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ABSTRACT

In this study, the magnetic-activated carbon (MAC) was synthesized and employed as an
adsorbent for removing Reactive Blue 5 from aquatic environments. Physical properties and
surface morphology of the MAC were analyzed using the transmission electron microscopy,
scanning electron microscopy (SEM), SEM—energy dispersive analysis by X-ray, X-ray diffrac-
tion, vibrating sample magnetometer and Brunauer-Emmett-Teller techniques. The adsorp-
tion efficiency of dye was studied in a batch experiment by investigating the influential
parameters such as pH, contact time, adsorbent dosage, initial dye concentration, and temper-
ature. Various models of isotherm and kinetic were used to evaluate the obtained data. The
equilibrium time was found to be 15 min. The thermodynamic values indicated that the
adsorption process was spontaneous and endothermic. The adsorption isotherms and kinetics
follow the Langmuir (R*>0.999) and pseudo-second-order models (R*>0.995), respectively.
On conclusion, MAC due to its quick and easy isolation, not leading to the secondary pollu-
tion and high efficiency, is a very suitable adsorbent for dye removal from aquatic media.

Keywords: Magnetic composite; Fe;O4 nanoparticles; Activated carbon; Adsorption; Reactive
Blue 5

1. Introduction color, where 10-15% of these dyes are discharged into
the environment along with wastewater produced
[1,2]. The presence of dyes in water sources can reduce
the penetration of light into water and subsequent
reduction of photosynthesis and oxygen, especially in
*Corresponding author. the lower layers, and this would endanger the aquatic

The estimated annual production of dyes across the
world is over 700 thousand tons with 10,000 kinds of
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organisms and micro-organisms life [3]. Reactive dyes
are one of the most widely used dyes in the textile
industries due to the high solubility in water, and thus
spreading of these rapidly into the environment has
serious economic and environmental effects [4].

Therefore, employing effective and efficient tech-
niques to remove dyes from contaminated aquatic
environment is necessary. Methods used for this pro-
pose are mainly put in three different categories: phys-
ical, chemical, and biological [5]. The chemical
methods such as coagulation and flocculation are not
suitable for removal of dyes with high solubility in
water (e.g. reactive dyes) and often produce high vol-
umes of sludge. The biological methods, because of
time-consuming fermentation processes and also their
inabilities to remove dyes consistently are not
regarded effective and appropriate approaches [6].
The physical methods such as ion exchange, mem-
brane filtration, electrochemical degradation, irradia-
tion, and ozonation are all applied for dye removal.
However, these methods are often costly leading to
sludge production and hazardous byproducts [7,8].

The adsorption process, is one of the physico-
chemical treatment methods, in terms of initial cost,
wastewater reuse, simplicity and flexibility in design,
easy operation, and not being sensitive to pollutants
and toxic compounds, is preferred. The production of
high-quality effluent and the absence of hazardous
substances such as ozone and free radicals are the
major benefits of this approach [9,10]. Yazdanbakhsh
et al. reported high efficiency in the adsorption of
Reactive Blue 5 (RB5) on perovskite nanoparticles at
pH 2 [11]. Tabak et al. also reported an increase in the
adsorption of Reactive Blue 15 on a Turkish sepiolite
with the rise in temperature and the fall in pH [12].
Powdered-activated carbon (PAC), as an efficient
adsorbent, has been suggested for the effective
removal of organic contaminants from the aquatic
environment, due to its special structure and high
adsorption capacity [13]. Unfortunately, the major lim-
itations of using activated carbon and micro- or nano-
sized adsorbents are as follows: difficult separation
and filtration from the solutions due to small particle
size, and secondary turbidity or pollution.

