illustrated in Figure 2. The
procedure was repeated until the desired number of layers
was attained, that is (PDADMAC/PSS-FA)n, where 𝑛 could
be 1, 2, 3, 4, 5, . . . , 20.

2.3. Characterization of FA Adsorbents. Characterization of
adsorbents (RFA, AFA, and PEFA) surface morphology
was conducted to understand elemental, mineralogical, and
functional group composition. Scanning electronmicroscopy
(SEM) micrographs were documented using FESEM (JSM-
5900LV) fitted with an energy disperse X-ray spectroscopy
(EDX) detector model X-max. Functional groups were deter-
mined using a Perkin-Elmer 16 FPC FTIR spectrometer with

the aid of KBr pellets and spectra were generated in the region
of 600–4000 cm−1 wavenumber.Thermogravimetric analysis
(TGA) was carried out using thermal analyzer (STA 449 F3
Jupiter) by Netzsch, Germany.The analysis was conducted in
air at a distinct temperature ramped at 10∘C per min to 900∘C
[6]. Phase analysis of the adsorbents was evaluated using D8
ADVANCEX-ray Diffractometermanufactured by BRUKER
(Germany).

2.4. Batch Adsorption Studies. Batch mode adsorption stud-
ies were conducted at room temperature in 100mL Erlen-
meyer flasks covered with aluminium foil to avoid contami-
nation. Effects of pH, contact time, adsorbent dosage, mixing
rate, initial concentration, and temperaturewere investigated.
Analysis of initial and final concentration of Cd ions was con-
ducted using Optima 8000� ICP-OES Spectrometer (Perkin-
Elmer, USA). The percent removal, as well as adsorption
capacity of metal ions, was calculated with the following
equations:

% removal =
𝐶𝑖 − 𝐶𝑒
𝐶𝑖
× 100

adsorption capacity, 𝑞𝑒 (mg/g) =
𝐶𝑖 − 𝐶𝑒
𝑀𝑠
× 𝑉,

(1)

where 𝐶𝑖 is the metal ion initial concentration in solution
(mg/L), 𝐶𝑒 is the final concentration of adsorbate ion in
solution (mg/L), 𝑉 is the total volume of solution (L), and
𝑀𝑠 is adsorbent dosage.

Mean values of 5 replicates were used for data analysis to
ensure reproducibility; relative standard deviation (RSD) was
in the range of ±3–5%.The precision of the standard solution
for analysis was better than 3%.

2.5. Adsorption Isotherm Model. The descriptions of adsorp-
tion behaviors are usually provided by mathematical models
known as the adsorption isotherm models [6]. The dis-
tribution of adsorbate molecules between the liquid phase
and a solid phase at equilibrium state can be indicated
by the adsorption isotherm [25]. In this study, Langmuir
and Freundlich isotherm models were employed to assess
the adsorption behavior of polyelectrolyte-coated fly ash
(PEFA) for Cd ion removal in an aqueousmedium. Langmuir
isothermmodel explains the monolayer adsorption, suggest-
ing that adsorbent materials have finite capacity, considered
as the equilibrium state beyond which no further adsorption
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takes place [31]. The existence of specific homogeneous sites
within the adsorbent at which adsorption occurs is the
main assumption of this model. The Freundlich isotherm
model also explains the adsorptive behavior of the adsorbent
material. Adsorption on a heterogeneous surface with the
interaction between adsorbate molecules is the main applica-
tion of this model. The Langmuir and Freundlich isotherms
are expressed by the following equation:

𝑄𝑒 =
𝑄max𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

. (2)

The above equation can be linearized to

1

𝑄𝑒
=
1

𝑄max𝐾𝐿𝐶𝑒
+
1

𝑄max
. (3)

From (2), 𝐶𝑒 is the equilibrium of Cd concentration (mg/L);
𝑄𝑒 is the amount of Cd (mg) adsorbed per gram of the adsor-
bent at equilibrium (mg/g);𝑄max is the theoretical maximum
adsorption capacity (mg/g); and𝐾𝐿 is the Langmuir isotherm
constant (L/mg). A linear plot of 1/𝑄𝑒 versus 1/𝐶𝑒 can be used
to obtain the values of𝑄max and𝐾𝐿 from slope and intercept,
respectively.

𝑄𝑒 = 𝐾𝑓𝐶𝑒
1/𝑛. (4)

The above equation can be linearized to

ln𝑄𝑒 = ln𝐾𝑓 +
1

𝑛
ln𝐶𝑒. (5)

From the equation above, 𝐾𝑓 is the Freundlich adsorption
constant related to the adsorption capacity [(mg/g) (L/mg)],
while the remaining parameters (𝑄𝑒 and 𝐶𝑒) were described
above. A linear plot of ln𝑄𝑒 versus ln𝐶𝑒 can be used to obtain
the values of𝐾𝑓 and 𝑛 from intercept and slope, respectively.

2.6. Kinetic Modelling Studies. The adsorption of Cd (II)
was analyzed using different kinetic models like pseudo-
first-order model, pseudo-second-order model, and Weber
intraparticle diffusion expressed in the following equations:

log
(𝑞𝑒 − 𝑞𝑡)

𝑞𝑒
=
−𝐾𝐿𝑡

2.303
(6)

1

(𝑞𝑒 − 𝑞𝑡)
=
1

𝑞𝑒 + 𝐾𝑡
(7)

𝑡

𝑞𝑡
=
1

(2𝐾𝑠𝑞𝑒
2)
+
𝑡

𝑞𝑒
(8)

𝑞𝑡 = 𝐾id𝑡
1/2 + 𝐶. (9)

In the equations above, 𝑞𝑒 and 𝑞𝑡 are amounts of Cd adsorbed
(mg/g) at equilibrium and at a given time, 𝑡 (min), respec-
tively. 𝐾𝐿 is the pseudo-first-order rate constant sorption
(min−1). 𝐾𝑠 and 𝐾 are pseudo-second-order and second-
order adsorption rate constants (g⋅mg−1⋅min−1). 𝐾id, 𝑡

1/2,
and 𝐶 are intraparticle diffusion rate constant (mg/g⋅min−1),

square root of time (min)1/2, and intercept, respectively. The
constants (𝐾𝐿,𝐾𝑠, and𝐾) can be determined from the slopes
of linear plots of log(𝑞𝑒 − 𝑞𝑡) against 𝑡, 𝑡/𝑞𝑡 against 𝑡, and
1/(𝑞𝑒 − 𝑞𝑡) against 𝑡, where 𝑞𝑒 can be determined from the
intercept data of pseudo-second-order and second-order rate
equations.

3. Results and Discussions

3.1. Material Characterization

3.1.1. Surface Morphology. Surface morphology of raw fly
ash (RFA), acid-treated FA (AFA), and polyelectrolyte-coated
FA (PEFA) was examined with the aid of Field-Emission
Scanning ElectronMicroscopy (FESEM) and energy disperse
X-ray spectrometry (EDX). The surface morphologies of the
RFA, AFA, and PEFA are presented in Figures 3, 4, and 5,
respectively.

Figure 3(a) shows that the RFA has sizes that range
from 50 to 500 microns. Elemental composition revealed by
EDX spectra in Figure 3(b) shows that carbon (C) has 72%,
oxygen has 16.6%, and the remaining elements, silicon (Si),
copper (Cu), vanadium (V), aluminium (Al), and sulphur (S),
were found to have 0.2, 6.0, 0.7, 2.0, and 2.8% composition,
respectively.

When RFA was treated with nitric acid (HNO3), most of
the heavy metals impurities present in the as-received raw
fly ash were removed as shown in the EDX spectrum in
Figure 4(b). Moreover, it was observed that more pores were
visible as a result of the treatment with nitric acid as shown
in Figure 4(a) compared to raw fly ash shown in Figure 3(a).
The spectrum in Figure 4(b) reveals that the carbon content
increased from 72 to 92% and also reveals an increase in the
silicon content from 0.2 to 0.4.

Figure 5(a) shows the morphology of polyelectrolyte-
coated fly ash (PEFA) along with its elemental composition in
Figure 5(b). The SEM image shows that a thin pore linen was
coated with PDADMAC-PSS and the EDX spectrum shows
an increase in the sulphur content (2.77–5.03%) of the fly ash
upon coating with polyelectrolyte which might be due to the
component of the polymer that has a polystyrene sulfonate
compound (i.e., PSS) in its composition.

3.1.2. Elemental Analysis by X-Ray Fluorescence (XRF) Anal-
ysis. XRF analysis was carried out to determine the actual
elemental composition of the RFA, AFA, and PEFA adsor-
bents. The results, as summarised in Table 1, identified the
presence of some trace metals like vanadium, manganese,
iron, nickel, zinc, and molybdenum with their percentage
compositions. It was observed that RFAhas no silicon content
but has high sulphur content of 51% compositionwhich could
be attributed to the fact that the fly ash used in this study is
an oil fly ash, received from local power plants operating on
liquid fuel. This type of fly ash is usually characterized by low
silicon and aluminium contents [32, 33]. As could be inferred
from the EDX spectrum, the fly ash has a high carbonaceous
content which is not commonly found at that rate in coal fly
ash with high silicon and aluminium contents [32, 34]. After
treatment with acid (AFA), the fly ash tracemetal content was
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Figure 3: Raw FA (a) SEMmicrographs (view field: 500 and 150 𝜇m; voltage: 10 kV; resolution: 382x and 1.27 kx); (b) EDX spectrum.

reduced to a nonsignificant value, whereas sulphur content
increased from 51% to 86% as shown in Table 1. In PEFA,
trace metals were either absent or not present in detectable
quantity but sulphur content increased to 92.5% which might
be a result of additional sulphate group present in the polymer
used for coating.

3.1.3. FTIR (Fourier-Transform Infrared) Spectroscopy Anal-
ysis. FTIR technique was used to ascertain the functional
groups present in RFA, AFA, and PEFA surface. The samples
were scanned from 500 to 4000 cm−1 and the intensity of
peaks in the IR spectra was observed. Figure 6 shows FTIR
spectra for RFA, AFA, and PEFA. The raw fly ash shows a
mildly prominent peak at 604 cm−1 as a result of the naturally
occurring C-S bond [35]. There was a prominent peak at
1367 cm−1 as a result of skeletal vibration of a C-C bond
[26]. A peak was observed at 1628 cm−1, which indicates the
presence of C=C functional group of an alkene [28, 36]. A
sharp peak at 1711 cm−1 represents C=O in ester group as
noted by Shawabkeh et al. [27]. A broad trough was observed
at 3436 cm−1 as a result of O-H stretching of alcoholic groups
[27, 37].However, after treatmentwith an acid (HNO3), peaks
were only seen at lower and higher region of the spectra;
this might be a result of the bond breaking due to reactions

Table 1: Elemental composition of RFA, AFA, and PEFA as revealed
by XRF.

Atomic number Elements RFA AFA PEFA
14 Silicon (Si) 0 0.76 0.00
15 Phosphorus (P) 1.09 0.66 1.18
16 Sulphur (S) 51.44 86.25 92.50
20 Calcium (Ca) 1.91 2.16 2.23
23 Vanadium (V) 20.22 5.10 1.09
25 Manganese (Mn) 0.1 0.00 0.00
26 Iron (Fe) 11.34 2.10 1.29
28 Nickel (Ni) 13.46 2.95 1.70
30 Zinc (Zn) 0.42 0.00 0.00
42 Molybdenum (Mo) 0.02 0.006 0.005

Loss on Ignition (LOI) 0.009 0.014 0.005
Total 100 100 100

between the acid and fly ash particles. After coating the
AFA with polyelectrolytes (PDADMAC and PSS), a more
prominent and sharp peak was observed at 607 cm−1 of PEFA
which is evident of the presence of more C-S functional
groups. The peak of C=C reappeared at 1635 cm−1 [29,
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Figure 4: Acid-treated FA (a) SEMmicrographs (view field: 500 and 150 𝜇m; voltage: 10 kV; resolution: 382x and 1.27 kx); (b) EDX spectrum.

38]. Additionally, there was C-N peak at 2386 cm−1, which
indicates the presence of the polyelectrolytes PDADAMAC
on the fly ash [39, 40]. The peaks observed at 3442 and
3451 cm−1 of the RFA andAFA spectra, respectively, were also
observed at 3454 cm−1 in PEFA indicating the presence of
carboxylic acid O-H functional groups.

3.1.4. Phase Identification by X-Ray Diffraction (XRD). The
mineralogical compositions of RFA, AFA, and PEFA were
studied using X-ray diffractometer. Overall, the XRD spectra
shown in Figure 7 show the presence of carbon, sulphur, 𝛼-
quartz (low quartz content), 𝛽-quartz (high quartz content),
and cristobalite. A prominent peak was observed at 21.6∘ 2𝜃;
this confirms the presence of highly concentrated carbon.The
amorphous phase between 22∘ and 28∘ 2𝜃 contains sulphur
and quartz, respectively. A small peak of cristobalite at 31.4∘
2𝜃 was observed. Carbon was very prominent through the
prepared adsorbents (RFA, AFA, and PEFA). One significant
observation was the presence of 𝛽-quartz at 27.4∘ 2𝜃 in
both AFA and PEFA, respectively. No significant peaks were
observed after 40∘ 2𝜃, indicating the presence of amorphous
carbon.The XRD pattern of this material can be attributed to
that of carbon black or oil fly ash which are both amorphous.
Also, the crystalline structure of oil fly ash is known to consist

of carbon and metallic sulphur in the amorphous state [41].
Hence, the fly ash used to prepare PEFA in this study can be
referred to as oil fly ash as confirmed from theXRD spectrum.

3.1.5. Thermogravimetric Analysis (TGA). Thermogravimet-
ric analysis was performed to measure the thermal stability
and purity of adsorbents. Figure 8 displays the thermograms
of RFA, AFA, and PEFA. All samples analyzed exhibit similar
curves and do not contain adsorbed water. Due to volatiliza-
tion/decomposition of organic or inorganic substances, a 2%
weight loss was observed between 100 and 470∘C in RFA.
Dramatic weight losses of 84% for RFA between 470 and
600∘C, 80% for AFA at temperature range of 580–630∘C, and
97% for PEFA between 580 and 670∘C can be attributed to the
phenomenon of gas generation (CO2 andCO) upon pyrolysis
[42]. Among the three adsorbents, AFA seems to be more
thermally stable than the rest with a residual of approximately
5%. Other samples burn off almost completely before the
maximum set temperature of 900∘C.

3.2. Removal of Cadmium

3.2.1. Effect of pH. Generally, metal adsorption consists of
a multifaceted mechanism of ion exchange, metal chelating
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Figure 5: Polyelectrolyte-coated FA (a) SEMmicrographs (view field: 500 and 150𝜇m; voltage: 10 kV; resolution: 382x and 1.27 kx); (b) EDX
spectrum.
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with numerous anionic functional groups, physical forces
sorption, and trapping of ions in the interior sphere of
adsorbents architectural network [9]. Different forms of Cd
species occur in deionized water as Cd2+, Cd(OH)2(s), and
Cd(OH)+ [43]. pH was a leading factor affecting Cd (II)
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Figure 7: XRD spectra of RFA, AFA, and PEFA.

ion removal under the investigated conditions. Nonetheless,
Cd2+ often exists as a complex [Cd(H2O)6]

2+ at low pH and
also as prevailing species [44].With a specific focus on PEFA,
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ions on FA based adsorbents (RFA, AFA, and PEFA) as a function
of 2mg/L metal ion concentration, 4 g/L adsorbent dosage, 50mL
volume of aqueous solution, mixing rate of 150 rpm, 15min contact
time, and 298K temperature.

the adsorption of Cd (II) ions by RFA, AFA, and PEFA was
investigated at pH 4–10 to fix the optimum pH removal.
Figure 9 illustrates an increase in Cd (II) removal efficiency
with increased pH in aqueous solution with other parameters
fixed at 2mg/L of metal ion concentration, 4 g/L of adsorbent
dosage, 50mL volume of aqueous solution, mixing rate of
150 rpm, contact time of 15min, and temperature of 298K.
Maximum sorption of Cd ion was attained at pH 9 due
to the fact that in acidic medium Cd (II) ion sorption is
low as a result of available large number of hydrogen ions
(H+) which outcompete Cd ions for active sites. However,
as the pH increases, the number of positively charged ions
available for active sites reduces with a rise in negatively
charged ion for binding [38]. Moreover, the sudden increase
and decrease in the removal efficiency as observed in Figure 9
suggest an elaborate process of exchanging ions, sorption
driven by physical forces, metal chelation, and trapping of
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Figure 10: The influence of contact time on the removal efficiency
of Cd (II) ions on FA based adsorbents (RFA, AFA, and PEFA) as
a function of pH value of 9, 2mg/L metal ion concentration, 4 g/L
adsorbent dosage, mixing rate of 150 rpm, 50mL volume of aqueous
solution, and 298K temperature.

ions in the internal sphere of the structural arrangement of
the adsorbents [45].

3.2.2. Effect of Contact Time. Contact time is the time
required for equilibrium to be attained in the process of
adsorption when no substantial variations are detected in
adsorptive concentration after a definite period of time [38].
It hinges on the surface features of the adsorbent in question.
To find the optimum contact time for Cd (II) ions uptake,
varying contact times from 5min to 2 h were studied from
aqueous solutions of 2mg/L Cd (II) ions concentration,
adsorbentmass of 4 g/L, pHvalue of 9,mixing rate of 150 rpm,
and 298K temperature.The results obtained indicated that at
first there was rapid adsorption of Cd (II) ions for PEFA with
98% removal and a gradual decrease to attain equilibrium
in 2 h as shown in Figure 10. Initial fast adsorption for
this adsorbent might be a result of rich active sites on the
adsorbent surface which become filled up with increasing
time and turn out to be saturated [9, 38, 46]. Moreover, the
decline in the removal efficiency could be attributed to the
presence of metal impurities (V, Mn, Fe, Ni, Mo, and Zn)
as revealed by XRF in Table 1, which might have occupied
the active site needed for sorption. For this study, optimum
contact time was chosen to be 15min as maximum Cd ions
removal was reached at this time. Percent removal for RFA
andAFAwas 25 and 72%, respectively, at the chosen optimum
contact time.

3.2.3. Effect of Adsorbent Dosage. The mass of adsorbent has
an effect on the active site available for binding of Cd (II)
ions in aqueous solution [25, 46]. In this study, batch mode
experiments were conducted by applying varying quantities
of RFA, AFA, and PEFA from 1 to 6 g/L at pH value of
9, 2mg/L metal ion concentration, 150 rpm mixing rate,
15min contact time, 50mL volume aqueous solution, and
298K temperature. As illustrated in Figure 11, Cd (II) ion
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Figure 11:The influence ofAdsorbent dose on the removal efficiency
of Cd (II) ions on FA based adsorbents (RFA, AFA, and PEFA) as a
function of pH value of 9, 2mg/L metal ion concentration, 15min
contact time, mixing rate of 150 rpm, 50mL volume of aqueous
solution, and 298K temperature.

sorption rises with an increase in dose of adsorbents up till
4 g/L and there was little or no significant adsorption for
remaining dosage. Sorption increase with an increase in dose
of adsorbent could be attributed to surface area increase, the
rise in the exchange site ability of the ion, and an increase
in active sites [18, 19, 38, 47]. PEFA reaches optimum at
4 g/L unlike RFA and AFA with 5 g/L and 6 g/L as well as
removal efficiency of 48 and 84%, respectively. Incomplete
adsorbent aggregation which leads to a decline in Cd ion
uptake active surface area may be the reason for the drop
in removal efficiency at higher concentration for RFA. 4 g/L
adsorbent dose was used for other investigations.

3.2.4. Effect of Mixing Rate. The mixing rate ensures that Cd
(II) ions are transferred to the active sites by supporting the
contact between Cd ions in aqueous solution and adsorbent
binding sites [47]. The optimum removal of Cd (II) at pH
value of 9 was used to investigate the effect of mixing rate
on the adsorption of Cd (II) ion for RFA, AFA, and PEFA.
Figure 12 indicates that the removal of Cd ion increases with
mixing rate increase from 50 to 150 rpm. Maximum removal
of over 96%was achieved for PEFA, 77% forAFA, and 27% for
RFA at 150 rpm with 2mg/L metal ion concentration, 50mL
volume of aqueous solution, 4 g/L dose of adsorbents, pH
value of 9, contact time of 15min, and 298K temperature.
Afterwards, there was no significant removal achieved above
this mixing rate under similar conditions. This observation
could be ascribed to improved interaction between the
sorption-active sites and Cd ions in aqueous solution with an
increase mixing rate [25].The value of 150 rpmwas chosen as
optimummixing rate.

3.2.5. Effect of Initial Concentrations. Investigating the ini-
tial concentration of metal ion is essential in the sorp-
tion studies because water and wastewaters contamination
does have diverse metal ion concentrations; hence, knowl-
edge of its influence is required for an elaborate sorption
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Figure 12: The influence of mixing rate on the removal efficiency
of Cd (II) ions on FA based adsorbents (RFA, AFA, and PEFA) as a
function of pH value of 9, 2mg/L metal ion concentration, contact
time of 15min, 4 g/L adsorbent dosage, 50mL volume of aqueous
solution, and 298K temperature.
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Figure 13: The influence of initial concentration on the removal
efficiency of Cd (II) ions on FA based adsorbents (RFA, AFA, and
PEFA) as a function of pH value of 9, 150 rpm mixing rate, contact
time of 15min, 4 g/L adsorbent dosage, 50mL volume of aqueous
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investigation [9]. The effect of Cd ion concentration in
aqueous solution on its sorption by RFA, AFA, and PEFA
was conducted with 4 g/L dose of adsorbent, pH value of
9, 150 rpm mixing rate, 15min contact time, and 298K
temperature. Initial Cd ions concentrations investigated were
varied from 1 to 10mg/L and their effects on the removal
efficiency were established. In Figure 13, it was observed that
increasing the initial concentration of Cd (II) ions in solution
could cause a decline in the removal efficiency of RFA, AFA,
and PEFA. This can be ascribed to bulky quantities of Cd
(II) ion with inadequate active sites on the surface of the
adsorbents which resulted in increased concentration of Cd
(II) ion in the greater part of the aqueous solution and as a
result decreasing Cd ion removal efficiency [9, 25].
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Figure 14: (a) The influence of temperature on the removal efficiency of Cd (II) ions on FA based adsorbents (RFA, AFA, and PEFA) as a
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volume of aqueous solution. (b) Van Hoff plot for Cd ion sorption at pH value of 9, 2mg/L metal ion concentration, 150 rpm mixing rate,
PEFA, contact time of 15min, 4 g/L adsorbent dosage, and 50mL volume of aqueous solution.

