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In this study, magnetically separable Fe3O4/CeO2 nanocomposite (F/CNc) was first synthesized in hydrothermal and sol-
precipitation methods and characterized by techniques including SEM-EDS, XRD, BET, FT-IR and VSM. The adsorption 
experiments of acid black dye (AB210) onto F/CNc were carried out under the conditions of temperature (30 – 60 ℃), 
solution pH (1 – 11), Fe-Ce molar ratio (1:2.5 – 4) and initial dye concentrations (20 – 80 mg/L). The adsorption capacity 
of AB210 increased with increasing initial dye concentration and temperature, and decreased with increasing solution pH. 
The maximum adsorption capacity of F/CNc for AB210 reached 124.5 mg/g when Fe-Ce molar ratio was 1:3. Pseudo-
first-order and pseudo-second-order models were then used to describe the kinetics of adsorption, of which the latter fitted 
the adsorption process well, and the adsorption process complied also with the intra-particle diffusion model. The 
isothermal adsorption was described using Langmuir, Freundlich and Temkin models and the Langmuir model matched. 
FT-IR and Zeta-potential measurement proved the physical adsorption process of AB210 onto F/CNc. The saturation 
magnetizations of Fe3O4 nanospheres and F/CNc were measured to be 69.1 emu/g and 22.9 emu/g respectively, indicating 
the coating layer reduced the magnetization of Fe3O4 nanospheres, but F/CNc were still separated easily by applying a 
magnetic field, keeping easy separability. Being easy to recover and remaining adsorption efficiency 90 % in comparison 
to the original even after four adsorption cycles, demonstrate the effectiveness and practical application of F/CNc as an 
adsorbent. 
Keywords: Fe3O4/CeO2, acid black, adsorption mechanism, separation. 
 

1. INTRODUCTION∗ 
Industrialization has rapidly accelerated, which resulted 

in increasing emission of organic pollutants like dyestuff in 
water [1]. Azo dyes possess 70 % of the total dyestuffs used 
in the textile [2], paper and leather industries [3]. They 
belong to the class of aromatic and heterocyclic compounds 
consisting of azo bond, which limits the removal effect in 
dye wastewater treatment [3]. Over the past years, many 
physical and chemical technologies including adsorption 
[4], advanced oxidation process [5], photocatalysis [6] and 
biological treatment [7] have been developed for the dye 
wastewater treatment, and have their advantages and 
disadvantages [8]. Among these technologies, the 
adsorption process is an efficient and economical one for 
removing azo dyes from wastewater [9]. 

In adsorption respect, adsorbent is the key factor. 
Cerium oxide (CeO2), being one of the well-known rich and 
cheap rare earth oxides, has excellent thermal stability, 
optical properties, and oxygen ion transport capacity, which 
have attracted attention from scholars and brought its wide 
application in numerous fields, as adsorbents [10], catalysts 
[11], oxygen sensors [12], ultraviolet blocking material [13] 
and others [14, 15]. Specially, as a high-performance 
adsorbent in the field of sewage treatment, CeO2 has been 
used to remove a variety of harmful anion dyes. Oman [16] 
demonstrated a new approach for the efficient removal of 
anionic organic dyes from wastewater using nanostructured 
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CeO2 in which its adsorption capacity for Acid orange10 
and Congo red reached 14.53 and 14.03 mg. g-1 
respectively. Wu [17] described the adsorption behaviour of 
CeO2 nanotubes for Congo red, and confirmed that the 
Congo red was successfully coated on the surface of CeO2 
nanotubes by electrostatic attraction. 

Unfortunately, the adsorbents are not easy to separate 
from the solution. Furthermore, most of them were 
discarded together with sludge after wastewater treatment, 
and causing secondary pollution. In contrary, magnetic 
adsorbents can be easily separated from the liquid phase by 
simply applying a magnetic field and have been developed 
to remove dyes in wastewater [18, 19]. In recent years, 
researchers have combined the Fe3O4 with the adsorbent. 
Cheng [20] synthesized magnetic graphene oxide/vinyl 
alcohol composite gels, which exhibited convenient 
magnetic separation capability, and the adsorption capacity 
for methylene blue dye reached 85.63 mg/g. In our preview 
work [21, 22], block-shaped Fe3O4/CeO2 nanocomposite 
was prepared and the adsorption capacity for dye reached 
90.5 mg/g. In this research, we have prepared spherical 
F/CNc, to increase specific surface area and enhance 
adsorption capacity. Furthermore, we have studied the 
adsorption mechanism of F/CNc for dye. 

