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ABSTRACT

In this study, a low-cost chitosan (CS) marine biopolymer was grafted with oleophilic butyl
acrylate (ButA) monomer for the sorptive removal of crude oil spills from the water surface.
Fourier-transform infrared spectroscopy and scanning electron microscope analysis were used
for investigating the chemical structure as well as the surface morphology of CS-g-poly (ButA)
copolymer. The dependency of oil-sorption capacity on parameters such as sorption time, crude
oil concentration, sorbent dosage, agitation rate, and sorption temperature was considered. The
empirical equilibrium data were verified using different isotherm models. The results clarified
that both Langmuir and Freundlich isotherm had an exceptional agreement with the laboratory
data. The maximum monolayer adsorption capacity was 27.7 g/g for native CS, while it reached
a maximum value 83.3 g/g for the grafted copolymer. The kinetic characteristics of the adsorptive
performance were undertaken by practising several models. The results validated that the sorption
regarded the pseudo-second-order model and film-diffusion-controlled mechanism. Besides, the
thermodynamic parameters endorsed the process to be endothermic, favorable and spontaneous.
The gained results advocate the excellent potential of the developed chitosan grafted copolymer as
oil-sorbent materials for oil spill clean-up applications.

Keywords; Chitosan; Butyl Acrylate; Oil spill removal; Kinetics; Isotherm; Thermodynamics

1. Introduction

Recently, cleaning water resources contaminated by
oil from routine shipping, dumping, industry or oil spill-
age is a great challenge to the environmental scientists.
Spilt oil may evaporate, disperses or form a slick layer in
water or accumulates and submerges [1,2]. The presence of
carcinogens polycyclic aromatic compounds and dissolved
crude oil components in water possess severe environmental
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threats to the aquatic system. It may also affect human life
through skin, inhalation and eye irritation; besides it devas-
tates the economy [3,4]. The adverse influences of oil spills
worldwide calls for a crucial need to develop an extensive
range of materials for the treatment of contaminated areas
effectively and generate an increasing interest about the
new cleaning up routines [5,6]. The essential representa-
tive methods used for combating spilt oil was classified as
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biological and chemical, physical and mechanical methods
[7,8]. Adsorbent materials have been considered the most
traditional solution is owing to their proficiency to collect,
remove and recover the whole oil spills via the adsorption,
or the absorption mechanism, or both (sorption) [9,10].
Natural sorbents are reliable, rapid, available, biodegrad-
able, and renewable [3]. However, the hydrophilic character
and the little oil absorbency are the main drawbacks with
these natural sorbents [11]. For decades many researchers
are focused on the development of natural materials for the
potential use as sorbents for the significant oil spill removal
[4,12]. For instance, Sidik et al. [13] have been used lauric
acid to enhance the hydrophobicity of oil palm leaves].
Hydroxypropyl cellulose acrylate has also been synthesized
by Keshawy et al. [11] as oil sorbent.

Additionally, Sokker et al. [14] have been illustrating
the affinity of the synthesized chitosan-based polyacryl-
amide by radiation induced-graft polymerization toward
oil adsorption. Developing the cellulosic structures as com-
posites [15], fibrils [16,17], and graft copolymers [18] have
been also investigated. Latterly, Mohy Eldin et al. [19,20]
reported significant hot issues to concern the improvement
of chitosan and its modified forms either Schiff base and
grafted copolymer as superior sorbents for the removal of
oil spills from the water surface.

Chitosan (CS) is a naturally cationic polysaccharide
provided by the incomplete deacetylation of chitin elic-
ited from the Crustacean’s shells chemically. It is consists
of regurgitated built-in units of B-(1—4)-2-acetamido-2-de-
oxy-d-glucopyranose and Regular-(1—4)-2-amino-2-deoxy-
d-glucopyranose [21,22]. Owing to its prominent unique
features [23] such as a high concentration of hydroxyl and
amino groups, non-toxicity, biocompatibility, bio-degrad-
ability, easily shaped into different forms and lower cost,
it has a significant potential to treat water from numerous
pollutants [24,25]. Nonetheless, CS has a lower interior sur-
face area and can agglomerate in its natural form as a gels.
Also, the recycling complexity during the sorption process
due to their solubility in the acidic medium is a significant
disadvantage [19]. These obstacles lessen the rate of sorp-
tion and the supreme sorption capacity. However, it can be
minimized by the chemical and physical modification via
the creation of new derivatives having outstanding hydro-
philic and hydrophobic characters. Grafting of vinyl mono-
mers such as methyl methacrylate, acrylamide, acrylic acid,
and N-isopropyl-acrylamide onto the abounding hydroxyl
and amine groups on the CS backbone through grafting
copolymerization is a promising and effective modifica-
tion method [26]. The resultant covalently bonded grafted
functional CS derivatives have high chelating and improv-
ing sorption properties [27]. Grafting polymer chains on
CS can be attained by many techniques [28] as y-radia-
tion, ring-opening, free-radical and cationic polymeriza-
tion (grafting to and grafting from). The objective of this
research is to fabricate low-cost commercial CS grafted with
ButA monomers via a free-radical polymerization process.
Accomplished CS-g-poly (ButA) copolymers were charac-
terized by Fourier-transform infrared spectroscopy (FTIR)
and scanning electron microscope (SEM) analysis. Factors
influencing the sorption process such as the time intervals,
initial crude oil concentration, sorbent dose, agitation rate

