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A B S T R A C T

The discharge of chromium-containing wastewater from various industries into aqueous environments is re-
garded as an important and challengeable matter due to its high toxicity. The application of conventional
methods for eliminating this pollutant are often very expensive and difficult. Therefore, the adsorption process
has been introduced as a desirable and effective method for removing chromium ions from aqueous media. In
this research, iron nanoparticles (Fe-NPs) were synthesized using Pistacia-atlantica leaf extract as a reducing
agent, then they were characterized by DLS, XRD, FT-IR, FESEM/EDS, and TEM techniques and its effectiveness
to eliminate hexavalent chromium (Cr (VI)) from aqueous solutions was carried out. The capability of the batch
adsorption procedure was assessed under different operational factors, such as initial pH, adsorbent dose and
initial Cr (VI) concentration. Optimum adsorption conditions were determined at initial pH of 2, Cr (VI) con-
centration of 25 mg L−1 and adsorbent dose of 0.24 g L−1. Based on the obtained results, the highest removal
efficiency (99.9%) by the adsorption process was occurred at pH of 2, concentration of 5 mg L−1 and 30 min of
operational time. On the other hand, the results showed that the percentage of the pollutant elevated by in-
creasing the contact time and amount of adsorbent dose, whereas that of was declined by increasing the initial
concentration of Cr (VI). Besides, the experimental equilibrium data was evaluated by Langmuir, Freundlich, and
Temkin isotherm models, and the outcomes revealed conformity with the Langmuir isotherm model. The Cr (VI)
adsorption utilizing Fe-NPs adhered to a pseudo-first-order kinetic model. Eventually, thermodynamic studies
demonstrated that the adsorption of Cr (VI) onto the surface of the Fe-NPs is endothermic and spontaneous.

1. Introduction

Heavy metals, owing to toxicity at low dosages in soil and water and
devastating impacts on water environments, have become a notable
global concern for general health of human beings and living organisms
[1,2]. In recent years, the widespread use of toxic chromium (Cr)
compounds in various industries, such as textile, tanning, metal mining
and smelting, metal plating, pulp production and wood preservatives,
has led to the release of significant quantities of this pollutant into
water environments [3,4]. Among different states of Cr, hexavalent
chromium (Cr (VI)) has been considered as a highly toxic, non-biode-
gradable, and carcinogenic substance due to the formation of several
health problems for human beings, including skin irritation, acute
pulmonary edema, liver disease (damage), and lung cancer [5,6]. Re-
garding the United States Environmental Protection Agency (USEPA),
the highest permissible value of limit of Cr (VI) ions in drinking water is

determined as 0.05 mg L−1 [7]. Furthermore, according to the USEPA
report, Cr (VI) is classified as one of the 25 hazardous and dangerous
substances for living creatures [8]. Additionally, the World Health
Organization (WHO) has proposed that the maximum level of total Cr
in drinking water is considered as 50 µg.L−1 [5]. Therefore, due to the
highly toxic and harmful nature of Cr (VI), it is necessary to remove it
from the environment [9]. Various methods have been currently de-
ployed to eliminate heavy metals, especially Cr (VI), from water and
wastewater, such as ion exchange, membrane filtration, coagulation,
biological treatment, electrochemical precipitation, photocatalytic re-
duction, solvent extraction and reverse osmosis [10–12]. Most of these
methods are ineffective for the eradication of heavy metals owing to
low efficiency, remarkable economic costs, sludge disposal and re-
strictions in engineering applications [13,14]. In this sense, surface
adsorption has received much attention compared to other approaches
for removing metal ions from water sources due to its cost-effectiveness,
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easy operation, high elimination efficiency, low energy consumption,
and compatibility with the environment [5,9]. Unfortunately, studies
have shown that among various types of adsorbents, activated carbon,
silicone, and polymer resin, are not cost-effective at high dosage
[15,16]. On the other hand, nowadays, the application of nanos-
tructured adsorbents have been developed for decontaminating a wide
variety of contaminants (e.g., heavy metals, organic pollutants, mineral
anions, and bacteria) because of characteristics like their small size,
high adsorption capacity, and strong reactivity [17]. Therefore, they
can be considered as a good substitute for other adsorbents in water
remediation from contaminants [18]. In addition, in extensive studies,
the utilization of single and multi-walled carbon nanotubes have been
developed to degrade heavy metals [19,20]. Since there are various
substances for removing heavy metals from aqueous environments,
nanoscale zero-valent iron has been considered as an effective reducing
agent for removing Cr (VI) from aqueous solutions given its low cost,
high active surface, and high adsorption capacity. In general, iron na-
noparticles (Fe-NPs) are widely used to remove heavy metals, due to
some characteristics such as small diameter of particles, large surface
area, reactivity, and very high reduction potential [21]. Furthermore, in
recent years, extensive attention has been paid to the green synthesis of
Fe-NPs using plant extracts compared to other traditional and common
methods as it is a simple, non-toxic, sustainable and cost-effective
method with the high potential of recovery and reuse. Besides, it does
not demand of harsh circumstances such as high pressure, energy, and
temperature or the utilization of toxic chemical compounds [22]. The
synthesis of nanoparticles by chemical and physical methods, despite
the production of pure nanoparticles with suitable characteristics, is not
cost-effective and it requires complex and special equipment [23]. In
the green synthesis process, biological compounds present in plant ex-
tracts, including polyphenols, act as reducing and stabilizing agents in
the synthesis process of nanoparticles [24]. These factors affect the size
and morphology of nanoparticles. The green synthesis of Fe-NPs using
different plant extracts has been reported by many researchers. For
example, Hoag et al.[25] synthesized ZVI utilizing a green tea (Camellia
sinensis) extract containing a range of polyphenols. Wang [26] con-
structed stable iron-polyphenol complex nanoparticles (Fe-P NPs) using
a leaf extract of eucalyptus. Fe0/Fe3O4 nanoparticles were successfully
synthesized using a pomegranate (Punica granatum) leaf extract in the
study by Rao et al. [27]. Pistacia-atlantica is a plant that has a high
antioxidant and antimicrobial activity and is highly useful for the green
synthesis of nanomaterials [28].