3.2.6. Effect of Temperature. Figure 14(a) illustrates Cd ion
sorption on RFA, AFA, and PEFA at different temperatures. It
can be deduced from the graph that an initial rise in temper-
ature brings about a sharp increase in Cd (II) sorption from
273 to 298K [38, 48]. This observation could be attributed to
the fact that more chemical sites were present as temperature
rises from 288 to 298K to surface component dissociation on
PEFA. This also suggests that the adsorption mechanism of
Cd (II) ion on PEFA could be chemical sorption in addition
to physical sorption as observed for RFA in which sorption
increases with an increase in temperature. After a drop in
removal efficiency at 308K, there was a steady increase up till
328 k, suggesting that a high temperaturemight be a favorable
factor in the sorption process as well and indicating that the
adsorption is endothermic [9, 38].

To assess the feasibility and spontaneity of sorption
process, thermodynamic parameters like ΔG∘ (free energy
change), ΔH∘ (enthalpy change), and ΔS∘ (entropy change)
were determined as shown in Table 2. Gibbs free energy
change of sorption was calculated from the following equa-
tion:

Δ𝐺∘ = −𝑅𝑇 ln𝐾𝑑, (10)
where 𝑅 is 8.314 J/mol⋅K, 𝑇 (K) is the absolute temperature,
and𝐾𝑑 is the distribution coefficient expressed as𝐾𝑑 = 𝑞𝑒/𝐶𝑒,
where 𝑞𝑒 is the amount of Cd ion adsorbed at equilibrium
and 𝐶𝑒 is the concentration of Cd ion in aqueous solution at
equilibrium.

ln𝐾𝑑 = −
Δ𝐺∘

𝑅𝑇
(11)

ln𝐾𝑑 = −
Δ𝐻∘

𝑅𝑇
+
Δ𝑆∘

𝑅
. (12)

Table 2:Thermodynamic parameters for Cd (II) ions adsorption by
polyelectrolyte-coated fly ash (PEFA).

𝑇 (K) 𝐾𝑑 ΔG∘ (KJ/mol) ΔH∘ (KJ/mol) ΔS∘ (J/mol/K)
288 0.55306 1.41818 24.80814 80.98418
298 4.12617 −3.5116

308 1.01149 −0.0293

318 1.37544 −0.8428

328 2.00362 −1.8951

Equation (12) is known as theVanHoff equation; the values of
Δ𝐻∘ and Δ𝑆∘ were calculated from slope and intercept of the
plot of ln𝐾𝑑 against 𝑇

−1 (K−1) as indicated in Figure 14(b).

3.3. Isotherm and Kinetic Studies

3.3.1. Langmuir and Freundlich Isotherm Models. In order
to determine the maximum sorption capacities of PEFA,
data gotten at equilibrium for sorption experiment were
employed. Figures 15(a) and 15(b) illustrate Langmuir and
Freundlich isotherm models for Cd (II) at optimum pH (9).
The maximum sorption capacity and adsorption intensity
values were calculated from the slope and intercept of the
plots between 1/𝑞𝑒 and 1/𝐶𝑒 for Langmuir as in 𝑞𝑚 and 𝐾𝐿
[31] and between ln 𝑞𝑒 and ln𝐶𝑒 for Freundlich as in
𝐾𝑓 and 𝑛 [49], respectively. Table 3 shows the correlation
coefficient values (𝑅2) for both Langmuir and Freundlich as
well as other parameters. This implies that both models fitted
well for the experimental data. Nonetheless, the important
features of Langmuir parameters can be applied to further
forecast the interaction between the adsorbate and adsorbent



Bioinorganic Chemistry and Applications 11

0

0.5

1

1.5

2

0 1 2 3 4 5

Langmuir
1

/Q
e

1/Ce

(a)

−2

−1.6

−1.2

−0.8

−0.4

0
−1 −0.5 0 0.5 1

Freundlich

ln
Q

e

lnCe

(b)

Figure 15: (a) Langmuir adsorption isotherm model. (b) Freundlich adsorption isotherm model.

Table 3: Langmuir and Freundlich constants for Cd (II) ion uptake.

Langmuir constants Freundlich constants
R2 KL 𝑄max RL 𝜃 R2 Kf 1/n

PEFA 0.9918 0.4101 6.3939 0.4714 0.5286 0.9924 0.4568 0.878

Table 4: Sorption kinetics parameters for Cd (II) ion adsorption by PEFA.

Pseudo-1st-order Pseudo-2nd-order Intraparticle diffusion
𝑞𝑒 𝐾1 𝑅2 𝑞𝑒 𝐾2 𝑅2 𝐾𝑖 𝐶 𝑅2

PEFA 148.9 0.0619 0.9802 0.6052 4.2983 0.999 0.0046 0.8413 0.8365

with the aid of dimensionless separation parameters (𝑅𝐿) as
indicated in the following equation:

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶𝑖
, (13)

where 𝐾𝐿 is Langmuir constant and 𝐶𝑖 is Cd (II) ions
initial concentration. 𝑅𝐿 value gives essential information on
sorption nature. 𝑅𝐿 value for this study as shown in Table 3
indicates a favorable adsorption process (𝑅𝐿 < 1) for 2mg/L
Cd (II) ion concentration [9, 38, 49]. Adsorption of PEFA can
also be explained in terms of surface area coverage in contrast
to initial concentration of Cd ion [38]. Langmuir model for
surface area coverage of adsorbent surface can be illustrated
with aid of the following equation:

𝐾𝐿𝐶𝑖 =
𝜃

1 − 𝜃
, (14)

where 𝜃 is the surface area coverage of adsorbent surface as
indicated in Table 3.

3.3.2. Kinetic Studies of Adsorption. As indicated in (7), (8),
and (9), kinetic studies of sorption data were evaluated
by different kinetic models like pseudo-1st-order model,
pseudo-2nd-order model, and intraparticle diffusion [43, 49,
50]. Sorption of cadmium ions was supervised at different
period of time. Sorption of Cd (II) ions was calculated

from data acquired. To determine the appropriate kinetic
model, Cd (II) ion adsorption was plotted against time.These
data were fitted into pseudo-1st-order, pseudo-2nd-order,
and Weber intraparticle diffusion equations [43]. Table 4
shows that values of 𝑞𝑒 and 𝐾𝑖 were calculated from 𝐾𝑖
(Slope) and ln 𝑞𝑒 (intercept) of plot ln(𝑞𝑒 − 𝑞𝑡) versus 𝑡.
The correlation coefficient value (𝑅2 = 0.9802) for pseudo-
1st-order model was lower than that of pseudo-2nd-order
model. This could be linked to the fact that sorption kinetics
take place chemically and involve forces of valency via ions
sharing or electron exchange between adsorbent and the
adsorbed ions on PEFA [46, 51]. Values of 𝑞𝑒 and 𝐾2 were
calculated from 𝑞𝑒 and 1/𝑞𝑒 (slope) and 1/𝐾2𝑞𝑒2 (intercept)
of the plot. The correlation (𝑅2 = 0.9999) for pseudo-2nd-
order model was very strong, pointing towards the fact that
sorption of cadmium ions occurred on a monolayer mode,
with the assumption that the rate limiting factor could be
chemical sorption [38]. This indicated that the cadmium
ions were chemically bonded to definite active sites on the
surface of PEFA. Weber and Morris’ intraparticle diffusion
equation was also plotted for 𝑞𝑡 against 𝑡

1/2 [50]. Values of
𝐾𝑖 and 𝐶 were calculated from 𝐾𝑖 (slope) and 𝐶 (intercept)
as shown in Table 4. Its correlation value (𝑅2 = 0.8365)
was the lowest and the plot intercept did not pass through
the origin pointing towards some control of boundary layers
and suggesting that intraparticle pore diffusion is not the
only rate limiting factor [38]. The intraparticle diffusion
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equation plot highlights multilinearity, indicating a three-
stage process.The initial sharper part is linked to the diffusion
of Cd (II) ions via the solution to the external surface
of PEFA or boundary layer diffusion of solid molecules
[38]. The second part gives description of ion phase, where
intraparticle diffusion is a rate limiting factor. The third part
is ascribed to the final equilibrium phase. Nonetheless, the
intercept of the plot (not shown) fails to pass through the
origin, whichmay be attributed to the difference in the rate of
mass transfer in the initial and final phases of sorption [52].

4. Conclusion

This study has demonstrated that polyelectrolyte-coated fly
ash (PEFA) performed as an excellent adsorbent for Cd (II)
ion in aqueous solution. Adsorption of Cd (II) on PEFA
surface was dependent on the dosage of adsorbent, pH of the
aqueous solution, contact time, Cd (II) initial concentration,
and temperature. Optimum conditions for Cd ions removal
were found to be at an adsorbent dose of 4 g/L, pH value of
9, 15min contact time, mixing rate of 150 rpm, 2mg/L Cd
initial concentration, and 298 k temperature. The maximum
sorption capacity of PEFA was achieved at 6.40mg/g with
the experimental data fitting well to both Langmuir and Fre-
undlich isotherm models and following pseudo-2nd-order
kinetics. The investigation of thermodynamic parameters
suggested that the adsorption of Cd (II) ions interaction with
PEFA was endothermic and spontaneous and was increasing
disorderliness of solute solution interface. This research
highlights that fly ash material, a hazardous industrial waste,
has a great potential in water treatment application.
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The aim of this research was to investigate the potential of raw and iron oxide impregnated carbon nanotubes (CNTs) as
adsorbents for the removal of selenium (Se) ions from wastewater. The original and modified CNTs with different loadings of
Fe2O3 nanoparticles were characterized using high resolution transmission electron microscopy (HRTEM), scanning electron
microscopy (SEM), X-ray diffractometer (XRD), Brunauer, Emmett, and Teller (BET) surface area analyzer, thermogravimetric
analysis (TGA), zeta potential, and energy dispersive X-ray spectroscopy (EDS). The adsorption parameters of the selenium ions
from water using raw CNTs and iron oxide impregnated carbon nanotubes (CNT-Fe2O3) were optimized. Total removal of 1 ppm
Se ions fromwater was achieved when 25mg of CNTs impregnated with 20wt.% of iron oxide nanoparticles is used. Freundlich and
Langmuir isothermmodels were used to study the nature of the adsorption process. Pseudo-first and pseudo-second-order models
were employed to study the kinetics of selenium ions adsorption onto the surface of iron oxide impregnated CNTs. Maximum
adsorption capacity of the Fe2O3 impregnated CNTs, predicted by Langmuir isotherm model, was found to be 111mg/g. This new
finding might revolutionize the adsorption treatment process and application by introducing a new type of nanoadsorbent that has
super adsorption capacity towards Se ions.

1. Introduction

Selenium (Se) is unique nonmetal chemical element with five
known oxidative states under the form of elemental selenium
Se0, namely, 0, −1, −2, +4, and +6 [1]. Although it is an impor-
tant trace element for many organisms, exceeding homeo-
static levels is considered toxic. Se is typically found on the
earth’s crust, rocks, and sedimentary soils [2]. Recent reports
state that a significant amount of Se emissions into the atmos-
phere and aquatic environment is related to industrial and
mining activities in addition to agricultural drainage run-off
[3–5].

Tan et al. [6], in a recent extensive review, reported the dif-
ferent types of organic and inorganic Se species available.The
inorganic form of Se is typically found in surface and ground
water in a number of reported forms such as Se−2 (selinide),
SeO3
−2 (selenite), SeO4

−2 (selenate), and Se0, which is the
species nonsoluble form. If found in high concentration
levels in waste or surface water, Se can cause serious envi-
ronmental problems [7, 8]. The maximum level for Se in
surface water was set at 5.0𝜇g/L by the United States Envi-
ronmental Protection Agency (USEPA) in 1999. Therefore,
due to the increased interest in Se treatment and the more
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stringent environmental consent levels for its concentration
in surface water, the value set in 1999 is being updated by
USEPA in 2014 [1, 5, 9]. Furthermore, there is variation in the
maximumallowable levels of Se in drinkingwater worldwide.
According to the World Health Organization [10] the value
is set at 40 𝜇g/L, while the European Union (EU) sets the
Se levels at a much lower value of 10 𝜇g/L [11]. In order
to meet the drinking water standards for Se in addition to
treating industrial, mining wastewaters and agricultural run-
offs, a varied number of treatment processes are reported in
the open literature with various degrees of complexity and
advancement. Comprehensive reviews conducted by Rob-
berecht and Van Grieken [4] and Tan et al. [6] offer an excel-
lent overview of all current known treatments used for Se.
It can be seen from the two recent reviews that although
a great variety of biological [12–14], chemical [15–20], and
physical treatments technologies [9, 21, 22] were developed
in recent years, no single treatment offers a complete and cost
effective scheme for treating Se fromwaste or drinking water.
While biological treatments stand as one of the best options
for treating Se, challenges related to long-term stability of
the biogenic selenium and the predicting of the fate of the
bioreduced Se in the environment are two major concerns.
On the other hand, adsorption has been reported as an
effective lower cost treatment technology for Se removal [23].
Varied adsorbents have been tested including low cost
alternative materials [4], activated carbons, and other
metal-oxide-enhanced materials. Of the latter, metal-oxide-
enhanced materials with ferrihydrite have been reported as
the most promising materials for the treatment of water
containing SeO3

−2 ions [16]. Reports showed that the strong
affinity of SeO3

−2 to iron hydroxide surfaces resulted in
around 99% removal rate for a wide pH range (3–8). In
contrast, the process was not effective for SO4

−2 and its pres-
ence acted as a competitor for the desorption sites causing
suppressed removal rates [20].The inadequate SO4

−2 removal
was also related to interacting between the various Se
species and the surface of the adsorbent. While SeO3

−2 was
reported to form inner-sphere adsorption on iron hydroxide
adsorbents, SO4

−2, on the other hand, was adsorbed in an
outer sphere manner resulting in an ineffective removal
[16]. Accordingly, the development of a process to remove
effectively most of the possible inorganic forms of Se is
still required. With this in mind and due to their high
surface areas, recent studies reported the use of various
nanomaterials for the removal of the Se oxyanions. Example
such as hydrophilic magnetic nanoparticle-graphene oxide
composite was reported recently by Fu et al. [16]. A two-
step reaction was used in the preparation of the adsorbents
in addition to deposition of iron oxide nanoparticles at high
temperatures. The authors reported a maximum removal of
95% of Se (VI) ions at pH ∼ 2. While it is not easy to
compare the maximum capacity of an adsorbent for the Se
removal given the varied preparation methods, costs, and
experimental condition, a recent study using a new iron oxide
nanoparticles reported a higher removal rates compared with
literature reported values [18]. Having said that, the values are
still small and the search for other adsorbents is still required
for cost effective Se removal from water.

Accordingly, this study is focused on developing multi-
walled carbon nanotubes based novel materials for effective
removal of Se from aqueous solutions. In recent years,
multiwalled carbon nanotubes (CNTs) have been explored
widely due to their unique properties [24–26] and have
been extensively used in nanotechnology, optics, electronics,
material science, and water treatment [27]. CNTs were also
reported for the adsorption of heavy metal ions [28–32] and
organic compounds [33–36]. Despite the most recent com-
prehensive review articles and to the best of our knowledge,
no studies were reported on the use of multiwalled car-
bon nanotubes for Se removal. In this work, iron oxide
impregnated CNTs were employed for the adsorption of the
selenium ions from water. The effect of iron oxide loading,
pH, dosage of CNTs, contact time, and initial concentration
were studied on the removal of selenium. The raw CNTs and
impregnated CNTs were characterized using field emission
scanning electron microscopy (FE-SEM), high transmission
electron microscopy (HR-TEM), thermogravimetric analysis
(TGA), X-ray diffractometer (XRD), energy dispersive X-ray
spectroscopy (EDS), Brunauer, Emmett, and Teller (BET)
nitrogen adsorption technique, and zeta potential. The
adsorption equilibrium data were correlated by the Langmuir
and Freundlich isotherms and the kinetic data were analyzed
using two kinetic models.

2. Experimental

2.1. Materials. All solvents used in this study were of analyti-
cal grade andpurchased fromSigma-AldrichCo. Ltd. Ethanol
liquid (98%, purity)was used as a solvent and iron (III) nitrate
as a precursor of iron nanoparticles and selenium dioxide
(SeO2) was used as source of selenium ions in the water.

2.2. Production of CarbonNanotubes. Floating catalyst chem-
ical vapor deposition reactor was used for the production of
CNTs. The experimental setup used and reaction conditions
are reported previously by Fard et al. [26]. Briefly, injected
vertical chemical vapor deposition (FC-CVD) with quartz
tube 100mm in diameter and 1200mm in length with flanges
fixed at both ends was used to synthesis CNTs. Xylene was
used as source of hydrocarbon and the argon gas was used to
flush the air from the system,while the hydrogen gaswas used
as a carrier and reacting gas. Purity of CNTs produced was
>96%.

2.3. Impregnation of CNTs. The iron oxide nanoparticles were
impregnated on the surface of CNTs by a wet impregnation
method. For 5% iron oxide loadings, 361mg of Iron (III)
nitrate nonahydrate and 1 g of CNTswere dissolved separately
in ethanol solution and sonicated for 30 minutes to ensure
uniform mixing. Upon further mixing of the two solutions
and further sonication, the solution was kept in a furnace at
80∘C overnight to evaporate the ethanol. Finally, the product
was calcined at 350∘C for 3 hours in the convection oven to
ensure effective attachment of the iron oxide particles onto
the surface of CNTs. After cooling, the composite of CNTs



Bioinorganic Chemistry and Applications 3

with 5% iron oxide NP is synthesized. To produce CNTs with
10% and 20% iron oxide loading, 722mg and 1.44 g Iron (III)
nitrate nonahydrate are mixed with 1 g of CNTs, respectively.
Details of the preparation are found elsewhere [37].

2.4. Characterization of Carbon Nanotubes

2.4.1. Crystal Structure. Powder X-ray diffraction (XRD) pat-
terns were recorded using a Rigaku MiniFlex-600. The X-ray
diffractometer with Cu K𝛼 radiation 𝜆 = 1.54 Å at a rate of
0.4% over Bragg angles ranging from 10 to 90∘ was used for
the analysis. The operating voltage and current were main-
tained at 40 kV and 15mA, respectively.

2.4.2. Surface Structure. Scanning electron microscopy
(SEM) was performed using FEI Quanta 200 Environmental
Scanning Electron Microscope (ESEM) with a resolution of
5 nm and magnification 200K to observe the morphology
and structure of the material. Also, the morphological and
structural analysis of CNTs was conducted using trans-
mission electron microscopy (TEM) (CM12, Philips).

2.4.3. Point of Zero Charge. To measure the surface charge
and zeta potential Zetasizer (Nano ZS 90, Malvern Instru-
ments Ltd., Malvern, UK) equipped with a 4.0mW internal
laser was used. The Zetasizer works on the principle of
dynamic light scattering (DLS).Themeasurements were per-
formed at room temperature (25∘C) with a scattering angle of
90∘.

2.4.4. Other Chemical Properties and SurfaceArea. To analyze
physical and chemical properties of CNTs with respect
to temperature, the thermogravimetric analyses were per-
formed using a TGA analyzer (SDT, Q600) at a heating rate
of 10∘C/min in air. The surface areas of CNTs were measured
by N2 adsorption at 77K using BET surface area analyzer
(Micromeritics ASAP 2020).

2.5. Preparation of the Selenium Stock Solution. Specific
amount of SeO2 was dissolved in deionized water to prepare
the stock solution. SeO2 dissolves in water to form selenous
acid (SeO2

−3). The pH of the stock solution was adjusted by
using 0.1M NaOH or 0.1M HNO3 and maintained by the
addition of buffer solutions.

2.6. Se Sorption Experiments. In order to assess the effec-
tiveness of the new adsorbent, batch adsorption experiments
were conducted at room temperature in 1 L glass beakers.
50mL of selenium solution of required concentration was
placed in the flasks, covered, andmounted on themechanical
rotary shaker (MPI Lab Shaker) to ensure adequate mixing.
Different experimental runs were conducted to study the
effect of solution pH, contact time, CNTs dosage, and initial
Se (IV) ions concentration on the adsorption of Se ions.
Inductively coupled plasmamass spectroscopy (ICP-MS)was
employed to analyze the concentrations of the samples. The

adsorption capacity (𝑄) and removal efficiency (RE) were
calculated as follows [37]:

𝑄 =
(𝐶𝑖 − 𝐶𝑓) × 𝑉
𝑊𝑔

RE (%) =
(𝐶𝑖 − 𝐶𝑓)
𝐶𝑖
× 100,

(1)

where𝐶𝑖 (mg/L) is the initial concentration of selenium in the
water,𝐶𝑓 (mg/L) is the final concentration of the selenium in
the water,𝑉 (L) is the volume of the water, and𝑊𝑔 is themass
of CNTs.

2.7. Adsorption Isotherms Models. The Langmuir and Fre-
undlich isotherms were used to study the adsorption per-
formance and to determine the adsorption capacity for
the adsorbent [37]. The Langmuir adsorption isotherm is
expressed as follows:

𝑄𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

, (2)

where 𝑄𝑒 (mg/g) and 𝑞𝑚 (mg/g) are the amount adsorbed at
equilibrium and the maximum adsorption capacity, respec-
tively, while 𝐶𝑒 (mg/L) is the equilibrium adsorbate concen-
tration and𝐾𝐿 is Langmuir constant.

Equation (2) can be linearized as follows:

𝐶𝑒
𝑄𝑒
= 𝐶𝑒
𝑞𝑚
+ 1
𝐾𝐿𝑞𝑚
. (3)

Freundlich isotherm is expressed as follows:

𝑄𝑒 = 𝐾𝑓𝐶
1/𝑛
𝑒 . (4)

Equation (4) can be linearized as follows:

log𝑄𝑒 =
1
𝑛
log𝐶𝑒 + log𝐾𝑓, (5)

where 𝑛 and𝐾𝑓 are the empirical constants.

2.8. Adsorption Kinetics. In order to find the maximum
selenium removal by CNTs and to model the experimental
data, two well-known kinetic models, pseudo-first-order and
pseudo-second-order models, were used in this study.

