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ABSTRACT

Spent tea-supported magnetite (ST/Mag) nanoparticles were synthesized as an adsorbent
for the removal of hexavalent chromium [Cr(VI)] from saline wastewater. Prepared ST/Mag
adsorbent was characterized using X-ray diffraction, scanning electron microscopy, and
Fourier transform infrared spectroscopy. Various factors affecting the uptake behavior such
as pH, contact time, initial concentration of metal ions, adsorbent dose, coexisting ions, and
desorption behavior were studied using batch tests. The results revealed that adsorption of
Cr(VI) was highly pH dependent and the kinetics of the adsorption followed by the Avrami
fractional-order and pseudo-second-order kinetic models. The results showed that the
adsorption isotherms were more accurately represented by Langmuir and Liu isotherm
models with a sorption capacity of 30.0 mg g−1. Adsorption experiments with co-ions
indicated that the adsorptive removal of Cr(VI) ions was slightly decreased. Desorption
studies using alkaline eluents showed maximum recovery of ST/Mag and only 10%
decrease occurring in maximum adsorption capacity after five cycles. The ST/Mag
nanoparticles proved to be a very prospective adsorbent for Cr(VI) uptake from industrial
high-TDS effluents.

Keywords: Chromium(VI); Spent tea-supported magnetite nanoparticles; Adsorption; Saline
wastewater

1. Introduction

In recent years, nanoscale iron oxides have increas-
ingly been used for environmental remediation
purposes. Among the iron oxides, magnetite (Fe3O4) is

a reliable choice for remediation applications owing
to its biocompatibility and suitable magnetic proper-
ties [1]. Magnetic separation technology is a new
methodology that has been used as a simple, fast,
efficient, and economical method for separation and
preconcentration of environmental contaminants.
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Other advantages of this method are the large active
surface area and the high adsorption capacity as well
as the ability to process a solution containing sus-
pended solids and producing less secondary waste
[2,3]. In addition, magnetite can easily be separated by
an external magnetic field which is especially useful
for the recovery or reuse of magnetite nanoparticles
[4]. The disadvantage of using these nanoparticles,
however, is their aggregation in aqueous media, which
introduces a challenge for work with nanomaterials.
This property decreases the effective surface area of
the particles and thus reduces their adsorption capac-
ity [4,5]. Agglomeration is also occurring frequently as
a result of the encounter between colloidal particles
dispersed in the liquid media, and the stability of the
dispersion is determined by the interaction between
the particles during this encounter. To promote a
stable dispersion, short-range repulsive forces are
required to keep each particle discrete and prevent it
from amassing as larger and faster settling agglomer-
ates [6]. A variety of methods such as surfactant
[4,7,8], polymer matrix [9–11], montmorillonite [12],
diatomite [13], starch [14], porous silica [15], sepiolite
[16], and zeolites [17] have been developed to prevent
the co-aggregation and to tailor the size of the
nanoparticles.

In this regard, spent tea, which is a kind of natural
and readily available household, agricultural, and
industrial residue, has been recognized as a non-con-
ventional, low-cost, and efficient biosorbent and also a
rich source of environmental friendly hydrocarbons
[18]. It has also been found effective for stabilizing
magnetite nanoparticles [19]. Recently, a large number
of publications have explored the adsorption of
organic and inorganic contaminants such as Ni(II) ions
[20], Cu and Pb ions [21], chromium(VI) [22], Pb(II)
ions [23], and methylene blue [18] from aqueous solu-
tions using spent tea, yet few researchers have worked
on impregnated spent tea for the removal of heavy
metal ions [24]. Studies have revealed that pure mag-
netite nanoparticles have a lower uptake of heavy
metals than the modified and/or supported magnetite
nanoparticles [25,26]. Therefore, in the present study,
spent tea-supported magnetite (ST/Mag) nanoparticles
were synthesized and the nanocomposites were fur-
ther used for the removal of Cr(VI) from synthetic sal-
ine wastewater to evaluate their effectiveness in being
used as an adsorbent in environmental remediation.

Chromium is one of the most toxic metals that
exists in river water, groundwater, and soil as a result
of metal finishing, electroplating industries, leather
tanning, metallurgy and chrome preparations, alloy
steel manufacturing, pigment synthesis, and dyeing
industries [2,5]. Discharge wastewater from these

industries contain Cr(III) and Cr(VI) in concentrations
ranging from 10 to 250 mg L−1 [2]. Tanneries are
among complexes characterized as intensively pollut-
ing industrial units which generate widely varying,
high-strength saline wastewater containing Cr(VI) [27].
Cr(VI) exists mainly in the ionic forms of chromate
and dichromate (anionic) in aqueous systems [28]. The
industrial effluent maximum permissible discharge
level of Cr(VI) into water bodies is 0.1 mg L−1 [29].

