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ABSTRACT

Magnetic carbon nanocomposites were prepared from maize wastes and were characterized
by surface area analyzer, scanning electron microscopy (SEM), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), thermogravimetric/differential thermal
analysis (TG/DTA), and electron dispersive X-ray (EDX). The presence of iron oxide on the
adsorbent surface was confirmed from SEM, XRD, and FT-IR analysis. Freundlich and Lang-
muir isotherms were used for the determination of adsorption parameters. The effect of pH
on adsorption process was evaluated, and a decline in percent adsorption was noted at high
pH. The equilibrium time at pH 7 and 3 was 96 and 180 min, respectively, and nearly 90%
removal of aflatoxin B1 was achieved for both adsorbent. Pseudo-first-order and pseudo-
second-order kinetic equations were used to analyze the kinetic data. Best fit was obtained
with pseudo-first-order kinetics equation. The thermodynamics parameters were also deter-
mined, ΔS˚ was positive (64.438 kJ mol−1 deg−1) while ΔH˚ (−16.24 kJ mol−1) and ΔG˚ were
negative (−1.949, −2.593, −3.238, and –3.882 kJ mol−1 corresponding to 30, 40, 50, and 60˚C,
respectively).
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1. Introduction

Aflatoxins are a major threat to poultry industry
and human health. Aspergillus species especially
Aspergillus flavus and Aspergillus parasiticus are mainly
responsible for the production of aflatoxins [1].
Among aflatoxins, aflatoxin B1 (C17H12O6) is of pre-
dominant importance. Contamination of aflatoxin B1
in poultry and animal feed stuffs presents the highest
toxic potential due to teratogenicity, carcinogenicity,

and mutagenicity [2,3]. Aflatoxins-contaminated feed
is quite common in many countries and causes great
economic losses to poultry industry in terms of
growth retardation and high mortality rate. Moreover,
accumulation of aflatoxin in different tissues of poul-
try may indirectly result in health risk to human [4].

Prevention of aflatoxin contamination in feed is
very important, but when contamination occurs,
decontamination of feed is needed before using it.
Feasibly, large scale production and economically effi-
cient methods for remediation of aflatoxins in feeds is
need of the day [1]. A number of biological, chemical,
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and physical treatments are utilized for detoxification
of aflatoxin-contaminated feed and feed stuffs. Most of
these methods are costly, time consuming, and less
effective [5,6]. The most practical approach for detox-
ifying aflatoxins in poultry feed is the use of adsorbent
[7,8]. Adsorbent binds aflatoxins and inhibits their
absorption from gastrointestinal tract [9]. Most of the
adsorbents have established effectiveness, but their
large quantities and negative interaction with nutri-
ents with feed are causes of great concern. The acti-
vated carbon although is excellent adsorbent for
organic and inorganic pollutants. However it causes
dehydration and salt deficiencies when administered
to poultry birds [10,11].

There is considerable focus on magnetic particle
technology due to its application in environmental
problems. Adsorption of contaminants from aqueous
or gaseous effluents through magnetic adsorbents is
largely employed these days. Such adsorbents can be
removed from media by the use of magnetic field after
use. Relatively small surface area and less adsorption
capacity are the discredits of these materials that
shorten their use [12]. Moreover their preparation
requires several steps and special chemical proce-
dures. The activated carbon is being used as a gor-
geous and cheap source for the adsorption of organic
and inorganic pollutants. By virtue of its high surface
area and porous structure it can remove organic com-
pounds dispersed or dissolved in liquids [13]. In addi-
tion, the small particle size of iron oxide produced on
the surface of carbon allows rapid adsorption. Accord-
ing to Kahani et al., the conversion of biomass into
magnetic carbon nanocomposites would provide an
excellent and cheap adsorbent for the remediation
environmental problems [13]. In this research work, a
new, simple, and cost-effective method was applied
for the preparation of magnetic carbon nanocompos-
ites from maize straw as aflatoxin B1 binder. The equi-
librium data, kinetics, effect of pH, and temperature
were investigated to know its adsorption mechanism.

