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a b s t r a c t
In this study, mango leaves, an agricultural biomass waste, were assessed as adsorbent biomass 
for oil removal from seawater by adsorption. Mango leaves were investigated by wettability and 
Fourier-transform infrared spectroscopy analysis. In the exothermic system, the maximum oil 
sorption capacity of biomass reached (6.66 g/g) at 3 min and 0.15 g dose of biomass. The oil sorp-
tion outcomes were studied by kinetic and isotherm studies, and the outcomes showed that the 
oil uptake was fitted with the pseudo-second-order kinetic (R2 = 0.9921; χ2 = 0.0347) and Redlich–
Peterson (R2  =  0.9982;  χ2 = 0.0134) models. Also, the economic recycling of biomass was evalu-
ated. The effective oil-adsorbing ability of mango leaves made them good adsorbent material for 
oil spill removal and for being used in an oil/water purification system.
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1. Introduction

Industrial development and competition have sig-
nificantly increased the energy demand. Oil is one of the 
main sources of energy. Numerous industries and other 
sectors rely heavily on it. Increasing demand for oil and 
its transportation across seas and oceans has exposed sur-
face waters to being polluted by oil and its derivatives [1]. 
Leaked oil affects oil factories given the danger of fires, in 
addition to the threat it poses to desalination plants, in the 
event of drinking water getting contaminated by oil [2]. Oil 
pollution of the seas negatively affects such economic activ-
ities as fishing, tourism, and gas exploration, among oth-
ers [3]. Oil transportation, accidents, wars, and exploration 
operations are among the factors that cause oil pollution 
[4]. Much research is underway to find modern, effective, 
and quick ways to alleviate the oil spillage from water to 
remedy the environmental impacts of the leakage/spillage 
[5]. Time is among the most key factors when it comes to 
removing oil pollution from these waters to prevent it from 

reaching the shores, as this is important if economic loss 
from the spillage is to be kept low [6]. The oil chemical 
composition contains four main compounds saturated, aro-
matics, resins and asphaltenes. Spilled oil can interact with 
suspended particles (mineral or organic) in aquatic envi-
ronments and form aggregates, including oil-mineral-ag-
gregates which settle in the seedbed [7]. Oil pollution can 
be bio-controlled by bacteria. Some scientists have reported 
that some microorganisms can analyze petroleum materi-
als and convert oil slicks into very fine drops in water [8]. 
Another remedial measure is the use of devices that skim 
the thick oil layer floating above the surface of the water, 
and the skimmed oil is then collected and withdrawn using 
pumps [9]. Oil adsorption generally occurs in three steps: 
the diffusion of oil molecules into the sorbent surface, their 
entrapment in the sorbent structure by capillary action, and 
the agglomeration of oil droplets in the porous and rough 
structure of the sorbent [10]. Sorption is carried out in two 
mechanisms, absorption and adsorption. Sorbents allow oil 
to penetrate pore spaces of material, while sorbents attract 
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oil to their surfaces but do not allow it to penetrate into the 
material [11]. Sorption is a favorable process and cost-ef-
fective technique to decrease the environmental problems 
of the oil spills [12]. Oil adsorption generally occurs in 
three stages: the diffusion of oil particles into the sorbent 
surface, their entrapment in the sorbent structure by cap-
illary action, and the agglomeration of oil droplets in the 
porous and coarse structure of the sorbent [13]. The process 
of adsorption is also used to remove oil pollution, using 
adsorbent materials such as flax fiber [9], green materials 
[14], graphene oxide/β-cyclodextrin [15], banana peels [8], 
graphene/polyethylene nanocomposite [16], sugarcane 
solid residue [17], cotton fibers [18], orange peel waste 
[19], wheat straw [20], and carbonized rice husk [21]. In 
the research work presented here, the potential of mango 
leaves to adsorb oil from seawater was studied. The con-
trolling factors in the sorption process, such as the sorp-
tion time, oil ratio, adsorbent dose, and temperature were 
optimized. Also, sorption models and thermodynamics of 
the sorption process were studied. The recycling poten-
tial of mango biomass after using it for oil spill removal 
from seawater and the economic feasibility, on the whole, 
of using mango biomass for this purpose were evaluated.

