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Abstract 

 
Nowadays, natural organic adsorbents are widely used to clean up oil from spills owing to their effectiveness, 

affordability, and biodegradability. In this study, Napier grass, a widely available agricultural material, was used to 

remove crude oil from aqueous media. The Napier grass was modified via a mild acetylation process to improve its 

hydrophobicity. The modification increased the Brunauer–Emmett–Teller surface area of the grass from 180.07 to 271.13 

m2/g. Fourier-transform infrared analysis revealed that the modification endowed the originally hydrophilic Napier grass 

with hydrophobicity. The oil sorption processes were based on monolayer physisorption and controlled by film diffusion. 

The oil sorption capacities of the unmodified and modified Napier grass under various adsorption conditions (adsorbent 

dose, initial crude oil concentration, and contact time) were significantly different. The equilibrium oil sorption capacities 

of the unmodified and modified grass were 7070 and 9057 mg/g, respectively, reflecting the improvement of oil sorption 

capacity by the modification process. These results indicate that the modification process significantly improved the crude 

oil adsorption ability of Napier grass. Thus, acetylated Napier grass is an effective, readily available oil sorbent with 

application potential for the cleanup of crude oil spills. 

 

Keywords: acetylation, Napier grass, oil adsorption 
 
 

 

Introduction 
 

Crude oil is a significant energy source and raw material 

for various products; thus, there is an increasing daily 

demand for it. This increase in demand leads to increased 

crude oil output and global transportation, which 

increases the risk of oil spills in the environment. This 

spillage can result from operational mistakes, broken 

equipment, accidents during transportation, natural 

calamities, mismanaged landfills, leaky reservoirs, or 

inappropriate crude oil handling. Crude oil spills release 

hazardous substances into the environment and thus can 

adversely affect plants, animals, and humans [1, 2]. 

Hence, research is ongoing to create effective oil spill 

remediation methods. The natural adsorption method, 

which employs cheap agricultural wastes and materials, 

is preferred because it is simple, efficient, and affordable, 

and the sorbents are biodegradable and renewable [3–5]. 

The sorbents, which are usually hydrophilic by nature, 

are modified to increase their hydrophobicity. 

Acetylation is one of the most employed chemical 

modification methods, because of its simplicity, cost-

effectiveness, and efficiency in improving the 

hydrophobicity of natural fiber surfaces [6]. Moreover, 

moderate acetylation does not alter the natural crystalline 

structure of cellulose, allowing for the retention of 

desirable qualities [7]. Modification by acetylation 

leverages the fact that the hydroxyl functional group, 

which is hydrophilic, is the most reactive and abundant 

site in the cell wall polymers of most lignocellulosic 

materials. Therefore, reducing the density of the 

hydroxyl functional groups will increase the efficiency of 

these materials in a saturated aquatic environment [8]. By 

replacing the hydroxyl groups in the cell wall fibers with 

acetyl groups from acetic anhydride, the acetylation 

process converts the hydrophilic features of cellulosic 

materials into hydrophobic properties [9]. Agricultural 

materials such as corn silk [10], Delonix regia pods [11], 

corncob [12], sugarcane bagasse [13], oil palm empty 

fruit bunch, cocoa pods [14], and Dacryodes edulis 

leaves [15] have all been acetylated to increase their 

hydrophobicity for oil sorption applications. Although 

these acetylated sorbents efficiently adsorb crude oil, the 

plants that serve as their source require a lengthy growth 

time. Moreover, the preparation of the sorbents involves 

many processes that require a significant amount of time 

and energy. These limitations restrict the application of 

the sorbents for oil spill treatment. The preparation of 

sorbents using an environmentally friendly quick-

growing biomaterial that requires few processes has 

attracted research attention. Napier grass is a perennial 

grass that spreads quickly through asexual reproduction, 
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with a high productivity of 87 tons/ha/year [16]. It is 

frequently discarded because many people regard it as a 

weed. It is, however, used as forage for livestock and for 

protection against erosion in some environments [17]. 

 

Several studies have investigated various possible 

applications of Napier grass, including biofuel 

production, corrosion inhibition, and the adsorption of 

dyes and heavy metals. However, to the best of our 

knowledge, there have been no reports on its 

modification by acetylation for crude oil adsorption. The 

aim of this study was to investigate the crude oil sorption 

behavior of unmodified Napier grass (UNG) and 

modified Napier grass (MNG). The effects of different 

adsorption conditions, such as adsorbent dose, contact 

time, and initial crude oil concentration were determined. 

