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Abstract Modification of raw flax fiber by acetylating process and microwave energy was useful in

the application of oil spill cleanup. The change in fibers was characterized by scientific analysis

(FTIR, SEM, XRD and contact angle). The results indicate that the modified fibers by the acety-

lating process have extra hydrophobic properties than both microwave radiation and raw fibers.

Oil/Artificial seawater(3.5% salinity by NaCl) system (O/W-S) was used as a liquid phase operation

system. Fast oil sorption was reached at 6 min and attained(equilibrium) at 10 min. Acetylated fiber

(ACF)has higher oil sorption capacity(24.54 g/g) than both raw(13.75 g/g) and microwave fiber

(17.42 g/g) with exothermic effect. The sorption kinetics and isotherms indicate that the oil sorption

onto ACF agreement with pseudo second-order kinetic model and Freundlich isotherm model.

Also, the economic reusing of fiber was evaluated. The process of acetylation demonstrated the abil-

ity to improve the absorptive properties of the fibers, which makes them able to compete with syn-

thetic fibers in the oil spill cleanup and industrial applications, as well as cheap and eco-friendly due

to their biodegradation.
� 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Oil spills are one of the greatest catastrophic environmental
occurrences that lead to the damage of entire ecosystems

and inflict the economy of the countries that have leaked
oil (Likon et al., 2013). The occurrence of oil spills in water
environments represents the biggest problems facing the
environment of the seas and oceans, due to the increase in
oil extraction and production processes, and the use of giant

tankers and thousands of cases happen yearly resulting from
transportation and production, as well as cases of natural
leakage at the bottom of the ocean (Fathy et al., 2018;
Peng et al., 2018). Oil spills have damage effects on factories

and oil refineries due to the risk of fires or explosions, as
well as the biggest impact threatening desalination plants
because drinking water can be mixed with toxic hydrocar-

bons, causing these plants to shut down and for periods that
may be prolonged (Singh et al., 2013; Liu et al., 2018). Land
leak cleaning operations are much easier than cleaning up
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oil spills on the surface of the water. There are several meth-
ods have been used to overcome the oil spill released in the
water environment (Aleksandrs and Vladislavs, 2020; Gu

et al., 2014; Wang et al., 2014; Wu et al., 2014; Xue
et al., 2014). Biological treatment is carried out by using
genetically modified microorganisms that they can live and

feed on oil, so they analyze oil slicks and convert them to
methane and carbon dioxide that are released into the atmo-
sphere (Radetic et al., 2003; Abdul and Abdulrauf, 2012;

Cui et al., 2014; Piperopoulos et al., 2019). Skimming or
suction is done through sweepers or hoods installed on giant
trawlers so that the oil is collected in tanks intended for that
to be transported later to the oil refineries (Hubbe et al.,

2013). Chemical treatment is used to disperse oil slicks,
thereby reducing their effectiveness in blocking sunlight
and air from surface marine organisms and causing them

to fade in large areas (Ibrahim et al., 2010). Burning, where
the fire is ignited to get rid of some stains far from the bea-
ches or marine installations (Wahi et al., 2013; Liu and

Wang, 2019). The use of barriers, which are floating chains
that stand in the way of oil-laden water currents and pre-
vent them from reaching the beaches or the important vital

areas(Jude et al., 2016). Removal of oils using agriculture
materials (absorption technique) is useful in ridding the envi-
ronment from oil leakage and solid waste is used as fuel in
some industrial processes such as steam boilers(Ngaini et al.,

2014; Abdullah et al., 2010; Wang and Deng, 2019). Because
of the cheap price, biodegradation, and the low density of
natural fibers, it increased the tendency towards using natu-

ral fibers instead of synthetic fibers in the environment and
industrial development (Aghareed et al., 2019). So numerous
work was carried out to modify the surface of natural fibers

and giving them new properties to replace synthetic fibers in
many areas (Juliana and Raul, 2016). Several methods
(chemical, physical techniques and functional nanoparticles

decoration) have been used to modify the fiber surface,
essentially to improve fire resistance, adhesion and
hydrophobic properties, also to change inexpensive fibers
into expensive materials (Zafer et al., 2020; Fulga et al.,

2019). The plasma technique is a physical procedure that
was carried out to modify the fiber surface by forming
strong bonds between new functional groups and matrix of

fibers which lead to increase the mechanical properties of
natural fibers (Alberto et al., 2016; Alekseeva and
Stepanova, 2019). Chemical modification was carried out

by immersion the fibers in a chemical solution (alkali, perox-
ides, silane, water-repelling agents, etc) to remove the weak
constituents of fiber (hemicelluloses and lignin) and hence
improve the mechanical and adsorption performance of the

fibers(Wei et al., 2020). Functional nanoparticles decoration
technique has been developed to functionalize nanofiber sur-
faces with nanoparticles. Incorporation of nanoparticles into

the surface of nanofibers gives new properties such as fluo-
rescent and magnetic properties (Min et al., 2020; Lei
et al., 2019). In this work, the modification of raw flax fibers

by acetylation process and microwave radiation was ana-
lyzed and studied in the oil sorption from artificial seawater.
Sorption isotherm, kinetics and thermodynamics were inves-

tigated. Also, the reusability of exhausted fibers was studied.
2. Materials & methods