The magnetic property was introduced to the acti-
vated carbon through its combination with iron oxide
nanoparticles, such as Fe;O4 Recently, magnetic
adsorbents and the magnetic separation methods have
been widely used because of low cost, simplicity and
high speed, and high-efficiency separation [14,15]. So,
the researchers have employed this method to remove
dyes from the aquatic environment [16,17]. Qu et al.
reported that multi-walled carbon nanotubes coated
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with Fe,O3; nanoparticles had a high efficiency for
adsorption of methylene blue and neutral red [8].
Since the removal of Reactive Blue 5 (RB5) dye
using magnetized activated carbon by Fe;O, as adsor-
bent has not been reported in the literature. So in this
work, our aim was to synthesize the magnetic-
activated carbon (MAC) as an adsorbent for RB5
removal. The in vitro capabilities have been optimized
and the studies regarding isotherms, kinetics, and
thermodynamic processes were done in detail.

2. Material and methods
2.1. Media and adsorbate preparation

Commercial color index reactive dye RB5 was pro-
vided by Arzoo Textile Mills, Faisalabad, Pakistan and
used to prepare the stock solution without further
purification. Some of the important physico—chemical
properties of the investigated dyes are given in Table 1.
Iron nitrate (Fe (NO3)3-9H;0, 99.9% purity), PAC, and
nitric acid (65% HNOj3;) were of analytical-laboratory
grade, purchased from Merck, Darmstadt, Germany,
and was used without further purification for the syn-
thesis of magnetic adsorbent. The pH of solution was
adjusted either by adding hydrochloric acid 0.1 M
(HCD or sodium hydroxide 0.1 M (NaOH). A UV-
Visible spectrophotometer model CECIL-7100 was
applied to determine the dye concentration in the
supernatant. The adsorbent was removed from the
solution by a magnet (dimension, 5 cm x4 cm x4 cmy;
intensity, 1.3 T).

Table 1

Basic features of the studied dye
Characteristic

Chemical formula CoH50CIN;011S3
Commercial name Reactive blue 5
Abbreviation RB5

Class Anthraquinone
CI number 61,210
Molecular weight (g/mol) 774.16

Jmax(nm) 599

Molecular structure O  NH:
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2.2. Fabrication of MAC and its features

MAC was synthesized according to method given
by Do et al. [18] with small alterations. First, a certain
amount of PAC was saturated in nitric acid 65% and
then homogenized for 3h at 80°C in the ultrasonic
bath. Subsequently, the samples were filtered using a
vacuum pump and the powder was saturated in an
iron nitrate solution (0.4 g/L) followed by filtration
through a paper filter. The filtered samples were then
placed in an electric furnace at 750°C for 3 h in the
presence of nitrogen gas. The resulting solid product,
called synthesized adsorbent, was washed several
times with distilled water, dried at 105°C, and finally
removed from the solution by a magnet.

X-ray diffraction (XRD) (Quantachrome 2000
NOVA, was employed to determine the diffraction
pattern and the purity of nanoparticles. Magnetic
properties of MAC were investigated by a vibrating
sample magnetometer (VSM) (7400, Lakeshare, USA)
at room temperature. The Brunauer-Emmett-Teller
(BET) analysis (Quantachrome, 2000, NOVA) was
applied to determine the surface area of the synthe-
sized adsorbent. Adsorbent surface morphology,
shape, and size of Fe;O, magnetic nanoparticles
coated on the activated carbon were examined by
scanning electron microscopy (SEM) (PHILIPS, XL-30)
and transmission electron microscopy (TEM) (PHI-
LIPS, EM, 208), respectively. Technique of SEM-EDX
(energy dispersive analysis by X-ray, PHILIPS, XL-30)
also was used for the characterization of the adsorbent
elemental composition.

