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�is work develops a methodology for selective removal of industrial dyes from wastewaters using adsorption technology based
on magnetic adsorbents. �e magnetic nanoparticles embedded within a matrix of activated carbon were tested as adsorbents for
removal of industrial dyes from aqueous solutions. �e e	ects of four independent variables, solution pH, initial concentration of
pollutant, adsorbent dose, contact time, and their interactions on the adsorption capacity of the nanocomposite were investigated
in order to optimize the process. �e removal e
ciency of pollutants depends on solution pH and increases with increasing the
carbon content, with initial concentration of the pollutants, the temperature, and the dose of magnetite/carbon nanocomposites.
Pseudo-second-order kineticmodel was �tted to the kinetic data, and adsorption isotherm analysis and thermodynamics were used
to elucidate the adsorption mechanism. �e maximum adsorption capacities were 223.82mg g−1 for Nylosan Blue, 114.68mg g−1

for Chromazurol S, and 286.91mg g−1 for Basic Red 2. �e regeneration and reuse of the sorbent were evaluated in seven
adsorption/desorption cycles. �e optimum conditions obtained for individual adsorption were selected as starting conditions
for simultaneous adsorption of dyes. In binary systems, in normal conditions, selectivity decreases in the order: Red Basic 2 >
Nylosan Blue > Chromazurol S.

1. Introduction

Progress of various industries from the past decade led to
a drastic increase in industrial e�uent discharge, causing
dramatically environmental pollution as well as serious
life-threatening problems for environment. With regard to
organic pollutants, dyes possess a high capacity to modify the
environment due to their strong color and visual pollution
and also cause changes in biological cycles mainly a	ecting
photosynthesis processes. More than 10,000 tons of dyes are
used in di	erent industries, and approximately 100 tons are
released into water streams, annually. �eir concentration in

wastewaters usually varies from 10 to 200mg L−1 [1].

Release of industrial e�uent without proper and prior
treatment into the environment is one of the major causes

leading to a burden of healthcare issues worldwide. For
water puri�cation, there is a need for technologies that
have the ability to remove toxic contaminants from the
environment to a safe level and to do so rapidly, e
ciently,
andwithin a reasonable costs framework. Adsorption process
provides an attractive alternative for the treatment of colored
wastewaters due to its simplicity, selectivity, and e
ciency [2–
5].

In recent years, magnetic nanoparticles (NPs) have
attracted much interest in many environmental engineering
related applications. With reported sizes ranging from 1
to 100 nm, high surface-to-volume ratio, and high loading
capacity, NPs were successfully used as strong adsorptive
materials for pollutants adsorption from contaminated water
[6, 7].
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Table 1: Features of magnetite/carbon nanocomposites prepared by combustion synthesis [9].

Sample
Fe3O4/C
mass ratio

SSA
(m2/g)

ESA
(m2/g)

Micropore volume
(cm3/g)

��
(emu/g)

PM-1 1/0 75 71.2 0.001 59.7

PM-2 1/1 360 148.4 0.096 34.1

PM-3 1/2 522 204.5 0.144 21.9

PM-4 1/5 706 245.5 0.212 12.4

PM-5 1/10 814 307.9 0.234 7.8

PM-6 0/1 890 321.1 0.264 0.4

SSA: BET speci�c surface area, ESA: external surface area, and��: speci�c saturation magnetization.

�e key to adsorption technology lies in the e	ectiveness
and e
ciency of adsorbent. Although commercial activated
carbon has beenmost widely applied in adsorption, itsmicro-
porous nature has limited the pore utility and adsorption
capacity for large molecules [8].

In this work, three industrial dyes have been selected
as pollutants. As adsorbent in this work a combination of
active carbon and magnetic nanocomposite synthesized by
combustion method has been selected.

�e adsorption processes were �rst in detail investigated
for single component solutions in terms of pH, initial concen-
tration, adsorbent dose, contact time, and temperature e	ect,
completed by kinetics, equilibrium, and thermodynamics
studies.

Subsequently the adsorption studies were performed
for six combinations of the selected dyes mixed as binary
systems.

�e obtained results were compared with the previously
reported data on di	erent adsorbents for the same dyes
and the selected magnetite nanocomposite from this work
demonstrates its superiority and the potential as a new
e
cient adsorbent for the removal of dyes in binary systems
from aqueous solutions.

2. Experimental

2.1.Materials. �estarting rawmaterials for nanocomposites
synthesis were activated carbon (Utchim), iron nitrate non-
ahydrate (Fe(NO3)3⋅9H2O, Roth), and tartaric acid (C4H6O6,
Merck).

