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a b s t r a c t
A novel ferrofluid mediated dispersive adsorption system was developed based on a facile 
hydrothermally synthesized nanofibrous polyresorcinol@γ-Fe2O3. The nanocomposite was character-
ized with energy dispersive X-ray spectroscopy, X-ray diffraction, field emission scanning electron 
microscopy, vibrating sample magnetometer, Brunauer–Emmett–Teller and Fourier transform infra-
red techniques. Polysorbate and a new synthetic Schiff base were used as carrier fluid and complexing 
agent, respectively. To obtain effective parameters (pH, amount of sorbent and ligand and contact 
time) on adsorption and their interactions, response surface methodology with Box–Behnken design 
was used. Results confirmed that adsorption efficiency was very sensitive to pH, adsorbent dosage 
and amount of ligand; however, the efficiency is less sensitive to time. Under optimized conditions 
(pH 8; contact time 3.8  min; sorbent amount 300  μL and amount of ligand 1.3  ×  10–5  mol) relative 
standard deviation (%) and the limit of detection was 4% and 0.13 μg L–1, respectively. Reusability of 
the sorbent was achieved with 0.1 mol L–1 of HNO3 solution. Isotherm study revealed that cadmium 
adsorption followed Langmuir model with maximum capacity of 56.4 mg g–1. Moreover, results for 
Dubinin–Radushkevich and Temkin isotherm models confirmed that cadmium adsorption is a phys-
ical process. Finally developed method was used for cadmium preconcentration from water and food 
samples with satisfactory results.

Keywords: Cadmium; Ferrofluid; Solid phase extraction; Response surface methodology; Ultrasonic; 
Nanofibrous

1. Introduction

Among the various types of contaminants, heavy metals 
are one main category threatening aquatic lives and ecolog-
ical systems as well as causing many environmental issues 
[1–3]. In other words, toxicity, persistency and bioaccumula-
tion tendency of heavy metals in live tissues can pose numer-
ous environmental and health risks by such pollutants [4,5]. 
Among the heavy metals, cadmium (II) is one of the most 
toxic metals which is released into the environment through 
melting and casting industries, producing metal alloys, elec-
troplating, photography, pigment works and production of 
alkaline batteries [6–10]. The regular exposure of cadmium 

causes hypertension, liver insufficiency, bone lesions, cancer 
and cardiovascular diseases; hence the USA Environmental 
Protection Agency and the World Health Organization set a 
limit of 5 and 3 ppb of Cd(II) ions for drinking water [11–13]. 
Based on the mentioned subjects, development of reliable 
methods is necessary for the adsorption/determination of 
Cd(II) from aquatic environment. To date, various treatment 
techniques were developed for the removal of toxic Cd(II) 
including liquid–liquid extraction, adsorption, chemical 
precipitation, ion exchange, coagulation, reverse osmosis, 
electrolysis and membrane filtration [14–21]. Among the 
mentioned techniques, adsorption is a popular way for 
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adsorption of cadmium owing to several advantages such as 
low cost, rapid phase separation, low consumption of organic 
solvents and elimination of matrix interference [22–24]. 
Despite the worthiness of adsorption methods, stability and 
efficiency of the system for adsorption of analytes as well as 
elimination of interfering matrix are critical [25]. For this pur-
pose, various solid sorbents have been developed to enhance 
the efficiency of adsorption methods including carbon 
nanotube, graphene, zeolite, silica, alumina and polymeric 
materials [26–32]. However, adsorption with nanomaterials 
with high specific surface area possess very advantage but 
employment of them show some drawbacks including high 
backpressure in column dynamic extraction mode and the 
need to centrifuge and filter in static batch mode which made 
this method time consuming. To overcome such difficulties, 
magnetic adsorption (MA) was developed as the magnetic 
nanoparticles (MNPs) act as carrier of adsorbent [33,34]. In 
fact the superparamagnetic behavior of MNPs, allow simple 
and fast extraction dynamics [35,36]. In recent years, numer-
ous researches have focused on coated MNPs with various 
compounds, because the coating material prevents the core 
part from aggregation and improves the selectivity and effi-
ciency of MA system [37,38].

Recently, ferrofluid mediated dispersive adsorption was 
developed as a new technique. In fact this technique was 
developed based on colloidal dispersions of MNPs suspen-
sion in a carrier fluid such as water, ester ionic liquids and 
hydrocarbons [39–41]. Basically, in ferrofluids, the MNPs 
should be coated by a suitable material such as surfactants, 
polyelectrolytes or inorganic materials, to increase the sta-
bility of the prepared ferrofluid as well as prevent particles 
from agglomeration [42]. Ferrofluid stabilized with various 
polymers is another most employed way which use various 
polymer derivatives such as starch, chitosan, polyvinyl alco-
hol, polyethylene glycol, etc. [43].