2.3. Batch adsorption studies

For optimization of several variables such as pH,
contact time, temperature, and the adsorbent dosage,
the adsorption of RB5 on the MAC was investigated
under batch-mode conditions. First, the effect of pH of
the solution, ranging from 1 to 11, on the adsorption
of 100 mg/L RB5 was evaluated in the presence of
1 g/L MAC. Then, the samples were placed on a sha-
ker (Heidolph, ProMax 2020 model) to get homoge-
nized. The adsorbent was removed from the solution
in less than one minute by applying an external mag-
net. Residual dye concentration in the solution was
finally analyzed using UV-visible spectrophotometer
(CECIL model 7100) at 592 nm. Afterward, the opti-
mum contact time was obtained at a pre-evaluated pH
and subsequently, kinetic modeling was developed by
sampling at different time intervals over a period of
180 min. The adsorption isotherms were investigated
over various dye concentrations (50-300 mg/L)
and MAC dosage of 0.5-2 g/L. Meanwhile, thermody-
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namic studies were developed under the optimized
conditions. All the samples were measured in dupli-
cate and the mean values were used for the analyses.
The percentage of dye removal and the adsorption
capacity, g (mg/g), were determined as:

(G —-C)V
=W @
Dye removal (%) = (Co — Ce) x 100 2

Co

where Cy and C, are the initial and equilibrium dye
concentrations (mg/L), respectively. V is the volume
of the solution (L), W is the dry weight of the adsor-
bent (g), and g. is the amount of adsorption capacity
at equilibrium time (mg/g).

2.4. Adsorption kinetic models

The adsorption kinetics is one the most important
issue for understanding both the mechanism of
adsorption and the assessment of influential factors on
the reaction rate. Three kinetic models, including
pseudo-first-order, pseudo-second-order, and Weber—
Morris intraparticle diffusion, were used to assess the
experimental data. The non-linear forms of the
pseudo-first-order and pseudo-second-order equations
are given in the following equations:

9, = q.[1 — exp(~kut)] 3
e

4

qt qc [kz(ﬂle)f 1} ( )

where g; (mg/g) is the amount of adsorption capacity
at a given time t and k;, k, are the rate constants of
pseudo-first-order and pseudo-second-order sorption,
respectively. The intraparticle diffusion model can be
expressed by the following equation:

q; = kl\/E + Ci (5)

where k; (mg/gmin®) represents intraparticle diffu-
sion constant. The k; values were calculated from the
slope of the linear region of the curve of g, vs. t°7,
which is directly relative to the rate of adsorption pro-
cess controlled by intraparticle diffusion. C; (mg/g) is
a constant value depicting the boundary layer effects.
If the curve (g; vs. t*°) is multilinear it implies two or
more controlling steps affect the adsorption process
[19]. Furthermore, if C; is equal to zero (C;=0),



6414

intraparticle diffusion is the only rate-determining
step. In contrast, C;# 0 values suggest that the adsorp-
tion process is rather complex and involve more than
one diffusive resistance [20].

In this study, apart from correlation coefficient
(R?), the average relative error (ARE) and normalized
standard deviation (NSD) were also used as criteria
for good fitness. ARE and NSD can be calculated by
the following equations, respectively [21]:

N —_
ARE:1%3 Teerp — Gecal ©
i=1 qe,exp ;
2
1 N €X - cal
NSD = 100 [%,p %,1 ”
N-1 i=1 qﬁ,cxp

where geexp and gecal are the batch experimental and
calculated amounts of RB5 adsorbed on MAC at equi-
librium condition, respectively. g;exp and g;ca are the
corresponding values at a given time t. N represents
the number of the measurements [22].

2.5. Adsorption isotherm models

The adsorption isotherms are characterized by cer-
tain constant values. These values express the surface
properties and the affinity of the adsorbent. Herein,
Langmuir, Freundlich, and Temkin models were
employed to analyze the equilibrium data. The Lang-
muir model is obtained under the ideal assumption
(i.e. total homogeneous monolayer surface adsorption),
which can be expressed by:

_ qOKLCe
T =11K.C. ®)

where gy is the maximum amount of adsorption
(mg/g) and K is the adsorption equilibrium constant
(L/mg). The fundamental properties of the Langmuir
isotherm can be explained in terms of dimensionless
separation factor Ry; (Rp=1/(1 + K .Cp)). The type of
isotherm is indicated by R values, which is as
follows:

Unfavorable (R > 1), favorable (0 < Ry > 1), irrevers-
ible (R, =0), and linear adsorption (R =1) [23].

