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Abstract
Nano zero-valent iron (nZVI) coated with magnetite and an imidazolium-based ionic liquid (1-hexyl-3-methylimidazolium 
hexafluorophosphate (HMIMPF6)) core/shell nanoparticles (NPs) (nZVI@Fe3O4@HMIMPF6) were successfully green syn-
thesized for the first time using industrial iron waste. Polyphenols were extracted from dried leaves of Camellia sinensis and 
applied as the reducing agent for nZVI synthesis. Synthesized NPs were characterized by FT-IR, XRD, VSM, BET, SEM, 
TEM, and mapping analysis. According to the results, NPs were in the size range of less than 30 nm and the values of as, BET 
= 3.5975 m2g−1 ,  Vm (BET monolayer capacity) = 0.8265 cm3

(STP) g−1 ,  C  = 47.378, total  pore volume 
( p
p0

= 0.990) = 0.14998 cm3g−1 and mean pore diameter = 16.68 nm were obtained. These NPs were used for the Cr (VI) 
removal from aqueous samples. Taguchi orthogonal array design was used to optimize the various affecting variables on the 
efficiency of Cr (VI) removal. Results showed that about 90.0% of Cr (VI) were removed at the optimum conditions. Kinetic 
and isotherm studies were conducted, and the pseudo-second order kinetic model was determined as the most appropriate 
kinetic model. The equilibrium data displayed proper linearity with the Freundlich isotherm model (R2 = 0.9697), and the 
maximum adsorption capacity was found to be 56.49 mg g−1(in terms of CrO4

2− ions). Also, Redlich-Peterson, Sips, and 
Toth as three-parameter isotherm models were compared to two-parameter models using MATLAB’s fmincon function. 
Thermodynamic studies showed negative ΔG°, ΔH° = 50.255 kJ mol−1, and ΔS° =  + 0.1799 kJ mol−1 K−1 indicating spon-
taneous and endothermic adsorption process. According to the results, the nZVI@Fe3O4@IL NPs can be recovered by an 
external magnet and exhibit good applicability for Cr (VI) removal from real samples.
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Graphic Abstract

Article Highlights

•	 Core-shell structures of ����@��
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4
@�� were synthesized for the first time

•	 Steel slag and waste rusted iron shavings were used as 
ferrous ion sources

•	 Polyphenols were extracted from Camellia sinensis 
and used for biosynthesis of nZVI

•	 The obtained NPs were used for the removal of Cr 
(VI) ions from aqueous samples

•	 Two and three parameter isotherm models, kinetic 
and thermodynamic studies were investigated

Keywords  Adsorption · Camellia sinensis · Hexavalent 
chromium · Magnetic nanoparticles · Microwave-assisted 
extraction · Nano zero-valent iron

Introduction

Chromium is an active transition metal with several applica-
tions in many industrial processes. The tri and hexavalent 
chromium are the most stable oxidation states. Due to the 
pH, hexavalent chromium (Cr (VI)) species may have differ-
ent forms in the aqueous solution like dichromate ( Cr2O

2−
7
) , 

dichromic acid (H2Cr2O7) or chromate (CrO4
2−) (Kim et al. 

2012). Cr (III) is required for human and animal nutrition, 
while the toxicity and carcinogenicity of the Cr (VI) species 
are reported (Oliveira 2012). CrO4

2− is toxic because of its 
ability to penetrate in cellular membranes, which is reduced 
to the Cr (V), Cr (IV), and Cr (III) and may affect cellular 
proteins, lipids, and DNA by generating reactive oxygen 
species (Mitra et al. 2017). The World Health Organization 
(WHO) recommended 50 μg L−1 as the maximum allow-
able concentration for entire chromium species (Zhang et al. 
2020).

Researchers have developed various techniques for 
Cr (VI) removal like photocatalysis (Wang et al. 2004), 
precipitation (Peng et al. 2005), membrane technology 
(Daraei et al. 2014), ion exchange (Xing et al. 2007), and 
adsorption (Bishnoi et al. 2004). The adsorption method 
is the most convenient method for this purpose since it is 
cost-effective, easy to use, and efficient (Ali and Gupta 
2006). Different adsorbents have been synthesized for this 
manner, such as carbon nanotubes (Abbas et al. 2016), 
clay minerals (Gu et al. 2019), layered double hydroxides 
(Gong et al. 2011), nano metal oxides (Hua et al. 2012), 
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activated carbon (Karnib et al. 2014), carbon film (Huang 
et al. 2018), ordered mesoporous (Barczak et al. 2015) 
and graphene oxides (Zhang et al. 2015). In addition to 
the low sorption capacity of conventional adsorbents, sub-
sequent separation from the aqueous solution is a major 
problem (Liu et al. 2008).

Surface-modified nZVI particles have shown signifi-
cant potential for environmental applications (Stefaniuk 
et  al. 2016). Fe3O4 coating could enhance nZVI mag-
netic properties and protects nZVI from oxidation and 
agglomeration.

nZVI can be achieved by several procedures such as 
milling (Li et al. 2009), carbothermal reaction (Nisticò 
and Carlos 2019), ultrasound-assisted (Jamei et al. 2014), 
electrochemical deposition (Yoo et al. 2007), and green 
processes (Fazlzadeh et al. 2017). Green synthesis of nZVI 
includes the extraction of polyphenols from plants. Poly-
phenols are reducing agents that have been used instead 
of conventional and toxic materials like NaBH4 (Li and 
Jiang 2010).

Although there have been many studies on Cr (VI) 
removal, this is the first time that ionic liquid (IL) modi-
fied nZVI@Fe3O4 core/shell structures are applied for this 
purpose. ILs are liquids entirely composed of ions. ILs are 
well known for their negligible vapor pressure, high elec-
trochemical and thermal stability, high ionic conductivity, 
good solubility, and tunable viscosity and structures (He 
and Alexandridis 2017). Having these qualities presents 
ILs as an appropriate replacement for convenient organic 
solvents. A combination of ILs and NPs can generate cati-
onic/anionic ion layers all over the NPs, given electrostatic 
forces (Sakai et al. 2015). ILs coated NPs exhibit better 
dispersibility and thermostability (Fukushima and Aida 
2007). 1-Hexyl-3-methylimidazolium hexafluorophosphate 
( HMIMPF6 ) is a water-immiscible room temperature ionic 
liquid (RTIL) with an imidazolium-type cation (Du et al. 
2018). HMIMPF6 has been known as an extraction solvent 
for Cr (VI) evaluation in the aqueous solution (Chen et al. 
2010).

There is no report on using steel slag as an iron source 
for magnetite synthesis and also using HMIMPF6 IL for 
surface modification. This work aims to extract polyphe-
nols from Camellia sinensis as a reducing agent for nZVI 
synthesis. nZVI particles were coated with Fe3O4 by the 
co-precipitation route. The ferrous solutions were prepared 
by acid digestion of steel slag and waste rusted iron shav-
ings. Finally, the core/shell surface was modified with 
HMIMPF6 . Moreover, it was applied for Cr (VI) removal 
from aqueous solutions. The Taguchi method was applied 
to optimize affecting factors on the removal efficiency. In 
addition to kinetic and isotherm studies, the thermody-
namic parameters were also evaluated for the adsorption 
process.