2. Experimental

2.1. Samples preparation and characterization

In this work, the maize straw was used as biomass
for the preparation of magnetic carbon nanocompos-
ites. The biomass was converted into small pieces and
transferred to ethanolic FeCl3·6H2O (1 g/10 ml). After
30 min, the biomass were separated through filtration
and dried under air current for 24 h. Then, the biomass
was ignited in nitrogen atmosphere in a specially
designed chamber (designed by the author) consisting
of a stainless steel container equipped with an electric

heater, wire gauze, nitrogen gas inlet, and exhaust out-
let (Fig. 1). During heating, the iron chloride converted
to Fe3O4 leads to the development of magnetic charac-
ter in the prepared adsorbent. The prepared adsorbent
was characterized by surface area analyzer (Quan-
tachrome instrument v2.1), Joel X-ray diffractometer
JDX-3532 with Ni filter, using monochromatic CuKa
radiation of wave length 1.5418Ao. The X-ray generator
was operated at 40 KV and 30 mA. The scanning range
2θ/θ was selected. The scanning speed 10 min−1 was
employed for precise determination. Infrared spectra
were collected by using Fourier transform infrared
spectrometer (IR Prestige fourier transform infrared
spectrophotometer, Shimadzo, Japan) ranging
750–525 cm−1 and 4,000–600 cm−1. The surface mor-
phology of the sample was examined using Joel jsm-
5910 type scanning electron microscope (SEM) at an
accelerating voltage of 20 KV. The energy dispersive
X-ray analysis was performed by using EDS X-sight
oxford instrument, while the differential thermal
analysis (DTA) and thermal gravimetric analysis were
done using Diamond Series TG/DTA Perkin Elmer,
USA analyzer using Al2O3 as reference.

2.2. Determination of kinetics parameters

The analysis of aflatoxin B1 was carried out by
reported method of Stroka et al. [14]. A series of 25 ml
flasks were taken and added 5.4 ml ethanol and 13 ml
distilled water (pH 3 or 7). Sample of sorbent 0.5%
was transferred to each flask and spiked with known
amount of standard aflatoxin B1 to make the required
level (200 ppm). All the flasks were then kept on
rotary shaker with a speed of 300 rpm at room tem-
perature. The sorbent was separated from each flask
at different time interval through magnetic bar. The
contents in the flasks were then filtered through
Whatman paper No. 1 and analyzed by HPLC.

Fig. 1. Diagram of the chamber used for the preparation of
adsorbent.
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The HPLC system consisted of Hitachi model
L-200 equipped with two pumps L-2130, auto injector
L-2200 and fluorescence detector L-2458 (Macoa,
Japan) was used for aflatoxin B1 analysis.

2.3. LC analysis

Degassing of the mobile phase acetonitrile/metha-
nol/water (8:27:65, v/v/v) was done by sonication.
The column intersil ODS-3 (25 cm × 4.5 mm I.D., 5 μm,
GL science, Tokyo, Japan) was connected to LC col-
umn. The column was maintained at 40˚C with a flow
rate of 0.8 ml/min, while the injection volume was
20 μl. The aflatoxin B1 was detected at the excitation
and emission wavelengths of 365 and 450 nm, respec-
tively. For quantification, a separate calibration curve
was established. Triplicate samples were used for set-
ting the calibration curve, determining limit of detec-
tions (LODs), and extraction recovery. Limit of
detections (LODs) and limit of quantification (LOQ)
were determined by diluting the standard solution of
known concentration at sound to noise ratio of 3 and
10 respectively (Fig. 2).

2.4. Determination of adsorption parameters

To a series of 25 ml-flasks (1–15) containing 5.4 ml
ethanol and 13 ml distilled water, added 0.5% sorbent
and spiked with known amounts of aflatoxin B1 stan-
dard to achieve the desired levels (150, 175, 200, 225,
250, 275, 300, 325, and 350 ppm). The amount of afla-
toxin B1 adsorbed by flasks was inappreciable up to
13 h. All the flasks were placed on rotary shaker with
a 300 rpm for 480 min at room temperature. The
sorbents were then separated by magnetic bar from
each flask, while the contents in the flasks were

filtered through Whatman paper No. 1 and analyzed
using HPLC as discussed above.

