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K E Y W O R D S 

In the present study, Zn-doped cobalt ferrite (CoFe1.9Zn0.1O4) 

magnetic nanoparticles were successfully synthesized via sol-gel 

method. The prepared materials were characterized using X-ray 

powder diffraction (XRD), Fourier transform infrared spectroscopy 

(FTIR) and scanning electron microscopy (SEM). The apparent 

density and magnetic force of CoFe1.9Zn0.1O4 nanoparticles were 

determined. The results revealed that the prepared materials display 

an adequate density and considerable magnetic force. The 

gravimetric oil removal capability tests were also performed to 

investigate the oil absorption properties of CoFe1.9Zn0.1O4 

nanoparticles using four types of oil samples (crude, diesel, gasoline 

and hydraulic oil) as water pollutant’s model. The oil removal 

capabilities of the prepared absorbent were found to be 13.72 ± 

0.42-5.50 ± 0.53 g/g, 14.99 ± 0.95-8.86 ± 0.42 g/g, 18.23 ± 1.01-8.06 

± 1.26 g/g and 10.58 ± 0.49-5.24 ± 0.31 g/g for crude, diesel engine, 

gasoline engine and hydraulic oil, respectively. The results suggest 

that the prepared magnetic nanoparticles can be used as absorbent 

materials for removing oil spills from water surface. 
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Introduction 

Petroleum and its products play an 

important role in our daily life. However, there 

is a great concern regarding oil spills or leakages 

accidents into water (e.g., sea, ocean, etc.,) that 

occur during the extraction, transportation, 

manipulation and storage of the crude oil [1, 2]. 

Globally, the amount of spilt oil is estimated to 

be approximately 400.000 tons per year [3]. For 

example, in 2010, an oil spillage occurred in the 

Deep-water of Gulf of Mexico released an 

estimated amount of crude oil equals to 4.9 

million barrels [4]. Unfortunately, oil spill 

accidents can pose a potential threat to public 

health and ecosystem which can lead to huge 

environmental and economic losses [2,5]. 

Therefore, it is of crucial importance to develop 

effective, feasible, economic and advanced 

technologies to clean up the spills of petroleum 

and its products.      

Currently, different techniques have been 

devolved for oil spillage clean-up including; 

chemical (e.g., in-situ burning and dispersion) 

[6,7], physical (e.g., skimmers and absorption) 

[5,8] and biological methods [9]. Among these, 

absorption has gained considerable attention 

due to its fascinating advantages such as; ease of 

operation, environmental-friendliness and cost-

effectiveness, high efficiency, the availability of 

various absorbent materials and low energy 

consumption, etc. [10,11]. In this regard, 

different materials have been used for oil spill 

clean-up including; inorganic, natural organic 

and synthetic organic absorbents [12]. 

Nanotechnology, the developing science, is 

expected to play an important role in advancing 

the current technologies for water treatment 

and also providing secure and sustainable water 

supplies [13]. Although nanotechnology is still 

in the stage of research and development for oil 

spillage treatment, it is holds great promise to 

provide an effective solution to the problem [1, 

14]. In recent years, spinel ferrites (SFs) and 

their composites (SFCs), the magnetic 

nanoparticles (MNPs, have attracted great 

attention owing to their properties such as; ease 

of preparation and functionalization, diverse 

structures, cost-effectiveness, high specific 

surface area, good biocompatibility, moderate 

saturation magnetization, ease of separation 

using an external magnetic field, ease of 

recovery and regeneration and high stabilities 

(i.e., chemical, mechanical and thermal), etc. [15-

18]. These properties make them among the 

materials of first choice for applications in many 

fields including; ammonia synthesis [19,20], 

photocatalysis [21], magnetic devices [22], 

adsorption [23-25], biomedicine [26] and 

sensors [27], etc. However, few reports have 

been found in the literature on using spinel 

ferrite based materials as oil spill absorbents [2, 

28-30]. Therefore, the main focus of the present 

work is to investigate the oil removal capability 

of Zn-doped cobalt ferrite (CoFe1.9Zn0.1O4) 

magnetic nanoparticles. 

