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a b s t r a c t
Polymeric precursor procedure was employed in the synthesis of nitrogen-doped carbon-encapsulated 
α-Fe2O3 (NCF) nanocomposite (NC) at 325°C. Electron microscopic studies confirm the formation 
of encapsulated α-Fe2O3 nanoparticles (~20 nm) in nitrogen-doped carbon matrix. X-ray diffraction, 
Fourier-transform infrared spectroscopy, energy dispersive, and X-ray photoelectron spectros-
copy studies were used to confirm the presence of nitrogen containing carbon in NCF-NCs. The 
NCF-NC was used as an efficient adsorbent in the removal of Cd(II) ion from aqueous medium. 
Batch adsorption studies were performed to optimize the various adsorption parameters such 
as contact time (2–240 min), pH (2–8), temperature (25°C–45°C) and initial concentration of Cd2+ 
ion (20–100 mg/L). The optimum pH and time for the adsorption of Cd2+ were 6.0 and 120 min, 
respectively. The course of adsorption was described by Langmuir and Freundlich isotherms and 
better correlation coefficient was achieved for Langmuir model. The maximum adsorption capacity 
at 25°C was 208.3 mg/g by using the Langmuir equation. 
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1. Introduction

Potential applications of environment, removal of toxic 
substances from water, have engaged the researchers from 
the last few decades. The polluted water causes undesir-
able effect on aquatic and non-aquatic life [1–3]. Advanced 
nanotechnology provides feasible solutions to overcome 
the contaminated water problem worldwide [4]. Various 
techniques have been employed for the removal of toxic 
substances from polluted water such as ion-exchange [5,6], 
precipitation [7], filtration [8], photolysis [9,10], reverse osmo-
sis [11], and adsorption [12–14]. The adsorption process has 
been considered as one of the best widely used methods in 

wastewater treatment due to low cost and high efficiency. 
Various kinds of adsorbents or catalysts such as polymers 
[15,16], fly ash [17], nanocomposites [18,19], bio-composites 
[20], metal organic frameworks [21], hydrogel [22], ferrite 
[23,24], functionalized core@shell [25], and functionalized 
porous silica [26] are used in the removal of inorganic and 
organic pollutants (i.e., heavy metals and colored dyes) from 
water. These heavy metal ions (Cr3+, Cd2+, Hg2+, Pb2+ As5+, 
etc.) are known as inorganic pollutants, which pose serious 
health threats to human being [27]. 

Apart from the above adsorbents, activated carbon (AC) 
was also used as an adsorbent in the adsorption of heavy 
metal ions [28–30]. High surface area, porous nature and 
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greatly active surface of the materials significantly enhance 
the properties of AC adsorbents. Though, the activated car-
bon (AC) as an adsorbent shows low adsorption capacities 
and selectivity of heavy metal ions. Therefore, selectivity 
and adsorption capacity of AC could be improved by the 
introduction of heteroatoms such as nitrogen (N) in graphite 
carbon. N-atom in carbon fundamentally exists as pyrrole 
and pyridine, which provides un-paired electrons for the 
coordination with the heavy metal ions to promote the elim-
ination of the heavy metal ions from polluted water [31]. 
Mn-doped alpha-Fe2O3 [32], Fe2O3–Al2O3 [33,34], Fe2O3@
AlO(OH) [35], IOARM [36], and gamma Fe2O3/carbon [37] 
nanoparticles were used as the adsorbents for the removal of 
heavy metals such as arsenic, chromium, lead, mercury, etc. 
from aqueous. Previously, we have developed metal tung-
state and chromate nanostructured materials as efficient 
photo-catalysts for the degradation of organic pollutants 
from water [9,10,38]. In this paper, we report low-cost syn-
thesis of NCF-NC at 325°C as an efficient adsorbent for the 
removal of Cd2+ ion from water. The structural, surface and 
morphological studies of NCF-NC were examined in details. 
To find the economical ways of the preparation of highly 
efficient adsorbents materials also have some fundamental 
concerns in this area. The main purpose of current study is 
to gauge the probability to develop an eco-friendly and low-
cost alternative adsorbents with high removal efficiency for 
the removal of highly toxic Cd2+ from aqueous medium.