Investigated dyes were supplied by Chemical Romania
and Colorom Codlea. Chromazurol S (C.I. 43825, ChS) is
used as indicator for metal titration, Nylosan Blue (Acid
Blue 129, C.I. 62058, NB) is an antraquinonic dye mainly
used for wool, silk, polyamide �ber, and leather dyeing
but is a skin and eye irritant, and Safranin T (Basic Red
2, C.I. 50240, BR2) is a water soluble organic dye, used
in textile industries. Safranin can cause eye burns which
may be responsible for permanent injury to the cornea and
conjunctiva in human and rabbit eyes. Contact with Safranin
dye also causes skin and respiratory tract irritation [17]. �e
industrial applications of these dyes in di	erent �elds con�rm
the necessity for development of e
cient adsorbents.

All reagents were used as received, without further puri�-
cation. Working dye solutions were prepared with distilled

water. �e solution pH was adjusted to the desired values

using HCl (0.1mol L−1) or NaOH (0.1mol L−1) solutions.

2.2. Preparation of Magnetite/Carbon Nanocomposites. Mag-
netite/carbon nanocomposites (MNC) having di	erent
Fe3O4/C mass ratios, ranging from 1/1 to 1/10 (Table 1),
were prepared by solution combustion synthesis. �e
detailed procedure about the preparation route and sample
characterization is presented in a previous paper [9]. Brie�y,
activated carbon impregnated with the precursor solution
of iron nitrate nonahydrate (0.09mol) and tartaric acid
(0.138mol) was heated to 400∘C inside a �ask, in the absence
of air. In order to conduct the combustion reaction in the
absence of air, the starting raw materials were placed inside
a round bottom �ask and heated to 400∘C, as described
elsewhere. During heating, water evaporates and the air from
the �ask expands. Driven by the increasing pressure, this
mixture of gases is bubbled in a Berzelius glass �lled with
water, so that the air partial pressure decreased. �is way, the
atmospheric oxygen is prevented from getting inside the �ask
during the combustion process. A�er water evaporation, a
smouldering combustion reaction began, accompanied by
the release of large amounts of gases. �e reaction product
was hand-ground, washed with distilled water, and dried [9].

2.3. Adsorption Experiments. �e prepared magnetite/car-
bon nanocomposites were introduced in dye solutions in
�at-bottom glass �asks, and adsorption experiments were
performed in a thermostat shaker with a constant shaking
speed of 180 rpm.�e adsorbent synthesis and the adsorption
process are schematically presented in Figure 1.

At previously de�ned time intervals, the sorbent was
separated via an externalmagnetic �eld, and the sampleswere
collected for dye concentration measurements. For the dye
desorption, the dye-loaded MNC were dispersed in 50mL of
ethanol solution (anhydrous alcohol : water = 1 : 1) and shaken
for 60min. A�er magnetic separation, the concentration of
the released dye in the supernatant was spectrophotometri-
cally determined by measuring dye absorbance at maximum
wavelength, using a calibration curve (SuppFig. 1).

A�er desorption, the magnetic sorbent was washed for
three times with distilled water, dried at 70∘C for 1 h, and
reused for adsorption in the next cycle. To validate the
reusability of the magnetic sorbent, seven cycles of consec-
utive adsorption-desorption were carried out at 25∘C.
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Figure 1: Route of synthesis of MNC and their application for dyes removal.

�e optimum adsorption conditions were determined by
studying several experimental variables, including pH value

(2.6–14.0), sorbent dose (0.25–3.0 g L−1), dye initial concen-
tration (10–250mg L−1), and temperature (25, 40, and 60∘C).
�e dyes concentration was measured using aUV-Vis JASCO
V-730 spectrophotometer, by monitoring the absorbance
changes at thewavelength ofmaximumabsorbance: 465.7 nm
(ChS), 629.5 nm (NB), and 516 nm (BR2).

Using these experimental values, the adsorption capacity
(1) and the percentage of dye removal (2) were calculated.

�� =
(�0 − ��) ⋅ �
	

(1)


 = �0 − ���0
⋅ 100, (2)

where �� represents the amount of dye adsorbed per unit of

adsorbent (mg g−1), 
 is the percentage of dye removal (%),
�0, ��, and �� are the concentrations of the dye solution at
initial time, at di	erent periods of time, and at equilibrium
(mg L−1), � is the volume of solution (L), and	 is the mass
of the sorbent (g).

3. Results and Discussion

3.1. Characterization of Magnetite/Carbon Nanocomposites
(MNC). Our goal was to obtain a new sorbent that combines
good adsorption capacity given by activated carbon with
good sorbent separation out of solution, given by magnetite.
�e structure and morphology of the MNC nanocompos-
ites were investigated by X-ray di	raction (XRD), FTIR
spectroscopy, scanning electron microscopy- (SEM-) energy
dispersive X-ray (EDX), thermal analysis, andN2 adsorption-
desorption technique. �e sample characterization is pre-
sented in a previous paper [9].