Based on these viewpoints; polymer coated magnetic 
γ-Fe2O3 nanofibrous structure was fabricated and employed 
to prepare a novel adsorption system. For this purpose 
a one-step hydrothermal route was used for synthesis of 
nanofibrous magnetic polyresorcinol which stabilized 
with polysorbate as a novel carrier. This is a first report for 
employment of the synthetic nanofibrous polymer as a coat-
ing agent and polysorbate in ferrofluid mediated adsorption 
of cadmium from real samples. Moreover, effective parame-
ters on cadmium adsorption, that is, pH, contact time, adsor-
bent dosage and amount of synthetic Schiff base as well as 
their interactions were studied with response surface meth-
odology (RSM). Isotherm models were also studied and dis-
cussed in detail.

2. Experimental setup

2.1. Materials and methods

FeCl2.4H2O, FeCl3.6H2O, ammonia, resorcinol, para-form-
aldehyde, 2-hydroxybenzaldehyde, p-phenylenediamine, 
dimethylsulfoxide (DMSO) and polysorbate were purchased 
from Merck (Darmstadt, Germany). Ethanol was supplied from 
Bidestan Company (Qazvin, Iran). Standard solutions of Cd(II) 
ions (1,000 mg L–1) were prepared by dissolving of Cd(NO3)2 
salt in distilled water. NH3 and HNO3 solutions (0.1 mol L–1) 

were used for adjustment of working pH. Preparation of fer-
rofluid was assisted with an ultrasound clean bath operating 
at 40 Hz with a power of 340 W (Elmasonic, type S, Singen, 
Germany). Flame atomic absorption spectrometer (FAA-400, 
Varian, Musgrave, Australia) equipped with a deuterium lamp 
background and hollow cathode lamp was used for the deter-
mination of cadmium ions. A digital pH meter (model 692, 
Metrohm, Herisau, Switzerland) was used for pH adjustment. 
The prepared nanomaterials were characterized by powder 
X-ray diffraction (XRD, X’Pert MPD, Philips, Almelo, The 
Netherlands) with Cu-Ka (λ = 1.540589 Å) radiation in the 2θ 
range of 2°–100°. Fourier transform infrared (FT-IR, Equinox 
55, Bruker, Germany) spectra were measured with attenuated 
total reflectance at the wavelength of 400–4,000 cm–1. Surface 
morphology analysis of the composite was carried out by 
field emission scanning electron microscopy (FESEM, EM10C, 
Zeiss, Germany). Magnetic characteristic was determined 
with a vibrating sample magnetometer (VSM) (Model 7400, 
Lake Shore, Japan). The N2 adsorption–desorption isotherms 
were recorded on a Nova Station A system.

2.2. Synthesis of Schiff base and magnetic polymer

To prepare Schiff base, 2-hydroxybenzaldehyde and 
p-phenylenediamine with 2:1 mol ratio was dissolved in 
50  mL ethanol and refluxed for 6  h along with magnetic 
stirring. Obtained orange precipitate was collected with 
filtration and washed three times with ethanol and dried at 
60°C for 6 h.

A one-step hydrothermal route has been employed to pre-
pare γ-Fe2O3 @polyresorcinol. For this purpose, 1.0 g of resor-
cinol was dissolved in 50  mL of distilled water containing 
3 mL of concentrated NH3 (25% W/W). Thereinafter, 2.33 g of 
FeCl3.6H2O and 0.9 g of FeCl2.4H2O in 10 mL of distilled water 
has been added to the above solution and stirred for 5 min. In 
subsequent step, 0.5 g of p-formaldehyde has been added to 
the mixture and after stirring for 30 min, the reactants were 
transferred into a Teflon lined autoclave and heated at 180°C 
for 24 h. At the end of reaction, the suspension was filtered 
and washed with distilled water three times and with ethanol 
twice. The resulted gray products were dried at 70°C for 6 h. 
Synthetic protocol is schematically illustrated in Fig. 1.