Experimental

Chemicals

The chemicals including iron(III) chloride hexahydrate 
( FeCl3.6H2O ), iron(II) chloride tetrahydrate ( FeCl2.4H2O ), 
ammonia ( NH3, 25% w/w), H2SO4 (98% w/w), HCl (37% 
w/w), absolute ethanol, sodium hydroxide, 1-hexyl-
3-methylimidazolium hexafluorophosphate (HMIMPF6), 
ammonium iron (II) sulfate hexahydrate, hydroxylamine 
hydrochloride, 1,10-phenanthroline and sodium acetate 
were obtained from Sigma-Aldrich (ST. Louise, Missouri, 
USA), Merck (Darmstadt, Germany) and Fluka (Buchs, 
Switzerland). Potassium chromate (K2CrO4, analytical 
grade, Sigma-Aldrich) was used to prepare Cr (VI) stock 
solution (1000 mg L−1). All working solutions were pre-
pared with diluting this stock solution with deionized 
water.

Instruments and Apparatus

A Philips X-ray diffraction (XRD, Model PW1730, Nether-
lands) using CuK� with a 2� range of 5°–80° was applied to 
characterize the synthesized nZVI@Fe3O4@IL NPs. Fou-
rier transform infrared (FT-IR) spectra were conducted on a 
Shimadzu Fourier transform infrared spectrometer (model 
8900, Japan) in the range of 400–4000 cm−1 . A Philips scan-
ning electron microscopy (SEM, model XL30, Netherlands) 
was utilized to investigate the surface of NPs. For UV–Vis 
measurements, an Agilent spectrophotometer (model Cary 
60, USA) was employed. WTW pH meter (model 7110, 
Germany) was used to determine the pH of solutions. Also, 
a Hitachi transmission electron microscope (TEM, Model 
H9500, Japan) was applied to determine the size of prepared 
NPs with an accelerating voltage of 100 kV. A vibrating 
sample magnetometer (VSM; MDKFD, Iran) was utilized to 
evaluate the magnetic property of the synthesized NPs. LMS 
sorption analyzer (model BELSORP-mini II, Singapore) was 
applied to conduct N2 adsorption–desorption experiments 
at 77 K. A 1.4 T permanent magnet was used to separate 
magnetic NPs from solutions (1 × 3 × 5 cm).

Preparation of nZVI@Fe3O4@IL NPs

Acid Digestion of Industrial Waste

The ferrous solutions were prepared by acid digestion of 
steel slag and waste rusted iron shavings. Briefly, 5 g steel 
slag and waste rusted iron shavings were separately added 
to different beakers, and 100 mL of sulfuric acid (20%) was 
added to each beaker, and the mixtures were heated at 80 °C 
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for 24 h. Subsequently, the green solution of ferrous ion was 
separated from sediment by Büchner filtration.

For measuring the iron concentration in digested solu-
tions, the spectrophotometric method based on 1,10-phen-
anthroline was applied. In this method, the absorbance of 
the reddish/orange ferrous- 1,10-phenanthroline complex is 
determined at 512 nm. For this purpose, 1.0, 2.0, 5.0, 10.0, 
and 25.0 mL of ferrous ammonium sulfate hexahydrate solu-
tion ((NH4)2Fe(SO4)2.6H2O, 10 mg L−1) were added into a 
series of 100 mL volumetric flux. After that, 1 mL hydroxy-
lamine hydrochloride (10% w/v), 5 mL 1,10-phenanthroline 
(1000 mg L−1), and 8 mL sodium acetate (10% w/v) solu-
tions were added, and the obtained combination was diluted 
to 100 mL with distilled water to form iron (II) standard 
solutions. Also, unknown samples were prepared by adding 
2 mL of digested solution in the same way as the standard 
solutions. After absorbance measurement with a spectropho-
tometer, the iron concentration in the digested solutions of 
steel slag and waste rusted iron shavings were determined 
as 178 and 143 mg L−1, respectively.

Microwave‑Assisted Extraction of Polyphenols 
from Camellia sinensis

Polyphenols as reducing agents were extracted from Camel-
lia sinensis dried leaves (producing area: Guilan, Iran). For 
this purpose, the available microwave-assisted procedure 
was modified and then applied (Spigno and De Faveri 2009). 
Primarily, 10 g black tea was mixed with 200 mL of deion-
ized (DI) water/ethanol solution (1:1), and the suspension 
was left for 90 min at room temperature (r.t). Afterward, 
the suspension was irradiated with microwaves for 4 min at 
720 W for 45 s power on and 10 s power off for five times, 
and finally power on (15 s).

Synthesis of nZVI@Fe3O4@IL Core/Shell NPs

For the synthesis of nZVI, the iron (III) chloride solution 
was mixed with the extract (1:4 v/v). Resulted particles were 
centrifuged and then rinsed multiple times with a 1:1 solu-
tion of DI/ethanol. The synthesized NPs showed no mag-
netic effect with a super magnet. After that, the NPs were 
kept in pure ethanol for the next step.

The co‐precipitation process was applied for nZVI@
Fe3O4 NPs preparation (Khabazipour et al. 2016). Briefly, 
4.0 g nZVI from the previous step was dispersed in 250 mL 
ammonia solution (4.5 M) in a three-neck flask and the mix-
ture temperature was increased to 80 °C. After that, from a 
separately funnel, 50 mL ferrous solution produced from 
the digestion of steel slag was added dropwise at 80 °C to 
the mixture in the three-neck flask. Due to the oxidation of 
magnetite particles in the presence of oxygen, the dissolved 
oxygen was removed by purging nitrogen gas during the 

precipitation step. Then, synthesized NPs were washed three 
times with 250 mL of NaOH solution (0.1 M) and dried at 
85 °C (24 h).

For surface modification with HMIMPF6 IL, 1 g of 
obtained NPs from the previous step was added to the solu-
tions containing 4–15% (v/v) HMIMPF6 in chloroform (Chen 
et al. 2012). The mixture was stirred at r.t until complete 
evaporation of chloroform (5 h). Figure 1 summarizes the 
NPs synthesis procedure.

Adsorption Experiments

The nZVI@Fe3O4@IL NPs were applied to refine Cr (VI) 
solutions. In this work, five affecting experimental factors 
were optimized at four levels by Taguchi fractional factorial 
design. The Taguchi orthogonal array design is a statistical 
and powerful method for optimizing of affecting parameters 
(Toutounchi et al. 2019). Experimental factors including 
solution pH (2–7), adsorbent dose (0.05–0.12 g), contact 
time (5–45 min), ionic liquid (4–15%) and ionic strength 
(0–0.05 M), were studied to find the optimum values and to 
assess their contribution in the removal of Cr (VI) ions by 
the prepared nZVI@Fe3O4@IL NPs. According to the num-
ber of control factors, the OA16 design (Dai et al. 2009) was 
applied and 16 experiments were suggested for optimizing 
the process that were repeated for two times and the mean of 
two responses were used for ANOVA calculations (Table 1).

