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a b s t r a c t
In this study, iron oxide coated sepiolite (IOCS) as a new composite adsorbent was synthesized and 
employed for the removal of Cd(II) ions from aqueous solutions by adsorption. The synthesized 
composite was characterized by X-ray diffractogram, X-ray fluorescence, BET, scanning electron 
microscopy, energy dispersive spectroscopy and Fourier transform infrared spectroscopy 
analyses. Batch adsorption experiments were conducted to investigate the effects of adsorbent 
dosage, pH, contact time, initial concentration and temperature on the cadmium ions uptake. The 
kinetics of adsorption has been studied, and various kinetic models, such as pseudo-first-order, 
pseudo-second-order and intraparticle diffusion models were tested with experimental data for their 
validity. The pseudo-second-order kinetic model was determined to correlate well to the experimental 
data. The Langmuir and Freundlich isotherms were utilized for the analysis of adsorption equilibrium. 
The Langmuir isotherm gave a better fit for Cd(II) adsorption and the maximum loading capacity was 
found as 98.04 mg g–1 at 25°C. This value was almost three times bigger than that of raw sepiolite. 
The calculated thermodynamic parameters showed that the adsorption of Cd(II) ions is feasible, 
spontaneous and endothermic in nature. Experimental results indicated that the IOCS appear to be a 
promising adsorbent material for the removal of cadmium ions from aqueous media.
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1. Introduction

Heavy metals are generally recognized as a threat towards 
human health and ecosystems because of their high persistence 
in surface and ground water [1]. The metals hazardous to 
human include arsenic, mercury, chromium, lead, nickel, 
cadmium, cobalt and copper [2]. Among these, cadmium is 
recognized as one of the most harmful heavy metal pollutants 
in the environment due to its toxicity, non-degradability, 
bioaccumulation and mobility in natural water and soil 
ecosystems. It is highly carcinogenic and may cause endocrine 
disorders as well as renal dysfunction and bone fracture [3]. 
The World Health Organization has set a maximum guideline 
concentration of 0.003 mg L–1 for cadmium in drinking water 
[4]. Therefore, it is very essential to control the concentration 

of heavy metals in wastewater before its disposal into the 
environment. There are many chemical and physical processes 
to remove heavy metals from water. Classical techniques 
used for remediation and clean-up of heavy metal ions from 
polluted environment include precipitation, coagulation, 
ultrafiltration, reverse osmosis, electrodialysis, ion exchange 
and adsorption [3]. Among these methods, adsorption is 
one of the promising technologies due to its high removal 
efficiency and simplicity, provided easy availability of low-
cost adsorbents that can be found locally [5]. It was also 
reported that, in case of low-cost adsorbents, the modification 
of the adsorbent increases the removal efficiency [6]. 

Nanometer iron, its oxides and hydroxides are promising 
adsorbents for the removal of metal ions from water due to their 
strong affinity for metal species, leading to a high adsorption 
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capacity. The ease of the fabrication of these nanoparticles also 
makes them popular applicants in metal removal [7]. However, 
most of these iron species are only available as fine powder 
and their usage is limited because of the difficulty in separa-
tion of the solid from the solution. Therefore, some substrates 
with high surface area such as activated carbon, biomass, sand, 
silica and clays were used to support iron oxide nanoparticles 
to increase their dispersion and mechanical properties. The 
adsorption capacity seems to depend on the surface properties 
of the coated materials which could be related to the nature of 
the supporting materials [8].

Sepiolite, also known as meerschaum, is a natural 
hydrated magnesium silicate clay mineral. The mineral con-
tains zeolitic water in intracrystalline tunnels and has an 
idealized half unit cell formula Si12O30Mg8(OH)4(OH2)4·8H2O, 
where (OH2) represents crystal water and H2O zeolitic water. 
Structurally, it is formed by blocks and channels extending 
in the fibre direction (c axis). Each structural block is com-
posed of two tetrahedral silica sheets and a central octahe-
dral sheet containing magnesium. Due to the discontinuity 
of the external silica sheet, a significant number of silanol 
(Si–OH) groups are present at the surface of this mineral 
[9–11]. Several deposits of sepiolite have been reported in 
Turkey and the most commercially used sepiolite is mined 
from Eskişehir province. Türkmentokat-Gökceoğlu region is 
the most important and high-quality meerschaum producing 
district in Eskişehir. Sepiolite is mostly used to make souve-
nirs, especially tobacco pipes (known as meerschaum pipes) 
by carving. Recently, sepiolite has been examined by many 
researchers for use as a sorbent material [12–14]. The min-
eral has a unique structure, composition, porosity and high 
surface area. So this mineral should provide an efficient sur-
face for the iron oxides. At the same time, the iron oxides can 
improve the heavy metal adsorption capacity of sepiolite [12]. 
Therefore, the combination of sepiolite and iron oxides seems 
as a promising adsorbent material to remove heavy metals 
from aqueous media. To our knowledge, whereas, no study 
has explored the performance of iron oxide coated sepiolite 
(IOCS) on the removal of cadmium although the adsorption 
behaviour of IOCS for lead, copper and nickel were exam-
ined by some researchers [12–14].