2. Materials and methods

2.1. Materials

Mango leaves were collected from the mango farms. 
Used oil (viscosity: 58. 94 mm2/s, water content: 0.02%, 
density: 706 kg/m3) obtained from car maintenance plants. 
Along with these, seawater (3.5% salinity) was used in this 
research work.

2.2. Biomass preparation

200g of mango leaves were washed and dried at 105°C. 
The dried mass was cut into <0.5 cm flakes before being 
used in the sorption processes. In addition, the biomass was 
characterized by Fourier-transform infrared spectroscopy 
(FTIR) and contact angle analysis.

2.3. Methods

The oil ratio (0.3–1.5 g), of used oil was mixed with an 
adsorbent dose range (0.05–0.45 g) of mango leaves on 1 L 
seawater in a glass vessel at operating sorption conditions of 
28°C. Sorption time variety (0.5–4.5 min), oil ratio (0.3–1.5 g), 
and temperature range (28°C–50°C) were studied. At equi-
librium, the oil-loaded biomass was separated, drained for 
3 min, and dried at 105°C for 12 h to remove sorbed water 
and then re-weighted (Electronic Analytical Balance, Model: 
ALE-223). The experiment test was carried out three times 
and the results are taken as the average for the accuracy of 
obtaining the results.

The water (WC) (g) and oil (OS) (g) sorbed were deter-
mined using the following equations:

W g W WC W O D O� � � ��� � � �  (1)

O g W WS D O F� � � �� �  (2)

where W(W+O), WD(O) and WF are the weights of biomass with 
oil and water, dried wet (oil) biomass and primary weight of 
biomass, respectively.

Also, the percent of oil sorption (Pos%) was determined 
by Eq. (3):
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where W(W+O), WD(O) and WF are the weights of biomass with 
oil and water, dried wet (oil) biomass, and primary weight of 
biomass, respectively.

Also, the percentage of oil sorption (Pos%) was deter-
mined by the following equations:

At equilibrium, the sorption capacity of biomass qe (g/g) 
can be determined by using the following equation:
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3. Results and discussion

3.1. Characterization

3.1.1. FTIR analysis

The FTIR pattern (Thermo Fisher Scientific, USA) of 
mango leaves shows that the leaves include many func-
tional groups that characterize the mango leaves. In Fig. 1, 
it was found that the hydroxyl group is present at the band 
at 3,475 cm–1 that occurs in cellulose [22]. While the C–H 
group is located at 2,942 cm–1 [23]. Also, the C=O group 
appeared at 1,730 and 1,535 cm–1 [9]. The –C–H group and 
CH2 vibrations looked at band 1,377 cm–1. The bands at 
1,160–1,125 cm–1 refer to the asymmetric C–O–C group, 
whereas the band at 600 cm–1 denotes to C–O group of ether 
[24]. Functional groups present in the mango leaves can be 
characterized as hydrophobic or hydrophilic nature based 
on their polarity features. FTIR investigation showed that 
mango leaves have hydrophilic in nature in the hydroxyl 
(OH), carbonyl (C=O) and carboxyl (COOH)) groups and 
hydrophobic nature in the methyl (C–H), ester (R–COO–R) 
and ether (C–O–C) groups [25,26]. These results increase 
the oil sorption interaction with mango leaves.

3.1.2. Wettability investigation

Fig. 2 displays the contact angle analysis (Krüess 
Processor Tensiometer K100) of oil and seawater on the bio-
mass surface. Fig. 2a shows a high contact angle (115.33°) 
of biomass with water, whereas the contact angle of 23.19° 
appeared in the biomass surface with oil (Fig. 2b), indicat-
ing the lipophilic and hydrophobic properties of mango 
leaves structure, which increase the oil uptake than water 
from the sorption system.

