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a b s t r a c t
In this paper, MFe2O4 (M = Ca, Mg and Ni) ferrite graphene oxide composites (MFe2O4-GO) were 
prepared by a one-pot solvothermal reaction. MFe2O4-GO and MFe2O4 were characterized by 
high-resolution transmission electron microscope, X-ray diffraction, thermogravimetric and Fourier-
transform infrared spectroscopy. The adsorption performance of MFe2O4 and MFe2O4-GO were 
studied using acridine orange as model. The influence factors of adsorption performance such as 
pH, adsorption time, initial concentration, NaCl concentration and reusability were investigated. 
The experimental results revealed that the adsorption capacity of MFe2O4-GO for acridine orange 
was significantly higher than that of MFe2O4. It can be found that the adsorption capacity of dif-
ferent MFe2O4-GO in the following order: MgFe2O4-GO > NiFe2O4-GO > CaFe2O4-GO. The adsorp-
tion process of MFe2O4-GO for acridine orange conforms to the pseudo-second-order kinetic 
model and Freundlich isothermal model. MFe2O4-GO can be reused five times. The adsorption 
interaction of acridine orange with MFe2O4-GO is mainly electrostatic attraction. MFe2O4-GO has 
practical application value in wastewater treatment as adsorbent.
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1. Introduction

Due to the wide application of synthetic dyes in textile, 
cosmetics, printing, leather and plastic industries, more than 
70,000 tons of dyestuffs are produced around the world 
every year, and about 100 tons of dyestuffs are into the 
wastewater [1,2]. At present, dye wastewater has become the 
great concern of environmental pollutant, and its effective 
treatment is still a challenge [3]. Acridine orange is a kind 
of dye with tricyclic aromatic structure, which is widely 
used in ink, leather, dyeing and other fields. It is a very 
important pollution source in wastewater. So far, there are 
many ways to water treatment. For instance, these methods 
include adsorption [4], oxidation-precipitation method [5], 
degradation [6], nanomembrane filtration [7], degradation 

by super/sub-critical water [8] and so on. Among them, 
adsorption is considered to be a simple, economical and 
promising method to remove dyes from water [9,10].

To remove dye from wastewater, different adsorbents 
like activated carbons pellets [11], multiwall carbon nano-
tubes [12], Ni-Co-S/CTAB nanocomposites [13], hydrolyzed 
polyacrylamide modified diatomite waste [14], ZnO func-
tionalized high silica zeolitic particles [15] and graphene 
oxide [16] have been studied. However, the adsorbent is 
difficult to separate and has low reusability in the adsorp-
tion process. Therefore, magnetic adsorbents are employed 
to remove contaminants from water [17]. Where, ferrite 
nanomaterials have attracted much attention because of 
strong adsorption capacity, large specific surface area, 
simple preparation, low cost and environmental [18,19]. 
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In addition, the magnetic properties of ferrite can solve 
the technical difficulties of separation and reuse [20,21]. 
MFe2O4 nanoparticles have strong magnetic properties, 
excellent catalytic properties and mechanical hardness com-
pared with other ferrites [22]. Nonetheless, a drawback of 
ferrite nanomaterials is their low dispersion in water [23]. 
At present, ferrites functionalized composites like chitosan 
[24], SiO2 [25], polyaniline [26], titania shell [27] and car-
bon nanotubes [28] have been used to been used to solve 
the above problems. MFe2O4/composites have broad appli-
cation prospects in nano-biotechnology [29], information 
storage [30], pollutant removal [31], medical treatment 
[32], medical diagnosis [33], and drug delivery [34,35]. 
The hybrid of reduced graphene oxide and ferrite has 
high photocatalytic activity and adsorption performance 
because of the addition of reduced graphene [36,37].

In this study, MFe2O4 (M = Ca, Mg and Ni) fer-
rite-graphene oxide nanocomposites were prepared by one-
pot solvothermal reaction. The morphology and magnetic 
properties of MFe2O4-GO were investigated. Furthermore, 
the adsorption capacity of MFe2O4-GO (M = Ca, Mg and 
Ni) for acridine orange in water was also studied and 
compared. The results showed that MFe2O4-GO had high 
adsorption performance and have broad prospects as 
adsorbent for removing acridine orange from water.