2. Experimental

A typical polymeric metal complex has been used for 
the synthesis of NCF-NC. 0.1 mole of urea was dissolved in 
10 mL of DI water followed by the addition of 0.2 mole of 
formaldehyde. The pH of the resulting solution (~12) was 
adjusted by the addition of 2 mL of 0.1 M NaOH solution. 
The above solution was kept for 15 min at constant stirring 
(system A). Parallel, 0.005 moles of each, FeCl2·4H2O and 
FeCl3, were dissolved in 100 mL of DI water (system B). 
Thereafter, system B was poured to system A and kept at 
80°C for 45 min on continuous magnetic stirring. The brown 
colored precipitates appeared. These precipitates were 
filtered by vacuum filtration process and then dried in oven 
at 80°C for 24 h. The resulting powder at 80°C was used as 
a polymeric precursor in the synthesis of NCF-NC at 325°C 
for 3 h. Structural characterization of the precursor and 
nanocomposites was investigated on powder X-ray diffrac-
tion (Rigaku MiniFlex, Ni-filtered-CuKα radiation, USA), 
and Fourier-transform infrared spectroscopy (FTIR) (Bruker 
TENSOR-27 Spectrometer). Surface morphology of nano-
composites was recorded on field emission- transmission 
electron microscopy (FE-TEM; JEOL, JSM-2100F, USA) at 
200 kV. X-ray photoelectron spectroscopy (XPS) of NCF-NCs 
was done on a Kratos Axis Ultra-DLD electron-spectrome-
ter (PHI, PHI5300). The energy calibration and smoothing 
of the XPS analysis were done as also reported elsewhere 
[39,40]. The adsorption ability of NCF nanocomposite for the 
removal of Cd2+ was studied by batch method. 50 mg of NCF 
material was shaken with 100 mL of Cd2+ solution of known 
concentration in the Erlenmeyer’s flasks for different time 
until the equilibration was achieved. The initial pH of the 
solution was adjusted by using 1.0 M HCl/NaOH solutions. 

After equilibration time, the solution was filtered and the 
filtrate was analyzed by AAS to measure the residual concen-
tration of Cd2+ in the solution phase. All of the experiments 
were conducted in triplicate and the average values were 
used for data analysis. The equilibrium adsorption capacity 
(q, mg/g) was calculated by the following equation:

q
V C C

me
e=

−( )0  (1)

To perform the adsorption kinetics experiments, 50 mg 
of NCF-NC was mixed with 250 mL of Cd(II) ion solution of 
known concentration at a pH of 6. Subsequently, the above 
mixture was shaken at room temperature. The material sam-
ples were pipetted out at a fixed time, filtered using 0.22 μm 
filter and analyzed to find the residual concentration of Cd2+ 

in solution phase. The adsorption isotherms experiments 
were carried out by taking 50 mg of NCF with 100 mL of Cd2+ 

solution with varying initial concentrations (20–150 mg L–1) 
and constant pH of 6. The flasks were shaken at three 
different temperatures 25°C, 35°C and 40°C. The materials 
were withdrawn after equilibration time followed by the 
analysis using the above mentioned method.

