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Abstract
The problem of oil spill pollution associated with the transport of crude oil and its products across the globe is of serious 
concern. The sorption technique has proved to be promising for oil spill treatment but is limited by the hydrophilic nature 
of most natural organic sorbents. The combo of natural organic and inorganic sorbents have been found to enhance the 
hydrophobicity for oil sorption. Therefore this study was aimed at the preparation of a novel feldspar-banana peel biochar 
composite (FBPC) with enhanced hydrophobicity for the sorption of crude oil. The prepared sorbent was characterised by the 
scanning electron microscopy (SEM) and X-ray diffraction (XRD) techniques, while the crude oil was characterised using 
standard methods. Batch sorption was used to determine the effect of contact time (30–150 min), temperature (25–100 °C), 
pH (2.0–10.0), oil concentration (4.0–12.0 g/L) and sorbent dosage (0.1–0.5 g) on sorption. SEM analysis of FBPC revealed 
a porous structure, while XRD confirmed the crystalline phases of feldspar. The crude oil samples had pH (6.40–6.60), 
density (0.960 0 0.962 g/cm3), kinematic viscosity (24.0–27.6 cSt) and API gravity (24.25–24.51°). The Langmuir model 
with R2 > 0.7781 presented the best fit than the Temkin and Freundlich model in the isotherm analysis, while the pseudo-
second-order model with R2 > 0.9711 was applicable in the kinetics of sorption. The thermodynamic analysis revealed a 
decrease in randomness at the crude oil-FBPC interface. The prepared FBPC was found to be an efficient inorganic–organic 
composite sorbent with enhanced hydrophobicity for the sorption of crude oil.
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Introduction

Pollution has been a worrying experience to humanity for the 
past few decades, since the advent of technology and man’s 
quest for industrialisation. Oil pollution in the environment 
has been a major source of concern for the people living in 
crude oil-rich areas (Ohanmu and Bako 2017). Oil pollution 
occurs during exploration, extraction, refining, shipping and 
transportation, storage, or in form of leakages in the pipe-
lines. Onshore oil spillage is very phytotoxic to plant and 
injurious to animals (FEPA 1991). Gas flaring during the 

exploration of crude oil does not only cause global warming 
through the excess release of greenhouse gases  (CO2,  NO2, 
 SO2) to the atmosphere but as well causes ocean acidifi-
cation (UNEP/GRID 2011). The presence of heteroatoms 
(sulphur, nitrogen, metals, etc.) in crude oil is also a threat 
to the environment. Sulphur-containing compounds burn to 
release sulphur, which forms sulphuric acid and causes acid 
rain. Nitrogen and trace metals are potential catalyst poisons 
while aromatic compounds like benzene and benzene-unit 
compounds are carcinogenic (Topsoe et al. 1996). However, 
besides the environmental impact of the heteroatoms, oil 
spillage has remained the most common as well as devastat-
ing contaminants of the environment. It had not only con-
taminated the potable drinking water but also denatured the 
marine environment and jeopardised the aquatic lives.

Though the benefits of crude oil to humanity are enor-
mous, crude oil-polluted water has been a major source of 
concern as it poses a serious threat to aquatic life, plants, 
and humans (Ani et al. 2020). This is due to their high 
toxicity, non-biodegradability, accumulation in the food 
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chain, and drastic reduction and degradation of marine 
oxygen (Singh et al. 2011). Hence, the determination and 
subsequent removal of crude oil and other pollutants from 
water bodies are vital in maintaining environmental qual-
ity and has recently become a dominant topic for research-
ers. Conventional techniques have been employed for the 
removal of crude oil from waters regardless of being phys-
ical, chemical, or biological. These include evaporation, 
coagulation, floatation, filtration, solvent extraction, chem-
ical precipitation, electrochemical treatment, degradation, 
ion exchange, oxidation/reduction, reverse osmosis, mem-
brane separation, and activated carbon adsorption (Eze 
et al. 2019; Akpomie et al. 2019; Dawodu et al. 2018).

