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a b s t r a c t
In this study magnetite nanoparticles (Fe3O4) were synthesized and embedded in activated carbon 
(AC) derived from waste tire rubber to produce magnetic activated carbon. The atrazine (C8H14ClN5) 
adsorption was performed over (AC/Fe3O4) nanocomposite in an aqueous solution and adsorp-
tion isotherms and kinetics were determined. The effects of some parameters such as (pH, contact 
time, adsorbent dosage and initial pesticide concentration) were investigated. Characterization of 
nanocomposite was carried out by high-resolution scanning electron microscopy and transmission 
electron microscopy, X-ray powder diffraction, vibrating sample magnetometer, Brunauer–Emmett–
Teller, Fourier-transform infrared spectroscopy (FTIR), energy-dispersive X-ray spectroscopy, and 
zeta potential analyses. The characterization results showed that the synthesized composite has a 
mesoporous cubic structure along with narrow size distribution of uniform Fe3O4 particles in the 
carbon matrix. The composite showed super magnetic behavior considering to its low coercivity 
(2.44 Qe) and high saturation magnetization (36.43 emu g–1). The FTIR spectra exhibited success-
ful bonding of iron ions on activated carbon surface. The adsorption study showed that the atra-
zine concentration reached to equilibrium after 220 min, and the optimum atrazine removal was 
76% at pH = 8, 1 g L–1 adsorbent dosage, and 15 mg L–1 of atrazine concentration. The adsorption 
data fitted Langmuir model and showed a higher correlation with pseudo-second-order reaction.

Keywords: �Atrazine; Adsorption process; Magnetic nanocomposite; Aqueous solutions; Waste tire 
rubber; Persistent organic pollutant

1. Introduction

Pesticides are classified as persistent organic pollutants 
(POPs) and thus their removal has received an increasing 
attention recently. Atrazine (2-chloro, 4 ethylamino, 6 iso-
propyl amino, S-triazine) is a non-selective pesticide which 

is the most detected one in runoff and surface waters [1,2]. 
Atrazine (ATZ) is highly resistant in soil and has a long half-
life ranged from 13 to 261 d and causes a dramatic decline 
in soil flora and fauna. Low vapor pressure and moderate 
water solubility (33  mg  L–1 at 20°C) made ATZ an unpre-
ventable ground water contamination. ATZ reduces the 
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dissolved oxygen and pH of the water bodies, increases the 
calcium and is the leading cause of death in macrophytes 
and other aquatic species [3,4]. Due to its heterocyclic struc-
ture participates in SNAr11 reaction and hence ATZ has been 
considered as a carcinogenic material by USEPA, and EU 
banned its usage from 2004. Potable water is the main source 
of human exposure to the ATZ and short-term use of water 
containing it more than maximum contaminant level (MCL) 
can lead to chronic obstructive pulmonary disease (COPD), 
kidney failure, muscle spasm, weight loss, and changing the 
conformation of human serum albumin (HAS). Additionally, 
ATZ is an endocrine disruptor and long-term exposure 
causes adrenal harm and macular degeneration (MD) [5–8].

Several methods have been suggested for ATZ removal 
comprises biological treatment [9–11], anaerobic digestion 
[12], phytoremediation [13]; and physicochemical proce-
dures such as reverse osmosis [14], electrooxidation [15] 
incineration, nanomembrane filtration [16], and ultra-sonic 
destruction [17]. All mentioned methods suffer drawbacks 
like having low yield, high cost of energy, prolonged reac-
tion time, and toxic metabolites and they are also not eco-
friendly. Lately there has been a trend towards exploiting 
nanomaterials for applications like wastewater purification 
due to their unique properties and therefore a lot of stud-
ies have been carried out for carbon-based nano-adsorbents 
fabrication. Adsorption with activated carbon (AC) and 
carbon nanotubes (CNT) and other carbonous composites 
is an effective technique for removing pollutants in water 
bodies such as metals like arsenic [18], chromium [19] and 
mercury [20] and non-metal pollutions like fluoride [21] 
methylene blue [22] methyl orange [23] rhodamine B [24] 
and organic pollutants like nonylphenol and atrazine [25–
27]. AC with it is large surface area is capable of adsorb-
ing suspended solids, soluble gas in liquids, heavy metals 
from aqueous media, phenols, dyes, aromatics, butane, 
and nitrogen oxides (NOX) gases. AC is derived from mate-
rials containing high amounts of carbon like char, lignin, 
wood and organic polymers. Over recent years, research-
ers showed heightened interest in recycling wastes like 
sawdust, paper milling sludge, and particularly waste tire 
which consist largely of black carbon to produce the AC. 
Waste tires are composed of 62 wt.% styrene butadiene rub-
ber tire (SBR), 31% black carbon and are more favorable to 
synthesize AC through pyrolysis [28,29].