In this paper, magnetically separable F/CNc was firstly 
synthesized in hydrothermal and sol-precipitation methods, 
and characterized by techniques including SEM-EDS, 
XRD, BET, FT-IR and VSM. In adsorption experiments of 
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AB210 onto F/CNc, the effects of initial dye concentration, 
pH, temperature and Fe-Ce molar ratio on the adsorption 
were investigated. In order to understand the adsorption 
mechanism, pseudo-first-order and pseudo-second-order 
kinetic models were used to describe the kinetics of 
adsorption and the adsorption process complied also with 
the intraparticle diffusion model. The isothermal adsorption 
was described using Langmuir, Freundlich and Temkin 
models. The thermodynamic parameters of the adsorption 
process, such as Gibbs free energy (ΔG°), enthalpy (ΔH°) 
and entropy (ΔS°) changes were determined by using the 
isothermal data of the adsorption process. The zeta 
potential, FT-IR measurement and model-fitting method 
was used to analyze the coexistence and mechanism of 
phase transformation. Furthermore, the saturation 
magnetizations of Fe3O4 nanospheres and F/CNc were 
measured by vibrating sample magnetometer (VSM), and 
the recyclability of F/CNc was also examined. 

2. EXPERIMENTAL 

2.1. Chemicals 
Materials were purchased from Shanghai Titan Science 

Co., Ltd.: cerium nitrate hexahydrate (99 %), ethylene 
glycol (AR), sodium acetate (AR), polyethylene glycol 
(AR), ferric chloride hexahydrate (AR), ammonia 
(25 % – 28 %), ethanol (AR), polyethylene glycol (AR). 
Azo black dye (AB210) was purchased from Alibaba and its 
chemical structure is shown in Fig. 1. The double distilled 
water (DI) used in the experiment was provided by the 
school laboratory. 

 

Fig. 1. The chemical structure of acid black (AB210) 

2.2. Preparation of Fe3O4/CeO2 nanocomposite 
Fe3O4 nanospheres were synthesized via hydrothermal 

method [23]. First, 2.7 g ferric chloride hexahydrate was 
added into 80 ml ethylene glycol under vigorous stirring. 
Then, 7.2 g sodium acetate and 2.0 g polyethylene glycol 
were added into above solution. After stirring about 
30 minutes, the mixed solution was transferred to a Teflon-
lined (100 ml) for 10 hours at 200 °C. The obtained Fe3O4 
microspheres were washed with double distilled water and 
ethanol for twice times, then dried at 60 °C overnight. 

The method of CeO2 nanoparticles coated surface of 
Fe3O4 nanospheres was as follows [21]: 50 mg Fe3O4 
nanospheres obtained above were added into double 
distilled water (100 ml), ultrasonically dispersed for 
10 minutes, and vigorously stirred at 65 °C. After stirring 
about 30 minutes, 5 ml cerium nitrate hexahydrate 
(0.1 mol/L) was added into the solution, and stirred 
30 minutes. Ammonic water was added to allow the solution 
keeping neutral. After stirring 30 minutes, they were 
collected with magnet, washed twice with distilled water 

and alcohol, finally dried at 80 °C for 10 hours to get 
Fe3O4/CeO2 nanocomposite (F/CNc). 

2.3. Material characterization 
The crystal structure and phase of the sample were 

determined by X-ray diffractometer (XRD, Mini Flex600, 
Rigaku), the morphology and microstructure of the sample 
were observed using field emission scanning electron 
microscope at 3.0 kV, and the element distribution in the 
sample was captured by a tracer electron microscope-energy 
spectrometer (SEM-EDS), (SEM:JSM-5600LV; 
EDS:IE300X).The chemical bonds of the sample was 
measured using Fourier infrared spectroscopy (FT-
IR:WQF-520), and the hysteresis loop of the sample were 
measured by a vibrating sample magnetometer 
(VSM 7407). The specific surface area and pore size 
distribution of the sample were determined by a nitrogen 
adsorption-desorption instrument (Micrometrics Tristar 
3000). The Zata potential were determined by a Zatasizer 
Nano ZSP. 