2.3. Cadmium adsorption procedure

To prepare ferrofluid, 13 mg of magnetic polymer was 
added in 100 μL of acetic acid and stirred for 10 min then 
0.5  mL of polysorbate was added to the suspension and 
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Fig. 1. Schematic illustration of magnetic composite preparation.
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sonicated for about 60 min at 80°C. To optimize effective 
parameters on cadmium adsorption, RSM tests were per-
formed by 29 designed run at one block. Cadmium sam-
ple volume and concentration were 20 mL and 1.0 mg L–1, 
respectively. Four studied effective parameters include pH, 
contact time, adsorbent amount and mol of ligand. Design 
Expert software 7.0 with Box–Behnken design (BBD) was 
used to evaluate the effective parameters. Cadmium ions 
adsorption experiments have been performed with batch 
method. For instance, the pH of 20 mL of cadmium solu-
tion with an initial concentration of 0.01–70  mg  L–1 was 
adjusted to 8, and 13 μL of Schiff base solution (10–3 mol L–1 
in DMSO) was added to it. Then 300  μL ferrofluid was 
injected to the cadmium solution with a microsyringe and 
the mixture was shaked for 3.8 min. After equilibrium the 
sorbent was separated by external magnetic field and the 
concentration of cadmium ions in the supernatant or in 
5 mL of HNO3 solution as eluent (0.1 mol L–1) was deter-
mined by flame atomic absorption spectroscopy (FAAS). 
The same procedure was applied to the blank solution. 
Removal percentage (%R) was calculated as follows:

R% = [(C0 – Ce) × 100]/C0� (1)

where C0 (mg L–1) and Ce (mg L–1) express initial concentration 
and remained cadmium in the solution after equilibrium, 
respectively.

3. Results and discussions

3.1. Characterization

The XRD analysis (Fig. 2(a)) was used to verify the crys-
tallinity of the magnetic nanocomposite. The characteristic 
peaks due to Fe2O3 show scattering at 2θ = 30.26°, 35.34°, 
43.22°, 53.55°, 57.23° and 63.32° corresponding to the (220), 
(311), (400), (422), (511) and (440) planes of Fe2O3 crystal that 
match well with the standard spectra (00-003-0863.CAF) [44]. 
The XRD was dominant with the main peaks of nanoparticles 
which confirmed that the coating of nanoparticles with the 
polymer resulted in a low effect on its crystallization. The pat-
tern showed a main broad scattering with a maximum height 
at 20° which confirmed the preparation of polymer. Observed 
reflections could be indexed in a pseudo-orthorhombic cell 
[45] that ascribed to periodicity parallel to the polymer chain 
[46].

In the FT-IR spectrum of nanocomposite (Fig. 2(b)), 
peaks at 3,455 and 2,930 cm–1 are attributed to the stretching 
of –OH and –CH groups. The peaks observed at 600 cm–1 and 
1,000–1,600 cm–1 are owing to the vibration of Fe–O and C=C. 
The spectrum of the synthetic ligand appeared to have absor-
bance owing to the stretching vibration of free and hydrogen 
bonded O–H at 3,000–3,500 cm–1. Moreover, the C–H stretch-
ing, the C–O stretching and the OH bending vibration of phe-
nolic groups could be observed at 2,923, 1,039 and 1,374 cm−1, 
respectively. The absorption peaks at 1,441 and 1,680  cm−1 
relate to the CH2 symmetric scissoring and C=N vibration, 

Fig. 2. XRD pattern (a), FT-IR spectra (b), VSM graph (c) and EDX spectra (d) of prepared magnetite polyresorcinol.
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respectively. The C=C stretching vibrations of aromatic ring 
was observed at 1,400–1,600 cm–1.

The magnetic hysteresis loops based on the magnetization 
(M) vs. the applied magnetic field (H) are shown in Fig. 2(c), 
as the magnetization of the materials has exhibited a clear 
hysteresis behavior. The magnetic nanocomposite including 
saturation magnetization (Ms) and remnant magnetization 
(Mr) could be determined from the hysteresis loops. The val-
ues of Ms for as synthesized composite is 24 emu g–1 which is 
lower than that of some reports (40 emu g–1) [47]. Suppresses 
in saturation magnetization has been owing to disorder in 
magnetic moment orientation, which has resulted in disper-
sion in the exchange constant [48]. According to the relation 
between the volume fraction of the particles (Ø) and the sat-
uration moment of a single particle (mS), the Ms (Ms = Ø mS) 
[49] is dependent on the volume fraction of the MNPs, and 
the contribution of the coating layers on the total magneti-
zation. Hence presence of polymeric layer on the nanopar-
ticle surface is a main reason of low value of Ms. It has been 
observed that the Mr of nanocomposite is 0.27 emu g–1 which 
has indicated that the particles probably possess superpara-
magnetic properties in that the remanence of the particles has 
been near to zero in the absence of an external magnetic field 
[50]. The reason for this situation is that the particle size is 
so small to such an extent that each particle acts as a single 
magnetic domain.