3. Results and discussion

Thermogravimetric analysis (TGA) of synthesized poly-
meric precursor of NCF-NC is shown in Fig. 1a. TGA shows 
a gradual weight loss from 100°C for NCF-NC. The weight 
loss (~76%) occurs from 100°C to 600°C, which corresponds 
to loss of water, carbon dioxide and nitrogenous molecules. 
Differential scanning calorimetry studies show an endotherm 
at ~275°C corresponding to the first weight loss of polymeric 
precursor. This is noticeable that decomposition of precursor 
in the presence of air occurs at an exothermic transition due 
to molecular carbon dioxide formation, but thermal decom-
position of carbonyl substance in inert atmosphere follow 
an endothermic process as also reported elsewhere [41,42]. 
An exothermic peak is observed at ~750°C which could be 
attributed to the phase transition of alpha Fe2O3. PXRD studies 
of synthesized polymeric precursor show amorphous nature 
(Fig. 1b, blue colored pattern). PXRD patterns of annealed 
polymeric precursor (~325°C) reveal the formation of α-Fe2O3 
nanoparticles in nitrogen doped carbon matrix. The diffrac-
tion pattern is perfectly matched with hexagonal crystal 
system of α-Fe2O3 (JCPDS # 86-0550). The noisy background 
with the occurrence of a small peak at ~26.40 indicates the 
occurrence of nitrogen containing carbon of the resulting 
materials. Pure α-Fe2O3 nanoparticles were also prepared at 
600°C for 6 h and the PXRD patterns indexed on the basis 
of hexagonal system and no other phases were obtained. 
Energy dispersive studies (EDS) of NCF-NC were considered 
for elemental analysis (Fig. 1c). Note that EDS was equipped 
with FE-TEM. Energy dispersive study of NCF-NC shows 
presence of Fe and carbon with weak and strong intense lines 
respectively. It also shows the presence of nitrogen (NKα) at 
0.392 keV. Weak intense lines of Fe are appeared due to the 
encapsulation of the nanoparticles by the mesoporous car-
bon, which is confirmed by the electron microscopic studies. 
The appearance of copper line in EDS spectrum is due to 
the presence of copper based TEM grid. Fig. 1d represents 
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the FTIR spectra of the synthesized polymeric precursor 
and NCF-NC. The FTIR spectrum of the precursor con-
firms the characteristic FTIR bands of Fe-O bands, which 
appear at lower wavenumber regions (470 and 548 cm–1). The 
absorption bands in the region from 650 to 950 cm−1 could 
be attributed to nitrogen-containing substances. The FTIR 
peaks in the region of 1,040–1,380 cm−1 can be ascribed to the 
vibrations of C–H, C–N and C=C. The FTIR bands at ~1640, 
and ~2,840–2,960 cm−1 belong to the stretching vibrations of 
C=C and C–H bands, respectively. The peak at ~3,350 cm−1 
is ascribed to the adsorbed H2O molecule (H–O–H) in pow-
der samples [43,44]. The broad FTIR band in the range from 
1,000 to 1,700 cm–1 is related to the presence of nitrogen and 
carbon containing functional groups at 300°C as also shown 
in red colored FTIR spectrum of NCF-NC. FTIR spectrum 
also confirms the formation of pure α-Fe2O3 nanoparticles as 
shown with blue colored line in Fig. 1d. Field emission-trans-
mission electron microscopy (FE-TEM) and scanning electron 
microscopy (FE-SEM) show the surface morphology and par-
ticle size analysis. Figs. 2a and b show the FESEM images 
of NCF-NC and pure α-Fe2O3 nanoparticles. FE-TEM stud-
ies clearly demonstrate that the α-Fe2O3 nanoparticles are 

encapsulated by nitrogen doped carbon (Fig. 2c). The average 
particle size is found to be ~20 nm (Fig. 2d). High resolution 
FE-TEM image gives the d-spacing of 2.94 Å, which matches 
with <110> plane of hexagonal structure of α-Fe2O3 (Fig. 2e). 
FE-TEM images of pure α-Fe2O3 show the agglomeration of 
nanoparticles, which could be due to high annealed tem-
perature (i.e., 600°C) for 6 h (Fig. 2f). The BET surface area of 
NCF-NC (~105 m2/g) was found to be five times higher than 
that of pure α-Fe2O3 (~20 m2/g).