2.4. Evaluation of adsorption performance 
The adsorption experiments were carried out using acid 

black dye (AB210) as model organic dye pollutant. The 
conical flask containing the dye solution was wrapped with 
aluminum foil, and AB210 was stirred in a dark box to 
prevent the interference of photocatalysis. 50 mg F/CNc 
was added into 100 mL of AB210 solution. After ultrasonic 
dispersion 10 min, placed it in a dark box and kept stirring. 
Sampling was carried out in sequence at an interval of 
20 minutes, the supernatant was taken with a pipette, and the 
absorbance was measured by taking its UV–vis absorption 
spectra at 462 nm wavelength of maximum absorption. The 
effects of the Fe-Ce molar ratio (1:2 – 4), initial 
concentration (20 – 80 mg/L), temperature (30 – 60 °C), and 
pH (1 – 11) on the adsorption performance were 
investigated. The desired pH value of the adsorption 
medium was achieved by use of 0.1 M HCl and 
0.1 M NaOH solutions through a check using pH meter.  

The adsorption capacity (Qe), and the adsorption 
efficiency (%) for AB210 were calculated using the 
following equations: 

Qe= (C0 - Ce)
M

; (1) 

Adsorption efficiency (%) = (C0 - Ce)×100
C0

, (2) 

where Co (mg/L) and Ce (mg/L) are the initial and 
equilibrium concentration of adsorbate, M (gram) is the 
weight of adsorbent, and V (L) is the volume of the solution 
[24, 25]. 

3. RESULTS AND DISSUSSION 
3.1. Morphology 

The morphologies of Fe3O4 nanosphere and F/CNc 
were analyzed by SEM-EDS. In Fig. 2 a and b, spherical 
particles Fe3O4 with uniform distribution were observed and 
their mean diameter was found as 400 nm. 
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a b c d 

Fig. 2. FE-SEM images: a, b – Fe3O4; c, d – F/CNc 

 
a b c d 

Fig. 3. SEM: a – F/CNc; corresponding EDS elemental mapping for elements: b – O; c – Ce; d – Fe 

 
In addition, there were still a few gaps on the surface of 

Fe3O4 nanospheres, indicating that CeO2 nanoparticles were 
not uniformly coated on the surface of Fe3O4 nanospheres. 
The EDS element map Fig. 3 b – d, corresponding to the 
SEM Fig. 3 a of F/CNc, confirmed the coexistence of O, Ce 
and Fe in the prepared F/CNc. The results were in agreement 
with XRD findings, which further proved that CeO2 were 
successfully coated on Fe3O4 nanospheres. It is obviously 
that we have successfully prepared spherical F/CNc with 
uniform morphology while F/CNc in our previous work was 
block morphology. 

3.2. Powder X-ray diffraction 
X-ray diffraction (XRD) was performed to investigate 

the phase structure of F/CNc. XRD of pristine Fe3O4 and 
CeO2 were also analyzed as standard samples for 
comparison. It was observed from Fig. 4 that the XRD 
pattern of F/CNc matched with the combination of XRD of 
CeO2 and Fe3O4. 

 
Fig. 4. XRD patterns of CeO2, Fe3O4 and F/CNc 

The 2θ values of Fe3O4 nanospheres were observed at 
30.1°(220), 35.4°(311), 43.0°(400), 57.0°(511) and 
62.5°(440), which confirmed well with standard XRD 
pattern of Fe3O4 (JCPDS NO.19-0629) [26]. Meanwhile, the 
2θ values of CeO2 nanoparticles were observed at 
28.55°(111), 33.08°(200), 47.48°(220) and 56.33°(311), 
which confirmed well with standard XRD pattern of CeO2 
(JCPDS NO.34-0394) [27]. The diffraction peaks of F/CNc 
were found to be the superposition of those peaks from 
single Fe3O4 and pure CeO2 and were observed at 2θ values 
30.1°, 47.48° and 35.4° with more sharpened peaks. This 
observation was indicative of increased crystallinity 
amongst F/CNc. Such an increase in the crystallinity can be 
considered to be attributable to the exist of interactions 
between CeO2 and Fe3O4. It can be supposed that the 
insertion of Fe atoms, arising from the reduction of Fe3O4 
during pyrolysis, into the crystal lattice of CeO2 [28]. 