Experimental 

Materials and chemicals 

Crude oil was collected from El-Feel oil field, 

Awbari, Libya. Diesel, gasoline and hydraulic 

oils were purchased from local suppliers. The 

main characteristics (density and viscosity) of 

the tested oils are listed in Table 1. Iron nitrate 

(Fe(NO3)3·9H2O) was purchased from Berck 

and Scientific Supplies. Zinc nitrate 

(Zn(NO3)2.3H2O) was supplied by Cosmic 

Chemicals. Cobalt nitrate (Co(NO3)2·6H2O) was 

purchased from analyticals. 

Ethylenediaminetetraacetic acid, EDTA, 

(C10H18N2O8) was purchased from Serva. Citric 

acid (C6H8O7) was purchased from Labkem. 

Ammonia solution (35%) was purchased from 

Scharlau.   

Synthesis of CoFe1.9Zn0.1O4 magnetic 
nanoparticles 

Combined EDTA-citrate complexing sol-gel 

process was used to prepare CoFe1.9Zn0.1O4 

magnetic nanoparticles (CFZ MNPs), as 
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described elsewhere [31].   

Table 1.  The characteristics of the tested oil at 25 °C 

Tested oil 
Viscosity 

(mPa s) 

Density  

(g/cm3) 
Crude  34.3 0.8531  

Diesel  32.2 0.9005 

Gasoline 35.8 0.8913 

Hydraulic  229.8 0.8572 

 

Figure 1. A schematic 
representation of sol-gel 
process used for the 
synthesis of CoFe1.9Zn0.1O4 
absorbent 

 

 

 

To prepare 10 g of CFZ MNPs, the required 

amounts of the starting materials 

((Fe(NO3)3·9H2O, 32.5462 g), (Co(NO3)2·6H2O, 

12.3400 g) and (Zn(NO3)2.3H2O, 1.0321 g)) 

were dissolved in deionized water. Then, 

complexing agents of EDTA (37.1805 g) and 

citric acid (40.0947 g) were added to the 

solution of metal nitrates with a ratio of metal 

cations: EDTA: citric acid of 1:1:1.5. 

Afterwards, the pH of that mixed solution was 

adjusted to around 6 using a diluted ammonia 

solution. Then, the mixture was evaporated 

under heating and stirring to dryness to get a 

solid product (ash). Finally, ultrafine black 

powder of CFZ MNPs was obtained after firing 

the ash in air at 600 °C for 3 h. Figure 1 is a 

flowchart representing the overall sol-gel 

process used for CFZ MNPs synthesis. 

Characterization 

The X-ray diffraction (XRD) pattern of 

CoFe1.9Zn0.1O4 magnetic nanoparticles (CFZ 

MNPs) was recorded at room temperature 

using a Philips – PW 1800 diffractometer 

with CuKα radiation (λ = 1.54186 Å). The 

crystallite size (D), lattice parameters (𝑎), 

unit cell volume (𝑉𝑐𝑒𝑙𝑙), the X-ray density 

(𝜌𝑋𝑅𝐷) and the specific surface area (𝑆𝑋𝑅𝐷) 

of CFZ MNPs were estimated using the 
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following Equations [32,33]; 

𝐷 =
0.9 𝜆

(𝛽cos𝜃)
 

               (1) 

𝑎 = 𝑑ℎ𝑘𝑙√ℎ2 + 𝑘2 + 𝑙2                (2) 

𝑉𝑐𝑒𝑙𝑙 = 𝑎3                (3) 

𝜌𝑋𝑅𝐷 =
𝑍𝑀

𝑁𝐴𝑉𝑐𝑒𝑙𝑙
   

               (4) 

𝑆𝑋𝑅𝐷 =
6000

𝐷 ∙ 𝜌𝑋𝑅𝐷
   

               (5) 

Where 𝜆 is the wavelength of the X-ray, 𝜃 is 

the Bragg angle, 𝛽 is the full width at half 

maximum (FWHM) of the peak in radiance, 

d is the interplanar distance,  ℎ𝑘𝑙 are the 

Miller indices, M is the molecular weight of 

the sample, Z is the number of molecules 

per formula unit (Z = 8 for spinel system) 

and NA is the Avogadro’s number.  