Sorption equilibrium and kinetics were also studied using 

various isotherm and kinetic models. 

Materials and Methods 

Napier grass was gathered in Awka, a city in Anambra 

State, Nigeria. The gathered grass was thoroughly 

washed with clean water to remove dust and extraneous 

materials. The washed grass was dried under sunlight for 

about 12 h and then left to dry properly in an oven at 65 

°C. The dried samples were ground using a manual 

grinding machine and sieved. The particles that passed 

through size 25 British standard sieves were collected 

and used for further analysis.  Crude oil was obtained 

from the Port Harcourt Refinery in Rivers State, Nigeria. 

The crude oil belonged to the class of medium crudes, 

with a density of 898 kg/m3 and an API gravity of 

25.897°. The chemicals for this research were obtained 

from British Drug Houses, Ltd. 

 

Modification of Napier grass. To minimize the impact 

of fiber extracts on acetylation, soxhlet extraction was 

performed on the Napier grass. A weighed portion (10 g) 

of the sieved Napier grass was exposed to a 4:1 v/v solu-

tion of n-hexane and acetone for 5 h. After the treated 

materials were dried, they were subjected to mild acety-

lation with acetic anhydride in the presence of 1% iodine 

as a catalyst using the method reported by Nwadiogbu et 

al. [18]. For this, 60 mL of acetic anhydride and 3 g of 

Napier grass were combined and heated to 30 °C for 1 h 

in a solvent-free system. The acetylated material was 

then dried and cooled before analysis. 

 

Characterization of Napier grass. The surface areas, 

pore volumes, and pore sizes of UNG and MNG were 

measured using a Brunauer–Emmett–Teller (BET) ana-

lyzer (Quantachrome NOVA 4200e). The Fourier-trans-

form infrared (FTIR) spectra of the sorbents were ac-

quired before and after crude oil sorption using a Nicolet 

iS5 spectrometer in the spectral range of 4000–400 cm−1 

in the attenuated total reflection mode. 

Oil sorption test. The crude oil used for the sorption test 

was left in a beaker for 24 h in the open air to release 

volatile hydrocarbon content, simulating an oil spill. The 

oil sorption capacities of UNG and MNG were deter-

mined using a batch oil sorption technique. First, 10 g of 

the weathered crude oil was displaced in 100 mL of water 

and contacted with each adsorbent in a weighted fraction 

of 0.2 g. Then, with only minimum stirring, the mixture 

was maintained at 26 °C for five min. Then, the sorbent 

was allowed to drain through a mesh filter, dried at 60 

°C, and reweighed. The oil sorption capacity (g/g) of the 

adsorbents was determined using Equation 1. 
 

Oil sorption capacity =   
W1 - W0

W0
  (1) 

 

W0 and W1 are the weights of the adsorbent in grams be-

fore and after crude oil sorption, respectively. Using the 

following mass balance equation, the equilibrium amount 

of crude oil adsorbed per unit weight of adsorbent, q
e
 

(mg/g), was calculated: 
 

q
e
 = 

(Co - Ce)∙V

m 
    (2) 

 

Ce and Co (mg/L) are the equilibrium and initial concen-

trations of crude oil, respectively; m (g) is the mass of the 

adsorbent; and V is the volume of the solution in liters. 

 

To study the effect of the adsorbent dose on the oil 

sorption capacities of UNG and MNG, the above 

procedure was conducted using 0.2, 0.4, 0.6, 0.8, and 1.0 

g of each adsorbent under operating conditions of 26 °C, 

five min contact time, and crude oil concentration of 100 

g/L. The impact of the initial oil concentration on the 

sorption capacity of the adsorbents was studied using 

crude oil concentrations of 50, 75, 100, 125, and 150 g/L 

under working conditions of 26 °C, 0.2 g adsorbent, and 

5 min contact time. Data obtained from this study were 

used for equilibrium studies of the adsorption processes 

using various isotherm models. The effect of contact time 

on the oil sorption capacity of the adsorbents was 

determined through sorption experiments under contact 

times of 1, 3, 5, 10, and 15 min, with operating conditions 

of 26 °C, 0.2 g adsorbent, and crude oil concentration of 

100 g/L. The data obtained were inputted into various 

kinetic models for kinetic analyses of the adsorption 

processes. 

 

Adsorption isotherm. Four adsorption isotherm mod-

els—Langmuir, Freundlich, Temkin, and Dubinin–Ra-

dushkevich (D-R)—were used to examine the equilib-

rium of the adsorption processes. 