There are many techniques that have been devel-
oped for the removal of Cr(VI) from wastewater,
including ion-exchange, chemical precipitation, mem-
brane filtration, and electro deposition, to name a few
[27]. But these methods suffer from disadvantages
such as requiring large excess of chemicals, generating
volumetric sludge, and involving high capital invest-
ment. They are not only limited for high operational
cost but also inefficient in the removal of some heavy
metal ions [28,30]. Adsorption is a cost-effective,
widely used technique for the removal of metal ions
[28]. Very few researches concentrating on the removal
of Cr(VI) from saline wastewater have been conducted
using ST/Mag nanoparticles for adsorption and
reduction.

Consequently, the objective of this study is to
assess the feasibility of using ST/Mag nanoparticles
for Cr(VI) removal from synthetic saline wastewater.
For this purpose, ST/Mag nanoparticles were synthe-
sized and the resulting materials were used in a
series of batch experiments to investigate how the
experimental conditions (e.g. pH value, initial Cr(VI)
concentrations, contact time, adsorbent dose, and the
salinity of solution) influenced the removal of Cr(VI)
ion from saline wastewater. Different non-linear
isotherm models were used to describe adsorption
equilibrium of Cr(VI) ions by ST/Mag nanoparticles.
Furthermore, the kinetics involved in the adsorption
process was evaluated using different non-linear
kinetic models.

2. Materials and methods

2.1. Chemicals and materials

All chemicals were of analytical reagent grade or
the highest purity available from Merck Company
(Germany). Double-distilled water was used through-
out the study. Potassium dichromate (K2Cr2O7, 99%)
was used for the preparation of stock solutions of
chromium. Analytical grade reagents such as ferrous
chloride tetrahydrate (FeCl2·4H2O, 99%) and sodium
hydroxide (NaOH) were used for the synthesis of
magnetite. NaCl and Na2SO4 were used for the
preparation of saline solutions.
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2.2. Adsorbent preparation and characterization

Spent tea leaves were obtained from households.
Initially, in order to remove impurities, caffeine,
tannin, and color, it was washed several times with
distilled water and then severally boiled with distilled
water at 100˚C. Decolorized spent tea leaves were
dried at 65˚C for 24 h. Dried spent tea leaves were
then activated using sulfuric acid (H2SO4). Hence,
dried spent tea leaves were immersed in H2SO4 solu-
tion and vigorously agitated followed by washing
with distilled water till the neutral pH of filtrate was
observed. Acid was used to increase the proportion of
active surfaces and to prevent the elution of tannin
compounds that would both stain the treated water
and greatly increase the chemical oxygen demand.
After drying at 105˚C, activated spent tea (AST) was
crushed and eventually sieved through a range of
sieves, with particles only less than 270 mesh size
used in accordance with the ASTM method [31]. After
sieving, the AST were dried in an oven at 80–85˚C for
2 h and then the samples were stored in plastic bags
until used for the synthesis of ST/Mag nanoparticles.

The ST/Mag nanoparticles were synthesized using
the co-precipitation method through the following
steps: first, 50 mL of an aqueous solution of
FeCl2·4H2O (5.0 g L−1 as Fe) was added dropwise to a
50 mL of 1% (W/V) spent tea solution under continu-
ous shaking. The mixture was shaken for 30 min to
allow the formation of a homogeneous spent tea–Fe2+

solution. Then, the pH of the solution was increased
slowly to 12 by adding of 0.5 M NaOH solution. The
reaction mixture was shaken for 1 h [14]. The ST/Mag
was prepared via controlled oxidation of a Fe2+ ion
solution according to the following equation:

6ST� Fe2þ þO2 þ 12OH� ! 2ST=Magþ 6H2O

The adsorbent then was washed several times with
alcohol and then deionized water until its pH became
neutral, collected by magnetic separation and dried at
70˚C under vacuum for 12 h. All of the prepared sam-
ples were kept in a vacuum desiccator before being
used for adsorption experiments.

The specific surface area of the ST/Mag was mea-
sured by Brunauer–Emmett–Teller (nitrogen adsorption
technique, model Quantachrome, 2000, NOVA) [32].
The bulk density of the adsorbent was determined by
specific gravity bottles. A potentiometric method was
used to determine the point of zero charge (pHzpc)
[33]. A Metrohm model 713 pH meter was used for pH
measurements. The parameters of the adsorbent such
as moisture content, ash content, organic matter, solu-
bility in water, and solubility in acid were determined

by ASTM [34]. The physicochemical features of the
ST/Mag nanoparticles are listed in Table 1.