3.2. Sorption dynamics

3.2.1. Sorption time effect

The sorption time was optimized in the variety (0.5–
4.5 min) by contact of 0.1 g of biomass on 0.5 g oil in 1 L 



313A. Abutaleb / Desalination and Water Treatment 278 (2022) 311–318

seawater in a glass vessel at 28°C. The sorption data 
displays that the equilibrium oil removal percentage 
(Pos% = 80.12%) and oil sorption capacity (4.012 g/g) were 
reached at the end of 3 min. The results (Fig. 3a) show 
that the fast oil uptake during the preliminary period 
(0.5–3 min) was because of the excellent oleophilic interac-
tion and the sorption capillary force of biomass increased 
the oil removal percentage, which [9]. In addition, the initial 
high oil sorption capacity and Pos% of oil can be attributed 
to the presence of unfilled active sites on the surface of bio-
mass and also due to the reducing strong attractive forces 
between the oil molecules and the biomass as the contact 
sorption time increased [27]. No significant increase in the 
oil removal percentage was achieved after 3 min because of 
the richness of the oil uptake sites of leaves [28].

3.2.2. Effect of biomass dose

The range (0.05–0.45 g) of biomass dose was used to 
determine the optimum dose on the oil sorption system 
(0.5 g oil/1 L seawater) under operating conditions (28°C 
and 3 min). Fig. 3b depicts that the increase in the biomass 
dose from 0.05 to 0.15 g increases the oil removal percent 
until reached 99.99% with 0.15 g dose. Whereas no notice-
able change is observed with, the increased in the biomass 

and this can be considered as an economic loss in the use 
of the adsorbent material, owing to the sorption of all oils 
in the oil sorption system [9,29]. In addition, an increase in 
the biomass dose reduces the sorption capacity of biomass. 
Meanwhile, the reduction in the oil sorption capacity was 
principally due to the higher unsaturated sorption sites 
available during the sorption process [16,21].

3.2.3. Effect of oil dose

The oil feed range (0.3–1.5 g) in the sorption system 
was kept this way to determine the maximum oil sorp-
tion capability of biomass at optimum operating condi-
tions (28°C, 3 min, and 0.15 g b dose). Fig. 4a depicts that 
the oil sorption uptake of biomass improved from 1.8 to 
6.66 g/g with an increase in the inlet oil feed from 0.3 to 
1 g due to the availability of active sites on the surfaces of 
the biomass. Conversely, when the initial crude oil con-
centration was increased, the number of active adsorp-
tion sites was not enough to accommodate crude oil mol-
ecules, thus leading to a lower adsorption capacity [30]. 
However, the oil removal percent dropped from 99.98% 
to 66.60% with an increase in the inlet oil feed from 0.3 
to 1.5 g/L, owing to the richness of uptake sites in the  
biomass [31].

Fig. 1. FTIR analysis of mango leaves.

Fig. 2. Contact analysis of mango leaves with (a) water and (b) used oil.
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3.2.4. Temperature effect

Heat is an imperative element in the cleaning of oil 
spillage because of its effect on the viscosity of oil and the 
adsorption capillary force of the biomass surface [21]. Fig. 4b  
shows that the uptake of biomass declines from 6.66 to 
2.90 g/g with an increase in the temperature from 28°C to 
50°C. The reduction in the capacity of biomass is because of 
the increase in oil solubility, caused by decreasing its viscos-
ity as the temperature increased, which led to increases in 
the reduction mass of the oil adsorbed from biomass during 
the draining stage [19]. In addition, an increase in both 

% removal of crude oil and adsorption capacity at lower 
temperatures was possibly due to an increase in kinetic 
forces [32].