However, most of these existing processes have the dis-
advantages of high cost, low removal efficiency, secondary 
contamination, difficulty to apply, and high energy require-
ment (Liang et al. 2010). Adsorption as a technique for the 
treatment of crude oil-polluted water is highly efficient, 
simple, and feasible, but due to the high cost involved 
in utilising activated carbon, several low-cost adsorbents 
have been utilised such as biomass materials, clays, micro-
organisms, and ash (Li et al. 2011; Saleh and Gupta 2012). 
Particularly, biomass materials that have been extensively 
used include yam peels, wheat straw, sawdust, rice resi-
dues, corncob, coconut husk, kenaf, kapok fibres, cotton, 
wool, and wood (Sathasivam and Mas-Haris 2010; Ali 
et al. 2012). The advantages of these materials include 
being cheaper, biodegradability, and non-toxic (Akpomie 
and Conradie 2020).

Feldspar is a tectosilicate mineral,  NaAlSi3O8 or 
 CaAl2Si2O8 and can be used as a potential adsorbent due 
to its surface area, pore structure, and morphology. Modi-
fication of this material through chemical treatments like 
alkaline, acid, and organics is believed to further increase 
the adsorption capacity as it would enhance the active 
sites by presenting heterogeneous surfaces. However, the 
application of these chemicals is costly, quite complex, 
and requires skilled personnel, therefore limiting its wide-
spread use. Hence, the need to develop cheaper alternative 
means of modification having adsorption potentials com-
parable to or better than the chemically modified forms. 
Sequel to this, it is, therefore, possible that the introduc-
tion of banana peels to feldspar would present a heteroge-
neous surface with better adsorption potential and hydro-
phobicity than the chemically treated forms and also have 
the advantage of a lower cost.

Precisely, this present study investigated the use of feld-
spar-banana peel (Musa acuminata) biochar composite as a 
cheap and novel adsorbent for the removal of crude oil from 
aqueous solution. The effects of contact time, adsorbent dos-
age, crude concentration, pH, and temperature on the sorp-
tion process were studied. In addition, equilibrium isotherm, 
kinetic and thermodynamic parameters were determined.

Materials and method

Sample preparation

The powdered feldspar was obtained from the Federal 
Institute of Industrial Research Oshodi (FIIRO), Lagos, 
Nigeria while the banana peels were collected from Oje 
Market, Oje, Ibadan, Nigeria. Similarly, the crude oil 
samples, Estuary and Yokri, were obtained from sepa-
rate oil wells of the Shell Petroleum Development Com-
pany (SPDC), Delta State, Nigeria, through the Nigerian 
National Petroleum Corporation (NNPC) Division, Por-
tharcourt, Nigeria. The Estuary crude oil was collected 
from Estuary Oilfield Well-27S extracted on December 
10, 2018, while Yokri crude oil was gotten from Yokri 
Oilfield Well-127 T extracted on February 1, 2019. These 
samples were specifically collected from these oil wells as 
a suitable representative of crude oil present in Nigeria.

The raw feldspar was first sieved, using 100-μm mesh 
size, to remove larger particles and unwanted substances. 
It was dispersed in excess distilled water in a pre-treated 
plastic container, stirred to ensure uniform dissolution, 
and then filtered. The filtrate was kept for 24 h to settle, 
after which excess water was decanted, and the residue 
was treated with 30% conc.  H2O2 solution by gradual addi-
tion and stirring to oxidise all traces of organic present and 
kept undisturbed for 24 h. The supernatant was decanted 
and the feldspar was washed with distilled water to neutral 
pH, dried in an oven at 105 °C for 24 h, and cooled in a 
desiccator. The dried feldspar was ground using mortar 
and pestle, and then passed through a 100-μm mesh sieve 
and stored in an air-tight container.