All experiments were performed with 25 mL solutions 
containing 40 mg L−1 CrO4

2− ions at r.t. Upon completion 
of the removal experiments, a permanent super magnet was 
applied to separate the NPs. A spectrophotometer was uti-
lized at 370 nm to measure CrO4

2− concentrations of the 
solutions after the adsorption process using a proper calibra-
tion curve. The amount of adsorbed CrO4

2− ions was calcu-
lated as follows (Eq. 1):

where C0 and Ct are the initial and equilibrium concentra-
tions of CrO4

2− ions, respectively. The optical absorbance 
of different standard solutions of Cr (VI) (as CrO4

2− ion, 
5–100 mg L−1) was measured at 370 nm, and the resulted 
calibration curve exhibited a linear relationship (R2 = 0.999) 
at pH 2. To investigate the reusability of synthesized adsor-
bent, the NPs were washed with 3 mL of 0.1 M NaOH solu-
tion, and the excessive NaOH was washed out from NPs with 
DI and finally dried in an oven at 40 °C.

pHpzc Determination for nZVI@Fe3O4@IL NPs

The point of zero charge (pHpzc) is the pH of the mixture 
at which the net charge on the surface of NPs equals zero 

(1)% Removal =
C0 − Ct

C0

× 100,
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(Mustafa et al. 2013). In this study, the pH drift method 
was applied for measuring pHpzc value for the synthesized 
nZVI@Fe3O4@IL NPs. The pH drift method is preferred 
over the titration method due to fewer steps, standard appa-
ratus, and time-saving (Pashai Gatabi et al. 2016). For this 

purpose, 50 mL of 0.1 M NaOH solutions were added into 
the nine separate beakers with the same size. 0.1 M NaOH 
and 0.1 M HCl solutions were used to adjust pH values 
between 2 and 10 (pHinitial). Then, 0.03 g nZVI@Fe3O4@
IL NPs were mixed with the solutions and magnetically 

Fig. 1   Schematic for the prepa-
ration of nZVI@Fe3O4@IL

Table 1   OA16 matrix for Cr 
(VI) removal experiments

Exp. no Time (min) Ionic strength 
(M)

Adsorbent 
weight (g)

pH Ionic liquid 
(%)

Removal 
efficiency 
(%)

1 5 0 0.05 2 4 88
2 15 0.005 0.07 2 7 91
3 30 0.01 0.1 2 10 87
4 45 0.05 0.12 2 15 92
5 30 0.005 0.05 3.5 15 81
6 45 0 0.07 3.5 10 89
7 5 0.05 0.1 3.5 7 88
8 15 0.01 0.12 3.5 4 93
9 45 0.01 0.05 5 7 63
10 30 0.05 0.07 5 4 90
11 15 0 0.1 5 15 73
12 5 0.005 0.12 5 10 93
13 15 0.05 0.05 7 10 63
14 5 0.01 0.07 7 15 55
15 45 0.005 0.1 7 4 78
16 30 0 0.12 7 7 82
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stirred at 250 rpm at r.t. The final pH (pHfinal) of solutions 
was measured after 48 h. The intersection point of the curve 
resulted from the plot of pHfinal vs pHinitial values with the 
pHinitial = pHfinal line, gives pHpzc.

Results and Discussions

Structural Characterization

The FT-IR spectra of synthesized (a) nZVI; (b) nZVI@
Fe3O4; (c) nZVI@Fe3O4@IL NPs were shown in Fig. 2. 
In the nZVI spectra (Fig. 2a) the absorption bands at 1693 
and 3467 cm−1 are related to the –COO and –OH groups 
due to forming the FeOOH layer on the nZVI surface. 
Bands at about 3000 and 1084 cm−1 are assigned to aro-
matic –C–H and C–O–C groups of tea extract, respec-
tively. Figure 2b shows the FT-IR spectra of nZVI@Fe3O4. 
The bands at 3410 and 1629 cm−1 are ascribed to the –OH 
and –COO, respectively. Also, bands between 400 and 
600 cm−1 represent the formation of Fe–O metal oxides 

(Danesh et al. 2019). Two bands at 618 and 466 cm−1 are 
related to the stretching vibrations of Fe3+–O2− spinel 
structure with tetrahedral and octahedral sites. The typi-
cal bands for nZVI@Fe3O4@IL (Fig. 2c) at 3050, 2962, 
and 2869 are attributed to the stretching vibrations of 
aromatic and aliphatic -CH groups. Also, bands at 3173, 
1629, 1571, and 1430 cm−1 belong to the N–H, –COO, 
–C = N, and C = C groups in the phenolic ring and IL parts. 
Also, signals for the –Fe–O bond at 618 cm−1 and for the 
-OH group at 3410 cm−1 are observed.

SEM and TEM techniques were applied to study the 
microstructure of the synthesized NPs (Fig. 3a–c) and dem-
onstrated the synthesis of nano-sized particles with spheri-
cal shapes. TEM image (Fig. 3b) represents the generation 
of core/shell particles and emphasizes forming the Fe3O4 
layer over the nZVI core. Figure 3a shows that NPs are in 
the size range of less than 30 nm. Also, the SEM image 
of nZVI@Fe3O4@IL (Fig. 3c), represents the deposition of 
IL layers over the surface of synthesized NPs. The element 
distributions of N, Fe, C, O, F, and P for synthesized nZVI@
Fe3O4@IL NPs were obtained using mapping analysis and 

Fig. 2   FT-IR spectra of a nZVI, 
b nZVI@Fe3O4, and c nZVI@
Fe3O4@IL
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Fig. 3   a, c SEM image of 
nZVI@Fe3O4 and nZVI@
Fe3O4@IL, b TEM image of 
nZVI@Fe3O4, d EDX mapping 
of nZVI@Fe3O4@IL, e XRD 
pattern for nZVI and nZVI@
Fe3O4, f The VSM of nZVI@
Fe3O4 and nZVI@Fe3O4@IL, 
g pHfinal vs. pHinitial Curve for 
determination of pHpzc
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are presented in Fig. 3d, which emphasizes the coverage of 
ILs over the NPs surface.

The XRD pattern of nZVI@Fe3O4 NPs was compared 
with the patterns of Fe3O4 (Huang et al. 2015) (Fig. 3e). 
The sharp diffraction peak with 2� at 22° and 32°, 36° match 
with polyphenols and Fe3O4 patterns, respectively (Loh et al. 
2008). Observation of iron oxides and iron oxyhydroxides 
instead of Fe0 can be related to the amorphous nature of 
synthesized Fe particles using tea extracts (Shahwan et al. 
2011). Also, peaks with 2� at 26°, 42°, 53° and 57° indicates 
the crystalline cubic structure of the synthesized NPs (Tout-
ounchi et al. 2021).

The magnetic properties of the synthesized NPs were 
characterized by a VSM instrument (Fig. 3f). The saturation 

magnetization values of nZVI@Fe3O4 and nZVI@Fe3O4@
IL were 6.5 and 6.7 emu g−1, respectively, which indicates 
a suitable magnetic response of the synthesized NPs to the 
magnetic fields and confirms their superparamagnetic behav-
ior. The partially increased value of saturation magnetiza-
tion of nZVI@Fe3O4@IL compared to nZVI@Fe3O4, can 
be ascribed to the agglomeration of the NPs during surface 
coating with IL.

Physisorption hysteresis is a fundamental method for 
the characterization of pore structure. In this work, N2 
sorption measurements at 77 K were used for nZVI@
Fe3O4 NPs (Fig. 4a–d). The obtained results were fit with 
the type IVa curve of IUPAC classification of physisorp-
tion isotherms (Lowell et al. 2012). Also, hysteresis loops 
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of magnetic NPs were matched with the H3 type of IUPAC 
classification (Sing and Williams 2004).