Fig. 3a shows the effect of contact time on the adsorption 
of Cd2+ using NCF-NC. The uptake of Cd2+ was increased with 
increasing the temperature. The adsorption was only 36% at 
5 min which was reached up to 87% at 120 min. But, there 
was no change noted after 120 min, so 120 min was taken 
as an equilibration time. It was also noticed that adsorption 
was faster at the initial stages which might be due to the 
presence of large number of vacant sites on the surface of 
NCF in the starting [45]. The effect of solution pH plays an 
important role for the removal of any metal ion from aque-
ous medium [21]. In our study, the adsorption of Cd2+ onto 
NCF was low in the acidic medium which was due to the 
higher concentration and mobility of H+ ions present in the 
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Fig. 1. (a) Thermogravimetric analysis of synthesized polymeric precursor. (b) PXRD of synthesized polymeric precursor, NCF-NC 
and pure α-Fe2O3nanoparticles, (c) EDS analysis of NCF-NC and (d) FTIR spectra of synthesized polymeric precursor, NCF-NC and 
pure α-Fe2O3 nanoparticles.
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solution phase, which favored the adsorption of H+ ions 
instead of Cd2+ ions. The adsorption was ~29% at pH 2 and it 
was increased up to 85% at pH 6. At higher pH, the surface of 
NCF became negatively charged which assisted the higher 
adsorption of Cd2+ metal ion. After pH 6, there was no sig-
nificant change in the adsorption percentage. Therefore, pH 
6 was chosen as an optimum pH (Fig. 3b). Fig. 3c shows the 
uptake of Cd2+ by NCF at different initial concentrations of 
Cd2+ metal ion. It was observed that the removal of Cd2+ was 
decreased from 87.5% to 58.6% by increasing the concentra-
tion of Cd2+ from 20 to 100 mg/L which might be due to the 
saturation of adsorption sites at the higher concentration of 
Cd2+ metal. The adsorption of Cd2+ was also influenced by 
the temperature. It was interesting to note that adsorption 
was increased with temperature which showed the endo-
thermic nature of adsorption process. The adsorption was 
raised from 39% to 89% on increasing temperature from 
25°C to 40°C (Fig. 3d).

The pseudo-first-order equation is generally expressed as 
follows: 

log log
.

q q q
k t

e t e−( ) = − 1

2 303
 (2)

The pseudo-second-order equation is presented as [46] 
follows: 

t
q k q qt e e

= +
1 1

2
2  (3)

where k1 (min−1) and k2 (g/mg min) are the rate constants 
for pseudo-first order and pseudo-second order reactions, 
respectively; qe (mg/g) and qt (mg/g) are the adsorbed 
amount of Cd2+ metal at equilibrium and at time t, respec-
tively. The values of k1 and k2 were calculated using the 
plots of log(qe – qt) vs. t and t/qt vs. t, respectively which 
are shown in Table 1. The correlation coefficients (R2) val-
ues for pseudo-second- order kinetic model were better 
than that of pseudo-first-order for all the studied concen-
trations. These findings showed that the current adsorption 
studies belong to the pseudo-second-order kinetic model 
well and Cd2+ metal was adsorbed on the surface of NCF 
via chemical interaction such as coordinate or covalent 
bonds [47] (Fig. 4).

Two frequently used adsorption isotherm models namely 
Langmuir and Freundlich were used in the present study for 
data analyses. The Langmuir and Freundlich models are 

<110>
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(c) (d)

(e)

(f )

Fig. 2. (a, b) FESEM images of NCF-NC and pure α-Fe2O3 nanoparticles, (c,d) FE-TEM, and (e) high-resolution FE-TEM micrographs 
of NCF-NC, and  (d) FE-TEM image of pure α-Fe2O3 nanoparticles.
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shown in Fig. 5. The Langmuir isotherm model [48] can be 
represented as:

1 1 1
q q bq Ce m m e

= +  (4)

where qm and b values are calculated from the intercept and 
slope of linear plots of 1/qe vs. 1/Ce, respectively and the results 

are summarized in Table 2. A dimensionless equilibrium 
parameter (RL) was evaluated as [49]:

R
bCL = +
1

1 0

 (5)