The Lagergren pseudo-first-order model proposes that
the rate of sorption is proportional to the number of sites
unoccupied by the adsorbate [37]. The linear form of the
pseudo-first-order equation can be expressed as follows:

ln (𝑄𝑒 − 𝑄𝑡) = ln𝑄𝑒 − 𝑘1𝑡, (6)

where 𝑄𝑡 is the sorption capacity (mg/g) at any preset time
interval (𝑡) and 𝑘1 is the pseudo-first-order rate constant
(min−1). A graph of ln(𝑄𝑒 − 𝑄𝑡) versus time is plotted
and the constant is found. Additionally, the adsorption data
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Figure 1: XRD analysis of rawCNTs, andCNT-5% iron oxide, CNT-
10% iron oxide, and CNT-20% iron oxide.

weremodeled to the pseudo-second-order kineticmodel [37]
where its linear form is expressed as follows:

𝑡
𝑄𝑡
= 1
𝑘2𝑄2𝑒
+ 𝑡
𝑄𝑒
, (7)

where 𝑘2 is the pseudo-second-order rate constant (g/mg⋅min).
By plotting 𝑡/𝑄𝑡 versus time, straight lines were obtained and
the constants, 𝑘2 and 𝑄𝑒, were found.

3. Results and Discussion

3.1. Characterization of Carbon Nanotubes. Figure 1 shows
the X-ray diffraction patterns of CNTs and impregnated
CNTs with Fe2O3 nanoparticles.The XRD diffraction pattern
of pure𝛼-Fe2O3 is similar to that of CNTs impregnated Fe2O3
nanoparticles confirming the presence of 𝛼-Fe2O3 crystal
nanoparticles on the surfaces of CNTs. The distinct peaks of
𝛼-Fe2O3 crystalline structure are found at 2𝜃 of 34, 36, 42,
50, 54, 63, 65, 72, and 75.The characteristic peak of CNTs was
observed at 2𝜃 of 27which corresponds toC (002) and indica-
tive of proper and undamaged graphite structure of theCNTs.
The other characteristic diffraction peaks of graphite are at 2𝜃
of 43∘, 45∘, and 77∘ and associated with C (100), C (101), and
C (110) diffractions of graphite, respectively. Peaks indexed
at C (002), C (100), and C (101) are indication of hexagonal
structure of CNTs and the presence of C (002) peak in the
XRD data confirms the multiwalled nature of the carbon
nanotubes [42].

The sharp peak at the 2𝜃 of 25.5∘ of the raw and impreg-
nated CNTs is indicative of undamaged (no impurities in
lattice) and developed graphite structure. Defects would have
been observed in the CNTs if the 2𝜃 peak of 25.5∘ was broader
and a shift of the peak diffraction towards lower angles
was detected. Peaks at 31, 44, and 52.5 are indicative of
the multiwalled nature of the carbon nanotubes. The results

observed by the peaks in Figure 1 are a clear testament to the
highly crystalline, uniform, highly ordered, and pure CNTs.
The results here are further confirmed by SEM and TEM
images.

In addition to XRD, the raw and impregnated CNTs
were characterized further using field-scanning electron
microscopy (FE-SEM), high resolution transmission electron
microscopy (HR-TEM), thermogravimetry (TGA) tech-
niques, XRD, BET surface area, and zeta potential.

Themorphologies of these sampleswere obtained by SEM
as shown in Figure 2.The diameter of the CNTs, with sponge-
like structure, varied from 20 to 50 nm with an average
diameter of 25 nm. The surface of CNTs after impregnation
with Fe2O3 showed no surface changes and appeared to be
agglomerated and untangled.

High resolution transmission electron microscopy (HR-
TEM) was carried out to characterize the size, structure, and
purity of the iron oxide nanoparticles doped and virginCNTs.
The raw CNTs TEM image presented in Figure 3 clearly
indicates a highly ordered CNTs crystalline structure with
diameter ranging from 10 to 30 nm and length from 10 to
30 𝜇m. In addition, it can be noted that the clear fringes of the
graphitic sheets are well separated by 0.35 nm and are aligned
with a tilted angle of about 2∘ toward the tube axis. The TEM
images of CNTs doped with Fe2O3 nanoparticles are pre-
sented in Figures 3(b)–3(d) in order to substantiate the pres-
ence of iron oxide nanoparticle on the surfaces of CNTs. The
white iron oxide nanoparticles with some spherical and
irregular shapes are shown in the TEM images. The size
of Fe2O3 nanoparticles is estimated to be around 1–5 nm
which are somehow distributed evenly and on some locations
agglomerated slightly causing increase in the nanoparticle
size.

To confirm the presence of iron oxide and also to exper-
imentally find out the percentage of iron oxide nanoparticles
on surface of CNTs, EDS analysis was conducted and the
results are shown in Table 1.

The Fe2O3 content of the impregnated CNTs was also
investigated using TGA. The experiment was carried out
using air at a heating rate of 10∘C/min. The thermograms are
shown in Figure 4. Under this operating condition, the raw
CNTs decomposed and oxidized completely as verified by
the TGA curve in Figure 4. As Fe2O3 content on surface of
CNTs increased, higher residual yield was found which cor-
responded to the presence of iron oxide NPs on the surface of
CNT [37]. TGA provides an accurate estimate of the loading
of iron oxideNPs doped on surface of CNTs by comparing the
residues for the complete oxidation of the raw and impreg-
nated CNTs. Therefore, CNTs with 1%, 10%, and 20% Fe2O3
loading had residual yields of 6wt.%, 8wt.%, and 17wt.%,
respectively. Moreover it can be noted that the increase in
Fe2O3 NP loading resulted in a decrease of the decompo-
sition temperature. It can also be inferred, from the TGA
analysis shown in Figure 4, that raw CNTs start to decom-
pose at 540∘C while the 5%, 10%, and 20% loaded CNTs
with Fe2O3 decomposed at lower temperatures (450, 430,
and 410∘C, resp.). According to Chiang et al. [43] the earlier
decomposition of CNTs impregnated with metallic NPs can
be explained by reduction of the thermal stability of CNTs by
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Figure 2: SEM images of (a) raw CNTs, (b) CNT-5% iron oxide, (c) CNT-10% iron oxide, and (d) CNT-20% iron oxide.

catalyzing the low-temperature oxidation of CNTs.Therefore,
it can be inferred that the presence of nanosized iron oxide
particles with high surface area altered the thermal stability
of the CNTs and catalyzed oxidation of impregnated CNTs
under the air compared to the pristine CNTs. The nanosized
metallic particles might act as a heating accelerant that
progresses the heat transfer to the surface of the CNTs and
enhance the oxidation process.

The surface area of raw CNTs and impregnated CNTs
was measured using BET surface area analyzer. As shown in
Figure 5, the surface area of rawCNTs andCNTs impregnated
with 5%, 10%, and 20% iron oxide nanoparticles was found to
be 137.7, 226.6, 295.4, and 360m2/g, respectively.Thepresence
of the nanosized iron oxide particles doubled the surface area
upon using 20wt.% iron oxide nanoparticles. Increasing the
surface area inherently increases the number of adsorption
sites available for the removal of selenium and therefore
results in higher adsorption capacity.

Finally, the surface charge of the CNTs and impregnated
CNTs with iron oxide nanoparticles was measured and the
results are illustrated in Figure 6. When the Fe2O3 nanopar-
ticles were loaded onto the surface of CNTs the negative

sign of zeta potential on the surface of carbon nanotubes
decreased due to neutralizing the repulsive effects of the
electrical double layers. However, selenium (SeO3

2−) has very
large negative zeta potential (−0.37V). As the negative sign
of zeta potential decreases, the electrostatic attraction would
make and attachment between CNTs and selenium ionsmore
likely [38]. Thus, it is important to decrease the electrostatic
repulsion barrier between the selenium ions and CNTs to
further improve the adsorption process. It is clear from the
zeta potential measurements in Figure 6 that increasing the
percentage of Fe2O3 nanoparticles onto the surface of CNTs
caused a reduction in the negative sign of zeta potential.
The trends obtained here are in good agreement with the
adsorption measurements carried out in this work, where
increasing the loading of Fe2O3 nanoparticle onto the surface
of CNTs enhanced the removal of the selenium ions from
the water. On the other hand, loading Fe2O3 NPs onto the
surface of CNTs alters the point of zero charge (PZC) of the
composite. PZC is a pH value at which material has zero zeta
potential. Raw CNTs have PZC at pH of 4.6 while CNTs with
5%, 10%, and 20% Fe2O3 loading have PZC at pH of 5.2, 5.6,
and 5.9, respectively.
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Figure 3: HRTEM images of (a) raw CNTs, (b) CNT-5% iron oxide, (c) CNT-10% iron oxide, and (d) CNT-20% iron oxide.

Table 1: EDS analysis of rawCNTs andCNTswith different percent-
age of Fe2O3.

CNTs sample Raw CNTs CNT-Fe2O3
(5%)

CNT-Fe2O3
(10%)

CNT-Fe2O3
(20%)

Element Weight % Weight % Weight % Weight %
C 98.50 91.80 84.53 56.4
O 1.50 3.65 4.44 25.52
Fe 0 4.55 11.03 18.08
Total % 100 100 100 100

3.2. Effect of pH. The pH of the solution plays an important
role in the adsorption of selenium ions on the adsorbent
surface as it is dependent on the surface properties of the
impregnatedCNTs anddistribution of selenium ions inwater.

The effect of pH on the removal of selenium ions is
presented in Figure 7. The adsorption of selenium species
was higher at lower pH and the removal was observed to
decrease with increase in pH for the impregnated CNTs. The

maximum removal was observed at pH 1.This higher removal
at lower pH was due to the higher positive surface charges
as indicated by zeta potential of the CNTs that favors the
adsorption of anion (e.g., SeO3

2−) [44].This can be explained
by release of OH ions when anion or weak acid is adsorbed
onto hydroxide, which has favor toward adsorption of SeO3

2−

at low pH. Zhang et al. [38] used activated carbon doped
with iron oxide for the removal of selenium from water. The
authors reported that selenium removal sharply dropped after
pH 8 and the maximum removal occurred in acidic solutions
with pH between 1 and 3. A similar trend was previously
observed in case of selenium ions adsorption on iron oxide
nanoparticle [8], iron-coated GAC [38], hematite [45], soil
[46], hydroxyapatite [39, 47], goethite and hydrous ferric
oxide [48, 49], aluminum oxide coated sand [40], metal oxide
nanoparticles [50], goethite [51], nanoscale zero-valent iron
[52], and cellulose microcolumn [53].

It is anticipated that at lower pH, the adsorbent surface
carries a additional positive charge and the anionic species
are preferably adsorbed on the surface due to electrostatic
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Figure 4: TGA analysis of rawCNTs andCNT-5% iron oxide, CNT-
10% iron oxide, and CNT-20% iron oxide.
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Figure 5: BET adsorption of N2 at 77 K for raw CNTs and CNT-5%
iron oxide, CNT-10% iron oxide, and CNT-20% iron oxide.

attractions [8, 46]. Monteil-Rivera et al. [47], however,
reported that Se removal by hydroxyapatite increases with
pH from pH 7 to 8.5, and it decreases above pH 8.5. In
general, the adsorption capacity of Se was decreased slightly
upon increasing the pH of solution. This might be due to
the increase in the negative charge of the adsorbent surface
and the consequent competition between the OH− ions and
selenium ions for the available adsorption sites [44, 45].
Figure 7 also reveals that raw CNTs were not efficient in
removing Se ions from solution as shown in the flat trend
that it depicts in Figure 6. The adsorption of selenium was
less than 1% at pH between 1 and 2. Negligible (close to zero)
was recorded at pH of 2. In contrast, it can be seen from the
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Figure 6: Zeta potential of raw CNTs and CNTs impregnated with
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Figure 7: Effect of pH on the removal of selenium ions by raw and
impregnated CNTs with different loading of iron oxide (agitation
speed = 50 rpm, CNTs dosage = 10mg, time = 6 hr, and initial con-
centration = 1 ppm).

trends in Figure 7 that vast improvement on the removal of Se
from solution was achieved upon impregnating the surface of
raw CNTs with iron oxide.

The percentage of iron oxide loading on the CNTs surface
influenced the removal rate of Se. In general, it was observed
at 20% loading rate that near 100% removal of Sewas achieved
compared to 93% and 65% for a loading rate of 10 and
5% iron oxide, respectively, at a pH of 1 for example. A
number of factors may be attributed to this marked change.
For example, the attachment of iron oxide particles onto the
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Figure 8: Effect of initial concentration of selenium on adsorption
capacity of CNTs-20% iron oxide (agitation speed = 150 rpm, pH =
6, CNTs dosage = 10mg, and time = 6 hr).

surface of CNTs may provide ample adsorption sites for the
selenium ions to interact with. Also, it is well known that
surfaces of metal oxides nanoparticles in aqueous solution
are covered with hydroxyl groups [18]. Therefore, anion
adsorption occurs by positive adsorbent surface charge (less
negative sign compared to anion). Generally, increasing the
pH causes decrease in the adsorbent surface charge and,
accordingly, decreases in the adsorbent capacity [18, 39, 54].
As a result, when pH is increased the adsorbent surface
is negatively charged (more negative sign) and leads to
repulsion between negatively charged adsorbent particles and
selenium anions. This repulsion causes termination of the
adsorption process and also leads to the release of adsorbed
selenium anions on surface of CNTs at higher pH to the
water (desorption process). Based on the results reported in
Figure 7, CNTs impregnated with 20wt.% of iron oxide were
selected in the later experiments to study the effects of other
variables such as the initial Se concentration, CNTs dosage,
contact time, and kinetics and isotherms models.

3.3. Effect of Initial Concentration. Figure 8 depicts the impact
of initial Se concentration on the adsorption capacity of iron
oxide impregnated CNTs. In general, the trend showed a
marked increase of adsorption capacity with the increase
in Se initial concentration. Figure 8 shows that at Se initial
concentration between 5 and 20 ppm, the adsorption rate was
steep and the adsorption was fast as can be seen from the
slope of the first trend line. Above 20 pmm the adsorption
slowed down and a plateau (second trend line) can be
observed. The decline in the rate of adsorption at initial
concentrations higher (as can be seen from the slope of the
trend line) than 30 ppm (Figure 8) may be attributed to the
saturation of all adsorption sites on the surface of CNTs.
The higher adsorption capacity at higher Se concentration
may be due to increase in the mass transfer (driving force)
of selenium ions towards the iron oxide impregnated CNTs
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Figure 9: Effect of CNTs-20% iron oxide dosage on selenium
removal (agitation speed = 150 rpm, pH = 6, time = 6 hr, and initial
concentration = 1 ppm).

surfaces [18]. The highest adsorption capacity was about
88mg/g at an initial Se concentration of 40 ppm as shown in
Figure 8.

3.4. Effect of CNTs Dosage. The amount of CNTs added to
the solution was varied between 5 and 25mg in order to
study the required optimum amount of adsorbent required
to carry out the adsorption duty. In the experiments, the
contact time, agitation speed, and pH were kept constant at
6 hr, 150 rpm, and 6, respectively.The experimental results are
shown in Figure 9. Adsorption percentage (%) of selenium
was plotted as a function of adsorbent dosage. Selenium ions
adsorption was increased with increasing CNTs dosage due
to the increase in the adsorption sites on CNTs surfaces
resulting in the increase amount of adsorbed selenite ions.
Selenium ions were completely removed from the solution
using only 25mg of CNTs. Therefore, the results show that
the impregnated CNTs were suitable to adsorb selenium
ions completely when there was sufficient CNTs surface area
in the solution. Although the data was not shown here,
the adsorption capacity was high at low dosages and keeps
reducing at higher dosages. It is clearly agreed that as adsor-
bent dosage increases, the number of available adsorption
sites increases, too. Alternatively, the decrease in adsorption
capacity with increase in the adsorbent dosage is mostly
related to the unsaturated nature of the adsorption sites
through the adsorption process.

3.5. Effect of Contact Time. The effect of contact time on the
adsorption of selenium ions is presented in Figure 10. It can be
clearly seen that the rate of adsorption of selenium increased
at initial period of contact time and then it decreased grad-
ually with time until the adsorption reached an equilibrium
point. The adsorption of selenium has increased rapidly
during the first 30 minutes to reach about 65% removal.
After that a slight increase was observed in the adsorption to
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Figure 10: Effect of contact time on selenium removal (agitation
speed = 150 rpm, pH = 6, CNTs dosage = 10mg, and initial concen-
tration = 1 ppm).

reach the maximum removal of selenium within four hours.
The fast rate and then slow rate of adsorption suggest that
selenium ions were first adsorbed on exterior surfaces of the
CNTs during the initial time of contact. When the exterior
surface gets saturated, the selenium ions diffused into the
pores of the CNTs and were adsorbed at the interior surface
of the CNTs.

3.6. Adsorption Kinetic Models. Themodeling of the kinetics
for selenium adsorption on CNTs was investigated using
pseudo-first-order and pseudo-second-order kinetic models.
Linearized plots of the two models are shown in Figure 11.

From Figure 11, the selenium adsorption on Fe2O3
impregnated CNTs does not fit very well to the pseudo-first-
order model, as the 𝑅2 values are less than 0.5. On the other
hand, it does fit perfectly the pseudo-second-order model
with 𝑅2 value being almost 1. The rate constant for the 20%
Fe2O3 loaded CNTs is found to be 0.016 g/mg⋅h.

The result obtained in this study is in good agreement
with those reported in literature as most of the solid-liquid
adsorption processes tend to conform to the pseudo-second-
order model. Moreover, the pseudo-second-order model in
this study can be defended by two-step linear relationship
supporting the chemisorption nature of the process which is
considered as rate-controlling mechanism as well [55]. The
two-step linear mechanism between the composite CNTs
(indicated as C and XC as activate adsorption site on CNTs)
and Se ions is as follows:

2C + Se2+ → Se

2XC + Se2+ → SeC2 + 2X
+.

(8)

As it was found in Figure 11, the adsorption is pseudo-second-
order and the rate-limiting step is the chemical adsorption
between Se ions and surface of CNTs through sharing or
the exchange of electrons. Similar trends are reported for

Table 2: Parameters of Langmuir and Freundlich adsorption
isotherm models of selenium.

Langmuir Freundlich
𝑄𝑚 (mg/g) 𝐾𝐿 (Lmg−1) 𝑅2 𝑛 𝐾𝑓 (mg(1−1/n)L1/ng−1) 𝑅2

111 0.158 0.879 1.74 16 0.98

selenium ion adsorption in literature where the adsorption
mechanism fit to pseudo-second-order model [38, 39].

3.7. Adsorption Isotherms Models. The adsorption data is
modeled using the Freundlich and Langmuir isothermmod-
els. As shown in Figure 12, the ability of the Freundlichmodel
to fit the experimental data was studied by generating a plot
of ln𝑄𝑒 versus ln𝐶𝑒 with the intercept value of 𝐾𝑓 and the
slope of 𝑛. It can be observed from Table 3 and Figure 12
that Freundlich isotherm model best fit the data (𝑅2 = 0.98).
From Figure 12(a) the Freundlich constants 𝐾𝑓 and 𝑛 for the
CNTs were found to be 16 and 1.74, respectively. The value
of 𝑛 or slope of the fit is an indication of sorption intensity
or surface heterogeneity. When the slope gets closer to
zero, the system tends to become more heterogeneous and
a value of the slope greater than unity implies a favorable
process and indicative of cooperative sorption. Therefore, as
value of n increases, the sorption process between selenium
ion and CNTs is more favorable and this means there is
better bonding between sorbent and selenium. However, the
Langmuir isotherm model (Figure 12(a)) fit reasonably 𝑅2
value of 0.879.The maximum adsorption capacity of the iron
oxide impregnated CNTs, as predicted by isotherm model,
was found to be 111mg/g.

Interestingly, composite made of CNTs and iron oxide
nanoparticle showed very superior adsorption capacity com-
pared to each one of the mentioned adsorbent in Table 2,
where the capacity could reach maximum of 111mg/g for
selenium removal. There are few factors which contributed
to the very high adsorption capacity compared to other
materials in Table 3. Superior surface area, high zeta potential,
and special surface structure of CNTs suggest that CNTs
have great potential for use as contaminant adsorbents in
wastewater treatment. The only limiting factor which might
affect usage of CNTs in the application such as environmental
protection or water treatment is their production cost. It is
not very far if we predict that the cost will further reduce by
advancement in technology and CNTs then could be one of
the potential for application such as water treatment.

4. Conclusions

The study revealed that CNTs impregnated with 20wt.%
of iron oxide showed 100% removal of selenium ions in
6 hours with an initial concentration of 1 ppm at pH 6,
adsorbent dosage of 25mg, and agitation speed of 150 rpm.
The adsorption data very well fitted to the Freundlich
model with maximum adsorption capacity of the iron oxide
impregnated CNTs predicted by Langmuir isotherm model
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Figure 11: Adsorption kinetic for selenium removal: (a) pseudo-first-order and (b) pseudo-second-order model (agitation speed = 150 rpm,
pH = 6, CNTs dosage = 10mg, and initial concentration = 1 ppm).
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Figure 12: Adsorption isotherm models of selenium: (a) Langmuir and (b) Freundlich.

Table 3: Adsorption capacity of different materials for adsorption of selenium from water.

Type of adsorbent Experimental conditions Max. adsorption
capacity (mg/g) Reference

Iron oxide nanoparticle pH = 4, initial concentration = 0.01mg/L 15.1 [8]
Chitosan–clay composite pH = 4, initial concentration = 0.1mg/L, 𝑇 = 30∘C 18.4 [15]
Iron-coated GAC pH = 2–8, initial concentration = 2mg/L, 𝑇 = 45∘C 2.89 [38]
Nanocrystalline hydroxyapatite pH = 5, initial concentration = 0.01mg/L, 𝑇 = 30∘C 1.94 [39]
Aluminum oxide coated sand pH = 4.80, initial concentration = 1.2mM 1.08 [40]
Sulfuric acid treated rice husk pH = 1.5, initial concentration = 100mg/L 𝑇 = 45∘C 40.92 [41]
Iron oxide impregnated CNTs pH = 6, CNTs dosage = 10mg and initial concentration = 1 ppm 111 This study
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to be 111mg/g. The date was correlated very well to pseudo-
second-order kinetic model and rate of constant was found
to be 0.016 g/mg⋅h. The highest adsorption capacity of iron
oxide impregnated CNTs suggested that it can be employed
effectively for the removal of selenium ions from water.
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[45] M. Duc, G. Lefèvre, and M. Fédoroff, “Sorption of selenite ions
on hematite,” Journal of Colloid and Interface Science, vol. 298,
no. 2, pp. 556–563, 2006.