By comparing the speci�c surface area of the magnetite

(75m2/g) with that of the activated carbon (890m2/g) and
that of the samples, it is clear that the high speci�c surface
area of the composites is due to the presence of activated
carbon in all the samples. As the mass ratio of activated
carbon increases, the BET surfaces increased from 360m2/g

to 814m2/g (Table 1) which is closed to activated carbon
speci�c surface area. �e average size of the crystallites of
magnetite, calculated by the Sherrer equation, varied between
12 and 21 nm. �e thermal behavior and textural properties
of the samples are signi�cantly in�uenced by the carbon
content.

�e endothermic e	ect at about 100∘C on the DSC curves
(Figure 2), accompanied by weight loss on the TG curves,
was attributed to the evaporation of the water present in
the samples. �e large exothermic e	ect between 400 and
800∘C, accompanied by a signi�cant mass loss on the TG
curve, is obvious in the overlap of two exothermic e	ects,
due to combustion of both, fuel residues and carbon. �e
values of the saturation magnetization of the samples are in
accordancewith their phase composition, decreasingwith the
decrease of magnetite content, from 59.7 to 7.8 emu/g. �e
MNC nanocomposites exhibited a ferrimagnetic behavior.
All MNC samples exhibit similar isotherm shape that can be
explained by the large amount of carbon content present in
their composition (SuppFig. 2) [9].

3.2. Adsorption Studies. A promising adsorbent for large-
scale wastewater treatment must present a very good adsorp-
tion capacity, easy separation, and high stability. In this vein,
the magnetite/carbon nanocomposites (MNC) were tested as
adsorbents for removal of two anionic dyes, Chromazurol S
(ChS) and Nylosan Blue (NB), and a cationic dye, Safranin T
(Basic Red 2, BR2). Molecular structures of investigated dyes
are presented in Figure 3.

3.2.1. E	ect of pH. Solution pH is an important parameter
of adsorption process which a	ects the adsorbent’s surface
charge as well as molecular stability of dyes (anionic or
cationic molecule) [18]. �e in�uence of pH was evaluated
in the range of 2.6–14.0, using MNC sample PM-4, keeping
all other variables constant. �e results presented in Figure 4
indicate a direct dependence between the dyes removal yield
and solution pH.

�e e
ciency of anionic dyes (NB, ChS) removal was
higher than 85% at pH 2.6 and decreased when the pH
increased to 13.2. �is can be explained by the fact that the
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Figure 2: TG-DTA curves of samples PM-2, PM-4, and P-6 (activated carbon).
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Figure 3: Molecular structure of investigated dyes.

adsorption mechanism of anionic dyes at low pH value is
controlled by electrostatic attractions between the positively
charged surface of adsorbent, as a result of the protonation
process, and the negatively charged dyes molecules. In the
case of BR2, the removal percentage increased from 70.19%

to 96.84% as the solution pH increases. At pH values higher
than magnetite pHPZC (7.9) [19], the adsorption of cationic
dye is enhanced due to electrostatic forces of attraction
between the negatively charged surface of adsorbent and the
positively charged dyes molecules. It is important to note the
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Figure 5: In�uence of magnetite/carbon ratio on removal e
ciency (dyes concentration 100mg L−1, 25∘C, pH 7.4 for NB, 7.1 for ChS, and 6.7
for BR2).

high removal e
ciency even at neutral pH (67.89% for NB,
82.95% for ChS, and 89.29% for BR2), which suggests another
mechanism involving nonelectrostatic interactions between
free electrons of the dye molecule present in aromatic ring
and the delocalized �-electrons on the surface of adsorbent
as previously mentioned by Istratie et al. [20]. Further
experiments were carried out at the natural pH of each dye
solution: 7.4 for NB, 7.1 in case of ChS, and 6.7 for BR2.

3.2.2. E	ect of the Magnetite/Carbon Ratio on Removal E
-
ciency. �e obtained results from the study of the e	ect
of magnetite/carbon ratio on the removal e
ciency are
presented in Figure 5.

Sample 6 containing only activated carbon showed the
best adsorption capacity. Activated carbon is a well-known
and used sorbent for wastewater treatment, with high adsorp-
tion capacity [21, 22], but also with many disadvantages,
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Table 2: E	ect of sorbent dose on dyes removal.