and temperature were investigated. Furthermore, sorption
kinetics, isotherms and thermodynamics of heavy crude oil
on CS and its grafted copolymers were also interpreted.

2. Experimental section
2.1. Materials

Shrimp shells were accumulated from marine restaurants
in Alexandria (Egypt). N-butyl acrylate (ButA; 98%) and
potassium persulfate (KPS; 99%) were provided by Sigma-
Aldrich (Germany). Hydrochloric acid (HCL; 37%), sodium
hydroxide (NaOH; 99%), acetic acid (CH,COOH; 98%),
and ethanol (C,H,OH; 99%) were obtained from El-Nasr
Company (Egypt). Heavy Land Egyptian crude oil delivered
from Belayem Petroleum Company (Egypt).

2.2. Methods
2.2.1. Preparation of chitosan

In brief, chitin was firstly extracted from the shrimp
shells by scattering in 5% HCI in ratio 1:14 (w/v) at 25°C
and left overnight, following by rinsing in distilled water
to get free of acid and calcium chloride. The resulted in
de-mineralized shells were then treated with 5% NaOH in
ratio 12:1 (v/w) for 24 h at 25°C, collected and washed sev-
eral times till neutrality. The final product was recognized
as pure chitin. Thereafter, CS was obtained via deacetylation
of chitin using 50% (w/v) NaOH in ratio 1:50 (w/v) for 12 h,
at 100°C-120°C. The provided CS was washed and dried at
40°C, and eventually, refined by dissolving in 2% (w/v) ace-
tic acid overnight then filtered and precipitated in 5% (w/v)
NaOH. The concluding product was gathered and washed
to exclude the extra NaOH [19,20].

2.2.2. Preparation of chitosan-poly (butyl acrylate)
grafted copolymer

CS-g-poly (ButA) copolymer was fabricated regarded to
the author’s previous work [20] by dissolving CS (0.2 g) in
2% acetic acid (20 mL) at 25°C followed by dropwise addi-
tion of ethanol (10 mL) under vigorous stirring. To the CS
solution 0.1 g, KPS dissolved in 50 mL distilled water was
added with raising the temperature to 60°C. Accurately, was
10 and 20 mL of ButA (78 and 156 mM) was simultaneously
injected slowly after 20 min with a supplementary portion of
0.05 g KPS dissolved in 5 mL distilled water. The produced
precipitate acquired from the grafting reaction after 3 h
was recovered upon centrifugation. The grafted copoly-
mer was then washed repetitively for 2 h with acetone and
methanol using soxhlet. Then dried at 50°C to exclude the
ButA homopolymer. The grafting percentage (GP %) was
calculated according to the following equations [29]:

GP(%):{W}MOO (1)

where W and W, represent weights of CS and the resultant
grafted copolymer.
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2.3. Characterization

The chemical characteristics of the synthesised CS and
CS-g-poly (ButA) copolymers were investigated by Fourier-
transform infrared (FTIR) spectroscopy (Shimadzu FTIR -
8400 S, Japan). Moreover, the degree of deacetylation (DD)
of CS was estimated from IR spectrum via the peak area (A)
measurement [30]. Also, the surface morphologies of the
prepared samples were observed with a scanning electron
microscope (SEM, Joel Jsm 6360LA, Japan).