[46] K.-H. Goh and T.-T. Lim, “Geochemistry of inorganic arsenic
and selenium in a tropical soil: effect of reaction time, pH,
and competitive anions on arsenic and selenium adsorption,”
Chemosphere, vol. 55, no. 6, pp. 849–859, 2004.

[47] F. Monteil-Rivera, M. Fedoroff, J. Jeanjean, L. Minel, M.-G.
Barthes, and J. Dumonceau, “Sorption of selenite (SeO2−3 ) on
hydroxyapatite: an exchange process,” Journal of Colloid and
Interface Science, vol. 221, no. 2, pp. 291–300, 2000.

[48] A. Manceau and L. Charlet, “The mechanism of selenate
adsorption on goethite and hydrous ferric oxide,” Journal of
Colloid And Interface Science, vol. 168, no. 1, pp. 87–93, 1994.

[49] K. F. Hayes, C. Papelis, and J. O. Leckie, “Modeling ionic
strength effects on anion adsorption at hydrous oxide/solution
interfaces,” Journal of Colloid And Interface Science, vol. 125, no.
2, pp. 717–726, 1988.

[50] Y. Tianmeng, B. Liu, and J. Liu, “Adsorption of selenite and
selenate by metal oxides studied with fluorescent DNA probes
for analytical application,” Journal of Analysis and Testing, vol. 1,
article 2, 2017.

[51] Z. Nie, N. Finck, F. Heberling, T. Prüessmann, C. Liu, and
J. Lutzenkirchen, “Adsorption of selenium and strontium on
Goethite: an EXAFS study and surface complexation modeling
of the ternary systems,” Environmental Science and Technology,
vol. 51, no. 7, pp. 3751–3758, 2017.

[52] S. O. Adio, M. H. Omar, M. Asif, and T. A. Saleh, “Arsenic and
Selenium removal from water using Biosynthesized Nanoscale
zero-valent iron: a factorial design analysis,” Process Safety and
Environmental Protection, vol. 107, pp. 518–527, 2017.

[53] M.Min,C. Shen, L. Fang et al., “Design of a selective regenerable
cellulose microcolumn for selenium efficient recovery and
economic determination,” Chemical Engineering Research and
Design, vol. 117, pp. 7773–783, 2017.

[54] D. S. Han, B. Batchelor, and A. Abdel-Wahab, “Sorption of
selenium(IV) and selenium(VI) to mackinawite (FeS): effect of
contact time, extent of removal, sorption envelopes,” Journal of
Hazardous Materials, vol. 186, no. 1, pp. 451–457, 2011.

[55] Y. S. Ho and G. McKay, “Pseudo-second order model for
sorption processes,” Process Biochemistry, vol. 34, no. 5, pp. 451–
465, 1999.



Research Article
A Comparative Study of Raw and Metal Oxide Impregnated
Carbon Nanotubes for the Adsorption of Hexavalent Chromium
from Aqueous Solution

Muhammad I. Qureshi,1 Faheemuddin Patel,2 Nadhir Al-Baghli,1 Basim Abussaud,1

Bassam S. Tawabini,3 and Tahar Laoui2

1Department of Chemical Engineering, KFUPM, Dhahran 31261, Saudi Arabia
2Department of Mechanical Engineering, KFUPM, Dhahran 31261, Saudi Arabia
3Department of Geosciences, KFUPM, Dhahran 31261, Saudi Arabia

Correspondence should be addressed to Tahar Laoui; tlaoui@kfupm.edu.sa

Received 13 February 2017; Revised 12 March 2017; Accepted 16 March 2017; Published 10 April 2017

Academic Editor: Viktor Kochkodan

Copyright © 2017 Muhammad I. Qureshi et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The present study reports the use of raw, iron oxide, and aluminum oxide impregnated carbon nanotubes (CNTs) for the adsorption
of hexavalent chromium (Cr(VI)) ions from aqueous solution. The raw CNTs were impregnated with 1% and 10% loadings
(weight %) of iron oxide and aluminum oxide nanoparticles using wet impregnation technique. The synthesized materials were
characterized using scanning electron microscopy (SEM) and thermogravimetric analysis (TGA). Batch adsorption experiments
were performed to assess the removal efficiency of Cr(VI) ions fromwater and the effects of pH, contact time, adsorbent dosage, and
initial concentration of the Cr(VI) ions were investigated. Results of the study revealed that impregnated CNTs achieved significant
increase in the removal efficiency of Cr(VI) ions compared to raw CNTs. In fact, both CNTs impregnated with 10% loading of iron
and aluminum oxides were able to remove up to 100% of Cr(VI) ions from aqueous solution. Isotherm studies were carried out
using Langmuir and Freundlich isotherm models. Adsorption kinetics of Cr(VI) ions from water was found to be well described
by the pseudo-second-order model.The results suggest that metallic oxide impregnated CNTs have very good potential application
in the removal of Cr(VI) ions from water resulting in better environmental protection.

1. Introduction

Chromium is mainly found in natural deposits as ores and
other compounds such as chrome ochre (Cr2O3), crocoite
(PbCrO4), and ferric chromite (FeCr2O4). It is the sixth most
abundant transition metal [1, 2]. Chromium is discharged
into water bodies from a number of industrial sources
such as electroplating and metal cleaning, leather tanning,
mining of chrome ore, production of steel and alloys, dyes
and pigments, glass industry, wood preservation, and textile
industry [2–5].

Chromium is found in different oxidation states such
as 2+, 3+, and 6+. In water, it can exist in the form of
chromate ion (CrO4

2−), chromic acid (H2CrO4), hydrogen

chromate ion (HCrO4
−), and dichromate ion (Cr2O7

2−)
[6–8]. However, the hexavalent Cr(VI) and trivalent Cr(III)
are the two most stable forms present in water in neutral pH
range.

The typical concentration of chromium in industrial
water ranges from 5.2 to 208,000mg/L [9, 10].Themaximum
allowable limits of chromium in drinking water are 0.05 and
0.1mg/L, as suggested by the World Health Organization
(WHO) and US Environmental Protection Agency (EPA),
respectively [11–15].

Due to its carcinogenic and mutagenic nature, Cr(VI) is
considered as almost 300 times more toxic than Cr(III) [16].
The toxic effects of Cr(VI) include liver and kidney damage,
nausea, dermatitis, diarrhea, vomiting, internal hemorrhage,
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and repository problems (asthma). Eye and skin contact
may cause permanent damage to eye, severe burn, irritation,
ulceration, and nasal septum [17, 18].

A number of remediation techniques have been re-
ported to get rid of the Cr(VI) from water including solvent
extraction [19], floatation [20], coagulation [21], ion exchange
[22–25], membrane technologies [26, 27], adsorption
[6, 7, 28] and cyanide treatment [29], and reduction followed
by chemical precipitation [30]. However, adsorption is
the most versatile, cost effective, and widely used method
for removal of different contaminants from water including
heavymetals. In the literature, different adsorbents have been
reported for the removal of Cr(VI) from water including
anaerobic sludge [31], lignocellulosic solidwastes [32], carbon
slurry [33], waste slurry [34], agricultural wastes [35], cow
dung carbon [36], corncob [37], almond shell carbon [38],
zeolite [39], hazelnut shell carbon [40, 41], rice Polish [42],
sphagnummoss peat [43], apple residue [44], moss [45], rice
husk carbon [46], fly ash [6, 47], pine needles, charcoal,
wool, olive stone/cake, cactus [48], used tyre carbon [49],
coconut tree sawdust carbon [50], sawdust [51], dust coal,
coconut shell and wood activated carbons [52], clay [53],
palm pressed fibers and coconut husk [54], activated
groundnut husk carbon [55], polyaniline coated on sawdust
[56], coniferous leaves [57], leaf mould [58], wheat bran [59],
sugar beet pulp [60], seaweeds [61], tannin gel particles [62],
seaweed biosorbent [63], chitosan-1,2-cyclohexylenedini-
trilotetraacetic acid–graphene oxide (Cs/CDTA/GO) nano-
composite [64], paper mill sludge [65], hydrous concrete
particles [66], waste tea [67], activated alumina, rice husk
ash, neem bark, saw dust, fuller’s earth [6], eucalyptus bark,
activated charcoal, and charred rice husk [68], treated waste
newspaper [69], and graphene oxide (GO) [70].

Recently, carbon nanotubes (CNTs) have emerged as a
novel adsorbent for the removal of various contaminants
from water. CNTs offer the advantages of high porous and
hallow structure, light mass density, large surface, and strong
interaction with the pollutant molecules [28]. Studies have
confirmed that surface modification of CNTs significantly
enhanced their adsorption capability for the removal of
various contaminants from water [71–76].

In the present study, raw CNTs and CNTs impregnated
with iron oxide and aluminum oxide nanoparticles were
used for the adsorption of Cr(VI) from water. The synthe-
sized materials were characterized using scanning electron
microscopy (SEM) and thermogravimetric analysis (TGA).
Batch adsorption experiments were performed and the effect
of pH, contact time, adsorbent dosage, and initial concen-
tration of the adsorbate on the removal efficiency of Cr(VI)
from water was investigated. Isotherm studies were carried
out using Langmuir and Freundlich isotherm models.

2. Experimental

2.1. Materials Preparation. Raw CNTs were acquired from
Chengdu Organic Chemicals Co. Ltd. (China), with the
following characteristics: 95% purity, outside diameter of
10–20 nm, and length ranging from 1 to 10 𝜇m. These raw

CNTs were impregnated with 1% and 10% loadings (weight
%) of iron oxide and aluminumoxide nanoparticles usingwet
impregnation technique. Specific amount of CNTs was added
in ethanol and sonicated to achieve homogenous dispersion
of CNTs. Specific amount of metallic salt dissolved separately
in ethanol and was sonicated, and then the resultant solution
was added dropwise to the CNTs dispersed in ethanol. This
dispersion was sonicated for proper mixing with CNTs and
subsequently heated at 80–90∘C in an oven overnight to
evaporate the ethanol. On complete drying, the CNTs were
calcined in a furnace at 350∘C for 4 hours. This process
resulted in the attachment of metal oxide nanoparticles onto
the surface of CNTs.

2.2. Characterization of the Adsorbents. Raw and impreg-
nated CNTs were characterized using various techniques.
In order to perform morphological and elemental analysis,
samples were coated with about 5 nm thick layer of platinum
using Quorum sputter coater (Model: Q150R S). Scanning
electron microscope (Model: TESCAN MIRA 3 FEG-SEM)
was used to analyze themorphology and structure of raw and
metal oxide impregnated CNTs. Thermogravimetric analysis
(TGA) of raw and impregnated CNTs was performed using
TA Instrument (Model: SDTQ600), in order to evaluate the
purity and thermal degradation of materials. Samples were
heated to 900∘C in air, at heating rate of 10∘C/min and air flow
rate of 100mL/min.

2.3. Batch-Mode Adsorption Experiment. Batch experiments
were performed to study the effect of various parameters
on the adsorption of Cr(VI) ions by raw and metal oxide
impregnated CNTs at room temperature.

The effect of pH, contact time, agitation speed, and
adsorbent dosage was investigated on the removal of Cr(VI)
ions from aqueous solution. Concentration of Cr(VI) ions
was measured using inductively coupled plasma mass spec-
trometer (Thermo-Fisher, X-Series 2 Q-ICP-MS).

Percentage removal and adsorption capacity were calcu-
lated using (1) and (2), respectively:

Removal efficiency (%) =
𝐶𝑜 − 𝐶𝑡
𝐶𝑜
∗ 100 (1)

Adsorption capacity (𝑞) =
(𝐶𝑜 − 𝐶𝑡) 𝑉

𝑚
, (2)

where “𝐶𝑜” is the initial concentration (ppm) at start of
the experiment (𝑡 = 0), while “𝐶𝑡” is the concentration
at time “𝑡”. “𝑉” is the volume (L) of the solution and “𝑚”
represents the amount (g) of the adsorbent dosage. For
the batch adsorption experiments, the stock solution was
prepared using the same methodology reported previously
[73].

3. Results and Discussion

3.1. Characterization of Raw and Metal Oxide Impregnated
CNTs. Surface morphologies of the raw and metal oxide
impregnated CNTs were observed using SEM.
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(a) (b)
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Figure 1: SEM images of CNTs with (a) 1% iron oxide (boxes indicate the iron oxide nanoparticles impregnated on CNTs), (b) 10% iron oxide,
(c) 1% aluminum oxide, and (d) 10% aluminum oxide.

Figure 1 shows the SEM images for the metal oxides
impregnated CNTs. Tubular geometry of the CNTs was
observed and no damage was noticed in CNTs structures
after impregnation. Metal oxide nanoparticles (highlighted
in the box) were clearly observed on the surface of CNTs as
displayed in Figures 1(a)–1(d). CNTs were properly dispersed
for the low loading of 1% metal oxide (Figures 1(a) and
1(c)); however, at higher loading (10%) a little agglomeration
of metal oxide particles could be seen in Figures 1(b) and
1(d). In general, the dispersion of CNTs was improved after
impregnation with metal oxide nanoparticles. Metal oxide
nanoparticles might help reduce the strong Van der Waals
forces between CNTs leading to their improved dispersion.

TGA curves for raw and metal oxide impregnated CNTs
are presented in Figure 2. CNTs were heated to 900∘C at a rate
of 10∘C/min under air. All the TGA curves have two main
weight loss regions. Initial small weight loss was attributed
to the evaporation of physically bound water and some
other lighter impurities. The second, steep, and rapid weight
loss region represents the combustion of CNTs. Raw CNTs

showed more stability and started degrading around 550∘C
while degradation of 1% and 10% metal oxide impregnated
CNTs started around 450∘C and 500∘C, respectively. This
may be due to the fact that the impregnation of metal oxide
nanoparticles on CNTs serves as an impurity hence leading
to steep weight loss at lower temperature [77]. The weight
of the residue left at the end of the analysis is the indication
of metallic oxide nanoparticles. It can be observed that the
amount of residue left was higher for the CNTs with 10%
metal oxide loading as compared to rawCNTs andCNTswith
1% metal oxide loadings.

3.2. Effect of pH. Theremoval ofCr(VI) ions by raw andmetal
oxide impregnated CNTs, as a function of pH, is presented in
Figure 3. Solution pH was varied from 3 to 8, while the other
variables including adsorbent dosage, contact time, agitation
speed, and Cr(VI) initial concentration were kept constant at
200mg, 2 hours, 50mg, 200 rpm, and 1mg/L, respectively.

A maximum removal of Cr(VI) was achieved at pH 3,
while the removal was observed to decrease with increase in
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Figure 2: TGA curves for raw and metal oxide impregnated CNTs.
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Figure 3: Effect of pH on the percentage removal of Cr(VI) (initial
concentration = 1mg/L, agitation speed = 200 rpm, adsorbent
dosage = 200mg, and time = 2 hours).

pH, for all the adsorbents.This phenomenon can be explained
on the basis of surface charge of the adsorbents and ionic
chemistry of the solution.

Chromium ions may exist in the form of chromate
(CrO4

2−), dichromate (Cr2O7
2−), and hydrogen chromate

(HCrO4
−), depending upon the solution pH and chromate

concentration.
The equilibrium between the chromate (CrO4

2−) and
dichromate ions (Cr2O7

2−) in aqueous solution is represented
by (3) [15, 73].

2CrO4
2− + 2H+ ←→ Cr2O7

2− +H2O (3)

Chromate (CrO4
2−) ions are the dominant species at high pH

values, while, at low pH, mainly dichromate ions (Cr2O7
2−)

exist in the solution [78, 79].
At low pH, the high removal of Cr(VI) ions is attributed

to the electrostatic interaction between the Cr2O7
2− anions

and positively charged CNTs surface. However, at high
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Figure 4: Effect of contact time on percentage removal of Cr(VI).
(Initial concentration = 1mg/L, agitation speed = 200 rpm, adsor-
bent dosage = 200mg, pH = 6).

pH, surfaces of the CNTs carry more negative charges and
repulsion between the CrO4

2− ions and the CNTs surfaces
resulted in lower removal of Cr(VI) ions. Furthermore, the
low removal might also be due to competition between the
OH− and chromate (CrO4

2−) ions over the limited adsorption
sites as well as due to precipitation of Cr(OH)3 that might
occur at high pH (here at pH = 8) [73].

Surface impregnation of CNTs with metal oxide was
observed to enhance the removal efficiency. The maximum
removal of 87.8% was obtained for CNT with 10% aluminum
oxide loading at pH 3. Raw CNTs were still able to remove
almost 74% Cr(VI) ions at same pH and under similar
experimental conditions. Although the maximum removal
was obtained at pH 3, however, to evaluate the potential of the
adsorbents in real water treatment applications, a pH value of
6 was selected for the remaining experiments.

Because the solution pH has a significant effect on the
removal of Cr(VI) ions, we may deduce that the main
mechanism is electrostatic interaction.The net surface charge
of the adsorbent changes with pH and affects the removal of
Cr(VI). In addition to electrostatic interaction, some physical
adsorption of Cr(VI) ions is expected on the surfaces of the
CNTs due to Van der Walls interactions. Studies also suggest
that strong surface complexation and ion exchange are the
main mechanisms involved during the adsorption of Cr(VI)
ions on CNTs surface [80].

3.3. Effect of Contact Time. The experimental results present-
ing the effect of time on the removal of Cr(VI) ions by raw
and metal oxide impregnated CNTs are shown in Figure 4.
Contact time was varied from 0.5 to 5 hours while the
solution pH, Cr(VI) initial concentration, adsorbent dosage,
and agitation speed were kept constant at 6, 1mg/L, 200mg,
and 200 rpm, respectively.

It is obvious that Cr(VI) ions removal has improved
significantly as the contact time increased from 0.5 to 4
hours. No significant increase in removal was observed after
4 hours of contact time indicating the reach of equilibrium.



Bioinorganic Chemistry and Applications 5

Raw CNTs
CNT-1% aluminum oxide
CNT-10% aluminum oxide

CNT-1% iron oxide
CNT-10% iron oxide

50 100 150 200 2500
Adsorbent dosage (mg)

0
10
20
30
40
50
60
70
80
90

100

Pe
rc

en
ta

ge
 re

m
ov

al

Figure 5: Effect of adsorbent dosage on percentage removal of
Cr(VI) (initial concentration = 1mg/L, agitation speed = 200 rpm,
contact time = 2 hours, and pH = 6).

It was observed that CNTs impregnated with metal oxide
were able to remove more than 97% of Cr(VI) ions after 2
hours of contact time (forCNTs impregnatedwith iron oxide)
and almost 100% after 4 hours of contact time (for CNTs
impregnated with both iron and aluminum oxides).

3.4. Effect of Adsorbent Dosage. The effect of adsorbent
dosage on the removal of Cr(VI) ions is depicted in Figure 5.
The adsorbent dosage was varied from 50 to 200mg, while
solution pH, contact time, initial concentration of Cr(VI),
and agitation speed were kept constant at 6, 2 hours, 1mg/L,
and 200 rpm, respectively.

A direct relationshipwas observed between the adsorbent
dosage and the removal of Cr(VI) ions for all adsorbents.
The removal was observed to increase with increase in the
adsorbent dosage and the maximum removal was recorded
at 200mg dosage. With increase in the adsorbent dosage, the
number of active sites increases; hence more Cr(VI) ions can
be adsorbed onto the adsorbent surface. At 200mg dosage,
CNTs with 10% loading of iron oxide yielded a maximum
removal of 99% of Cr(VI) ions, as compared to raw CNTs
yielding about 67% removal under similar experimental
conditions. These results confirmed that metal oxide loading
has a significant effect on the removal efficiency of the raw
CNTs.

3.5. Effect of Agitation Speed. Agitation speed is an important
parameter that effects and enhances the dispersion of the
adsorbent in the solution and reduces the agglomeration. For
the two loadings of metal oxides (1% and 10%) used in the
present study, the CNTs were found to properly disperse in
the solution and no significant agglomeration was observed.
Figure 6 displays the effect of agitation speed on the removal
of Cr(VI) ions by raw and metal oxides impregnated CNTs.
The agitation speed was varied from 50 to 200 rpm, while
the solution pH, initial concentration, adsorbent dosage, and
contact time were kept constant at 6, 1mg/L, 200mg, and 2
hours, respectively.The removal of Cr(VI) ions was observed
to increase with increase in agitation speed for all considered
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Figure 6: Effect of agitation speed on percentage removal of Cr(VI)
ions (initial concentration = 1mg/L, adsorbent dosage = 200mg,
contact time = 2 hours, and pH = 6).
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Figure 7: Effect of initial concentration on percentage removal of
Cr(VI) (adsorbent dosage= 200mg, contact time= 2hours, agitation
speed = 200 rpm, and pH = 6).

adsorbents. This is due to the fact that agitation facilitates
effective diffusion of ions towards the adsorbent surface [73].
At 200 rpm speed, CNTs with 10% loading of iron oxide were
able to remove 99% Cr(VI) ions.

3.6. Effect of Initial Concentration. The removal of Cr(VI)
ions was also dependent on the initial concentration of
Cr(VI) as shown in Figure 7. The initial concentration was
varied from 1 to 7 ppm, while the solution pH, agitation
speed, adsorbent dosage, and contact time were kept con-
stant at 6, 200 rpm, 200mg, and 2 hours, respectively. The
maximum removal was achieved at low dosage concentration
and the removal was observed to decrease with increase in
concentration for all adsorbents.Thismight be due to the fact
that, at high concentration, the adsorption sites are saturated
due to availability of surplus Cr(VI) ions. At 1 ppm dosage,
a maximum removal 99% of Cr(VI) ions was achieved with
CNTs with 10% loading of iron oxide.
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Table 1: Parameters of Langmuir and Freundlich isotherm models for chromium.

Adsorbent Freundlich Langmuir
𝑛 𝐾𝐹 (L/mg) 𝑅2 𝐾𝐿 (L/mg) 𝑅2

CNT-iron oxide 7.922564 0.628705 0.9980 −7.47535 0.9966
CNT-aluminum oxide 3.907029 0.571687 0.9996 −10.9559 0.9855
Raw CNTs 2.110755 0.291322 0.9975 0.756502 0.9859
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Figure 8: Langmuir adsorption model for Cr(VI).