2.5. Determination of effect of pH on adsorption of
aflatoxin B1

To a series of 25 ml-flasks (1–14) containing 5.4 ml
ethanol and 13 ml distilled water (pH 1–14), added
0.5% sorbents. Each flask was spiked with standard
aflatoxin B1 to achieve the concentration of 200 ppm.
All the flasks were kept on rotary shaker with a speed
of 300 rpm for 240 min. The sorbent was then sepa-
rated from the solution by magnetic bar, while the
content in the flasks was filtered through Whatman
paper No. 1 and subjected to HPLC for aflatoxin B1
analysis as mentioned above.

2.6. Determination thermodynamics parameters

Sorbent of 0.5% was added to 5.4 ml ethanol and
13 ml of distilled water in conical flasks. All the flasks
were spiked by standard aflatoxin B1 to achieve the
desired concentration (200 ppm) and placed on shaker
incubators with a speed of 300 rpm at 30, 40, 50, and
60˚C each. The sorbent was then separated from the
solution using magnetic bar, filtered the solution
through Whatman paper No. 1 and analyzed for
aflatoxin B1 by HPLC as discussed above.

3. Results and discussion

3.1. Characterization of the nanostructures

The composites were prepared on a carbon surface.
After preparation, magnetic bar was applied to the
material which completely attached to the magnet.
This showed that the whole material was magnetite.

Fig. 2. HPLC Chromatogram of aflatoxin B1 at LOD and LOQ.
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Fig. 3(b). Graphical representation of pores distribution in the prepared adsorbent.

Fig. 3(a). Graphical representation of BET surface area of the prepared adsorbent.

11896 M. Zahoor and F. Ali Khan / Desalination and Water Treatment 57 (2016) 11893–11903



The surface area of the prepared adsorbent is
shown in Fig. 3(a) while pores distribution is given in
Fig. 3(b). The different surface parameters are shown
in Table 1.

X-ray diffraction (XRD) method is not only used for
structure determination but to the particles size mea-
surement [15]. XRD analysis of magnetic carbon
nanocomposites is shown in Fig. 4 which suggested the
presence of Fe3O4 deposited in the carbon. The diffrac-
tion peaks at 2θ of 30.1, 35.8, 44.45, 54.2, 57.95, and 62.55
represents the corresponding indices (2 2 0), (3 1 1), (4 0
0), (4 2 2), (5 1 1), and (4 4 0) planes of cubic unite cell,
which correspond to the magnetite structure previously
reported by [16,17]. The diffraction peaks at 2θ of 24.3,
33.3, 41, 48.6, 49.6, and 60.15 may be related to the pres-
ence of maghemite and some hematite matches the
results of [16]. The magnetic carbon nanocomposites
size was obtained using Debye–Scherer’s equation

D ¼ Kk=b Cos h (1)

where D is the mean size, K is the constant (0.94), λ is
the wavelength (1.54060 A˚) of X-ray, β is the excess
line broadening, and θ is the Bragg angle.

b ¼ B� b (2)

where B stands for line width (radian) and b is instru-
ment line broadening (radian) [18]. By using the for-
mula, the composite sizes were found to be in the
range of 80–300 nm.

Infrared spectroscopy is the most widely used
techniques for iron oxide characterization. It is a use-
ful technique to show information about crystal mor-
phology, nature of surface hydroxyl groups, and
adsorbed H2O. Usually in literature, the broad band at
580 and 400 cm−1 corresponds to various magnetite
samples [13]. The IR spectrums (far and mid regions
Figs. 5(a) and 5(b)) of magnetic carbon nanocompos-
ites show broad band at 1,039.63 and 574.79 cm−1. The
intense peak in the regions of 1,000–1,200 correspond
to stretching of C–C and C–O in carbon [13], and
574.70 can be attributed to stretching of Fe–O
deposited magnetite.