However, using nanoscale colloidal adsorbents requires 
a delicate separation process after decontamination. The 
magnetic particles have developed to tackle this problem 
since they are readily separable and do not need filtration, 
solid phase extraction columns or additional operations. 
Considering their low toxicity to humans and nature, Fe3O4 
nanoparticles are the most common used magnetic parti-
cles among the others [30]. They possess beneficial features 
like super magnetism and functional modification [31]. 
Nevertheless, magnetite nanoparticles are easily oxidized in 
air and aggregate in solution, hence they should be mod-
ified with organic polymers, carbon nanomaterials and 
metals [32]. In this work, we firstly synthesized activated 
carbon from waste tire granules and fabricated a magnetic 

1 Nucleophilic aromatic substitution

composite by coating Fe3O4 nanoparticles with AC via 
co-precipitation method. The products were characterized 
by Fourier-transform infrared spectroscopy (FTIR), X-ray 
powder diffraction (XRD), scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), vibrating 
sample magnetometer (VSM), Brunauer–Emmett–Teller 
(BET), and energy-dispersive X-ray spectroscopy (EDS) 
and the powder used for atrazine adsorption in aqueous 
solution.

2. Material and methods

2.1. Chemicals and reagents

All the chemicals used in the present investigation were 
of analytical reagent grade (purity  >  99%) and used with-
out any further purification. Atrazine (C8H14ClN5), meth-
anol (CH3OH), hydrochloric acid (HCl), sodium hydrox-
ide (NaOH), ferric chloride (FeCl3·6H2O), ferro chloride 
(FeCl2·4H2O), and ammonium hydroxide (NH3·H2O 25%) 
were purchased from Merck and Sigma-Aldrich Companies. 
Deionized water was prepared from Merck Millipore instru-
ment. Passenger car tire granules was purchased from a local 
industry for pyrolysis and according to the brochure, ground 
granules contained 69.7  wt.% of volatile content, 21.3  wt.% 
of fixed carbon, 8.3 wt.% ash and 0.7 wt.% moisture.

2.2. Preparation of activated carbon

The activated carbon was prepared based on the study of 
Gupta et al. [33]. Tire granules washed with distilled water 
and dried for 2  h at 100°C. The carbonization was done 
by heating at 500°C for 5 h and followed by immersing in 
hydrogen peroxide at 60°C for 24  h to oxidize the organic 
impurities. The material was washed 3  times with deion-
ized water and vacuum dried at 110°C for 2 h. The activa-
tion of the powder was done by heating at 900°C for 2 h at a 
muffle furnace and the product was soaked of the ashes by 
washing with HCl 1 M and eventually dried at 100°C for 2 h.