3.7. Freundlich and Langmuir Isotherm Models. Adsorption
equilibrium data was fitted by Langmuir and Freundlich
models. Langmuir model best describes the monolayer ad-
sorption while Freundlichmodel provides information about
heterogeneous adsorption on adsorbent surface [81].

Representative equations of the isotherm models are
presented below.

Langmuir isotherm model:

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

; (4)

Freundlich isotherm model:

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛, (5)

where 𝐶𝑒 and 𝑞𝑒 are the concentrations of contaminants in
water and in adsorbent at the adsorption equilibrium, respec-
tively. 𝑞𝑚 is the maximum adsorption capacity; 𝐾𝐿 is the
adsorption equilibrium constant of Langmuir model;𝐾𝐹 and
𝑛 are Freundlich constants related to the adsorption capacity
and surface heterogeneity of the adsorbents, respectively.

Figures 8 and 9 show Langmuir and Freundlich adsorp-
tion isotherm models for Cr(VI), respectively, while adsorp-
tion parameters and regression data of the models are
presented in Table 1. It can be seen that both Langmuir
and Freundlich isotherm models show a good fit for both
raw and metal oxide impregnated CNTs. However, the value
of regression coefficient (𝑅2) value for Freundlich isotherm
model is slightly higher than Langmuir isotherm model.
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Figure 9: Freundlich adsorption model for Cr(VI).
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Figure 10: Pseudo-second-order kinetics for the adsorption of
Cr(VI).

3.8. Kinetics Modeling. Adsorption kinetic is one of the most
important factors that govern the solute uptake rate and
represents the adsorption efficiency of the adsorbent. The
pseudo-second-order model was used to model the kinetics
of adsorption.

Representative equation of pseudo-second-order model
is provided below:

𝑡

𝑞𝑡
=
1

𝑘2𝑞
2
𝑒

+
𝑡

𝑞𝑒
. (6)

Figure 10 represents the fitting of experimental data with the
pseudo-second-order model. Table 2 provides the results of
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Table 2: Parameters of pseudo-second-order kinetic model for chromium.

Adsorbent 𝑞𝑒 (mg/g) 𝑘2 (mg g−1min−1) 𝑅2

CNT-iron oxide 0.253062 0.534162 0.9999
CNT-aluminum oxide 0.259575 0.133789 0.9989
Raw CNTs 0.235297 0.109363 0.9989

the kinetics model fittings for the adsorption of Cr(VI) using
raw and metal oxide impregnated CNTs.

It can be seen from Figure 10 and Table 2 that the
correlation coefficient (𝑅2) of pseudo-second-order kinetic
equation is sufficiently high for all the adsorbents. Therefore,
the process of Cr(VI) removal using raw and metal oxide
impregnated CNTs can be well described by the pseudo-
second-order model.

4. Conclusion

Raw, iron oxide, and aluminum oxide impregnated carbon
nanotubes (CNTs) were found to be effective adsorbents
for the removal of Cr(VI) ions from aqueous solution. The
removal of Cr(VI) ions was strongly dependent on pH,
contact time, adsorbent dosage, and initial concentration of
theCr(VI) ions. Solution pHwas found to be a critical param-
eter affecting the adsorption of Cr(VI) ions, in comparison
with the other parameters. The removal of Cr(VI) ions was
observed to decrease with increase in pH of the solution. It
was observed that both CNTs impregnated with 10% of iron
and aluminum oxides were able to remove almost 100% of
Cr(VI) ions at solution pH 6, Cr(VI) initial concentration
of 1mg/L, adsorbent dosage of 200mg, agitation speed of
200 rpm, and contact time of 4 hours.The preparedmaterials
were found to exhibit high removal efficiency at pH6 suggest-
ing their great potential in real water treatment applications.
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This study aims to produce optimized biochar from oil palm empty fruit bunches (OPEFB), as a green, low cost adsorbent for
uptake of zinc from aqueous solution. The impact of pyrolysis conditions, namely, highest treatment temperature (HTT), heating
rate (HR), and residence time (RT) on biochar yield and adsorption capacity towards zinc, was investigated.Mathematicalmodeling
and optimization of independent variables were performed employing response surface methodology (RSM). HTT was found
to be the most influential variable, followed by residence time and heating rate. Based on the central composite design (CCD),
two quadratic models were developed to correlate three independent variables to responses. The optimum production condition
for OPEFB biochar was found as follows: HTT of 615∘C, HR of 8∘C/min, and RT of 128 minutes. The optimum biochar showed
15.18mg/g adsorption capacity for zinc and 25.49% of yield which was in agreement with the predicted values, satisfactory. Results
of the characterization of optimum product illustrated well-developed BET surface area and porous structure in optimum product
which favored its sorptive ability.

1. Introduction

Heavy metal pollution is one of the most serious environ-
mental issues, facedworldwide today [1–3]. Intense industrial
activities result in releasing of significant amount of heavy
metals including zinc into aqua environment [4]. Mining,
metal coating, galvanizing steel and iron, and production of
batteries, aswell as production of deodorants, paints, ceramic,
wood, drug, and fabrics, are major industries, responsible for
releasing of zinc into environment [4]. Human exposure to
intense amount of zinc leads to metal-fume fever, vomiting,
stomach cramp, nausea, loss of appetite, and neurological
signs such as ataxia [5]. Health risks of zinc contaminated
water for both human and other living organisms is a great
concern because of its non biodegradability and mobility.
According to World Health Organization guidelines for

quality of drinking water and to protect the environment,
maximum acceptable zinc level in drinking water is rec-
ommended as 5.00mg/l [6]. Due to global shortage of
water resources, health risks, and environmental problems
associated with heavymetal pollution such as zinc, treatment
of wastewater by effective methods is critical.

Different methods and techniques have been introduced
for controlling water and wastewater pollution by heavymet-
als such as ion exchange, adsorption, precipitation, coagula-
tion, membrane technologies, and reverse osmosis. Among
these methodologies, adsorption has been demonstrated to
be an economically practicable alternative method for uptake
ofmetals fromwater system [7, 8].The simplicity of operation
and design in this method as well as its effectiveness in
minimizing various types of pollutants leads to its widespread
applicability in controlling water pollution [9]. High cost
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of adsorption by commercially produced activated carbon
leads to extensive researches on possibility of using waste
biomaterials, as low cost sorbents, for treatment of water and
wastewater from heavy metal contaminants [10].

In recent years, biochar from different agrobased and
municipal waste materials has been shown to be a potential
low cost alternative for separation of heavy metal from water
system [11, 12]. Different agrobased and municipal wastes de-
rived biochars have been evaluated for removal of toxic met-
als in numerous studies. The results of these studies high-
lighted the capability of biochars as great potential low cost
sorbents and indicated the important role of biochar’s phys-
iochemical characteristics in its uptake ability [2, 7, 13–16].

Annually, enormous amounts of biowastes from oil palm
mills are produced around the world which contribute to
great environmental concern, and many researchers have
been focused on conversion of these wastes into value-added
products. Oil palm empty fruit bunches account for 23% per
ton of fresh fruit bunch which should be handled properly
[17]. Currently, the majority of empty fruit bunches are
combusted in the incinerators for the purpose of fertilizer
productionwhich produces “white smoke” and considered an
environmental concern by the Department of Environment
[18].The great amount of generated empty fruit bunches from
oil palm mills could be a potential feedstock substrate for
biochar production by an environmentally friendly method.
Production of biochar from oil palm empty fruit bunches,
an abundant waste of oil palm mill, has twofold advantage:
firstly, production of low cost and ecofriendly adsorbent for
removal of heavy metals and, secondly, solving part of waste
disposal problem by conversion of unwanted wastes into
value-added products.

Production of efficient sorbent for this purpose has been
always a concern. Among the sorbent characteristics, surface
area, surface functionalities, and acceptable level of yield are
important in adsorption process design [19].These character-
istics of biochar are controlled by its production conditions
and primary feedstock properties [19]. In assessing the effect
of production conditions, employing an adequate experimen-
tal design is key point.

Design of experiment (DOE) enables engineering re-
searchers to alleviate the costs by rationalizing the exper-
iments and improving productivity and product quality.
Response surface methodology, one of the DOE techniques,
is applied for experimental design, statistical modeling, and
optimization of a process. It is a helpful tool in studying the
effect of factors and their interactions on specific response to
optimize the response of interest [20].

RSM has been widely used in optimization of experimen-
tal conditions of various processes; however, its application
in production of biochar is very rare in literature. Some
previous studies focused on applying RSM in determining the
effect of different parameters during production of adsorbent
and batch adsorption experiments, on removal of hazardous
contaminants such as chromium [21, 22], copper [23], nickel
[24], reactive blue dye [25], lead and zinc [26], and cationic
and anionic dye [27].

To our knowledge, no study has been performed on
optimized production of biochar from oil palm empty fruit

bunches, applying RSM. Therefore, the focus of the present
study is to produce biochar from oil palm empty fruit
bunches and to optimize the preparation conditions using
central composite design for yield and its adsorption capacity
towards zinc. The influence of three numerical variables,
namely, highest treatment temperature, heating rate, and resi-
dence time, on the responses was considered, simultaneously.

2. Materials and Methods

2.1. Preparation of Biochar. Oil palm empty fruit bunches
were collected from Ulu Langat Palm Oil Mill, a local oil
palm mill in Malaysia; Seri Sdn Bhd (Lot 3115, Batu 34, Jalan
Banting, Dengkil, 43800, Selangor, Malaysia). The biomass
samples were dried in oven at 105∘C for 24 h to get constant
weight. Afterward, the samples were cut into smaller parts
(2 nm) to ease the pyrolysis process.Thepyrolysis process was
performed by placing samples in vertical stainless steel reac-
tor and heating from room temperature to predetermined
temperature with specific heating rate and they were kept at
highest temperature for specific duration. Purified nitrogen
(99.995%) with flow rate of 150 cm3/min was used during
pyrolysis process to wash tarry vapors away from the surface
of biochar.

2.2. Design of Experiment. Response surface methodology
(RSM) is a statistical technique which utilizes the quantitative
data of the experiments for purpose of determining the
regression model and optimum operation conditions [28]. It
applies mathematical and statistical methods for analyzing
and simulating of a process with the objective of optimizing
a response which is affected by several independent variables
[29]. Central composite design (CCD) is the most common
method for fitting quadratic surfaces and optimization with
minimum number of experiments [30]. In general, CCD
consists of 2𝑛 factorial runs, 2𝑛 axial runs, and 𝑛𝑐 center points
in which 𝑛 is the number factors.

Three numerical factors have been considered for this
purpose, namely,𝑥1 as highest treatment temperature (HTT),𝑥2 as heating rate (HR), and 𝑥3 as residence time (RT).
Two responses in this work were yield (𝑌1) and adsorption
capacity of OPEFB biochar (𝑌2). Number of runs based on
CCD method for three independent variables is equal to 20
experiments, including 8 factorial points, 6 axial points, and
6 center points based on the following equation [31]:

𝑁 = 2𝑛 + 2𝑛 + 𝑛𝑐 = 23 + 2 × 3 + 6 = 20, (1)

where 𝑁 is the total number of experiments and 𝑛 is the
number of factors.The center points are useful in considering
the errors of experiments and reproducibility of the model.
For all three factors the ranges have been entered based on
“−alpha” and “+alpha” level where alpha is the distance of
axial points from center points, intending not to have any
unreachable level for the factors. These variables and their
respective ranges were selected based on screening tests in
preliminary studies. Levels of independent variables are given
in Table 1. The experiments were conducted as randomized
in order to minimize the influence of uncontrolled factors.
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Table 1: Level of different factors.

Variables Units (−1) level (+1) level −alpha +alpha
(A) HTT (∘C) 460.8095 639.1905 400 700
(B) HR (∘C/min) 7.026982 12.97302 5 15
(C) RT (min) 60.40473 149.5953 30 180

An empirical model was developed to correlate the three
independent variables and each response based on second-
order polynomial equation as follows:

𝑌 = 𝑏0 + 𝑛∑
𝑖=1

𝑏𝑖𝑥𝑖 + ( 𝑛∑
𝑖=1

𝑏𝑖𝑖𝑥𝑖)
2

+ 𝑛−1∑
𝑖=1

𝑛∑
𝑗=𝑖+1

𝑏𝑖𝑗𝑥𝑖𝑥𝑗. (2)

In which, 𝑏0 is the constant, 𝑏𝑖 is the linear coefficient and𝑏𝑖𝑖 is the quadratic coefficient, and 𝑥𝑖 and 𝑥𝑗 are the coded
values of pyrolysis conditions.

2.3. Model Fitting and Statistical Analysis. The analysis of
experimental data was performed using Design Expert ver-
sion 7 (STAT-EASE Inc., Minneapolis, USA) for regression
analysis to fit the empirical models and statistical significance
evaluation of the models.

2.4. Adsorption Experiments. Zinc stock solution was pre-
pared by dissolving appropriate amount of ZnCl2 (Anhy-
drous, Sigma Aldrich) in Millipore water with purity of
99.99% to concentration of 2000 ppm. The batch adsorption
experiments were conducted in 20 sets of 250ml Erlenmeyer
flasks. In a typical experiment, 0.4 g of biochar was added to
50ml of heavy metal solution with concentration of 200 ppm
and the pH of solution was set at 6. Subsequently the mixture
was agitated for 24 hours for equilibration and then filtered
employing Whatman filter paper. The equilibrium time was
selected based on preliminary studies as the time when the
zinc concentration remained constant.The resultant solution
was analyzed for concentration of zinc utilizing A Analyst
400 PerkinElmer atomic absorption spectrometer device.
The adsorption capacity of biochars was calculated by the
following equation:

𝑄 = (𝐶𝑖 − 𝐶𝑒) V𝑚 . (3)

In the previous equation, 𝐶𝑖 and 𝐶𝑒 are the initial and
equilibrium concentration of zinc (mg/l), respectively. 𝑄
(mg/g) is the adsorption capacity of biochar,𝑚 is the drymass
of biochar (g), and V is for volume of solution (l).

2.5. Yield of Biochar. The yield of biochar was calculated
according to the following equation:

Yield = weight of biochar (g)
weight of dry biomass (g) ∗ 100. (4)

2.6. Characterization of OptimumBiochar. The surface struc-
ture of biochar was analyzed by means of scanning electron
microscopy utilizing Zeiss scanning electron microscope

(Carl Zeiss Germany).𝑁2 adsorption at 77K was performed
for surface area and pore volume estimation of biochar,
using Sorptomatic 1990 system (Thermo Finnigan). Surface
functional groups of biochars were determined with aid
of Fourier Transform Infrared spectroscopy, using Nicolet
Nexus 6700 FTIR spectrometer. The KBr pellet was prepared
by mixing well grinded biochar samples with KBr powder at
ratio of 1 : 100 approximately.

3. Results and Discussion

3.1. Development of RegressionModel Equation. Thecomplete
design matrix of experiments with the obtained results for
both responses is presented in Table 2. A polynomial regres-
sion equation was developed based on CCD to analyze the
variables, their interactions, and identifying the significant
factors. Runs 1, 4, 12, 15, 16, and 19 are center points and
used to determine the error of experiments. Biochar yield
was found to be in the range of 23.2% and 33.73% while
the adsorption capacity for zinc obtained ranged between
7.59mg/g and 14.74mg/g.

Based on the sequential model sums of squares, the fitted
model was chosen as the highest order polynomial model
in which the additional terms were significant and model
was not aliased. For both responses, the quadratic model
was selected as suggested by the software. The final empirical
equations for yield (𝑌1) and zinc adsorption capacity of
biochar (𝑌2) in terms of coded variables are presented in (1)
and (2), respectively.

𝑌2 = 25.91 − 2.39𝑥1 − 1.23𝑥2 − 0.61𝑥3 + 0.40𝑥1𝑥2
+ 0.23𝑥1𝑥3 − 0.22𝑥2𝑥3 + 1.15𝑥21 + 0.24𝑥22
− 0.051𝑥23,

(5)

𝑌2 = 14.01 + 1.56𝑥1 − 0.66𝑥2 + 0.90𝑥3 + 0.11𝑥1𝑥2
+ 0.28𝑥1𝑥3 + 0.035𝑥2𝑥3 − 1.12𝑥21 − 0.56𝑥22
− 1.07𝑥23.

(6)

Positive sign in front of the terms represents the syner-
gistic influence while negative sign represents antagonistic
influence. Values of coefficient determination, 𝑅 squared,
adjusted 𝑅 squared, standard deviation (SD), and coefficient
of variation (CV) were used to evaluate the quality of
developed model. 𝑅2 values for (5) and (6) were 0.9766 and
0.9794, implying that models were able to explain 97.66%
and 97.94% of total variance in biochar yield and biochar
adsorption capacity for zinc, respectively. The closer 𝑅2 is to
unity, the better the model fits experimental data. Both 𝑅2
values are considered relatively high and suggesting satisfac-
tory agreement between model and experimental data. The
adjusted 𝑅 squared with values of 0.9556 and 0.9609 for (5)
and (6), respectively, indicates good sample size and ability
of model. Coefficient of variation (CV) is a measure of the
model reproducibility and considered as the ratio of standard
deviation to mean value of observed response. The model is
regarded as reproducible if the value of CV for the model
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Table 2: Design matrix with results.

Run Point type (A) HTT (∘C) (B) HR (∘C/min) (C) RT (min) Yield (%) 𝑄 (mg/g)
1 Center 550.00 10.00 105.00 26.14 13.72
2 Axial 550.00 15.00 105.00 25.2 11.43
3 Fact 460.81 7.03 60.40 32.08 10.28
4 Center 550.00 10.00 105.00 25.97 13.91
5 Axial 550.00 10.00 180.00 24.93 12.11
6 Axial 550.00 10.00 30.00 26.67 9.47
7 Axial 700.00 10.00 105.00 24.67 13.67
8 Fact 639.19 7.03 149.60 26.01 14.74
9 Axial 400.00 10.00 105.00 33.73 7.59
10 Fact 460.81 12.97 149.60 26.45 9.89
11 Axial 550.00 5.00 105.00 28.06 13.01
12 Center 550.00 10.00 105.00 26.25 14.22
13 Fact 460.81 12.97 60.40 28.54 8.35
14 Fact 460.81 7.03 149.60 30.52 11.53
15 Center 550.00 10.00 105.00 25.88 14.13
16 Center 550.00 10.00 105.00 25.9 13.81
17 Fact 639.19 7.03 60.40 26.29 12.22
18 Fact 639.19 12.97 149.60 23.2 13.37
19 Center 550.00 10.00 105.00 25.3 14.36
20 Fact 639.19 12.97 60.40 24.71 10.86

Table 3: Analysis of variance (ANOVA) for response surface quadratic model for yield.

Source of data Sum of squares Degree of
freedom (DF) Mean square 𝐹-value 𝑝 value

Prob > 𝐹 Comment

Model 125.62 9 13.96 46.44 <0.0001 Significant
𝑥1 77.90 1 77.90 259.18 <0.0001
𝑥2 20.69 1 20.69 68.84 <0.0001
𝑥3 5.13 1 5.13 17.05 0.0020
𝑥1𝑥2 1.30 1 1.30 4.31 0.0646
𝑥1𝑥3 0.43 1 0.43 1.44 0.2580
𝑥2𝑥3 0.39 1 0.39 1.29 0.2828
𝑥21 19.09 1 19.09 63.50 <0.0001
𝑥22 0.85 1 0.85 2.81 0.1244
𝑥23 0.038 1 0.038 0.13 0.7302

Residual 3.01 10 0.30
Lack of fit 2.46 5 0.49 4.51 0.0618 Not significant
Pure error 0.55 5 0.11

is less than 10% [26, 32]. Coefficients of variation (CV) for
both studied responses were less than 10% and were equal to
2.04% and 3.47% for 𝑌1 and 𝑌2, respectively. The standard
deviation values for the models were 0.55 and 0.42 which
reflect the accuracy of the model. The adequacy of the model
was further checked by analysis of variance (ANOVA). The
ANOVA for quadratic model for yield of biochar is given in
Table 3. From ANOVA for yield of biochar, the 𝐹-value was
46.44 and 𝑝 value was less than 0.0001, reflecting that model
was significant. Regarding the model terms, 𝑝 value less than
0.05 implies that model term was significant. According to
Table 3 for yield of biochar, 𝑥1, 𝑥2, 𝑥3, and 𝑥21 were significant

model terms, whereas 𝑥1𝑥2, 𝑥2𝑥3, 𝑥1𝑥3, 𝑥22, and 𝑥23 were
insignificant terms to the model.

The result of ANOVA for quadratic model for adsorption
capacity of biochar is presented in Table 4. The 𝐹-value of
52.95 with 𝑝 value less than 0.0001 indicates the significance
of the model. Table 4 illustrates that 𝑥1, 𝑥2, 𝑥3, 𝑥21, 𝑥22, and𝑥23 are significant model terms. On the other hand, the
interactions of factors 𝑥1𝑥2, 𝑥1𝑥3, and 𝑥2𝑥3 were insignificant
terms to the response.

The predicted versus experimental values for yield and
adsorption capacity of OPEFB biochar are illustrated in
Figures 1 and 2, respectively. As it can be observed, the
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Table 4: Analysis of variance (ANOVA) for response surface quadratic model for adsorption capacity of OPEFB biochar.

Source of data Sum of squares Degree of
freedom (DF) Mean square 𝐹-value 𝑝 value

Prob > 𝐹 Comment

Model 84.47 9 9.39 52.95 <0.0001 Significant
𝑥1 33.42 1 33.42 188.57 <0.0001
𝑥2 5.87 1 5.87 33.14 0.0002
𝑥3 11.01 1 11.01 62.09 <0.0001
𝑥1𝑥2 0.09 1 0.09 0.5 0.4967
𝑥1𝑥3 0.63 1 0.63 3.54 0.0894
𝑥2𝑥3 0.01 1 0.01 0.06 0.8189
𝑥21 18.2 1 18.2 102.69 <0.0001
𝑥22 4.55 1 4.55 25.65 0.0005
𝑥23 16.42 1 16.42 92.62 <0.0001

Residual 1.77 10 0.18
Lack of fit 1.46 5 0.29 4.65 0.0585 Not significant
Pure error 0.31 5 0.06
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Figure 1: Predicted versus actual values for yield of OPEFB biochar.

predicted values are close to the experimental values which
indicate that the developed model successfully fitted the
correlation between variables and responses.