 

Langmuir isotherm. The Langmuir isotherm model de-

scribes monolayer adsorbate coverage on an adsorbent, 

and is given as follows [15]. 
 

q
e
= 

qm∙b∙Ce

1+ b∙Ce
          (3) 
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Ce is the equilibrium concentration of the adsorbate (g/L), 

qm and qe are the monolayer and equilibrium sorption ca-

pacities (g/g), respectively, and b is the Langmuir con-

stant (L/g). The linear form of the isotherm is as follows 

[19]. 

 

 
Ce

qe

 = 
1

b ∙ qm

 + 
Ce

qm

    (4) 

 

Plotting Ce/qe against Ce results in a straight line graph, 

from whose slope and intercept qm and b can be deduced, 

respectively. 

 

Freundlich isotherm. The Freundlich isotherm, which 

applies to multilayer sorption on heterogeneous surfaces, 

is given as follows [20]: 

 

q
e

= KF  ∙ Ce

1
n⁄
     (5) 

 

KF is the Freundlich constant, which reflects the relative 

adsorption capacity of the adsorbent, and 1/n is a measure 

of the adsorption intensity; it describes the heterogeneity 

of the adsorbent site and the energy of distribution. The 

linearized isotherm is as follows [21]: 

 

ln q
e
= ln KF + 

1

n
 ln Ce   (6) 

 

The intercept and slope of a linear plot of ln qe as a func-

tion of ln Ce yield the KF and n values, respectively. 

 

Temkin isotherm. The Temkin isotherm, provided in 

Equation (7), assumes that owing to indirect adsorbate–

adsorbent interactions, the adsorption energy decrease 

linearly with increasing surface coverage of the adsor-

bent [22]. 

 

q
e
 = B ln(A∙Ce)    (7) 

 

 B = 
RT

b
     (8) 

 

A is the equilibrium binding constant (L/g), b is the Tem-

kin constant related to the heat of adsorption (J/mol), T 

(K) is the absolute temperature, and R is the universal gas 

constant (8.314 J/mol. K). The isotherm's linear form is 

as follows [23]: 

 

q
e
 = B ln A + B ln Ce   (9) 

 

The slope and intercept of a straight  line graph created 

by plotting qe as a function of ln Ce yield the constants B 

and A, respectively. 

 

D–R isotherm. The D–R isotherm, which assumes a 

multilayer character of adsorbate molecules involving 

van der Waals forces, is shown in nonlinear and linear 

forms in Equations (10) and (11) [24]. 

q
e
 = q

m
exp(-KDε2)   (10) 

 

ln q
e

= ln q
m

- KDε2   (11) 

 

ε = RT ln (1+
1

Ce
)    (12) 

 

KD is the D–R constant (mol2/kJ2), ε is the Polanyi 

potential, and qm is the maximum adsorption capacity 

(g/g). A straight line whose slope and intercept are −KD 

and ln qm, respectively, results from plotting ln qe versus 

ε2. 

 

Adsorption kinetics. To better comprehend the mecha-

nism of the sorption processes, six kinetic models were 

applied: pseudo-first-order, pseudo-second-order, Elo-

vich, intra-particle diffusion, and Boyd kinetic models. 

 

Pseudo-first-order kinetic model. The pseudo-first-

order kinetic equation is presented in Equation (13) [25]. 

 
dqt

dt
 = k1 (q

e
 - q

t
)     (13) 

 

qe and qt (mg/g) are the oil sorption capacities at equilib-

rium and time t (min), respectively, and k1 is the pseudo-

first-order reaction rate constant (min−1). On integration 

and linearization, the model becomes Equation (14) [23]. 

 

ln(q
e
 - q

t
) = ln q

e
 - k1t   (14) 

 

A plot of ln (qe–qt) versus t gives a straight line with the 

slope and intercept as –k1 and ln qe, respectively. Con-

formity to the model indicates that the adsorption process 

involves physisorption [14]. 

 

Pseudo-second-order kinetic model. The pseudo-sec-

ond-order model relies on the assumption of the chemi-

sorption of the adsorbate on the adsorbent, and its non-

linear and linear forms are represented in Eqs. (15) and 

(16), respectively [26]. 

 
dqt

dt
 = k2 (q

e
 - q

t
)

2
    (15) 

 
t

qt

  = 
1

k2∙ qe
2
 + 

t

qe

    (16) 

 

K2 is the pseudo-second-order reaction rate constant 

(g/mg‧min). Plotting t/qt as a function of t yields a straight 

line that gives k2 from the intercept and qe from the slope. 