The empirical Freundlich model is based upon the
assumption of multilayer formation of adsorbate on
the heterogeneous solid surface of the adsorbent and
assumes that the stronger binding sites are occupied
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first, and then the binding strength decreases with the
rise in the degree of site occupation. A non-linear
form of the Freundlich isotherm equation is expressed
as follows:

e = KFCel/n &)

where Kr and n are the adsorption capacity and the
adsorption intensity, respectively. The lower fractional
value of n (0<n<1) indicates that weak adsorptive
forces are effective on the surface of the MAC, the
number of adsorption sites on the surface are limited,
and the adsorbed dye may hinder the further adsorp-
tion. For n=2-10 and 1-2, adsorption is favorable and
moderately difficult, respectively [24].

The Temkin model considers the effects of some
indirect adsorbate-adsorbent interactions on the
adsorption isotherms. As a result of adsorbate-adsor-
bent interactions, the heat of adsorption of all the mol-
ecules in the layer would decrease linearly with the
coverage. The linear form of the Temkin isotherm is
represented by the following equation:

ge = BIn (krC,) (10)
kr is binding constant which represents the maximum
binding energy (L/mg) and B (B=RT/by) is Temkin
constant which is dependent on temperature. R is the
universal gas constant (8.314]/molK) and T is the
absolute temperature degree (K).

2.6. Adsorption thermodynamic study

To study the adsorption thermodynamics, three
main parameters such as change in Gibb’s free energy
(AG"), enthalpy (AH"), and entropy (AS®) were calcu-
lated using the following equations:

AS®  AH°

where ki (7./Ce) is the distribution coefficient, g, is
the amount of RB5 adsorbed at equilibrium (mg/g),
and C, is the equilibrium concentration of RB5 in the
solution (mg/L). The values of AH® and AS° can be
calculated from the intercept and slope of Vant Hoff
plots of In k. vs. 1/T, respectively. The standard AG®
can be calculated using the below equation:

AG® = —RTIn kg (12)
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3. Results and discussion
3.1. MAC properties

The XRD analysis results obtained using Cu-Ka
radiation at 25°C, shown in Fig. 1(a), revealed that the
maximum peak (at 35.5°) was related to cubic iron oxide
crystals, according to the standard (No. 0866-088-
01JCPDS). The XRD pattern confirmed the presence of
Fe;0, particles with purity of 100% within the structure
of PAC. Fig. 1(b) shows the VSM magnetization curve
of the prepared adsorbent at 25°C in the cycling mag-
netic field of =10 to +10 kOe. The highest saturation
magnetization obtained for MAC was 6.94emu/g
underlying superparamagnetic characteristic [25].
These results also suggested that the MAC had shown
excellent magnetic response to a magnetic field. So, this
magnetic composite could be applied as an adsorbent
in environmental purposes and then it could be easily
and rapidly removed from the solution (Fig. 1(c)).

Fig. 2(a) and (b) shows the SEM image of MAC at
25keV and the TEM image of Fe;O, at 100 keV,
respectively. The SEM image shows uniform
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distribution of pores on the activated carbon and sug-
gests good porosity of the synthesized adsorbent. As
shown in Fig. 2(b), the morphology of MAC depicts
the fine Fe;O, particles of less than 80 nm diameter
with a cubic structure. The cubic structure is consis-
tent with the results obtained from XRD analysis. The
analysis of SEM-EDX (Fig. 2 (c)) confirms the presence
of elements such as carbon, oxygen, iron, lead, and
zinc in the MAC structure. Created peaks for iron in
this analysis also confirm the presence of Fe element
on the PAC surfaces. It also revealed the presence of
71.6 carbon, 8.3 oxygen, and 20.1% iron, in adsorbent
structure. Thus, these results suggest that approxi-
mately 28% of the surface of PAC has been occupied
by iron which was in the form of Fe;O, nanoparticles.
The specific surface area of the MAC was measured
671.2 m?/g using BET analysis. Fig. 2(d) indicates the
nitrogen adsorption-desorption isotherms of MAC.
The figure exhibits type IV isotherm for prepared
adsorbent according to classification of the IUPAC
indicating that MAC structure is typically mesoporous
[17].