The morphology of magnetic carbon nanocompos-
ites is shown in Fig. 6 with low and high magnifica-
tion. SEM observation showed some differences in
size and shape of the composites. The white patches
in the images show the crystallization of the sample,
while the black portions represent the carbon. SEM
monograph also reveals aggregation of particles which
is due to the moisture contents absorbed in the sam-
ple. The aggregation of particles decreases the surface
area of adsorbent and thus decreases its adsorption
capacity. It was also observed from the images that
the shape of the Fe3O4 appears somewhat cubical.

The two dehydration stages are shown by
Thermogravimetric analysis curves (Fig. 7). About
11% of mass loss was observed, and this mass loss is
mainly in the temperature range from 40˚—230˚C,
and a very small mass loss was noted when heated to

Table 1
Physical parameters of the prepared adsorbent

BET surface area (m2/g) 70.50
Langmuir surface area (m2/g) 254.90
Total pores volume (cm3/g) 0.57
Micropores volume (cm3/g) 0.29
Average pore diameter (Å) 102.86

Fig. 4. XRD pattern of magnetic carbon nanocomposites. Fig. 5(a). Far IR of magnetic carbon nanocomposites.
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600˚C. Observed loss of mass is due to the loss of
water of hydration of Fe3O4 nanocomposites. DTA
curves show two endothermic peaks in the tempera-
ture range 25˚C—250˚C.

Electron dispersive X-ray (EDX) analysis of mag-
netic carbon nanocomposites is shown in Fig. 8 which

reveals the presence of iron (Fe), oxygen (O), and
carbon (C). While a small peak representing Calcium
(Ca) as an impurity was also observed. In magnetic
carbon nanocomposites, O-Kα, Fe-Lα, Fe-Kα, and
Fe-Kβ peaks show the presence of magnetite deposi-
tion which is in conformity to [13].

Fig. 5(b). Mid IR of magnetic carbon nanocomposites.

Fig. 6. SEM images of magnetic carbon nanocomposites at different magnification.
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3.2. Adsorption isotherm

The adsorption of aflatoxin B1on the prepared
adsorbent was studied. Giles adsorption isotherm [19]
was obtained by plotting C (concentration) vs. q
(amount of aflatoxin adsorbed). The Giles adsorption
isotherm is shown in Fig. 8. Based on their initial
slope and curvature, Giles classified the isotherms into
constant partition C, high affinity H, Langmuir L, and
sigmoidal-shaped S-type. The isotherm in Fig. 9 is
C-type. In this type of curves, the availability of
adsorption sites remains constant at all concentrations
up to saturation. It is characterized by the constant
partition of contaminant between solution and sub-
strate up to maximum possible adsorption. The linear-
ity of the curve indicates that the number of
adsorption sites remains constant and, as adsorption
promotes, more and more sites are created. This situa-
tion arises when there is strong attraction of solute for
adsorbent than solvent. The solute then breaks inters

substrate bonds and more solute molecules inter into
sites not penetrated by solvent.

The adsorption of aflatoxin on the prepared adsor-
bent was quantified by using Langmuir [20] and
Freundlich [21] adsorption isotherms. Giles isotherms
are used to determine the behavior of adsorbate adsorp-
tion on adsorbent while Langmuir and Freundlich
adsorption isotherms are used for quantitative pur-
poses. Langmuir adsorption isotherm is based on the
assumption that the maximum adsorption corresponds
to a saturated monolayer of solute molecules on the
adsorbent surface, with no interaction from lateral sides
adsorbed molecules. The linearized form of Langmuir
isotherm is given as:

C

q
¼ C

Q0
� 1

Q0b
(3)

Fig. 7. TG/DTA curves of magnetic carbon nanocomposites.

Fig. 8. EDX spectra of magnetic carbon nanocomposites.
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Fig. 9. Giles isotherm for the adsorption of aflatoxin B1 on
carbon nanocomposites.