So far, there is a lack of works focusing on utilizing the green
synthesis of Fe-NPs using Pistacia-atlantica leaf extract for removing
toxic metal ions. Thus, the aim of the present study is to employ the
green fabrication of Fe-NPs using Pistacia-atlantica leaf extract for the
elimination of Cr (VI) from aqueous media.

2. Materials and methods

2.1. Reagents and chemicals

All chemicals used in this study, such as Iron (III) sulfate (Fe
(SO4)3).7 H2O), Potassium dichromate (K2Cr2O7), 1,5-diphenylcarba-
zide (DPC), Acetone (CH3COCH3), Nitric acid (65%) and Methanol
(CH4O) were purchased from Merck, and all these materials were of
high purity. In the current work, Pistacia-atlantica extract was used for
the green synthesis process, and deionized water was also used to
provide the desired solutions. During the adsorption process experi-
ments, the pH medium was adjusted with hydrochloric acid and sodium
hydroxide (1 N).

2.2. Preparation of stock solution

A stock solution of 1000 mg.L−1 of Cr(VI) was prepared by dissol-
ving 2.82 g of potassium dichromate (K2Cr2O7) in 1 L of deionized

water, and whole working solutions were provided through diluting the
prepared stock solutions with deionized water [29].

2.3. Extract preparation

Pistacia-atlantica leaves were collected from the eastern regions of
Iran and were washed several times with distilled water to remove the
dust on the leaves. Then, they were placed to dry in an oven at a
temperature of 60 °C for 48 h, and finally, the resulting substances were
completely powdered using a grinder. 12 g of the prepared powders was
transferred to the decanter funnel and its surface was covered with
methanol, and a stirrer was used to completely mix the ingredients.
After approximately 72 h, the desired plant was formed. Finally, they
were separated from methanol by a rotary device and placed in a re-
frigerator at 4 °C for further use [30,31].

2.4. Green synthesis of Fe-NPs

Trivalent iron sulfate (Fe (SO4)3) was used as a precursor for the
synthesis of Fe-NPs. 50 mL of extracted Pistacia-atlantica leaves was
added drop by drop to 50 mL of the solution (Fe2(SO4)3) with a ratio of
1:4 at room temperature in the presence of nitrogen. Next, NaOH (2 N)
was added until the pH of the solution reached about 12. The resulting
mixture was stirred using a magnetic stirrer for 1 h. The formation of
Fe-NPs was indicated by the appearance of a black precipitate in the
mixture. In the next step, the nanoparticles were separated using a
centrifuge at a speed of 6000 rpm for 5 min, and then, they were wa-
shed with distilled water around three times continuously. Finally, the
Fe nanoparticles were dried in an oven at 60 °C for roughly 48 h and
stored in a closed container for further utilization [32,33].

2.5. Characterization

Fe nanoparticles synthesized by the green method were subjected to
various characterization techniques, including Fourier transform in-
frared spectroscopy (FTIR) (spectrum two, Perkin Elmer, US), FESEM
(ZEISS Company, Sigma VP model, Germany) equipped with EDX de-
tectors (Oxford Instruments, England), transmission electron micro-
scopy (TEM()EM10C-100KV device, Zeiss, Germany), X-ray spectro-
scopy (XRD()Philips Pw 1830 Netherlands(, dynamic light scattering
and zeta potential (Nano Brook-90plus, Brookhaven, US) and vibrating
sample magnetometer (VSM, model LBKFB, Meghnatis Daghigh Kovir
Company).

