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a b s t r a c t
Magnetically functionalized attapulgite (ATP) was synthesized by loading Fe3O4 onto ATP via 
co-precipitation method. The surface functional groups, thermal stability, microstructure, morphol-
ogy, and magnetic properties of the samples were measured by Fourier-transform infrared spectros-
copy, thermogravimetric analysis, X-ray diffraction, scanning electron microscope and vibrating 
magnetometer, respectively. The oil removal and recovery of magnetic ATP for oil-in-water emulsion 
was investigated. The results show that the magnetic ATP exhibits a saturation magnetization Ms of 
1.5 emu/g, the coercivity Hc of 10 Oe and the residual magnetization Mr of 0.03 emu/g. In addition, 
the thermal stability and the dispersibility in oil-water emulsion of ATP is significantly improved 
by Fe3O4 modification. The adsorption capacity of ATP for emulsified oil slightly decreases from 
8.14 to 7.16 mg/g after Fe3O4 modification, regardless of the effect of acid treatment or increment of 
loading amount. In particular, the modified ATP is easily recovered by an external magnetic field.
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1. Introduction

Oily wastewater is widely by-produced from almost 
all sections of mankind’s daily life, industrial produc-
tion, as well as some unexpected accidents [1]. The ran-
dom discharge of oily wastewater will certainly cause 
serious pollution to the water bodies, deterioration to 
climate change and the huge threat to human health [2]. 
Therefore, great effort has been paid for the treatment of 
oily wastewater. Overall, the treatment technologies of 
oily wastewater mainly include physical method, chem-
ical method and biological method [3]. Chemical method 
is frequently restricted by the disadvantages of large 
dosage of chemical addition and risk of secondary pol-
lution to environment [4,5]. Besides, biological method is 
commonly suffered by the drawbacks of high capital for 
investment and maintenance, complex construction and 
tedious sludge cleaning [6]. In contrast, physical method, 

for example, adsorption, is more easy implementation, 
low cost and high efficiency for treating oily wastewater, 
although it usually exhibits inferior selectivity and short 
service life [3]. Adsorption mainly relies on the preferen-
tial adsorption of adsorbents towards specific adsorbates 
in the solution through physical or chemical interactions 
so as to separate them from the solution [7]. Therefore, the 
structural characteristics and surface properties of adsor-
bents play a crucial role in the determination of separation 
efficiency and economical competition of adsorption tech-
nology [8]. As such, the development of efficient adsor-
bents is an everlasting key issue of adsorption technology.

Attapulgite (ATP) is an excellent natural mineral soil 
with extremely abundant reserves in nature and greatly 
promising prospects for applications [9–11]. ATP is 
widely used as carriers of industrial catalyst, adsorbents 
of heavy metal particles, decolorant of colored liquids, as 
well as the remedy agent of environmental pollution and 
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wastewater treatment, etc. [11–13]. As an adsorbent, ATP is 
frequently suffered from the issues of recovery and recycle in 
practice especially for fine particles [14]. As a matter of fact, 
fine particles are more favorable for the removal efficiency 
of pollutants due to the increased specific area and reduced 
intrapaticulate transport resistance [15]. Unfortunately, 
it would be more difficult for recycling the spent ATP 
from water or even resulting into secondary pollution in 
application as the result of diminishing particle size [16].

In order to overcome this issue, magnetically functional 
adsorbents have gained much interest in recent years [17,18]. 
By this means, it could easily control the distribution of 
adsorbents during adsorption and conveniently recovery 
them from aqueous solution by external magnetic force, and 
thereby increases the separation efficiency, added-value and 
performance-cost ratios of adsorbents [19].