0 4 8 12
C (mg/L)

0.08

0.12

0.16

0.20

0.24

C
/q

 (g
/L

)

Fig. 10. Langmuir plot for the adsorption of aflatoxin B1
on carbon nanocomposites.
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where q is the amount of aflatoxin adsorbed in
mg g−1, C is the equilibrium concentration of aflatoxin
in mg L−1, Q0 and b are Langmuir constants. Q0 is the
maximum adsorption capacity of the adsorbent while
b is the energy of the process. The plot of specific
adsorption (C/q) against equilibrium concentration is
shown in Fig. 10, and the Langmuir constants Q0 and
b were calculated from the slope and intercept of the
plot are given in Table 2.

The Freundlich isotherm is usually used to
describe heterogeneous systems. The Freundlich
isotherm is represented by following equation.

ln q ¼ lnK þ 1

n
lnC (4)

where C represents the equilibrium concentration in
mg L−1, q is the amount of aflatoxin adsorbed in
mg g−1, K and n are Freundlich constants. K represents
adsorption capacity while n represents the adsorption
intensity. The values of these constants were calcu-
lated from the slope and the intercept of the ln C vs.
ln q plot (Fig. 11) and are given in Table 2.

3.3. Adsorption kinetics

The time of contact required to reach equilibrium
for an adsorbent is an important factor in adsorption

processes. Time t verses C plot for 200 ppm, and afla-
toxin solutions at pH 3 and 7 are shown in Fig. 12.
The fast uptake of aflatoxin occurs within the first few
minutes as initially the adsorbents sites are free and
more available for the adsorption of aflatoxin. With
passage of time, as more and more sites are occupied,
the adsorption process become slow. Finally, a satura-
tion point is reached that corresponds to the equilib-
rium time of adsorption. The equilibrium time for the
adsorption of aflatoxin 200 ppm at pH 7 and 3 are 96
and 180 min, respectively. At equilibrium, nearly 90%
removal of aflatoxin B1 was achieved for both adsor-
bents. The longer equilibrium time at pH 3 was due to
the fact that iron oxide present in the structure of the
composite dissolved in acidic media and results in
generation of new micropores that needs longer time
to saturate, while at pH, the iron oxide remain intact
in the composite structure [22]. The reason for carry-
ing out the experiments at pH 3 and 7 is that the
adsorbent will be tested in the in vivo study at stom-
ach and intestine pH.

Pseudo-first-order [23] and pseudo-second-order
[24] adsorption kinetics equations were used to ana-
lyze the adsorption kinetics data. The pseudo-first-
order equation is given as:

ln qe � qð Þ ¼ ln qe � kat (5)

Table 2
Isotherm parameters for the adsorption of aflatoxin B1 on carbon nanocomposites

Substance

Langmuir isotherm Freundlich isotherm

Q0 (mg g−1) b (L mg−1) R2 K (mg g−1(L mg−1)1/n) 1/n R2

Aflatoxin B1 120.28 0.0834 0.983 31.13 0.677 0.987

1.00 1.50 2.00 2.50
lnC

2.80

3.20

3.60

4.00

4.40

ln
q

Fig. 11. Freundlich plot for the adsorption of aflatoxin B1
on carbon nanocomposites.
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0
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100
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200
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Fig. 12. Effect of contact time of aflatoxin B1 adsorption on
carbon nanocomposites.
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where qe is the amount of aflatoxin sorbed in mg g−1

at equilibrium while q is its amount adsorbed in
mg g−1 at time t and ka (min−1) is the first order rate
constant. This equation shows a linear relationship
between ln (qe−q) and t. The plot of ln (qe−q) vs. t is
shown in Fig. 13. The values of ka and R2 are given in
Table 3.

The pseudo-second-order kinetics equation is given
as follow.

t

qt
¼ 1

K2q2
þ 1

q

� �
t (6)

By plotting t/q vs. t, a straight line was obtained, and
the values of K2 and q were calculated from intercepts
and slopes of the plot as shown in Fig. 14. The values
of K2 and R2 for the prepared adsorbent are given in
Table 3.

Table 3 shows that the adsorption kinetics of afla-
toxin at two different pH and same agitation speed
could be best explained in terms of the pseudo-first-
order rate equation with precision in the correlation
coefficients, while pseudo-second-order rate equation
did not reflect the experimental results.