2.6. Batch reactor experiments

The uptake experiments of Cr (VI) utilizing Fe NPs were carried out
discontinuously. The influence of multiple parameters, such as pH
(2−9), Cr (VI) dosage (5–10 mg L-1), Fe NPs content (0.05–0.5 g L−1)
and contact time (5–180 min), was surveyed on the adsorption of Cr
(VI). After experiments, the Fe NPs were eliminated from the solution,
and the remaining content of Cr (VI) in the suspension was quantified.

The uptake capacity of the Fe-NPs was computed based on the fol-
lowing equation:

= ×q C C V
m

( )
e

e0
(1)

Where C0 (mg L−1) and Ce (mg L−1) are the initial concentration and
equilibrium concentration of Cr (VI), respectively. M (g) is the mass of
Fe-NPs, and V(L) is the solution volume. Furthermore, the removal ef-
ficiency of Cr(VI) was calculated using relation 2:

R (%) = (C0–Ce)/ C0 × 100% (2)
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2.7. Determination of zero-point charge

The point of pHzpc of Fe-NPs was determined as follows: a solution
containing 0.01 M NaCl was prepared. Then, the value pH of the solu-
tion was adjusted in the range of 2–12 using 0.1 M NaOH and 0.1 M HCl
solutions. After that, 0.01 g of nanoparticles was added to the solution
and stirred for 24 h. After the desired time, the final pH (pHfinal) was
measured using a pH meter. The pHzpc value can be determined from
the curve through intersecting the initial pH (pHinitial) line of the pH∆
(pHinitial-pHfinal) graph versus pHinitial [34].

2.8. Thermodynamic study

The thermodynamic study of the adsorption process requires three
main parameters, including standard enthalpy (ΔH°), standard free
energy (ΔG°), and standard entropy (ΔS°). In this study, to specify the
thermodynamic factors of the Cr(VI) adsorption procedure utilizing Fe
NPs, multiple tests were carried out. Herein, entropy changes (ΔS°),
enthalpy changes (ΔH°), and standard Gibbs free energy changes (ΔG°)
were calculated as follows:

= ° + °k H RT S Rln / /c (3)

ΔG = −RT lnkc = ΔH – TΔS (4)

Where R is the universal gas constant (8.314 J mol−1 K), T is the tem-
perature (K), and kc is the distribution coefficient. The Van’t Hoff linear
plot and the thermodynamic factors specified for Cr (VI) uptake pro-
cess.

The equilibrium constant value (Kc) was calculated by Eq. 5:

=k q c/c e e (5)

The negative sign of ΔG° value indicates the spontaneity (feasibility)
of the adsorption process. Moreover, a positive value of ΔH° indicates
that the adsorption process is naturally endothermic, and the adsorp-
tion capacity increases with increasing temperature degree. The posi-
tive quantity of ΔS° reveals the affinity of the adsorbent to the adsorbed
substance in the solution, and some structures change between con-
taminant molecules and active sites of adsorbents. The positive value of
entropy change (ΔS°) demonstrates that the degree of freedom (psy-
chology) enhances at the solid-liquid interface during adsorption pro-
cess [35].

2.9. Adsorption isotherm

Langmuir, Freundlich, and Temkin isotherm models are used to fully
reveal interaction between sorbent and sorbate [36]. Additionally, the
Langmuir model is adopted to determine the adsorption capacity of the
adsorbent. In this model, it is assumed that monolayer adsorption is
occurred on the surface of homogeneous adsorbents without specific
interactions among the adsorbent molecules. However, in the Freun-
dlich model, multilayer adsorption is occurred on the adsorbent surface
containing heterogeneous adsorption sites [37,38]. The Temkin model
assumes that the heat level of all the adsorbent molecules decreases
linearly with increase in the adsorbent surface coverage due to ad-
sorbent-adsorbate interactions during the adsorption process [39].
Temkin constant, bT , is defined as the heat of adsorption variable (j/
mol), which determines the endothermic <b( 1)T and exothermic
( >b 1T ) nature of the adsorption reaction. The linear equations of
Freundlich, Langmuir, and Temkin models are expressed below:

= +q K n Clog log 1/ loge F e (6)

= +C
q q K

C q1 /e

e L
e m

max (7)

=q RT b K C/ ln( )e T T e (8)

According to Eq. 7, qe (mg g−1) and Ce (mg L−1) represent the con-
centration of Cr (VI) adsorbed by Fe-NPs at equilibrium state, and qm or

q(mgg )1
max is the maximum adsorption capacity of Fe-NPs. In the

Langmuir equation through monolayer adsorption, KL (L mg−1) is the
adsorption equilibrium constant, which is dependent on the heat of ad-
sorption. The constants qmax and KL can be obtained from the slop in-
tercept of the plot of Ce/qe versus Ce. Based on Eq. 6, n and [(mg g−1) (L
mg−1) 1/n] KF are constants of the Freundlich model, which are reliant
on the adsorption intensity and adsorption capacity, respectively. The
values of KF and n1/ can be calculated from the slope of the linear graph
between log Ce and log qe.