Generally speaking, magnetic adsorbents can be pro-
duced by solvothermal method, co-precipitation method, 
physical transformation method, etc. [20]. Among them, the 
co-precipitation method is more promising owing to the sim-
ple route, short time, low cost, and mild reaction conditions 
during preparation [21]. Liu et al. [22] prepared attapulg-
ite/Fe3O4 magnetic nanomaterials by co-precipitation tech-
nique, which was proposed to be potential for the magnetic 
fluid and the biological medicine field. Deng et al. [23] syn-
thesized magnetic ATP with an excellent magnetism for 
propranol removal. Wang et al. [20] prepared a novel envi-
ronmental-friendly nanocomposite magnetic ATP function-
alized by chitosan and EDTA for cadmium(II) removal, with 
the maximum cadmium adsorption capacity of 127.79 mg/g. 
Niu et al. [24] modified ATP by magnetic metal–organic 
frameworks for magnetic solid phase extraction and deter-
minations of benzoylurea insecticides in tea infusions, with 
a rapid and efficient extraction as well as good recycling 
stability. Ji et al. [25] eliminated aflatoxin B1 from contami-
nated peanut oils with an optimum removal of 86.82% using 
magnetic ATP made by impregnation precipitation method. 
All in all, the documents have demonstrated that magnetic 
ATP adsorbents have shown quite feasible and promising 
prospect for the removal of various pollutants in wastewa-
ter by adsorption. Nevertheless, no work has conducted for 
the treatment of oily wastewater with magnetic ATP so far 
to the best of our knowledge.

Here, an attempt was made for the first time to treat 
oil-water emulsion by magnetic ATP synthesized by 
chemical co-precipitation method. Moreover, the possible 
adsorption behavior of oils onto the as-prepared mag-
netic ATP was roughly investigated with respect to ther-
modynamics and kinetics. We are sure that the present 
work would lay a theoretical and practical foundation for 
promising applications of functionalized ATP adsorbents 
in related fields.

2. Experimental

2.1. Raw materials

The main raw materials used are: ATP powder (average 
particle size of 7.0 μm) produced from Jiangsu Yitai (China), 
FeCl3·6H2O (AR) from Tianjin Runjinte Chemical Co., Ltd., 
(China), FeSO4·7H2O (AR) from Tianjin Bodi Chemical Co., 

Ltd., (China), ammonia water NH3·H2O (GR) from Sinopharm 
Group Chemical Reagent Co., Ltd., (China), hydrochlo-
ric acid (GR) and absolute ethanol (AR) from Tianjin Fuyu 
Fine Chemical Co., Ltd., (China). In addition, the crude oil 
from Russia Turmin oil field was offered by PetroChina 
Liaoyang Petrochemical Company.

2.2. Preparation of magnetic ATP

Here, classical co-precipitation method was used to 
prepare magnetic ATP [22,26]. First of all, 8.34 g of ATP 
was put into a bottle of 200 mL HCl with 5 wt.% concen-
tration and then kept stirring for 2 h. After setting down 
and skimming off the supernatant, the remaining sample 
was repeatedly washed with distilled water until to neu-
trality. Then, a solid product of acid-purified ATP was 
obtained by filtration of the liquid phase. Subsequently, 
the product was dried at 100°C for 2 h and screened 
by a 100-mesh sieve (<150 μm) for use.

After that, 2 g ATP was dispersed into a beaker con-
taining 50 mL absolute ethanol to form a suspension. 
Then, 0.47 g or 0.7 g FeCl3 was dissolved into the above 
suspension, followed by ultrasonic dispersion for 30 min. 
At the same time, 0.47 g or 0.7 g FeSO4 was dissolved in 
another 5 mL distilled water to obtain Fe2+ solution. The 
latter solution was quickly mixed into the former ATP-
FeCl3 suspension. Furthermore, NH3·H2O was slowly 
dropped into the suspension under vigorously stirring 
till to the solution turns dark green. At this moment, the 
solution was quickly transferred to a 90°C water bath and 
allowed for natural crystallization for 1 h. Finally, the solid 
samples were washed alternately with distilled water 
and absolute ethanol to neutrality, and then dried at 60°C 
to remove remaining moisture.

For convenience, the samples were marked with H-ATP/
Fe3O4(x), referring to the acid-treated ATP with loading x% 
of Fe3O4. Where, x means the magnetic loading amount 
(20 and 30 wt.%).

2.3. Application for oily wastewater treatment

2.3.1. Configuration of oil-water emulsion

A tiny amount of crude oil was dropped into a beaker 
containing double-distilled water. Then, uniform emulsion 
was formed by fully smashing the crude oil into tiny sus-
pended droplets with ultrasonic dispersion. Finally, it was 
diluted to a 100 mg/L solution. The oil-water mixture by 
such processes could remain steady at an average drop-
let size of ca.535 μm for several days, presenting a typical 
characteristic of oil-in-water emulsion [27].