3.3. Specific surface area and porosity  
The surface area plays a key role in adsorption as it 

leads to number of active sites on the adsorbent. Fig. 5 
illustrated the nitrogen adsorption-desorption isotherms 
curve for F/CNc. 

According to the classification of the International 
Union of Pure and Applied Chemistry (IUPAC) (IUPAC, 
1985) [29], the curve represented a type-IV curve with H3 
hysteresis loop and was indicative of mesoporous 
behaviour. No peaks were detectable in the adsorption 
curve, indicating that there were not specific holes. 
Furthermore, the specific surface area of F/CNc was 
69.0121 m2/g, larger than that of CeO2 nanoparticles 
33.52 m2/g [30]. The BJH average pore size was 
10.1349 nm and the pore volume 0.21115 cm3/g. F/CNc 
provided more adsorption sites for dye adsorption. 

3.4. Magnetic properties 
In this study, it was necessary to examine the change of 

magnetic properties between Fe3O4 nanospheres and F/CNc. 
Fig. 6 shows the magnetic properties of Fe3O4 nanospheres 
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and F/CNc measured using vibrating sample magnetometer 
(VSM) at room temperature. The two materials were 
superparamagnetic. 

 
Fig. 5. Nitrogen adsorption-desorption isotherm of F/CNc. Inset: 

Corresponding BJH desorption, pore width size vs. pore 
volume 

From Fig. 6, the saturation magnetizations of Fe3O4 
nanospheres and F/CNc were obtained to be 69.1 emu/g and 
22.9 emu/g respectively. Although the coating layer 
significantly reduced the magnetization of Fe3O4 
nanospheres, as shown in inset of Fig. 6, F/CNc can be 
rapidly separated from the mixture within 3 s using a 
magnet after adsorption of AB210 in dye wastewater. This 
proved F/CNc is convenient for cyclic utilization and 
practical application. 

 
Fig. 6. Magnetic hysteresis loops of Fe3O4 nanosphere and F/CNc. 

Inset: separation of F/CNc by external magnet 

3.5. Adsorption tests 
3.5.1. Effect of molar ratio of Fe3O4 to CeO2 

As shown in Fig. 7, at molar ratio 1:3, F/CNc had the 
best adsorption effect on AB210 although the effect of 
molar ratio did not demonstrated significantly. Since the 
radius of Fe3O4 nanospheres and CeO2 nanoparticles were 
200 nm and 3.5 nm respectively, it was obvious by a simple 
calculate that about 3200 CeO2 nanoparticles were needed 

to coat whole surface of a Fe3O4 nanosphere in the way of 
monolayer. Thus, when 1 mol Fe3O4 nanospheres were 
wrapped with 2.9 mol CeO2 nanoparticles, whole surface of 
the Fe3O4 nanospheres would be coated by those CeO2 
nanoparticles just in monolayer, being close to molar ratio 
1:3 of the adsorption test and providing the most adsorptive 
sites theoretically. At r = 1:2 or 2.5, CeO2 nanoparticles 
could not completely coat whole surface of Fe3O4 
nanospheres and the adsorptive sites on F/CNc were less 
than those at r = 1:3, resulting in less adsorption effect. At 
r = 1:4, the adsorption effect of F/CNc was less than that at 
r = 1:3, perhaps due to the thick covering of CeO2 shell layer 
on the surface of Fe3O4 microspheres, leading to no increase 
of adsorptive sites. 