3.2. Yield of Oil Palm Empty Fruit Bunches Biochar (OPEFBB).
Referring to the yield of biochar, HTT had the greatest
influence on the response followed by the HR and RT. Fig-
ures 3(a) and 3(b) represent the three-dimensional response
surfaces to demonstrate the influence of biochar preparation
conditions on yield. Figure 3(a) illustrates the surface plot of
percentage of yield under the impact of highest treatment
temperature (HTT) and heating rate (HR) where residence
time (RT) was fixed at zero level (105 minutes). On the other
hand, Figure 3(b) illustrates the effect of highest treatment
temperature and residence time on yield (heating rate was
fixed at zero level). As demonstrated in Figures 3(a) and 3(b),
the biochar yield decreased with increasing in HTT, HT, and
RT.

Similar trend was also reported in other works, study-
ing the influence of production parameters on char yield.
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Figure 2: Predicted versus actual values for adsorption capacity of
OPEFB biochar.

Al-Wabel et al. reported reduction in yield of Conocarpus
wastes biochar by increasing the highest treatment temper-
ature, specifically when the temperature increased more than
200∘C. This may be due to the destruction of cellulose and
hemicellulose and combustion of organicmatters [33]. Angin
found that the yield of safflower seed cake-based biochar was
reduced by rising pyrolysis temperature and heating rate.The
effect of heating rate on the yield was also reported to bemore
significant at lower pyrolysis temperatures [34]. McBeath et
al. examined the effect of pyrolysis conditions on yield and
characteristics of biochar from eighteen different feedstocks
and concluded that increasing pyrolysis temperature resulted
in lower yield of char [35]. This is due to the evaporation
of volatile matters and higher heat and mass transfer rate
and destructive reactions. In another study by Hmid et al.
both pyrolysis temperature and heating rate were reported
as influential factors on the yield of biochars derived from
olive solid residues considerably [36]. Ronsse et al. studied
the influence of pyrolysis peak temperature and residence
time on the yield of biochars from various feedstocks. It was
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Figure 3: (a) Surface plot of percentage of yield (𝑌) as a function of highest treatment temperature (HTT) and heating rate (HR) at fixed
residence time of 105 minutes. (b) Surface plot of percentage of yield (𝑌) as a function of highest treatment temperature (HTT) and residence
time (RT) at fixed heating rate of 10∘C per minute.
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Figure 4: (a) Surface plot of adsorption capacity of biochar (𝑄) as a function of highest treatment temperature (HTT) and heating rate (HR)
at fixed residence time of 105 minutes. (b) Surface plot of adsorption capacity of biochar (𝑄) as a Function of highest treatment temperature
(HTT) and residence time (RT) at fixed heating rate of 10∘C per minute.

observed that biochar yield tends to decrease by increasing
residence time and peak temperature [37].

In this work, all three production variables correlated
negatively with biochar yield. The interaction effect of pro-
duction parameters on biochar yield was not significant. The
increase in pyrolysis temperature resulted in releasing of
more volatile compound, primary decomposition of parent
material, and possible secondary decomposition of produced
biochar. Increasing in heating rate may cause severe heat
and mass transfer rate which led to lower biochar yield. The
influence of residence time on biochar yield was not also
significant.

3.3. Adsorption Capacity of Oil Palm Empty Fruit Bunches
Biochar (OPEFBB). Based on the ANOVA, all three variables

and their quadratic effect were found to be significant on
the adsorption capacity of OPEFB biochar; however, HTT
with 𝐹-value of 33.4246 was the most influential factor.
Figures 4(a) and 4(b) demonstrate the three-dimensional
response surfaces to show the influence of operating variables
on adsorption capacity. The effect of the highest treatment
temperature and heating rate on adsorption capacity where
residence time was maintained at zero level is depicted in
Figure 4(a), whereas the effect of highest treatment temper-
ature and residence time on adsorption capacity of OPEFB
biochar when heating rate was fixed at zero level is presented
in Figure 4(b). As it can be seen from Figure 4(a), the
adsorption capacity of biochar increases with increasing tem-
perature and heating rate up to specific point and, afterward,
it decreases possibly because of blockage of some pores
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Table 5: Model validation.

Model desirability HTT (𝑥1) HR (𝑥2) RT (𝑥3) Biochar yield (%) Adsorption capacity (mg/g)
Predicted Experimental Predicted Experimental

0.934 615 8 128 25.28 25.49 14.98 15.18

(a) (b)

Figure 5: (a) SEM image of oil palm empty fruit bunches. (b) SEM image of OPEFB biochar produced under optimum conditions.

due to melting and releasing of tars. The highest treatment
temperature had a positive linear effect on adsorption capac-
ity, whereas heating rate has a negative effect. In addition,
both factors have a negative quadratic effect on adsorption
capacity of OPEFB biochar. Raising heating rate increases
the adsorption capacity up to a certain point after which it
reduces. This is due to the fact that the time for releasing
volatiles becomes shortened at high heating rate which results
in agglomeration of volatiles between and inside the pores
and, therefore, the chance of blocking the pores entrance
increases. Similar results have been reported in other studies
[34, 38, 39].

Surface plot of the effect of highest treatment temperature
and residence time on adsorption capacity of OPEFB biochar
when heating rate was fixed at zero level is presented in
Figure 4(b). Residence time increase favors the adsorption
capacity up to a certain point of time, after which further
increase causes the adsorption capacity to decrease due to the
failure of pore walls’ strength and their destruction.

3.4. Process Optimization. Getting high yield is an important
factor in producing biosorbents, but adsorption capacity
determines the quality of product. Therefore, both high yield
and high adsorption capacity is desirable for economics
feasibility of the product. However, optimizing both of these
responses is very difficult as their affecting factors are oppo-
site, which means adsorption capacity of OPEFB biochar
increases while the yield decreases and vice versa. Conse-
quently, in order to compromise between the two responses,
the function of desirability has been employed using Expert-
Design software version 7 (STAT-EASE Inc., Minneapolis,
USA). The experimental conditions which showed the high-
est desirability were chosen for verification. The yield and
adsorption capacity of the biochar prepared under optimum
conditions compared to the predicted values are presented
in Table 5. The optimum biochar from oil palm empty fruit

bunches was obtained using highest temperature of 615∘C,
heating rate of 8∘C/min, and residence time of 128min.
The optimum biochar showed the adsorption capacity of
15.03mg/g towards zinc and the biochar yield of 25.27%.

As it can be observed from Table 5, the obtained experi-
mental results are in good agreement with model prediction
points with relatively small deviation, indicating the accuracy
of the model. Overall, OPEFB proved to be a potential
promising substrate for production of biochar, a green low
cost sorbent, with high performance for removal of heavy
metals (zinc) from the aqueous solution.

3.5. Characterization. Figures 5(a) and 5(b) illustrate the
scanning electron microscope images of the precursor
(OPEFB) and the biochar obtained under optimum condi-
tions. As it is clear in the micrograph, the external surfaces of
the biochar obtained under optimized conditions consist of
cracks, crevices, and significant amount of honey comb like
pores with various sizes. Comparison of thismicrographwith
SEMmicrograph ofOPEFB revealed that during pyrolysis the
cracks and pores of biochar become cleaner due to increase
in devolatilization and, therefore, more ordered structural
arrangement can be detected in optimum product.

Figure 6 displays the adsorption-desorption isotherm of
OPEFB biochar synthesized under RSM optimum condi-
tions.This adsorption isotherm can be classified as type I with
a type H4 hysteresis loop at relative pressure 0.9, resembling
microporous structuredmaterials with some degree of meso-
porosity. The surface physical parameters determined from
N2 adsorption isotherm for optimum product and OPEFB
biochar synthesized at 300∘C from the preliminary studies
are summarized in Table 6. By comparison of the results
of textural properties of optimum OPEFB biochar with
unoptimized one, it is evident that RSM optimum product
displays higher BET surface area, micropore surface area,
micropore volume, and mesopore volume indicating pore
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Table 6: Results of surface area and pore characterization of optimized RSM OPEFB biochar.

Material BET surface
area (m2/g)

Micropore
surface area
(m2/g)

Micropore
volume
(cm3/g)

Mesopores
volume
(cm3/g)

Total pore
volume
(cm3/g)

Average pore
diameter (Å) Reference

RSM
optimized
OPEFB
biochar

421.26 347.09 0.13 0.018 0.15 14.41 Present study

OPEFB
biochar
(300∘)

44.38 7.80 0.003 0.317 0.32 28.84 Preliminary
study
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Figure 6:Adsorption-desorption isothermgraph ofOPEFBbiochar
produced at RSM optimum conditions.

development at optimum pyrolysis conditions. This is most
likely due to the progressive decomposition of volatile matter
and better carbonization that leads to enhanced porosity.

4. Conclusion

In this study, novel, low cost adsorbent from empty fruit
bunches were synthesized by pyrolysis. The influence of
pyrolysis conditions on the yield and adsorption capacity of
oil palm empty fruit bunches biochar for zinc was studied
employing RSM. Through analysis of developed response
surfaces, HTT was found to have the most significant
influence on both responses. The optimum biochar was
obtained at highest treatment temperature of 615∘C, heating
rate of 8∘C/min, and residence time of 128minwhich demon-
strated 15.18mg/g zinc adsorption capacity and 25.49% yield.
The resultant biochar produced under optimum conditions
demonstrates 421.26m2/g surface area and 0.15 cm3/g total
pore volume.
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Multiwall carbon nanotubes (CNTs) and iron oxide impregnated carbon nanotubes (CNTs-iron oxide) were investigated for
the adsorption of hazardous toluene and paraxylene (p-xylene) from aqueous solution. Pure CNTs were impregnated with iron
oxides nanoparticles usingwet impregnation technique. Various characterization techniques including thermogravimetric analysis,
scanning electron microscopy, elemental dispersion spectroscopy, X-ray diffraction, and nitrogen adsorption analysis were used to
study the thermal degradation, surface morphology, purity, and surface area of the materials. Batch adsorption experiments show
that iron oxide impregnated CNTs have higher degree of removal of p-xylene (i.e., 90%) compared with toluene (i.e., 70%), for
soaking time 2 h, with pollutant initial concentration 100 ppm, at pH 6 and shaking speed of 200 rpm at 25∘C. Pseudo-second-order
model provides better fitting for the toluene and p-xylene adsorption. Langmuir and Freundlich isothermmodels demonstrate good
fitting for the adsorption data of toluene and p-xylene.

1. Introduction

Toluene and p-xylene are produced in different refinery
operations and widely utilized in different petrochemical
industries as a raw material. Toluene is used as a solvent
in paints, cleaners, and degreasers and can also be utilized
for surface coatings. It is also used as a raw material in
explosives and polyurethanes production. Xylene exists as
a clear liquid and can be found in three different isomeric
forms: orthoxylene (o-xylene), metaxylene (m-xylene), and
paraxylene (p-xylene). It has applications as a solvent in
paints removers, cleaners, and inks. P-xylene is also used in
themanufacturing of terephthalic acid (PTA), a feed stock for
the production of polyester resins [1, 2].

Toluene and p-xylene are hazardous chemicals for human
beings and environment. They have a number of harmful
effects on human health including kidney, liver, and nervous
system damage [3]. It is important to remove these hazardous
compounds from the water before discharging from the

facility. Removal of toluene and p-xylene was investigated
heavily in the literature [4–9]. Among various methods,
adsorption is the most economical, suitable, and widely
practiced method for the removal of toluene, p-xylene, and
other hydrocarbons from water. Researchers are in quest of
the novel adsorbents with the improved adsorption capacity,
high removal efficiency, easy regeneration, and handling
capabilities [10, 11]. In recent years CNTs [12], a new class of
materials, were introducedwith high adsorption capacity and
removal efficiency for removal of different organic, inorganic,
and biological contaminants from water [5, 10, 11, 13–17].

CNTs have good surface modification ability and high
surface area that is advantageous in many adsorption appli-
cations. CNTs modification with different functional groups
resulted in higher removal efficiency of toluene and p-
xylene [11, 18–22]. Metal oxide nanoparticles impregnated
CNTs exhibited excellent adsorption capacity and efficiency
for the removal of a number of contaminants from water
[23–28].
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In the present study, pure and CNTs impregnated with
iron oxide nanoparticles were used for the adsorption of
toluene and p-xylene from water. The synthesized materials
were characterized using various material characterization
tools. Batch adsorption experiments were performed and
the effects of contact time, adsorption dosage, and ini-
tial concentration of adsorbate were determined on the
removal of toluene and p-xylene from water. The kinetics of
toluene and p-xylene were analyzed using pseudo-first-order,
second-order, and intraparticle diffusion model. Adsorption
isotherm studies of toluene and p-xylene were carried out
using Langmuir, Freundlich, andDubinin-Radushkevich (D-
R) isotherm models.

2. Materials and Methods

2.1. Materials Synthesis. Multiwall carbon nanotubes (CNTs)
with 95% purity were purchased from Chengdu Organic
Chemicals Co. Ltd. (China). Iron (III) nitrate nonahydrate,
Fe (NO3)3⋅9H2O (Reagent grade Sigma-Aldrich, purity ≥
98%), toluene, and p-xylene of analytical grade were pur-
chased from Sigma-Aldrich. All chemicals were used with
same purity as received. Pure CNTs were impregnated with
iron oxide nanoparticles using wet impregnation technique.
18 g (90%wt. of CNTs and 10%wt. iron nitrate) of CNTs
was immersed in 500mL of ethanol (ACS spectrophoto-
metric grade, 95.0%, Sigma-Aldrich) and the mixture was
sonicated using a probe type sonicator (VCX-750, Sonics
& Materials, CT, USA) for deagglomeration and proper
distribution inside ethanol solvent. 2 g of iron nitrate salt
was also dissolved in 100mL ethanol and the resultant
solution was added to CNTs dropwise and sonicated for
proper mixing with CNTs. Solution was heated at 80–90∘C
in an oven overnight to evaporate the ethanol. On complete
drying, sample was calcined in a furnace at 350∘C for 4
hours.

2.2.Materials Characterization. Pure and impregnated CNTs
were characterized using various techniques. In order to
perform morphology and elemental analysis, samples were
coated with 5 nm thick layer of platinum using Quorum
sputter coater (Model: Q150R S). Scanning electron micro-
scope (SEM Model: TESCAN MIRA 3 FEG-SEM) was used
to analyze the morphology and structure of pure and iron
oxide impregnatedCNTs. Energy dispersive X-ray (EDX)was
used to perform the elemental analysis of materials. Samples
were also analyzed using transmission electron microscope
(TEM Model JEOL JEM-2100F) to get the information
about dispersion of nanoparticles on the surface of CNTs. It
also provided the information about catalyst particles used
for growing CNTs. TA Instrument (Model: SDTQ600) was
applied for thermogravimetric analysis (TGA) of pure and
impregnated CNTs. Samples were heated to 900∘C, at heating
rate of 10∘C/min and air flow rate of 100mL/min.This analysis
performed under air provided the purity and thermal degra-
dation of materials. X-ray diffraction (XRD) measurements
of the materials were performed using XRD (Model: Bruker
D8 Advance) equipped with Cu K𝛼 radiation source (40 kV,
20mA) and operated at a scanning rate of 1∘min−1 over 2𝜃

range of 10–80∘. XRD provided the information about the
presence of different phases inmaterials. Nitrogen adsorption
desorptionwas carried out at 77K for determining the surface
area and porosity of the materials using an automatic volu-
metric adsorption analyzer (Model: ASAP 2020,Micromerit-
ics, USA). In this analysis, samples were degassed at 300∘C
under vacuum, prior to adsorption desorption isothermmea-
surement.The surface area (𝑆BET) of the synthesizedmaterials
was calculated, based on the Brunauer-Emmett-Teller (BET)
isotherm. Total pore volume and pore size distribution of
the materials were determined by applying the Barrett-
Joyner-Halenda (BJH) model to the adsorption isotherms
[29, 30].

2.3. Toluene and p-Xylene Adsorption Experimentation. All
adsorption experiments were performed in 125mL glass
flasks containing 50mg of adsorbent and 100mL solution.
Samples were shaken onmechanical shaker (Lab Companion
Model: SK-600) at 200 rpm and 25 ± 2∘C. All solutions
were prepared in deionizedwater. Blank experiments without
adding adsorbent were also carried out to confirm the
adsorption on glass walls and loss due to volatilization.
After shaking, the samples were filtered using filter paper
of 0.45𝜇m pore size and analyzed. To study the effect of
adsorbent amount, various amounts of adsorbent ranging
from 25 to 150mgwere added to each flask containing 100mL
solution of toluene or p-xylene with initial concentration of
100 ppm. To investigate the kinetics of toluene and p-xylene
adsorption, each glass flask containing 50mg of adsorbent
was filled with 100mL of a 100 ppm toluene or p-xylene
solution at 25 ± 2∘C and placed on shaker. At regular time
intervals, the samples were filtered, and concentration was
analyzed. For adsorption isotherms data, 100mL samples
of toluene solution of different initial concentration (20–
150 ppm) were treated with 50mg of adsorbents. Similarly,
for p-xylene 100mL samples of different initial concentra-
tion (20–100 ppm) were treated with 50mg of adsorbents.
Initial and final concentrations of toluene and p-xylene were
analyzed using gas chromatograph (Model: 7890B, Agilent
Corp., USA) with flame ionization detection (GC-FID) and
chemical oxygen demand (COD: HACH Model DR 3900)
analyzer.

For the analysis using GC-FID, 1 𝜇L sample was injected
in wax column (30m length, 20mm internal diameter).
Temperature was raised from 40 to 100∘C with ramp of
10∘C/minute. Temperature of both the injection point and
FID detector was 250∘C. For COD analysis, 2mL solution of
toluene or p-xylene was added to ready-made vial solution
and heated at 150∘C for 2 hours using the furnace (HACH
Model DRB 200). On completion of digestion, vials were
cooled at room temperature and COD was analyzed using
the spectrophotometer (HACH Model DR 3900). COD was
converted to concentration using (1) and (2) for toluene and
p-xylene, respectively:

Concentration of toluene (mg/L) = COD of sample
3.13

(1)
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(a) (b)

Figure 1: SEM images of (a) pure and (b) iron oxide impregnated CNTs conditions (voltage: 15 kV, resolution: 64 kX, and view field: 3 𝜇m).

Concentration of p-xylene (mg/L)

=
COD of sample
3.16

.
(2)

Percentages of removal and adsorption capacity were calcu-
lated using (3) and (4), respectively:

Removal efficiency (%) =
𝐶𝑜 − 𝐶𝑡
𝐶𝑜
∗ 100 (3)

Adsorption capacity (𝑞) =
(𝐶𝑜 − 𝐶𝑡) 𝑉

𝑚
, (4)

where “𝐶𝑜” is the initial concentration (ppm) at the start of
the experiment (𝑡 = 0), while “𝐶𝑡” is the concentration at time
“𝑡”. “𝑉” is the volume (L) of the solution and “𝑚” represents
the amount (g) of the adsorbent dosage.

3. Results and Discussion

3.1. Characterizations of CNTs

3.1.1. Scanning Electron Microscopy. Figure 1 shows the SEM
images for pure and iron oxide impregnated CNTs. Tubular
geometry of both pure and iron oxide impregnated CNTs was
observed and no damage was indicated in CNTs structures
after impregnation. Iron oxide nanoparticles were observed
in white circles in Figure 1(b). It can be seen that the
dispersion of CNTs has improved after impregnation with
iron oxide nanoparticles. Iron oxide nanoparticlesmight help
to reduce the strong Van der Waals forces between CNTs,
hence leading to their dispersion.

3.1.2. Energy Dispersive X-Ray Spectroscopy. Figure 2 demon-
strates the EDX analysis of the materials. Analysis of the
pure CNTs confirmed the presence of carbon as a main
constituent. Presence of nickel was due to the catalyst par-
ticles used for growing CNTs, while platinum was used as a
sputteringmaterial. Analysis of iron oxide impregnatedCNTs

indicated the presence of iron in addition to the constituents
of pure sample.

3.1.3. Transmission Electron Microscopic Analysis. Figure 3
provides the TEM images for both pure and iron oxide
impregnated CNTs. Highly well-ordered crystalline structure
of multiwall carbon nanotubes was observed in Figure 3(a).
Nickel particles used for growing CNTs were also observed
in the image and indicated with arrows. Figure 3(b) provides
the distribution of iron oxide nanoparticles on the surface of
CNTs. Small and irregular shaped iron nanoparticles were
observed in the sample. It was also observed that particles
are widely distributed on the surface of CNTs with diameter
range of 5–10 nm. At some locations particles also seem
agglomerated making clusters.

3.1.4. Thermogravimetric Analysis. Figure 4 indicates the
TGA for both pure and iron oxide impregnated CNTs. Both
of the TGA curves have two main weight loss regions.
Initial small weight loss of around 2% was attributed to the
evaporation of physically boundwater and some other lighter
impurities. The second, steep and rapid weight loss region
represents the combustion of CNTs. Pure CNTs showedmore
stability and started degrading around 550∘C while degrada-
tion of iron oxide impregnated CNTs started around 500∘C.
Thismay be due to the fact that the impregnation of iron oxide
nanoparticles onCNTs serves as an impurity, hence leading to
steep weight loss at lower temperature [31]. Additionally, iron
oxide nanoparticles reduced the agglomeration of CNTs as
shown in SEM images that might also led to easy degradation
[32]. Around 1% weight of the material was left at the end
of the analysis for pure CNTs. This indicated the presence of
nickel nanoparticles that were used as a catalyst for synthesis
ofCNTs. Iron oxide impregnatedCNTs showedhigherweight
residue of around 7%, which represent the weight of iron
oxide nanoparticles in addition to the nickel catalyst.

3.1.5. X-Ray Diffraction. Figure 5 shows the XRD pattern of
the pure and iron oxide impregnated CNTs. XRD pattern of
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Figure 2: EDX analysis of pure and iron oxide impregnated CNTs.
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Figure 3: TEM images of (a) pure and (b) iron oxide impregnated CNTs.

iron oxide impregnatedCNTs showed additional peaks, when
compared with XRD pattern of pure CNTs.The characteristic
peaks of graphite carbon were seen in both samples at
2𝜃 of 26∘ and 43∘ that represented the presence of CNTs.
Additional peaks of iron oxide in impregnated CNTs sample
are indicated by the representative peaks at 2𝜃 of 35∘ and 52∘
[33].