 

The Elovich model. The Elovich model, also based on 

the assumption that the adsorbate will become chemi-

sorbed to the adsorbent, is given in nonlinear and linear 

forms in Eqs. (17) and (18), respectively [27]. 

 
dqt

dt
 = α exp (-βq

t
)    (17) 
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q
t
 =  

1

𝛽
 ln(𝛼𝛽)  + 

1

𝛽
 ln 𝑡   (18) 

 

α (mg/g.‧min) is the initial adsorption rate, and β (g/mg) 

is the desorption constant related to the degree of surface 

coverage and activation energy for chemisorption. The 

intercept and slope of a linear plot of qt versus ln t are 

employed to determine α and β, respectively. 

 

Intra-particle diffusion model. This model, which de-

scribes an adsorption process based on intra-particle dif-

fusion, is expressed by Equation (19) [28] 

 

q
t
 = Kid ∙ t1/2 + 𝑙     (19) 

 

Kid is the rate constant of intra-particle diffusion 

(mg/g·min1/2), and 𝑙 is the estimated thickness of the 

boundary layer. The slope and intercept of a plot of qt 

versus t1/2 yield Kid and 𝑙, respectively. If the plot of qt 

versus t1/2 results in a straight line passing through the 

origin, then intra-particle diffusion is the mechanism be-

hind the sorption process [23]. 

 

Boyd model. The Boyd kinetic equation is expressed as 

follows [29]: 

 

F =1 − (6
π2⁄ ) exp(−Bt)   (20) 

 

where F(=
qt

qe

) is the fractional attainment of equilib-

rium, and Bt is a mathematical function of F. Substitution 

for F in Equation (20) and rearranging the equation yields 

Equation (21). 

 

Bt = − 0.4977 − ln (1 − F)  (21) 

 

If a plot of Bt as a function of time gives a straight line 

passing through the origin, then intra-particle diffusion 

controls the adsorption; otherwise, film diffusion or ex-

ternal mass transfer controls it [30]. 

 

Statistical analysis. A paired sample t-test with a 95 % 

confidence interval in Statistical Package for Social Sci-

ences version 26 was employed to compare the adsorp-

tion capacities of UNG and MNG. P-values below the 

0.05 significance level indicate significant changes in the 

mean values. 

Results and Discussion 

Surface area analysis of the adsorbents. The N2 

adsorption isotherm plots for UNG and MNG are 

presented in Figures 1 and 2, respectively. The modified 

grass exhibited larger BET and Barrett–Joyner–Halenda 

(BJH) surface areas (271.13 and 345.70 m2/g, 

respectively) than the unmodified grass (180.07 and 

203.00 m2/g, respectively). In accordance with the 

International Union of Pure and Applied Chemistry 

(IUPAC) classification, the isotherms resemble a 

combination of type I and II isotherms. This indicates a 

combination of microporous- and mesoporous structures 

[31]. The pore sizes are divided into three categories 

according to the IUPAC criteria: micropores (less than 20 

Å or 2 nm), mesopores (between 20 Å or 2 nm and 500 

Å or 50 nm), and macropores (greater than 500 Å or 50 

nm) [32]. The pore size distribution curves for both UNG 

and MNG featured the sharpest peak between pore 

diameters 2 and 3 nm. The average BJH pore sizes of 

UNG and MNG were 2.122 and 2.072 nm, respectively, 

while the Dubinin–Astakhov pore sizes were 2.740 and 

2.940 nm, respectively. This shows that the UNG and 

MNG were dominated by mesopores. The modification 

process increased the pore volume from 0.0992 to 0.1668 

cc/g. The increments in surface area and pore volume are 

attributable to the replacement of low-weight hydroxyl 

groups with bulkier acetyl groups from acetic anhydride 

during the acetylation process, thereby increasing the 

active area [8]. The slight reduction in pore size was 

likely due to the swelling of the cell wall of the Napier 

grass during the acetylation process through the 

introduction of the bulky acetyl groups [33]. 

 

FTIR analysis. The FTIR spectra of UNG and MNG 

before and after crude oil sorption, are displayed in 

Figure 3. The UNG spectra show a broad absorption band 

with a center point at 3330 cm-−1 and a narrow band in 

the range of 2852–2918 cm−1, which correspond to O–H 

and C–H vibrations, respectively [28]. The peak at 1641 

cm−1 corresponds to the bending vibrations of H-O-H 

[34]. C–O stretching vibrations of ethers occurred at 

1032–1320 cm−1, and the peak at 897 cm−1 indicated the 

C–O rotational vibration of β–glycosidic linkages in 

polysaccharides [28]. The UNG spectra featured peaks 

corresponding to cellulose, hemicellulose, and lignin, 

indicating that Napier grass is a lignocellulosic material. 