The banana peels were cut into pieces, washed several 
times with distilled water to remove dust/dirt followed by 
sun-drying for 1 week. The sun-dried banana peels were 
crushed to increase the surface area, sieved through 100-
μm mesh, oven-dried at 105 °C for 24 h, and then heated 
in a muffle furnace at 300 °C for 6 h, since lower tempera-
ture produces more char (Winsley 2007), to give activated 
charcoal (biochar). The prepared biochar was cooled, 
washed with distilled water until it was clean, oven-dried 
at 105 °C for 3 h, sieved using 100-μm mesh, and stored 
in an air-tight container.

A total of 100 g each of purified feldspar and prepared 
banana peel powder (1:1) was mixed in 500-mL flask with 
200 mL 0.1 M NaOH, dried in an oven at 105 °C for 24 h, 
and then charred in a muffle furnace at 300 °C for 6 h, 
after which the furnace was cooled, and the black hybrid 
removed from the furnace. The charred hybrid was washed 
with distilled water to remove ash, drained, and oven-dried 
at 105 °C for 24 h, designated as FBPC, and kept in an air-
tight container for use.
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Sorbent characterisation

The scanning electron microscope (SEM) analysis was car-
ried out to ascertain the surface topography, pore structure, 
morphology, structural changes, and composition of FBPC. 
The prepared FBPC was first placed in the sample stud and 
then the stud placed at the sample compartment where the 
SEM (VEG A3 TESCAN) was run to determine the char-
acteristic pore structures. X-ray Diffractometry (XRD) was 
used to investigate the atomic arrangement, phase composi-
tion as well as crystalline phases of FBPC. The powdered 
FBPC was first pelletised, taken in an aluminium alloy grid 
on a flat glass plate covered with a paper, and then placed 
in the sample compartment where the sample was then run 
in Rigaku D/max-IIIC X-ray diffractometer to determine 
the crystalline phases of the FBPC. The pH of FBPC was 
determined at 25 °C. 20 mL of distilled water was added into 
1.0 g of adsorbent in an amber glass bottle, shaken, allowed 
to stand for 24 h, and then filtered. The pH of the supernatant 
was taken using a calibrated (BOSCH PHS Microprocessor) 
pH meter.

Crude oil characterisation

The physicochemical characterisations of the crude oil sam-
ples were performed to determine properties like density, 
pH, viscosity (kinematic and dynamic), API gravity, mois-
ture, and ash contents (Appenteng et al. 2013; Nwadinigwe 
and Alumona 2014; Ofodile et al. 2018; Rodrigues et al. 
2018). For each parameter, the experiment was conducted 
trice, and the mean value determined for quality assurance. 
Briefly, 50 mL capacity clean dry empty density bottle was 
first weighed at 25 °C, filled with crude oil to the brim and 
then carefully corked to expel trapped air. The bottle with the 
sample was then weighed and the density was determined 
according to the formula:

where W1 is the weight of the empty bottle, W2 is the weight 
of the bottle with sample and V is the volume of the density 
bottle.

The pH determination was carried out as follows; exactly 
30 mL of crude oil sample was measure into a clean dry 
beaker and the pH electrode was dipped into the sample at 
25 °C. The sample was stirred for 30 s and then allowed to 
stand. The pH was taken at the point of stability of the pH 
reading on the pH meter.

The viscosity of the crude oil samples was determined 
using Ostwald viscometer. The crude oil sample was care-
fully taken, with a syringe, into arm I of the U-shaped tube 

(1)� =
W2 −W1

V

at 25 °C, till it reaches mark II. It was subsequently drawn, 
by suction, into arm II (capillary arm) and allowed to flow 
down through the capillary arm into the lower bulb A. Two 
marks: one above and one below the upper bulb B, indicate a 
known volume. The time for the meniscus of the crude oil to 
pass between these marks is taken and is related to kinematic 
viscosity according to the formula:

where Kv is kinematic viscosity; Dv is dynamic viscosity; Vf 
is viscometer factor; Rt is residence time; ρ is density.