PM-4 dose

(g L−1)


 (%)

NB ChS BR2

0.25 23.58 33.68 19.70

0.5 48.66 40.30 39.94

1 79.90 68.91 91.07

2 85.97 79.63 95.98

3 94.21 85.31 96.50

such as high cost production, poor mechanical properties,
and problems in separation, regeneration, and reuse [23–25].
�is led to the search for new materials with an adsorption
capacity close to that of activated carbon and with good
regeneration and reuse. In this idea, we tested four samples
which contain di	erent magnetite/carbon ratio. As can be
observed, the removal percentage increases from sample 2
to sample 5 due to the increase of the carbon content. �e
di	erences among the results obtained by using PM-4, PM-
5, and P-6 as adsorbent were in the range of 5% which
demonstrates the high e
ciency of investigated materials.
In order to combine the good adsorption capacity (given
by carbon) with the good separation and reutilization of
the adsorbent (given by magnetite) the further studies were
performed using PM-4.

3.2.3. E	ect of SorbentDose. �e in�uence of the sorbent dose
towards the dye adsorption was studied at di	erent quantities

of PM-4 ranging from 0.25 g L−1 to 3 g L−1, at natural pH
of dyes solutions, and at 25∘C, and results are presented in
Table 2.

Removal e
ciency of investigated dyes increases rapidly

with an increasing amount from 0.25 to 1.0 g L−1 of PM-
4 nanocomposite. At the same time, further increasing the

adsorbent dose from 1 to 3.0 g L−1 leads to only a small
increase of the removal e
ciency. �is can be attributed to
the availability of more adsorption sites as the adsorbent
dose increased [26–28]. To get good removal e
ciency, but
still using as less sorbent, subsequent studies were conducted

using 1 g L−1 PM-4 dose.

3.2.4. E	ect of Initial Dye Concentration and Contact Time.
We investigated the e	ect of the initial concentration of the
dye adsorption process, in a wide range of concentrations

between 10 and 250mg L−1 at 25∘C and natural pH values (7.4
for NB, 7.1 for ChS, and 6.7 for BR2).�e concentration of the
dye at �max was obtained using a standard calibration curve
(SuppFig. 1).

As can be seen in Figure 6, the adsorption is very rapid in
the initial stages of the adsorption, and it remained constant
a�er reaching the equilibrium time. �is can be explained
by a large number of active centers at the beginning of
adsorption and saturation of these centers on the surface of
the adsorbentwith achieving equilibrium.�enecessary time
for reaching the equilibrium increases with increasing the
concentration due to the fact that adsorption involves �lm

di	usion and internal di	usion [29]. �e surface di	usion is
rapid but the pore di	usion is slower, and the rate of di	usion
in the internal adsorption sites decreased with increasing the
initial dye concentration.

Very good results (higher than 95%) for the dye removal
percentage were obtained at low concentrations (Table 3), but
even at high concentrations the removal percentage is high
in case of BR2 (>93%) and higher than 50% for NB and
ChS dyes. �e amount of dye adsorbed increased while the
percentage removal decreased, with the increase in the initial
dye concentration, which is in accordance with the literature
data [30, 31].

3.2.5. E	ect of Temperature. �e e	ect of temperature on the
sorption process was studied at three di	erent temperatures
(i.e., 25, 40, and 60∘C) at natural pH values (7.4 for NB, 7.1
for ChS, and 6.7 for BR2).�e amount of dyes adsorbed onto
PM-4 as a function of contact time for di	erent temperatures
is presented in Table 3.

A comparison of experimental data shows for all inves-
tigated dyes that the rise of temperature induced a positive
e	ect on the removal percentage (Table 3). �e adsorption
capacity increases as the temperature increases [32], sug-
gesting that dyes adsorption onto PM-4 is an endothermic
process [30, 33]. �is can be explained by the fact that by
increasing the temperature the dye aggregation is reduced
and the di	usion of dye molecules into the pores of the
absorber is facilitated [34, 35]. On the other hand, there was a
decrease of the necessary time for reaching the equilibrium as
the temperature increases from 25∘C to 60∘C.Within the �rst
40min, approximately 80% of the dyes are rapidly adsorbed.
Later, the adsorption process slows as the system approaches
equilibrium. �e shorter the contact time in adsorption
process, the lower the operational costs that recommend the
adsorbent for large-scale industrial application.

�ese adsorption studies indicate that colored pollutants,
such as NB, ChS, and BR2, can be easily removed from
wastewaters by adsorption ontomagnetite/carbon nanocom-
posites (SuppFig. 3). Due to their saturation magnetization,
these adsorbents can be simply separable from the parent
solution using a magnetic �eld, resulting in clean water.