Magnetization{emu/g)
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Fig. 1. (a) X-ray diffraction, (b) magnetic hysteresis cycle, and (c) performance of magnet in the magnetic separation of

adsorbent from solution.
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Fig. 2. The analysis of SEM (a), TEM (b), and SEM-EDX (c), for MAC and N adsorption-desorption isotherms of MAC (d).

3.2. Effect of pH

pH of the solution plays an important role in
adsorption process. It can affect the solution chemistry
and adsorbent surface charge and functional groups
on the active sites. The effect of pH variations on the
adsorption of RB5 onto the MAC revealed that the
adsorption process has better efficiency at acidic con-
ditions. Fig. 3 shows that the rise in the pH from 1 to
11 leads to the fall in the adsorption capacity from
91.3 to 48.4 mg/g, respectively. The high adsorption
efficiency at pH of 3 can be attributed to the electro-
static attraction between negatively charged dye mole-
cules and the positively charged MAC surface. At
higher pH, however, the electrostatic repulsion
between the negatively charged adsorbed ions and
the negatively charged adsorbent surface reduces the
dye adsorption [26,27]. It is worth noting that the
optimum acidic pH has also been reported in previous

120

100 1

80 1

60 1

q(mg/g)

40 1

20 1

Fig. 3. Effect of the pH on the adsorption of RB5 onto
MAC (Cp=100mg/L, t=60min, adsorbent dosage
(m)=1g/L, and T=20°C).

studies [11]. Therefore, pH 3 was chosen as optimum
for the subsequent adsorption experiments.
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Fig. 4. The plots of kinetic models for RB5 adsorption onto
MAC (pH 3, m=1g/L, C,=100 mg/L, and T =20°C).

3.3. Effect of contact time and adsorption kinetics

The effect of contact time on the adsorption capac-
ity of RB5 onto MAC (Fig. 4) revealed that the sorp-
tion process was very fast. This phenomenon may be
attributed to a sufficient number of unsaturated active
sites on the MAC. As shown in Fig. 4, huge amounts
of RB5 were adsorbed onto MAC within the first
10-15 min, so 15 min was chosen as the equilibrium
time. The values of kinetic parameters regarding RB5
adsorption onto MAC in Table 2 shows that the
adsorption process follows pseudo-second-order
model based on the correlation coefficient (R?). The
plots of kinetic adsorption (Fig. 4) also suggest that
the experimental data regarding the RB5 adsorption
onto the MAC are in agreement with pseudo-second-
order model. This result indicates that the adsorption
process is controlled by chemisorption [15,28]. The
chemisorption is the sharing or exchange of electrons
between the dye molecules and the binding sites of
MAC, as reported by Konicki et al. [29].

The less ARE and NSD values of the pseudo-sec-
ond-order, in comparison with the others, confirm that

Table 2
Kinetic parameters of RB5 adsorption onto the MAC
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more accurate values of g; are obtained in the pseudo-
second-order. This model suggests that two steps hap-
pen in the adsorption process either in series or paral-
lel. The first step is fast and reaches the equilibrium
state quickly, which could be due to the diffusion of
the dye molecules from the solution phase to the
external surface of MAC, while the second step is rela-
tively slow that could continue for a long period of
time [21,30]. Amin studied the removal of Direct Blue
color-06 using activated carbon, and they reported
pseudo-second-order as being the appropriate kinetic
model [31].