The Fourier transform infrared (FTIR) 

analysis of the prepared absorbent (CFZ 

MNPs) was carried out using the KBr disc 

method with Nicolet 380 spectrometer in 

the wavenumber range of 400-4000 cm-1. 

The FTIR spectra of oil sample were 

recorded in attenuated total reflectance 

mode (ATR) using a Bruker Tensor 27 

spectrometer in the range of 400-4000     

cm-1. The surface morphology of CFZ MNPs 

was investigated using a LEO 1430PV 

scanning electron microscope (SEM).   

The apparent density of CFZ MNPs was 

measured by determining their weight and 

volume inside a 5 mL graduated cylinder 

[34]. Then, the apparent density was 

estimated using the following equation 

[35];  

𝜌a (g/cm3) =
𝑊𝑠

𝑉𝑠
   

                (6) 

Where 𝜌a is the apparent density, 𝑊 and 𝑉 

are the absorbent weight and volume 

inside the graduated cylinder, respectively.  

The magnetic force test of CFZ MNPs was 

performed using a balance (Triple beam, 

700/800 Series, OHAUS®), electromagnet, 

power supply (Hochstrom-Netzerat, 

LEYBOLD) and Teslameter (LEYBOLD, 

DIDACTIC GMBH). The CFZ MNPs sample 

was subjected to a magnetic field which 

was produced by an electromagnetic. An 

electric current ranging from 0.00 to 0.9 A 

was applied to increase the magnetic field 

intensity. Finally, the magnetic force was 

estimated using the following equation 

[36];  

𝐹𝑚 = ∆𝑚 × 𝑔                     (7) 

Where 𝐹𝑚 is the magnetic force, 𝑔 and ∆𝑚 

are the acceleration of gravity and the 

apparent variation of mass in the presence 

of the magnetic field. 

Oil removal experiments 

The oil removal tests were performed as 

described previously in the literature [36-

38]. In this test, 20 mL of deionized water 

was poured into a 25 mL beaker and a 

certain amount of the tested oil (0.2 g, 0.5 

g, 0.5 g and 0.3 g for crude, gasoline, diesel 

and hydraulic oil, respectively) was split on 

the top of water surface. Afterwards, a 

known mass (0.01-0.04 g) of the CFZ MNPs 

was added onto the tested oil spot. After 

that, the beaker was left for 5 min before 

the CFZ MNPs and the oil spill being 

removed magnetically with the help of a 

permanent magnet. The triplicated oil 

removal tests were conducted at room 

temperature. Finally, the gravimetric oil 

removal was estimated using the following 

equation; 

𝑂𝑅 =
𝑚2 − 𝑚3

𝑚1
                 (8) 

Where 𝑂𝑅 is oil removal (g/g), 𝑚1 is the 

weight of CFZ MNPs, 𝑚2 is the total weight 
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of the beaker (containing the water, oil spot 

and CFZ MNPs) and 𝑚3 is the weight of the 

beaker (weight of oil residue) after 

removing CFZ MNPs that absorb the tested 

oil. 

Results and discussion 

Characterizations 

Figure 2 shows the X-ray diffraction (XRD) 