The pore size distribution was calculated by the BJH 
formula (Fig. 4b). Values for Vp (the mean volume of the 
pores), ap (surface of pores), and rp, Peak (area) were obtained 
as 0.015281 cm3  g−1, 4.6718 m2  g−1, and 1.85  nm, 
respectively.

The surface area of magnetic NPs was measured by the 
BET method. Equation (2) expresses the linear form of 
the BET model:

where Va and Vm are the specific amounts adsorbed at the 
corresponding pressure p/p0 and BET monolayer capacity, 
respectively. Also, the value of C provides a practical dem-
onstration of the type of isotherm in the BET range, which 
is exponentially correlated with the energy of monolayer 
adsorption.

BET plot (Fig. 4c, R2
= 0.9978 ) was applied to estimate 

the BET surface area. According to this procedure, the 
values of as, BET (specific BET surface area) = 3.5975m2g−1 , 
Vm (BET monolayer capacity) = 0.8265 cm3

(STP) g−1 , 
C   =   4 7 . 3 7 8 ,  t o t a l  p o r e  v o l u m e 
( p
p0
= 0.990) = 0.14998 cm3g−1 and mean pore diameter 

= 16.68 nm were obtained.
Also, the specific surface area of NPs was calculated 

by the Langmuir isotherm. The curve of the Langmuir 
isotherm (Fig. 4d) showed that as, Lang= 3.4662m2g−1 and 
Vm = 0.7964 cm3(STP)g−1.

(2)

p

p0

Va

(

1 −
p

p0

) =

1

VmC
+

C−1

VmC

(

p

p0

)

,

Experimental Design: Statistical Analysis of Data

The results of the suggested experiments by Taguchi OA16 
design (Table 1) were analyzed using Minitab® 18 software. 
The mean values for the four levels of each parameter dis-
played how the Cr (VI) removal efficiencies change with the 
variation of the level of each factor (Fig. 5).

The electrostatic interaction between the Cr (VI) ions 
and the surface of NPs is significantly affected by the solu-
tion pH. Different species of Cr (VI) including H2CrO4, 
HCrO4

−, CrO4
2− and H2Cr2O7 are in equilibrium in aque-

ous solutions. Due to the pKa values of chromate acid–base 
couple (pKa1 H2CrO4/HCrO4

− = 0.75, pKa2 HCrO4
−

/CrO4
− = 6.4), 

it is predicted to have HCrO4
− as dominant species of Cr 

(VI) at pH < 5, whereas at pH > pKa2, the CrO4
2− ions are 

the predominant species of Cr (VI) (Sanchez-Hachair and 
Hafmann 2018). The effect of solution pH on the removal 
efficiency was observed for different pH values (2, 3.5, 5, 
7) at a constant CrO4

2− ion initial concentration (40 mg 
L−1) and a sample volume of 25 mL. It was found that the 
adsorption capacity was decreased noticeably from 84 to 
52%, while the pH value raised from 2.0 to 7.0 (Fig. 5a). 
This observation can be ascribed to the positively charged 
surface of the nZVI@Fe3O4@IL NPs. The results showed 
pHpzc = 7.8, demonstrates at pHs<pHpzc , the surface of NPs 
has a positive charge. So, Cr (VI) ions were adsorbed effec-
tively as HCrO4

− through electrostatic interactions at pH = 2. 
For pHs > 3.5, the removal efficiency of Cr (VI) ions was 
decreased dramatically due to reducing the positive sites on 
the adsorbent surface and subsequently, decrease in the elec-
trostatic interaction between the adsorbent/adsorbate. So, 
pH = 2 was selected as the optimum value.

Fig. 5   The effect of a pH, b 
sorbent mass, c ionic strength, d 
contact time, and e ionic liquid 
on the Cr (VI) removal effi-
ciency (sample volume: 25 mL, 
CCrO2−

4
= 40 mg L−1)
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The sorbent mass contribution on the Cr (VI) removal 
efficiency was evaluated with sorbent masses of 0.05 0.07, 
0.1, and 0.12 g. According to the results, the Cr (VI) removal 
efficiency enhances with increasing the adsorbent dosage 
and reaches its highest value at 80% for 0.1 g of the adsor-
bent (Fig. 5b). However, a further increase of adsorbent 
mass decreases Cr (VI) removal efficiency. This observation 
can be ascribed to the aggregation of NPs, which decreases 
the total surface area of the NPs. So, 0.1 g (2.5 g L−1) for 
25 mL CrO4

2− solutions (40 mg L−1) was considered as the 
optimum dose of the nZVI@Fe3O4@IL NPs.

The effect of salt on the Cr (VI) removal was evaluated by 
adjusting the salinity of sample solutions with different con-
centrations of NaCl solutions ( 0, 0.005, 0.01 and 0.05 M ). 
It was highlighted that the removal efficiency improved by 
increasing the NaCl concentration (Fig. 5c). These results 
can be related to the effect of ionic strength on the inter-
face potential and on the double layer thickness that affect 
the attachment of the adsorbed ions (Adegoke et al. 2014). 
Thus, further studies were conducted with adjusting the 
ionic strength with NaCl at 0.05 M.

The effect of different contact times (5–45 min) on the 
Cr (VI) adsorption efficiency using the nZVI@Fe3O4@IL 
NPs is shown in Fig. 5d. According to the results, there is no 
significant difference in removal efficiencies during the first 
15 min of adsorption process and after that the removal effi-
ciency is decreased up to 30 min. It can be concluded that all 
active sites of the NPs are available for Cr (VI) adsorption in 
early moments. Due to this result, further experiments were 
done at 10 min of contact time.

To investigate the effect of HMIMPF6 concentration on 
the Cr (VI) removal efficiency, four different IL solutions 
were prepared in chloroform (4, 7, 10, and 15% v/v). At 
higher IL concentrations, a reduction in the removal effi-
ciency was observed (Fig. 5e) due to the decrease in the 
number of active sites resulting from the agglomeration 
of NPs. So, for the maximum adsorption, the subsequent 
experiments were done with coating of the nZVI@Fe3O4 
NPs with a 4% IL solution.

The analysis of variance (ANOVA) is a set of statistical 
models and can be applied for evaluating the OA16 experi-
ment results. The ANOVA results (Table 2) for the mean of 
responses from 32 experiments (2 repeats of 16 experiments) 
revealed that the pH amount is the main affecting parameter 
on the Cr (VI) adsorption efficiency with the highest percent 
contribution (57.56%). The following important parameters 
are sorbent mass (12.21%) and after that IL concentration 
(3.93%), ionic strength (1.17%) and contact time (< 1%), 
respectively.