The results of energy dispersive X-ray spectroscopy 
(EDX) elemental analysis of the nanocomposite is illustrated 
in Fig. 2(d). As can be seen, the spectra of nanocomposite 
showed presence of iron, oxygen and carbon as the main com-
ponent of the hybrid. The appearance of the Au in the EDX 
spectra (2 KeV) is from the gold supporting the nanoparticles 
for the FESEM recording. FESEM image of nanocomposite is 
shown in Fig. 3 and confirmed irregular aggregated fibers 
with mean diameter of 50 nm. Few amounts of semispherical 
components are also observable which is corresponding to 
MNPs in polymer structure. The structures of composite con-
tain hydroxyl groups as well as aromatic ring, which interact 
with each other, thus the nanocomposite can be regarded as 
a combined structure [51].

The N2 adsorption–desorption isotherm is shown in 
Fig. 4. As can be seen, the curve shows type II isotherm 

with a minor hysteresis loop as a result of filling and emp-
tying of the mesopores by capillary condensation [52]. The 
Brunauer–Emmett–Teller surface area and total pore volume 
of composite was 153  m2/g and 0.20  cm3/g. Moreover, the 
average pore diameter of 7.0  nm confirmed that the mate-
rial is classified as mesoporous compound [53]. The porosity 
of the prepared structure may be due to of the formation of 
mesoporous voids formed by the hypercrosslinking between 
monomers as well as aggregation of Fe2O3 nanoparticles due 
to magnetic–magnetic dipole interactions.

3.2. Optimizing effective parameter on cadmium adsorption

Effective parameters on cadmium adsorption were 
optimized with RSM using BBD. To run adsorption 
experiments Design Expert software version 7.0.0 was used. 
The design consists of removal percentage (%R) as response 
and four factors (pH: A, contact time: B, adsorbent amount: 
C and mol of ligand: D) as effective parameters. Prediction 
of response and variables interactions was described with a 
polynomial equation:

Fig. 3. FESEM image of fibrous γ-Fe2O3 – polyresorcinol composite.

Fig. 4. N2 adsorption–desorption isotherm of composite.
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where Y is the predicted response; Xi and Xj represent the 
coded values of independent variables and β is the regression 
coefficient constant of the developed model [54]. The exper-
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center points. The equations were validated by the analysis 
of variance (ANOVA) as well as 3D response surface plots 
drawn for the experimental data to provide an overview of 
the variables effects and optimum level of parameters. The 
empirical relationship between removal percentage (R%) and 
the variables are as follows:

%R A B C D
AB AC AD

= + + + − +
− − +
90 00 42 93 7 25 12 61 22 62
18 10 0 62 1 67
. . . . .
. . . ++

− + − +

− − +

1 38
4 00 17 12 28 01 2 95
14 24 9 58 13 1

2 2

2 2

.
. . . .
. . .

BC
BD CD A B
C D 00 18 24

21 54 15 82 2 05 21 74
20 61

2 2

2 2 2 2

2

A B A C
A D AB AC B C
B D

+

− − − +

−

.
. . . .
. −− 0 88 2. BC

� (3)

According to the results of ANOVA calculation in Table 1, 
the regressions for the adsorption of cadmium were statisti-
cally significant since the F value is 63.55 with a low probabil-
ity value (P < 0.0001). Based on p values of each model term, 
the independent variables, that is, pH, contact time, amount 
of adsorbent and ligand significantly affected the adsorption 
efficiency. The plot of predicted response against observed 
values in Fig. 5(a) showed a good agreement of the response 
(%R) over the selected range of independent variables. Most 
of the response points are located in narrow range as the 
value of standard deviation between the experimental and 
predicted results is 4.72. Moreover, there is a good agree-
ment between R2 (0.99) and adjusted R2 (0.98) value which 
indicated a high dependence and correlation between the 
observed and the predicted response [55]. The signal to noise 
ratio or adequate precision is 23.48 that confirmed the sig-
nificance of model since the ratio greater than 4 is desirable. 
Normal probability plot was used to check the validity of 
ANOVA [56]. Results in Fig. 5(b) showed a straight line and 
low violation of the assumptions underlying the analysis, 
and confirms the normality of the data. Perturbation plots 
at Fig. 5(c) show a steep curvature in pH, amount of adsor-
bent and ligand which confirmed that the response was very 