BRUKER’s Vertex 70 infrared spectrometer was
used for the Fourier transform infrared spectroscopy
(FTIR) analysis. The surface morphology of ST/Mag
nanoparticles was analyzed using a Philips XL-20
scanning electron microscopy (SEM) (Philips Co., The
Netherlands) equipped with an energy dispersive
X-ray analyzer (EDX) (S-3400N). EDX analysis is an
analytical technique used to determine the elemental
composition or chemical characterization of a sample.
X-ray diffraction (XRD X’pert Philips, HOLAND)
analysis was performed to identify the structure and
the composition of synthesized ST/Mag.

2.3. Adsorption experiments

Batch experiments were performed to evaluate the
removal rate of Cr(VI) in the presence of ST/Mag
nanoparticles. The experiments were performed at
room temperature (20 ± 1˚C) using 100-ml high-density
polyethylene bottles. The stock solution of Cr(VI)
(1,000 mg L−1) was prepared by K2Cr2O7 and the con-
centration range of Cr(VI) prepared from the stock
solution varied from 5 to 300 mg L−1. The synthetic
saline wastewater containing the appropriate amount
of Cr(VI) and co-ions were prepared by adding the
stock solution of Cr(VI) and dissolving NaCl and
Na2SO4 in distilled water. In a typical run, 0.25 g of
ST/Mag nanoparticles adsorbent was added into
50 ml of Cr(VI) solution over a period of time on a
shaker at 350 rpm. After the aqueous phase was
separated magnetically, the concentration of Cr(VI)
and total Cr in the solution was determined using a
spectrophotometer (Dr-5000, Hack Co.) and a flame
atomic absorption spectrometer (Analytic Jena, Vario
6, Germany), respectively. The amount of Cr(III) was
determined by subtracting the total Cr and Cr(VI).

Table 1
The main physicochemical characteristics of ST/Mag
nanoparticles

Parameters Values

Moisture content (%) 2.49
Ash content (%) 64
Volatile fraction (%) 33.77
Solubility in water (%) 0.12
Solubility in acid (%) 0.5
pHZPC 5.25
BET surface area (m2g−1) 509
Particle size (nm) 10–100
Bulk density (kgm−3) 0.84
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In this study, the effect of pH was investigated in
the range 2–8 under the initial Cr(VI) concentration of
10 mg L−1 and TDS of 0.5%. The initial pH of the
solution was adjusted using 0.1 M HCl or 0.1 M
NaOH. The effects of the contact time (2–240 min), the
initial concentration of Cr(VI) (5–300 mg L−1), the
adsorbent dosage (0.1–11.0 g L−1), and the co-ions
(1.0–100 mS cm−1 electrical conductivity) were also
examined throughout the experiments. Finally, the
0.2 M NaOH and 0.2 M NaOH + 1.0 M NaCl were
used for the desorption study.

The removal efficiency (%R) of Cr(VI) and the
adsorption capacity (qe) were obtained by the
following equations:

%R ¼ Co � Ce

Co
� 100 (2)

qe ¼ ðCo � CeÞV
m

(3)

where qe (mg/g) is the amount of adsorbed Cr ions
onto the unit amount of the adsorbent, and Co and Ce

(mg/L) are the initial and equilibrium Cr ion concen-
trations, respectively. V (L) is the volume of the solu-
tion, and m (g) is the mass of dry adsorbent used.

2.4. Adsorption isotherm and kinetic models

To determine the parameters of the isotherm and
kinetic models, the Cr(VI) adsorption data were fitted
to the non-linear kinetic and isotherm models using
MATLAB® 7.11.0 (R2010b) software, with successive
interactions calculated by the Levenberg–Marquardt
algorithm. Since the unwanted falsification of error
distribution occurs, due to data transformation to a
linear form, the non-linear method would logically be
superior to the linear one in determining the parame-
ters of the isotherm and kinetic models [35].

Determination of the adsorption isotherm and the
related parameters is a basic requirement for design-
ing adsorption systems. In addition, the kinetics
describes the adsorbate uptake rate which controls the
residence time of adsorbate uptake at the adsorbent–
solution interface. Therefore, it is important to be able
to predict the metallic ion uptake removal rate from
aqueous solutions in order to design an appropriate
adsorption unit. Moreover, this provides important
information for modeling the processes. In this study,
adsorption isotherm models (viz., Langmuir,
Freundlich, Redlich–Peterson, Temkin, and Liu iso-
therms) have been used to investigate the adsorption
capacity and the equilibrium coefficients for the

adsorption of Cr(VI) by ST/Mag adsorbent [36]. In
order to describe the kinetics of Cr(VI) adsorption
onto ST/Mag, characteristic constants were deter-
mined using pseudo-first-order equation of Lagergren
[37], pseudo-second-order equation of Ho [38], Elovich
[39], Avrami fractional-order [40], fractional power,
and Weber–Morris intraparticle diffusion [41]. The
non-linear equations and constants related to the
isotherm and the kinetic models are given in
Supplementary Table 1.