3.4. Mechanism of RB5 adsorption

Generally, the process of adsorption of adsorbate
onto adsorbent occurs through multistep mechanism
involving: (a) outer (external) film diffusion, (b)
intraparticle mass transfer, and (c) adsorbate sorption
on active site (chemical sorption) [19,32]. Since the
external film diffusion is resulted from agitation of the
solution, the rate-limiting step seems to be intraparti-
cle diffusion and/or sorption on the active site [32]. It
is clear from Table 2 that value of regression coeffi-
cient for intraparticle diffusion model was lower than
0.6 indicating that the intraparticle diffusion was not
the only rate-determining step [33]. The positive value
of C; (C;=51.6 mg/g) implies that the not limited
effect of mechanisms other (i.e. chemical sorption or
external mass transfer) on the adsorption rate [32].

3.5. Effect of MAC and RB5 different concentrations

The effects of adsorbent and adsorbate concentra-
tion on the adsorption efficiency were investigated at
equilibrium time (15 min and the optimum pH 3) in
the range of 0.5-2 g/L and 50-300 mg/L, respectively.
Fig. 5 shows that with the increase in MAC dosage
from 0.5 to 2g/L, the adsorption efficiency of RB5
100 mg/L increases from 81.6 to 100%. The enhance-
ment in the adsorption can be due to rise in the

Kinetic models

Pseudo-first-order

Pseudo-second-order

Intraparticle diffusion

qe,cal K2 (g/mg)

(mg/g) K (min™") R? ARE NSD geca (min™) R? ARE NSD & G R? ARE NSD
86.05 0.19 0953 32 674 100 0.005 099 17 36 87 4578 0.688 548 1161
Jeexp (ME/ Q) 95.12
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Fig. 5. The effect of RB5 and MAC concentrations on the
adsorption efficiency (pH 3, t =15 min, and T=20°C).

adsorption surface rate, and consequently the RB5’s
broad access to the adsorption sites on MAC [34,35].
We did not observe significant difference in the
removal efficiency of 50 and 100 mg/L concentrations
of RB5 dye when the adsorbent dosage increased from
1 to 2 g/L. Therefore, the amount of MAC 1 g/L was
selected as optimized dosage of the adsorbent for the
adsorption process. Fig. 5 also indicates that the per-
centage of dye adsorption was decreased from 96 to
60% when initial RB5 concentration was increased
from 50 to 300 mg/L (on 1 g/L of MAC). This is prob-
ably due to the fixed number of active sites on the
adsorbent vs. to increase in the number of dye mole-
cules [35]. In the study of Direct Yellow 12 adsorption
onto silver nanoparticles-loaded activated carbon,
Ghaedi et al. [36] showed that the adsorption effi-
ciency increased by increasing the adsorbent dosage
and decreasing initial amoxicillin concentration.

3.6. Adsorption isotherms

Equilibrium isotherm equations were wused to
describe the adsorption of RB5 in the range of
50-300 mg/L onto the MAC at dosage of 1g/L. The
values of isotherm parameters at different tempera-
tures are listed in Table 3. Three models best fitting
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the equilibrium data were assessed based on the
regression coefficient (R?). Among the models, the
Langmuir showed more validity than the other two at
all studied temperatures, and it also showed a fair
agreement with experimental data. Fig. 6 also confirms
the very good correspondence between experimental
data and Langmuir isotherm model at different tem-
peratures of the solution. These findings imply the
uniform distribution of homogeneous active sites on
the adsorbent surface [37]. The rises in the adsorption
capacity regarding the Langmuir model along with
the rise in the temperature confirm that the adsorption
process is endothermic. Other researchers reported
that the Langmuir isotherm was the best model for
the adsorption of reactive dyes on activated carbon as
well [27,38,39]. The Ry, values fall between 0 and 1; so,
the adsorption of RB5 molecules onto MAC is
desirable [15].