For these reasons, the aim of this study is to examine the 
effectiveness of IOCS in the removal of Cd(II) ions from aque-
ous solutions and to determine the adsorption characteris-
tics. The effects of various experimental parameters such as 
adsorbent dosage, pH, contact time, initial concentration and 
temperature have been studied. Adsorption isotherms, kinet-
ics and thermodynamic parameters were also evaluated.

2. Materials and methods

2.1. Materials

The natural sepiolite used in this study was supplied 
from a workshop as carving residue and excavated from 
Türkmentokat-Gökçeoğlu region in Eskişehir, Turkey. It was 
ground and sieved under 75 μm using an ASTM standard 
sieve, and then dried at 105°C for 3 h. All chemicals used in 
the experiments were purchased as of analytical purity and 
all solutions were prepared with distilled water. A stock 
solution containing 1,000 mg L–1 of Cd(II) was prepared 

by dissolving a predetermined amount of 3CdSO4·8H2O in 
distilled water. The stock was diluted to prepare desired 
working solutions.

2.2. Preparation of iron oxide coated sepiolite 

A 20 g sample of sepiolite was immersed in 200 mL of 
freshly prepared 0.5 M Fe(NO3)3·9H2O solution in a glass bea-
ker. The mixture was stirred with a magnetic stirrer at the 
rate of 500 rpm for 4 h. Then 400 mL of 1.0 M NaOH aqueous 
solution was added dropwise to precipitate the iron oxide on 
the surface of sepiolite. The beaker was covered with a stretch 
film and the suspension was stirred for 48 h at 60°C. Then the 
cover on the beaker was opened and the mixture was heated 
to dryness. The solid sample was ground and washed sev-
eral times with distilled water to remove unattached oxides. 
The particular sample was dried at 105°C for 24 h and finally 
stored in a capped bottle for further use. The raw sepiolite 
and the iron oxide coated sepiolite samples were denoted as 
RS and IOCS, respectively.

2.3. Characterization methods

The chemical analyses of RS and IOCS were performed 
by a ZSX Primus model X-ray fluorescence (XRF; Rigaku) 
analyser. Their X-ray diffractograms (XRDs) were obtained 
with a Rigaku RINT 2000 model diffractometer. The BET spe-
cific surface areas and porous properties of RS and IOCS sam-
ples were determined from N2 adsorption experiments using 
a Quantachrome Autosorb 1C analyser. The samples were 
degassed for 3 h at 573 K to remove any moisture or adsorbed 
contaminants that may have been present on their surfaces. 
The scanning electron micrographs were obtained using 
JSM 5600LV (JEOL) scanning electron microscope (SEM). 
The energy dispersive spectroscopy (EDS) analysis was 
performed by using IXRF Systems 550i. Fourier transform 
infrared spectroscopy (FTIR) spectra of the samples were 
recorded using KBr pellets on Spectrum 100 model infrared 
spectrophotometer (PerkinElmer) over 400–4,000 cm–1.

2.4. Adsorption studies

Batch adsorption experiments were carried out by vary-
ing adsorbent dosage, initial solution pH, contact time, ini-
tial concentration and temperature. A fixed amount of the 
adsorbent and 50 mL of Cd(II) solution were placed in a 
capped volumetric flask and shaken at 150 rpm using a tem-
perature-controlled water bath with shaker for determined 
time intervals at constant temperatures. After adsorption, the 
adsorbent was filtered from a blue ribbon filter paper and the 
Cd(II) concentration retained in the solution was determined 
by Thermo ICE 3300 model atomic absorption spectropho-
tometer at 228.8 nm wavelength. The percentage of Cd(II) 
removal was then calculated using the following equation:

Removal  %( ) =
−
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0

100  (1)

where C0 and Ct are the concentrations in the solution (mg/L) 
at time t = 0 and at time t (min), respectively. From the mass 
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balance, the amount of Cd(II) adsorbed per unit mass of 
IOCS (q, mg/g) was calculated using the following equation:

q c c v
mt= −( )0  (2)

where V is the volume of the treated solution (L) and m is the 
mass of adsorbent (g).