2.10. Adsorption kinetics

Several kinetic models including pseudo-first-order and pseudo-
second-order can be employed to describe the kinetic behavior of the
adsorption process. The adsorption rate can be described using pseudo-
first-order model and is expressed as the following linear equation:

=q q q K tln ( ) ln
2.303e t e

1
(9)

Here, qe and qt (mg g−1) represent the adsorption quantity of Cr (VI)
from aqueous solutions at equilibrium and time t (min), and k1(1/min)
is the first-order equilibrium rate constant.

The linear equation of the pseudo-second-order kinetic model is
usually described as follows:

= +t
q K q

t
q

1
t e e2

2 (10)

In this equation, qe and qt are the adsorption capacity of Cr (VI) ions
at equilibrium and desired time (mg g−1), respectively, and k2 (g. (mg
min)−1) reflects the constant value of the adsorption rate.

2.11. Reusability study

The fabrication of adsorbents with a high ability of reusability in
constructive adsorption-desorption runs is regarded as one of the no-
table factors in declining operational expanses of the uptake process
[40–42]. Herein, the adsorption-desorption process of Cr(VI) ions was
examined for a maximum of five runs employing Fe-NPs. To this end,
under optimized circumstances, 0.1 g of Fe-NPs was mixed with an
aqueous solution including Cr(VI) (5 mg L−1) at 25 °C. After adsorption,
the Fe-NPs were under centrifugation at 6000 rpm. At the end of the
time, the Fe-NPs were separated from aqueous media, and the Cr(VI)
content isolated from the adsorbents was quantified.

3. Results and discussion

3.1. Characterization of the adsorbents

3.1.1. FESEM Analysis
FESEM analysis was conducted to evaluate the morphological at-

tributes of the Fe-NPs before and after the Cr (VI) adsorption. As dis-
played, before Cr (VI) adsorption, the sample of Fe-NPs exhibits a rough
surface with different sizes of pores, and the pores is filled with Cr (VI),
after the surface adsorption. Therefore, due to filling the pores and
increasing the size of the particles, it can be concluded that Fe-NPs
could successfully adsorb Cr (VI) [43].

3.1.2. EDX analyses
EDX technique was used to investigate the elemental composition of

Fe-NPs synthesized with Pistacia-atlantica extract (Fe-NPs @PAE). The
results of elemental analysis of Fe-NPs before and after adsorption of Cr
(VI) are displayed in Fig. 2. As the findings exhibit, Fe (60.2%), O
(39.2% W) and S (0.5% W) are present in the structure of the synthe-
sized Fe-NPs, demonstrating the successful formation of the Fe-NPs. The
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peaks of C and O can be attributed to the carbonyl groups of poly-
phenolic compounds in Pistacia-atlantica leaf extract, which acts as a
covering and reducing agent and greatly helps to stabilize the green Fe-
NPs [44,45]. The presence of element S before and after Cr adsorption
can be owing to the presence of the sulfate group of the precursor
(FeSo4

3). The presence of Cr in the elemental composition of synthesis
nanoparticles indicated that the Cr (VI) ions were adsorbed on the
surface of the Fe-NPs [46].

3.1.3. TEM analysis
Structural shape and size of biosynthesized Fe-NPs were determined

by the TEM analysis, the corresponding results are displayed in Fig. 3.
Accordingly, it can be seen that the structure of the synthesized ad-
sorbent has a spherical with oval shape and the adhesion and connec-
tion of particles in different parts, which can be due to the extracts
placed on the structure. The average diameter of the particles was in the
range of 30–50 nm.

3.1.4. FTIR analysis
FTIR analysis was performed to characterize structural changes in

the Fe-NPs nanoparticles pre- and post- Cr (VI) elimination. In the FT-IR
spectrum of Pistacia-atlantica leaf extract (Fig. 4, a), the wavelength of
3421cm−1 is related to the functional group of hydroxyl polyphenols
(OH) [47,48]. This group is responsible for the reduction of +Fe2 to °Fe
[43]. As can be seen, the peaks related to the extract have appeared in
the Fe-NPs spectrum (Fig. 4,b), demonstrating that the desired extract
was effective on the nanoparticle. However, the peak intensity at
3421 cm−1 decreased significantly after the synthesis of Fe-NPs,