In the present study, the values of RL < 1 show the favor-
able adsorption of Cd2+ onto NCF-NC. The linearized form 
of Freundlich isotherm is given as: 

log log lnq K
n

Ce f e= +
1  (6)

Kf and n are Freundlich isotherm constants, which resemble 
to the adsorption capacity and adsorption intensity, respec-
tively. The values of Kf and n can be calculated from the 
linear plots of log qe vs. log Ce. The values of Langmuir and 
Freundlich parameters are shown in Table 2. The value of 
n was more than unity at all temperatures which designated 
a good adsorption process. The value of Kf was increased 
with temperature which supported an endothermic nature 

 

(a) (b)

(c) (d)

Fig. 3. Removal of Cd2+ metal ions using NCF nanocomposite at different (a) time, (b) pH, (c) initial Cd2+ concentration, and 
(d) temperature.

Table 1
Kinetic parameters for the adsorption of Cd2+ onto NCF-NC

Kinetic models Parameters 20 ppm 60 ppm

Pseudo-first-order
qe (mg g–1) 58.9 162
k1 (min–1) 3.2 × 10–2 2.7 × 10–2

R2 0.991 0.992

Pseudo-second-order
qe (mg g–1) 81.3 222.2
k2 (g mg–1 min–1) 17.3 × 10–4 5.73 × 10–4

R2 0.979 0.978
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of adsorption process. The Langmuir model resulted into a 
better fit than the Freundlich model as Langmuir isotherm 
model had higher values of correlation coefficients.

The thermodynamic studies were performed to 
examine whether the adsorption process spontaneous 

or non- spontaneous and endothermic or exothermic. Our 
results showed that the adsorption of Cd(II) was increased 
with increasing the temperature which proposed an endo-
thermic nature of adsorption. The values of ∆H° (enthalpy 
change) and ∆S° (entropy change) were calculated using the 

 

(a) (b)

Fig. 4. Plots of kinetic models for the adsorption of Cd2+ metal ion using NCF nanocomposite (a) pseudo-first-order and 
(b) pseudo-second-order models.

 

(a) (b)

Fig. 5. Plots of isotherm models for the adsorption of Cd(II) using NCF nanocomposite (a) Langmuir isotherm and (b) Freundlich 
isotherm models.

Table 2
Isotherm model parameters for the adsorption of Cd2+ onto NCF-NC

Equilibrium model Parameters 25°C 35°C 45°C

Langmuir isotherm qm (mg g–1) 208.3 222.2 227.3
b (L mg–1) 8.72 × 10–2 8.91 × 10–2 9.56 × 10–2

RL 0.36 0.35 0.34
R2 0.997 0.996 0.996

Freundlich isotherm Kf (L mg–1) 28.5 29.6 31.04
n 2.11 2.08 2.05
R2 0.979 0.980 0.982
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slopes and intercepts of the plots of ln Kc vs. 1/T using the 
following equation:

lnK H
RT

S
Rc = −

°
+

°∆ ∆  (7)

∆ ∆ ∆G H T S° = ° − °  (8)

The values of all thermodynamic parameter are shown 
in Table 3. The positive values of ∆H° showed the endo-
thermic adsorption process and the values of ∆H° was 
>40 kJ mol–1, which suggest the chemical nature of adsorp-
tion. The positive values of ∆S° reflect an increment in 
the randomness at the interface of solid/liquid during the 
adsorption process. The negative values of ∆G° indicated 
that the adsorption of Cd(II) onto the NCF-NC was spon-
taneous process. The adsorption capacity of NCF-NCs was 
compared with other materials used for the removal of 
Cd2+ metal. The adsorption capacities of NCF material was 
much higher than other adsorbents listed in Table 4.