2. Experimental set-up

2.1. Materials

Scale graphite (99.95%) was purchased from Qingdao 
Chenyang Graphite Co., Ltd., (China), ferric chloride hexa-
hydrate (FeCl3·6H2O), anhydrous ferric chloride (FeCl3), 
sodium citrate (C6H5Na3O7) and anhydrous sodium acetate 
(CH3COONa) were obtained from Shanghai Sinopharm 
Chemical Reagent Co., Ltd., nickel sulfate was obtained 
from Xi’an Chemical Reagent Factory, polyethylene glycol 
and magnesium nitrate were obtained from Tianjin Comio 
Chemical Reagent Co., Ltd., anhydrous calcium chloride 
were purchased from Luoyang Chemical Reagent Factory.

2.2. Preparation of material

2.2.1. Preparation of graphene oxide

Preoxidation of graphite: 20 g of graphite powder were 
added to 30 mL of concentrated H2SO4 containing 10 g 
K2S2O8 and 10 g P2O5, which were heated at 80°C for 6 h and 
cooled to room temperature, then 500 mL distilled water 
was added carefully and they were placed for 12 h. The 
solution is filtered and rinsed with distilled water until the 
filtrate is neutral, and the product is dried.

Preparation of graphene oxide (GO) was on the basis 
of improved Hummer process [38], 46 mL 98% concen-
trated sulfuric acid was add into a round bottom three neck 
bottle, which was cooled with ice water bath, 2.0 g preox-
idized graphite was add into strong sulfuric acid slowly, 
then 6.0 g of potassium permanganate was added grad-
ually and they were kept at 5°C. The reactants was stirred 
in an ice bath for 1 h, which was stirred at 35°C for 2 h, 
then 90 mL distilled water was added, the reaction mix-
ture was raised to 98°C for 15 min. After adding 144 mL 

of warm water, 20 mL of 30 wt.% hydrogen peroxide was 
poured into. The golden yellow product was centrifuged 
and filtered, the product was washed to neutral with 5% 
hydrogen chloride and dried at 60°C. The product was GO.

2.2.2. Preparation of MFe2O4-GO

1.68 g ferric chloride hexahydrate, 0.7270 g magnesium 
nitrate and 0.3 g graphene oxide were added to 150 mL of 
glycol solution, put them into the ultrasonic cleaner until 
they were completely dissolved, 10.8 g anhydrous sodium 
acetate and 3.0 g polyethylene glycol were add to the mix-
ture, which were stirred for 30 min, the obtained viscous 
colloid was poured into a stainless steel Teflon-lined auto-
clave and heated at 200°C for 10 h. Then they were washed 
with anhydrous ethanol for 5 times and dried at 55°C, 
the product was magnesium ferrite graphite oxide com-
posite material, which was recorded as MgFe2O4-GO.

The same amount of ferric chloride hexahydrate and 
graphene oxide were added according to the steps for 
preparing magnesium ferrite. Other MFe2O4-GO (M = Ni 
and Ca) were synthesized with 0.4390 g nickel sulfate and 
0.3441 g anhydrous calcium chloride instead of magne-
sium nitrate, respectively. MFe2O4 (M = Ni and Ca) was 
also prepared according to the above steps without the 
addition of graphene oxide.

2.3. Characterization of sample

High-resolution transmission electron microscope of 
MFe2O4 and MFe2O4-GO were obtained by a JEM-2100Plus 
transmission electron microscope (JEOL, Japan). Fourier-
transform infrared spectrometry of GO, MFe2O4 and 
MFe2O4-GO were determined by a Nicolet iS10 FTIR spec-
trophotometer (Thermo Fisher Scientific, USA). Scanning 
electron microscope with energy-dispersive X-ray spectros-
copy (SEM-EDS) patterns of samples were obtained by an 
EVO MA10 scanning electron microscope (ZEISS, Germany). 
X-ray diffraction spectrum of MFe2O4 and MFe2O4-GO were 
carried out by D2 PHASER X-ray diffractometer (Bruker 
AXS, Germany). Thermogravimetry of GO and MFe2O4-GO 
were performed by TGA heat exchanger (TA instruments, 
USA), the heating speed was 10°C/min from room tem-
perature to 600°C under the condition of nitrogen. The 
porosity information of the MFe2O4-GO was obtained by 
ASAP 2460 BET specific surface area and porosity analyzer 
(Mike, USA). Zeta potential of MFe2O4-GO was measured 
with Zetasizer Nano Series (Malvern, British).