Study of Adsorption Kinetics

The adsorption kinetic is known as a key factor for selecting 
the best possible adsorbent/adsorbate system and is essen-
tial to compare the results of various experimental condi-
tions to the predicted adsorption parameters assessed by 
models and present considerable data that can be applied 
to design adsorption processes (Largitte and Pasquier 2016; 
Esmaeeli et al. 2017). To determine the kinetic parameters, 
the adsorption capability of Cr (VI) ions was considered 
at two concentrations of 40 and 100 mg L−1 in the various 
contact time (0–90 min) (sample volume = 25 mL, adsorbent 
dosage = 0.1 g, solution pH = 2, ionic strength = 0.05 mol 
L−1 and ionic liquid = 4% v/v). The mathematical equations 
relating to the pseudo‐first order, pseudo-second order, intra-
particle diffusion, and Elovich kinetic models were applied 
to investigate the adsorption kinetics of Cr (VI). The linear 
forms of kinetic models, along with the definitions of each 
parameter, are listed in Table 3. The slope and intercept of 
the linear plot of each model were used to calculate the val-
ues of Cr (VI) adsorption onto the nZVI@Fe3O4@IL param-
eters at two different concentrations (40 and 100 mg L−1). 
The pseudo‐first order kinetic model developed by Lager-
gren (Freundlich 1906) is a known model for the kinetic 
study of the water pollutants and considers a linear correla-
tion between log (qe–qt) and time. Using this model, the rate 
constant (k1, min−1) and the equilibrium adsorption capacity 
(qe, mg g−1) are calculated from the slope and intercept of 

Table 2   ANOVA results 
for Cr (VI) adsorption onto 
nZVI@Fe3O4@IL

a Degrees of freedom
b Sum ofsquares
c Mean of squares
d Percentage of contribution

Source DFa SSb MSc F value p value PCd (%)

pH 3 1695.9 565.3 12.22 0.000207 57.56
Sorbent mass 3 359.8 119.933 2.59 0.088885 12.21
Ionic strength 3 34.452 11.484 0.24 0.867157 1.17
Contact time 3 0.35398 0.1179 0.0025 0.99982 0.01
Ionic liquid 3 115.66 38.553 0.83 0.496641 3.93
Error 16 740.03 46.251 25.12
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the plot. The pseudo-second order kinetic model assumes 
the sorption process is controlled by chemical processes. 
The plot of t/qt vs the adsorption time (t) is linear from 
which k2 and qe can be obtained. Based on this model, the 
adsorption capacity directly relates to the adsorbent active 
sites occupied on the adsorbent (Ho and McKay 1999). The 
chemisorption involves exchanging, transferring, or shar-
ing electrons among the adsorbate/adsorbent system (Ahmad 
et al. 2012). According to this model, although in the initial 
stages, due to the free adsorption surfaces, adsorption on the 
adsorbent is rapid, with the advancement of the adsorption 
process, the adsorption rate decreases by more occupation 
of active sites of the adsorbent.

The intraparticle diffusion model considers the sorption 
process either dominated by the mass transfer in the liquid 
phase or intraparticle mass transfer. This model investi-
gates the adsorption process via a mechanistic perspec-
tive and presumes the intraparticle diffusion as the rate-
controlling step (Öztürk and Malkoc 2014) and the solute 
uptake value alteration is in almost direct relation with 
the square root of time. In this model, a linear correlation 
from the plot of qt versus t1/2 (known as Weber-Morris 
plot) means the sorption process is dominated by intra-
particle diffusion (Weber and Morris 1963). However, if 
the data exhibit multi-linear plots, then, two or more rate 
limiting steps influence the sorption process. It assumes 
that the external resistance to mass transfer to the adsorbent 
is significant only in the first section of plot that have more 
slope. The second linear portion is the gradual adsorption 
stage with controlling intraparticle diffusion (Fierro et al. 
2008). According to Fig. 6c, the first and second straight 
lines representing macropore/mesopore, and micropore 

diffusion, respectively (Allen et al. 1989). Extrapolation 
of the linear portions of the plots back to the qt values gives 
the intercepts (C), which provide the measure of the bound-
ary layer thickness. The larger C value shows the boundary 
layer effect is greater.

The Elovich model, which is based on the adsorption 
capacity of the adsorbent, is more appropriate for chemical 
adsorption and systems with heterogeneous surfaces. If this 
model is feasible and the adsorption process fits this model, 
plotting qt against ln (t) creates a linear relationship with a 
slope of 1/β and intercept of 1/β ln(αβ).

The pseudo-second order displayed the best fit to data 
regarding the high correlation coefficient (R2 = 1, Fig. 6b). 
Following this model, with increasing the initial concentra-
tions of Cr (VI) (as CrO4

2− ion) from 40 to 100 mg L−1, the 
k2 value ( g mg−1 min−1 ) decreases (from 0.4212 to 0.1497 
g mg−1 min−1 ). Furthermore, qe, cal (mg g−1) value is in direct 
correlation with Cr (VI) concentration variations (increases 
from 9.23 to 21.46 mg g−1). This result indicates that the 
chemical processes control the overall rate of the adsorp-
tion process.

Figure 7 shows the initial UV–Vis absorption spectrum 
for 100 mg L−1 CrO4

2− ions before the adsorption process 
and after adsorption at various contact times. The spectra 
confirm the significant removal of Cr (VI) ions from the 
solution.

Study of Adsorption Isotherms

Adsorption equilibrium data are the most important part 
of information needed for a proper understanding of an 
adsorption process. These data are essential for developing 
pathways for adsorption mechanisms and designing efficient 

Table 3   Parameters of kinetic models for Cr (VI) (as CrO4 2−) removal by the nZVI@Fe3O4@IL NPs

Models Description: Pseudo-first order: qe the dose of CrO4
2− adsorbed at equilibrium ( mg g−1 ), qt the dose of CrO4

2− adsorbed at t ( mg g−1 ), k1 
pseudo-first-order rate constant ( min−1 ), Pseudo-second order: k2 pseudo-second-order rate constant ( g mg−1 min−1 ), intraparticle diffusion: kp 
rate constant of the intraparticle diffusion ( mg g−1 min−1∕2 ), Elovich: � initial rate of adsorption ( mg g−1 min−1 ), � the extent of surface coverage 
and activation energy for chemisorption ( g mg−1)

Kinetic models Linear form equation Results

40 mg L−1 100 mg L−1

Pseudo‐first order ln
(

qe − qt
)

= ln
(

qe
)

− k1t qe,cal = 1.004mg g−1

k1 = −0.0336 min−1

R2
= 0.9157

qe,cal= 1.2832 mg g−1

k1= 0.0193 min−1

R2=0.9626

Pseudo-second order t

qt
=

1

k2q
2
e

+

(

1

qe

)

t qe,cal = 9.2336 mg g−1

k2= 0.4203 g mg−1 min−1

R2
= 1

qe,cal = 21.4592 mg g−1

k2=0.1497 g mg−1 min−1

R2
= 1

Intraparticle diffusion qt = kpt
1∕2

+C C0= 8.2367 mg g−1

kp= 0.1318 mg g−1 min−1∕2

R2
= 0.6866

C0= 20.755 mg g−1

kp= 0.1935 mg g−1 min−1∕2

R2
= 0.8566

Elovich qt =
1

�
ln(��) +

1

�
ln (t) � : 8.83e + 12 ( mg g−1 min−1)

� : 3.8022 ( g mg−1)
R2

= 0.9293

� : 5.63e + 24 ( mg g−1 min−1)
� : 2.7956 ( g mg−1)
R2

= 0.9949
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adsorption systems (Ayawei et al. 2017). Langmuir, Freun-
dlich, Temkin, and Dubinin-Radushkevich’s two-parameter 
isotherm models are frequently used to explain the interac-
tion between the adsorbate and adsorbent at equilibrium. 
A proper understanding and interpretation of adsorp-
tion isotherms are critical for the overall improvement of 
adsorption mechanism pathways and effective design of 
adsorption systems. The adsorption isotherms of Cr (VI) 
ions on the nZVI@Fe3O4@IL NPs were investigated in 
different concentrations of CrO4

2− ions (5–250 mg L−1) 
by adding 0.1 g of the synthesized NPs at pH2 and ionic 
strength = 0.05 mol L−1 (at r.t). In addition to the previously 

mentioned two-parameter models, three-parameter models 
(Redlich-Peterson, Sips, and Toth) were also studied.