2.3. Synthesis of magnetic carbon nanocomposite (AC/Fe3O4)

Synthesizing of AC/Fe3O4 nanoparticles was done via 
co-precipitation process. This work was accomplished by 
dissolving FeCl3·6H2O and FeCl2·4H2O precursors with (4:1) 
molar ratio in 400  mL of degassed deionized water under 
nitrogen gas at 80°C and the mixture stirred for 45 min. 10 g 
of prepared activated carbon and 50 mL of NH3·H2O (25%) 
were subsequently added to the solution. Afterwards, it 
was heated and mixed with 400 rpm for 30 min. Finally pro-
duced composite was separated with magnet and washed 
with distilled water consecutively. For drawing an analogy 
between the magnetic properties of composite and magne-
tite, the magnetite nanoparticles were separately synthe-
sized according to the literature [34]. The as prepared Fe3O4 
powder was stored in vacuum storage container before use.

2.4. Characterization of nanocomposite

X-ray diffraction instrument (XRD Philips pw3710, kα  
co  =  1.79  Å) was employed to confirm the presence of 
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favorable phases. The powder samples were pressed into 
the sample holder and scanned from 20° to 80° at a scan 
rate of 8°min–1 and 40 kV of bias voltage. The surface func-
tional groups of AC, AC/Fe3O4 before and after ATZ adsorp-
tion were determined by employing thermo AVATAR FTIR 
instrument. The samples were prepared by mixing with 
potassium bromide (KBr) powder at the ratio of 1:10 and 
pressed under the pressure of 11 tons in the holder for 3 min 
and the pellets were placed in the sample compartment for 
analysis. Spectra were recorded from 4,000 to 400 cm–1 at a 
resolution of 2 cm–1 at room temperature and a pressure of 
<1 mbar. The surface morphology and microstructure of syn-
thesized AC and composite were studied through scanning 
electron microscopy & high-resolution scanning electron 
microscopy (SEM & HRSEM, TESCAN miraIII) using a sec-
ondary electron detector. The powder sample was mounted 
on a carbon tape on an aluminum stub and followed by gold 
coating, moreover the transmission electron microscopy 
(TEM, Zeiss Em900) applied to analyze the morphology and 
particles distribution precisely. The energy-dispersive X-ray 
analysis was employed for determination of surface ele-
mental composition with the SEM device. The BET surface 
area of the powder measured by N2 adsorption/desorption 
isotherms with Belsorp mini II instrument. Two processes 
of degassing for purifying adsorbent from water and vol-
atile compounds was done by heating at 100°C (1  h) and 
400°C (3 h). The evaluation of magnetic properties of Fe3O4 
nanoparticles and magnetic composite was done by VSM 
technique on Microsense ev9. The surface potential charge 
of composite was measured by using zeta potential instru-
ment (Horiba SZ-100) at various pH values. For studying the 
pHzpc, 50  mL of NaCl (0.01  M) used as electrolyte solution 
and was poured in 10 Erlenmeyer flasks and the pH adjusted 
with HCl 0.1  N and NaOH 0.1  N and a constant amount 
of adsorbent was added to each flask. After 48 h of contact 
time on a shaker with 150 rpm, the pH values were red.

2.5. Adsorption experiments

At first, a stock solution with concentration of 1,000 mg L–1 
of atrazine prepared by dissolving 1  g ATZ in 1,000  mL 
of ethanol and diluted in deionized water for the subse-
quent experiments. All atrazine adsorption experiments 
were conducted batch adsorption method in 100, 250  mL 
Erlenmeyer on a shaking water bath (Sheldon SWBR27) with 
150 rpm at 20°C. The amount of adsorbed atrazine (mg) per 
composite mass (g) is calculated as follows:

Q x
m

C C V
m

t= =
−( )0  

	 (1)

where C0 and Ct are the initial and final concentration of 
atrazine in the solution (mg L–1) respectively, V is the volume 
solution (L) and W(g) is the weight of adsorbent. For inves-
tigating the kinetic, adsorption isotherms, contact time and 
equilibrium concentration, the atrazine solutions with con-
centrations of 2, 5, 10, 15, 20 and 25 mg L–1 were prepared 
and experiments were conducted at different pH at 400 min 
of reaction time. A 5 mL of sample from each flask was taken 
at 10 min intervals and a centrifuge with 4,000 rpm used to 
spin out the adsorbent after separating with magnet and 

the remnant atrazine concentration at the supernatant was 
measured.