3.3. Sorption kinetics

Non-linear kinetic models were employed to study 
the sorption outcomes of oil spills onto mango leaves. The 
kinetic fitting with experimental outcomes was investigated 
by the values of correlation coefficient (R2) and chi-square 
analysis (χ2) [9].

Fig. 3. Sorption time (0.5 g oil/1 L seawater; 28°C; 0.1 g of biomass) (a) adsorbent dose (0.5 g oil/1 L seawater; 28°C; 3 min) and 
(b) plots of oil sorption onto mango leaves from oil/seawater sorption.

Fig. 4. Sorption dynamics: oil concentration (28°C; 3 min; 0.15 g biomass dose) (a) sorption temperature (1.0 g oil dose; 3 min; 0.15 g 
biomass dose) and (b) of oil sorption onto mango leaves from oil/seawater sorption.
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The Elovich kinetic model [9]:

dq
dt

dtt � �� �� �exp  (9)

where qt (g/g): the uptake at time t; qe (g/g): the uptake 
at equilibrium; K1 (L/min): pseudo-first-order constant; 
K2  (g/mg·min):  pseudo-second-order  constant;  α  and  β: 
constants Elovich model.

Table 1 displays the results of sorption kinetics, 
which indicate that the theoretical qe (6.4321 g/g) of the 
pseudo-second-order model is a covenant with sorption 
qe (6.66 g/g). It also indicates that the greater R2 (0.9921) 
and  lesser  χ2 (0.0347) of the pseudo-second-order model 
rather than the pseudo-first-order model and Elovich 
kinetic models demonstrate the greatest fit of experimen-
tal results with the pseudo-second-order model as can be 
seen in Fig. 5a, which illustrates the physiochemical sorp-
tion of oil uptake onto mango leaves. This also explained 
that the rate of oil uptake was controlled by chemisorption, 
which involved co-valent forces concluded the sharing of 

electrons between the biomass and oil molecules. In addi-
tion, the rates of surface reaction and transference of oil 
from seawater to biomass phase were faster due to the 
high hydrophobic nature of the biomass [18,33].

3.4. Sorption isotherm modeling

To describe the stability of oil uptake onto mango leaves, 
the sorption outcomes were modeled by non-linear sorp-
tion isotherms. The isotherm models are defined by the 
following equations:

Langmuir isotherm [9,28]:

q
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L L e

L e

�
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Freundlich isotherm [21]:

q K Ce F e
n= 1/  (11)

Redlich–Peterson isotherm [19]:
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where Ce (g/g): the oil concentration at equilibrium; KL (L/
min) and QL (g/g): Langmuir constants; KF (g/mg·min) and 
n: Freundlich constants; KRP (L/g), A (L/g)β and β: constants 
of Redlich–Peterson model.

Fig. 5b depicts the scheme of sorption isotherms at 28°. 
Table 2 shows that the Redlich–Peterson isotherm gives 
more accurate and good fitting (R2  =  0.9982;  χ2 = 0.0134) 
for oil uptake onto mango leaves when compared with 
the results of the Langmuir, Freundlich models, clarifying 
that the mechanism of oil sorption onto mango leaves is a 
mix of multi and monolayer sorption.

3.5. Thermodynamic studies

The thermodynamics of the sorption process was studied 
to investigate the oil uptake onto mango biomass. The ther-
modynamic parameters (enthalpy (ΔH°), Free energy (ΔG°), 
and entropy (ΔS°)) were determined based on the results of 
the following equations [29]:
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where Ce is the oil concentration (g/L) at equilibrium, R is the 
gas constant (8.314 J/mol K), and T is the temperature (K). 
Fig. 6a shows the Van’t Hoff plot of oil uptake onto mango 
biomass. The results (Table 3) indicate that negative free 

Table 1
Results of non-linear sorption kinetics under conditions (0.5 g 
oil/1 L seawater; 28°C and 0.1 g of biomass)