2.3.2. Determination of oil removal by adsorption

The experiment was conducted by taking 1.0 g ATP 
as adsorbent in an Erlenmeyer flask containing 100 mL 
oil-water emulsion. The flask was kept shaking at 30°C for 
1 h in a constant-temperature water bath shaker (SHA-C 
type, Changzhou Guohua Electric Co., Ltd., China). After 
adsorption, the spent ATP was easily aggregated and 
recovered from the solution with the help of an external 
magnetic field.
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According to the concentrations of the solution before 
and after adsorption, the adsorption capacity for oils was 
calculated by Eq. (1). Here, the concentration was measured 
by a UV-visible spectrophotometer (model UV-1800.PC).
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Besides, the oil removal percent (R) was estimated using 
Eq. (2).
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where Ma the adsorption capacity (mg/g), R the oil removal 
percent (%), Cf and Ca the emulsified oil concentration 
of oily wastewater before and after adsorption (mg/L), 
respectively.

2.4. Sample characterization

The morphology of the samples was observed by scan-
ning electron microscope (SEM, JEM-7500F cold field- 
emission SEM, JEOL Company) and transmission electron 
microscope (TEM, JEM-2100 by JEOL Company).

The thermal stability of the samples was measured by a 
thermogravimetric analyzer (TGA, TGA 4000, PerkinElmer, 
USA).

The microstructure of the samples was detected by an 
X-ray powder diffractometer (XRD, X’Pert Pro MPD type, 
PHILIPS, Netherlands).

The functional groups on the sample surface were 
inspected by a Fourier-transform infrared spectrometer 
(FTIR, TENSOR II type, Bruker, Germany).

The magnetic property of the magnetic compositions 
was detected by a 7400 vibrating sample magnetic (VSM) 
intensity analyzer (Shanghai Yihong Scientific Instrument 
Co., Ltd.) through the induced electron potential that was 
produced in the built-in coil of the instrument by repeatedly 
and rapidly vibrating the sample in a magnetic field.

3. Results and discussion

3.1. Structure and property analysis

3.1.1. Surface functional groups

Fig. 1 shows the FTIR spectra. In the original ATP spec-
trum, the characteristic absorption peaks can be clearly 
seen for carbonate impurities at 1,420, 875, and 730 cm–1, 
and the stretching vibration of Si–O bond in the SiO2 frame-
work at 1,080 cm–1, the bending vibration of –OH in the 
aluminum-oxygen octahedron at 827 cm–1, the vibration 
of silicon-oxygen structure at 563 cm–1, and the charac-
teristic peak of O–Si–O bond at 465 cm–1 [20]. After acid 
treatment, the peaks for carbonate impurity at 1,420 and 
875 cm–1 disappear, indicating that those species have been 
successfully eroded [28]. At the same time, the vibration 
peaks of surface silicon-oxygen stretching and the bend-
ing vibration peak of hydroxyl in the aluminum oxide 

octahedron are enhanced because more of the main skele-
ton structure is exposed on the surface of ATP.

By contrast, the spectrum profile of the magnetized 
ATP is almost identical to the original ATP. However, the 
peak intensity of Fe–O for the former is reduced due to the 
overlap of the Fe–O bond characteristic peaks (540, 558, 
and 555 cm–1) in Fe3O4 with the bending vibration peak of 
Si–O–Si (563 cm–1) in ATP.

In addition, compared with acid-modified ATP, the 
characteristic peaks of magnetized ATP are enhanced at 
1,080, 827, 551, and 449 cm–1, while the position for the lat-
ter slightly shifts at 449 cm–1. The reason is that the over-
lapping of vibration peak of Fe–O (539 cm–1) in magnetized 
ATP with the typical absorption peaks of ATP. It confirms 
the successful loading of Fe3O4 in the magnetized ATP.

3.1.2. Morphology observation

Fig. 2 shows the SEM and TEM images of ATP. The orig-
inal ATP has a number of irregular lumpy particles, that is, 
dense agglomerated impurities of carbonate crystals and 
calcium oxide on the surface and inside of ATP. The crys-
tal impurities are tightly wrapped on the surface appear-
ance of ATP, resulting into the resistance of exposing active 
ingredients towards surrounding medium [20]. After acid 
treatment, a part of ATP with rod-like morphology is dis-
closed although most of them are still in flake shape on the 
whole. It suggests that a portion of impurities has been elim-
inated [29]. This is consistent with the above FTIR analysis.