The API gravity was calculated by determining from 
the specific gravity (S.G) of the crude oil sample using this 
equation.

In the determination of moisture content, 5.0 g of the 
crude oil sample was taken, using a dropper, into a glass 
fibre paper, placed in a moisture analyser machine (AND-
MX-50 Moisture Analyser) at 105 °C. Thereafter, the mois-
ture reading was taken in percentage after 3 h.

For the determination of the ash content, a clean dry 
empty crucible was first weighed, filled with 2.0 g of crude 
oil, and weighed again. The crucible with the sample was 
gently heated to burn at a uniform and moderate rate leav-
ing only carbonaceous residue, then transferred into a muf-
fle furnace, heated at 500 °C for 30 min, and cooled. The 
amount of ash was determined using the formula.

where W1 is the weight of empty crucible, W2 is the weight 
of crude oil in the crucible and W3 is the weight of crucible 
containing the ash after heating at 500 °C.

Batch sorption

The batch sorption method was used in this study. A definite 
concentration of 7.50 g/l of crude oil solution was prepared 
by adding 7.50 g of crude oil in 1.0 L of distilled water. The 
pH of the mixtures was adjusted, using a pH meter, to the 
required value with 0.1 M HCl or 0.1 M NaOH. Several 
parameters affect the uptake of adsorbate by the adsorbent. 
Thus the effect of contact time (30–150 min), adsorbent 
dosage (0.1–0.5 g), crude oil concentration (4.0–12.0 g/l), 
pH (2.0–10.0), temperature (25–100 °C) were studied. The 
adsorption experiments were performed by equilibrating 
0.2 g of FBPC with 25.0 ml of prepared crude oil solution 
in a stoppered conical flask, at room temperature. The flask 

(2)Kv = VfxRt

(3)Dv = Kv x�

(4)APIgravity =
141.5

S.G(60◦F)
− 131.5

(5)Ash mass % =
W3 −W1

W2

X100
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and its contents were agitated in a temperature-controlled 
mechanical orbital shaker at 200 rpm for temperature regu-
lation. In each case, one parameter was varied, while others 
are kept constant at optimum conditions. At the end of the 
given contact time, in which equilibrium has been attained, 
the mixtures were centrifuged at 5000 rpm, to separate the 
adsorbent from the oil–water mixture solution. The amount 
of crude oil removed was determined gravimetrically 
(Akpomie et al. 2018). Each experiment was conducted 
in triplicate and the mean value computed to obtain qual-
ity assurance. The amounts of crude oil adsorbed per unit 
mass of adsorbent at equilibrium, qe (mg/g), or at time t, qt 
(mg/g), and percent uptake of crude oil by the composite 
was expressed and calculated according to the following 
expressions:

where m (g) is the sorbent mass, V (L) is the volume of 
oil–water mixture used, while Ce and Co in mg/L is the 
equilibrium and initial crude oil concentrations respectively.

Results and discussion

Sorbent and crude oil characterisation

The morphology and pore structure of FBPC were dis-
played in the SEM image (Fig. 1). The surface roughness 
of the FBPC micrograph revealed the availability of large 
pores of the sorbent, which is desirable in enhancing sorp-
tion of the crude oil. The X-ray diffractogram (Fig. 2) of 
FBPC revealed the crystalline phases as potassium feldspar 
K-Al4[Si4O10](OH), ilmenite  TiO2, pyrite  FeS2, and lime-
stone  CaCO3. Various peak areas also, were shown by it. K 
is found between 12.5–62.0, Ti at 25.1–76.0, while Fe and C 
are found at 27.5–57.0 and 30.0–49.0 respectively, all at 2θ 
angle. The pH result of FBPC obtained as 8.40 was found to 
be slightly alkaline. The results of XRD and pH are consist-
ent with the composition of feldspar;  SiO2,  Al2O3, Na/K2O, 
and CaO, indicating that feldspar is a principal component 
of the composite.