 

The MNG spectra featured a downward shift in the 

wavenumber of the absorption bands. The middle point 

of the O–H stretching band appeared at 3333 cm−1 in the 

UNG spectra but at 3326 cm−1 in the MNG spectra, while 

the C–H stretching band appeared at 2852–2918 cm−1 in 

the UNG spectra but at 2852–2901 cm−1 in the MNG 

spectra. The H--O-H bending vibration appeared at 1641 

in the UNG spectra but at 1637 cm−1 in the MNG spectra. 

C–O stretching and glycosidic linkage appeared at 1320–

1032 cm−1 and 897 cm−1, respectively, in the UNG 

spectra, but at 1316–1032 cm−1 and 896 cm−1, 

respectively, in the MNG spectra. These downward shifts 

in wavenumber in the MNG FTIR spectra compared with 

the UNG spectra are attributable to the modification 

process. The MNG spectra also showed an absorption 

peak at 1734 cm−1, which corresponds to the C=O 

stretching of the acetyl group. The appearance of this 

peak and the reduction in the intensities of the other 

absorption peaks indicate the attachment of the acetyl 
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group from the acetic anhydride reagent to the Napier 

grass, which led to the removal of the weak components 

of hemicellulose and lignin present in the grass [19]. 

 

The spectra of the crude oil-treated sorbents featured 

intense peaks at 2852 cm−1 and enhanced peaks at 

2921.65 cm−1 and 1456 cm−1. These peaks correspond to 

the C–H stretching of the methylene and methyl groups 

and the C–H bending of crude oil, respectively [13]. The 

creation and enhancement of these peaks indicate that 

crude oil was adsorbed on the hydrophobic sites of the 

sorbents, consistent with the results of previous studies 

[13, 32]. The new and enhanced absorption peaks were 

more intense in the spectra of MNG after sorption 

(MNG-S) than in the spectra of UNG after sorption 

(UNG-S), indicating that MNG adsorbed more crude oil 

than UNG, owing to the presence of more hydrophobic 

sites. In contrast to MNG, UNG adsorbed much more 

water, as indicated by the enhanced peaks at 3332.17 

cm−1 [35] and at 1634 cm−1 [36] in the FTIR spectra of 

UNG-S. These observations demonstrate that the 

modification endowed the originally hydrophilic Napier  
 

 
 

Figure 1. Nitrogen Adsorption Isotherm and Pore Size Distributions of Unmodified Napier Grass 

 

 
 

Figure 2. Nitrogen Adsorption Isotherm and Pore Size Distributions of Modified Napier Grass 
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grass with hydrophobicity. Figure 4 illustrates the 

proposed mechanism explaining the observations. The 

hydroxyl groups on the UNG surface possibly repelled 

the crude oil molecules in the sorption medium but 

attracted water molecules [37]. The introduction of acetyl 

groups from acetic anhydride during the modification 

process (Figure 4a) led to the creation of a nonpolar layer 

on the Napier grass surface, and crude oil molecules were 

attached to the layer (Figure 4b). The increase in the 

hydrophobicity and the active area of the Napier grass 

enhanced and provided more active sites for higher oil 

uptake. 
 

 
 

Figure 3. FTIR Spectra of Unmodified and Modified Napier Grass Before and After Sorption 

 

 

 
 

Figure 4. Proposed Mechanisms of Napier Grass Modification and Oil Adsorption 

 



Equilibrium and Kinetic Studies of Crude Oil Sorption    121 

Makara J. Sci.   June 2023  Vol. 27  No. 2 

Effect of adsorbent dose on oil sorption capacity. 

Figure 5 shows the effects of the doses of UNG and MNG 

on their oil sorption capacities. With increasing sorbent 

dose from 0.2 to 1.0 g, the oil sorption capacities of UNG 

and MNG reduced from 5.414 to 4.276 g/g and 6.825 to 

5.268 g/g, respectively. This decrease is attributable to 

the convergence of the sorption sites as the sorbent dose 

increased, which reduced the overall adsorption surface 

area and hence reduced the amount of sorbate adsorbed 

per unit gram of sorbent [38, 39]. For the various 

considered adsorbent doses, MNG demonstrated a higher 

oil sorption capacity than UNG. With increasing surface 

area of contact between the oil adsorbate and sorbent 

particles, the oil sorption capacity increased [40]. 