Different adsorbent dosages (0.01–0.20 g/50 mL) were 
applied to investigate the effect of adsorbent dosage on the 
removal of Cd(II) ions. The effect of solution pH was inves-
tigated by varying the initial solution pH from 2 to 6. The 
pH was adjusted by addition of 0.1 M HCl or 0.1 M NaOH 
into the solution. The pH value was measured by a pH 
meter (HI 8314, Hanna, Portugal). Batch experiments were 
also repeated for various time intervals (5–1,440 min) to 
determine the time required to reach equilibrium. The 
adsorption isotherms were obtained by varying the initial 
Cd(II) concentration from 50 to 500 mg L–1 at three different 
temperatures (25°C, 35°C and 45°C).

3. Results and discussion

3.1. Characterization results

The chemical compositions of RS and IOCS determined 
by XRF analyses are given in Table 1. It can be seen from the 
table that the Fe2O3 content of RS increased from 0.24% to 
29.58% for the coated mineral. The XRD results of RS and 
IOCS samples are given in Fig. 1. The XRD spectra of RS 
showed the characteristic diffraction reflections of sepiolite 
(Fig 1(a)). It mainly composed of sepiolite and small amounts 
of magnesite (MgCO3) and dolomite (CaMg(CO3)2). The main 
reflection was observed in 5° < 2θ < 9° region. This corre-
sponds to the 7.11 (2θ) value from which the interlamellar 
distance was found to be 12.43 Å. The XRD results showed 
that the iron oxide coating process caused structural changes 
in the sepiolite sample. After the iron oxide coating process, 
the intensity of the 110 reflection has been reduced and its 
position shifted from 7.11 to 7.21 [13]. It can be understood 
from the XRD of IOCS that the magnesite and dolomite ingre-
dients were removed during the preparation of the composite 
(Fig. 1(b)). The increase in the SiO2:MgO ratio during modifi-
cation also confirmed this result (Table 1). The decrease in the 
loss on ignition (LOI) value after coating was another indica-
tor of the removal of carbonate compounds and also water. 
The new peak observed in the XRD spectra of IOCS indicated 
the formation of maghemite (γ-Fe2O3) or magnetite (Fe3O4) 
on IOCS. Thus, the XRD analysis of the composite confirmed 
the occurrence of Fe-oxidized phase [15,16]. 

The data in Table 2 indicate the surface areas, pore vol-
umes and average pore diameters for the RS and IOCS 
samples. The BET specific surface area increased from 
182.19 m2 g–1 for RS to 220.70 m2 g–1 for the composite mate-
rial. This could be explained by the presence of magnetic iron 
oxide particles on the IOCS surface. In addition, the mesopore 
volume increased, but the micropore volume decreased after 
the coating treatment. This means that the micropores on 
sepiolite were occupied by iron oxides and some additional 
mesopores were formed.

The SEM and EDS spectra of the RS and IOCS samples 
are given in Fig. 2. The RS sample showed porous and fibrous 
morphology (Fig. 2(a)). There were scattered acicular min-
erals and mineral aggregates on its surface. Among them, 
the light coloured particles were magnesite or calcite impu-
rities. Rough particles adhering onto the surface of IOCS 
indicated the iron oxide coating (Fig. 2(b)). The EDS analysis 
showed that the RS was composed mainly of Si and Mg and 
smaller amounts of Ca and Fe (Fig. 2(c)). The percentage of 
iron increased considerably after the iron oxide coating treat-
ment (Fig. 2(d)). This shows that the coating was achieved 
successfully.

The FTIR spectra of the RS, IOCS and cadmium adsorbed 
IOCS (IOCS-Cd) samples are shown in Fig. 3. The possible 
functional groups for each sample are presented in Table 3. 
In the spectrum of RS, the IR band at 3,691 cm–1 was assigned 

Table 1
Chemical compositions of RS and IOCS

Component (%, w/w) RS IOCS

MgO 30.73 20.92
SiO2 48.91 34.95
CaO 2.38 1.57
Fe2O3 0.24 29.58
LOI 17.73 12.97

Fig. 1. XRD patterns of RS (a) and IOCS (b) samples (S: sepiolite, 
M: magnesite, D: dolomite, Mh: maghemite, Mn: magnetite).