The physicochemical properties of the crude oils are pre-
sented in Table 1. The density of crude oil is an indication 
of the composition of crude oil as well as the ease with 

(6)%Removal =

(

C0 − Ce

C0

)

X 100

(7)qe =

(

C0 − Ce

m

)

v

(8)qt =

(

C0 − Ct

m

)

v

which it can be processed. From the results, Estuary crude 
oil is denser and hence has lower API gravity as compared 
to Yokri crude oil. This is because API gravity and density 
have a reciprocal relationship. The pH of a crude oil enables 
us to determine how acidic or alkaline a crude oil sample 
might be. It gives an insight into the presence of salts and 

Fig. 1  SEM micrograph of FBPC at magnifications a 1000X and b 
2000X

Fig. 2  XRD diffraction of FBPC
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other dissolved substances, which can roughly reveal the 
quality of the crude oil sample. In this study, the pH of both 
crude oils is slightly acidic with Yokri crude oil tending 
more to neutrality (6.60) when compared to Estuary crude 
oil (6.40). This result was expected and may be due to the 
presence of dissolved salts in the oil. Viscosity reflects the 
way molecules interact to resists motion and it is a vital flu-
id’s properties influencing the ability of the fluid to minimise 
friction while flowing. Crude oil viscosity is an important 
physical property that controls and influences the flow of oil 
through porous media and pipes. Its measurement also helps 
in the pump design and gives a rough idea about the differ-
ent fraction of crude oil (Ghulam et al. 2013). The lower the 
viscosity the lighter the crude oil fractions and vice versa. 
The results of Table 1 revealed that Estuary crude oil is more 
viscous than Yokri and thus has lower API gravity and more 
heavy fractions. API gravity is one of the properties that 
have the greatest influence on the value of crude oil. It is 
employed in the petroleum industry to determine how light 
or heavy a crude oil sample is compared to water and has a 
reciprocal relationship with specific gravity. According to 
Ghulam et al. (2013) and Ofodile et al. (2018), the higher 
the API gravity, the lighter the nature of the crude oil and 
vice versa. Consequently, lighter crude oil has API gravity 
higher than 31.1°, medium crude oil; 22.3–31.1° and heavy 
crude oil, less than 20°. In this study (Table 1), Estuary and 
Yokri crude oils are of medium crude in nature with Yokri 
crude slightly tending towards paraffinic compared to Estu-
ary. This agrees with the research by Odebunmi et al. (2002) 
on Bonny terminal crude oil in Bayelsa State, Nigeria, which 
showed that it was a medium crude.

The determination of the amount of moisture in crude 
oil has always been important to have a net dry oil of good 
pricing as well as high quality devoid of moisture, which 
will pose little or no corrosion threats during refining. From 
the results, Yokri crude oil contains more moisture than 
Estuary crude oil. Ash content of crude oil is a measure of 
the amount of inorganic non-combustible material it con-
tains. These materials, which may be present naturally or 
formed during refining, storage, or distribution are obtained 
after the combustion of crude oil in the air at a specific high 

temperature usually 500 °C. Crude oil containing more than 
0.05% ash content is considered high ash oil whereas those 
having less than 0.02% are regarded as low ash oil (Yasir 
2015). The results of Table 1 revealed that both crude oils 
are high ash oils with Yokri having a higher value.