2.4. Batch oil sorption experiments

All the sorption experiments of heavy crude oil from
the oil/water system was conducted using 0.1 g adsorbent
per 300 mL of artificial seawater (distilled water contains
3.5% NaCl). The prepared solution was agitated in a shaker
incubator at a speed of 100 ppm for an anticipated period
at room temperature. Factors affecting the sorption kinet-
ics and equilibrium behaviours, such as the effect of the
initial oil concentration (8.33-50) g/L and the mentioned
contact time (10-240) min, were examined. Further, the
variety of additional affecting parameters on the batch sorp-
tion process such as sorbent dose (0.1-1) g, agitation rate
(50-200) rpm, and the temperature 25°C—40°C were also
studied. The sorption capacity was calculated according
to the standard method (ASTM F726-99) [31] as follows:

, . . (W, -W, -W,)
Oil sorption capac1ty(g/g) = #

0

@

where W, W , and W, are the weight of the saturated sorbent
(water + oil + sorbent), the weight of the absorbed water, and
the initial dry weight of the sorbent in-unit g, respectively.
The quantity of absorbed water was determined through
the extraction separation using n-hexane as the solvent.

3. Results and discussion

As presented in Table 1 the deacetylation degree (DD
%) of chitosan was 91%, while the grafting percentage
(GP %) of the grafted copolymers was 68% and 88% for
CS-g-poly (ButAl10) and CS-g-poly(ButA20). Increasing
GP % value with increasing ButA content in the feed mix-
ture could be ascribed to the high availability of ButA
at the initiated active sides on CS backbone. This action
results in enhancing the grafted amount of poly (ButA)
and thus, the grafting percentage value increases accord-
ingly [20,32]. However, a variation of the grafting percent-
age referred to the different affinity of the CS matrices

Table 1
Values of DD and GP (%) for native CS and its grafted
copolymers

Sample DD (%) GP (%)
CS 91 0.0
CS-g-poly (ButA10) 91 68.0
CS-g-poly (ButA20) 91 88.5

towards the polymerization solution components; water
and ethanol. It also has impacts on the homogeneity of the
monomer and the polymer phase.

3.1. FTIR spectra

Fig. 1a represents the FTIR chart of CS and CS-g-poly
(ButA) copolymers. The FTIR spectrum explains the sys-
tematic bands of CS, that is, the stretching vibration of OH
and NH, groups illustrated by broadband within 3,200-
3,600 cm™. Also, the bending O-H at 1,394 cm™ specifies the
presence of OH groups. The weak absorption peak between
2,835-2,950 cm™ (C-H stretch) distinguishes the methyl and
methylene groups. The typical peak at 1,620 cm™ refers to
the NH-C=O and C=O stretching vibration, and the peaks
at 1,066-1,059 cm™ assigned to the C-O-H. On the other
hand, FTIR spectra of the CS-g-poly (ButA) copolymers,
clarified a significant change confirming grafting [33], that
is, the appearance of sharp absorption bands at 1,729 cm™
which ascribed to the C=O group stretching vibration.
Also, the absorption bands located at 2,876; 2,930; 1,380;
and 1,470 cm™ refers to the C-H stretching vibration and
in-plane bending vibration, respectively.

3.2. SEM analysis

SEM images of the developed sorbents were shown in
Fig. 1b. It was recognized that CS exhibited a rough surface.
A significant change in the surface morphology of CS was
noticed after the grafting process. Where, a heterogeneous
and muddy-like surface with two phases was observed,
and this might be attributed to the generated hydropho-
bic/oleophilic poly butyl-acrylate on the surface of CS [32].
Moreover, the muddy surface of CS-g-poly (ButA20) sam-
ple was denser than that of CS-g-poly (ButA10) sample as
a result of increasing the grafted amount of poly (ButA) on
the surface of CS with increasing ButA monomers content
in the feed mixture.

3.3. Factors affecting sorption equilibrium
3.3.1. Effect of sorbent dosage

Indeed, the impact of the sorbent mass is an essential
feature in a broad-scale application in the oil spills clean-up.
The outcome of the sorbent dose (0.1-1) g on the sorption
capacity was studied with an initial oil concentration of
16.67 g/L at 25°C (Fig. 2a). The figure revealed that a sharp
decrease in the sorption capacity befalls with the increase
in the sorbent amount. This decline in the sorption capacity
is fundamentally attributable to the residual unsaturated
active sites during the process. In other words, increasing
the sorbent dose at the same crude oil concentration leads
to a decrease in the adsorbed amount per unit mass of CS
sorbents due to the residence of a limited amount of oil
per unit weight of the sorbents. This observation agreed
with other relative publications [34,35].