2.5. Models fitness

To select the most suitable kinetic and isotherm
models, it is necessary to evaluate their validity. Here,
the validity of kinetic and isotherm models was
assessed by such criteria as the determination coeffi-
cient (R2), the adjusted determination coefficient
(R2adj), the sum squared error (SSE), and the root
mean square error (RMSE) [4,36,42]. These criteria
describe the goodness of fit between the experimental
and predicted data. The best model was chosen based
on the lowest RMSE and SSE, as well as with R2 and
R2adj as close as possible to one. R2, R2adj, SSE, and
RMSE can be calculated according to Supplementary
Table 2.

3. Results and discussion

3.1. Characterization of ST/Mag

To evaluate the presence of Fe3O4, the structure of
ST/Mag nanoparticles was characterized by XRD
whose diffractogram is shown in Fig. 1. The XRD
pattern of the ST/Mag nanoparticles was prepared in
the 2θ range of 10–80˚. There are diffraction peaks in
ST/Mag nanoparticles, which are consistent with the
standard pattern for crystalline magnetite with spinal
structure and with PDF2 card of Fe3O4 (JCPDS NO.
088-0315 Fe3O4). The main peaks at 2θ = 21.6˚, 35.4˚,
43.1˚, 53.4˚, 56.9˚, 62.5˚, and 74.9˚ for ST/Mag, which
were marked, respectively, by their indices (1 1 1),
(2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0) plane
of a cubic spinal structure of the magnetite nanoparti-
cles. The characteristics and purity of the ST/Mag
nanoparticles were evident because the XRD peaks of
the nanocrystallites matched well with standard Fe3O4

and other crystalline phases were not detected (Fig. 1).
So, it confirms the presence of Fe3O4 particles in
structure of ST/Mag composite.

FTIR spectra of ST/Mag and Cr(VI) sorbed onto
ST/Mag composite are shown in Fig. 2. Based on FTIR
spectrum of ST/Mag nanoparticles, the band at around
570–590 cm−1 was assigned to Fe–O groups, which
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confirms the metal–oxygen stretching and indicates the
presence of Fe in ST/Mag nanoparticles (see Fig. 2).
The trough at 1,055 and 1,640 cm−1 represents the C–O
stretching mode corresponding to the carbonyl groups
in the alcohol components (phenolic) and C–O stretch-
ing mode conjugating with the NH2 (amide 1 band),

respectively. The band observed at about 2,923 cm−1

could be assigned to the aliphatic C–H group [19],
while peaks appearing at 3,410–3,420 cm−1 in the spec-
trum (see Fig. 2) are indicative of hydroxyl groups. In
the FTIR spectrum of Cr(VI)-sorbed ST/Mag compos-

Fig. 1. XRD image of ST/Mag nanoparticles.
Fig. 2. FTIR spectra of ST/Mag before and after Cr(VI)
adsorption.

Table 2
Goodness of fit criteria and coefficients of adsorption kinetic models

Adsorption kinetic models Parameters (unit) Values R2adj RMSE SSE

Cr(VI) 10 mg L−1 Pseudo-first-order (Lagergren) Kf (min−1) 0.217 0.940 0.112 0.100
qe (mg g−1) 1.356

Pseudo-second-order (Ho) kS (g mg min−1) 0.244 0.989 0.048 0.018
qe (mg g−1) 1.437

Elovich α (mg g−1 min−1) 9.033 0.967 0.083 0.055
β (g mg−1) 6.103

Avrami fractional-order kAV (min−1) 0.191 0.997 0.023 0.004
qe (mg g−1) 1.435
nAV (–) 0.501

Fractional power function a (mg g−1 min–b) 0.764 0.947 0.105 0.088
b (–) 0.131

Intraparticle diffusion kid (mg g−1 min−0.5) 0.072 0.539 0.310 0.770
C (–) 0.645

Cr(VI) 100 mg L−1 Pseudo-first-order (Lagergren) Kf (min−1) 0.164 0.977 0.710 4.037
qe (mg g−1) 13.51

Pseudo-second-order (Ho) kS (g mg min−1) 0.018 0.998 0.186 0.276
qe (mg g−1) 14.40

Elovich α (mg g−1 min−1) 29.97 0.952 1.022 8.356
β (g mg−1) 0.530

Avrami fractional-order kAV (min−1) 0.151 0.999 0.165 0.187
qe (mg g−1) 13.92
nAV (–) 0.646

Fractional power function a (mg g−1 min–b) 6.697 0.92 1.325 14.05
b (–) 0.156

Intraparticle diffusion kid (mg g−1 min −0.5) 0.762 0.583 3.026 73.27
C (–) 5.727
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ite, the broadening of band at 3,420 cm−1 in the FTIR
spectra of Cr(VI)-sorbed ST/Mag composite illustrates
the electrostatic attraction between the HCrO�

4 ions
and the ST/Mag. The shiftings in absorption frequen-
cies at 588 cm−1 related to Fe–O groups, absorption fre-
quencies at 2,923 cm−1 related to aliphatic C–H group,
and absorption frequencies at 3,410 cm−1 related to OH
groups also indicate the electrostatic attraction [43]. In
addition, the absorption band at around 570–590 cm−1

corresponds to the Cr–O bond which indicates the
presence of Cr(VI) in the chromium-sorbed ST/Mag
[44]. It seems that the mentioned functional
groups influence the Cr(VI) adsorption on ST/Mag
nanoparticles.