Langmuir and Freundlich isotherms were used for 
adsorption at one temperature (20°C). Langmuir isotherm 
was modelled on the assumption that the adsorption occurs 
on homogenous site and Freundlich isotherm employed 
when the adsorption takes place on heterogeneous sites of 
the adsorbent and thus the type of the adsorption can be 
determined by studying these isotherms. The Langmuir and 
Freundlich equations are presented as follow:

1 1 1 1

0 0q kq c qe e

= × + 	 (2)

log logQ K
n
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1 log 	 (3)

where qe and q0 (mg  g–1) are adsorbed atrazine at equilib-
rium and at initial time (min), and k, Kf are the rate constant 
of the Langmuir and Freundlich equations. The atrazine 
adsorption kinetic was evaluated by pseudo-first-order and 
second-order reactions presented in Eqs. (4) and (5).
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where qe and qt (mg g–1) are adsorbed atrazine at equilibrium 
and at time (min) and k1 and k2 are the first and second-
order constant rates. To investigate the regeneration capa-
bility, the adsorbent was washed repeatedly with methanol 
(99%) and deionized water by the end of each cycle and 
vacuum dried followed by drying in an oven at 80°C for 4 h.

2.6. Analytical procedures

The ATZ concentrations were monitored by high perfor
mance liquid chromatography (HPLC, KNAUER Wellchrom) 
equipped with UV detector at 222  nm. A C18 column 
(Hector-M) was utilized as a back phase for separation and 
the mobile phase was a mixture of water and methanol 
(80:20) with a flow rate of 0.5 mL min–1. The iron contents of 
the samples were detected by inductively coupled plasma-
optical emission spectrometry (ICP-OES).

3. Results and discussion

3.1. Characterization of synthesized nanocomposites

3.1.1. XRD patterns

Fig. 1 shows the X-ray diffraction patterns of the adsor-
bent and as synthesized nanoparticles which is in compliance 
with magnetite reference JCPDS (96-900-0927) and cubic 
structure with (d111 = 0.48 nm, d220 = 0.297 nm, d311 = 0.25 nm, 
d222  =  0.24  nm) [33,35]. The impurities peaks in 2θ  =  31°, 
37° of the adsorbent pattern could be related to the graph-
ite. Crystalline size was calculated 44.8 nm with full width 
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at half maximum (FWHM) using Debye–Scherer equation 
presented below:

T K
=

λ
β θcos

	 (6)

where T is mean size of the ordered crystalline, K is a dimen-
sionless factor (with value of 0.9), λ is X-ray wavelength, 
β is the line broadening at half maximum (FWHM) and 
θ is the Bragg angle.

3.1.2. Fourier-transform infrared spectroscopy

The FTIR spectra of AC and AC/Fe3O4 before and 
after adsorption are depicted in Fig. 2. The peaks at 1,103 
and 1,568  cm–1 are assigned to the C–O and O–H stretch-
ing vibration respectively [36,37]. All 3 samples showed 
characteristic peaks of C=C stretching and O–H stretch-
ing around 1,600 and 3,400  cm–1. The peaks at 1,567  cm–1 

is attributed to the stretching of C=C bond which is char-
acteristic of graphite and also could be assigned to the 
deformation vibrating of adsorbed water molecules to the 
KBr tablets [36–39]. The broad peak ranging from 2,900 to 
3,700  cm–1 might be the overlapping peaks related to the 
O–H and C–C stretching vibrational mode and also asym-
metric vibration of C–H bonds [37,40]. The finger print 
area (500–1,800  cm–1) have several peaks and the sharp 
peaks in both composites at 579.8  cm–1 correspond to the 
Fe–O stretching vibration which conform the successful 
loading of Fe3O4 on the surface of AC and iron ion stability 
after ATZ adsorption [37,39,41–43]. The peak at 1,729 cm–1 
arose from axial deformation vibrations CO of aryl halide 
indicating the adsorption of triazine ring by adsorbent. 
Moreover, the stretching vibration of C–C–O at 1,270 cm–1 
shows the presence of alcohols after adsorption and it has 
to be noted that the solvent of atrazine is methanol [44].