Table 2
Textural properties deduced from N2 adsorption at 77 K for the 
RS and IOCS

Sample RS IOCS

SBET (m2 g–1) 182.19 220.70
Vtotal (cm3 g–1) 0.2160 0.2844
Vmicro (cm3 g–1) 0.0054 0.0000
Vmeso (cm3 g–1) 0.2106 0.2844
Dp (Å) 47.59 51.55
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(b)(a)

Fig. 2. SEM of RS (a) and IOCS (b); EDS of RS (c) and IOCS (d).
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Fig. 3. FTIR spectra of RS (a), IOCS (b) and IOCS-Cd (c).
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to the surface Mg-OH stretching vibration [12,17]. The band 
at 3,571 cm–1 was related with the stretching modes of molec-
ular water coordinated with magnesium, and two bands at 
3,387 and 3,245 cm–1 were attributed to zeolitic and coordi-
nated waters, respectively [14,17,18]. The presence of dolo-
mite and magnesite impurities was confirmed by the bands 
at 2,534; 1,820; 1,498; 1,482; 888 and 730 cm–1 [19–22]. The 
band at 1,654 cm–1 was due to the vibration of zeolitic water 
[21,23]. The bands in the 1,250–400 cm–1 range were charac-
teristic of silicate structure of sepiolite. The bands observed 
at 1,209; 1,078 and 980 cm–1 were produced by the Si–O vibra-
tions [13,24]. The band observed at 784 cm–1 was O–H bend-
ing vibration of Mg–Fe–OH [25]. The band at 750 cm–1 was 
assigned to the Si–O bonds [26]. The band at 477 cm–1 could be 
attributed to an O–Si–O bending [13,19]. The band at 430 cm–1 
was originated from octahedral-tetrahedral bonds (Si–O–Mg 
bonds) and the bands at 690 and 644 cm–1 were corresponded 
to the Mg–OH bond vibrations [14,24]. The peak at 593 cm–1 
could be assigned to the Fe–O stretching vibration [14].

As the RS altered to IOCS, noticeable changes in the IR 
absorption bands were detected (Fig. 3(b)). The intensities of 
the bands at 3,691 and 3,571 cm–1 decreased after iron oxide 
coating process. This result indicated the replacement of 
iron oxide particles with Mg2+ cations located at the edges 
of the octahedral layers. So, the water and hydroxyl groups 
coordinated to the Mg2+ cations were also removed. The 
decreasing intensity of the hydroxyl vibration of the zeolitic 
water (3,387 cm–1) indicated the replacement of iron oxide 
particles with part of the zeolitic water. The shift of the band 
at 1,654 to 1,635 cm–1 indicated the decrease of the H2O con-
tent with the replacement of iron oxide molecules [12]. For 
IOCS, the bands attributed to carbonate impurities (2,534; 
1,820; 1,498; 1,482; 888 and 730 cm–1) disappeared or shifted 
after the coating treatment, suggesting that these impurities 
were removed during coating (Table 3). These results were 
in good agreement with the XRF and XRD results. The new 
band at 1,362 cm–1 may correspond to NO3

–. The observed 

NO3
– vibration band indicated that there were positively 

charged iron species outside the interlayer of sepiolite. For 
this reason, the NO3

– anions act as counter ions to balance the 
positive charge of the iron species [13]. The OH translation 
band at 784 cm–1 also disappeared. The shifts in the 477 and 
430 cm–1 peaks for RS to 490 and 441 cm–1 for IOCS sample 
confirmed the involvement of the Si–O bond linkage in the 
modification. The Si–O stretching band at 980 cm–1 became 
sharp and shifted to 982 cm–1 after modification, which can 
be ascribed to the presence of Si–O–Fe bond [13,26]. The new 
absorption bands at 568 and 535 cm–1 revealed the existence 
of a new iron oxide phase on the sepiolite surface [13,27].

The FTIR results showed the existence of several func-
tional groups including –OH and Si–OH, which are effective 
in the Cd(II) adsorption on IOCS (Fig. 4(c)). The shift in the 

Table 3
Functional groups in RS, IOCS and IOCS-Cd samples

Functional group Wavenumber (cm–1)
RS IOCS IOCS-Cd

Mg-OH stretching 3,691 3,690 3,690
–OH stretching 3,571–3,387–3,245 3,567–3,406–3,248 3,567–3,438–3,250
Carbonate impurity 2,534–1,820 – –
–OH bending 1,654 1,635 1,635
Carbonate impurity 1,498–1,482 1,509 1,508
NO3 vibration – 1,362 1,385
Si–O stretching 1,209–1,078–980 1,210–1,078–982 1,209–1,078–982
Carbonate impurity 888 – –
–OH bending 784 – –
Si–O vibration 750 – –
Carbonate impurity 730 – –
Mg–OH bending 690–644 691–648 691–648
Fe–O vibration 593 590–568–535 598–560–538
O–Si–O bending 477 490 468
Si–O–Mg vibration 430 441 443
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by IOCS (pH 6, contact time: 24 h, initial Cd(II) concentration: 
50 mg L–1, temperature: 25°C).
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490 cm–1 band for IOCS sample to 468 cm–1 for IOCS-Cd sam-
ple confirms the involvement of the Si–O bond linkage in the 
Cd(II) adsorption process. After Cd(II) adsorption, a shift 
in the –OH stretching band from 3,406 to 3,438 cm–1 can be 
attributed to the attachment of Cd(II) on –OH group. A shift 
from 1,362 to 1,385 cm–1 was also observed after adsorption. 
This pointed out the interaction between Cd(II) and nitrate 
ions during adsorption. Further, the peaks attributing to 
Fe–O vibrations were shifted from 590, 568 and 535 cm–1 to 
598, 560 and 538 cm–1. These shifts indicated the involvement 
of iron nanoparticles in the adsorption of Cd(II) ions.