Table 1
Analysis of variance (ANOVA) for the Box–Behnken design

Source Sum of Squares df Mean square F value P value 
Probability > F

Model 31,145.62 22 1,415.71 63.55 <0.0001 Significant 
A-pH 7,370.22 1 7,370.22 330.84 <0.0001
B-Time 210.25 1 210.25 9.44 0.0219
C-Dosage 636.55 1 636.55 28.57 0.0018
D-Ligand 2,045.75 1 2,045.75 91.83 <0.0001
AB 1,310.44 1 1,310.44 58.82 0.0003
AC 1.56 1 1.56 0.070 0.8000
AD 11.22 1 11.22 0.50 0.5045
BC 7.56 1 7.56 0.34 0.5814
BD 64.00 1 64.00 2.87 0.1410
CD 1,171.69 1 1,171.69 52.60 0.0003
A2 5,089.04 1 5,089.04 228.44 <0.0001
B2 56.54 1 56.54 2.54 0.1622
C2 1,315.78 1 1,315.78 59.06 0.0003
D2 595.31 1 595.31 26.72 0.0021
A2B 343.22 1 343.22 15.41 0.0078
A2C 665.40 1 665.40 29.87 0.0016
A2D 927.94 1 927.94 41.65 0.0007
AB2 500.86 1 500.86 22.48 0.0032
AC2 8.40 1 8.40 0.38 0.5616
B2C 945.26 1 945.26 42.43 0.0006
B2D 849.96 1 849.96 38.15 0.0008
BC2 1.53 1 1.53 0.069 0.8020
Residual 133.66 6 22.28
Lack of fit 7.17 2 3.58 0.11 0.8957 Not significant
Pure error 126.50 4 31.63
Cor total 31,279.28 28
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sensitive to these factors. The small curvature of the time plot 
shows slight sensitivity of the responses to the change in this 
variable.

Effect of variable parameters on adsorption efficiency 
was further studied with three-dimensional response sur-
faces in Fig. 6. According to the results (from the 3D plots of 
pH–time, pH–dosage and pH–mol of ligand in Figs. 6(a)–(c)), 
it can be seen that the solution pH is a very effective param-
eter since in the pH range from 3 to 8, mean removal effi-
ciency was in the range of 0.1%–96%. Observed results can 
be explained with the fact that at acidic solution the hydroxyl 
functional groups on the sorbent surface as well as C=N and 
OH groups on the Schiff base structure is fully protonated. 
In other words, high concentration of H+ is a competitive 
factor which prevents cadmium adsorption on the surface of 
the sorbent. With increase of pH, the OH groups may be in 
deprotonated form which can easily interact with cadmium 
ions through complexation. At the subsequent step cad-
mium–Schiff base complex species can be adsorbed on the 
sorbent surface through hydrophobic and π–π interactions 
between bulk π systems on phenolic ring and ligand mole-
cule. Hydrogen bonds because of the functional groups on 
the polymer surfaces also participate in cadmium–Schiff base 

complex adsorption. In other words, for polyresorcinol as a 
polar organic compound, the Schiff base adsorption tends to 
increase with increased potential H bonding sites (–N, –OH) 
on the reactant structure [57].

Contact time was designed in the range of 1–15  min 
with central point of 8 min. From the results (the 3D plots 
of pH–time, time–adsorbent amount and time–mol of ligand 
in Figs. 6(a), (d) and (e)), it can be seen that with increasing 
shacking time removal percentage was increased. Moreover, 
it can be seen that initial uptake is also high that could be 
attributed to the external surface adsorption of cadmium–
Schiff base complex, and absence of internal diffusion resis-
tance [58]. The fast extraction rate indicates that the system 
is highly suitable for the preconcentration of cadmium from 
aqueous solutions.

The amount of adsorbent was also designed in the 
range of 5–20  mg. It is observed that (from the 3D plot of 
pH–adsorbent amount, time–adsorbent amount, adsorbent 
amount–mol of ligand in Figs. 6(b), (d) and (f)) the removal 
efficiencies increased as the amount of sorbents increased 
and then reached a steady state. Increase in adsorption effi-
ciency with adsorbent dosage is owing to the availability of 
higher binding sites on the sorbent surface.

Fig. 5. The plot of prediction response value vs. actual (a), normal probability plot (b) and perturbation plot (c) of cadmium adsorption 
with the ferrofluid mediated system.
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Fig. 6. 3D plot for pH and time while adsorbent amount and mol of ligand were fixed at optimum values (a), 3D plot for pH and 
adsorbent amount while time and mol of ligand were fixed at optimum values (b), 3D plot for pH and mol of ligand while time and 
adsorbent amount were fixed at optimum values (c), 3D plot for time and adsorbent amount while pH and mol of ligand were fixed 
at optimum values (d), 3D plot for time and mol of ligand while pH and adsorbent amount were fixed at optimum values (e), 3D plot 
for adsorbent amount and mol of ligand while pH and time were fixed at optimum values (f).