3.1.3. Electron microscopy

Fig. 3a indicates the HRSEM graph of the composite in 
secondary electron mode and shows agglomerated particles 

with spherical morphology and Fig. 3b exhibits the uniform 
distribution of Fe3O4 particles in composite. The brighter 
spots in Fig. 3b represent iron oxides. Moreover, the particle 
size did not exceed 100 nm and it has a good distribution 
(Fig. 5b) and proper porosity for adsorption of pollutants. 
The backscatter electron mode graph of Fig. 3c confirms the 
spherical morphology for AC/Fe3O4. By calculation in the 
same figure, the average particles size is 52  nm which is 
relatively consistent with the XRD data [34]. The EDS graph 
in Fig. 5a confirms the presence of 30 wt.% of iron element 
on the carbon surface. The SEM micrograph of magnetite 
nanoparticles which are synthesized separately is pre-
sented in Fig. 4a and b and indicates semi-cubic shape for 
magnetite. In comparison with in-situ synthesized, these 
nanoparticles had larger size owing to the temperature 
condition of synthesis process and also the lack of growth 
and oxidizing inhibitor. Hence, co-precipitation with car-
bon lead to decrease the particle size. Furthermore, TEM 
analysis in Fig. 6 shows uniform spherical particles of com-
posite with size span from 40 to 70 nm. In this figure the 
gray areas belong to the AC and dimmer spots indicates 
the Fe3O4 particles.

3.1.4. BET surface areas and pore distributions

The adsorption/desorption isotherms of the activated 
carbon and magnetic adsorbent in 77°K are shown in 
Fig. 7 and on the basis of the IUPAC classification, the iso-
therm is of II type which shows multilayer adsorption on 
a powerful macro pore adsorbent [45]. Similar results are 
obtained in other work [46]. The BET results presented 
in Table 1 shows a decline in surface area from 193 to 
111  m2  g–1 due to the occupying the pores on the surface 
of the adsorbent and substitution with iron oxide [47].

3.1.5. Magnetic properties

The adsorbent magnetic property was measured in 
an applied field from –5  KQe to 5  KQe and Fig. 8 shows 
hysteresis loop for adsorbent and magnetite. The satura-
tion magnetization (Ms) achieved 36.43 and 55. 68 emu g–1 
for adsorbent and iron oxide nanoparticles respectively. 
Given that the Ms for magnetite has amounts ranging 
from 70 to 90  emu  g–1, thus the as synthesized magnetite 
nanoparticles might well have impurities like maghemite 
(γFe2O3) [48], however, decreasing the size of nanoparti-
cles can lead to decline in saturation value of the magne-
tization [49]. Considering the value of Ms and low amount 
of coercivity presented in Table 2, the adsorbent has 
super-paramagnetic property [50].

3.1.6. pHzpc and zeta potential

Atrazine is naturally neutral and has weak interplay 
with surface of the AC like Van Der Waals, hydrogen bond 
and hydrophobic interactions [51]. Nonetheless, analyzing 
the zero-point charge helps to comprehend the atrazine 
reaction with adsorbent surface. The isoelectric point is of 
importance since the surface charge is zero and at higher 
pH values the surface will be charged negatively and absorb 
positive particles, and vice versa. According to the diagram 

Fig. 1. XRD pattern of magnetite and magnetic adsorbent.
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Fig. 2. FTIR spectra of (a) activated carbon (b and c) composite before and after adsorption.
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in Fig. 9a, the zpc pH ranges in value from 6 to 8 and the 
best point with identical initial and final pH was achieved 
7.93. The zeta potential of the composite was measured at 
pH ranging from 3 to 10. Fig. 9b depicts the fluctuations of 
zeta potential from 3·3 mV at pH = 3 to –25 mV at pH = 10 
which indicates the stability of particles in aqueous media. 
The zero-point charge was observed at pH = 6.8 and the dif-
ferences between two measured numbers could be due to 
the different experiment conditions.