In contrast, more finely granular deposits can be found 
on the surface of magnetized ATP. It is identified as Fe3O4 
grains with a particle size of less than 50 nm from the locally 
magnified images, which are derived from the hydroly-
sis and crystallization on the surface of ATP [20]. These 
magnetic particles are uniformly deposited on the sur-
face of ATP, which will definitely affect the pore structure, 
surface morphology and adsorption properties.

Besides, the TEM images also confirm that a large 
amount of amorphous salts present on the surface of the 
original ATP. After acid washing, some regular microstruc-
tural morphological structures are uncovered, especially 
the presence of a large amount of Fe3O4 features for mag-
neticalized ATP.

3.1.3. Microstructure analysis

As shown in Fig. 3, the diffraction peaks in XRD pat-
terns of ATP can be assigned as the typically microstruc-
tural reflections for (200), (310), (400), (102), and (600) 
planes at 2θ = 13.7°, 21.5°, 27.5°, 34.5°, and 42.5°, respec-
tively [19]. Judging by the weak peak intensities of ATP 
and H-ATP, the crystallinity of the original ATP is quite 
low. In particular, many of the above-mentioned dif-
fraction peaks of original ATP are concealed by a large 
amount of impurities, for example, carbonates [25]. As a 
consequence, the effective framework of original ATP does 
not work completely. After acid purification, some local 
ATP skeleton is exposed due to the impurities removal. 
This is consistent with the results discussed earlier.

For ATP loaded with Fe3O4, most of the characteristic 
diffraction peaks of ATP are reduced due to the masking 
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effect of Fe3O4. This can be confirmed by the presence of 
the typical diffraction peak of Fe3O4 in the patterns. In sum-
mary, the microstructure analysis has shown that Fe3O4 
magnetically functionalized ATP was successfully prepared.

3.1.4. Thermal stability analysis

Fig. 4 shows the thermal weight loss of samples in the 
pyrolysis temperature range of 100°C–800°C. For original 
ATP, the weight loss successively increases to 6% in the 

temperature range of 100°C–600°C, due to the removal 
of adsorbed water and crystal water in ATP [30]. In addi-
tion, another weight loss of 4% between 600°C–800°C is 
attributed to the decomposition of impurities such as car-
bonate in ATP. Despite acid treatment, the profile of weight 
loss curve of H-ATP does not change obviously compared 
with the pristine one, but the weight loss is significantly 
reduced in magnitude by nearly 50%. It means that the 
impurities of the original ATP contribute more than half of 
the overall weight loss.

Interestingly, the weight loss curves of ATP/Fe3O4 and 
the original ATP are intercrossed at 650°C. This suggests that 
the pyrolysis behavior of ATP has affected by the incorpo-
ration of Fe3O4. In actual, some impurities in ATP react with 
Fe3O4 before 650°C, along with the release of reduced gases 
(e.g., CO2, etc.) and production of ferrous oxide or iron ele-
ment, resulting into some weight loss. Differently, the over-
all thermal stability is rather stable when ATP is loaded with 
more Fe3O4 (20%–30%). Therefore, the weight loss remains 
nearly unchanged after 650°C. Similarly, the comparison 
of H-ATP and H-ATP/Fe3O4 samples proves that loading 
Fe3O4 significantly enhances the thermal stability of ATP.

In addition, the spent ATP/Fe3O4 is more thermally 
stable than the pristine ATP before 650°C. Oppositely, 
the thermal degradation curve of the former drops rap-
idly as the temperature further increases. Above 720°C, 
the weight loss of spent ATP/Fe3O4 becomes lower than 
the pristine one. This change tendency continues to keep 
decreasing sharply until to the final pyrolysis temperature 
of 800°C. The reason is that the oil layer deposited on the 
surface of the adsorbent transforms into a dense carbon 
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Fig. 2. Electron micrographs of the samples. SEM: (a) original ATP, (b) HCl-ATP, (c) H-ATP/Fe3O4; TEM: (d) original ATP, (e) HCl-ATP, 
(f) H-ATP/Fe3O4.
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layer under low pyrolysis temperature, which retards 
the thermal decomposition of impurities in ATP and 
the reduction reaction of Fe3O4. Meanwhile, the thermal 
decomposition reaction occurs rapidly with a large weight 
loss when the temperature further increases above 650°C 
due to the rupture of surface carbon layer as the result 
of particle expanding and the quick occurrence of thermal 
degradation.