Consequently, more oil was adsorbed under a large 

surface area. Therefore, the higher sorption capacity of 

MNG is attributable to its larger surface area and pore 

volume. The higher oil sorption capacity of MNG also 

demonstrates its increased hydrophobicity. 

 

Effect of initial crude oil concentration on oil sorption 

capacity. Figure 6 shows the impact of the initial crude 

oil concentrations on the oil sorption capacities of UNG 

and MNG. The oil sorption capacity of UNG increased 

with the increase in the initial crude oil concentration 

from 50 to 100 g/L. Further increase in the oil 

concentration resulted in lower oil sorption capacity. The 

oil sorption capacity of MNG increased with increasing 

initial oil concentration up to 125 g/L and then decreased. 

The oil sorption capacity increased with the initial oil 

concentration because the concentration gradient 

provided the requisite driving force for the mass transfer 

of adsorbate from the bulk phase to the adsorbent surface 

[13]. However, each adsorbent had a limited number of 

active sites, and the sites became saturated when exposed 

to higher concentrations of adsorbate, thereby causing a 

reduction in the sorption capacity [8]. Compared with 

MNG, UNG attained saturation at a lower crude oil 

concentration, indicating that acetylation produced more  

 
 

Figure 5. Effect of Adsorbent Dose on the Oil Sorption Capacities of Unmodified and Modified Napier Grass 

 

 
 

Figure 6. Effect of Initial Crude Oil Concentration on the Oil Sorption Capacities of Unmodified and Modified Napier Grass 
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active sites for oil sorption. For the various initial crude 

oil concentrations considered, MNG showed a higher oil 

sorption capacity than UNG, demonstrating the enhanced 

hydrophobicity of the former. 

 

Isotherm study. The Langmuir, Freundlich, Temkin, 

and D–R plots for the adsorption of crude oil on UNG 

and MNG are shown in Figures 7 a, b, c, and d, 

respectively. The isotherm parameters obtained from the 

plots are listed in Table 1. The Langmuir isotherms had 

the highest R2 values (>0.9700) among all of the applied 

isotherms for adsorption on UNG and MNG. This 

suggests that the Langmuir isotherm best described the 

crude oil sorption processes, which agrees with other 

reports [12, 41]. Conformity to the Langmuir isotherm 

implies that the adsorption processes involved monolayer 

coverage of the adsorbents by the crude oil. The 

theoretical monolayer sorption capacities (qm) for UNG 

and MNG are 6.131 and 9.001 g/g, respectively.  

 

According to the Langmuir isotherm, each sorbent has a 

limited number of uniform adsorption sites [42]. A higher 

qm value obtained for MNG indicates that the 

modification process increased the number of sorption 

sites on the Napier grass, which increased the oil sorption 

capacity of the grass. The separation factor, RL, 

represented in Equation (22), is a dimensionless constant 

used to determine the characteristics of a Langmuir-type 

adsorption process. 

RL =  
1

1 + b ∙ Co
    (22) 

 

C-o is the initial adsorbate concentration (mg/L), and b is 

the Langmuir constant (L/mg). Adsorption is described 

as favorable, unfavorable, linear, or irreversible at 0 < 

RL < 1, RL > 1, RL = 1, or RL = 0, respectively [25]. The 

RL values for the adsorption on UNG and MNG obtained 

using various Co values were between 0 and 1 (Table 1), 

indicating that the adsorption processes were favorable. 

Moreover, the n values obtained from the Freundlich 

isotherm for adsorption on UNG and MNG are between 

1 and 10, indicating favorable adsorption [21]. 

 

The D–R constant, KD provides insight into the mean free 

energy of adsorption, E (kJ/mol), which can be 

determined using the following relationship [23]: 

 

E = 
1

√2KD
    (23) 

 

Physical sorption occurs when the adsorption energy is 

less than 8 kJ/mol, while chemical sorption occurs when 

the energy is between 8 and 16 kJ/mol [43, 44]. For the 

adsorption of crude oil on UNG and MNG, the E values 

were 0.0707 and 0.0845 kJ/mol, respectively, which 

indicates the physical nature of the sorption processes. 