3.2. Process optimization

3.2.1. Effect of pH

The effect of pH values from 2–12, was studied through 
conducting batch adsorption experiments by 20  mg  L–1 of 
ATZ and 1 g L–1 of adsorbent at 100 min of reaction time. 
The graph of Fig. 10a and b show ascending order for 
adsorption capacity and removal efficiency while the pH 
approaches to 8 and descending afterwards and therefore 

Fig. 3. (a and b) secondary electron mode HRSEM and (c) back scatter mode HRSEM of adsorbent.

Fig. 4. (a and b) SEM of Fe3O4 nanoparticles without modification and (c) reused composite.
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the optimum pH was set to 8. Similar studies showed that 
at higher pH values (5–9) ATZ exists as a neutral molecule 
and therefore ATZ will have hydrophilic interaction with 
composite and the hydrogen bonds make the adsorption 
favorable [52].

3.2.2. Effect of contact time

The impact of reaction time (0–400  min) and ATZ 
removal at pH = 8 and 1 g L–1 of adsorbent dosage are shown 
in Fig. 11. The adsorption took place in a rapid step fol-
lowed by a gradual stage for all concentrations owing to 
the driving force decrement caused by adsorbate reduction 

over time [53]. The equilibrium time (Te) and concentration 
(Ce) for 5, 10, 15, 20, and 25 mg L–1 of ATZ are presented in 
Table 3. The Te was achieved 220 and 240 min for 5–15 mg L–1 
and 20, 25  mg  L–1 respectively. Accumulation of ATZ mol-
ecules on the adsorbent surface and their steric hindrance 
and electrostatic repulsion will increase the equilibrium 
time. The optimal reaction time for ATZ adsorption process 
was considered 220 min.

3.2.3. Effect of adsorbent dosage

Calculating the optimum composite dosage accom-
plished by introducing 0.01, 0.02, 0.05, 0.1, 0.15 and 0.2  g 

Table 1
BET results

Mean pore diameter (nm)Total pore volume (cm3 g–1)Vm (cm3(STP) g–1)ag (m2 g–1)Sample

25.1080.697125.515111.06MAC
20.0960.970344.371193.12Activated carbon

Fig. 5. (a) EDS data of MAC and (b) particle size distribution.

Fig. 6. TEM image of synthesized adsorbent.



N. Heydarian Dana et al. / Desalination and Water Treatment 252 (2022) 219–232226

of adsorbent to series of conical flasks containing 100  mL 
of ATZ solution with 20 mg L–1 concentration. Flasks were 
placed on a shaker and reaction was done with speed of 
250 rpm for 220 min. According to Fig. 12a monitoring con-
centration at 10 min intervals shows highest ATZ removal 
with 1.5 g L–1 of adsorbent dosage and resulted in complete 
removal. In as much as additive amounts of adsorbent to 
the solution, raise the numbers of active adsorption site 
[54]. On the contrary, considering the plot 12b, exceeding 
the adsorbent amounts to 2  g  L–1, reduces the composite 
activity and removal efficiency to 94% through overlap-
ping and obstruction of pores [55]. The 1 g L–1 was selected as 
the ideal dosage and identical to the researches presented 
in [35,55]. The explanation for the lower adsorbent dos-
age (0.1 g L–1) in the studies of [53,54], is the lower initial 
ATZ concentration in addition to using commercial AC 
as catalyst support which has higher surface area with 

type I/II BET isotherm that strongly supports multilayer 
adsorption. Fig. 13a illustrates a comparison between the 
adsorption capacity of Fe3O4 and synthesized magnetic 
activated carbon (MAC) which confirms the effect of AC on 
adsorption capacity. The adsorption capacity of MAC and 
AC is depicted in Fig. 13b which shows the higher power 
of the AC for adsorbing the pollutant.