Fig. 6 shows the FTIR spectra of NCF-NC before and 
after adsorption of Cd(II) ions from water. FTIR spectra of 
NCF-NC show peaks at various frequencies of various func-
tional groups as also discussed above. This study clearly 
shows that the frequencies of bands are deflected after 
adsorption, which indicates the involvement of the func-
tional groups in adsorption. A sharp band at ~786 cm–1 also 
appears after adsorption which could be attributed to Cd–O 
bond [60]. The chemical composition and oxidation state of 

metal ions were analyzed by XPS technique. Fig. 7a displays 
the signals corresponding to C1s, N1s, O1s and Fe before 
adsorption of Cd2+. After adsorption of Cd(II), XPS shows 
additional peaks of Cd(3d) which supports the adsorption 
of Cd2+ onto the novel adsorbent. XPS spectra of adsorbent 
(NCF) show two peaks at 710.8 and 724.3 eV with satellites, 
and they correspond to Fe 2p3/2 and Fe 2p1/2 orbits, respec-
tively (Fig. 7b). No any characteristic peaks related with 
Fe2+ ion or Fe metal are noticed, suggesting the Fe species in 
the adsorbent is in the form of Fe3+ ion. The high-resolution 
XPS spectrum of C 1s illustrated in Fig. 7c which shows four 
obvious peaks at 284.3, 285.2, 285.8 and 288.6 eV belong-
ing to C–C, C–N, C–O and O−C=O groups, respectively. As 
shown in Fig. 7d, the peak of N(1s) decomposes into three 
sub-bands at ~398, ~399 and ~401 eV of pyridinic-type N, 
pyrrolic-type N and graphitic-type N, respectively, which 
indicate that nitrogen atoms are successfully doped into 

Table 3
Thermodynamics parameters for the adsorption of Cd2+ onto 
NCF-NC (Cd2+ concentration 20 and 60 mg L–1; temperature: 
298–318 K)

C0 
(mg L–1)

ΔH° 
(kJ mol–1)

ΔS° 
(kJ mol–1 K–1)

–ΔG° (kJ mol–1)

298 K 308 K 318 K

20 43.28 0.16 3.80 5.38 6.96
60 41.25 0.15 3.15 4.64 6.87

 
Fig. 6. FTIR spectra of NCF-NC before and after adsorption of 
Cd(II) ions.

Table 4
Comparison of the adsorption capacity of NCF-NC with reported adsorption capacities of other adsorbents

Adsorbent Adsorption isotherms Qmax (mg/g) References

β-CD polymer Freundlich 163.2 [50]
Activated carbon Freundlich 15.7 [51]
Biochars Freundlich 13.2 [52]
Graphene Langmuir 57.6 [53]
Plantain peels Langmuir 70.9 [54]
TBA-kaolinite Langmuir and Freundlich 9.8 [55]
Saw dust Langmuir 5.4 [56]
MnO2-loaded resin Langmuir 21.5 [57]
Glebionis coronaria L. activated carbon Langmuir 115.9 [58]
Bamboo charcoal Langmuir 12.1 [59]
NCF Langmuir 208.3 Present study



S.M. Alshehri et al. / Desalination and Water Treatment 162 (2019) 303–312310

carbon matrix. The O1s spectrum can be deconvoluted into 
three peak sets, C=O bond at 532.6 eV, C–O bond at 530.6 eV 
and O2− at 529.9 eV.

4. Conclusions

Nitrogen-doped carbon-encapsulated α-Fe2O3 (NCF) 
nanocomposites have been synthesized at 325°C and 
used as efficient adsorbent materials in wastewater treat-
ment for removal of Cd(II) ion. Encapsulated α-Fe2O3 
nanoparticles in nitrogen-doped carbon were clearly 
observed by electron microscopy, FTIR and XPS stud-
ies. Batch adsorption studies were also performed and 
optimized under various adsorption parameters. XPS anal-
ysis was carried out before and after adsorption of heavy 
metals. The adsorption of Cd2+ onto the NCF-NC was an 
endothermic process. The enhanced adsorption capacity 
of NCF-NC was found to be ~208.3 mg/g at 25°C using the 
Langmuir equation. Present study showed that NCF-NCs 
are promising adsorbent materials for treating Cd-bearing 
wastewater.
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