3.3. Kinetics Studies. In the kinetic experiment, the changes
of absorbance were determined at certain time intervals dur-
ing the adsorption process.�e experimental results obtained
for the in�uence of initial concentration were analyzed using
the pseudo-�rst-order Lagergren (3), pseudo-second-order
(4), and intraparticle di	usion (5) models.

ln (�� − ��) = ln �� − 
1� (3)

�
��
= 1
2�2�
+ ���

(4)

�� = 
��0.5 + �, (5)

where �� and �� are the amount of solute adsorbed at
equilibrium and at time �, respectively, per unit weight of

adsorbent (mg g−1), 
1 is Lagergren rate constant (min−1), 
2
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Figure 6:�e e	ect of initial concentration on (a) NB, (b) ChS, and (c) BR2 dyes removal (1 g L−1 PM-4, 25∘C, pH 7.4 for NB, 7.1 for ChS, and
6.7 for BR2).

is the intraparticle di	usion rate constant (gmg−1min−1), and

� is the intraparticle di	usion rate constant (mg g−1min−0.5)
and � is the e	ect of boundary layer thickness.

�e statistical criteria used to determine the best �tting
kinetic model were the standard deviation (SD) and the
squared multiple regression coe
cient (
2). �e comparison
of experimental (obtained for the in�uence of temperature)
and calculated adsorption capacities and the kinetic parame-
ters estimated from (3), (4), and (5) are presented in Table 4.

�e pseudo-second-order model was the best applicable
kinetic model for the investigated dyes removal kinetics,
emphasized by the accordance between the experimental and
calculated �� values. With increasing the temperature, an
increase of the pseudo-second-order rate constant 
2 was
observed, pointing out that the necessary time for reach-
ing the equilibrium decreased with increasing temperature.
Similar results were obtained for the application of modi�ed
magnetic nanocomposites for dye removal [28, 36, 37].
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Table 3: In�uence of the process variables on the adsorption process.

NB ChS BR2

��
(mg g−1)



(%)

��
(min)

��
(mg g−1)



(%)

��
(min)

��
(mg g−1)



(%)

��
(min)

Dye concentration
(mg L−1)

10 9.51 95.13 30 9.86 98.57 40 9.83 98.27 20

30 28.36 94.52 40 28.80 96.01 60 29.40 97.99 30

50 47.77 93.54 95 45.35 90.71 70 48.87 97.74 40

70 65.11 93.02 110 62.06 88.65 80 68.27 97.73 50

100 89.22 89.22 120 78.97 78.97 130 96.86 96.86 65

150 119.87 79.91 150 86.95 57.97 140 144.93 96.62 100

200 146.14 73.07 180 96.07 56.90 150 190.06 95.03 150

250 171.67 68.67 210 108.72 51.29 170 234.64 93.85 190

Temperature
(∘C)

25 89.22 89.22 120 78.97 78.97 130 96.86 96.86 65

40 95.84 95.84 100 94.77 94.77 100 98.84 98.84 40

60 98.91 98.81 60 97.86 97.86 60 99.45 99.45 20

Table 4: Comparison of experimental and calculated �� values and rate constants for adsorption of NB, ChS, and BR2 dyes on PM-4
nanocomposites.

Dye
Temp
(∘C)

��,exp
(mgg−1)

First-order
kinetic model

Second-order
kinetic model

Intraparticle
di	usion

��,calc
(mg⋅g−1)


1 ⋅ 103
(min−1)


2 ��,calc
(mg⋅g−1)


2 ⋅ 104
(g⋅mg−1⋅min−1)


2 
�
(mg⋅g−1⋅min−0.5)

� 
2

NB

25 89.22 83.27 30.77 0.9851 93.63 5.45 0.9994 9.71 5.40 0.9603

40 95.84 69.51 38.17 0.9491 102.99 9.57 0.9987 10.07 12.75 0.9435

60 98.91 59.65 63.56 0.9579 104.28 21.11 0.9996 10.27 33.95 0.9822

ChS

25 79.49 68.06 28.95 0.9753 80.81 7.85 0.9992 5.67 37.15 0.9866

40 94.77 48.33 25.75 0.9501 100.81 13.78 0.9996 6.79 40.29 0.9629

60 97.86 28.87 52.97 0.9219 101.21 66.36 0.9999 7.01 58.67 0.9765

BR2

25 96.86 33.78 57.02 0.8747 99.80 39.69 0.9996 17.99 5.58 0.9540

40 98.84 15.51 49.84 0.6774 100.00 82.24 0.9999 29.17 1.94 0.9845

60 99.45 8.071 50.36 0.6212 101.21 843.7 0.9999 32.70 4.55 0.9673

In adsorption systems, there is the possibility of intra-
particle di	usion being the rate-limiting step.When applying
intraparticle di	usion model, the plots had two portions
which means that the intraparticle di	usion is not the rate
determining step of the adsorption [38].