191M.H. Beyki, F. Shemirani / Desalination and Water Treatment 102 (2018) 184–196

The amount of ligand was fixed in the range of 
0–2 × 10–5 mol. As shown in Figs. 6(c), (e) and (f), adsorption 
of cadmium increased upon addition of ligand. This owes 
to increase of complexation probability with the increase of 
ligand concentration.

To evaluate the accuracy of the results obtained by 
the model, under optimum condition (pH, 8; contact time, 
3.8  min; sorbent amount, 300  μL and amount of ligand, 
1.3 × 10–5 mol), three experiments were carried out and results 
showed a good agreement between the optimum-calculated 
response (102%) and mean experimental response (96%).

To evaluate the role of ligand on cadmium adsorption, 
the experiment at initial concentration of 1 mg L–1 in absence 
and presence of ligand was performed. Result showed that 
removal efficiency was 88% in absence of ligand which 
reached to 99% in the presence of ligand at optimum level 
(1.3 × 10–5 mol). This may be assigned to the multiple adsorp-
tion sites which are ready to capture cadmium ions. In other 
words, the nanocomposite contains hydroxy and amine 
groups which act as electron donor fragment which interact 
with cadmium ions as electron acceptor species. Besides syn-
thetic Schiff base also assists cadmium adsorption with higher 
efficiency than naked composite which confirmed synergism 
of both fragments to enhance cadmium adsorption efficiency.

3.3. Isotherm study and error analysis

The effect of cadmium concentration on the sorption was 
analyzed in the concentration between 0.1 and 70  mg  L–1. 
Results in Fig. 7(a) showed that with increase in initial cad-
mium concentration adsorption percentage decreases as 
the efficiency reached from 100% at initial concentration 
of 0.1  mg  L–1 to 35% at initial concentration of 70  mg  L–1. 
Cadmium adsorption was further analyzed in terms of 
Langmuir and Freundlich models [59–61]. Langmuir and 
Freundlich isotherm models are illustrated as follows:

Qe = bQmCe/(1 + bCe)� (4)

Qe = Kf Ce
1/n� (5)

In these equations, Ce is the amount of analyte in the 
liquid phase at equilibrium (mg L−1) and Qe is the amount 
of analyte adsorbed per unit mass of the sorbent (mg  g−1). 
Qm is the maximum adsorption capacity, b is the Langmuir 
coefficient as well as n and Kf are the Freundlich coefficients 
[62–64]. Results of the linear adsorption isotherm models of 
Langmuir and Freundlich at optimum conditions (pH of 8, 

Fig. 7. Effect of cadmium concentration on adsorption efficiency (a), linear Langmuir isotherm (b), linear Freundlich isotherm model 
(c) and D–R isotherm model (d) for cadmium adsorption.
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shacking time of 3.8 min, adsorbent amount of 300 μL and 
amount of ligand: 1.3 × 10–5 mol) are presented in Figs. 7(b) and 
(c). As can be seen, the adsorption followed Langmuir model 
with R2 value of 0.982. However the Freundlich model also 
has high linearity hence statistic error analysis was employed 
to select best adsorption model to describe cadmium adsorp-
tion onto magnetic polymer surface. For this purpose, sum of 
squared errors (SSE) equation was employed.

SSE = Σ(Qexp – Qc)2� (6)

In this equation, Qexp and Qc are the experimental adsorp-
tion capacity data, and are calculated from nonlinear model. 
According to results at Table 2, the SSE value for Langmuir 
and Freundlich models is 5.8 and 15.21, respectively. These 
results confirmed that cadmium adsorption followed mono-
layer adsorption onto homogeneous surface. Essential char-
acteristics of the Langmuir equation could be expressed by 
equilibrium parameter, RL, which is a dimensionless constant.

RL = 1/(1 + KLC0)� (7)

In this equation, C0 is the initial solute concentration. The 
value of RL indicates the isotherm to be irreversible (RL = 0), 
favorable (0 < RL < 1), linear (RL = 1) or unfavorable (RL > 1) 
[65]. Result confirmed that cadmium adsorption onto sorbent 
is favorable.

The Dubinin–Radushkevich (D–R) isotherm model 
which has been used to distinguish physical from chemical 
adsorption is given by the following equations:

lnQe = lnQmax – βε2� (8)

E = –1/(–2β)1/2� (9)

ε = RTln(1 + 1/Ce)� (10)

where β stands for the activity coefficient related to mean 
adsorption energy (mol2  kJ2) and ε is the Polanyi potential 
(kJ2 mol2). R and T are the gas constant (8.314 J mol–1 K–1) and the 
absolute temperature (K) [66]. Results are depicted in Fig. 7(d) 
and Table 2 and can be seen that the value of mean free energy 
is 5.29 kJ mol–1 which lies in the range of 1–8 kJ mol–1 indicates 
that the adsorption of Cd2+ followed a physical type.