pattern of CFZ MNPs which obtained after 

the calcination of its corresponding gel 

precursor in air at 600 °C for 3 h. As can be 

seen, the observed diffraction peaks were 

well indexed to the crystalline planes of 

cobalt ferrite (CoFe2O4) with a cubic 

structure (JCPDS card No. 22-1086). In 

addition, no peaks were observed in the 

XRD pattern apart from those 

corresponding to CFZ MNPs. This confirms 

that a single phase of CoFe1.9Zn0.1O4 MNPs 

was successfully synthesized. The XRD data 

corresponding to the (311) crystal plane 

was used to estimate the values of the 

structural parameters of CFZ MNPs 

including the crystallite size (D), lattice 

constant (𝑎), unit cell volume (𝑉𝑐𝑒𝑙𝑙), the X-

ray density (𝜌𝑋𝑅𝐷) and the specific surface 

area (𝑆𝑋𝑅𝐷).  The calculated values of D, 𝑎, 

𝑉𝑐𝑒𝑙𝑙, 𝜌𝑋𝑅𝐷, 𝑆𝑋𝑅𝐷  and were found to be 21.22 

nm, 8.3451 Å, 581.15 Å3, 5.38 g/cm3 and 

52.56 m2/g, respectively. In addition, the 

lattice constant value of CFZ MNPs is 

comparable to that reported by Kumar et al. 

[39] for CoFe2O4 MNPs (8.3783 Å) and 

CoFe1.9Zn0.1O4 MNPs (8.3775 Å). 

Figure 3 displays the FTIR spectrum of CFZ 

MNPs within the range of wavenumber 

from 400 to 4000 cm-1. As shown, the 

absorption band (ν1) located at 570 cm-1 is 

assigned to oxygen ion-tetrahedral metal 

ion (O-MTet) bond stretching vibration. This 

characteristic band indicates the formation 

of spinel ferrite and it is observed in FTIR 

spectra of all spinel ferrites [39, 40]. The 

observed absorption bands within the 

wavenumber range of 881-1135 cm-1 are 

accredited to NO3
− vibration [41]. The 

absorption peak at 1496 cm-1 is 

corresponding to C-H bending vibration 

[42].  The observed peaks at approximately 

3456 and 1638 cm-1 were assigned to 

stretching and bending vibrations of O-H, 

respectively [41]. 

Figure 4 shows the surface morphology of 

CFZ MNPs which was investigated using 

scanning electron microscope (SEM). From 

the SEM image, it is clearly seen that the 

surface of CFZ MNPs contains large grains 

which are agglomerated and irregular in 

shape. These agglomerates are formed due 

to the interactions between CFZ 

nanoparticles [23,43].

Figure 2. X-ray diffraction 
pattern of CoFe1.9Zn0.1O4 

magnetic nanoparticles 
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Figure 3. FTIR spectrum of 
CoFe1.9Zn0.1O4 magnetic 
nanoparticles 

 

 
 

Figure 4. SEM image of 
CoFe1.9Zn0.1O4 magnetic 
nanoparticles 

 

 
 

It can be also seen from the SEM image that 

the observed large grains are surrounded 

by many pores. This porous structure will 

provide both, a large contact area between 

the absorbent surface and oil droplets and 

also more space for oil preservation [35]. In 

addition, the apparent density (𝜌a) of CFZ 

MNPs was found to be 0.74 ± 0.08 g/cm3. 

This value is comparable to that of 

Fe2O3/resin magnetic nanocomposite 

(0.811 ± 0.002 g/cm3) which reported by 

Varela et al. [3]. The obtained density 

indicates that CFZ MNPs can float easily on 

the surface of contaminated water and will 

act as a good material for oil absorption [3, 

38]. The magnetic force of CFZ MNPs was 

around 42.18 mN. This value is lower than 

that of pure maghemite (355 mN) and 

higher than that of maghemite-magnetic 

nanocomposite (5.1 mN) [36]. The 

observed magnetic force value suggests 

that CFZ MNPs can be easily removed after 

the oil absorption test using an external 

magnetic field (see Figure 7). 

Figure 5 displays the FTIR-ATR spectra of 

the tested oil materials (crude, diesel, 

hydraulic and gasoline) within the range of 

wavenumber from 600 to 4000 cm-1. As can 

be seen, all tested oils exhibit similar FTIR-

ATR spectra. The absorption band located 

at 722 cm-1 is resulted from CH2 rocking 

vibration. The absorption band which 
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observed at 1074 cm-1 is accredited to ester 

linkages present in the asphaltene 

molecule. The presence of two absorption 

bands at 1370 and 1463 cm-1 are assigned 

to C-H bending vibration in methyl and 

methylene, respectively. In addition, the 

characteristic two absorption bands 

located at 2863 and 2928 cm-1 are 

attributed to asymmetric and symmetric 

stretching vibration for aliphatic C-H 

groups [44,45]. 