3.7. Comparison with other adsorbents

A comparison between adsorption capacities of the
synthesized adsorbent in this work with different
adsorbents for the removal of RB5 dye reported in the
literature are listed in Table 4. The maximum amount
of RB5 uptake per unit mass of the MAC was
250 mg/g based on the Langmuir equilibrium model
at 50°C. It is noticeable from Table 4 that the MAC has
a good maximum adsorption capacity in comparison
with other adsorbents. So, it can be employed as a
promising adsorbent to remove organic dyes.

3.8. Impact of solution temperature and adsorption
thermodynamics

The effect of temperature on the adsorption of RB5
using MAC is shown in Fig. 7. It was noted that by
increasing the temperature from 20 to 50°C, the
adsorption capacity enhanced up to 216 mg/g. This
observation implies that the RB5 adsorption onto
MAC may be a kinetically controlled process [40]. Rise
in the temperature leads to an increase in pollutants

Table 3
Obtained data with respect to the equilibrium isotherms for the adsorption RB5 onto the MAC

Langmuir Freundlich Temkin
T(C) gq,(@mg/g K. (L/mg) R Ry Kg (mg/g (L/mg)'/" n R? kr B R?
20 200 0.16 0.999  0.02-0.12  49.95 336 0973 336 3158 0.973
30 200 0.357 0.999  0.01-0.05 64.13 358 0874 743 31.65 0.874
40 250 0.285 0.999  0.01-0.06 66.38 328 0948 596 36.84 0.948
50 250 0.34 0.999  0.01-0.05 69.96 327 0946 6.68 3747  0.946
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Fig. 6. Isotherm plots of RB5 adsorption onto MAC: (a) Langmuir isotherm, (b) Freundlich isotherm, and (c) Temkin
isotherm (MAC dosage =1g/L, initial pH 3, contact time =15 min, initial dye concentration = 50-300 mg/L, and
temperature = ¢ 20°C, @ 30°C, A40°C, and * 50°C).

Table 4

Comparison of adsorption capacity of RB5 between various adsorbents found in the literatures

Adsorbent Isotherm Kinetic Gm (Mg/g) References
Lag5CagsNiO5 Langmuir Pseudo-second-order 36.23 [11]
ZnCr,0O4 nanoparticles Langmuir Pseudo-second -order 41.32 [40]

LiCoq sFe 50, Freundlich Pseudo-second -order 76.92 [40]

MAC Langmuir Pseudo-second -order 250 This work

uptake through the following ways: (1) increasing the adsorbent material and (2) increasing the pore size of
mobility of the dye followed by an increase in the adsorbent surface [41,42]. Similar results were
the effective interactions between the reacting and the also reported by other researchers in the cases of
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Fig. 7. Effect of temperature solution on the adsorption
RB5 using MAC (pH 3, t = 15 min, Cy = 50-300 mg/L, and
m=1g/L).

methylene blue dye removal using montmorillonite/
CoFe;O, composite, as well as the removal of Reactive
Black 5 dye using magnetic chitosan resins [14,32].
The plot of Van't Hoff (In k, vs. 1/T) to determine
the thermodynamic parameters for RB5 adsorption
process is shown in Fig. 8. The calculated values of
the thermodynamic parameters are presented in
Table 5. AH® has a positive value implying that the
adsorption process was endothermic and also suggest-
ing that there should be a strong chemical bond
between the dye molecules and the adsorbent surface
[43]. Meanwhile, the positive values of AS° indicate
the fact of uniform distribution of the adsorbent sur-
face [32,39]. However, the negative values obtained

45
4 -
3.5
3 .
y=-2.9307x + 13.273
{' 25 1 R2=0.9732
q 2 .
1.5 -
1 .
0.5
0 : : - :
3 3.1 32 33 34 35
1000/T

Fig. 8. The Van't Hoff plot for adsorption process of RB5
onto MAC (pH 3, t = 15 min, Cy =50 mg/L,and m =1 g/L).
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for the AG® demonstrates that the adsorption of RB5
on MAC is spontaneous. The sharp decline in AG” val-
ues with increasing temperature is may be due to the
fact that the dehydration of both adsorbate and absor-
bent. This latter phenomenon facilitates the reaction
led by favorable adsorption at higher temperatures
[10].