Langmuir isotherm is applied for quantification of the 
adsorptive capacity of different adsorbents (Mittal et al. 
2007). This isotherm model has four primary presump-
tions (Kecili and Hussain 2018): (a) The adsorbent surface 
contains the adsorbing sites where adsorption occurs, (b) 
all sites are identical and have equal energy of adsorption, 
(c) the surface of the adsorbent is covered with a mon-
olayer of adsorbed molecules (d) there is no interaction 
between adjacent adsorbed molecules on the adsorbent 
surface.

y = -0.0336x + 0.004

R² = 0.9157

y = -0.0193x + 0.2494

R² = 0.9626
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Fig. 6   a Pseudo‐first order, b Pseudo-second order, c Intraparticle 
diffusion, d Elovich kinetics plot of Cr (VI) sorption onto synthe-
sized NPs (sample volume = 25 mL, adsorbent dosage = 0.1 g, solu-

tion pH = 2, ionic strength = 0.05  mol L−1, ionic liquid = 4% v/v, 
CCrO2−

4
= 40 and 100 mg L−1)
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The linear form of the Langmuir equation is as follows 
(Eq. 3) (Dąbrowski 2001):

where Ce is the concentration of the Cr (VI) (as mg L−1 
CrO4

2− ion) at equilibrium, qe is the equilibrium adsorption 
capacity (mg g−1), Kl is the constant associated with the 
free energy of adsorption (L mg−1), and qm is the maximum 
adsorption capacity at monolayer coverage (mg g−1).

Freundlich isotherm model is utilized to study adsorp-
tion phenomena on heterogonous surfaces (Ayawei et al. 
2015). Although, the Freundlich equation provides impor-
tant information regarding the adsorption of particles, it has 
the following limitations (Singh 2016): (a) the Freundlich 
equation is entirely empirical, (b) the equation is valid only 
for a limited range of concentrations, (c) the constant K is 
temperature-dependent.

The linear form of the Freundlich model is as follows 
(Eq. 4) (Boparai et al. 2011):

where Kf  (mg1+n g−1 Ln) indicates the adsorption capacity, 
and n is the adsorption intensity. The value of 1/n lower than 
1 represents a normal Freundlich isotherm, while coopera-
tive adsorption has larger values.

Temkin isotherm is applied to investigate the role of indi-
rect adsorbate/adsorbate interactions in an adsorption pro-
cess. By ignoring the extremely low and large values of con-
centrations, it is also assumed that the heat of adsorption of 
all molecules in the layer decreases linearly as a result of 

(3)
Ce

qe
=

1

qmKl

+

Ce

qm
,

(4)lnqe = lnKf+
1

n
ln Ce,

increased surface coverage (Shariati et al. 2020). The follow-
ing equation gives the Temkin isotherm linear form (Eq. 6) 
(Vijayaraghavan et al. 2006):

where A, b, and B represent the Temkin isotherm equilib-
rium binding constant ( L g−1 ), the constant associated with 
the heat of sorption ( j mol−1 ) and Temkin isotherm constant, 
respectively.

Dubinin-Radushkevich isotherm is an empirical adsorp-
tion model. It is usually applicable to express the adsorp-
tion mechanism with Gaussian energy distribution onto 
heterogeneous surfaces (Celebi et al. 2007). It is tempera-
ture-dependent; hence, all suitable data can be obtained by 
plotting adsorption data as a function of the ln(qe) against 
�2 at various temperatures (Günay et al. 2007).

Dubinin-Radushkevich isotherm is represented as fol-
lows (Eqs. 7, 8) (Ayawei et al. 2015):

where ε, β, R, and T represent Polanyi potential, Dubinin-
Radushkevich constant ( mol2 K−1 J−2 ), universal gas 
constant (8.31 Jmol−1 k−1 ), and absolute temperature, 
respectively.

(5)B =

RT

b
,

(6)qe = B ln A+B ln Ce,

(7)ln qe = ln qm − ��2,

(8)� = RT ln

(

1 +
1

Ce

)

,

Fig. 7   UV–Vis absorption spec-
trum of CrO4

2− for 100 mg L−1 
stock solution and after adsorp-
tion onto the nZVI@Fe3O4@IL 
NPs during 1–60 min 
adsorption process (sample 
volume = 25 mL, adsorbent 
dosage = 0.1 g, solution pH = 2, 
ionic strength = 0.05 mol L−1, 
ionic liquid = 4% v/v)
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The Redlich-Peterson (RP) isotherm model is a hybrid 
isotherm that presents both Langmuir and Freundlich iso-
therms in a single equation (Redlich and Peterson 1959). 
It is more accurate than those two models by incorporat-
ing three parameters into an empirical equation. The RP 
isotherm is expressed as follows (Eq. 9):

where KRP is RP model constant ( L g−1 ), aRP is the affinity 
coefficient ( Lmg−1 ) and �RP is the heterogeneity coefficient. 
The range for �RP is from 0 to 1. For �RP = 1 , the RP equa-
tion transform to the Langmuir model. Also, for KRP and 
aRP bigger than unity, the equation may transform to the 
Freundlich model (Lalhruaitluanga et al. 2010).

The Sips isotherm is applied for predicting the hetero-
geneous adsorption systems. This model resulted from the 
combination of Langmuir and Freundlich models to acquit 
their limitations and satisfying both low and high sorb-
ate concentrations. It transforms to the Freundlich model 
for lower concentrations, and at the high-end boundary 
of concentrations performs like Langmuir. The non-linear 
Sips isotherm is as follows (Eq. 10):

where QS , KS , and nS represent the maximum adsorption 
capacity (mg g−1), Sips constant ( L g−1 ), and the Sips 
dimensionless exponent, respectively. For nS = 1, the equa-
tion converts to Langmuir form. While, as either KS or Ce 
equals 0, Sips isotherm transform to Freundlich model (Bel-
hachemi and Addoun 2011).

Toth isotherm model is also established to develop 
the Langmuir model and is suitable for heterogeneous 
adsorption systems studies. The non-linear and linear 
forms of Toth isotherm are expressed as Eqs. 11 and 12, 
respectively:

where KT is Toth constant ( mg g−1 ), aT is the affinity coef-
ficient ( L mg−1 ) and t is the Toth exponent (dimensionless) 
and is associated with the surface heterogeneity. Toth expo-
nent equals 1 for the process which occurs on a homogene-
ous surface (Brdar et al. 2012).

The values for all seven models are reported in Table 4. 
The Freundlich isotherm model shows better fitting rather 

(9)qe =
KRPCCe

1 + aRPC
�RP
e

,

(10)qe =
QsKSC

1∕nS
e

1 + KSC
1∕nS
e

,

(11)qe =
K
T
Ce

(aT+Ce)
1∕t

,

(12)ln

(

qe

KT

)

= ln
(

Ce

)

−

1

t
ln(aT+Ce),

than the other two-parameter models. The higher correla-
tion coefficient (R2 = 0.9697) of the Freundlich refers to 
the heterogeneity of the adsorbent sites. The Freundlich 
constant (1/n) was smaller than 1 due to high adsorption 
intensity and indicating the favorability of the adsorption. 
The maximum monolayer adsorption capacity (qm) of Cr 
(VI) (as CrO4

2− ions) onto the surface of nZVI@Fe3O4@
IL NPs was obtained as 56.49 mg g−1 at 298 K.