2.4. Adsorption experiments

2.4.1. Adsorption kinetics

Add 0.04 g MFe2O4 and 0.04 g MFe2O4-GO to two cop-
ies of 25.00 mL containing 40 mg·L–1 acridine orange solution 
with pH 9.0, respectively. At different adsorption time, the 
absorbance of the supernatant at 485 nm was determined, 
and the adsorption capacity was obtained by Eq. (1).

q
c c v
mt

t�
�� �0  (1)
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where qt (mg·g–1) is the adsorption capacity of adsorbent 
at time t, ct (mg·L–1) is the concentration of adsorbate at 
time t, c0 (mg·L–1) is the initial concentration of adsorbate, 
V (L) is the volume of solution, m (g) is the mass of adsorbent.

2.4.2. Adsorption isotherm

0.0100 g of MgFe2O4-GO were added to 25.00 mL of dif-
ferent concentrations of acridine orange solution (4, 16, 24, 
32, 40, 56, and 72 mg·L–1) with pH = 9.0, respectively. The 
absorbance of supernatant was determined at 485 nm after 
they were oscillated at 303 K for 12 h. The qe of MgFe2O4-GO 
was obtained by Eq. (2). The qe of MgFe2O4-GO at 313 
and 323 K were also obtained by the same method.

q
c c v
me

e�
�� �0  (2)

where qe is the adsorption capacity (mg·g–1) of adsorbent 
at equilibrium, ce is the concentration (mg·L–1) of adsorbate 
at equilibrium.

The adsorption isotherm of NiFe2O4-GO and 
CaFe2O4-GO were obtained by the same method.

2.4.3. Effect of pH

Add 0.0100 g MFe2O4-GO to 25.00 mL acridine orange 
solution (40 mg·L–1) with pH at 2.0–11.0, respectively. 
The other steps followed the determination of adsorption 
isotherm.

By the same method, the effect of NaCl concentra-
tion (0–100 mmol·L–1) on the adsorption performance of 
MFe2O4-GO was studied.

2.4.4. Reusability

0.01 g MgFe2O4-GO was added to 25.00 mL of 40 mg·L–1 
acridine orange solution with pH 9.0, which was shaked 
for 10 h at 303 K and absorbance of supernatant was deter-
mined at 485 nm. The adsorption capacity of MgFe2O4-GO 
was calculated according to Eq. (2). MgFe2O4-GO was 
soaked in 10 mL absolute ethanol for 4 h after magnetic 
separation, it was rinsed with distilled water for 5 times 
and dried. The second adsorption experiment was carried 
out as the above steps. The adsorption–desorption step 
was repeated for 6 times.

The reusability of NiFe2O4-GO and CaFe2O4-GO were 
determined by the same steps.

3. Results and discussion

3.1. Characterization of samples

3.1.1. Transmission electron microscope

High-resolution transmission electron microscope of 
CaFe2O4-GO, MgFe2O4-GO, and NiFe2O4-GO were deter-
mined to study the morphology and composition of 
MFe2O4-GO (M = Ca, Mg and Ni), as shown in Fig. 1. Fig. 1 
indicates that GO of MFe2O4-GO was thin layers and cov-
ered by a layer of particles, which was attributed to the 
loading of MFe2O4. CaFe2O4 particles were more dispersed, 

while MgFe2O4 and NiFe2O4 particles were more concen-
trated and clustered together. The high-resolution trans-
mission electron microscope image of Fig. 1 shows that 
of MFe2O4-GO have lattice spacing of 0.251 and 0.295 nm, 
which are consistent with (311) and (220) crystal planes 
of MFe2O4-GO. This result was confirmed by the X-ray 
diffraction pattern of MFe2O4-GO.