3.2.4. Effect of initial ATZ concentration

The effect of different initial ATZ concentrations at a 
constant dosage of adsorbent on removal efficiency is illus-
trated in Fig. 14 and demonstrates a reduction in adsorp-
tion capability from 80% to 61% by increasing concentration 
from 5 to 25 mg L–1 respectively which is due to the filling 
up the adsorption sites. However, the adsorption capacity 
has increased. The best initial concentration was selected 
15 mg L–1.

Fig. 7. Adsorption/desorption at 77.3°K for composite and scrap 
tire charcoal. Fig. 8. Hysteresis loop of magnetite and magnetic adsorbent.

Fig. 9. (a) Plot of pHzpc and (b) zeta potential variations at different pH values.
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3.3. Adsorption isotherms

The higher coefficient of Langmuir model (KL) the 
higher correlation of adsorption/desorption. Moreover, 
the separation factor (RL  =  1/(1  +  KLC0) states that the 

adsorption is unfavorable if RL > 1, favorable if 0 < RL < 1, 
and irreversible with RL  =  0 [56]. The constant Kf is an 
approximate indicator of adsorption capacity, while 1/n 
is a function of the strength of adsorption in the adsorp-
tion process and represents the heterogeneity. The favor-
able sorption will happen if the intensity value (n) lies 
between 2 and 10, 1 < n < 2 moderate adsorption and for 
n < 1 poor adsorption will take place [57]. Considering the 
results presented in Table 4 the Langmuir RL coefficient for 
all concentration obtained between 0 and 1 which shows 
favorable adsorption while the n value for the Freundlich 
approached to 1.28 and indicates moderate adsorption. 
Fig. 15a and b shows that the Langmuir correlation coef-
ficient (R2) was 0.9995 and higher than that of Freundlich 
with R2  =  0.996 which states that the sorption occurred 
on homogenous sites more than heterogenous ones, and 
consequently the type of adsorption was monolayer. 

Table 2
Magnetic properties of magnetite and magnetic composite

Coercivity 
Hc Qe

Remanence 
Mr (emu g–1)

Magnetization 
Ms (emu g–1)

Sample

0.410.2155.68Fe3O4

2.441.236.43Fe3O4/AC

Fig. 10. (a) Variation of adsorption and removal percentage against pH and (b) fluctuations of concentration vs. time in various 
pH values.

Fig. 11. Effect of contact time on adsorption of ATZ by MAC.

Table 3
Equilibrium time and concentration data

Atrazine removalQe (mg g–1)T (°K)pHW(g) adsorbentVolume (L)Ce (mg L–1)Concentration (ppm)

804.0129380.10.10.995
797.929380.10.12.110
7611.529380.10.13.515
7414.7929380.10.15.2120
7318.2829380.10.16.7225
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However, the adsorption for ATZ cannot be clarified by 
the Langmuir model while the ATZ is a big molecule. On 
the other hand, the adsorption behavior of Fe3O4 nanopar-
ticles presented in Fig. 13a was negligible compared to 
the composite and therefore the adsorption could be 
attributed to the π-π bonds and electrostatic interaction 
between the adsorbent and adsorbate [37]. The maximum 
adsorption capacity of the ATZ on MAC is 44.62  mg  g–1. 
A comparison between diverse adsorbents for adsorption 
of ATZ is provided in Table 5 and demonstrates a good 
performance for MAC.

3.4. Adsorption kinetics

Pseudo-first-order and pseudo-second-order kinetic 
model’s data are given in Table 6 and considering the 

correlation factors the pseudo-second-order model is bet-
ter fitting for adsorption process, hence the reaction is of 
physicochemical type. Additionally, the calculated adsorp-
tion capacities (qcal) deviations from experimental amounts 
(qexp) are lesser in the pseudo-second-order rather than 
pseudo-first-order, and consequently it could be inferred 
that the chemisorption is the rate limiting factor [62].