�e plots had the same shapes (Figure 7), a linear initial
portion in which the intraparticle di	usion is the rate-
controlling step, followed by a plateau where intraparticle
di	usion slows down [23].

�e plots did not pass through the origin and the values of
the intercept were signi�cantly di	erent from zero, and larger
intercepts indicate that contribution of surface adsorption
was higher in rate-controlling step. Moreover, the value of
intraparticle parameter 
� increases with increasing tem-
perature. All these results suggest that adsorption involved
di	usion of the particles and �lm di	usion but was not the
only rate-controlling step.

3.4. Adsorption Isotherms. Equilibrium adsorption studies
were carried out for a better understanding of the adsorption
process.

�e experimental data obtained at equilibrium was ana-
lyzed with Freundlich, Langmuir, Sips, and Redlich-Peterson
adsorption models.

�� = ����1/	

�� =
�
����
1 + ����

�� =
�
����1/	

1 + ����1/	

�� =
�RP��
1 + �RP���

,

(6)
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Figure 7: Intraparticle di	usion model applied for adsorption of (a) NB, (b) ChS, and (c) BR2 on PM-4 nanocomposites.

where �� is the equilibrium solid phase concentration, �� is
the dye concentration at equilibrium, �� is the constant of
Freundlich isotherm, the Freundlich exponent (dimension-
less),�� is the constant of Langmuir isotherm, �
 is themax-
imum adsorption capacity of adsorbent, �� is Sips constant
related to a
nity constant, �RP is the constant of Redlich-
Peterson isotherm, �RP is the Redlich-Peterson constant, and
� is the Redlich-Peterson exponent (dimensionless) (0 < � <
1).

�e analysis of the experimental data and determination
of the parameters which describe the theoretical models
were performed, and the main statistical criteria were the

squared multiple regression coe
cient (
2) and the chi-

square analysis (�2) [38]:

�2 = ∑
(�� − ��,
)

2

��,

, (7)

where �� is the equilibrium capacity (mg/g) obtained from
experimental data and ��,
 is the equilibrium capacity
obtained by calculating from the model (mg/g).

�e calculated parameters based on the isothermsmodels
are listed in Table 5.
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Figure 8: Isotherms plots for the adsorption of (a) NB, (b) ChS, and (c) BR2 on PM-4.

�e best isotherm model that �ts with the experimental
data was the Sips isotherm model (Figure 8).

�at means that an adsorption process is going on
a�er a combined model of Freundlich and Langmuir:
di	used adsorption on low dye concentration and a
monomolecular adsorption with a saturation value, at high
adsorbate concentrations [38]. �e maximum adsorption
capacity of the PM-4 was determined from the sorption
isotherms curves and compared with other results in
Table 6.

�e magnetite/carbon nanocomposites PM-4 showed a
higher a
nity for BR2 adsorption than that of NB and ChS
in single dye solution.

�ermodynamic Studies. �e results obtained using the Sips
model were used to calculate the thermodynamic parameters

for the adsorption process [18]. Gibb’s free energy (Δ�0) was
calculated using the following equation:

Δ�0 = −
� ln�� (8)
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Table 5: Constants and correlation coe
cients of adsorption isotherm models.

Models Parameter
Dyes

NB ChS BR2

Freundlich

�� (mg g−1 (mg L−1)−1/	) 40.28 32.76 53.05

� 3.326 4.121 3.049


2 0.9391 0.9522 0.9602

�2 292.77 65.62 287.58

Langmuir

�
 (mg g−1) 188.96 100.77 238.17

�� (L mg−1) 0.089 0.213 0.118


2 0.9711 0.9609 0.9569

�2 138.98 53.59 311.63

Sips

�
 (mg g−1) 223.82 114.68 286.91

�� ((mg L−1)−1/	) 0.051 0.152 0.069

� 1.424 1.563 1.489


2 0.9907 0.9861 0.9859

�2 52.57 29.59 118.98

Redlich-Peterson

�RP (L g−1) 85.37 35.46 50.11

�RP (mg L−1)−� 1.486 0.577 0.462

� 0.767 0.895 0.828


2 0.9721 0.9807 0.9795

�2 157.21 31.75 172.32

Table 6: Adsorption capacities of magnetic nanocomposites for the adsorption of dyes from aqueous solutions.