3.1.2. Fourier infrared spectrum

The infrared spectra of GO, MFe2O4 and MFe2O4-GO 
were measured, as shown in Fig. 2. The infrared absorp-
tion peaks of GO, MFe2O4 and MFe2O4-GO at 3,400 cm–1 are 
ascribed to –OH stretching vibrations of H2O molecules in 
Fig. 2. The peaks of GO at 1,633; 1,460 and 1,174 cm–1 cor-
respond to C=C stretching vibration, C–H bending (scissor-
ing) stretch vibration and C–O–C stretching vibration in 
GO structure (Fig. 2a). The absorption peaks of MFe2O4 
and MFe2O4-GO at 1,623 cm–1 correspond to the bending 
vibration of –OH caused by the presence of water mole-
cules [39]. The absorption peaks at 1,080 cm–1 of CaFe2O4 
and CaFe2O4-GO correspond to metal–alloy (Fe–Ca), and 
580 cm–1 are attributed to tetrahedral stretching vibration 
(Fe–O), indicating the existence of spinel structure CaFe2O4 
[40]. The absorption peaks of MgFe2O4, MgFe2O4-GO, 
NiFe2O4, NiFe2O4-GO were also observed at 580 cm–1, 
which belong to stretching vibration of Fe–O, indicating the 
existence of MgFe2O4 [41,42] and NiFe2O4 [43].

3.1.3. X-ray diffraction spectra

Fig. 3 shows the X-ray diffraction spectra of GO, MFe2O4 
and MFe2O4-GO. The strong diffraction peaks at 11.82° of 
the X-ray diffraction (XRD) spectra of GO correspond to 
the crystal planes of (001) in Fig. 3, indicating that the scale 
graphite has been converted into graphene oxide [44]. The 
X-ray diffraction spectra of CaFe2O4 show diffraction peaks 
at 2θ of 18.43°, 30.33°, 35.71°, 37.42°, 43.33°, 53.73°, 57.21° 
and 62.93°, which corresponding the crystal faces of (200), 
(220), (311), (222), (400), (422), (511) and (440) (JCPDS card: 
78–4321) [45]. In the XRD spectrum of CaFe2O4-GO, the dif-
fraction peaks of CaFe2O4 also appear. The X-ray diffraction 
spectra of MgFe2O4 show diffraction peaks at 2θ of 29.86°, 
35.33°, 42.90°, 53.34°, 56.82° and 62.49° with the corre-
sponding crystal faces of (220), (311), (400), (422), (511) and 
(440) (JCPDS card: 17-0406) [46]. In the XRD spectrum of 
MgFe2O4-GO, the diffraction peak of MgFe2O4 also appeared. 
The XRD spectra of NiFe2O4 showed diffraction peaks at 
2θ of 30.16°, 35.44°, 36.53°, 43.20°, 53.44°, 57.12° and 62.79° 
with the corresponding (220), (311), (222), (400), (42), (511) 
and (440) of crystal faces of NiFe2O4 (JCPDS card: 86-2267) 
[47]. But in the XRD spectrum of CaFe2O4-GO, MgFe2O4-GO 
and NiFe2O4-GO, the diffraction peak of GO is not obvi-
ous, because GO has the phenomenon of interlayer accu-
mulation with the growth of MFe2O4 (M = Ca, Mg and Ni)  
crystal [48].

3.1.4. Specific surface area and aperture analysis

Brunauer–Emmett–Teller (BET) surface area and 
porosity of MFe2O4-GO were evaluated by N2 adsorption/



177H. Wang et al. / Desalination and Water Treatment 298 (2023) 174–183

desorption measurements (Fig. 4). Specifically, the BET 
surface area of MgFe2O4-GO (59.5 m2·g–1) is larger than 
CaFe2O4-GO (33.7 m2·g–1) and NiFe2O4-GO (17.1 m2·g–1). 
Barrett–Joyner–Halenda adsorption average pore diameter 
of MgFe2O4-GO (20.1 nm) was narrower than CaFe2O4-GO 
(22.7 nm) and NiFe2O4-GO (25.2 nm), and pore volume of 
MgFe2O4-GO (0.3504 cm3·g–1) was larger than CaFe2O4-GO 
(0.2510 cm3·g–1) and NiFe2O4-GO (0.1212 cm3·g–1). So the large 
specific surface and porosity of MgFe2O4-GO can offer lots of 
adsorption sites and promote the diffusion of the adsorbed 
solution, helping enhance the adsorption performance.