The oxygen atoms in the tetrahedral sheet, water mole-
cules coordinated with the Mg2+ ions at the edge of the struc-
ture, and silanol groups caused by the break-up of Si–O–Si 
bonds are active adsorption centers on the sepiolite surfaces 
[28]. From the FTIR results, it may be concluded that the 
hydroxyl groups were believed to be involved in the Cd2+ 
adsorption on sepiolite surfaces. The shift in O–Si-O bending 
vibration further confirmed the formation of metal–silicate 
precipitates such as CdSiO3 or Cd2SiO4 [29]. The most import-
ant finding from the FTIR results was the shifts in Fe–O 
vibration signals which confirmed the involvement of the 
iron oxide nanoparticles in the cadmium removal. The possi-
ble adsorption on IOCS may be due to physical adsorption, 
complexation with functional groups, surface precipitation 
or chemical reaction with surface. The changes in the FTIR 
spectra confirm the complexation of Cd(II) with functional 
groups present on the adsorbent sites [27].

3.2. Effect of adsorbent dosage

Different adsorbent dosages ranging from 0.01 
to 0.20 g/50 mL were applied to investigate the effect of adsor-
bent dosage. Fig. 4 presents the results of the experiments. It 
is observed that the amount of Cd(II) adsorbed per unit mass 
of adsorbent (q) decreases with increase in the adsorbent dos-
age while the percentage removal of Cd(II) on IOCS increases 
rapidly up to 0.05 g/50 mL and becomes almost constant 
thereafter. This may be because of the increase in the surface 
area with increase in the adsorbent dosage. Further incre-
ment of adsorbent dosage was not so effective due to limited 
availability of the adsorbate around the adsorbent. A 93.93% 
Cd(II) removal was obtained at 0.05 g/50 mL adsorbent dos-
age. Furthermore, when the adsorbent dosage increased, the 
unsaturation of active sites on the surface occurred and there-
fore the adsorption capacity decreased [8].

3.3. Effect of pH

To study the adsorption capacity of the adsorbents, the ini-
tial pH value of the solution is an important factor. Therefore, 
optimization of the pH value is required. To better understand 
the effect of solution pH on the adsorption performance of 
IOCS, the investigation was carried out in the pH range of 2–6. 
This pH range was chosen to eliminate the formation of sol-
uble hydroxyl complexes or precipitates based on the reason 
that Cd2+ started to precipitate when the pH was higher than 8 
[30,31]. The results in Fig. 5 show that the adsorption decreases 
at lower pH and increases at high pH values. At lower pH 
values, the IOCS surface would be surrounded by hydrogen 
ions resulting in an increased competition of adsorption sites 

with metal ions. Increasing the pH of the solution leads to a 
decrease in the competition of hydrogen ions with metal ions 
for adsorption sites, and thus favouring higher removal of 
metal ions in the solution. The pH 6.0 was selected as the opti-
mum pH value and employed in all the further experiments. 
Similarly, the cadmium removal by iron oxide modified 
adsorbents was reported to increase with increasing pH value 
[8,32]. The optimum pH for cadmium uptake was reported in 
the range from 5 to 7 in the previous studies [8,33].

3.4. Effect of contact time

The time required to reach equilibrium for the metal 
ions and adsorbent is of great importance in the adsorption 
experiment because it depends on the nature of the system 
used. The effect of contact time for the adsorption of cad-
mium onto IOCS at three different temperatures is presented 
in Fig. 6. The results indicated that the amount of cadmium 
adsorbed on IOCS increased with increasing contact time up 
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to 480 min, after which no further significant adsorption was 
recognized. Thus, it may be stated that the equilibrium was 
reached at about 8 h contacting period. The adsorption of 
cadmium ions seems to follow the two-phase sorption mech-
anism. The initial fast phase, especially in the first 5 min, 
occurs due to a larger surface area of the adsorbent being 
available for the adsorption of the metal ions. The subsequent 
slow phase occurs due to quick exhaustion of the adsorption 
sites. Similar results have been reported by other investiga-
tors for Cu(II) and Ni(II) adsorption onto iron-modified sepi-
olite samples [13,14]. It can also be observed from Fig. 6 that 
the Cd(II) adsorption slightly increases with an increase in 
the temperature from 25°C to 45°C. This situation indicated 
that the adsorption process was endothermic [13].