3.1.5. Magnetic performance analysis

Fig. 5 shows the VSM hysteresis loop of the sample ATP/
Fe3O4. The as-prepared magnetic ATP exhibits quite well 
ferromagnetism. The hysteresis loop is an S-shaped curve. 
Namely, the magnetic properties of ATP/Fe3O4 gradually 
increase and finally reach equilibrium as the intensity of the 
applied external magnetic field increases. At the same time, 
the intensity of ATP/Fe3O4 also reaches to another equilibrium 
state when the reverse magnetic field is applied. According 

to the calculation results, the values of hysteresis para-
meters are coercivity Hc = 10 Oe, remanent Mr = 0.03 emu/g, 
magnetization Ms = 1.5 emu/g, respectively. Those values 
are comparable to the data in literature [19].

As a matter of fact, the coercivity of the synthesized 
magnetic ATP is a bit of little, which is in accordance to 
the paramagnetic characteristics. It is ascribed to the small 
particle size of the ferroferric oxide crystal on the surface 
of ATP. In summary, the above result has verified that the 
ATP is typical ferrimagnetism belonging to a standard 
soft magnetic material, which is consistent with the mag-
netic properties of small particle size ferroferric oxide [20]. 
For such magnetic materials, the inside magnetons will be 
arranged in anti-parallel with the net magnetization of none 
zero if no external magnetic field is applied. Therefore, 
the outstanding magnetic property of ATP can ensure the 
effective recovery from water by external magnetic field.

3.2. Separation of oil-water emulsion

3.2.1. Adsorption results

Fig. 6 shows the adsorption capacity and removal 
rate of emulsified oil for the as-produced ATP samples. 
The adsorption amount and removal rate of ATP/Fe3O4 
composites are somewhat inferior to those of the original 
ATP. For example, the adsorption capacity decreases from 
8.14 mg/g of original ATP to 7.16 mg/g of ATP/Fe3O4 (20%), 
together with the reduction of oil removal rate from 81.37% 
to 71.57%. Moreover, the decreasing trend is steeper with 
increasing the loading amount of Fe3O4. In particular, the 
acid treated ATP is greatly reduced by four times. This 
result is in good agreement with reports on ATP modi-
fied with magnetic materials for adsorption of other sys-
tems [13]. The decrease in adsorption capacity is related 
to the adsorption mechanism of modified ATP. It is spec-
ulated that the present ATP mainly relies on the physical 
adsorption closely related to the specific surface area. Wang 
et al. [31] found that the specific surface area decreased 
from 137 to 114 m2/g when ATP was loaded with MgO. 
Likewise, loading Fe3O4 certainly reduces the specific sur-
face area and the amount of adsorption active sites of ATP. 
Therefore, it is suggested that future research direction 
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on the surface modification of such adsorbents should be 
devoted to the introduction of magnetically functional 
groups, ion exchange, electrostatic attraction or chelation, 
to remove pollutants [16].

Anyhow, the oil removal performance of present func-
tionalized ATP is comparable to that of reports as shown 
in Table 1 [32–40]. Although their benchmarks are largely 
different, the results may also insight into the potential 
use of the as-prepared ATP in the field of oily wastewater 
treatment, in addition to the easy recovery properties as 
will be discussed in the later section of this work.

Apart from the structure and properties of the adsorbent 
itself, the adsorption efficiency is also tightly associated 
with the operation factors such as the adsorbent dos-
age, contact time, adsorption temperature, pH value, 
etc. [41,42]. Usually, the adsorbate removal would be 
increased with elevating the adsorbent dosage due to the 
improvement of accessible adsorption sites. Oppositely, 
the adsorption capacity of adsorbents might be reduced if 
the adsorbent dosage is extremely high owing to the par-
ticulate overlapping and aggregation that tends to dimin-
ish the effective adsorption sites in a given volume [43]. 
Therefore, the adoption of optimum adsorbent dosage is 
favorable not only for improving the adsorption efficiency 