indicating that the polyphenols in the extract are involved in the pro-
duction of Fe-NPs. The bands observed at 2922 and 2851cm 1 are re-
lated to C-H stretching vibrations of aliphatic hydrocarbons with -CH2

and CH3 functional groups [43], [49]. The peaks at 1609 cm 1 and
1445 cm 1 indicated the stretching vibrations of C]C double bond in
the aromatic rings of the phenolic compounds (e.g., flavonoids, poly-
phenols) present in the extracts, which are unsaturated hydrocarbon
compounds [23]. The peaks at 1316, 1032 cm 1 may be assigned to C-O
and C]O stretching vibrations [50]. According to the FTIR spectrum of
Fe-NPs, the peak at 546 cm 1 corresponded to the stretching vibrations
of Fe-O in Fe O3 4 [36,51].

Fig. 1. FESEM images of Fe-NPs before and after reaction with chromium.

Fig. 2. EDS spectrum for the Fe-NPs before (a) and after reaction with Cr (VI)
(b).

Fig. 3. TEM image of Fe-NPs.
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3.1.5. XRD Analysis
XRD patterns of Fe-NPs before and after Cr (VI) adsorption are de-

picted in Fig. 5. A broad peak, around 2θ of 20–30°, can be observed.
The patterns have a lack of distinct diffraction peaks, demonstrating
that Fe-NPs are amorphous. The broaden peaks at 20–30° could be at-
tributed to the adsorption of organic materials from extracts, which act
as capping/stabilizing agents. Similar results were observed in other
studies [22,23,36].

3.1.6. VSM analysis
The magnetic behavior of the biosynthesized Fe-NPs in the magnetic

field in the range of oe∓ 20000 was examined by the VSM analysis at
room temperature. As displayed in Fig. 6, the magnetic saturation value
of the synthesized nanoparticles (Ms) was 3.16 emu g−1, revealing that
they have magnetic property. Besides, no magnetic hysteresis loop was
observed, and the magnetic coercive force (Hc) and residual magneti-
zation (Mr) were achieved as zero. Therefore, it can be concluded that
the Fe-NPs are paramagnetic. The results of this study were in agree-
ment with the research work by [52].

3.1.7. DLS analysis
Particle size distribution and zeta potential of Fe-NPs with the in-

tervention of Pistacia-atlantica extract were analyzed through the DLS

analysis. The average hydrodynamic diameter of Fe-NPs was recorded
at approximately 800 nm. The size distribution of the synthesized Fe-
NPs by the DLS analysis is presented in Fig. 7. As displayed, it can be
understood that the tendency to accumulation in the fabricated nano-
particles can be ascribed to their high hydrodynamic diameter [49].

3.1.8. Determination of zeta potential
Zeta potential, the charge potential of the double layer around the

particles, determines the stability or instability of adsorbents. A high
zeta potential of an adsorbent means that it is very stable [34]. None-
theless, if the zeta potential values are greater than + 30 mV or less
than − 30 mV, disclosing that the adsorbent is considered stable, while
the zeta potential approaches zero, it is regarded unstable [50]. Re-
garding the acquired outcomes, the zeta potential of the Fe-NPs was
0.31 mV (Fig. 7, b), which reveals that the Fe-NPs were unstable.

3.2. Batch adsorption studies

3.2.1. Effect of initial pH
Fig. 8 shows the effect of pH on the removal efficiency of Cr (VI) by

Fe-NPs. As displayed in Fig. 8, increasing pH levels from 2 to 9, the Cr
(VI) removal efficiency showed a significant decline from 87.71% to
5.86%. The reduction in the removal rate can be linked to the gen-
eration of different forms of Cr (VI), including Cr O2 7

2, CrO4
2 , HCrO4 ,

and H2CrO4. Cr (VI) exists in the form of oxy-anionic hydrogen chro-
mate (HCrO4 ) and dichromate (Cr O2 7

2) at pH value range of 2–6,
while, in the pH span of above 6 and less than 1, it is in the form of
chromate (CrO4

2 ) and H2CrO4 as the main and dominant form of Cr,
respectively [49]. In acidic environments, especially pH less than 6.4,
HCrO4 is the dominant form of Cr (VI), which is obtained from the
hydrolysis of dichromate. An increase in pH values leads to the for-
mation of Cr O2 7

2 from HCrO4 . Furthermore, at pH less than 6,
°Fe particles can be easily oxidized by Cr (VI) to +Fe 2, thereby increasing

the adsorption of Cr (VI) [43,48]. Therefore, it is drawn that the re-
duction process (i.e. reduction of Cr (VI) to Cr (III)) under acidic con-
ditions increases the removal efficiency of Cr (VI) [43,53,54]. Fur-
thermore, Cr (VI) surface adsorption studies have demonstrated that the
removal efficiency decreases significantly as the pH value of the solu-
tion enhances. The reason for increasing removal efficiency at pH of 5 is
that, under less acidic media, Cr3+ ions become dominant rather than
protons (H+) and attracted toward the anionic surface of Fe-NPs;
therefore, elimination rate will boost. However, at pH greater than 6,
the surface of Fe-NPs becomes more anionic, which will strongly hinder
the HCrO4 , CrO4