 
Fig. 7. Effect of molar ratio of CeO2 to Fe3O4 on adsorption 

3.5.2. Effect of solution pH 

Both adsorbant and adsorbent have functional groups 
that can be protonated or deprotonated, which results in 
electrostatic attraction or repulsion between the charged 
adsorbant and the adsorbent [31]. Since the surface charge 
of adsorbent as well as the charge of dye in solution depend 
greatly on the pH of the solution, the effect of pH on 
adsorption of AB210 was studied. The series of adsorption 
tests were carried out at different pH values ranging from 1 
to 11. As shown in Fig. 8 a, the removal of AB210 increased 
from pH 7 down pH 1, but reduce from pH 9 to pH 11 
observably. This phenomenon can be explained by 
electrostatic adsorption. The role of surface charge towards 
adsorption was examined by Zatasizer Nano ZSP, and the 
zeta potential and equilibrium adsorption capacity of F/CNc 
at different pH were shown in Fig. 8 b. The both of zeta 
potential and equilibrium adsorption capacity decreased 
with the increase of initial pH. When the charge of adsorbent 
in the solution becomes zero, the pH is called pHpzc, and the 
pHpzc was obtained to be 7.7 (shown in Fig. 8 b). While 
pH < pHpzc, the surface of F/CNc had a net positive charge. 
Once pH > pHpzc, the surface had a net negative charge. 
AB210 is an anionic dye which cannot adsorb onto F/CNc. 
At an acidic pH, the hydroxyl group (-OH) onto the surface 
of F/CNc was protonated into a cationic form (-OH2+), and 
generates electrostatic attraction with anionic dyes. 
Therefore, when the pH was larger than pHpzc, the 
adsorption of F/CNc onto AB210 was efficient. However, 
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under alkaline pH conditions, the hydroxyl group (-OH) was 
deprotonated into an anionic form (-O-), reducing the 
number of positively charged sites [22]. Such an 
environment was not conducive to the adsorption of 
negatively charged dye molecules. Therefore, when the pH 
increased, the adsorption capacity of F/CNc on AB210 
decreased, due to the electrostatic repulsion between the 
negatively charged sites on the surface of F/CNc and the 
negatively charged dye molecules AB210. The changes of 
surface charge with pH in this study are consistent with 
Jone,s research [32]. 

 
a 

 
b 

Fig. 8. a – effect of pH on adsorption; b – zeta potential and 
equilibrium adsorption capacity 

3.5.3. Effect of initial dye concentration 

The initial concentration of dye provides an important 
driving force for the transfer of dye molecules between the 
liquid and solid phases. In order to investigate the effect of 
the initial dye concentration on the adsorption, the 
adsorption experiments were carried out at T = 303 K, 
pH = 7, and the initial dye concentration among 20 to 
80 mg⋅ L-1. The results were represented in Fig. 9. When the 
initial concentration of AB210 dye changed from 20 to 
70 mg⋅L-1, there was a monotonic increase in the adsorption 
of F/CNc. But at the initial concentration of 80 mg⋅L-1, the 
adsorption capacity did not persistently increased, 
indicating the adsorption of F/CNc reached saturation. As 

shown in Fig. 9, the qe gradually increased as the stirring 
time increased and finally reached an equilibrium state. In 
the first 20 minutes, the adsorption rate of AB210 molecules 
by F/CNc was faster. The possible reason was many 
unoccupied spots on the surface of F/CNc in the initial stage, 
but AB210 molecules gradually were adsorbed on the 
surface of F/CNc as the time increased, and then slowly 
entered the voids of F/CNc. This process led to a continuous 
decrease in the adsorption rate.These results were consistent 
with the results of using CaO/CeO2 composite to adsorb acid 
orange 7 dye reported by Thirunavukkarasu et al [33]. 

 
Fig. 9. Effect of initial AB210 concentration on adsorption of 

F/CNc 

3.6. Regenerate study 
The recyclability is very important for adsorbents in 

actual application. In order to investigated the recyclability 
of F/CNc, the adsorption and desorption cycle was repeated 
four times. After adsorption test, desorption was carried out. 
Firstly F/CNc collected by magnet and dried at 60 °C for 
2 h. The regenerated F/CNc was used as an adsorbent to 
retest the adsorption performance. 

As shown in Fig. 10, the removal efficiency for the first 
cycle of the adsorption process reached 92 % and it slightly 
decreased to 89.34 %, 85.63 % and 81.12 % for the second, 
third and fourth cycle respectively. 

 
Fig. 10. Recyclability of F/CNc 
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The adsorption efficiency lost about 10 %, similar to 
that of our preview work [21]. The data showed the good 
regeneration ability and reusability of the adsorbent making 
it competent for water treatment. 

3.7. Adsorption kinetics 
The adsorption process depends on contact time 

between dye molecules and adsorbent. So, the effect of 
contact time on adsorption capacity was studied using 
kinetic models. The data of AB210 adsorption experiment 
in Fig. 9 were fitted by three kinetic models: pseudo-first-
order, pseudo-second-order and intra-particle diffusion 
respectively: 

ln(qe-qt)=ln(qe)-k1t; (3) 

t
qt

= 1
k2qe

2 + t
qe

; (4) 

qt=kpt0.5+C, (5) 

where k1 (min-1) is pseudo-first-order adsorption rate 
constant, k2 (mg⋅g-1⋅min-1) is pseudo-second-order 
adsorption rate constant, kp (mg⋅g-1⋅min-0.5) is intra-particle 
diffusion rate constant, C (mg⋅g-1) is a constant [34] and 
qt (mg⋅g-1) is the amounts of adsorbate adsorbed at different 
time intervals. 