The b values obtained from the Temkin isotherm were 

2.023 and 1.136 kJ/mol for the adsorption on UNG and 

MNG,  respectively. Both values were less than 8 kJ/mol, 

 

 
 

Figure 7. (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin-–Radushkevich Isotherms for Oil Sorption on 

Unmodified and Modified Napier Grass 
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Table 1. Isotherm Parameters for Oil Sorption on Unmodified and Modified Napier Grass 
 

Parameter UNG MNG 

Langmuir isotherm 

qm (g/g) 

b (L/g) 

RL 

 

Freundlich isotherm 

KF (L/g) 

n 

 

Temkin isotherm 

A (L/g) 

B 

b (kJ/mol) 

 

Dubinin–Radushkevich isotherm 

q
m

 (g/g) 

KD (mol2/kJ2) 

 

6.131 

4.99 × 10−2 

0.286‒0.118 

 

 

1.450 

3.659 

 

 

0.646 

1.2292 

2.022 

 

 

5.625 

1 × 10−4 

 

9.001 

4.37 × 10−2 

0.314‒0.132 

 

 

2.463 

4.263 

 

 

1.005 

1.5787 

1.575 

 

 

7.614 

7 × 10−5 

 

 

 
 

Figure 8. Effect of Contact Time on the Oil Sorption Capacities of Unmodified and Modified Napier Grass 

 

 

showing that the adsorption processes were 

physisorption, consistent with previous reports on the 

physical nature of crude oil sorption onto lignocellulosic 

materials [12, 14]. 

 

Effect of contact time on oil sorption capacity. To 

study the kinetics of the sorption processes, the impact of 

time on the oil sorption capacities of UNG and MNG was 

investigated. Figure 8 shows that the oil sorption 

capacities of both sorbents increased with increasing 

contact time. The sorption processes started quickly but 

slowed down as they approached equilibrium, because 

there were a large number of empty surface sites and 

pores available for sorption in the beginning phases, but 

that number decreased as the sorption process advanced. 

The occurrence of repulsive forces between the adsorbed 

oil molecules and the molecules in the bulk phase may 

have also contributed to the reduced availability of 

sorption sites and pores [43]. The oil sorption capacity of 

MNG was higher than that of UNG throughout the 

considered sorption time. After 15 min of contact, the 

sorption processes approached equilibrium, and the 

sorption capacities of UNG and MNG were 7.070 and 

9.057 g/g, respectively. The higher sorption capacity of 

MNG is attributable to its larger surface area and pore 

volume and enhanced hydrophobicity. 

 

Kinetic study. The pseudo-first-order, pseudo-second-

order, Elovich, intra-particle diffusion, and Boyd plots 

for crude oil adsorption on UNG and MNG are shown in 

Figures 9a, b, c, d, and e, respectively. The kinetic 

parameters obtained from the plots are listed in Table 2. 

The Elovich plots featured lower linear regression values 

(0.9601 and 0.9849 for UNG and MNG, respectively) 



124   Obi, et al. 

Makara J. Sci.   June 2023  Vol. 27  No. 2 

than the pseudo-first order and pseudo-second order 

plots. This indicates that the Elovich kinetic model is not 

suitable for describing the adsorption processes, 

suggesting that the adsorption mechanism was not 

chemisorption [24]. The pseudo-second-order and 

pseudo-first-order models provided very high R2 values 

for the sorption processes. However, the qe values 

provided by the pseudo-first-order model are closer to the 

experimentally obtained values for both UNG and MNG. 

This observation, along with the higher R2 value for 

adsorption on UNG, suggests that the pseudo-first-order 

kinetic model provided a better fit for the sorption 

processes, which implies that the crude oil adsorption 

processes were physisorption. This agrees with the 

results of the mean energies of sorption, which indicated 

the physical nature of the sorption processes. Sorption on 

MNG proceeded at a higher rate than sorption on UNG, 

as reflected by the higher k1 value obtained for sorption 

on MNG (Table 2). This shows that the modification of 

Napier grass increased its oil sorption rate. Table 3 

compares the crude oil sorption capacity of MNG with 

those of some other acetylated lignocellulosic materials. 

The data show that MNG is an efficient low cost 

adsorbent for crude oil removal from aqueous media. 