3.3.2. Effect of the agitation rate

Considering the influence of shaking speed on the oil
adsorption affinity is very essential to reflect weather and
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Fig. 1A. FTIR spectra of (a) CS, (b) CS-g-poly (ButA10), and (c) CS-g-poly (ButA20) and 1B. SEM images of (a) CS, (b) CS-g-poly

(ButA10), and (c) CS-g-poly (ButA20).

wave conditions in the seawater. Fig. 2b reviews the influence
of altering the shaking velocity (50-200) rpm on the sorp-
tion capacity. The obtained results reported that improving
the shaking speed from 50 to 150 rpm has a positive impact
on the sorption capacity for all CS adsorbents. Where, the
sorption capacity enhanced from 11 to 18.5, from 28.4 to 41,
and from 34 to 44 g/g in case of CS, CS-g-poly (ButAl0),
and CS-g-poly (ButA20), respectively. These results could
be attributed to the enhancement in the oil dispersal and
increase the exposed adsorbent surface area to the spilt oil.
Besides, rising the agitation speed promotes the dissipation
of oil spillage towards the sorbent surface [36]. Oppositely,
a further rise in the agitation speed up to 200 rpm creates a
reduction in the values of oil sorption capacity. This declin-
ing in the oil sorption capacity could be due to a further
increase in the agitation velocity exceeding 150 rpm could
improve the process of the oil-water emulsion, and as a

consequence, diminish the attraction capabilities between
the sorbent and oil molecules and promote the occasion
of oil desorption process [37].

3.3.3. Effect of contact time and sorption kinetics

The oil sorption rate is an essential key feature for the
choice of oil adsorbents. The correlation between the sorp-
tion time and crude oil sorption capacity is represented in
Fig. 3a. As inferred from the results, the oil sorption capaci-
ties of CS and the advanced hydrophobic-oleophilic grafted
copolymers rose exponentially with rising the time up to
180 min; next, it begins to decline with a further increase up
to 300 min. It was clarified that the beginning oil sorption
rates are quite fast; thus, the light oil spills will be absorbed
quickly by the prepared sorbents in several minutes upon
the adjunct to the artificial seawater. This behavior is owing
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Fig. 2. (a) Effect of the sorbent amount on the crude oil sorption capacity and (b) effect of the agitation rate on the crude oil sorption

capacity.

to the interactions of Van der Waals forces and the hydro-
phobic interaction, which enables the diffusion of extra oil to
the interior free sites [38].

Moreover, a considerable number of abandoned sur-
face localities were ready for sorption throughout the initial
step, later; the remaining vacant sites were difficulty packed
after a lapse of time due to the repellence forces amongst the
oil molecules on the solid and bulk phases. Alternatively,
with increasing contact time up to 180 min, the diffusion
becomes more difficult as the vacant volume within the
sorbent decreases. Thus, the attraction between the sorbent
and oil molecules decreased. Furthermore, the desorption
could occur which; induce a drop in the sorption capabil-
ity. So, the amount of adsorbed tends to increase somewhat
slowly and subsequently reaches a steady state. Further,
this sorption rate of CS and its modified grafted copolymers
can satisfy the terms of governing the diffusion of leaked
oil on the water surface. This investigation is consistent
with the findings of other authors [39,40].

To illustrate the reaction pathways of the sorption of CS
and its grafted copolymers for crude oil spills, the experi-
mental data were further fitted using the pseudo-first-order
(Eq. (3)), the pseudo-second-order (Egs. (4) and (5)), and
the Elovich (Eq. (6)) kinetics models, as symbolized in the
following linear forms, respectively [13,39,41]:

ln(qa_qt)zlan_th (3)
t 1 t
—=—t— 4)
9. kg q.
]’l = kﬂf (5)
q,=BIn(op)+pInt (6)

where g, and g, (g/g) are the heavy crude oil sorption capacity
at equilibrium and time ¢ (min), k, (min™) and k, (g/g min)
are the constant rate parameters of the pseudo-first-order
and the pseudo-second-order sorption. i (mol/g min) is the

initial sorption rate. § (g/g) and a (g/g min) are reporting
the number of possible adsorptive sites and the sorption
extent.