3.1.5. Thermogravimetric analysis

The stability of MFe2O4 and MFe2O4-GO in nitro-
gen was determined by thermogravimetry, as shown in 
Fig. 5. The thermogravimetry curves of MFe2O4 are basically 
unchanged compared with that of MFe2O4-GO in Fig. 5. 
The mass loss of MFe2O4-GO is larger with the change of 
temperature, mainly because of the existence of GO. When 
the temperature rises from room temperature to 200°C, it is 

Fig. 2. Fourier-transform infrared spectra of GO (a), NiFe2O4 
(b), NiFe2O4-GO (c), MgFe2O4 (d), MgFe2O4-GO (e), CaFe2O4 
(f) and CaFe2O4-GO (g).

Fig. 1. High-resolution transmission electron microscope of CaFe2O4-GO (a,b), MgFe2O4-GO (c,d), and NiFe2O4-GO (e,f).
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mainly the loss of absorbed water. When the temperature 
is 200°C–500°C, it is the loss caused by the decomposition 
of oxygen-containing groups in MFe2O4-GO. When the 
temperature exceeds 500°C, the weight loss of MFe2O4-GO 
is low. The final weight loss of CaFe2O4 and CaFe2O4-GO 
were 14.44% and 36.08%, the weight loss of MgFe2O4 and 
MgFe2O4-GO were 8.57% and 40.06%, the weight loss of 
NiFe2O4 and NiFe2O4-GO were 23.50% and 46.99%, respec-
tively. The order of weight loss of MFe2O4-GO is: NiFe2O4-G
O > MgFe2O4-GO > CaFe2O4-GO.

3.1.6. Magnetic analysis

Hysteresis loops of MFe2O4-GO (M = Ca, Mg and Ni) 
are shown in Fig. 6. As can be seen from Fig. 6, MFe2O4-GO 
(M = Ca, Mg and Ni) all have strong magnetic properties, 
and the order of the magnetic is: NiFe2O4-GO > CaFe2O4
-GO > MgFe2O4-GO.

3.2. Adsorption experiments

3.2.1. Comparison of adsorption performance

Adsorption performance of MFe2O4-GO (M = Ca, Mg 
and Ni) for acridine orange were compared with MFe2O4 
(M = Ca, Mg and Ni), as shown in Fig. 7. Fig. 7 indicates 
that adsorption capacity of MFe2O4-GO (M = Ca, Mg and 
Ni) for acridine orange were higher than MFe2O4 (M = Ca, 
Mg and Ni), mainly due to the addition of GO. In particu-
lar, the adsorption capacity of MgFe2O4-GO capacity is the  
largest.

3.2.2. Adsorption kinetics

The adsorption kinetics of MFe2O4-GO (M = Ca, Mg and 
Ni) for acridine orange at pH 9.0 were studied, as shown 
in Fig. 8. Fig. 8 displays that when the adsorption time 
reaches 300 min, the adsorption capacity of MFe2O4-GO 
will not increase anymore and the adsorption will reach 
equilibrium. The adsorption kinetics were fitted by the 
pseudo-first-order kinetics model and the pseudo-second- 
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order kinetics model, which can be expressed as Eqs. (3)  
and (4):

log log
.

q q q K t
e t e�� � � � 1 2 303

 (3)

t
q K q

t
qt e e

� �
1

2
2  (4)

where K1 is the pseudo-first-order adsorption rate constant, 
K2 is the pseudo-second-order adsorption rate constant.

Adsorption kinetic parameters of acridine orange on 
MFe2O4-GO (M = Ca, Mg and Ni) at 303 K are displayed in 
Table 1. The linear correlation coefficient (R2) of the pseu-
do-second-order kinetic curve of MFe2O4-GO (M = Ca, Mg 
and Ni) is larger than that of the pseudo-first-order kinetic 
curve, and qe of MFe2O4-GO (M = Ca, Mg and Ni) calcu-
lated from the pseudo-second-order kinetic curve is close 
to qeqex, so the adsorption of MFe2O4-GO (M = Ca, Mg and 
Ni) for acridine orange is more in line with the pseudo- 
second-order kinetic model.

3.2.3. Adsorption isotherm

The adsorption isotherm of MFe2O4-GO (M = Ca, Mg 
and Ni) for acridine orange at 293, 303 and 313 K were 
studied, as shown in Fig. 9.