Effect of contact time

To investigate the kinetics of sorption of crude oils from 
solution onto FBPC, the effect of contact time was studied 
at a time interval of 30–150 min as shown in Fig. 3. For 
Estuary crude oil solution, there was an increase in percent-
age removal as time increased from 44% at 30 min to 56% 
at 120 min where the maximum removal was attained after 
which the percentage removal decreased to 45% at 150 min. 
This is due to the desorption of oil into the solution. Sim-
ilarly, for Yokri crude oil solution, there was an increase 
in percentage removal as the time increased from 94% at 
30 min to 97% at 90 min where the maximum removal was 
attained after which the percentage removal decreased to 
92% at 120 min. The rapid uptake of crude oil by the FBPC 
at the initial stage is due to the presence of abundant active 
sites on the surface of FBPC, which gets used up with time, 
attaining saturation (Meitei and Prasad 2013). However, at 
a longer contact time, the whole available site on the FBPC 
would have been occupied as adsorption becomes more 
difficult and no crude oil can be adsorbed, thus leading to 
desorption.

Effect of sorbent dosage

It is important to determine the influence of adsorbent dos-
age on the adsorption of crude oil from solution as variation 
in the dosage affects the available site for adsorption. In this 
regard, the result of the adsorption of both Estuary and Yokri 
crude oils from solutions as a function of FBPC dosage was 
studied at 25 °C as shown in Fig. 4. The percentage removal 
of Estuary crude oil increased gradually from 34% at 0.1 g 

Table 1  Physicochemical characterisation of the crude oils

Parameter Temp. (°C) Estuary Yokri

Density (g/cm3) 25 0.962 0.960
pH 25 6.40 6.60
Kin. Viscosity (cSt) 25 27.60 24.00
Dyn. Viscosity (cP) 25 26.56 23.04
API Gravity (°) 25 24.25 24.51
Moisture Content (ppm) 105 3.658 × 105 4.387 × 105

Ash Content (%) 500 0.225 0.315 0
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Fig. 3  Effect of contact time on the sorption of crude oils onto FBPC
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to 35% at 0.2 g, with the highest removal of 47% attained 
at 0.3 g after which the percentage removal decreased due 
to the desorption process. Also, the percentage removal of 
Yokri crude oil increased gradually from 96% at 0.1 g to 
97% at 0.2 g, attaining maximum removal of 97% at 0.3 g, 
and thereafter the percentage removal decreased. The initial 
increase in adsorption with dosage is due to an increase in 
the active sites for crude oil removal (Chukwuemeka-Okorie 
et al. 2018).

Effect of crude oil concentration

In adsorption studies, the effect of initial adsorbate con-
centration is an important factor to be determined. This is 
because the adsorption intensity of adsorbent is a func-
tion of the initial concentration of adsorbate. In other 
words, the rate and uptake of the adsorbate by the sorbent 
is dependent upon its concentration in solution. In this 
study, the effect of Estuary and Yokri crude oil concentra-
tions on adsorption by FBPC is presented in Fig. 5. The 
results revealed that an increase in the initial concentra-
tion of the Estuary crude oil solution increased the per-
centage removal of crude oil. As the initial concentration 

increases, the percentage removal increased from 10% at 
4 g/l to 59% at 12 g/l after which there was a decrease in 
the percentage removal. Similarly, there was an increase 
in percentage removal as the initial concentration of Yokri 
crude oil was increased from 88% at 4 g/l to 99% at 10 g/l, 
thereafter there was a decrease in percentage removal. The 
increase in adsorption with an increase in concentration 
may be attributed to a higher concentration gradient which 
acts as a driving force to overcome the resistance of mass 
transfer of the crude oil between the solid and the aqueous 
phase (Liang et al. 2010). On the contrary, a decrease in 
percentage removal with an increase in initial concentra-
tion was observed. This is because each type of adsorbent 
has a limited number of active sites that become saturated 
at certain concentrations (Meitei and Prasad 2013).