The values of k, and k, as well as the equilibrium oil
sorption capacity (gq,), were determined from the slope and
intercept of these plotted curves (Figs. 3b and c). A correla-
tion of the theoretical (q,,) and the figured (q_,) values of
the oil sorption capacity are presented in Table 2. It was
deduced that the gq_, values of the pseudo-second-order
kinetic model are very close to the g, values while the pseu-
do-first-order exhibited a prominent difference. Although,
the pseudo-first-order and pseudo-second-order models
provided fit values of the correlation coefficient (all val-
ues of R?* are close to 1). However, the results above mani-
fested that the pseudo-second-order model is more proper
for depicting the kinetic sorption model. This observation
is consistent with other publications [37,42]. These results
imply that the chemisorption mechanism plays a vital role
in the sorption process [43]. The adsorbed oil droplets are
attached to the sorbent surface by covalent forces as those
occurring between the bound atoms in the oil molecules.
Further, for the same oil sorption by CS grafted copolymers,
the k, values are also altered. However, the slight difference
of the k, values cannot confirm the increase or decrease of the
oil sorption time owing to the actuality of error from high
crude oil viscosity [44]. In general, the modification of native
CS results in a noteworthy enhancement of the oil sorption
rate as it increased from 0.5 to 1.4 mol/g min for CS and
CS grafted copolymers beyond the grafting experiment.

The probability that the oil sorption was taking place
in the water/oil/CS sorbents system, and comprising the
contribution of other forces, besides the regular Vander
Waals forces, has been assessed by concerning the Elovich
model. It assumes that the actual sorbent surfaces are
energetically-heterogeneous [45]. The Elovich equalization
does not submit any particular mechanism for the adsorbate—
adsorbent reactions. It has comprehensively been established
that the chemisorption can be described by this model
[42]. The kinetic data plotted in Fig. 3d and the parameters
scheduled in Table 2 indicate a good correlation among the
theoretical lines and the experimental points. In addition, the
correlation coefficient, R* values for CS and its grafted forms
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Fig. 3. (a) Effect of the sorption time on the crude oil sorption capacity, (b—g) kinetics models for the sorption of the crude oil onto
the prepared chitosan derivatives, (b) pseudo-first-order, (c) pseudo-second-order, (d) simple Elovich, (e) intra-particle diffusion,
(f) Boyd, and (g) reconfirmation Boyd model.
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were agreed with the R? values obtained from the pseudo-
second-order model. It supposes that the Elovich model
well describes the kinetics of the crude oil sorption onto the
surface of the CS adsorbents.

The kinetic data were estimated using the intraparti-
cle diffusion (Eq. (7)) and the Boyd model (Egs. (8)-(10))
describing below to study the diffusion mechanism of crude
oil sorption, [13,46]:

g, =K 17 +C @)

F:l—%i%exp(—nzlgt) ®)

n=1

sz[\/E— n—(“;FH For F<0.85 ©)

B, =-0.498-In(1-F) For F>0.85 (10)
where K| (g/g min) is the intra-particle diffusion rate constant
and C is the intercept. F is the fraction of solute adsorbed at
any time (F=¢,/q).

As shown in Fig. 3e, the first, sharper portion is the
immediate sorption or exterior surface sorption. The sec-
ond part is the gradual sorption stage wherever the intra-
particle-diffusion is the rate-controlling. Besides, the third
portion exists in certain cases; it is the equilibrium stage
where the intraparticle diffusion started to slow down as
a result of the deficient crude oil concentrations retained
in the bulk solutions. The K values (Table 2) are 1.14, 2.37,
and 2.39 g/g min for CS, dS—g-poly (ButA10), and CS-g-
poly (ButA20), successively. This investigation implies
that CS grafted copolymers supports improved rate of

Table 2
Sorption parameters of kinetic models
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crude oil sorption more than native CS and is sequentially
interrelated to enhanced bonding as designated by Itodo
et al. [47]. Moreover, as can be comprehended from Fig.
3e, none of the linear relationships passed through the
origin, that is, (C > 0); this deviation might be attribut-
able to the difference in the mass transfer rate from the
initial to the final sorption stages. Further, the boundary
layer depth is established by the values of the intercept;
the larger the intercept, the greater is the boundary layer
consequence as represented in Table 2. Itodo et al. [47]
reported that the sorption mechanism assumes intrapar-
ticle diffusion if the following circumstances are met: (i)
High R? values, (ii) Straight line passing into the origin,
and (iii) C < 0. A validity investigation which deviates
from (ii) and (iii) aforementioned demonstrated that the
transport mode is governed with more than one process,
which means that two or more steps transpire. Besides,
it indicates that the intraparticle-diffusion is not the only
rate defining step. This observation is in agreement with
other authors [47,48].