Gravimetric oil removal 

In this study, four types of oil sample 

(crude, diesel, gasoline and hydraulic) 

were used in the oil removal tests. Table 1 

lists the characteristics (viscosity and 

density) of these oil samples. Figure 6 

displays the gravimetric oil removal (OR, 

g/g) or the oil absorption capacity of the 

tested oily samples as a function of 

absorbent amount. As can be seen, in all 

cases the gravimetric oil removal decrease 

with the increase in the amount of the 

adsorbent from 0.01 to 0.04 g. In the case of 

crude oil (Figure 6 a), the OR decreased 

from 13.72 ± 0.42 g/g to 5.50 ± 0.53 g/g as 

the amount of absorbent (CFZ MNPs) 

increased from 0.01 to 0.04 g. For the diesel 

engine oil, the OR was about 14.99 ± 0.95 

g/g at the absorbent amount of 0.01 g and 

reached a value of 8.86 ± 0.42 g/g when the 

absorbent amount increased to 0.04 g 

(Figure 6 b). For the gasoline engine oil 

(Figure 6 c), the OR was about 18.23 ± 1.01 

g/g and decreased to a value of 8.06 ± 1.26 

g/g as the absorbent amount increased to 

0.04 g. In the case of hydraulic oil, the OR 

was 10.58 ± 0.49 g/g when the amount of 

absorbent was 0.01 g and decreased to a 

value of 5.24 ± 0.31 g/g with the increase in 

absorbent amount to 0.04 g, as shown in 

Figure 6 d. This decrease in the oil 

absorption capacity (g/g) with the increase 

in the absorbent amount was also reported 

by Ognjanovic et al. [46] for the removal of 

motor oil from water using organic 

absorbent materials.  

 

Figure 5. ATR-FTIR 
spectra of the tested 
oil samples 
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Figure 6. Oil removal as function of absorbent amount, (a) crude oil; (b) diesel oil; (c) 

gasoline oil; (d) hydraulic oil 

 

Figure 7.  Images showing the removal of hydraulic oil from water surface, (a) hydraulic 

oil spilt over water surface; (b) CFZ MNPs on the top of hydraulic oil spill; (c) removal of 

CFZ MNPs loaded with oil by magnetic bar; (d) water surface after separating the CFZ 

MNPs loaded with hydraulic oil 
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This could be due to CFZ MNPs 

aggregation which in turn will result in 

reducing the absorbent surface area and 

also preventing the oil spill from 

penetrating into the available pores of the 

absorbent material. In general, the 

difference in gravimetric oil removal 

capabilities between the tested oily liquid 

could be due to many factors including the 

oil density, viscosity and the affinity of oil 

towards the absorbent material, etc. Figure 

7 represents images showing an example of 

the gravimetric oil removal test (hydraulic 

oil). As shown from the image, the CFZ 

MNPs loaded with the tested can be easily 

removed from the water surface after the 

oil removal test. 

Figure 8 shows the relationship between 

the gravimetric oil removal and the density 

of the tested oil sample at two different 

absorbent amounts (0.01 g and 0.04 g). As 

shown from the figure, the gravimetric oil 

removal generally increased with 

increasing the oil density in both cases. It 

was observed that the diesel engine and 

gasoline engine oil which exhibit the 

highest densities (see Table 1) provided 

the higher gravimetric oil removal. In this 

way, at absorbent amount of 0.01 g (Figure 

8 a) gasoline engine oil show the highest 

gravimetric oil removal (18.23 ± 1.01 g/g). 