2 and Cr O2 7
2 ions. Therefore, these nanoparticles will

show minimum results for chromium removal [55]. The point of zero
charge can be attributed to the determination of the pH value, which
has a zero of the net surface charge. In the pH spans higher than pHzpc,
the net surface charge is negative, while the net surface charge is po-
sitive in low pHs media. In other words, the adsorbent surface has a

Fig. 4. FTIR spectra of (a) Pistacia-atlantica extract, (b) synthesized iron na-
noparticles before reaction with Cr (VI) and (c) after adsorption of Cr (VI).

Fig. 5. XRD analysis of synthesized Fe-NPs (a)before and (b)after Cr (VI) ad-
sorption.

Fig. 6. Magnetic hysteresis curve of Fe-NPs.

S. Hasanzadeh, S. Mortazavi-Derazkola and R. Khosravi Desalination and Water Treatment 318 (2024) 100347

5



positive charge at pH values lower than the isoelectric point of the
adsorbent and the adsorption capacity is improved due to the strong
electrostatic attraction between the adsorbent surface with a positive
charge and HCrO4 ion with a negative charge. On the contrary, at pH
values higher than the isoelectric point of the adsorbent, the number of
active sites with a negative charge is elevated, whereas that of with a

positive charge is decreased. Consequently, the removal performance of
the Cr (VI) utilizing the Fe-NPs decreased because of the electrostatic
repulsion between the adsorbent surface and HCrO4 ions [49,56].
According to the acquired data, the optimized pH level for eliminating
the Cr (VI) from aqueous media using the Fe-NPs was determined as
7.12.

Fig. 7. a) Size analysis of Fe nanoparticles by DLS (b) Zeta potential graph of Fe-NPs.
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3.2.2. Effect of adsorbent dose
The effect of adsorbent dose on the adsorbent capacity and removal

efficiency of Cr (VI) under optimal conditions (Cr(VI) concentration
= 25 mg L−1, pH = 2, operational time= 30 min) is displayed in Fig. 9.
As the outcomes show, with the growing adsorbent concentration from
0.05 to 0.5 g L−1, the removal performance enhanced from 50.52% to
99.82%. Additionally, the adsorption efficiency of Cr (VI) reached the
highest value (99.82%) under reaction time of 30 min and the adsorbent
dose of 0.5 g L−1. Elevating in the adsorption efficiency can be attributed
to the increase in the availability of active sites on the surface of the
adsorbent, which can lead to the further adsorption of Cr (VI) ions. Ac-
cording to the results of the study [57], the improvement of the dosage of
different adsorbents, the removal of Cr (VI) grew, which is similar to the
increasing trend of the Cr (VI) adsorption efficiency of the present study.

3.2.3. Effect of initial concentration of chromium
The effect of initial concentration of Cr (VI) (5–50 mg L−1) on its

removal efficiency by Fe-NPs was studied (Fig. 10). At the concentra-
tions of 5, 10, and 25 mg L−1, the removal proportion of Cr (VI) was
obtained as 99.7%, 99.52%, and 88.4%, respectively. Nonetheless, the
elimination rate of Cr (VI) decreased significantly to 69.95% at the Cr
(VI) concentration of 50 mg L−1. It can be concluded that the active
sites of Fe-NPs were gradually occupied by Cr (VI) and eventually re-
duced the removal proportion of Cr (VI) with the enhancement of the Cr
(VI) concentration. The outcomes are consistent with the results re-
ported by [56,58].

3.2.4. Effect of contact time
Fig. 11 displays the impact of contact time on the Cr (VI) removal.

The removal efficiency gradually elevated from 80.8% to 90% as the
contact time elevated from 5 to 30 min. Other studies [34,59,60] also
reported that the elimination rate of Cr (VI) grew with elevation in the
contact time.

3.3. Thermodynamic studies

Cr (VI) adsorption curve and thermodynamic parameters are re-
presented in Fig. 12 and Table 1, respectively. According to the table,
the value of ΔH° is 82.48. The positive value of ΔH indicates that the
endothermic nature of the process. Additionally, the negative value of

Fig. 8. Effect of pH on percent removal of Cr (VI) under optimal circumstances
(Cr (VI) = 25 mg L−1, Time = 30 min, dose = 0.24 g L−1 NPs, speed
= 250 rpm, temperature = 25 °C).