3.1.6. Surface Area and Pore Size Analysis. Nitrogen adsorp-
tion desorption isotherm curves for pure and iron oxide
impregnated CNTs are shown in Figure 6 and classified
as Type V according to international union of pure and
applied chemistry (IUPAC) classification. Type V indicates
the presence ofmesopores and external sites for adsorption of

molecules on the surface of pure and iron oxide impregnated
CNTs. The hysteresis loop was found of type H3 in each
curve and occurred due to capillary condensation [34].
Table 1 provides the BET surface area of the pure and iron
oxide impregnated CNTs. It was observed that the iron
oxide impregnated CNTs have higher surface area (216m2/g)
compared with pure CNTs (138m2/g). This increase in
surface area of the iron oxide impregnated CNTs might
be due to improved distribution and deagglomeration of
CNTs after attachment of iron oxide nanoparticles which is
in accordance with Type V assumptions of mesopores and
external surface availability for adsorption. Mean pore size
indicates the mesopores for pure and iron oxide impregnated
CNTs. Based on the results presented in Table 1, total pore
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Figure 4: TGA plot of pure and iron oxide impregnated CNTs.

Table 1: Surface and structural parameters of pure and iron oxide
impregnated CNTs.

Physical property Materials
Pure CNTs CNTs-iron oxide

BET surface area (m2/g) 138 216
Total pore volume (cm3/g) 0.61 0.96
Cumulative pore area (m2/g) 145 207
Mean pore radius (A∘) 167 185

volume was 0.61 cm3/g for pure CNTS and 0.96 cm3/g for
iron oxide impregnated CNTs. This higher surface area and
pore volume of iron oxide impregnated CNTs may be useful
for adsorption. Mean pore radius was found in the range of
mesopores for both materials.

3.2. Adsorption Experimentation Results

3.2.1. Effect of Contact Time. Figure 7 provides the effect of
contact time on the removal of toluene and p-xylene using
the pure and iron oxide impregnated CNTs. The removal
efficiency enhanced with increasing contact time for both
pure and and iron oxide impregnated CNTs until equilibrium
was attained. Initially, higher removal was due to plenty
of active sites available that contributed to fast removal of
adsorbate molecules. With the passage of time, the number
of vacant active sites reduced and removal was observed
to decrease. Furthermore, layers of the adsorbed molecules
offer additional resistance to the new molecules to penetrate
through.

Removal of p-xylene was found to be higher compared
with toluene under same experimental conditions, except
initial concentration of 61 ppm for toluene and 48 ppm
for p-xylene. This can be attributed to low solubility and
higher hydrophobicity of p-xylene compared with toluene.
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Figure 5: XRD analysis of pure CNTs and iron oxide impregnated
CNTs.
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Figure 6: Nitrogen adsorption desorption isotherms for pure and
iron oxide impregnated CNTs.

Solubility of toluene is 530mg/L in water while p-xylene has
solubility of 150.5mg/L. Generally, the decrease in solubility
for hydrophobic organic compounds (hydrophobicity based
on log𝐾ow is 2.69 for toluene and 3.15 for p-xylene) leads
to increase in adsorption. Similar trends were reported for
adsorption of benzene, toluene, ethylbenzene, and p-xylene
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Figure 7: Effect of contact time on the removal of toluene and p-
xylene (initial concentration: 61mg/L for toluene and 48mg/L for
p-xylene, adsorbent dosage: 50mg, shaking speed: 200 rpm, pH: 6,
and temperature: 298K).

using various adsorbents in some studies [18, 36]. Further-
more, it was observed that percentage removal efficiency was
almost similar using pure and iron oxide impregnated CNTs
for both toluene and p-xylene after 240 minutes.

3.2.2. Effect of Adsorbent Amount. Figure 8 provides effect of
the adsorbent amount on the removal of both contaminants.
It is obvious that with increasing amount of the adsorbent,
removal of both the toluene and p-xylene increased. Higher
quantity of the adsorbent provided more adsorption sites,
hence leading to higher removal of the contaminants. As
adsorbent dosage was increased from 25 to 100mg, removal
increased from 21 to 48% and from 16 to 52% for toluene
using pure and iron oxide impregnated CNTs, respectively.
Similarly, for p-xylene, by increasing the adsorbent amount
from 25mg to 75mg, removal increased from 66 to 84%
and from 68 to 80% for pure and iron oxide impregnated
CNTs, respectively. Further increase in adsorbent amount
does not affect much removal efficiency because it achieved
the equilibrium adsorption capacity. Similar findings were
also reported elsewhere [37]. Although surface area and pore
volume were higher for iron oxide impregnated CNTs but
it was found that the removal efficiency of both pure and
impregnated CNTs was almost similar for the adsorption of
toluene and p-xylene. With the same amount of the adsor-
bent, p-xylene showed higher removal percentage compared
with toluene which was due to lower solubility and higher
hydrophobicity of p-xylene.

3.2.3. Adsorption Kinetics Study. Adsorption kinetic is one
of the most important factors that govern the solute uptake
rate and represents the adsorption efficiency of the adsor-
bent. Pseudo-first-order, second-order, and Weber-Morris
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Figure 8: Effect of the adsorbent amount on removal of toluene
andp-xylene (initial concentration: 61mg/L for toluene and 48mg/L
for p-xylene, contact time: 2 hr, shaking speed: 200 rpm, pH: 6, and
temperature: 298K).

intraparticle diffusionmodel were used for the kineticsmodel
fitting of toluene and p-xylene adsorption data. Representa-
tive equations of these models are provided below.

The Pseudo-First-Order Model

ln (𝑞𝑒 − 𝑞𝑡) = ln (𝑞𝑒) − 𝑘1𝑡. (5)

The Pseudo-Second-Order Model
𝑡

𝑞𝑡
=
1

𝑘2𝑞
2
𝑒

+
𝑡

𝑞𝑒
. (6)

TheWeber-Morris Intraparticle Diffusion Model

𝑞𝑡 = 𝑘id𝑡
0.5 + 𝐶, (7)

where 𝑞𝑡 and 𝑞𝑒 are the concentrations of contaminants on
adsorbent at time “𝑡” and equilibrium, respectively. 𝑘1 is
pseudo-first-order model constant, 𝑘2 is second-order model
constant, and 𝑘id is intraparticle diffusion model. Figure 9
indicates the fitting of experimental data with kineticsmodels
for toluene and p-xylene.

Table 2 provides the results of the kinetics model fittings
for the adsorption of toluene and p-xylene using pure
and iron impregnated CNTs. It was observed that pseudo-
second-order model was best to describe the adsorption of
toluene and p-xylene using pure and iron impregnated CNTs.
The values of regression coefficient (𝑅2) were highest for
pseudo-second-order model ranging from 95 to 97% except
for toluene adsorption using iron oxide impregnated CNTs
with value of 80%. The experimentally calculated values of
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Figure 9: Adsorption kinetics model fitting using (a) pseudo-first-order, (b) pseudo-second-order, and (c) intraparticle diffusion model for
toluene and p-xylene.

adsorption capacities were in good combination with the
values obtained from pseudo-second-order model fitting.
It was also noted that fitting of data using intraparticle
diffusion model was linear but does not pass through the
origin; therefore intraparticle diffusion is not a sole rate
controlling step. Therefore, the overall adsorption kinetics
might be dependent on the boundary layer diffusion in
addition to the intraparticle diffusion. Similar trends were
reported elsewhere [38].

It can be observed that p-xylene has higher values of the
constants. This might be due to the introduction/presence
of additional methyl groups in the p-xylene which may help
in faster removal. One more interesting observation was

that percentage removal of p-xylene was higher compared
with toluene but the adsorption capacities are lower for p-
xylene using both adsorbents, which was due to lower initial
concentration of p-xylene used for kinetics data as described
in Section 3.2.1.

3.2.4. Adsorption Isotherms Study. Adsorption equilibrium
data of the toluene and p-xylene using pure and iron oxide
impregnated CNTs was fitted with Langmuir, Freundlich,
and D-R isotherm model. These models have been widely
used to study the adsorption of various adsorbates on CNTs.
Nonlinear forms of these models were used to avoid the
error due to linearization. Langmuir model best describes
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Table 2: Adsorption kinetics parameters of toluene and p-xylene adsorption.

Model Parameters Toluene p-xylene
Pure CNTs CNTs-iron oxide Pure CNTs CNTs-iron oxide

𝐶𝑜 60.70 60.70 47.78 47.78
Experimental 𝑞𝑒,experimental 76.04 79.87 81 79.11

Pseudo-first-order
𝑘1 (min−1) ∗ 10−3 5.3 3.1 4.7 4.2
𝑞𝑒,calculated 7.43 6.94 4.92 5.10
𝑅2 (%) 95 80 97 97

Pseudo-second-order
𝑘2 (gmg−1min−1) ∗ 10−4 0.69 0.32 3.9 3.1
𝑞𝑒,calculated 107.53 128.21 87.72 86.96
𝑅2 (%) 98 80 99.9 99.7

Intraparticle diffusion model
𝑘id (gmg−1min−0.5) 4.04 4.51 1.96 1.97

𝐶 4.74 −6.99 46.66 43.23
𝑅2 (%) 91 93 85 96

Table 3: Isotherm models parameters for toluene and p-xylene adsorption.

Model Parameters Toluene p-xylene
Pure CNTs CNTs-iron oxide Pure CNTs CNTs-iron oxide

Langmuir
𝐾𝐿 (L/mg) 0.005 0.002 0.008 0.003
𝑞𝑚 (mg/g) 127.94 381.18 219.51 458.52
𝑅2 (%) 98.5 97.6 99.7 99.4

Freundlich
𝐾𝐹 (mg/g)/ (mg/L)𝑛 0.71 0.79 3.18 1.93

𝑛 1.08 0.99 1.32 1.11
𝑅2 (%) 98.3 97.6 99.5 99.3

Dubinin-Radushkevich (D-R)

𝑞𝑚 (mg/g) 24.62 39.11 76.32 100.58
B (mole2/kJ2) 72.87 99.73 99.81 349.98
𝐸𝑎 (kJ/mole) 0.08 0.07 0.07 0.04
𝑅2 (%) 99.2 99.2 99 98.4

the monolayer adsorption while Freundlich model provides
information about heterogeneous adsorption on adsorbent
surface [39]. Representative equations of the isothermmodels
are presented below.

Langmuir Isotherm Model

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

. (8)

Freundlich Isotherm Model

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛. (9)

D-R Isotherm Model

𝑞𝑒 = 𝑞𝑚𝑒
−𝐵𝜀

2

, (10)

where 𝐶𝑒 and 𝑞𝑒 are the concentrations of contaminants
in water and in adsorbent at the adsorption equilibrium,
respectively. 𝑞𝑚 is the maximum adsorption capacity; 𝐾𝐿
is the adsorption equilibrium constant of Langmuir model;
𝐾𝐹 and 𝑛 are Freundlich constants related to the adsorption
capacity and surface heterogeneity of the adsorbents, respec-
tively. Figure 10 represents the fitting of data with isotherm

models while adsorption parameters and regression data of
the models are presented in Table 3. Regression coefficient
(𝑅2) has almost equal value for the Langmuir and Freundlich
model for the adsorption of both toluene and p-xylene on
pure and impregnated CNTs. It is evident from the results
that values of rate constants 𝐾𝐿 and 𝐾𝐹 were higher for
p-xylene compared with values for toluene, which can be
attributed to low solubility and higher hydrophobicity of p-
xylene. Lower solubility of p-xylene in water might be helpful
in providing more attraction towards CNTs surface and fast
adsorption rate. Values of “𝑛” are close to 1 in all cases which
indicates the suitable and uniform adsorption of toluene and
p-xylene. Activation energy “𝐸𝑎” was calculated using D-R
isotherm model fitting. It was found that values are less than
1 which indicates physical adsorption of toluene and p-xylene
molecules on the surface of adsorbents. This phenomenon
can be helpful in easy regeneration of adsorbents for reuse.

3.2.5. Comparison with Existing Literature. Comparison of
adsorption capacity for removal of toluene and p-xylene
using single wall carbon nanotubes (SWCNTs), multiwall
carbon nanotubes (CNTs), and modified CNTs is shown in
Table 4. It is observed from the results of Table 4 that iron
oxide impregnated CNTs have relatively higher adsorption
capacity comparedwith other adsorbents previously reported
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Figure 10: Adsorption isotherm model fitting using (a) Langmuir, (b) Freundlich, and (c) D-R model for toluene and p-xylene.
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Table 4: Comparison of adsorption capacity of different CNTs based adsorbents for toluene and p-xylene removal.

Adsorbent Adsorption capacity (mg/g) Conditions References
Toluene p-xylene

CNT (NaOCl) 279.8 413.77 pH 7, T 298K [20]
SWCNT — 77.5 pH 5.4, T 298K [22]
SWCNT (HNO3) — 85.5 pH 5.4, T 298K [22]
CNTs-KOH 87.12 — pH 7, T 293K [19]
CNT 80.1 147.8 pH 7, T 298K [35]
CNT (NaOCl) 252.1 318.3 pH 7, T 298K [35]
Pure CNTs 127.94 219.51 pH 7, T 298K This work
CNTs-iron oxide 381.18 458.52 pH 7, T 298K This work

in literature. CNTs impregnated with iron oxide can be good
adsorbent for removal of toluene and p-xylene from large
volume of water.

4. Conclusions

Wet impregnation technique was used for synthesizing iron
oxide impregnated CNTs. Materials were characterized using
SEM, EDX, TGA, XRD, and nitrogen adsorption desorp-
tion analysis. Removal of toluene and p-xylene was car-
ried out in batch experiments and effect of contact time,
adsorbent amount, and initial concentration was studied.
Results demonstrate higher removal of p-xylene compared
with toluene under almost similar experimental conditions.
Kinetic studies show that adsorption of toluene and p-xylene
obeys a pseudo-second-order model. Adsorption isotherms
study indicated that Langmuir and Freundlich isotherm
models demonstrate very good fit with experimental data.
Adsorption capacity of p-xylene was calculated using Lang-
muir model fit as 219mg/g and 458mg/g for pure and
iron oxide impregnated CNTs while it was 127mg/g and
381mg/g for toluene adsorption using pure and iron oxide
impregnated CNTs.
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Although nanoparticles (NPs) have made incredible progress in the field of nanotechnology and biomedical research and their
applications are demanded throughout industrial world particularly over the past decades, little is known about the fate of
nanoparticles in ecosystem. Concerning the biosafety of nanotechnology, nanotoxicity is going to be the second most priority
of nanotechnology that needs to be properly addressed. This review covers the chemical as well as the biological concerns about
nanoparticles particularly titanium dioxide (TiO

2
) NPs and emphasizes the toxicological profile of TiO

2
at the molecular level in

both in vitro and in vivo systems. In addition, the challenges and future prospects of nanotoxicology are discussed that may provide
better understanding and new insights into ongoing and future research in this field.

1. Introduction

In the last decade, nanoscience has flourished a lot with
rapidly advancing nanotechnology and its wider applications
[1]. Nanomaterials (NMs) are being and have been exclusively
developed and extensively used in a wide variety of products,
including medicine, industry, personal care products [2, 3],
cosmetics [4], sunscreens [5], toothpastes [6], paints, optics
and electronics [7, 8], photocatalysts, antiultraviolet light
agents [9], food packaging, medical devices, bandages, cloth-
ing, dental restoration material and water treatment facilities
[10, 11], antibacterial agents [12], drug delivery systems,
artificial organ, and tissue adhesives [13], and for cancer cells
apoptosis under UV irradiations (Figure 1) [14]. Moreover,
the nanoparticles (NPs) are eminent candidates to overcome
drug resistance posed by microorganisms, a major challenge
to scientific community [15]. Currently, more than 1000
products or product lines in market contain NPs [16, 17], and
it has been estimated that the engineered NMs had reached
2.5 trillion US$ annual profit by 2015 [17]. Nevertheless, the

consequently increasing interactions of NPs with biological,
chemical, and ecosystems have raised concerns regarding
their general and occupational health and safety profiles. The
NPs enter the environment and affect both biotic and abiotic
components of the ecosystem [18], including human beings
[19]. The aquatic ecosystem has also been contaminated with
NPs and their negative impacts suppress the immune system
of fish and invertebrates [10].

Among the NPs, titanium dioxide NPs (TiO
2
NPs) are

one of the most highly manufactured and widely used in
the world [20]. TiO

2
is a well-known semiconductor and

a versatile compound that exists in three crystalline forms,
anatase, rutile, and brookite [14, 21], which can only be
activated with UV light due to its high band gap energy
(3.0 eV for rutile phase and 3.2 eV for anatase phase). The
anatase and rutile forms have natural and industrial impor-
tance, while the brookite is rarely used. Generally, anatase
is more toxic than rutile and, unfortunately, being used
abundantly [21, 22].Many researchers have contributed to the
use of TiO

2
NPs in in vitro and in vivo systems. However,
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Figure 1: Nanoparticles containing products and their entrance ways into the biological system.

there is a lack of an overall evaluation of their toxicological
effects in terms of harmful interactions with the biological
and chemical systems and the environment. This review,
therefore, specifically intends to provide a brief insight into
the toxicological profile of TiO

2
NPswith respect to biological

and ecosystems.

2. Confliction about the Toxicological
Impacts of TiO2 NPs

TiO
2
is known for long time as “the environmental white

knight” due to its limited toxicity [23], inertness, and bio-
compatibility [8, 24]. The lethal dose at 50% concentration
(LD
50
) of TiO

2
is greater than 10 g/kg [25], and it has been

approved as a food additive since 1996 by the Food and Drug
Administration (FDA).The FDA and Environmental Protec-
tion Agency (EPA) have specified 50 𝜇g/kg body weight/day
of nano-TiO

2
(nTiO

2
) as safe dose for humans (Title 21,

volume 1, revised as of April 1, 2014). Moreover, the European
Commission’s Scientific Committee on Food (SCF), the Joint
Expert Committee on Food Additives of the Food and Agri-
culture Organization/World Health Organization (JECFA),
and the European Food Safety Authority (EFSA)’s Scientific
Panel on Food Additives, Flavorings, Processing Aids and
Materials in Contact with Food have also approved the daily
intake of nano-TiO

2
in general food stuff. Looking from

the perspective of potential adverse health effects, several
experimental and epidemiological data have demonstrated
that TiO

2
is biologically inactive and physiologically inert,

exhibiting relatively low toxicity, thus posing low risk to
humans [26]. For example, in a study of chronic toxicity
and carcinogenicity, a total of Fischer 344 rats and B6C3F1
mice at concentration of 0, 25000, and 50000mg TiO

2
/kg

diet for 103 weeks (2 years) showed no significant toxicity.
In the same study, TiO

2
coated mica at 0, 1, 2, and 5% in

Fischer 344 rats for 130 weeks (2 and half years) had no
toxicological or carcinogenic effects [27]. Furthermore, the
intraperitoneal injections (IP) of TiO

2
NPs (5mg/kg) for 14

days caused no significant adverse effects on mouse kidney
[28]. Similarly, both the JECFA and EFSA evaluations of TiO

2

showed that there is no absorption or tissue storage of TiO
2
,

as well as no health hazard effects for occupational workers
and public health by Material Safety Data Sheets (MSDS)
[8]. In addition, the World Health Organization (WHO)’s
Environmental Health states that “titanium compounds are
poorly absorbed from the gastrointestinal tract, which is the
main route of exposure for the general population” (WHO
1982), and they pose low hazard potential in mammals or
aquatic species (Daphnia magna, Oncorhynchus mykiss) [29].
Keeping in view the above-mentioned data, it is obvious to
accept that the TiO

2
NPs are health friendly and nontoxic to

biological environment.
Contrarily, the Scientific Committee on Consumer Safety

(SCCS) has described the genotoxic, carcinogenic, and pho-
tosensitization behavior of TiO

2
NPs (SCCS/1516/13), and

several in vitro and in vivo studies have shown the adverse
effects of TiO

2
NPs in biological systems [30, 31]. Recently,

Yin et al. [8] have shown that all the molecular sizes
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and crystal forms (anatase and rutile) of nTiO
2
may cause

phototoxicity [mainly caused by reactive oxygen species
(ROS)] under UV irradiations [8] and exert acute toxicity
in mice at different dosages of 0, 324, 648, 972, 1296,
1944, or 2592mg/kg body weight [32]. ROS may further
upregulate the inflammatory cytokines and apoptosis-related
genes [24, 33, 34], inhibit the heat shock proteins (HSP)
[24, 35], and cause neuroinflammation (Figure 4) [36]. The
small size (10–20 nm) TiO

2
NPs may induce oxidative DNA

damage, lipid peroxidation, and increased hydrogen peroxide
(H
2
O
2
) and nitric oxide production in BEAS-2B cells (human

bronchial epithelial cell line) without photoactivation [35,
37]. Collectively, on the basis of above-described data, it
seems that there is no clear-cut evidence regarding the safe
dose of TiO

2
NPs and great attention is needed while dealing

with these nanomaterials.

3. Biological Perspective

NPs, being the advent of nanotechnology, have great impact
on the environment. Their production and consumption are
increasing day by day, which ultimately has increased the
contact chances of NPs with the environment. How do these
NPs enter the biological system? What mechanism do they
follow?Andwhat are the consequences to the cell viability? To
answer these questions, one needs to look very carefully while
dealing with NPs in in vivo or in vitro studies as discussed in
detail in the next sections.

3.1. Biological Uptake of TiO2 NPs and Their Entry into the
Human Cells. The cellular responses toward NPs depend
not only on the properties of NPs, but also on the genetic,
transcriptomic, and proteomic landscape of the target cells,
imparting different cytotoxic and genotoxic outcomes in var-
ious cell types [38]. TiO

2
NPs enter the human body through

several ways, including inhalation, ingestion (food stuffs
and daily use materials), skin uptake (through skin lesions),
and medical injections [39], and may be distributed to
different body organs through circulatory system (Figure 1).
After internalization, the TiO

2
NPs interact with cytoplasmic

proteome and bring posttranslational modifications, such
as acetylation (A549 cells), by oxidative stress and other
mechanisms (Figure 3) [39, 40]. They reach the periregion
of nucleus, impede the function of endoplasmic reticulum,
and block the nuclear pore or enter the nucleus. Inside
the nucleus, they interact with DNA [35] and cause the
upregulation of cytokines-, oxidative stress-, and apoptosis-
related genes [23, 24, 37]. Meanwhile, the defense system of
the cell responds in such a way that the first-line defense is
provided by superoxide dismutase (SOD) and catalase (CAT)
against oxygen toxicity (ROS), and neutrophils participate
against foreign particles (discussed in NETosis pathway in
Section 3.2). The transformation of oxy-radicals occurs, such
that superoxide radical ∙O

2

− is dismutated to O
2
and H

2
O
2

by catalytic activity of SOD enzyme and, then, CAT converts
the H

2
O
2
into water and oxygen. Oxidative stress (ROS)

pathway is one of the mechanisms through which TiO
2
and

Ag NPs exert their toxic effects and disturb the life cycle of

Stimulated neutrophils

Nano-Ti

Superoxide ions

NETs release

NETosis cell death

ROS

H2O2 O2

O2

Unknown pathways
??