3.5. Adsorbent regeneration

The recyclability of adsorbent was done by using 20 mL 
of methanol as the desorption reagent. Due to the leach-
ing of Fe ions in acidic media, 0.1  M NaOH solution was 
used to fix the pH of wash water at 12. Fig. 16 shows the 
reduction of composite activity after 3 cycles of adsorption 
and desorption. Reducing the activity from 93% to 81% 

Fig. 12. (a and b) impact of adsorbent dosage on ATZ removal [C0 = 20 mg L–1, pH = 8, T = 220 min].

Fig. 13. Adsorption capacity of (a) MAC and magnetite particles and (b) MAC and AC.
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shows the presence of Fe2O3 on the adsorbent surface and 
releasing Fe ions to the solution. Fig. 4c shows the SEM of 
regenerated adsorbent and it can be observed that the iron 
oxide density has increased on the surface and the active 
sites numbers were decreased which can lead to reduce the 
efficiency [54].

4. Conclusion

The magnetic composite AC/Fe3O4 have been syn-
thesized by wet chemical synthesis and its application 
for atrazine removal was studied. Characterization of 
composite showed mesoporous structure and the pres-
ence of magnetite (Fe3O4) with proper size distribution in 

the carbon lattice was confirmed. The small quantities of 
coercivity and remanence magnetization in the composite 
indicated super-paramagnetic property. Performed exper-
iments for ATZ removal exhibited a good proficiency for 

Table 6
Pseudo-first-order and pseudo-second-order reactions data

Pseudo-second-orderPseudo-first-orderInitial atrazine concentration (mg L–1)

R2k2 (g/(mg min))Qe,cal (mg g–1)R2k1 (1/min)Qe,cal (mg g–1)Qe,exp (mg g–1)

000.9960.00994.320.82640.016661.334.015
0.99290.00169.540.97860.0217912.897.910
0.99240.0010713.910.97720.019617.06811.515
0.99490.00046219.38620.97410.0184931.8914.7920
0.99020.00018828.370.9990.0041345.4618.2825

Table 4
Langmuir and Freundlich correlation data

Langmuir isotherm

RLR2KL (L mg–1)qm (mg g–1)

0.285564–0.6665030.99950.10007344.61816

Freundlich

R21/nKf (mg/g (L mg)1/n)

0.99560.7801134.200220902

Table 5
Comparison of maximum capacity of ATZ on various adsorbents

Adsorbent Pollutants Temperature Dose (g L–1) pH Qexp max. (mg g–1) References

AC/MgO/ZnO ATZ 20 2 5 29.8% ± 0.7% [26]
Nanoporous carbon ATZ 25 51 [27]
Fe3O4/graphene nanocomposite ATZ 20 0.5 5 54.8 [30]
Magnetic Fe3O4@SiO2 ATZ 20 1 0.053 [52]
Zeolitic imidazolate 
framework-8(ZIF8), UIO 67

ATZ 25 2.4 6.9 6.78, 10.96 [58]

Unmodified bentonite clay (UBC)
Acid modified bentonite clay (ABC)
Base modified bentonite clay (BBC)

ATZ 30 0.1 12
12
7

76.92
125
111.11

[59]

Chitosan-modified sepiolite ATZ 65 2 6.5 17.92 [60]
Wood industry biochar ATZ 20 2 5.8 3.333 [61]
MAC ATZ 20 1 8 44.62 This study

Fig. 14. ATZ removal in different initial concentrations [pH = 8, 
1 g L–1 of adsorbent].
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ATZ adsorption. In comparison to the identical studies, this 
research showed that scrap tire charcoal with lower surface 
area, had acceptable performance and it was quite capa-
ble of removing organic pollutions. The adsorbent activity 
after three cycle had a minute reduction that indicates the 
ability of the composite to be regenerated and reused. In 
conclusion, ATZ adsorption with activate carbon derived 
from waste tire is a promising method and we investigated 
the s-triazines oxidation through heterogeneous reaction by 
this adsorbent in another study.
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