As shown in Fig. 11 a and b, the data at the 
concentrations among 20 mg⋅L-1 to 80 mg⋅L-1 were fitted by 
pseudo-first-order adsorption and pseudo-second-order 
adsorption model respectively, and there was a good 
agreement between the experimental qe,exp and the 
calculated one obtained from pseudo-second-order model.  
Based on the correlation coefficient (R2) shown at Table. 1, 
it was higher for pseudo-second-order kinetic model. All 
these results suggested that the adsorption process followed 
pseudo-second-order model. The pseudo-second-order rate 
constants K2 for AB210 onto F/CNc indicated a steady 
increase with initial dye concentration. The involved driving 
force was the mass gradient which increased with an 
increase in the concentration. At lower concentrations, the 
ratios of dye molecules to the adsorption sites were low. 
Hence, there was a possibility of only monolayer coverage 
but at higher concentration multilayer adsorption was more 
likely to happen. 

Intra-particle diffusion was also fitted by the adsorption 
data of AB210. As shown in Fig. 11 c, there were two 
different stages in the adsorption process.  

 
a 

 
b 

 
c 

Fig. 11. Adsorption kinetic for adsorption of AB210 onto F/CNc: 
a – pseudo-first order; b – pseudo-second order; c – in-
particle diffusion 

Table 1. Parameters of pseudo-first-order, pseudo-second-order and in-particle diffusion model at different initial concentrations

Model Co, g⋅L−1 20 40 50 60 70 80 
qe,exp, mg⋅g-1 37.826 74.762 94.258 110.4 123.362 124.486 

Pseudo-first-order k1, min−1 0.02833 0.03071 0.04151 0.03433 0.03499 0.03311 
R2 0.8113 0.9006 0.9340 0.8788 0.8607 0.8668 

Pseudo-second-
order 

k2, g⋅mg−1⋅min−1 0.02819 0.01332 0.0271 0.00903 0.00804 0.01334 
R2 0.9996 0.9998 0.9990 0.9998 0.9986 0.9999 

Intra-particle 
diffusion 

Kp, mg⋅g−1⋅min−0.5 0.78840 0.78840 2.20385 2.47496 2.89257 2.87468 
R2 0.927 0.9627 0.9882 0.9861 0.9942 0.9898 

javascript:;
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The stage with a larger slope originated from the 
diffusion of AB210 through the solution onto the surface of 
F/CNc, and the stage with a smaller slope reflected 
adsorption rate reduction due to diffusion of AB210 into the 
voids of F/CNc. Similar results were observed in Congo red 
dye on porous CeO2 nanotubes [17]. 
3.8. Adsorption isotherm 

The adsorption isotherm of AB210 onto F/CNc was 
performed in order to analyzed the interaction between the 
adsorbate molecules and the sites of F/CNc. Langmuir, 
Freundlich and Temkin adsorption isotherm models were 
used to fit the equilibrium adsorption capacity Qe by 
equations respectively: 

𝑄𝑄𝑒𝑒 = 𝑄𝑄𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
1+𝐶𝐶𝑒𝑒𝐾𝐾𝐿𝐿

; (6) 

𝑄𝑄𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒
1/𝐹𝐹; (7) 

𝑄𝑄𝑒𝑒 = 𝑅𝑅𝑅𝑅
𝑏𝑏𝑇𝑇

ln(𝐾𝐾𝑅𝑅𝐶𝐶𝑒𝑒), (8) 

where Qe (mg/g) is the amount of AB210 dye adsorbed at 
equilibrium, Ce (mg/L) is the concentration of AB210 at 
equilibrium, Qm (mg/g) is the maximum adsorption 
capacity, and KL (L/mg) is Langmuir constant. KF (mg/g) 
(L/mg)1/n is the Freundlich constant, F is the dimensionless 
constant. KT (L/mg) is Temkin constant, T (K) is 
temperature, and bT (J/mol) is heat of adsorption [35, 36]. 