Figure 2: Nano-TiO
2
-induced NETosis cell death pathway.

Drosophila via enhanced ROS generation and DNA damage
that lead to related adverse consequences (Figure 3) [7, 41].
In sertoli cells (testicular), the exposure of TiO

2
NPs (2.5,

5, or 10mg/kg body weight) may cause severe testicular
oxidative damage, apoptosis, ROS generation, and lipid per-
oxidation. TiO

2
NPs may also cause suppression of SOD,

CAT, glutathione peroxidase (GPx), glutathione S epoxide
transferase (GST), glutathione reductase (GR), Cytochrome
P450, Family 1, Subfamily B, Polypeptide 1 (Cyp1b1), carbonic
anhydrase III (Car3), Bcl-2, acetyl-coenzyme A acyltrans-
ferase 2 (Acaa2), and Axin upregulated 1 (Axud1) in mouse
testis, while enhancing the expression of apoptotic genes in
mouse testis [42]. Moreover, the reverse correlation between
ROS generation and reduction of glutathione (GSH) in
human hepatocellular carcinoma cell line (SMMC-7721), rat
hepatocarcinoma cell line (CBRH-7919), human liver cell line
(HL-7702), and rat liver cell line (BRL-3A) has shown the
toxicity of TiO

2
NPs [13].

3.2. NETosis Pathway. Neutrophils, the first line of immune
defense, have the ability to extrude their DNA (either
mitochondrial or nuclear) along with bactericidal, fungal,
and protozoal pathogen molecules, thus creating neutrophils
extracellular traps (NETs) and releasing them to the extra-
cellular environment. The NETosis pathway is elicited by
respiratory burst and ROS generation, causing release of
NETs due to formation of superoxide ions. The H

2
O
2
in

phagosome consequently leads to NETs release and NETosis
via triggering of the downstream signaling pathways (Fig-
ure 2). Exposure of neutrophils to nTiO

2
may lead to an

increased oxidative burst that coincides with NETs release
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as a consequence of which p53 is upregulated, which further activates Bax (promoter of apoptosis) and inhibits Bcl2 (inhibitor of Bax).



Bioinorganic Chemistry and Applications 5

NETosis

ROS

GSH

PMN p38 MAPK

NF-𝜅B, TNF-𝛼, TGF-𝛽, IFN-𝛾, CXCL-2, IL-1, IL-1𝛽, IL-2,
IL-4, IL-6, IL-8, IL-10, IL-18, and so onNF-𝜅B

Inflammation
Necrosis

Apoptosis

ERK 1/2
or

JNK pathway
Hsp70

Reduced
detoxification

Tissue injury/
Cell death

Apoptosis

TiO2 NPs

pathway

pathway

Figure 4: Nano-TiO
2
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cytokines that in turn lead to inflammation and consequent necrosis or apoptosis mechanism of cell death. Decreased detoxification due to
CYP1A and HSP70 decline also leads to tissue injury or cell death.

[43]. The NETosis is often accompanied by cell death in
order to control and limit extracellular infections, which
may otherwise cause complicated human diseases, including
sepsis and autoimmune disorders [44, 45].

3.3. Apoptosis Mediated by TiO2 NPs. Generally, cells remain
under constant threats from the cytotoxic and mutagenic
effects of DNA damaging agents comprising endogenous
(e.g., ROS) and exogenous (such as UV light, ionizing radi-
ations, and other agents like chemicals in foodstuffs, water,
or air) or both. Upon DNA damage, the cells undergo either
DNA repair or cell cycle arrest leading to apoptosis [46].
Apoptosis is the best described mechanism through which
NPs may exert their toxic effects inducing (a) an intrinsic
pathway, mediated by mitochondria, or (b) an extrinsic
pathway, mediated by death receptors.

TiO
2
NPs have been shown to induce apoptosis via intrin-

sic pathway in human bronchial epithelial cell line (BEAS-
2B), independent of caspase 8/t-Bid (involved in extrinsic
pathway), by enhancing ROS level and proinflammatory
responses [28, 33]. During this pathwaymitochondrial mem-
brane permeability is enhanced because of caspase-3 release

and subsequent PARP cleavage and release of cytochrome
C, followed by induction of caspase-9 and caspase-3 (effec-
tor caspases) of apoptosis-inducing factor. The genotoxic
effect of TiO

2
NPs upregulates p53 gene that promotes the

expression of Bax genes by suppressing Bcl-2 family regulator
proteins, thus making an ease for opening the mitochondrial
channels and release of cytochrome C (Figure 3) [7, 37,
47]. The accumulation of TiO

2
NPs in mouse neurons

manifests the apoptotic markers such as nuclear shrink-
age and chromatin condensation [47]. Furthermore, TiO

2

NPs may cause the upregulation of oxidative-stress-related
genes, including heme oxygenase-1, thioredoxin reductase,
glutathione-S-transferase, and cytokines such as interleukin-
(IL-) 1, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IL-18, and
IL-1𝛽, transforming growth factor- (TGF-) 𝛽, tumor necrosis
factor- (TNF-) 𝛼, and interferon- (IFN-) 𝛾 (Figure 4), which
may cause inhibition of HSP70. The IL-8 gene expression is
induced via p38 mitogen-activated protein kinase (MAPK)
pathway and/or extracellular signal (ERK) pathway [24,
35]. Similarly, the intragastric exposure of TiO

2
(2.5, 5,

and 10mg/kg) in mouse may lead to their accumulation
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in kidneys, inducing necrosis and inflammatory responses
(Figure 3) [24].

3.4. Phototoxicity and Genotoxicity. TiO
2
NPs induce pho-

totoxicity upon UV irradiations. They have been shown
to induce apoptosis by activating apoptosis-inducing factor
(AIF) in human keratinocyte cells [48], as well as in retinal
pigment epithelial cells (Figure 3) [2]. Moreover, TiO

2
NPs

have been demonstrated to cause pericardial oedema andpre-
mature hatch of Japanese medaka (Oryzias latipes) embryos
when treated with aqueous suspensions at 0 and 14 𝜇g/mL
[49].

The genotoxicity of TiO
2
NPs attributes to ROS gener-

ation and oxidative stress in human epidermal cells, which
elicits signal transduction pathways leading to apoptosis or
cellular death [33]. They have been shown to induce DNA
double-strand breakage in bone marrow and human amnion
epithelial (WISH) cells, as well as inmice in a dose-dependent
manner, leading to cell cycle arrest [50–52]. The induction
of ROS may reduce NADH levels, impairing mitochondrial
membrane potential (ΔΨm) and causing mitochondrial dys-
function [53]. The exposure of TiO

2
and Al

2
O
3
NPs may

also cause genotoxic effects in Chinese hamster ovary after
24 h treatment [54]. The genotoxicity, apoptosis, and mitotic
arrest are caused by both nano- and microparticles of TiO

2

in various tissues of mice [4], as mentioned by SCCS in 2013
(SCCS/1516/13) (discussed in Section 2).

In human lymphocytes, TiO
2
NPs have been found geno-

toxic at a dose of 0.25mM probably by the lipid peroxidation
mechanism and at 4mM to Allium cepa [55]. The viability
of human epidermal cells was significantly decreased due
to DNA damage, micronucleus formation, and reduction in
glutathione [14]. They were readily uptaken by A549 cells
(carcinomic human alveolar basal epithelial cells) in vitro.
However, such rapid uptake was in contrast with a very low
oral absorption in a differentiated Caco-2 monolayer system
(human epithelial colorectal adenocarcinoma cells) and after
oral gavage administration to rats [56]. The calculation of
uptake, dispersion, and biological effects of ingested NMs
is complicated in vivo due to interindividual differences in
the composition, pH, thickness of the mucus layer, gastroin-
testinal flora, and gastrointestinal passage time [57]. The in
vitro studies of NPs interactions are unrealistic and may not
indicate the actual fate of NPs, while in in vivo studies, the
biological molecules are absorbed on the surface of NPs,
changing their biokinetics and the consequent fate of the
biomolecules in natural environment [58].

3.5. Neurotoxicity. Brain tissues are more susceptible to
oxidative stress-induced damage because of high metabolic
rate, cellular content of lipids, proteins, and extensive axonal
and dendritic networks, and low levels of endogenous scav-
engers. After exposure of TiO

2
NPs, the integrity of blood

brain barrier (BBB) is badly affected due to persistence of
NPs in endothelial cells or via infiltration of immune cells,
resulting in breakdown of BBB. In an experimental study, the
TiO
2
NPs have been demonstrated to cause injury to neurons

via JNK/p53-mediated-apoptosis and ROS generation, which
activated downstream p53/p21 pathway, causing G2/M arrest

in in vitro model of dopaminergic neurons (PC12 cell)
(Figure 3) [21, 59]. In another study, the TiO

2
NPs were

found to enter the brain via olfactory bulb and reside in the
hippocampus region, damaging mitochondria and inducing
oxidative stress in rat and human glial cell lines [60]. The
anatase nano-TiO

2
are more toxic to neuronal cells than

rutile [21]. Whether these findings have definite neurotoxic
implications needs further investigations.

3.6. Respiratory Toxicity. The exposures of NMs via inhala-
tion (occupational and/or environmental) may affect the
respiratory tract, resulting in an increased risk of lung cancer,
fibrosis, blockage of interalveolar areas, and presence of
inflammatory cells [17, 61]. The natural and engineered NPs
penetrate the lungs through inhalation, reach different body
organs via the blood circulatory system [51], and upregulate
the inflammatory proteins (MIP and MCP) and genes of
MHC class I via Th2-mediated pathway [62]. The IFN-
𝛾 is preferably released from Th1 cells and induces NPs-
triggered cellular immune response along with ROS produc-
tion in macrophages. They also elicit the expression of GTP-
cyclohydrolase I (GCH-I) enzymes, which lead to formation
of neopterin, and of indoleamine 2,3-dioxygenase (IDO)
(first step is catalyzing enzyme in tryptophan breakdown by
kynurenine pathway). The intratracheal exposure of TiO

2

NPs in mouse may result in their substantial accumulation
in lungs, causing bleeding and inflammation [34, 63]. The
mutagenic potential of TiO

2
NPs has been revealed by the

treatment of pUC19/lacZ− plasmid with different concentra-
tions of TiO

2
NPs (average size 30.6 nm) and subsequent

transfection of CaCl
2
-induced competent DH5𝛼 cells, which

showed loss of transfection efficacy of the plasmid in compar-
ison to untreated ones [64].

In a cytoplasmic proteome study involving human
monocyte-derivedmacrophages, the abundancies of chloride
intracellular channel protein 1, cathepsin D, and lysine acety-
lation were observed after exposure to nTiO

2
[40]. Recently,

Sheng et al. [65] have demonstrated the significant alterations
in the expressions of 1041 genes involved in different types
of processes, including immune/inflammatory responses,
apoptosis, oxidative stress, stress responses, metabolic pro-
cesses, ion transport, signal transduction, and cell prolifer-
ation/division and translation, in mice spleen [65].

TiO
2
also caused lung cancer in rats after oral adminis-

tration of 160 and 33 nm particles at doses of 40, 200, and
1000mg/kg body weight [4]. The ultrafine TiO

2
(UF-TiO

2
),

less than 100 nm in diameter, induced pulmonary fibrosis,
lung tumor, and genotoxicity in rats [66, 67]. Similarly, the
NMs may also cause damage to liver cells during cleansing
of toxins and pollutants in body. Furthermore, the TiO

2
NPs

may cause hepatotoxicity in human hepatocellular carcinoma
cell line (SMMC-7721), human liver cell line (HL-7702), rat
hepatocarcinoma cell line (CBRH-7919), and rat liver cell
line (BRL-3A), which may be associated with changes in
cellmorphology, increased intercellular ROS production, and
decreased GSH levels at 0.1–100 𝜇g/mL [13].

3.7. Aquatic Nanotoxicity. The in vitro studies have raised
concerns about the toxicity of TiO

2
NPs in mammalian, but
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there are limited data on ecotoxicity to aquatic organisms.The
heaping of NPs to sewage increases due to their excessive use
in industry and commerce [68]. The engineered nanoparti-
cles (ENPs) intermingle with various toxins, includingmetals
in sediments and water phase, making agglomerates and
resides [69], and causing damage to aquatic organisms [55].
The exposure of adult zebra fish to 1.0mg/L TiO

2
(both NP

and bulk) for 21 days has been shown to lower the number
of viable embryos [70] and inhibit the growth of goldfish
(Carassius auratus) [71]. Similarly, the exposure of nTiO

2

suspensions (100 and 200mg/L) to carp (Cyprinus carpio)
may cause a decrease in SOD, CAT, and POD, while inducing
a significant increase in LPO levels in the liver [72]. The
combined exposure of anatase and rutile NPs to freshwater
microalgae, Chlorella sp., at 0.25, 0.5, and 1mg/L under UV
irradiations has been demonstrated to reduce the cell viability
and chlorophyll content [22]. TiO

2
has also adverse impacts

on the survival, growth, and reproduction ofD. magna. It has
been determined that exposure of anatase (21 nm) particles
is more toxic to D. magna as compared to anatase (250 nm)
and rutile (500 nm) particles [73]. Therefore, the study of
adverse effects of various NMs on aquatic species is necessary
to assess their potential environmental hazardous effects.

4. Interactions of NPs in Ecosystem

The clean air is not only of scientific, environmental, and
physiological importance but a basic need for living a healthy
life. The chemicals and biological attacks may pose risk to
human health and environment [74]. In this regard, the dan-
gers of NPs to human health and environment have increased
due to the prompt growth in nanotechnology.The adsorption
of noxious pollutants on NPs has been extensively studied.
In environment, the NPs always amalgamate with other
pollutants. The interactions between conventional pollutants
with NPs and their impact on environmental components
are little considered. The heaping of NPs to sewage increases
due to their excessive use in industry and commerce [68].
The chance of association of organic materials, including tox-
icants, increases with the aggregation of NPs in water. Hence,
the bioavailability of these materials is altered. Thus, extra
toxicological concerns are needed in presence of NPs [75].

The workers involved in the production of TiO
2
NPs

may have significant risk on cytotoxicity response at rel-
atively high airborne concentrations of anatase TiO

2
NPs

[76]. Widespread use of nTiO
2
may intensify the threat

of combined exposure of nTiO
2
with other environmental

pollutants. The mixing of different compounds may bring
astonishing toxic effects, even if the toxicities of the individual
compounds are well known. For example, when bisphenol
A (BPA) combines with nTiO

2
, it facilitates the movement

of nTiO
2
into exposed cells, causing synergistic toxicity by

oxidative stress, inducing DNA double-strand breaks and
micronuclei formation [77]. The growth inhibition of fresh
water algae (Pseudokirchneriella subcapitata) was increased
by the interaction of Cd(II) species with TiO

2
[78]. Similarly,

the adsorption of Cd(II) onto nTiO
2
was enhanced by coating

humic acid (HA) on nTiO
2
[79].The anataseNPs are superior

sorbents than activated carbon and other metal oxide NPs

[80]. The TiO
2
and Al

2
O
3
NPs enter the Chinese hamster

ovary (CHO-K1) cells through endocytosis and attack on
lysosomal andmitochondrial activities, thus causing cytotox-
icity and genotoxicity as well as a decrease in cell viability
[54].

The hydroxylated fullerenes/C60 (OH) 24 exert syn-
ergistic stimulative effect on genes related to circadian
rhythm, vesicular transport, kinases, and immune responses
in zebrafish embryos [81], while the presence of nitrite with
TiO
2
enhances the induction of apoptosis-related genes via

NO signaling pathway [48].

5. Chemical Perspective

From chemical perspective, TiO
2
NPs show phototoxic

effects upon UVA irradiations. Upon photon energy absorp-
tion, the electrons of the NPs jump from valence band to the
conduction band, leaving the valence band holes. Hydroxyl
radicals (∙OH) are produced when valence band holes take
electrons from water or hydroxyl ions and other ROS such
as singlet oxygen (1O

2
) and superoxide (∙O

2

−) are also
produced by different mechanisms. Free radicals (∙OH and
carbon centered free radicals) are also generated in dark.The
generated ROS may be genotoxic or cytotoxic, affecting cell
viability (Figure 3).Hence, TiO

2
NPs are toxic to living system

both in the presence and absence of light via generation of free
radicals [2].

6. Effect of Exposure Time and Dose on
Toxicity of TiO2 NPs

The primary particle size (the size of particle at the time of
injection) of TiO

2
NPs is not as important as that of secondary

particle size (the size of particle after agglomeration) for in
vivo toxicity. Likewise, the physicochemical characteristics
and time of exposure of NPs before the toxicological study
are important [82]. The dietary exposure of nTiO

2
for 3 or 14

days may cause hazards to the terrestrial invertebrates [83].
Intratracheal instillation to rats with 0.5, 5, or 50mg/kg of 5,
21, and 50 nm TiO

2
primary particles, respectively, has been

demonstrated to exhibit dose-dependent toxic responses. In
the sameway, intraperitoneal injection of TiO

2
NPs (5mg/kg)

for 14 days did not have considerable effect on mouse kidney
and the nephric dysfunction; however at doses of 50, 100, and
150mg/kg bodyweight, it significantly induced inflammatory
response and abnormal functions of kidney in mice.

Short-term exposure of TiO
2
NPs may have low-to-

medium ecological hazards on zebrafish [23]. Nano-TiO
2

exposure for 3 h causes highest production of ROS in cyto-
plasm while at 24 h exposure ROS is only produced in
perinuclear region due to aggregation [35].

Nano-TiO
2
accumulation occurs around the nucleus for

up to 25 days in retinal pigment epithelial cells after a single
low-level long-term exposure [2]. The cytotoxicity in normal
liver and carcinomatous liver cells of either rat or human
increases as the time of exposure increases, even a low con-
centration of nTiO

2
may induce higher toxicity with increase

in time of exposure [13]. In long-term exposure, TiO
2
NPs
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may cause pronounced adverse effect (growth inhibition and
loss in liver weight) on zebrafish in time- and dose-dependent
manner in vivo. It has also been shown that TiO

2
NPs

exposure for 6 months to zebrafish may elicit pronounced
toxic consequences like organ injury, behavior alterations,
mortality, and organ distribution at higher concentration
[23]. Furthermore, at long-term exposure, TiO

2
accumulates

in the cell and causes toxic effects which are not evident
at short-term exposure [84]. Several cell lines exposed to
higher concentrations (100𝜇g/mL of TiO

2
) may exhibit

morphological changes such as cell shrinkage or nuclear
condensation [35]. The exposure of differentiated murine
J774.2 macrophages to 1 𝜇g/mL concentration may have no
considerable effects on cell proliferation, while at concen-
tration 10 𝜇g/mL it may exhibit significant cytotoxic effects
[12]. Unnithan and colleagues have shown that fine nano-
TiO
2
(∼20 nm) at 40mg/kg cause biochemical perturbations

in Wistar rats [85]. Conclusively, the NPs even at their non-
cytotoxic doses may have pathophysiological concerns [28].

7. Effect of Size and Shape on
Toxicity of TiO2 NPs

Themajor physicochemical properties to evaluate the toxicity
are size, shape, surface area, phase, composition, coating,
nature of surface, and agglomeration of NPs [16, 86].The size
and surface area of NPs may be responsible for their toxicity,
but most of the studies do not reveal the relationship between
physiochemical characteristics of NPs and their toxicity
[82]. For example, 25 nm anatase and 31 nm anatase/rutile
show greater phototoxicity than 142 nm anatase and 214 nm
rutile NPs [2]. All the sizes and crystal forms (anatase
and rutile) of TiO

2
NPs exert toxic (phototoxic) effects on

human skin keratinocytes under UVA irradiations in a dose-
dependent way. The smaller size nTiO

2
may cause greater

cytotoxicity than larger size NPs, and anatase form may
showmore phototoxicity than rutile [8, 84]. Furthermore, the
NPs (rod and sphere) of smaller size show higher toxicity
than larger particles. Moreover, the nanorods exhibit more
toxicity than spherical particles having the same size and
surface area, showing the contribution of shape toward
cytotoxicity [16]. The Ag (20 and 200 nm) and TiO

2
(21 nm)

NPs are significantly taken up by human epithelial, hepatic,
and undifferentiated monocyte cells, resulting in decline of
metabolic activation and cell death enhancement [87].

8. Conclusion and Future Perspectives

Concerning the biosafety of nanotechnology, nanotoxicity
is going to be the second most priority of nanotechnology.
The different responses toward the NPs in ecosystem may be
very complex and diverse, involving a variety of parameters,
demonstrating their difficult environmental fate [88]. In addi-
tion, the environmental hazards of ENPs can be documented
by knowing their behavior and fate in the natural aquatic
system [89].

To date no product (medicinal or food stuff) is available
with 100 percent purity and efficiency, but for the safer use of

nanosized particles with no or minimal hazardous effects on
environment, the detailed understanding about their sources,
interactionswith environment, biodegradability, and possible
risk assessment are utmost requirement prior to use. In
addition, the interactions of NPs with biological molecules
and their adverse effects need to be fully understood prior to
their approval in clinical trials.

The cellular responses and toxicity produced by TiO
2
NPs

depend on the surface/mass ratio, purity, crystallinity, surface
reactivity, adsorbed groups, coatings, solubility, shape, size [7,
54], zeta potential, and dispersion or propensity to agglom-
erate or aggregate in different media [90]. These parameters
need to be considered for the safer use ofNMs.Theundefined
health and environmental features of TiO

2
NPs due to its

widespread use are necessary to be managed by a systematic,
coherent, and tested foundation. Therefore, the regulatory
health risk assessment of such particles may be mandatory
for the safe use of NMs in consumer products andmedicines,
including the potential effects on reproduction and fertility.
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