Effect of solution pH

Adjustment of solution pH alters the binding sites of sorb-
ent, which in turn affects the sorption. Fig. 6 shows the 
effect of solution pH on the adsorption of Estuary and 
Yokri crude oils by FBPC. An increase in pH of the Estu-
ary crude oil solution resulted in a decrease in the per-
centage removal of the crude oil. As the pH increased, 
the percentage removal sharply decreased from 97% at 
pH 2 to 38% at pH 4 and continues till 35% at pH 8 after 
which a slight increment was observed. The slight incre-
ment observed from 35% at pH 8 to 39% at pH 10 may be 
due to the rapid attainment of the equilibrium between 
the amount of the oil adsorbed and the amount of the oil 
remaining in the solution. In the same vein, for Yokri 
crude oil, an increase in the pH of the crude oil solution 
resulted in a decrease in percentage removal of the crude 
oil from 99% at pH 2 to 93% at pH 10. These results indi-
cate that lower pH was more favourable for the crude oil 
sorption on FBPC.
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Fig. 4  Effect of adsorbent dosage on the sorption of crude oils onto 
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Effect of temperature

The effect of temperature on sorption may affect the uptake 
of crude oil on the sorbents (Akpomie et al. 2018). Fig. 7 
reveals the effect of temperature on the sorption of Estuary 
and Yokri crude oils by FBPC. For Estuary crude oil solu-
tion, there was an increase in percentage removal from 35% 
at 25 °C to 58% at 80 °C where the maximum removal was 
attained after which the percentage removal decreased to 
36% at 100 °C. In Yokri crude oil, a slight increase in per-
centage removal was observed from 86% at 25 °C to 88% at 
60 °C after which it increased sharply to 98% at 80 °C and 
then decreased to 48% at 100 °C. The increment observed 
may be due to the creation of more active sites on the adsor-
bent as a result of the dissociation of some of the surface 
components and the acquisition of more kinetic energy to 
overcome the energy barrier of the sorption (Li et al. 2011). 
The decrease at 100 °C is due to an increase in crude oil flow 
from the sorbent material due to a decrease in viscosity with 
temperature.

Adsorption isotherm and kinetic analysis

The sorption isotherm of crude oil on FBPC was analysed 
by the Temkin, Freundlich, and Langmuir isotherm models 
(David et al. 2020) while the kinetics was evaluated by the 
pseudo-first-order, pseudo-second-order and intraparticle 
diffusion model (Umeh et al. 2020). For brevity, the theory 
and equations of these models were described in our previ-
ous work (Dawodu and Akpomie 2014). The values of the 
isotherm constants and linear regression coefficient  R2 are 
presented in Table 2. The Langmuir isotherm gave a better 
fit, for both Estuary (Fig. 8) and Yokri (Fig. 9) crude oils 
than the Freundlich and Temkin models as revealed by its 
high  R2 values. This implies monolayer sorption of crude 
oil on a homogenous FBPC surface, suggesting both feld-
spar and the banana peel biochar were evenly distributed in 
the composite. The maximum monolayer sorption capacity 

indicated a higher uptake of Yokri crude oil (0.3562 g/g) 
compared to Estuary crude oil (0.0240 mg/g).

The kinetic parameters for the sorption of the crude oils 
on FBPC are given in Table 3. Among the three kinetic mod-
els, the pseudo-second-order model best conformed to the 
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Fig. 7  Effect of temperature on sorption of crude oils onto FBPC

Table 2  Equilibrium Isotherm Parameters on Sorption of Crude oils 
unto FBPC

Parameter Estuary Yokri

Langmuir
Qm 0.0240 0.3562
B −0.1880 −9.9237
R2 0.7782 0.9647
Freundlich
Kf 1.1488 0.4600
1/n 0.7642 0.7445
N 1.3086 1.3432
R2 0.0022 0.7131
Temkin
bT 1770.07 −5230.26
AT 0.2912 0.6624
R2 0.3167 0.4257

R² = 0.7782
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Fig. 8  Langmuir isotherm plot on sorption of Estuary crude oil onto 
FBPC
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experimental data of both Estuary (Fig. 10) and Yokri (Fig. 11) 
crude oils, due to the higher value of regression coefficient  R2. 
This indicated possible electrostatic interaction between FBPC 
and the crude oil in the solution.