 
Fig. 12. Isotherms of AB210 adsorption onto F/CNc: 

a – Langmuir; b – Freundlich; c – Temkin 

The fitted curves for Langmuir, Freundlich and Temkin 
isotherm models were represented in Fig. 12, indicating that 
Langmuir model fitted better. Correlation coefficients (R2) 
of Langmuir model was higher than those of other models 
as shown in Table 2. It can be supposed that the adsorption 
process of AB210 onto F/CNc followed Langmuir isotherm 
model. Langmuir adsorption isotherm was applicable for 
monolayer coverage of the surface. The active sites were 
independent and can bind to a specific number of 
adsorbates. Concerned with Fig. 3, it can be seen that 
AB210 was adsorbed on the surface of F/CNc in monolayer. 
The maximum adsorption capacity was calculated by 
Langmuir model as 124.5 mg/g, which was considerably 
higher than other morphologies CeO2 (Table 3). Moreover, 
the maximum adsorption capacity of F/CNc was 8.4 times 
than commercial CeO2. 

Table 2. Correlation coefficients R2 of three isotherm models 

Isotherm model R2 
Langmuir isotherm 0.9991 
Freundlich isotherm 0.7886 
Temkin isotherm 0.8896 

3.9. Thermodynamics study 
Temperature is an important factor in controlling the 

adsorption process. The effect of solution temperature on 
the adsorption of AB210 by F/CNc was shown in Fig. 13 a. 
Table 3. Maximum adsorption capacities of Ceria with different 

morphologies adsorbents to AB210 and other dyes 

Adsorbents Dyes Qm, mg/g Reference 
F/CNc AB210 124.5 This work 

Fe/Ce AB210 90.50 Previous 
work 

Commercial 
CeO2 AB210 14.81 [22] 

Ceria 
nanoparticles AB210 35.29 [37] 

Ceria 
nanofibers 

Methyl 
Orange 10 [38] 

nanostructured 
CeO2 

Acid 
orange10 14.53 [16] 

nanostructured 
CeO2 Congo red 14.03 [16] 

 
a 

 
b 

Fig. 13. a – thermodynamic diagram of adsorption of AB210 onto 
F/CNc; b – Van’t Hoff 
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The adsorption capacity gradually increased with 
increase of temperature (30 – 60 ℃), indicating that the 
adsorption process was mainly endothermic. The 
thermodynamic parameters, including Gibbs free energy 
change (ΔG°), enthalpy (ΔH°) and entropy (ΔS°), were 
calculated according to: 

𝑙𝑙𝑙𝑙(𝐾𝐾𝑎𝑎) = △𝑆𝑆0

𝑅𝑅
− △𝐻𝐻0

𝑅𝑅𝑅𝑅
; (9) 

△𝐺𝐺0 = −𝑅𝑅𝑅𝑅𝑙𝑙𝑙𝑙(𝐾𝐾𝑎𝑎); (10) 

𝐾𝐾𝑎𝑎 = 𝑞𝑞𝑒𝑒
𝐶𝐶𝑒𝑒

, (11) 

where T(K) is the solution temperature, and Ka(L/g) is 
standard thermodynamic equilibrium constant defined by 
qe/Ce. By plotting relationship between ln(ka) and 1/T, the 
ΔH◦ and ΔS◦ values can be estimated from the slope and 
intercept [39]. 

By plotting ln(ka) vs 1/T in Fig. 13 b, three 
thermodynamic parameters data were obtained, shown in 
Table 3. The positive value of ΔH° (11.24 kJ⋅mol−1) 
indicated that the adsorption process of AB210 onto F/CNc 
was an endothermic process. The positive value of ΔS° 
(62.20 J⋅mol-1⋅K-1) indicated that the randomness increased 
at the solid-liquid interface of AB210 onto F/CNc. With the 
increase of temperature, the value ΔG° decreased from  
–7.602 kJ⋅mol−1 to –9.388 kJ⋅mol−1, indicating the 
feasibility and spontaneity of the adsorption process. In 
addition, this phenomenon also indicated that the adsorption 
process was more favourable at higher temperatures. 
Generally speaking, when the ΔG° value was in the range of 
–20 – 0 kJ⋅mol−1, the adsorption process is essentially 
considered to be physical adsorption. If the ΔH° value is 
lower than 40 kJ⋅mol−1, it conforms to the physical 
adsorption process [40]. Based on the obtained values of 
ΔH° and ΔG°, the adsorption process of AB210 onto F/CNc 
was considered to be physical adsorption. 
Table 4. Thermodynamic quantities for adsorption of AB210 onto 