The SEM was used to study the surface charac-
teristics and the morphology of the adsorbent. The
SEM micrograph of ST/Mag is shown in Fig. 3(a).
According to the SEM observation (Fig. 3(a)), the syn-
thesized ST/Mag nanoparticles appear as spherical
shape with size in the range 10–100 nm and their

mean sizes are 45 nm. The nanoparticles are aggre-
gated, which resulted in a rough surface and porous
structure. Therefore, spherical ST/Mag is at the nanos-
cale and good to achieve adsorption.

Fig. 3(b) and (c) shows the EDX spectra of
ST/Mag adsorbents before and after loaded with
Cr(VI), respectively. The EDX spectrum of ST/Mag
before interacting with Cr(VI) ions revealed carbon,
oxygen, and iron as major components, with Al and
Ca representing minor and trace components.
Comparing the spectra of the ST/Mag loaded with
Cr(VI) with that of unloaded one, the chromium
peak could be observed (Fig. 3(c)), which confirmed
the chromium adsorption onto the ST/Mag
composite.

3.2. Effect of pH

Adsorption studies indicated that pH plays an
important role in the adsorption process. To investi-

Fig. 3. (a) SEM micrograph of ST/Mag nanoparticles and EDX spectra of the magnetic adsorbents, (b) ST/Mag, and
(c) ST/Mag loaded with Cr(VI).

A.A. Babaei et al. / Desalination and Water Treatment 57 (2016) 12244–12256 12249



gate the effects of pH on the adsorption of Cr(VI) onto
ST/Mag, the initial pH values were adjusted to the
range of 2.0–8.0. The initial Cr(VI) and salt concentra-
tions were set at 10 mg L−1 and 0.5%, respectively,
and the contact time was 120 min. Fig. 4 shows that
the uptake of chromium(VI) by spent tea–magnetite is
highly pH dependent and that the efficiency of Cr(VI)
uptake by ST/Mag decreases as a result of increasing
the solution’s pH. The maximum removal efficiency
(92.8%) of Cr(VI) by ST/Mag nanoparticles was found
at pH 2.0. These results are confirmed in other reports
as well [3,4,25,45,46]. At first, it may be attributed to
affinity of the adsorbent for the different anion species
of Cr(VI), namely Cr2O

2�
7 , HCrO�

4 , CrO2�
4 , Cr3O

2�
10 ,

and Cr4O
2�
13 coexisting at acidic pH conditions [47]. In

the acidic pH range of 2–3, the HCrO�
4 is the most

predominant species of Cr(VI), which is favorably
adsorbed because of the low adsorption free energy
[45]. Moreover, due to the excess amount of H+ ions
within the medium at the acidic pH, the active sites
on the adsorbent are positively charged. This causes a
strong attraction between these sites as well as a
negative charge of different anion species of Cr(VI),
especially the HCrO�

4 ions [48]. On the other hand,
the surface of ST/Mag has a net positive (–OH+2) [28],
a neutral (–OH), and a negative (–O−) charge at pH <
pHZPC, pHZPC, and pH > pHZPC, respectively. Thus,
Cr(VI) ions (HCrO�

4 and CrO2�
4 ) can easily be

adsorbed to the surface of magnetite at pH values
lower than the pHZPC [49]. As a result, an increase in
pH value will make the ST/Mag surfaces less
positively charged, greatly weakening the electrostatic
attraction between ST/Mag nanoparticles and
negatively charged Cr(VI) anions. In addition, the

significant decrease in the Cr(VI) uptake with the
increase in pH values is due to the higher concentra-
tion of OH− ions present in the reaction mixture,
which compete with Cr(VI) anions to occupy the
adsorption sites and thus reduce the removal
efficiency of ST/Mag nanoparticles.

3.3. Effect of adsorbent dose

The adsorbent dose parameter has a pronounced
effect on the removal of adsorbate species from
aqueous solutions. In the present study, the effect of
different ST/Mag dosages on Cr(VI) removal from
aqueous solutions was investigated. As shown in
Fig. 5, the removal efficiency increased from 10.1 to
99.7% upon increasing the adsorbent dose from 0.10 to
11.0 g L−1. Maximum removal of Cr(VI) was achieved
by ST/Mag in the optimum dose of 6 g L−1, but
afterward, the Cr(VI) removal efficiency was almost
constant. This result was expected because as the
adsorbent dose increases, the number of adsorbent
particles and active sites increases and thus more
Cr(VI) is attached to their surfaces. According to
Babaei et al. [4] and Wang et al. [50], increase in the
adsorbent dose leads to an increase in the removal
efficiency of Cr(VI) using different adsorbents.