3.5. Effect of initial concentration

The equilibrium cadmium adsorption capacities of IOCS 
at various initial cadmium concentrations are depicted in 
Fig. 7. Cadmium adsorption was studied using different ini-
tial concentrations of 50, 100, 150, 200, 250, 300 and 500 mg L–1, 
at 25°C, 35°C and 45°C temperatures. The adsorption capac-
ity of cadmium (qe) by IOCS in terms of mg of cadmium per 
gram of adsorbent increases with increasing concentration of 
cadmium as seen in Fig. 7. The cadmium adsorption capacity 
of IOCS increased from 50.44 to 97.08 mg g–1 as the initial 
concentration was varied from 50 to 500 mg L–1 at 25°C. The 
observed trend may be due to the increase in adsorption sites 
as a result of increase in metal concentrations. Higher metal 
concentration increases the affinity of Cd(II) ions to bind with 
the adsorbent [34]. It can also be seen from Fig. 7 that the 
adsorption capacity of IOCS increased with increasing tem-
perature indicating the endothermic nature of the adsorption 
process [12,13].

3.6. Adsorption kinetics

In order to investigate the controlling mechanism 
of the adsorption processes, pseudo-first-order, 

pseudo-second-order and intraparticle diffusion kinetic 
models were applied to the experimental data. The 
pseudo-first-order equation can be expressed as follows [35]:

log( ) log
.

q q q
k t

e t e− = − 1

2 303
 (3)

where k1 (min–1) is the rate constant of pseudo-first-order 
adsorption, qe (mg g-1) and qt (mg g–1) are the amounts of 
metal ion adsorbed per gram of IOCS at equilibrium and at 
any time t (min), respectively. A straight line for the plot of 
log(qe – qt) vs. t would give the first-order rate constant k1 and 
equilibrium adsorption capacity qe, from the slope and inter-
cept of the line (Fig. 8(a)).

The pseudo-second-order kinetic rate equation can be 
given as [36] follows:

t t
q k q qt e e

= +
1

2
2  (4)

where k2 (g mg–1 min–1) is the rate constant of 
pseudo-second-order adsorption. The plot of t/qt vs. t 
would give the pseudo-second-order rate constant k2 and qe 
(Fig. 8(b)).

The intraparticle diffusion model can be given as [37] 
follows:

q k t
t p= 1 2/

 (5)

where kp (mg g–1 min–1/2) is the intraparticle diffusion rate 
constant. According to this model, the plot of qt vs. t1/2 
(Fig. 8(c)) should be linear if intraparticle diffusion is 
involved in the adsorption process and if this line passes 
through the origin then intraparticle diffusion will be the 
rate controlling step. When the plot does not pass through 
the origin, this is indicative of some degree of boundary 
layer control and shows that the intraparticle diffusion is 
not the only rate limiting step, and other kinetic models 
may also control the rate of adsorption, all of which may be 
operating simultaneously.

Table 4 lists the kinetic parameters of pseudo-first-order, 
pseudo-second-order and intraparticle diffusion models. 
The correlation coefficients (R2) for the pseudo-second-order 
kinetic model are higher than those for pseudo-first-order 
and intraparticle diffusion models, indicating that the 
pseudo-second-order model is more suitable for describing 
the adsorption behaviour of Cd(II) onto IOCS. Besides, the cal-
culated qe values by pseudo-second-order model were closer to 
the experimental qexp than that of pseudo-first-order, suggest-
ing that the curve modelled by pseudo-second-order model 
would be more consistent with the experimental data. As seen 
in Fig. 8(c), the plot did not pass through the origin and this 
deviation from the origin might be due to the difference in the 
mass transfer rate in the initial and final stages of adsorption. 
The adsorption of Cd(II) ions onto IOCS may be followed by 
an intraparticle diffusion model up to 5 min. This indicates 
that although intraparticle diffusion was involved in the 
adsorption process, it was not the only rate controlling step.
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Fig. 7. Effect of initial concentration on the removal of Cd(II) ions 
by IOCS (adsorbent dosage: 0.05 g/50 mL, pH 6, contact time 
24 h).
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3.7. Adsorption isotherms

In order to identify the mechanism of the adsorption pro-
cess, the adsorption isotherms are one of the most important 
data. Different isotherm models are available, among them 
more simple and reliable models Langmuir and Freundlich 
were used in the present study.