but also for minimizing the operation cost. In contrast 
to dosage, the control of contact time is easier except for 
reserving sufficient span time for approaching adsorption 
saturation of adsorbents during batch experiments. In case 
of temperature, it is most likely to increase the diffusion 
rate of adsorbates and easily achieve the equilibrium state 
at higher temperature. However, the negative aspect is 
promoting desorption of adsorbates from adsorbents at 
the same time. Consequently, in order to reach a higher 
adsorption capacity, it is suggested to conduct adsorption 
at lower temperature and prolonger time [44]. Besides, 
pH values of solution might also take effects on the sur-
face properties and binding sites of the adsorbent so as to 
influence the oil removal. In common, the oil droplets in 
emulsions are negatively charged, therefore, the stability 
of emulsions can be reduced and aggregation promoted by 
charge neutralization. It was found that a decrease in pH 
can reduce the zeta potential, which affects the stability of 
emulsions, thus leading to breakage and thus formation 
of larger oil droplets and improving the adsorption of oil 
by adsorbent materials [45]. On the contrary, alkaline con-
ditions might be capable of saponification reactions that 
lead to hydrolysis of the oil, while acidic conditions can 
open some pores that are blocked by adsorbents, which 
in turn improve the adsorption capacity and facilitate the 
adsorption of the oil [46]. Amazingly, there are some adsor-
bents that have no effect on the change of pH value [47]. 
In the treatment of oily wastewater, the adsorption mate-
rial that does not require pH adjustment to achieve a good 
adsorption effect should be selected as much as possible. 
This is favorable for both simplifying the treatment pro-
cess of oily wastewater and reducing the treatment cost.

Among the various operating parameters, statisti-
cal methods are applicable for variance analysis in order 
to rank their sequence [48,49]. For instance, Ahmadpour 
et al. [50] found that the factors followed the order of cat-
alyst dose > DCF concentration > pH > aeration and mag-
netic stirrer during the study of photocatalytic degradation 
of pharmaceutical pollutant by applying a statistical analysis 
methodology.

In short, the selection of the adsorption conditions 
used in this work was based on the properties and perfor-
mance of some similar adsorbents in reports [32,34,37,39]. 
Nevertheless, in order to fully understand the relevant 
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adsorption mechanism, further in-depth and systematic 
experimental studies are needed in the future.

The photos in Fig. 7 have shown that the present ATP/
Fe3O4 is well remained a suspension state for a long time 
because of the excellent dispersibility in oil-water emulsion 
compared with original ATP. On the contrary, the pristine 
ATP has quickly settled down to the bottom of the emulsion 
after 10 min.

Anyhow, it needs certain time for spent ATP to regen-
erate its adsorption performance. Thus, it is of more prac-
tical significance if the ATP is made into a filter membrane 
material. At present, our research group is carrying out the 
related work.

3.2.2. Adsorbent recovery

As shown in Fig. 8, the dark brown fine particles of mag-
netic ATP adsorbed by the oil droplets obviously aggregate 
together on the magnet when the neodymium-iron-boron 
strong magnet is put into the emulsion. As such, it makes 
the recovery of ATP more efficient and rapid. After 5 min, 
the solution becomes clear and transparent, indicating that 
the adsorbent and the liquid solution are completely sepa-
rated with quite well recovery efficiency [51]. Differently, 
the pure ATP can only be separated from the liquid by 
natural sedimentation or centrifugal separation with more 

tedious equipment and operations, let alone the incomplete 
recovery of the spent ATP from solution [13].

3.2.3. Theoretical analysis

Generally, there are three most popular isotherm mod-
els to depict the adsorption behaviors, that is, Langmuir, 
Freundlich and Temkin [51]. As shown in Table 2, most 
oil-water adsorption systems obey the isotherm models 
of Langmuir and Freundlich, but Temkin [32,36,37,46,47]. 
It suggests that the process of oil adsorption on solid 
adsorbents is mainly governed by the monolayer adsorp-
tion on the homogeneous surface or multilayer adsorp-
tion on the heterogonous surface by physisorption rather 
than chemisorption [52].

The study of adsorption kinetics is mainly used to 
describe the adsorption rate of the adsorbent on the sol-
ute and determine the control mechanism of the surface 
adsorption process [51]. The adsorption mechanism could 
be further discussed by fitting the data with the kinetic 
models. In Table 2, it shows that most oil-water adsorp-
tion systems are fitted well with the pseudo-second-order 
kinetic model [17].