3.4. Effect of contact time and adsorption kinetics

The adsorption of Cr(VI) by ST/Mag nanoparticles
as a function of time at the initial Cr(VI) concentra-
tions of 10 and 100 mg L−1 is displayed in Fig. 6. The
unit of adsorption of Cr(VI) increased from 1.44 to
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Fig. 4. The effect of pH on Cr(VI) adsorption by ST/Mag
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13.92 mg g−1 as the initial Cr(VI) concentration rose
from 10 to 100 mg L−1. As shown in Fig. 6, the rate of
Cr(VI) uptake was quite fast for the first 30 min,
reaching the equilibrium after 60 min for the two val-
ues of the initial Cr(VI) concentration studied. At equi-
librium state, the removal efficiencies of Cr(VI) with
the initial concentrations of 10 and 100 mg L−1 were
99.7 and 81.8%, respectively. The higher sorption rate
at the initial period (first 30 min) is probably due to
the plentiful availability of sorption sites and a large
surface area available for the adsorption of the Cr(VI)
onto ST/Mag. It may as well be attributed to the
external surface adsorption. This indicates that a
significant part of adsorption sites of the adsorbent
exists in the exterior of ST/Mag nanoparticles and is
easily accessible by the Cr(VI) species, thus resulting
in a rapid equilibrium. According to Babaei et al. [4]
and Yuan et al. [13], adsorption equilibrium was
achieved in 1 h in the acidic pH range in the presence
of SLS-Mag and montmorillonite-supported magnetite,
respectively.

The kinetics of the adsorption process is shown in
Fig. 7 was simulated with 99% confidence bounds
using non-linear equations of pseudo-first-order of
Lagergren, pseudo-second-order of Ho, fractional
power, Elovich, Avrami fractional-order, and Weber–
Morris intraparticle diffusion kinetic models. The esti-
mated parameters are shown in Table 2. From Table 2
and Fig. 7, it can be seen that the intraparticle diffu-
sion (ID) model has the least fit to the experimental
data, which indicates that intraparticle diffusion is not
a controlling step during the sorption of Cr(VI) on
ST/Mag nanoparticles and that some other mecha-
nisms are involved. Based on the higher value of the
adjusted determination coefficient (R2adj) and the
lower values of the SSE and the RMSE, it is found that

Cr(VI) adsorption onto ST/Mag nanoparticles can be
best described by the Avrami fractional-order and
pseudo-second-order kinetic models for the two
values of the initial Cr(VI) concentrations studied. This
result indicates that this sorption system is a pseudo-
second-order reaction, implying the rate-limiting step
may be a chemical sorption involving valency forces
through sharing or exchanging electrons between
sorbent and sorbate [38].

3.5. Effect of initial Cr(VI) concentration and adsorption
isotherm

The initial concentration of contaminants provides
an important driving force to overcome all the mass
transfer resistance of metal ion between the aqueous
and solid phases. Hence, a higher initial concentration
of Cr(VI) will increase the adsorption rate [47].
Removal of Cr(VI) by ST/Mag nanoparticles as a
function of initial Cr(VI) concentrations at pH 2 is
shown in Fig. 8. At equilibrium condition, increasing
the initial concentration of Cr(VI) led to a decrease in
the removal efficiency of Cr(VI), but the values of qe
increased by increasing the initial concentration of Cr
(VI) in the presence of salt. It was clear that
the adsorption capacity increased from 1.66 to
26.06 mg g−1 with an increase in initial Cr(VI) concen-
tration from 10 to 100 mg L−1 until equilibrium was
reached. This might be attributed to an increase in the
driving force of the concentration gradient with the
increase in initial Cr(VI) concentration. On the other
hand, Cr(VI) removal efficiency is inversely related to
the initial chromium concentrations, due to an
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increase in the number of ions competing with the
increased initial concentration for the available bind-
ing sites in the adsorbent. It also has limited active
sites that are saturated in higher concentrations.