On the other hand, the linearizer plot of Boyd equation
(Fig. 3f) and its reconfirmation plot (Fig. 3g) were used to
distinguish between the film and particle-diffusion con-
trolled sorption [46]. If the plot is a straight line passing
through the origin, the sorption rate was governed by parti-
cle diffusion; otherwise, it was administrated by the film dif-
fusion. In addition, the slow diffusion of o0il molecules leads
to slow solvation, indicating that the equilibrium would take
a long time. It was observed from the plots that the film-
diffusion is the rate-controlling mechanism. Other authors
also reviewed related investigations [49,50].

3.3.4. Effect of initial oil concentration and sorption isotherms

For the isotherm considerations, the impact of the ini-
tial crude oil concentration is examined because the initial

Sorbent type cs CS-g-poly (ButA10) CS-g-poly (ButA20)

Kinetic model Parameter Values

Pseudo-first-order 9, (8/8) 7.260 9 9.400
Torp (8/8) 16.500 35 39
K, (min™) 0.013 0.015 0.015
R? 0.977 0.976 0.984

Pseudo-second-order T.ca (8/8) 15.900 35.800 41
Tyenp (8/8) 16.500 35 39
K, (g/g min) 0.002 0.001 0.001
h (mol/g min) 0.500 1.320 1.390
R? 0.930 0.980 0.990

Elovich model a (g/g min) 1.047 0.420 0.380
B (s/8) 4.700 3.650 3.680
R? 0.980 0.990 0.990

Intraparticle diffusion C 0.618 3.530 3.250
K, 1.140 2.370 2.390
R? 1.000 0.990 0.990
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Fig. 4. (a) Effect of the initial crude oil concentration on the sorption equilibrium, (b—e) equilibrium isotherm for the sorp-
tion of the crude oil onto the prepared chitosan derivatives, (b) Langmuir, (c) Freundlich isotherm, (d) Temkin, and

(e) Dubin—Radushkevich isotherm.

concentration of the oil residue in solute can strongly influ-
ence the sorption kinetics and more particularly the mech-
anism that regulates the overall kinetic coefficient. Fig. 4a
reveals the relation between the initial oil concentration
and the adsorbed amount by the CS and its grafted struc-
tures. The plots explain that the sorption of oil improves
with increasing the initial oil concentration up to a certain
level and attains equilibrium. The oil sorptive capacity
increases dramatically after the modification with ButA
due to the presence of hydrophobic groups from ButA [38].

Furthermore, Grafted poly (ButA) is oleophilic, and its incor-
poration onto CS makes CS-g-poly (ButA) copolymer lipo-
philic. Indeed, at higher concentration, the gradient between
the bulk solution and the centre of sorbent particle improves
the oil residue distribution through the film surrounding the
particle and in the interior network of the prepared sorbents,
as well, high sorption rate and proper consumption of avail-
able vacant sites [39].

Sorption isotherms are used to explicate the nature of
sorption and interaction between the quantity adsorbed
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and initial crude oil concentrations, as well as the exist-
ing equilibrium between adsorbent and adsorbate [37].
Therefore, sorption isotherms are critical in optimizing the
use of adsorbents.

In this research, four well-known sorption isotherm
shapes have used to fit the experimental data. The lin-
ear equation of Langmuir (Eq. (11)), Freundlich (Eq. (12)),
Temkin (Eq. (13)), and Dubin-Radushkevich (D-R) (Eq. (14))
isotherm models are given as [37,51]:

g = 1 + C. (11)
qe qmaXKL qmax
1
Ing, =InK, +=InC, (12)
n
q,=B,InKT+B,InC, (13)
Ing, =Ing, - K& (14)

where q__ (g/g), C, (g/L), and K, (L/g) are the saturated sorp-
tion capacity, the crude oil concentration at equilibrium,
and the Langmuir isotherm constant, respectively, 1/n and
K, are the Freundlich constants belonged to sorption inten-
sity and sorption capacity. B (J/mol) is the heat of sorption,
and K, (L/g) is the highest binding energy of adsorbent
and adsorbate.