Temkin isotherm contains a factor that explicitly takes 
into account the adsorbent–adsorbate interactions. The 
model assumes that heat of adsorption of all molecules in the 
layer would decrease linearly rather than logarithmic with 
coverage. The model is given by the following equation:

Qe = B lnAT + B lnCe� (11)

where AT and B are Temkin isotherm equilibrium bind-
ing constant (L g–1) and constant related to heat of sorption 
(J mol–1), respectively [67].

According to the results, the values of A and B are 0.414 
and 12.48 which shows that cadmium adsorption is a physical 
process.

The Redlich–Peterson is a three-parameter isotherm 
which combines both Langmuir and Freundlich isotherms. 
The equation is given as:

Qe = KRCe/(1 + αRCe
β)� (12)

where KR (L/g) and αR (L/mg) are Redlich–Peterson isotherm 
constants and β is the exponent which lies between 0 and 1. 
It approaches the Freundlich model at high concentration 
(β = 0) and is in accord with the low concentration limit of 
the Langmuir equation (β = 1) [68,69]. It can be seen that the 
value of β is near to 1 which confirmed that cadmium adsorp-
tion followed monolayer Langmuir model.

Sips isotherm is also a combined form of Langmuir and 
Freundlich expressions deduced for predicting the hetero-
geneous adsorption systems [70]. At low adsorbate concen-
trations, it reduces to Freundlich isotherm; while at high 
concentrations, it predicts a monolayer adsorption capacity 
characteristic of the Langmuir isotherm.

Qe = QmaxKSCe
1/n/1 + KSCe

1/n� (13)

where KS is the Sips constant related with affinity constant 
(mg L–1)–1/n and Qmax is the Sips maximum adsorption capacity 
(mg g–1).

Table 2
Isotherm models and their parameter values

Models Parameters Values

Langmuir R2 0.991
Qm 56.47
B 0.042
RL 0.25–0.70
SSE 5.80

Freundlich R2 0.976
N 1.83
Kf 4.79
SSE 15.21

D–R R2 0.915
Qm 56.45
E 5.29

Temkin R2 0.989
B 12.48
AT 0.414

Redlich–Peterson R2 0.991
KR 2.41
Α 0.045
Β 0.98

Sips R2 0.991
Ks 2.88
Qm 56.47
n 68.4

Hill R2 0.991
QsH 56.4
KD 23.76
nH 1.001
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Hill equation was postulated to describe the binding of 
different species onto homogeneous substrates.

Qe = QsHCe
nH/KD + Ce

nH� (14)

where KD, nH and QsH are constants. The model assumes that 
adsorption is a cooperative phenomenon, with the ligand 
binding ability at one site on the macromolecule may influ-
ence different binding sites on the same macromolecule [71].

The theoretical data for the studied isotherm models were 
extracted using MATLAB R2013a software and the results 
are presented in Table 2. Based on its R2 values, the theo-
retical data yielded excellent fits in the following isotherms 
order: Redlich–Peterson > Sips > Hill > Langmuir > Temkin 
> Freundlich > D–R. Results for isotherm study showed that 
presented adsorption system has large adsorption capacity 
for cadmium uptake which made the system an appropriate 
candidate for cadmium remediation.

3.4. Effect of interfering ions

There are many different anions and cations in real sample 
matrixes which can interact with the adsorbent or the adsorbate 
and consequently lead to decrease in extraction efficiency [72]. 
Thus, the effects of interfering ion on the extraction of analytes 
were investigated by adding a known quantity of the desired 
ions to a 20 mL aliquot of the analyte aqueous solution with 
concentration of 0.1 mg L–1. The tolerance limit of coexisting 
ions is defined as the largest amount that makes the recovery 
of the analyte less than 90%. The results in Table 3 indicate that 
the tested ions were not found to interfere with the extraction 
process in the range of their amounts tested. These results 
proved the applicability of the proposed method for determi-
nation of cadmium ion in complicated matrix samples.