Fig. 9. The effect of Fe-NPs dose on the adsorption of Cr (VI) (Cr (VI)
= 25 mg L−1, Time = 30 min, speed = 250 rpm, temperature = 25 °C).

Fig. 10. The effect of the initial concentration of chromium on the adsorption
performance of Fe-NPs (temperature=25 °C, initial pH= 2, adsorbent con-
centration= 0.24 g L−1, and contact time =30 min).

Fig. 11. The effect of contact time on the removal efficiency of Fe-NPs (tem-
perature =25 °C, initial pH =2, adsorbent concentration = 0.24 g L−1, chro-
mium concentration = 25 mg L−1).

Fig. 12. Van't Hoff curve for Cr (VI) adsorption on Fe-NPs.

Table 1
Thermodynamic parameters for Cr (Ⅵ) removal by Fe- NPs.

T (K) °H Kk Jmol( . 1) °S Jk mol( )1 1 °G k Jmol( . )1

283 82.48 330.6 -9.54
293 -15.76
303 -19.30
313 -20.45
323 -23.43
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ΔG° indicated that the Cr(VI) adsorption process is spontaneous. The
positive value of entropy change (ΔS°) demonstrated that the degree of
freedom increases at the solid-liquid interface during uptake process.
The obtained findings of the present study are well-fitted with similar
published works [61] concerning Cr(VI) adsorption.

3.4. Adsorption isotherm

The adsorption isotherms were employed to scrutinize the interac-
tion between Cr (VI) ions and the surface of adsorbents, and also cal-
culate the performance of the adsorbents to eliminate Cr (VI) pollutant
from aqueous solutions. The Langmuir, Freundlich, and Temkin iso-
therm models were utilized. Nonlinear regression and also acquired
variables are presented in Fig. 13 and Table 2. According to the ob-
tained findings, it is clear that the Langmuir isotherm model (a corre-
lation coefficient (R2) of 98%) has strong performance to illustrate the
adsorption equilibrium manner rather than other models. Furthermore,
the results of previously published studies [62,63]are well-fitted with
the outcomes of the present work as the adsorption process of Cr (VI)
ions followed the Langmuir model. The maximum adsorption capacity
(qmax) based on the Langmuir isotherm method, and also the regression
coefficient for the Langmuir, Freundlich, and Temkin models was cal-
culated as 0.98, 0.53, and 0.63, respectively. In the Freundlich iso-
therm, the parameter of n indicates the proper process of adsorption
which was 2.9 for the Cr (VI) ions. The value of n > 1 indicates that
there is a physical interaction between sorbent and adsorbate. It also
indicates when 0 < 1/n < 1, a favorable adsorption process occurs. In
the Temkin isotherm, bT between 8 and 16 kJ.mol−1, the adsorption
process comes up chemisorption. Since this value is about 8 kJ/mol, it is
a chemical adsorption process.

3.5. Adsorption kinetics

To determine the adsorption kinetics of Cr (VI) on Fe-NPs and the
equilibrium time of the reaction, the removal efficiency was evaluated
at contact times (5–180 min) under initial Cr (VI) concentration of
25 mg L−1 and pH level of 2. The quantified kinetic constants and
parameters are presented in Fig. 14 and Table 3. The correlation
coefficients acquired for kinetic model revealed that the pseudo-second-
order model can be well-fitted for describing the process kinetic
manner. Besides, the results demonstrated that the computational ad-
sorption capacity for pseudo-first order and pseudo- second order ki-
netic models was 8.37 and 67.11, respectively. Moreover, the theore-
tical qe(cal) values were in good agreement with the experimental qe

(exp) values in terms of pseudo-second-order kinetics. As K2 coefficient
is higher than K1, which leads to that the adsorption behavior is well-
described by the pseudo-second-order kinetic, suggesting that the rate-
limiting step is surface adsorption on the basis of chemisorption me-
chanism. The adsorption mechanism assumes according to chemisorp-
tion, where the adsorbate species interacts with the catalyst surface
through chemical bonds. Additionally, it assumes when the rate of site
occupation on the catalyst surface is proportional to the square of the
number of unoccupied sites, which is a characteristic of specific ad-
sorption processes. In the pseudo-second-order equation, the rate

Fig. 13. Plots for the non-linear Langmuir, Freundlich and Temkin isotherm.

Table 2
Parameters of Langmuir, Freundlich, and Temkin isotherm models.

Isotherm model Parameters

Langmuir qm = 2.585 gmg 1

kl = 1.639 L mg-1
R2 = 0.98
RMSE= 1.151
%Δqe= 65

Freundlich kF = 1.094 gmg 1

n = 2.946
R2 = 0.53
RMSE= 1.192
Δqe= 238.448%

Temkin AT L g( / )= 1060.4 L g 1

bT = 8176 J mol-1
B = 0.303 J mol-1
R2 = 0.63
RMSE= 0.837
Δqe= 850.6

Fig. 14. Pseudo-first-order (a) and pseudo-second-order (b) kinetic models of
Cr (VI) adsorption using Fe NPs.