MATLAB’s fmincon function was used to compare the 
performance of two- and three- parameters isotherm mod-
els to minimize the mean squared error for qe. The optimi-
zation algorithm was set to interior point. The reason for 
using fmincon is that it enables us to apply conditions to the 
unknown parameters of the model. For example, the expo-
nent �RP in the RP model lies between 0 and 1, and other 
parameters are non-negative. Furthermore, since raising a 
negative number to a real power might produce complex 
numbers, unconditional optimization for models such as the 
Toth isotherm could lead to problems, considering measure-
ment error and the non-linear nature of the model. Other 
optimization options have been left on the default MATLAB 
settings.

By analyzing the results, we see that several and very 
different values for the parameters of the RP, Sips, and Toth 
models all give high R2 and low root mean squared error 
(RMSE) values (Sips and Toth curves are overlapped in 
Fig. 8e), which indicates that these models are too pow-
erful to model the measurements, and they are over-fitting 
to data. Since these models all have three parameters and 
are highly non-linear, they use their full potential to explain 
the variance in the data, ignoring the fact that part of this 
variance is due to measurement error. Non-linear regres-
sion can fit many more types of curves, but it can require 
more effort to present the best fit and interpret the role of 
the independent variables. Additionally, R2 is not valid for 
non-linear regression (Spiess and Neumeyer 2010), and it 
is impractical to calculate p values for the parameter esti-
mates. Considering the limitations of gathering more data 
which is inherent to such problems in chemistry, and since 
lower-dimensional models such as Langmuir and Freun-
dlich isotherms appear to be performing well while hav-
ing fewer parameters and non-linearity, there is little ben-
efit in using more powerful and non-linear models such as 
Redlich-Peterson isotherm. Nevertheless, obtained values 
for KRP (L g−1) = 4.0208e + 06, Ks (L g−1) = 4.1498e − 05, 
and t = 3.1975 confirms the transformation of all three-
parameter models to the Freundlich model. Furthermore, 
close values for ns = 1.4515 and nF = 1.5144 of the Freun-
dlich model confirm the Sips model has better agreement 
with the experimental data than the other three-parameters 
isotherm model (Table 4). 
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Fig. 8   a Langmuir, b Freundlich, c Temkin, d Dubinin-Radushk-
evich, e Redlich-Peterson, Sips, and Toth isotherm plots for adsorp-
tion of Cr (VI) onto the surface of nZVI@Fe3O4@IL NPs (sample 

volume = 25  mL, adsorbent dosage = 0.1  g, solution pH = 2, ionic 
strength = 0.05  mol L−1, ionic liquid = 4% v/v, CCrO2−

4
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Study of Adsorption Thermodynamics

To investigate the effect of temperature on the adsorption 
process, the thermodynamic parameters were estimated 
in the temperature range of 15–55 °C (288.15–328.15 K) 
at optimum condition (CCrO4

2− = 40 mg L−1, sample vol-
ume = 25 mL, adsorbent mass = 0.1 g, solution pH = 2, ionic 
strength = 0.05 mol L−1, contact time = 10 min, ionic liq-
uid = 4% v/v). The Gibbs free energy change (ΔG°) values can 
guess the spontaneous or nonspontaneous nature of the pro-
cess. The negative values of ΔG° reveal a spontaneous process 
(Liu et al. 2010). The enthalpy change (ΔH°) distinguishes 
between physical and chemical adsorption and also endother-
mic and exothermic processes. For endothermic processes, it 
has a positive value and it is negative for exothermic processes 
(Kumar et al. 2007). The entropy change (ΔS°) predicts the 
magnitude of changes in the adsorbent surface (Ahmaruzza-
man and Sharma 2005).

The Gibbs energy, ΔG° (kJ mol−1), can be calculated from 
the Eqs. (13) and (14):

K, the equilibrium constant, indicates the capability of the 
adsorbent to hold the adsorbate and measures the motion of 
the adsorbate within the solution (Lian et al. 2009).

The slope and intercept of a linear plot of ln K vs. 1/T give 
the values of ΔH° (kJ mol−1) and ΔS° (J mol−1 K−1) (Fig. 9).

The magnitude of ΔH° and ΔG° distinguish between 
physisorption and chemisorption. Generally, the ΔG° value 
is in the range of 0 to − 20 kJ mol−1 and − 80 to − 400 kJ 
mol−1 for physical and chemical adsorptions, respectively. 
The magnitude of the ΔH° value lies in the range of − 2.1 to 
− 20.9 and − 80 to − 200 kJ mol−1 for physical and chemi-
cal adsorptions, respectively. The magnitude and sign of 
ΔS° indicate whether the adsorption process is an associa-
tive or dissociative mechanism. A positive ΔS° value sug-
gests the organization of the adsorbate at the solid/solu-
tion interface becomes more random, while negative value 
suggests the opposite fact. Table 5 represents the obtained 
thermodynamic parameters. It was found that the ΔG° is 
decreasing by raising the temperature from 15 to 55 °C. The 
ΔG° with negative values at several temperatures confirms 
the spontaneous nature of the process. The positive ΔH° 
(50.255 kJ  mol−1) reveals that the adsorption process is 
endothermic and more efficient at higher temperatures.

Removal of Cr (VI) Ions from Actual Samples

To investigate the potential of the nZVI@Fe3O4@IL NPs 
for Cr (VI) removal, the synthesized NPs were examined 

(13)ΔG◦

= ΔH◦

= TΔS◦,

(14)ΔG◦

= −RT ln K,

Table 4   Parameters of adsorption isotherms for Cr (VI) (as CrO4
2−) 

removal by nZVI@Fe3O4@IL NPs

Isotherm model Regression Parameters

Langmuir Linear qm(mg g−1) = 56.49
Kl (L mg−1) = 0.550
R2 = 0.8443
RMSE = 3.0212

Freundlich Linear Kf (mg1+n g−1 Ln) = 1.6880
n = 1.5144
R2=0.9697
RMSE = 2.0673

Temkin Linear b 
(

Jmol−1
)

= 321.27

A 
(

L g−1
)

=1.7428

R2 = 0.7721
RMSE = 8.6084

Dubinin-Radushkevich Linear β ( mol2 K−1 J−2) = 0.0008
E ( kjmol−1) = 0.025
R2 = 0.8615
RMSE = 6.6817

Redlich–Peterson Non-linear KRP (L g−1) = 4.0208e + 06
aRP (L mg−1) = 1.1364e + 06
βRP = 0.3574
R2=0.9849
RMSE = 2.4750

Sips Non-linear Qs (mg g−1) = 7.1588e + 04
1/ns = 0.6889
Ks (L g−1) = 4.1498e − 05
R2 = 0.9868
RMSE = 2.3123

Toth Non-linear KT(mg g−1) = 2.9879
aT ( L mg−1) = 3.5608e − 07
t = 3.1975
R2 = 0.9478
RMSE = 2.3113

y = -6044.6x + 21.636

R² = 0.9998

0
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Fig. 9   The plot of ln k vs. 1/T. (CCrO4
2− = 40  mg L−1, sample vol-

ume = 25  mL, adsorbent mass = 0.1  g, solution pH = 2, ionic 
strength = 0.05 mol L−1, contact time = 10 min, ionic liquid = 4% v/v)
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on three real samples collected from the Caspian Sea, Rasht 
Well, and Tap Waters (Guilan, Iran). For this purpose, solu-
tions of CrO4

2− ions (40 mg L−1) were prepared by spik-
ing the real water samples, and the adsorption experiments 
were carried out under the optimized conditions (adsorbent 
mass: 0.1 g, pH 2, ionic strength 0.05 M, ionic liquid 4% 
and contact time 10 min). The removal efficiencies (%) 
were obtained as 89.9, 85.8, and 88.9 for the Caspian Sea, 
Well, and Tap waters, respectively. The result showed good 
removal efficiency of nZVI@Fe3O4@IL NPs for Cr (VI) 
ions in all of the samples and confirmed the capability of 
NPs for real samples.