However, when the absorbent amount was 

0.04 g (Figure 8 b), the diesel engine oil 

which has the highest density among other 

tested oily liquid (0.9005 g/cm3) exhibits 

the greater gravimetric oil removal (8.86 ± 

0.42 g/g ). This tendency of increasing the 

gravimetric oil removal capabilities or oil 

absorption capacity with oil density was 

observed by other research groups [3, 47]. 

As stated by Cao et al. [5], the direct 

comparison of the oil absorption capacities 

using different absorbent materials is quite 

difficult. This is acutely because different 

oil types and absorbent amount were used. 

In addition, the oil absorption is 

complicated process and is affected by 

many factors including; the properties of 

the absorbent (e.g., surface area, porosity, 

etc.) and the tested oil (e.g., density and oil 

viscosity, etc.). Table 2 lists the 

applications of some magnetic 

nanomaterials and their composites for the 

removal of various types of oil samples in 

comparison with the prepared absorbent 

(CFZ MNPs) [1, 4, 18, 28, 29, 34, 37, 48, 49]. 

As can be seen from the table, the value of 

oil absorption capacity of CFZ MNPs is 

comparable to those reported previously 

for other materials. However, the reported 

oil absorption value for CFZ MNPs was in 

some cases higher than those observed by 

others. This indicates that the prepared 

absorbent (CFZ MNPs) is promising 

material and can be tested for the removal 

of other water pollutants. 

 

Figure 8.  Relationship between the gravimetric oil removal and oil density, (a) absorbent 

amount of 0.01 g; (b) absorbent amount of 0.04 g 
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Table 2. Comparison of different types of oil absorbing materials  

Absorbent material Type of oil 
Oil removal 

(g/g) 
Reference 

PBS/Fe2O3 Crude oil 11.06 [48] 

γ-Fe2O3/resin Crude oil  8.33 [37] 

Fe3O4 Crude oil 2.16 [18] 

γ-Fe2O3/GC Crude oil 25.1 [34] 

PS/NiFe2O4 Motor oil 15.11 [29] 

PVDF/CoFe2O4 Motor oil 18.07 [28] 

Fe3O4 Motor oil 3.52 [18] 

Fe3O4/PS Diesel oil 2.49 [4] 

Fe3O4/Silica Diesel oil 3.78 [1] 

Fe3O4/Tween Diesel oil 32 [49] 

CoFe1.9Zn0.1O4  Crude oil 5.50-13.72 This study 

CoFe1.9Zn0.1O4  Diesel oil 8.86-14.99 This study 

CoFe1.9Zn0.1O4  Motor oil 8.06-18.23 This study 

CoFe1.9Zn0.1O4  Hydraulic oil 5.24-10.58 This study 

GC = Ground Coffee, PBS = Poly (butylene Succinate), PS = polysulfone, PVDF = 

Polyvinylidene 

Conclusion 

In summary, oil absorbent material based 

on Zn-doped CoFe2O4 magnetic nanoparticles 

(CoFe1.9Zn0.1O4, CFZ MNPs) was successfully 

synthesized using sol-gel process. A single 

phase with a spinel type structure was 

obtained after firing the as-prepared material 

in air at 600 °C for 3h, as confirmed by X-ray 

diffraction technique (XRD). Gravimetric oil 

removal test was conducted to investigate the 

properties of CFZ MNPs for absorbing oil spills 

from water surface. Four types of oil samples 

(crude, diesel engine, gasoline engine and 

hydraulic) were used as water pollutants 

model. Within the absorbent amount of 0.01 

to 0.04 g, the gravimetric oil removal 

capabilities were found to be 13.72 ± 0.42-

5.50 ± 0.53 g/g, 14.99 ± 0.95-8.86 ± 0.42 g/g, 

18.23 ± 1.01-8.06 ± 1.26 g/g and 10.58 ± 0.49-

5.24 ± 0.31 g/g for crude, diesel engine, 

gasoline engine and hydraulic oil samples, 

respectively. The obtained results suggest 

that CFZ MNPs might be promising absorbent 

materials and can be used for oil-spill clean-

up from water surface.    
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