These models are portrayed in Figs. 4b—e. The iso-
therm constants whose values signify the perceptivity of
the adsorbate toward the surface of the sorbent is shown
in Table 3. The high values of g, and the low values of
K, obtained from the linear plot of the Langmuir model
(Fig. 4b), illustrates that the synthesised CS and the grafted
copolymers have a high affinity for crude oil (large organic
molecules) as described earlier by Elanchezhiyan et al. [52].
Otherwise, the dimensionless separation factor (R;) which

Table 3
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outline the fundamental characteristics of the Langmuir
isotherm can be expressed by [53]:

(15)

For this sorption process, the R, values were 0 <R, <1
and the values of n were more significant than 1, demon-
strating the favorable sorption of the crude oil on the
CS adsorbents. This value suggests that the prepared CS
samples are suitable adsorbents for the pickup of crude
oil spills. Also, the R?value of the Langmuir isotherm for
the CS adsorbent (0.94) is higher than the obtained value
from the Freundlich (Fig. 4c) and D-R isotherm (Fig. 4e)
models; proposing monolayer sorption with homoge-
neous sorption energy [37]. Oppositely, the R? values for
CS-g- poly (ButA) copolymers are higher than 0.99 for
both the Langmuir and the Freundlich isotherms describ-
ing that monolayer and multilayer sorption played a cru-
cial role in the crude oil-uptake on the grafted copoly-
mers. The maximum monolayer sorption capacities were
obtained to be 27.7 for native CS while reaching higher
values of 76.9 and 83.3 g/g for CS-g- poly (ButA10) and
CS-g-poly (ButA20) copolymers.

Furthermore, the positive and higher values of the B,
parameter obtained from the Temkin plot (Fig. 4d) indicate
the higher adsorbent/adsorbate interaction. The Sorption
energy (E) obtained from D-R isotherm was less than 8,
indicating that the sorption of crude oil onto all CS sor-
bents was physisorption [14]. This observation, suggests
that more than one mechanism governs the sorption pro-
cess, and it agrees with other publication [40,54]. Moreover,
the attained maximum monolayer sorption capacity for
the sorption of crude oil onto the all prepared CS sorbents
has been compared with the g __ for other listed adsor-
bents (Table 4). It was evident that the grafted CS copoly-
mers apparently exhibit higher performance than other

Parameters of the different isotherm models and correlation coefficients for the sorption of the crude oil

Sorbent type CS CS-g-poly CS-g-poly
(ButA10) (ButA20)

Isotherm Parameters Values
Langmuir 9. (&/2) 27.70 76.60 83.30

K, (L/g) 0.14 0.19 0.33

R? 0.94 0.99 0.99
Freundlich K. (g/g) 4.60 7.80 8.80

1/n 0.43 0.40 0.33

R? 0.81 0.99 0.99
Temkin K, (L/g) 0.08 220 4.70

B (J/mol) 7.52 10.82 12.99

R? 7 15.60 14.80
D-R K, (mol?/KJ?) 5.37 4.93 2.93

E (KJ/mol) 0.29 0.81 147

R? 0.92 0.84 0.78
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Fig. 5. Thermodynamics of the sorption of the crude oil onto the prepared chitosan derivatives. (a) T (°C) and (b) 1/T (K™).

adsorbents earlier reported. However, this comparison is
unfair owing to the diversity of the operating conditions.

3.3.5. Effect of sorption temperature and thermodynamics
parameters

The behavior of the oil sorption onto the prepared sor-
bents was estimated under various sorption temperatures
extended from 25°C to 40°C as conferred in Fig. 5a. It was
understandable from the consequences that the sorption
capacity was enhanced by elevating temperature from 25°C
to 35°C and later tends to reduce with an extra acceleration
of temperature to 40°C. These results could be described

by promoting the segmental movement for all analysed
adsorbents, where the distribution rate of spillage oil into
the sorbent surface enhanced with raising the temperature
to 35°C. Although, the increase of temperature exceeding
35°C (up to 40°C) could accelerate the rate of Brownian
movement of the sorption medium. Thus higher energy is
obliged to adhere the oil molecules onto the sorbent sur-
face [51]. Hence, raised temperature induces less possi-
bility of oil attachment on the sorbent surface, and the oil
desorption could befall. Furthermore, the oil viscosity drop
at elevated temperatures and the oil solubility increased,
so, the sorption capacity values reduced consequently.
A similar investigation were confirmed [40,51].