Kinetic models Parameter Values

Pseudo-first-order

qe (g/g) 5.1240
K1 (L/min) 2.8741
R2 0.9123
χ2 1.1321

Pseudo-second-order

qe (g/g) 6.4321
K2 (g/mg·min) 0.2741
R2 0.9921
χ2 0.0347

Elovich

β 4.7710
α 1.0321
R2 0.8821
χ2 1.3541
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energy decreases with elevated temperature, representing 
the favorability of oil uptake onto biomass. In addition, nega-
tive enthalpy shows exothermic oil sorption. Positive entropy 
denotes the randomness of oil interaction with biomass [27].

3.6. Reusability studies

One of the important factors in selecting the adsorbent 
material is the ability to reuse it more than once, which 
increases its economic value vis-à-vis removing oils [9]. The 
recycling system was implemented by pressing the loaded 
biomass between a cylindrical pressure system called squeez-
ing rollers. The oil desorption percent (DP%) was determined 
by the following equation:

D
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�
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100  (17)

where Wsq refers to the contents (g) of oil after the press-
ing technique. The results seen in Fig. 6b indicate that 
the reusability of biomass reduced with increasing sorp-
tion-squeezing cycles, owing to the decrease in the oil 
uptake capacity of mango biomass. The economic effec-
tiveness of biomass dropped under 50% after five adsorp-
tion–desorption cycles, indicating that the use of mango 
leaves for oil removal from the oil/seawater system is 
economically feasible. The depleted biological material 
after reuse is considered solid waste that is considered to 
be a pollutant in the environment, but this problem can 
be solved and environmental pollution was prevented by 
using this material to generate energy in many processes 
such as those of steam production by boilers and running 
rotary kilns in the cement industry. Table 4 presents a com-
parison of the economic use of mango leaves with other 
adsorbents. The results suggest that compared to other 
sorbents, mango leaves are more effective as an oil sorbent 
in the process of oil removal from the oil/seawater system.

Fig. 5. Kinetic (0.5 g oil/1 L seawater; 28°C; 0.1 g of biomass) (a) and isotherm (28°C; 3 min; 0.15 g biomass dose) and 
(b) models of used oil uptake onto mango leaves.

Table 2
Results of non-linear sorption isotherm studies under conditions 
(28°C; 3 min; 0.15 g biomass dose)

Isotherm model Parameter Values

Langmuir isotherm

QL (g·oil/g·biomass) 5.1511
KL (L/g) 3.2140
R2 0.9882
χ2 0.1134

Freundlich isotherm

KF (g(1−1/n)/L1/n·g) 5.3214
n 5.2451
R2 0.9354
χ2 1.2741

Redlich–Peterson isotherm

KRP (L/g) 5.4880
P (L/g)β 12.213
β 5.5471
R2 0.9982
χ2 0.0134

Table 3
Thermodynamic sorption studies under operating conditions 
(1.0 g oil dose; 3 min; 0.15 g biomass dose)

T (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol·K)

301 –17.539

–183.39 –0.551
309 –13.131
316 –9.274
323 –5.417
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4. Conclusion

Mango leaves displayed good oil adsorbent capacity 
for removal of oil from the oil/seawater system. The batch 
sorption indicated that oil uptake depends on the sorption 
time and biomass dose of mango leaves. The oil sorption 
capability reached the highest value (6.66 g/g) at 3 min and 
0.15 g dose of biomass in an exothermic oil sorption system. 
The experimental outcomes were also modeled using kinetic 
and isotherm studies. The pseudo-second-order kinetic 
and Redlich–Peterson models were found to be fitting the 
experimental results well. The mechanism of oil uptake of 
mango leaves was controlled by fiber uptake on the biomass 
surface and capillary sorption by the biomass cavities. The 
sorption efficiency of mango leaves reduced to below 50% 
of their sorption capacity after they was reused for 5 cycles.
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