3.4. Effect of pH

pH is an important factor that affects the adsorp-
tion process by affecting the surface charge of the
adsorbent and the degree of ionization and speciation
of the adsorbate. The effect of pH on aflatoxin adsorp-
tion is shown in Fig. 15. The figure shows that the
amount of aflatoxin adsorbed is not much affected
from pH 1 to pH 11; however, above this, the decline
was observed. This could be explained by the fact that
iron oxide is highly soluble in acidic medium as com-
pared to alkaline, thus creating new pores in the car-
bon composite for adsorb maximum aflatoxin B1.

3.5. Adsorption thermodynamics

To determine the adsorption thermodynamics, the
adsorption experiment was carried out at 30, 40, 50,
and 60˚C. The Van’t Hoff equation is used to
determine ΔH˚ and ΔS˚ of the adsorption process.

lnK ¼ DS
�

R
� DH

�

RT
(7)

0 100 200 300
t (min)

0

1

2

3

4

ln
(q

e-
q)

Aflotoxin B1 200ppm at pH 7 =

Aflotoxin B1 200ppm at pH 3 =

Fig. 13. Pseudo-first-order kinetics plots for the adsorption
of aflatoxin B1 on carbon nanocomposites.

Table 3
Pseudo-first-order and pseudo-second-order adsorption rate constants and correlation coefficients for the adsorption of
aflatoxin of carbon nanocomposites

Substance Concentration (ppm) pH

Pseudo-first-order
kinetics model

Pseudo-second-order
kinetics model

ka R2 K2 R2

Aflatoxin B1 200 3 0.015 0.99 0.0038 0.82
Aflatoxin B1 200 7 0.033 0.98 0.0023 0.65

0 100 200 300
t (min)

2

4

6

t/q
 (m

in
.g

/m
g)

Aflotxin B1 200ppm at pH 3 =

Aflotoxin B1 200ppm at pH 7 =

Fig. 14. Pseudo-second-order kinetics plots for the
adsorption of aflatoxin B1 on carbon nanocomposites.
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K is the distribution constant of adsorption, ΔH˚ is the
enthalpy change, ΔS˚ is the entropy change and T is
the temperature in kelvin while R is universal gas con-
stant. The value of ΔH˚ was calculated from the slope
while ΔS˚ was calculated from intercept of the ln K
and 1/T plot (Fig. 16) and found to be −16.24 and
64.438 kJ mol−1 deg−1, respectively. The positive value
of ΔS˚ shows that there is an increase in the random-
ness in the system solid/solution interface during the
adsorption process, while the negative value of ΔH˚
shows that the adsorption of aflatoxin on the prepared
carbon nanocomposites is an exothermic process.

The values of standard free energy ΔG˚ were
calculated from equation:

DG
� ¼ DH

� � TDS
�

(8)

The values calculated from equation, −1.949, −2.593,
−3.238, and −3.882 kJ mol−1 corresponds to 30, 40, 50,
and 60˚C, respectively. The negative values of ΔG˚ at
various temperatures specify the spontaneous nature
of the process and a high affinity of aflatoxin for the
prepared adsorbent. The increase in ΔG˚ with the rise
in temperature indicates that the process of adsorption
is more favorable at high temperatures.

4. Conclusions

The prepared adsorbent was used for the removal
of aflatoxin B1. The equilibrium time was 96 min for
200 ppm at pH 3 while 180 min at pH 7 where nearly
90% of aflatoxin was removed from solution at equi-
librium, while best fit was obtained with pseudo-first-
order kinetics model. At pH value above 11, there was
a decline in percent adsorption. ΔS˚ value was positive
while that of ΔH˚ and ΔG˚ were negative. At high tem-
perature (60˚C), ΔG˚ value was high as compared that
of at 30˚C which shows that the adsorption process is
favorable at high temperature. Thus, the prepared
magnetic adsorbent can be used as alternative of acti-
vated carbon for the detoxification of aflatoxin in poul-
try feed as the former cause dehydration and salt
deficiencies when given to poultry birds. In our
in vivo, the adsorbent will be tested for the purpose
mentioned.
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