3.5. Regeneration and figure of merits

In order to release cadmium ions from sorbent surface, 
different concentration of HCl and HNO3, that is, 0.1 and 
0.2 mol L–1 were used. It was found that 0.1 mol L–1 of HNO3 
can easily desorb cadmium ions as a result it was employed 
as eluent in subsequent experiments. To evaluate reusability of 
the sorbent, adsorption/desorption was performed under the 
selected optimum conditions by shacking the optimum value of 
the sorbent in 5 mL of HNO3 (0.1 mol L–1) as eluent. The results 
showed that the nanohybrid is stable and reusable up to four 
times (>90%) without any significant loss in the recovery of the 
studied metal ion. In order to evaluate the stability of magnetic 
iron composite after elution experiment, the adsorbent was sep-
arated and amount of dissolved iron ions in the supernatant 

solution was determined by FAAS. It was found that after three 
cycles only 3.5%−4% iron was dissolved which shows good sta-
bility for magnetic composite. Moreover, FESEM image of com-
posite is provided in Fig. 8. It can be seen that morphology of 
nanocomposite did not significantly change after regeneration 
experiment which confirmed it had good stability.

To obtain calibration curve, different initial concentration 
of cadmium was constructed according to adsorption experi-
ment and it was found that linearity in the final solution was 
at 0.5–100 µ g  L–1. The coefficient of determination (R2) was 
0.991 for Cd(II). The limit of detection (LOD) was defined as 
LOD = 3SB/m where SB is the standard deviation of six repli-
cates blank signals, and m is the slope of the calibration curve 
after preconcentration [73]. The limit of detection was found to 
be 0.13 μg L–1 and relative standard deviation (%RSD) was 4%.

3.6. Application to real samples

The accuracy and precision of developed procedure was 
evaluated by determination of cadmium ions in well water, 
liver and lettuce. Amounts of 0.2 g of liver and 5.0 g of lettuce 
were dissolved in 10 mL of 65% nitric acid by heating at 70°C 
for 45 min. After that 10 mL of 30% hydrogen peroxide was 
added to the solutions and the digestion flask was heated 
slightly until the sample solutions became clears. After cool-
ing and filtration they were made up to volume in a 100 mL 
flask and 50 mL of the samples were analyzed according to 
general procedure. Accuracy of the method was evaluated 
by spiking 100 µg L–1 of Cd(II) in 50 mL of the sample vol-
ume. Results are depicted in Table 4. The recovery of spiked 

Table 3
Effect of the interfering ions on Cd2+ preconcentration (sorbent 
amount = 13 mg, time = 3.8 min, Cd2+ concentration = 100 µg L–1, 
pH = 8, volume = 50 mL)

Ion Ratio ion/Cd 

Na+, K+ 2,600
Ca2+, Mg2+ 900
Cr3+, Ni2+, Co2+, Cu2+ 20
PO4

3–, NO3
– 2,600, 1,500

Fig. 8. FESEM image of composite after desorption experiment.

Table 4
Analytical results for determination of cadmium ions in real 
samples after preconcentration (sorbent = 13 mg, time = 3.8 min, 
pH = 8, volume = 50 mL)

Sample Added (mg L–1) Found (mg L–1) Recovery (%)

Well 
water

0 – –
100 97 97 ± 1

Liver – 6 –
100 94 88 ± 1

Lettuce – 5 –
100 97 92 ± 1
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samples is satisfactory (in the range of 88%–97%), which indi-
cates the capability of the system to determine cadmium ions 
in real samples with different matrices.

3.7. Comparison with other methods

In Table 5, the performances of the presented method 
for cadmium preconcentration were compared with some 
reports in the literature. Results showed that the perfor-
mance of the method is in good level especially respected 
to the equilibrium time and LOD. These results confirmed 
the potential of the method for cadmium determination from 
real samples.

4. Conclusions

In this research nanofibrous magnetite polyresorcinol 
was synthesized by one-step hydrothermal reaction and was 
demonstrated as a novel system for cadmium adsorption 
and preconcentration based on ferrofluid mediated magnetic 
solid-phase extraction. Polysorbate was used as a new car-
rier and synthetic Schiff base as complexation agent. RSM 
was employed to investigate effective adsorption parame-
ters and their interaction. Result showed that solution pH, 
adsorbent amount, mol of ligand and time are main factors 
which affects cadmium adsorption behavior. Adsorption of 
cadmium is fast as equilibrium reached within 3.8 min. Seven 
isotherm models were studied and results showed that based 
on the R2 values the experimental data fits in the following 
isotherms order: Redlich–Peterson > Sips > Hill > Langmuir > 
Temkin > Freundlich > D–R. Moreover, maximum adsorption 
capacity of 56.4  mg  g–1 was obtained for cadmium uptake 
onto nanocomposite. Regeneration study showed the sor-
bent is reusable for four times of sorption and desorption 
with recovery more than 90%. Moreover the presented sol-
id-phase extraction system showed good efficiency for cad-
mium preconcentration from real samples.
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