Table 3
Parameters of pseudo-first-order Kinetic and Pseudo-second-order Kinetic
models.

Pseudo-First-Order Kinetic K min( )1 1 qe R2

0.017 8.37 0.74
Pseudo-Second-Order

Kinetic Model
K g mg min( . . )2 1 1 67.11 0.99
0.004
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constant is usually called k2. A high rate constant indicates a faster
reaction speed, which means that the reaction proceeds more quickly.
The studies [36,49,51] confirmed that the Cr (VI) adsorption process is
consistent with the Pseudo-Second-Order Model.

3.6. Adsorption mechanism

Considering that the adsorption process follows Langmuir isotherm
model, the adsorption of Cr (VI) ions from aqueous media has a single-
layer behavior. Regarding the thermodynamic investigation, it was
found that adsorption is endothermic, and the adsorption quantity in-
creases with elevating the temperature of the system. Therefore, it can

be concluded that the mechanism of adsorption is chemical, since
physical adsorption has an enthalpy value of less than 40 kJ/mol, which
means it does not require activation energy, since the physical ad-
sorption process is existence of attractive forces between adsorbent and
adsorbate. Chemical adsorption is characterized by having an enthalpy
value of more than 40 kJ/mol, because it requires high temperature and
activation energy for chemical bonding to take place on the adsorbent
surface, and chemical adsorption reactions are irreversible. The pseudo-
second-order model is based on the assumption that the rate-limiting
step may be a chemical sorption, which involves forces through sharing
or exchanging electrons between adsorbent and adsorbate.

3.7. Adsorbent recycle

To scrutinize the stability of the investigated material, the adsorp-
tion/desorption procedure was examined up to 5 runs (Fig. 16). It is
necessary to note that in every stage, the adsorption experiment was
conducted under optimized factor circumstances, and the desorption
operation was performed for 5 h utilizing a 0.1 M NaOH solution. The
outcomes revealed that as the number of recycling adsorbent enhanced,
its performance in the elimination of Cr (VI) diminished. The rate of the
process was up to 67.15% during 5 successive desorption cycles, which
demonstrates the proper performance of the Fe-NPs in the adsorption of
Cr (VI) ions from aqueous media. Declining the rate by elevating the
number of steps might be linked to the damage and saturation of active
sites of the adsorbent. It is also worth noting that a slight difference in
the Cr (VI) removal efficiency between the first and second cycles due
to the mass loss of the adsorbent during the washing step.

Fig. 15. Illustration of the mechanism.
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Fig. 16. The adsorption-desorption study for the synthesized Fe-NPs.

Table 4
Comparison of the results of the present study with other studies.

Adsorbent pH Dose (g.L−1) Cr (mg L−1) (Concentration) Time (min) Efficiency % Reference

Iron Nanoparticles-Calcium Alginate Hydrogel Membrane 5.41 12 1 10 99.5 [37]
Ps/nZVI 3 0.5 25 30 90.3 [38]
Granular and powdered Peganum harmala (GPH/PPH) 1.5 10 100 30 100 [54]
Nano zero-Valent iron/Cu 5 0.4 5 60 94.7 [52]
Green Synthesized Iron Nanoparticles 4 1.4 10 10 99.9 [55]
Nanoscale Zero-valent iron (TP–nZVI–OB) 2 1 50 720 99.9 [41]
Green Synthesized Iron Nanoparticles 2 0.24 25 30 99.82 Present study
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4. Conclusions

In this study, Fe NPs were biosynthesized using Pistacia-atlantica leaf
extract as a reducing agent, and they were employed for the elimination
of Cr (VI) under laboratory conditions. The results of characterization
techniques showed that Fe NPs has an almost spherical structure with
an average particle size of 30–50 nm. Also, VSM analysis showed that
the magnetic saturation of nanoparticles is about 3.16 emu g−1, de-
monstrating magnetic properties of the synthesized nanoparticles.
Optimum adsorption conditions were determined at initial pH of 2,
adsorbent dosage of 0.24 g L−1, and concentration of chromium of
25 mg L−1. Besides, the isotherm and kinetic assessments have ex-
hibited that the adsorption process follows the Langmuir isotherm
model (a correlation coefficient of 0.98%) and the pseudo-second-order
kinetic model. Based on calculations of the thermodynamic parameters,
ΔH and ΔS were positive and ΔG was negative, which disclosed that the
Cr (VI) uptake process by the Fe NPs was spontaneous and endothermic.
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