In a common sense, the adsorption of present solid 
ATP/Fe3O4 can be divided into external surface adsorp-
tion and internal surface adsorption. Since the pore size of 

Table 1
Comparative result of different adsorbents for oil adsorption

No. Adsorbents Oil type Sorbent 
dose, g/L

Oil concentration, 
g/L

Adsorption 
capacity

Removal, % References

1 Algal biomass Crude oil 10 10 – 72 [32]
2 Hydrogel Toluene, rapeseed oil, olive 

oil, engine oil, hexadecane
as filter 9.95 wt.% – >98 [33]

3 Graphene sponge Toluene – 1%–10% 6.5 g/g 60–80 [34]
4 Hafnium oxide 

(MHO) ceramic
Crude oil – 3 g/L – 99.9 [35]

5 Fe3O4/chitosan Diesel 0.456 – 157.74 mg/g – [36]
6 Bentonite Oilfield samples 1 1.012 – 98.32 [37]
7 PAC Oilfield samples 1 0.836 – 93.54 [37]
8 Cellulose aerogel Diesel – – 5.85 mg/g – [38]
9 Graphene aerogel Crude oil – – 60–110 g/g – [39]
10 Graphene aerogel Diesel – – 2.5 × 104 mg/g – [40]
11 ATP/Fe3O4 Crude oil 1.0 100 mg/L 7.16 mg/g 71.57 This work

Table 2
Kinetic and isotherm models for oil-water adsorption systems in reports

No. Adsorbents Oil types Kinetic models Isotherm models References

1 Chitosan Residue oil from palm oil mill effluent Pseudo-second-order Freundlich [46]
2 Algal biomass Crude oil Pseudo-second-order Langmuir [32]
3 Resins XAD 7 and L 493 Gasoline Pseudo-second-order Langmuir [47]
4 Fe3O4/chitosan Diesel Pseudo-second-order Langmuir [36]
5 Bentonite, PAC Oilfield samples – Freundlich [37]
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ATP is about 0.38 nm × 0.63 nm, the diameter of ions and 
molecules must be smaller than the pore size of ATP/Fe3O4 
in order to complete the internal surface adsorption [23]. 
Namely, the larger molecules cannot be adsorbed by the 
internal surface of the ATP/Fe3O4 except for the outer sur-
face. Therefore, the adsorption of ATP/Fe3O4 in wastewater 
treatment is mainly ascribed to the external surface adsorp-
tion [24]. Because of the structural and surface charges, the 
adsorption on the external surface of ATP/Fe3O4 belongs to 
ion exchange adsorption and colloidal adsorption. In addi-
tion, the isothermal equation for adsorption of ATP/Fe3O4 
generally conforms to the Freundlich and Langmuir equa-
tions [20,25]. Therefore, it is supposed that the ATP/Fe3O4 is 
probably fitted to the isotherms of Langmuir or Freundlich 
because of no hint of chemisorption occurrence for the  
system.

Future work for this project will involve development 
of Langmuir and Freundlich isotherms. However, when it 
comes to a complex mixture such as that of crude oil, using 
either the Langmuir or Freundlich isotherms is challeng-
ing [53]. This is due to the fact that not all components of 
crude oil obey these isotherms as single solutes, hence in 
order to calculate the constants for each isotherm one would 
need to be able to calculate the adsorption coefficient of 
each solute prior to the isotherm application [35].

4. Conclusions

Magnetic ATP was successfully prepared by the 
co-precipitation method, which exhibits a saturation mag-
netization of 1.5 emu/g, coercivity of 10 Oe, and residual 
magnetization of 0.03 emu/g. The magnetization of ATP is 
favorable for improving the thermal stability and dispers-
ibility in the emulsified oil-water mixture. The magnetic 
ATP is easy and convenient to be recovered through an 
external magnetic field so as to save the operation cost and 
time. The adsorption capacity to emulsified oil slightly 
decreases from 8.14 to 7.16 mg/g even though the ATP is 
decorated with high loading Fe3O4. To further understand 
the adsorption mechanism, future work needs to involve 
the study of adsorption isotherms and adsorption kinet-
ics. As such, it provides an important basis for realistic 
large-scale application. In summary, it is confident that the 
present work would lay a foundation for promising appli-
cations of functionalized ATP adsorbents for oily waste-
water treatment.
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