The Langmuir model assumes that the adsorbent surface 
is homogeneous and contains only one type of binding site so 
the energy of adsorption is constant, which can be expressed 
in linear form as [38] follows:

c
q bq

c
q

e

e m

e

m

= +
1

 (6)

where Ce (mg L–1) is the equilibrium metal concentration 
in the solution, qe (mg g–1) is the amount of metal adsorbed 
per unit mass of adsorbent at equilibrium, b (L mg–1) is the 
Langmuir constant related to the free adsorption energy, and 
qm (mg g–1) is the maximum adsorption capacity. The values 
of b and qm can be determined from the intercept and the 
slope of the linear plot between Ce/qe and Ce (Fig. 9(a)).
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Fig. 8. Pseudo-first-order (a), pseudo-second-order (b) and intraparticle diffusion (c) plots for the adsorption of Cd(II) ions by IOCS.

Table 4
Kinetic parameters for the adsorption of Cd(II) ions by IOCS at different temperatures

T (°C) qexp (mg g–1) Pseudo-first-order Pseudo-second-order Intraparticle diffusion

qe 

(mg g–1)
k1, 10–3 
(min–1)

R2 qe 

(mg g–1)
k2, 10–3 

(g mg–1 min–1)
R2 kp, 10–3 

(mg g–1 min–1/2)
R2

25 50.44 16.50 5.07 0.934 50.76 1.34 1.000 497.8 0.871
35 51.37 12.14 5.30 0.986 51.55 1.87 1.000 368.4 0.893
45 52.22 7.41 4.38 0.967 52.36 3.40 1.000 290.1 0.810
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In order to predict whether an adsorption system is 
“favourable” or “unfavourable” the influences of iso-
therm shapes are widely used. One of the main features of 
the Langmuir isotherm can be described by means of RL, a 
dimensionless constant referred to as separation factor or 
equilibrium parameter. RL can be calculated using the follow-
ing equation [39,40]:

R
bCL

o

=
+

1
1  (7)

where b is Langmuir constant and C0 (mg L–1) is the initial 
concentration of metal ions. The RL parameter is considered 
as a more reliable indicator of the adsorption. There are four 
probabilities for the RL value: for favourable adsorption 0 < RL 
< 1, for unfavourable adsorption RL > 1, for linear adsorption 
RL = 1 and for irreversible adsorption RL = 0.

The Freundlich isotherm is an empirical model that pro-
poses a monolayer sorption with heterogeneous energetic 
distribution of active sites. The linear form is given by [41]:

log log logq K
n

Ce f e= +
1  (8)

where Kf (L g–1) is roughly an indicator of the adsorption 
capacity and n of the adsorption intensity. The values of Kf 
and n can be determined from the linear plot of log qe vs. log 
Ce (Fig. 9(b)). The obtained values of n > 1 signify favourable 
adsorption conditions.

Table 5 summarizes the values of various constants of 
these models and correlation coefficients calculated by the 
two models. As seen in Table 5, the correlation coefficients in 
Langmuir and Freundlich models were consistently higher 
than 0.95, meanwhile the correlation coefficients of Langmuir 
model were much nearer to 1.0. The results revealed that the 
Langmuir model proposed more satisfactory description on 
the Cd(II) adsorption onto IOCS, and further indicated the 
homogeneous surface of the adsorbent and the monolayer 
coverage of Cd(II) ions.

In the isotherm experiments, the calculated RL values 
given in Table 5 are all within the range of 0 < RL < 1, reveal-
ing that the Cd(II) adsorption on IOCS was favourable. The 
calculated values of the Freundlich adsorption isotherm con-
stant n were above unity, which also led to the conclusion 
that the adsorption process was favourable.

As seen from Table 5, the maximum adsorption capac-
ity value of Cd(II) ions with IOCS, estimated from Langmuir 
model, was 98.04 mg g–1 at 25°C. This value was reported 
as 37.59 mg g–1 for RS in another study in which the same 
sepiolite was used [42]. This means that iron oxide coating 
increases cadmium adsorption capacity of sepiolite almost 
three times.

The maximum adsorption capacities of some adsorbents 
and IOCS for the removal of Cd(II) ions are given in Table 6. 
The experimental data of the present study are comparable 
with the reported values. The IOCS composite used in this 
study shows a high adsorption capacity compared with raw 
sepiolite and other adsorbents. The possible reasons are the 
porous structure and higher surface area of the adsorbent, 
and the affinity of iron oxide nanoparticles attached to the 
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Fig. 9. Langmuir (a) and Freundlich (b) plots for the adsorption of Cd(II) ions by IOCS.