 

To determine the rate-controlling step of the sorption 

processes, intra-particle diffusion and Boyd kinetic 

models were applied. The lines in the intra-particle 

diffusion model graphs for UNG and MNG did not pass 

through the origin, showing that intra-particle diffusion 

was not the rate-controlling step of the oil sorption 

processes [23]. The non-zero intercepts of the graphs 

indicate the relevance of boundary layer diffusion. The 

higher intercept obtained in the plot for adsorption on 

MNG suggests that there was more boundary layer effect 

for adsorption on MNG than for adsorption on UNG. The 

higher kid values obtained for adsorption on MNG than 

for adsorption on UNG reflect the improved adsorption 

potential of MNG. The Boyd kinetic model provided 

larger R2 values than the intra-particle diffusion model, 

showing that film diffusion predominated over intra-

particle diffusion. The non-zero intercept obtained from 

the Boyd kinetic model indicates that the sorption 

processes were controlled by film diffusion, which is the 

diffusion of the oil molecules from the bulk fluid to the 

external surface of the adsorbents across the boundary 

layer. 

 

 

 

 
 

Figure 9. (a) Pseudo-First-order, (b) Pseudo-second-order, (c) Elovich, (d) intra-particle, and (e) Boyd Plots for Oil Sorption 

on Unmodified and Modified Napier Grass 
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Table 2. Kinetic Parameters for Oil Sorption on Unmodified and Modified Napier Grass 
 

Parameter UNG MNG 

qe, exp (mg/g) 

Pseudo-first-order model 

qe (mg/g) 

k1 (min−1) 

Pseudo-second-order model 

qe (mg/g) 

k2 (g/mg‧min) 

The Elovich model 

β (g/mg) 

α (mg/g‧min) 

Intra-particle diffusion model 

kid (mg/g‧min1/2) 

C 

Boyd model 

Intercept 

Slope  

7070 

 

7097 

0.274 

 

10000 

2.03 × 10−5 

 

5.08 × 10−4 

5088 

 

1811.30 

560.78 

 

−0.5733 

 0.2776 

9057 

 

9831 

0.321 

 

11111 

3.33 × 10−5 

 

3.87 × 10−4 

6476 

 

2352.03 

718.11 

 

−0.5799 

 0.3210 

 

 
Table 3. Comparison of the Crude Oil Sorption Capacities of Various Acetylated Agro-residues 

 

Agro-residue Oil sorption capacity (mg/g) Reference 

Corn silk 

Delonix regia pods 

Corn cob 

Sugarcane bagasse 

Oil palm empty fruit bunch 

Cocoa pods 

Dacryodes edulis leaf 

Modified Napier grass 

16680 

11570 

5118 

9100 

7160 

7880 

5000 

9831 

[10] 

[11] 

[12] 

[13] 

[14] 

[14] 

[15] 

This work 

 

 
Table 4. Paired Samples t-test for Oil Sorption Capacities of Unmodified and Modified Napier Grass 

 

 Paired differences 

t df Sig. (2-tailed)  
Mean SD SE Mean 

95% CI of the difference 

 Lower Upper 

Effect of adsorbent dose         

UNG - MNG −1.20960 0.21619 0.06836 −1.36425 −1.05495 −17.693 9 0.000 

Effect of the initial crude 

oil concentration 
        

UNG - MNG −1.82480 0.57919 0.18316 −2.23913 −1.41047 −9.963 9 0.000 

Effect of contact time         

UNG - MNG −1.45510 0.65032 0.20565 −1.92031 −0.98989 −7.076 9 0.000 
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Statistical analysis. The results of the paired sample t-

test (Table 4) reveal that statistically significant 

differences (p < 0.05) existed between the oil sorption 

capacities of MNG and UNG under different adsorption 

conditions (adsorbent dose, initial crude oil 

concentration, and contact time). This indicates that the 

modification process significantly improved the crude oil 

adsorption ability of Napier grass. 

 

Conclusions 
 

This study shows that Napier grass, which is a widely 

available agricultural resource, can be used to remove 

crude oil from aqueous media. Modification by mild 

acetylation effectively improved the sorption behavior of 

Napier grass. The oil sorption capacity of the modified 

grass was significantly higher than that of the unmodified 

grass under different adsorbent dose, initial crude oil 

concentration, and contact time conditions. Equilibrium 

analyses based on various isotherm models revealed that 

the adsorption data were best fit by the Langmuir, 

indicating that the crude oil coated the adsorbents as a 

monolayer. According to kinetic analyses, pseudo-first-

order kinetics best described the adsorption processes, 

with equilibrium sorption capacities of 7097 and 9831 

mg/g for UNG and MNG, respectively. The sorption 

processes were based on physisorption and controlled by 

film diffusion. These results suggest that the regeneration 

of the Napier grass would require an insignificant amount 

of energy, favoring its reuse. The high oil sorption 

capacity, low cost, biodegradability, and wide 

availability of acetylated Napier grass demonstrate its 

potential as a viable sorbent for oil spill mop-up 

applications. 
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