Dye Adsorbent �� (mg/g) Reference

Chromazurol S PEI-Halloysite 68.40 [10]

Chromazurol S Halloysite nanotubes 20.40 [11]

Nylosan Blue �ermally treated rice husk 30.00 [12]

Nylosan Blue Acid-activated Bentonite 119.10 [13]

Safranin T Kaolinite clay 16.23 [14]

Metyl Orange CoFe2O4-reduced graphene oxide nanocomposites 263.00 [15]

Safranin T G-SO3H/Fe3O4 199.30 [16]

Nylosan Blue Magnetite/carbon nanocomposites 223.82 [�is study]

Chromazurol S Magnetite/carbon nanocomposites 114.68 [�is study]

Safranin T Magnetite/carbon nanocomposites 286.91 [�is study]

and both enthalpy (Δ�0) and entropy (Δ�0) were determined
from van’ Ho	 equation:

Δ�0 = Δ�0 − �Δ�0, (9)

where 
 is the universal gas constant (8.314 J K−1mol−1),
� is the absolute temperature, and �� represents the Sips
equilibrium constant, obtained from the isotherm plots.Δ�0
andΔ�0 values can be calculated from the slope and intercept
of the linear plot of ln�� versus 1/�.

�e Δ�0 values are negative indicating that the adsorp-
tion is a spontaneous process (Table 7). �e positive val-
ues of Δ�0 suggest the endothermic nature of the pro-
cess and indicate that the amount adsorbed at equilib-
rium is increased with increasing temperature. �e positive

values of Δ�0 re�ect an increase in randomness at the
solid–solution interface during the dyes adsorption onto PM-
4 [39].

Adsorbent Stability and Reusability. A promising adsorbent
for large-scale wastewater treatment must present a very
good adsorption capacity, easy separation, and high stability.
To validate the reusability of the magnetic adsorbent, seven
cycles of consecutive adsorption-desorption were carried out
at 25∘C (Figure 9).

�e removal e
ciency decreased continuously, but it still
remained at 68% in the seventh cycle, indicating the good
recycling performance of the used adsorbent (PM-4). �e
adsorption-desorption studies revealed a greater preference
for BR2 compared with other two dyes.

Adsorption in Binary Systems. �e optimum conditions
obtained for individual adsorption were selected as starting
conditions for simultaneous adsorption of dyes from bisor-
bate systems.

In binary adsorption systems, the primary and coexisting
sorbate had the same initial concentration, amass ratio of 1 : 1,
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Figure 9: Removal e
ciency of PM-4 in seven adsorption-desorption cycles.

Table 7: �ermodynamic parameters for the adsorption of investigated dyes on PM-4 nanocomposites.

Dye
Temp.
(∘C)

Δ�0
(J/mol)

Δ�0
(J/mol)

Δ�0
(J/mol⋅K)

NB
25 −7373.08

6053.50 432.9940 −7744.21
60 −8239.05

ChS
25 −4667.44

3832.12 274.0940 −4902.37
60 −5215.62

BR2
25 −6624.16
40 −6957.59 5438.63 389

60 −7402.16

and the experimental studies followed the same procedure as
for the single sorbate adsorption experiments.

�e concentration of each dye in binary systems was
calculated using the following equations [40]:

�
 =

�2 ⋅ �1 − 
�1 ⋅ �2


1 ⋅ 
�2 − 

2 ⋅ 
�1

�� =


1 ⋅ �2 − 

2 ⋅ �1


1 ⋅ 
�2 − 

2 ⋅ 
�1

,
(10)

where �1, �2 represent the total absorbance at wavelengths
�1max and �2max and 

1, 
�1, 

2, 
�2 are the calibration
constants for components � and � at �1max and �2max.

Each individual dye spectrum and spectra of binary
mixtures of dyes are shown in supplementary �le SupFig. 4.

E	ect of solution pH on removal percentage in case of
binary systems studied for 100mg/L dye concentration, at
25∘C, is presented in Table 8.

Table 8: E	ect of solution pH on dyes removal e
ciency in the case
of binary system.

Dye

pH

2.84 6.90 10.14

R (%)

NB (NB + ChS) 87.38 77.21 51.11

NB (NB + BR2) 87.98 96.52 94.00

ChS (ChS + NB) 63.50 59.17 22.60

ChS (ChS + BR2) 73.08 52.82 52.37

BR2 (BR2 + NB) 95.48 97.83 98.92

BR2 (BR2 + ChS) 88.29 91.76 92.82

Even in case of binary systems, in acidic medium, the
removal e
ciency of PM-4 is higher for anionic dyes: NB
and ChS due to electrostatic attraction between negatively
charged dye molecules and positively charged surface of PM-
4. At a pH ∼10, which was the optimum pH for removal of
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Table 9: E	ect of initial concentration on dyes removal e
ciency for binary systems.