Table 5
Langmuir and Freundlich constants for the adsorption of Cd(II) ions by IOCS at different temperatures

T (°C) Langmuir Freundlich
qm (mg g–1) b, 10–2 (L mg–1) R2 RL Kf (L g–1) n R2

25 98.04 7.97 0.997 0.02–0.20 46.54 7.98 0.983
35 112.36 10.88 0.999 0.02–0.16 51.09 7.15 0.977
45 123.46 14.73 0.999 0.01–0.12 59.94 7.62 0.963
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sepiolite surface for cadmium ion. By the way, the low cost 
of its residual support material and high adsorptive capacity 
make IOCS an economic and appealing adsorbent. 

3.8. Thermodynamic parameters

Determination of thermodynamic parameters has a great 
importance to evaluate the spontaneity and the heat change 
of the adsorption processes. To estimate the effect of tempera-
ture on the adsorption of Cd(II) onto IOCS, the free energy 
change (ΔG°), enthalpy change (ΔH°), and entropy change 
(ΔS°) values were determined. The relationship between the 
adsorption equilibrium constant (b) and temperature can be 
expressed by van’t Hoff equation:

lnb G
RT

S
R

H
RT

=
− °

=
°
−

°∆ ∆ ∆  (9)

where R is the universal gas constant (8.314 J mol–1 K–1) and 
T is the absolute solution temperature (K). The values of ΔS° 

and ΔH° were calculated from the intercept and the slope of 
the linear plot of lnb vs. 1/T (Fig. 10). From the values of ΔH° 
and ΔS°, ΔG° can be calculated using the following relation:

∆ ∆ ∆G H T S° = ° − °  (10)

The calculated parameters are given in Table 7. The 
negative values of ΔG° at all the temperatures indicated 
that the Cd(II) adsorption on IOCS was spontaneous and 
thermodynamically feasible. The positive values of ΔH° 
suggested that the adsorption of Cd(II) on IOCS was 
endothermic in nature and consequently increased the 
adsorption capability with the increase in temperature. This 
is in agreement with the decrease in ΔG° with increasing tem-
perature. The positive values of ΔS° indicated a decrease in 
the order of the system.

4. Conclusions

The present study proves the capability and effectiveness 
of IOCS as an adsorbent for cadmium removal. The success-
ful coating of iron oxide onto sepiolite was evidenced via the 
results obtained using the XRD, XRF, BET, SEM, EDS and FTIR 
techniques. The adsorption behaviour of Cd(II) was affected by 
experimental parameters such as adsorbent dosage, pH, con-
tact time, initial concentration and temperature. The adsorption 
process could be described well by the pseudo-second-order 
kinetic model and the Langmuir isotherm model. The maxi-
mum adsorption capacity of Cd(II) ions by IOCS, estimated 
from Langmuir model, was 98.04 mg g–1 at 25°C. The estimated 
values of ΔH° (24.18 kJ mol–1) and ΔS° (156.76 J mol–1 K–1) 

Table 6
Comparisons of the Langmuir adsorption capacities (qm) for Cd(II) adsorption by different adsorbents

Adsorbent qm (mg g–1) T (°C) pH Refs.

Raw sepiolite (RS) 37.59 25 6 [42]
Iron oxide coated sepiolite (IOCS) 98.04 25 6 Present study
Iron oxide coated sewage sludge 14.70 25 5 [8]
Na-zeolitic tuff 17.63 30 6.2 [43]
Natural phosphate 29.41 Room temperature 5 [44]
Pen shells 37.63 25 4 [45]
Iron oxide modified clay-activated carbon composite 41.30 25 4.5 [32]
Heat-treated palygorskite 51.07 30 8.5 [46]
Grafted copolymer 51.55 25 6 [47]
Bentonite 63.29 – 5 [33]
Activated carbon 75.61 20 6 [48]
γ-Al2O3 nanoparticles 78.12 Room temperature 5 [49]
Alkali modified sewage sludge 80.15 25 5 [50]
Quartz sand-bentonite mixture 116.28 – 5 [33]

Fig. 10. Plot of ln b vs. 1/T for the estimation of thermodynamic 
parameters.

Table 7
Thermodynamic parameters for the adsorption of Cd(II) ions by 
IOCS

ΔH° 
(kJ mol–1)

ΔS° 
(J mol–1 K–1)

ΔG° (kJ mol–1)
25°C 35°C 45°C

24.18 156.76 –22.56 –24.11 –25.70
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indicated the endothermic nature of adsorption and enhanced 
the randomness at the adsorbent–adsorbate interface. The neg-
ative ΔG° values (–22.56 to –25.70 kJ mol–1 for 25°C–45°C) con-
firmed the spontaneous nature of the adsorption. The results 
obtained in this study show that IOCS is an effective adsor-
bent for the removal of cadmium and can be used in water and 
wastewater treatments.
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