Table 4
Comparison of the maximum sorption capacity for the crude oil by various sorbents
Adsorbent Sorption capacity/ Reference
Removal efficiency

Chitosan flakes 0.38 g/g [55]
Chitosan powder 0.28 g/g [55]
Chitosan-based polyacrylamide hydrogel 2.31g/g [31]
Chitosan (prawn shells( 18.52 g/g [56]
Chitosan-coated mesh >99% [56]
Chitosan based aerogel membrane 99% [58]
Chitosan microspheres >90% [59]
Acetylated corncobs 0.08 mg/g [60]
Lauric acid (LA) modified oil palm leaves 1.2 +0.12 mg/g [13]
Carbonized rice husks (CRH) 6glg [13]
Cellulose aerogel functionalized with methyltrimethoxysilane 2441 g/g [61]

Butyl rubber 25g/g [10]
Non-woven polypropylene 15 g/g [10]
Biochar 166 mg/g [62]

BuAc cellusoe graft coplomer 13.83 g/g [32]
Chitosan 27.70 g/g This study
CS-g-poly (ButA10) 76.90 g/g This study
CS-g-poly (ButA20) 83.30 g/g This study
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Table 5
Thermodynamic parameters of the sorption capacity for the crude oil by various chitosan sorbents
Thermodynamic parameters
Sorbent type CS CS-g-poly(ButA10) CS-g-poly(ButA20)
T (K) AG AH AS AG AH AS AG AH AS
(kJ/mol) (kJ/mol) (J/mol K) (kJ/mol) (kJ/mol) (J/mol K) (kJ/mol) (kJ/mol) (J/mol K)

298 -0.44 -0.36 -1.56

303 -1.18 . 1 -0.11 1 -1.91

308 193 3.98 .29 168 1 384 926 121 422

313 —2.68 —2.34 —-2.61

The spontaneity of the sorption process can be consid-
ered by the thermodynamic parameters, the enthalpy (AH),
the entropy (AS) and the free energy change (AG) which
determined using the next Eqgs. (16) and (17) [40]:

(16)

AH A8

InK,=- + 17
T8 = R TR 17

where AG and AH are in kJ/mol, AS is in J/mol K, T is the
sorption temperature in K, and R is the universal gas
constant (8.314 J/mol).

Thermodynamic parameters reviewed in Table 5 can be
investigated from the incline and intercept of the plot of InK |
vs 1/T given in Fig. 5b. The received AG values for the all used
sorbents were negatively informed that sorption was sponta-
neous. Additionally, the variance of the AG diminishes with
escalating temperatures regardless of the nature of sorbent.
The positive values for the AH designate that the sorption
is endothermic, which describes the increase of oil sorp-
tion capacity by elevating the temperature [51]. It was also
approved that the sorption was complex with simultaneous
chemical and physical reactions. However, the positive val-
ues of AS intends the increase in randomness at the adsor-
bent/adsorbed interface during the sorption process [63].

3.4. Oil sorption mechanism

Based on the kinetic study, the chemisorption mecha-
nism plays a vital role in the sorption process of crude oil
onto the prepared sorbents. Besides, the oil sorption rate was
significantly enhanced upon the modification of CS. Besides,
the intraparticle-diffusion is not the only rate-determining
step, while the film-diffusion is the rate-controlling mech-
anism. Furthermore, the results indicated that the sorption
process was involved in nature with simultaneous chemical
and physical reactions, spontaneous, and endothermic.

4. Conclusion

The present study built sorption kinetics and isotherms
models as well as the thermodynamics of the sorption
of heavy crude oil onto CS and CS grafted copolymers.

The as-prepared CS oil sorbents are natural, renewable, bio-
degradable and low-cost materials. Kinetics investigation
confirmed that the sorption process best fitted the pseudo-
second-order model. The Elovich and the intraparticle
diffusion models imply that more than one mechanism was
incorporated in the sorption system. Langmuir isotherm
best define the sorption of oil spills onto CS. While, both the
Langmuir and the Freundlich isotherms best describe the
sorption behaviour onto CS grafted copolymers. However,
the initial rapid sorption rate was onto a uniform homoge-
nous site thus maximum monolayer sorption capacity was
obtained to be 27.7, 76.9, and 83.3 g/g for CS, CS-g- poly
(ButA10), and CS-g-poly (ButA20), respectively. The thermo-
dynamics parameters designate that the sorption manner is
spontaneous, endothermic, and included both physical and
chemical reactions. Compared with other modified adsor-
bents, the present economic and eco-friendly grafted modi-
fied chitosan shows sufficient buoyancy and excellent poten-
tial for the cleanup of leaked oil from the polluted surface.
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