Comparison with Other Adsorbents

Nowadays, the utilization of magnetite NPs to remove heavy 
metals is a prevalent and interesting subject. A comparison 
between the result of the current study and several other 
studies for removing Cr (VI) ions from aqueous solutions are 
listed in Table 6. Kim et al. (2012) investigated the adsorp-
tion performance of mesoporous iron nanocomposites for 
purifying chromate-contaminated wastewaters. Bishnoi et al. 
(2004) studied the application of activated rice husk for this 
purpose. The maximum removal of Cr (VI) (94.86%) was 
reported at pH 2 by activated rice husk, and adsorption fol-
lowed the Freundlich isotherm. Aslani et al. (2018) studied 
the removal of Cr (VI) ions from water solution by a new 
magnetic polyhexamethylene biguanide modified chitosan 

NPs. The adsorption capacity of synthesized NPs was 
reported as 6.73 mg g−1 at pH 7. Daneshvar and Hosseini 
(2018) synthesized a cost-effective magnetic bio-adsorbent 
with maximum Cr (VI) removal of 92% at pH 5.8, adsorbent 
dose 3.72 g L−1, Cr (VI) concentration 23.4 mg L−1, and 
duration time 11 min. Samuel and coworkers (2018) devel-
oped a magnetic modified graphene oxide/chitosan/ferrite 
(GCF) nanocomposite to remove hexavalent chromium from 
aqueous solutions. The GCF displayed an adsorption capac-
ity of 270.27 mg g−1 for Cr (VI) at pH 2. Fan and coworkers 
(2017) recycled tea waste by loading it with nano-Fe3O4 par-
ticles to prepare a magnetic tea waste/Fe3O4 (TW/Fe3O4) 
composite. The Langmuir isotherm model for chromium 
removal by TW/Fe3O4 displayed an adsorption capacity of 
75.76 mg g−1. Srivastava and Sharma (2013) synthesized and 
applied Fe3O4@n-SiO2 NPs to remove hexavalent chromium 
from aqueous solutions. They reported that the optimum 
removal of Cr (VI) ions was achieved at a pH of 2.0 and the 
kinetic data followed the pseudo-second order model. Luo 
et al. (2013) developed a magnetic MnO2/Fe3O4/o-MWCNTs 
nanocomposites and applied it for hexavalent chromium ion 
adsorption. Also, Luo conducted kinetic and thermodynamic 
studies. The pseudo-second order model properly described 
the data. The qm was estimated to be 186.9 mg g−1 based on 
the Langmuir model. Hu et al. (2007) coated �-Fe2O3 NPs 
with �-FeOOH to improve hexavalent chromium removal. 
Equilibrium studies were conducted and the Langmuir iso-
therm model described Cr (VI) adsorption data excellently 

Table 5   Thermodynamic 
parameters of Cr (VI) removal 
by nZVI@Fe3O4@IL NPs

ΔG° (kJ mol−1) ΔH° (kJ mol−1) ΔS° (kJ mol−1 K−1)

 Temperature (K) 50.255 0.1799
288.15 298.15 308.15 318.15 328.15
− 1.611 − 3.354 − 5.152 − 6.933 − 8.825

Table 6   Comparison of the current study with some similar procedures for Cr (VI) (as CrO4 2−) removal

To show the bold row belongs to the present study

Adsorbents qm (mg g−1) pH Tem-
perature 
(K)

Isotherm model Kinetic model References

Iron–iron oxide nanocomposites 34.1 7 293 Langmuir Pseudo-first order Kim et al. (2012)
Activated rice husk carbon 40 2 298 Freundlich Bishnoi et al. (2004)
Magnetic Chitosan 6.73 7 298 Temkin Pseudo-first order Aslani et al. (2018)
Magnetic nanobiocomposite 14.64 5.8 313 Temkin Pseudo-second order Daneshvar and Hosseini (2018)
Graphene oxide/chitosan/ferrite nano-

composite
270.27 2 298 Langmuir Pseudo-second order Samuel et al. (2018)

Tea waste/Fe3O4 75.76 2 298 Langmuir Pseudo-second order Fan et al. (2017)
Fe3O4@n-SiO2 NPs 3.78 2 298 Langmuir Pseudo-second-order Srivastava and Sharma (2013)
MnO2/Fe3O4/o-MWCNTs 186.9 2 298 Langmuir Pseudo-second-order Luo et al. (2013)
Feroxyhyte-coated maghemite NPs 25.8 2.5 298 Langmuir – Hu et al. (2007)
Fe3O4@SiO2@Kit-6 129.8 2 298 Langmuir Pseudo-second-order Shariati et al. (2017)
nZVI@Fe3O4@IL 56.49 2 298 Freundlich Pseudo-second-order This work
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and the qm of the NPs, was estimated as 25.8 mg g−1. The 
adsorption capacity of synthesized nZVI@Fe3O4@IL NPs 
shows better efficiency than some of the previously reported 
adsorbents as well as the proper magnetic properties.

Conclusion

The adsorption process has a significant role in water puri-
fication. The nZVI@Fe3O4@IL NPs were synthesized and 
applied for Cr (VI) removal from aqueous solutions. The 
proposed method utilizes both steel slag and Camellia 
sinensis extract for synthesizing magnetic NPs. As men-
tioned before, the combination of ILs and NPs provides 
electrostatic forces due to forming a cationic-anionic ion 
layer around the NPs.

The characterization methods confirmed the core/shell struc-
ture of synthesized NPs, including magnetic shell and IL layer 
over the NPs surface. The magnetic properties of NPs facili-
tate their application as adsorbents. nZVI@Fe3O4@IL NPs 
demonstrated impressive removal capabilities toward Cr (VI). 
The pseudo-second order kinetic model perfectly described the 
kinetic results. The kinetic study, showed the adsorption data 
obey from pseudo-second order kinetic model that indicates 
the chemical processes control the overall rate of the adsorp-
tion process. The study of effect of solution pH on the removal 
efficiency showed that Cr (VI) ions were adsorbed effectively 
through electrostatic interactions. Also, the results displayed 
that Freundlich isotherm is an appropriate model for equilib-
rium data. Owing to some significant properties such as good 
magnetic properties, short operation duration, user-friendliness, 
and proper removal efficiency in the real samples, the proposed 
NPs could be applicable for industrial purposes, including Cr 
(VI) removal from water and wastewaters.
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