F/CNc 

T, oC ΔG°, 
kJ⋅mol-1 

ΔS°,  
J⋅mol-1⋅K-1) 

ΔH°, 
kJ⋅mol-1 R2 

30  – 7.602 

62.20 11.24 0.9998 
40  – 8.209 
50  – 8.981 
60  – 9.388 

3.10. Adsorption mechanism 
The interaction between AB210 and F/CNc was 

investigated by studying FT-IR. The comparison of FT-IR 
spectra of F/CNc before and after adsorption is shown in 
Fig. 14. Both peaks at 3439 cm−1 before adsorption and 
3415 cm-1 after adsorption implied the stretching vibrations 
of O-H bond [41]. 

It was observed that the peak for stretching vibrations 
of O-H bond blue-shifted from 3439 to 3415 cm−1. Both 
peaks at 1632 cm−1 and 1629 cm−1 implied the bending 
vibration of coordinated water [42] and the intensity of the 
latter increased also. These changes can be considered to be 
caused by forming hydrogen bonding with the dye molecule 
by O-H group of F/CNc. The peaks at 1342 cm−1 and 
1046 cm−1 after adsorption were ascribed to the N-H 

bending vibration modes [10] belonged to AB210 molecule, 
which strongly proved that AB210 was adsorbed on the 
surface of F/CNc by hydrogen bond. Moreover, the peaks at 
562 cm−1 and 633 cm−1 were the bending vibration of Ce-O 
and Fe-O bonds respectively [43, 44] but disappeared in the 
spectrum after adsorption. Hence, from both of zeta 
potential and FT-IR, it can be concluded that AB210 
molecules was adsorbed on the surface of F/CNc by 
electrostatic attraction. Demonstrated in Fig. 15, AB210 
molecules are dispersed in the solution. 

 
Fig. 14. FT-IR spectra of Fe3O4/CeO2(F/CNc) before and after 

AB210 adsorption 

Under acidic condition, the hydroxyl groups (-OH) on 
the surface of F/CNc are protonated into positively charged 
OH2

2+ groups, and AB210 molecules diffused to F/CNc 
particles through turbulent flow and then touched the 
surface. 

With the accumulation of AB210 molecules on the 
surface, a small amount of AB210 molecules gradually enter 
the pores of F/CNc. Meanwhile, some AB210 molecules on 
the surface desorb into the solution, reaching the 
equilibrium state, coexistence of AB210 molecules 
adsorbed on the surface and desorbed in the solution. This 
process can be formulated as follows: 

CeO2-OH + H+→CeO2-OH2+ 

CeO2-OH2++C22H14N6Na2O3-(SO3)2
2-→ 

CeO2-OH2∙∙∙C22H14N6Na2O3-(SO3)2
2- 

4.CONCLUSIONS 
It was developed a magnetically separable nanomaterial 
with sphere morphology using a simple and economical 
methods. The nanomaterial with specific surface area 
69.0121 m2/g and saturation magnetization 22.9 emu/g 
showed a very high separative behavior from the solution by 
applying a magnetic field and an adsorption capacity 
124.5 mg/g towards azo dye. The maximum adsorption 
capacity of AB210 with F/CNc improved 1.38 times 
compared with our preview work. The adsorption process of 
anionic dye followed pseudo-second-order kinetics and the 
adsorption isotherm was described well by Langmuir 
isotherm model, signifying the homogeneous surface sites 
and monolayer uniform coverage of the adsorbate on the 
surface of the adsorbent. 
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Fig. 15. Diagram of AB210 onto F/CNc 
 

The adsorption mechanism was mainly electrostatic, 
which was confirmed by the pH effect, zeta potential 
measurement and FT-IR analysis. The adsorbent was easily 
regenerated up to four times just losing 10 % efficiency. As 
a new green adsorbent, the synthesized nanomaterial can be 
easily recovered in the applied magnetic field, which makes 
it easy to separate from the aqueous solution. Therefore, the 
synthesized nanomaterial has practical application in the 
removal of anionic dyes. 
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