Conc (mg L−1) 
 sin. (%) 
 bin. (%)

NB NB (NB + RB2)∗ NB (NB + ChS)∗

30 94.52 94.24 86.40

100 89.22 93.98 87.38

200 73.07 84.50 66.08

ChS ChS (ChS + BR2)∗ ChS (ChS + NB)∗

30 96.01 92.72 90.18

100 78.97 90.08 70.33

200 56.90 89.20 63.50

BR2 BR2 (BR2 + NB)∗∗ BR2 (BR2 + ChS)∗∗

30 97.99 94.30 93.80

100 96.86 92.82 93.92

200 95.03 88.30 93.18
∗Determined at pH 2.68. ∗∗Determined at pH 10.14.

BR2 dye in single system, the adsorption of BR2 (cationic
dye) from binary systems is favored in comparison with
adsorption of NB or ChS (anionic dyes).

�e e	ect of the initial dye concentrations on the percent-
age removal in case of binary (bin.) systems was investigated
using 20ml of dye solution and 20mg/L PM-4 at 25∘C,
for 200min, and results are presented in Table 9. �ree
di	erent binary mixtures were investigated NB + BR2, ChS
+ BR2, and NB + ChS, at three di	erent concentrations:
a lower one consists of 30mg L−1 of both dyes, a higher

initial concentration consists of 200mg L−1 of both dyes,

and a middle concentration value is 100mg L−1 of both
dyes.

As it was expected, the removal percentage of dyes
decreased in binary systemswhen comparedwith the adsorp-
tion in single-solute systems. By increasing concentration
of dyes in binary systems, the removal e
ciency decreased,
similar with the case of single component. It is seen that
adsorption of BR2 was slightly a	ected by the presence of
NB or ChS in BR2 + NB and BR2 + ChS binary solutions.
�e adsorption of NB and ChS dyes in binary systems
containing BR2 as copollutant was improved compared with
the single systems. Similar results were obtained for other
binary systems by Deng et al. [41], Yang et al. [42], and An
et al. [28].

In order to determine the e	ectiveness of the absorbent
investigated (PM-4) under �eld conditions, that is, pH of the
solutions (6.90 for NB + BR2, 7.09 for ChS + BR2, and 7.90
for NB + ChS) at 25∘C, we have extended the analysis for
the dye concentration of 100mg/L. Results are presented in
Figure 10.

As can be observed even at the natural pH of the BR2
dye solution, sorbent PM-4 demonstrates a high selectivity
for BR2 in binary systems. �e removal percentage of NB
decreased in binary system NB + ChS compared with its
removal in single system indicated thatNBwas a	ected by the
presence of ChS during the competitive adsorption.�emost
a	ected in binary system was ChS dye, the removal e
ciency

of ChS decreasing due to competition between the ChS and
NB or BR2 onto MNC PM-4.

4. Conclusions

In this paper, magnetic nanoparticles embedded within a
matrix of activated carbon were tested as adsorbent for dyes
removal from single and binary systems.

�e adsorption capacities decreased for NB and ChS and
increased for BR2 with increasing pH value. �e removal
e
ciency of pollutants increased with increasing the carbon
content, with initial concentration of the pollutants, the dose
of MNC, and temperature. Kinetic studies revealed that
adsorption of investigated dyes followed a pseudo-second-
order kinetic in single dye solution. �e application of intra-
particle di	usion model demonstrates that the surface di	u-
sion and the intraparticle di	usion occur in parallel during
the adsorption process. �e experimental data were well cor-
related by the Sips adsorption model, and in single systems,
the maximum adsorption capacities were 223.82mg g−1 for
NB, 114.68mg g−1 for ChS, and 286.91mg g−1 for BR2, respec-
tively. �ermodynamic analysis showed that adsorption of
investigated dyes on MNC was favorable, spontaneous, and
endothermic. Even a�er seven adsorption-desorption cycles,
the magnetite/carbon nanocomposites still present a good
e
ciency (greater than 65%) for dyes removal from aqueous
solution, indicating the possible industrial application of
MNC. In binary systems, the removal e
ciency decreased
due to competitive e	ect, but still sorbent PM-4 demonstrates
a high selectivity for BR2 in binary systems. �e obtained
results were compared with the previously reported data
on di	erent adsorbents for the same dyes and the selected
magnetite nanocomposite from this work demonstrates its
superiority and the potential as a new e
cient adsorbent for
the removal of dyes in binary systems fromaqueous solutions.

Considering the facile and low-cost characteristics of the
synthesis method, magnetic separation e
ciency and sim-
plicity, and the stability and reusability in several adsorptions-
desorption cycles, the magnetite/carbon nanocomposites
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Figure 10:�e kinetics of competitive adsorption of NB, ChS, and BR2 in single- and binary-solute systems (100mg/L, adsorbent 2 g/L, 25∘C,
pH 7.4 for NB, 7.1 for ChS, and 6.7 for BR2).

used in this study are versatile and promising candidates for
the removal of dyes from aqueous solutions.
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