Thermodynamic of crude oil sorption

Thermodynamic studies enable us to investigate the feasibil-
ity, spontaneity, and heat change of sorption. The thermody-
namic parameters for crude oil sorption on FBPC such as the 
Gibbs free energy, ΔG0 (KJ/mol), Enthalpy, ΔH0 (KJ/mol); 
and Entropy, ΔS0 (J/mol/K), were calculated using (Dawodu 
and Akpomie 2014):

where K is the thermodynamic equilibrium constant, R is 
the ideal gas constant, T is the temperature (K). The ther-
modynamic constants for the adsorption of Estuary and 
Yokri crude oils onto FBPC are presented in Table 4. The 
negative value of ΔG0 obtained from adsorption of Estuary 
crude oil by FBPC indicated that the sorption is feasible and 
spontaneous (Chukwuemeka-okorie et al. 2018). However, 
the positive value of ΔG0 obtained for adsorption of Yokri 
crude oil by FBPC indicated non-spontaneous adsorption 
(Adebayo et al. 2020). The negative and positive values of 
ΔH0, respectively, obtained from adsorption of Estuary and 
Yokri crude oils by FBPC showed that the sorption process 
is exothermic and endothermic respectively. For ΔSo, the 
negative values obtained for the sorption of both Estuary 
and Yokri crude oils indicated a decrease in randomness. 
A similar report was obtained (Meitei and Prasad 2013). 
From the results of ΔHo, it can be inferred that the sorption 
of Estuary and Yokri crude oils by FBPC are physical due to 
the low magnitude of ΔH0, less than 20.9 kJ/mol (Akpomie 
and Conradie 2020).

(9)ΔG0 = −RTInK

(10)InK =
−ΔH0

RT
+

ΔS0

R

Table 3  Kinetic Model Parameters on Sorption of Crude oils unto 
FBPC 

Parameter Estuary Yokri

Pseudo-first-order
K1 0.0046 0.0088
Q1 0.5698 0.4961
R2 0.00415 0.0797
Pseudo-second-order
K2 −6.0456 −1.0519
Q2 0.4531 0.8657
R2 0.9712 0.9988
Intraparticle diffusion
Kid 0.0372 0.0682
C 0.0923 0.2095
R2 0.7607 0.7124

R² = 0.9712
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Fig. 10  Pseudo-second-order plot on sorption of Estuary crude oil 
onto FBPC 
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Fig. 11  Pseudo-second-order plot on sorption of Yokri crude oil unto 
FBPC

Table 4  Thermodynamic parameters for sorption of crude oils onto 
FBPC

Parameters ΔG° (KJ/mol) ΔH° (KJ/mol) ΔS° (KJ/mol/K)

Estuary −0.8304 −2.2846 −4.88
Yokri 5.1088 2.5669 −8.53
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Conclusion

In conclusion, a Feldspar-banana peel biochar composite 
(FBPC) was used for the sorption of crude oils (Yokri and 
Estuary) collected from two oil wells in Nigeria. The scan-
ning electron micrograph showed the existence of pores 
favourable for the sorption of the crude oil from the solution. 
X-ray diffraction analysis revealed the crystalline phases of 
the FBPC as feldspar, ilmenite, pyrite, and limestone. Lang-
muir adsorption isotherm model presented the best fit to the 
experimental data compared to the Freundlich and Temkin 
adsorption isotherms, suggesting a monolayer crude oil 
sorption. Kinetic studies indicated that the pseudo-second-
order was suited to the oil sorption process. Thermodynam-
ics showed that adsorption of the two crude oils occurred 
through physical sorption due to the low value of enthalpy 
ΔH0 obtained. Importantly, the novel prepared composite 
was found to be efficient for the sorption of the two crude 
oil from aqueous solution and is recommended for environ-
mental treatment of oil spills.
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