On the basis of the classical Langmuir and Freundlich 
adsorption isotherm models, the experimental data of 
MFe2O4-GO (M = Ca, Mg and Ni) for acridine orange were 
fitted. For ideal monolayer adsorption, the Langmuir 
equation is as follows:

c
q q K

c
q

e

e m L

e

m

� �
1  (5)

The Freundlich isothermal adsorption model is not 
limited to single-layer adsorption, which can be used in 
the case of uneven surfaces. The Freundlich equation is as 
follows:

Fig. 7. Comparison of adsorption capacity 1-CaFe2O4/
CaFe2O4-GO; 2-MgFe2O4/MgFe2O4-GO; 3-NiFe2O4/NiFe2O4-GO. Fig. 8. Adsorption kinetics of MFe2O4-GO (M = Ca, Mg and Ni).

Fig. 6. Magnetic hysteresis loop of CaFe2O4-GO, MgFe2O4-GO, 
NiFe2O4-GO.

Table 1
Adsorption kinetic parameters of MFe2O4-GO (M = Ca, Mg and Ni) at 303 K

Adsorbent qeqex 
(mg·g–1)

Pseudo-first-order kinetics model Pseudo-second-order kinetics model

K1 (×102 min–1) qe (mg·g–1) R2 K2 (×103 g·mg–1·min–1) qe (mg·g–1) R2

CaFe2O4-GO 57.94 0.6586 31.73 0.9909 0.6224 58.51 0.9961
MgFe2O4-GO 62.55 0.6633 34.65 0.9620 0.6432 61.65 0.9913
NiFe2O4-GO 60.80 0.6702 33.92 0.9689 0.6535 60.10 0.9926
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In Eqs. (5) and (6), qmax (mg·g–1) is the maximum 
adsorption capacity, KL (L·mg–1) is the adsorption con-
stants of Langmuir equation, KF ((mg·g–1)(mg·L–1)1/n) is the 
adsorption constants of Freundlich equation, n is the tem-
perature related constant. It is generally considered that 
it is easy to adsorb when 0.1 < 1/n < 0.5, the adsorption is 

difficult when 1/n > 2. Adsorption isothermal parameters 
of MFe2O4-GO (M = Ca, Mg and Ni) are shown in Table 2.

Table 2 shows that coefficient of linear correlation (R2) of 
the Freundlich isotherm model is closer to 1, with a higher 
degree of linear fit, showing that the sample is a mono-
layer adsorption structure with uniform distribution of 
active adsorption sites.

3.2.4. Effect of pH

The adsorption capacity of MFe2O4-GO (M = Ca, Mg 
and Ni) for acridine orange was studied with the pH from 
2.0 to 11.0, as shown in Fig. 10. The adsorption capacity 
of MFe2O4-GO (M = Ca, Mg and Ni) on acridine orange 
increased gradually with pH from 2.0 to 9.0, and with pH 
from 9.0 to 11.0, the adsorption capacity of MFe2O4-GO 
(M = Ca, Mg and Ni) on acridine orange decreased gradu-
ally. The optimum pH of MFe2O4-GO (M = Ca, Mg and Ni) 
for acridine orange adsorption was 9.0.

The influence of pH on the adsorption capacity of 
MFe2O4-GO (M = Ca, Mg and Ni) is also connected with 
the surface charge and structure of acridine orange. acri-
dine orange is a cationic dye with a positive surface charge. 
At the optimal pH, the surface of MFe2O4-GO (M = Ca, Mg 
and Ni) is negatively charged because of the presence of –
COO– and –CO–. The adsorption capacity of MFe2O4-GO 
(M = Ca, Mg and Ni) for acridine orange was the largest 
because MFe2O4-GO had the highest electrostatic attrac-
tion with acridine orange. At pH 9.0, the zeta potentials of 
MgFe2O4-GO, CaFe2O4-GO and NiFe2O4-GO were –32.05, 
–22.95 and –17.8 mV, respectively. The order of zeta poten-
tials and the specific surface of MFe2O4-GO (M = Ca, Mg 
and Ni) is inconsistent with the order of adsorption capacity 
MFe2O4-GO (M = Ca, Mg and Ni), which is because adsorp-
tion plays a leading role in the removal process of acridine 
orange by MFe2O4-GO (M = Ca, Mg and Ni), there is also 
a photocatalytic effect of MFe2O4 (M = Ca, Mg and Ni) [49].