Analysis of the equilibrium data is important in
designing adsorption systems. In this study, experi-
mental data were fitted to five widely used adsorption
isotherm models including Langmuir, Freundlich,
Redlich–Peterson, Liu, and Temkin employing non-lin-
ear equations (see Fig. 9). Parameters of the adsorption
equilibrium isotherms of Cr(VI) onto ST/Mag are
given in Table 3. Although based on the R2adj, RMSE,
and SSE, the Redlich–Peterson (R–P) model was
among the best isotherm models for Cr(VI) adsorption

by ST/Mag adsorbent, since g is more than 1, this
isotherm model is invalid. The Temkin isotherm
model was not suitably fitted Cr(VI) adsorption
experimental data, presenting higher RMSE and SSE
values. Therefore, the isotherm parameters of the
Temkin model are not presented in Table 3. Regard-
less of the Redlich–Peterson (R–P) model, the best fit
is obtained using the Langmuir and Liu models as
well, although the fitting by Freundlich isotherm
model is only slightly worse (see Fig. 9 and Table 3).
The Langmuir model suggests a uniform distribution
of homogeneous active sites on the adsorbent surface
as well as a monolayer and homogeneous adsorption
of Cr(VI) on ST/Mag nanoparticles. Moreover, as
shown in Table 3, it is obvious that the obtained val-
ues of RL dimensionless separation factor are less than
one at all the studied concentrations, confirming favor-
able adsorption of Cr(VI) onto ST/Mag. Previous
studies have also reported that the Langmuir isotherm
is the best model for the experimental data of Cr(VI)
adsorption on other magnetite-based adsorbents
[3,25,45,51]. Table 3 presents a comparison of sorption
capacities of Cr(VI) adsorbed in different magnetite-
based adsorbents. The maximum amount of Cr(VI)
uptake per unit mass of ST/Mag was 30.03 mg g−1

based on the Langmuir equilibrium model. Despite
the presence of high concentrations of salt (TDS
5,000 mg L−1), as shown in Table 4, the ST/Mag adsor-
bent presented good sorption capacities compared to
other magnetite-based adsorbents.

The most probable reason for the lower maximum
adsorption capacity of ST/Mag in this study, com-
pared to other adsorbents such as diatomite–
supported magnetite [25] and MCCAC [52] is the
presence of a high amount of anions and cations along
with Cr(VI), which are competing to adsorb Cr(VI) by
ST/Mag nanoparticles.

3.6. Effect of presence of co-ions on adsorption process

As Cr(VI) and co-ions usually coexist in industrial
wastewater (e.g. tannery wastewater), Cr(VI) removal
in the presence of co-ions seems to be necessary. Ionic
strength is directly proportional to the ion concentra-
tion of aqueous solutions. Ionic strength is also one of
the most important factors which influence the aque-
ous phase equilibrium. Generally, adsorption capacity
decreases as a result of increasing the ionic strength of
the aqueous solution due to the competitive adsorp-
tion of co-ions onto the adsorbent surface [47]. Table 5
shows the effect of co-ions on the uptake of Cr(VI)
(Co = 10 mg L−1) on ST/Mag nanoparticles at pH 2
using 6 g L−1 adsorbent mass. Obviously, there are
insignificant decreases in Cr(VI) uptake by increasing
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co-ions from 0.05 to 0.5%. Additionally, increasing the
concentration of co-ions from 0.5 to 5.0%, decreased
Cr(VI) adsorption efficiency and qm as much as only
21%. This slight decrease in removal percentages and
maximum capacities occurring in the presence of salt
ions may be attributed to the inhibition effect of salt
on the adsorption of Cr(VI) ions onto adsorbent

surface and or the relative competition between salt
ions (Cl–, SO2�

4 , etc.) and chromate anions on the
available active sites of ST/Mag. Some inorganic ions,
such as chloride, may form complexes with some
metal ions and therefore affect the adsorption process
[53]. The results indicate that ST/Mag nanoparticles
can remove such low concentrations of Cr(VI) in the
presence of co-ions. The reason was that the two
components of ST/Mag, i.e. spent tea and magnetite,
dominated the sorption of Cr(VI) and co-ions
simultaneously. The results suggested that ST/Mag
nanoparticles can be used as a sorbent to remove Cr
(VI) from saline wastewater.

3.7. Desorption studies and reusability

Desorption studies will help to recover Cr(VI) from
sorbent. Moreover, these studies will not only help to
regenerate the sorbents so that they can be reused to

Table 3
Goodness of fit criteria and isotherm constants of different models for the adsorption of Cr(VI) onto ST/Mag (conditions:
Co 5–300 mg L−1, pH 2.0, adsorbent dose 6 g L−1, contact time 120 min, TDS 0.5%, and T = 20 ± 1˚C)