3.9. Reusability of MAC

Reusability of adsorbents is important for eco-
nomic and resource reasons. The adsorbent reusability
and desorption of RB5 dye loaded on MAC were per-
formed using six adsorption-desorption cycles. Here,
first the performance of RB5 adsorption was investi-
gated with an initial dye concentration of 50 mg/L
under optimal conditions (pH 3, contact time of
15 min, and adsorbent dose of 1 g/L) for six consecu-
tive cycles. After the equilibrium adsorption, adsor-
bent was magnetically separated from solution and
the liquid phase was analyzed by a spectrophotome-
ter. At the end of each cycle of the adsorption, desorp-
tion experiments were then carried out using 0.1 M
HCI as a desorbing solution. In this way, 0.1 g of
MAC loaded with RB5 dye added to 10 ml of 0.1 M
HCI solution and was placed on a shaker for 12 h, at
200 rpm, and 25+1°C. The reason for choosing the
above-mentioned desorption solution was to avoid
damage to the adsorbent and/or physical changes of
the structure. The desorption percentage (%) was cal-
culated using the ratio of the weight of RB5 desorbed
and the weight of RB5 adsorbed, as follows:

. Desorbed RB5 (mg)
Desorption (%) = Adsorbed RB5 (mg) (13)
As shown Fig. 9, the reusability of adsorbent did not
significantly change during the six adsorption-desorp-
tion cycles. So, the adsorption percentage of RB5 dye
by MAC decreased from 97.2 to 86.7% after six cycles.
This suggests that the MAC can be recycled and
reused for a maximum of six successive cycles with
an adsorption efficiency >86%. It was also observed

Table 5
The values of thermodynamic parameters for RB5 adsorp-
tion onto the MAC

AG” (kJ/mol)

AH® AS®
20 30 40 50 (kJ/mol)  (kJ/mol K)
-7.82 927 -1025 -11.14 24.36 0.11
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Cycle 1
® Adsorption|  97.2
87.35 82.5

Cycle 2
95.14

Cycle 3 | Cycle4 | Cycle5 | Cycle 6
92.76 89.63 88.4 86.7
76.37 78.7 75.4 62.3

% Desorption

Fig. 9. Percentage of RB5 dye adsorbed-desorbed per cycle
(pH 3, t =15 min, Cp =50 mg/L, and m =1 g/L).

that more than 62.3% of RB5 adsorbed could be des-
orbed and recovered from the adsorbent surface in the
presence of HCI in the sixth cycle. The high desorp-
tion percentage may be due to the protonation of sur-
face adsorbent with acidic agent [44]. Therefore, MAC
can serve as an economical and effective adsorbent for
RB5 removal from aqueous solutions in industrial
applications based on simple and easy regeneration.

4. Conclusion

In this study, the combination of activated carbon
and iron oxide nanoparticles was used as an adsor-
bent for the removal of RB5 from aquatic environ-
ments. Adsorption studies revealed that the best
removal efficiency was obtained at acidic pH. After
15 min, the adsorption reaction reached the equilib-
rium state. The studies of adsorption isotherm and
kinetic models showed that the RB5 adsorption onto
MAC obeys Langmuir isotherm and pseudo-second-
order kinetic models. Also, the results obtained from
the thermodynamic parameters showed that the dye
adsorption was enhanced with an increase in tempera-
ture, and it was endothermic and spontaneous in nat-
ure. Since widespread use of PAC as adsorbent for the
removal of pollutants is already well known, it is
expected that the magnetization of the activated car-
bon particles neither alters its physical properties nor
its surface. Subsequently, they could be applied for
solving the problems associated with the separation
and filtration.
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