3.2.5. Effect of NaCl

The influence of NaCl on the adsorption performance 
of MFe2O4-GO (M = Ca, Mg and Ni) is shown in Fig. 11. In 
the range of 0~100 mmol·L–1 NaCl concentration, the effect 
trend of NaCl concentration on MFe2O4-GO (M = Ca, Mg and 
Ni) adsorption capacity is similar. With the increase of NaCl 
concentration, the adsorption capacity of MFe2O4-GO for 
acridine orange gradually decreases, and finally remained 
unchanged, which further indicated that the adsorption 
capacity of MFe2O4-GO for acridine orange was mainly 
affected by electrostatic interaction, and there may be other 
forces involved.

3.2.6. Recyclability

Fig. 12 shows the change of adsorption capacity of 
MFe2O4-GO (M = Ca, Mg and Ni) for acridine orange after 
repeated adsorption for six times. It is observed that the 
initial adsorption capacity of CaFe2O4-GO, MgFe2O4-GO 
and NiFe2O4-GO for acridine orange were 50.84, 54.91 
and 52.84 mg·g–1, respectively. With the increase of 

(a)

(b)

(c)

Fig. 9. Adsorption isotherm of CaFe2O4-GO (a), MgFe2O4-GO 
(b) and NiFe2O4-GO (c).
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adsorption times, the adsorption capacity of MFe2O4-GO for 
acridine orange decreased slightly. The adsorption capacity 
of CaFe2O4-GO, MgFe2O4-GO and NiFe2O4-GO for acridine 
orange was 21.94, 17.63 and 18.59 mg·g–1 at the sixth cycles, 

Table 2
Adsorption isothermal parameters of MFe2O4-GO at 303, 313 and 323 K

Adsorbent T (K) Langmuir equation Freundlich equation

qm (mg·g–1) KL (L·mg–1) R2 KF (mg·g–1)(mg·L–1)1/n n R2

CaFe2O4-GO
303 74.72 0.06717 0.9316 10.12 2.159 0.9897
313 78.89 0.08901 0.9070 13.26 2.335 0.9915
323 83.27 0.1224 0.9005 17.31 2.539 0.9946

MgFe2O4-GO
303 110.1 0.04047 0.9845 8.497 1.751 0.9969
313 113.9 0.05404 0.9911 11.21 1.861 0.9951
323 117.7 0.07137 0.9916 14.65 2.000 0.9948

NiFe2O4-GO
303 103.6 0.02910 0.9933 5.909 1.638 0.9983
313 107.5 0.03840 0.9827 8.085 1.753 0.9982
323 110.2 0.05514 0.9760 11.61 1.925 0.9980

(a)

(b)

Fig. 10. Effect of pH on (a) adsorption capacity and (b) zeta 
potential of MFe2O4-GO (M = Ca, Mg and Ni).

Fig. 11. Effect of NaCl on adsorption capacity of MFe2O4-GO 
(M = Ca, Mg and Ni).

Fig. 12. Reusability of MFe2O4-GO (M = Ca, Mg and Ni).



H. Wang et al. / Desalination and Water Treatment 298 (2023) 174–183182

indicating that CaFe2O4-GO, MgFe2O4-GO and NiFe2O4-GO 
could repeatedly adsorb acridine orange for five times.

4. Conclusion

MFe2O4-GO (M = Ca, Mg and Ni) composites were pre-
pared by solvothermal method. The adsorption capacity of 
MFe2O4-GO (M = Ca, Mg and Ni) for acridine orange were 
investigated. The experimental results showed that the 
adsorption capacity of MFe2O4-GO (M = Ca, Mg and Ni) 
for acridine orange was significantly higher than that of 
MFe2O4. The adsorption of MFe2O4-GO for acridine orange 
conforms to pseudo-second-order kinetics model and 
Freundlich isothermal model. The adsorption of MFe2O4-GO 
for acridine orange was mainly by electrostatic attraction, 
and MFe2O4-GO could be reused for five times.
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