Adsorption isotherm models Parameters (unit) Values R2adj RMSE SSE

Langmuir qe ¼ KLqmCe

1þKLCe
qm (mg g−1) 30.03 0.987 1.20 11.43
KL (L mg−1) 0.0505
RL 0.06–0.80

Freundlich qe ¼ KFC
1
n
e KF (mg g−1)(mg L−1)–n 4.827 0.962 2.06 34.07

n (–) 2.813
Redlich–Peterson qe ¼ KRPCe

1þaRPC
g
e

KRP (L g−1) 1.225 0.987 1.21 10.26
aRP (L mg−1) 0.021
g (–) (0 < g < 1) 1.131

Liu qe ¼ qmðKgCeÞnL
1þðKgCeÞnL qm (mg g−1) 29.64 0.986 1.28 11.39

Kg (L mg−1) 0.052
nL (–) 1.032

Table 4
The adsorptive capacities of various magnetite-based adsorbents for Cr(VI)

Adsorbent qm (mg g−1) pH References

MagMta 15.3 2–2.5 [45]
Magnetite 10.6 2–2.5 [45]
Magnetite–maghemite 2.4 2.0 [47]
SLS-modified magnetite 30.7 4.0 [4]
Diatomite-supported magnetite 69.2 2–2.5 [25]
Magnetite nanoparticle 21.7 2–2.5 [25]
Magnetite-PEI800-MMT 8.8 1–9 [51]
MCCACb 57.4 2.0 [52]
ST/Mag nanoparticle 30.0 2.0 This study

aMontmorillonite-supported magnetite.
bActivated carbon prepared from corn cob biomass, magnetized by magnetite nanoparticles.

Table 5
Data obtained for the adsorption of chromium (10 mg L−1)
from different solutions using ST/Mag nanoparticles
(6.0 g L−1) (pH 2, contact time = 60 min, and T = 20 ± 1˚C)

Concentration of co-ions (%)

ST/Mag

Removal (%) qm (mg g−1)

0.05 99.9 (±0.04) 1.39 (±0.00)
0.5 99.7 (±0.15) 1.39 (±0.00)
5.0 78.3 (±1.92) 1.09 (±0.03)
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adsorb metal ions, but can also help to develop
successful sorption processes [54]. The desorption
ratio of Cr(VI) from adsorbent can be calculated using
Eq. (4) as follows:

%DR ¼ Cdes

Cads
� 100 (4)

where % DR is the desorption ratio, Cads is the
amount of Cr(VI) sorbed onto the adsorbent, and Cdes

is the amount of Cr(VI) desorbed from the adsorbent.
Desorption experiments were carried out with

50-ml Cr(VI) solutions (initial Cr(VI) concentration
10 mg L−1, co-ion concentration 0.5%, room tempera-
ture 20 ± 1˚C, contact time 60 min, and 6 g L−1

ST/Mag nanoparticles) using 0.2 M NaOH and 0.2 M
NaOH+ 1.0 M NaCl [55–57]. Activation of ST/Mag
nanoparticles after the desorption process was
achieved by agitation with 1.0 M HCl for 120 min
followed by washing with distilled water. Accord-
ingly, as shown in Table 6, the process of sorption/
desorption was repeated for five successive cycles
and the adsorbent showed slight decrease (about
10%) in the uptake capacity during successive cycles.
On the whole, the desorption ratio of Cr(VI) using
0.2 M NaOH and 0.2 M NaOH+ 1.0 M NaCl was
over 87.2 (±3.8)% and 93.2 (±2.9)%, respectively
(Table 6). However, the desorption ratio of Cr(VI)
decreased, but the adsorption capacity of the
ST/Mag nanoparticles could still be maintained at
90% level at the fifth cycle, as shown in Table 6.
Other studies have also reported high elution effi-
ciency of Cr(VI) using alkaline eluents [55,57]. These
results indicate no significant loss in the activity of
ST/Mag nanoparticles over at least five cycles of
adsorption/desorption, which reveals the potential
reusability of ST/Mag nanoparticles for the removal
of metal ions from saline wastewater.

4. Conclusion

The (ST/Mag) nanoparticles were prepared, charac-
terized, and used successfully in batch adsorption
experiments for Cr(VI) uptake from saline aqueous
media. The adsorption process was found to be pH
dependent with the optimal pH of 2.0. The kinetics
study of Cr(VI) adsorption onto ST/Mag using different
general kinetic models was also examined. The sorption
seems to be governed by chemical forces rather than
physical electrostatic interactions, best described by the
Avrami fractional-order and the pseudo-second-order
kinetic models in which the rate-limiting step is
assumed to be the chemical sorption between the adsor-
bate and the adsorbent. Furthermore, the equilibrium
data could best be described by the Langmuir and Liu
isotherm models with a monolayer sorption capacity of
30.0 mg g−1. The presence of co-ions showed an
insignificant effect on the uptake of Cr(VI) ions. Desorp-
tion of Cr(VI) ions and feasible recovery of ST/Mag
were achieved using alkaline eluents with efficiencies of
greater than 90%. The results clearly confirm that ST/
Mag nanoparticles easily synthesized as a cost-effective,
environmental friendly, and robust adsorbent and can
be successfully used to remediate saline wastewater
containing heavy metal ions.
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