2.1. Materials

Raw Flax fibers were obtained from the flax factory, Tanta,
Egypt. Ethanoic anhydride, methylbenzene and perchloric acid

were analytical grade and obtained from Sigma-Aldrich.
Used motor oil (Density: 706 kg/m3) collected from auto

maintenance & repair operations and artificial seawater

(3.5% salinity by NaCl) were used in experiments.

2.2. Preparation of flax fiber

Raw flax fibers (RF) were cut into < 1 cm parts and immersed

in hot distilled water several times to eliminate foreign materi-
als. Washing was continued until foreign materials were elim-
inated and clear effluent was achieved. Then, flax fibers were

dried at 105 �C before modification processes.
Acetylation modification: Acetylated flax fibers (ACF) were

prepared by immersed 5 g flax fiber in the mixture of acetylat-

ing liquid (200 ml methylbenzene,100 ml ethanoic anhydride
and 3 ml of perchloric acid as a catalyst) for 1 hr at 65 �C in
a thermostatic water bath. Then, filtration and washing using

distilled water were carried out to remove the remaining acety-
lating liquid and dried at105 oC before used (Fig. 1).

Microwave modification:Microwaved flax fibers (MIF) were
prepared by a microwave radiation technique in a microwave

oven of (180–1000)W(Microwave Research & Applications,
Inc. Model BP 090). Flax fibers were exposed to 450 W micro-
wave energy for 7 min. Then cooled before using it.

2.3. Method

10 ml of used oil was added on 1L artificial seawater (3.5%

salinity by NaCl) in a 1.5L glass container in the thermostatic
shaker water bath at operating conditions 30 �C,100 rpm, 1.0g
of fiber was added in the system for time range (2–20 min),
then separated, left to drain for 7 min, and re-weighting. Water

sorbed with oil was determined by drying the wet (oil and
water) fiber at 105 �C for 24 hrs. Water (WC) and oil sorption
content(OC) were calculated by the following eqs.:

WC (g) = MðwþoÞ�MDðoÞ ð1Þ

OC (g) = MDðoÞ�MF ð2Þ
Where, M(w+o), MD(o) and MF are the weights (g) of wet

(oil and water) fiber, dried wet(oil) fiber and initial flax fiber,

respectively.
The oil sorption percent (OS%) from the oil/water system

was determined by the following eqs:

OS% = [MDðoÞ�MF/MF] � 100 ð3Þ
Oil sorption capacity qos (g of oil /g of flax fiber) can be cal-

culated from the following eq.:

qos = (MDðoÞ�MF)/MF ð4Þ

qos = OC (g)/MF (g) ð5Þ



Fig. 1 Acetylation process of flax fiber.
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3. Results & discussion

3.1. Characterization

Cellulose, hemicelluloses, and lignin are the main components
of raw flax fiber (Ali et al., 2012). These components can sorb
hydrophilic and hydrophobic liquids because they contain sites

of both hydrophilic and hydrophobic and also due to the por-
ous structure of the fibers. Cellulose components have a great
affinity to hydrophilic than to hydrophobic substances

(Abutaleb et al., 2020).

3.1.1. SEM analysis

Fig. 2a indicates that the raw flax fiber surface was smooth and

compact with very low pores. While low micropores or cavities
on the surface of the fibers was appeared after modifying by
microwave energy (Fig. 2b). After acetylation, the surface of

fiber was rough and more micropores or cavities appeared
due to the removal of hemicelluloses and lignin and hence
increase the oil sorption storage (Fig. 2c) (Juliana and Raul,

2016).
Fig. 2 SEM of RF (a) M
3.1.2. X-ray analysis

Fig. 3X shows the X-ray diagrams of raw (Fig. 3Xa) and mod-

ified flax fiber. The crystallinity properties of fiber were
50.12%, 49.04% and 35.98% for raw and microwaved and
acetylated fibers. Fig. 3Xb shows that the fibers retain their
crystalline nature with a small decrease in the intensity of the

peaks after the fiber exposed to the microwave effect. While
after the acetylation process, The crystalline nature was
dropped due to the replacement of OH group by acid anhy-

dride group which decrease the hemicellulose and lignin con-
tent (Vincenzo et al., 2019). Also, the intensity at 2 h = 25�
is much lower than the microwave effect and the peak at

14 < 2 h < 18� becomes wider and less in the intensity. Also,
a new peak at 5 < 2 h < 11� attributes to cellulose acetate
become visible (Fig. 3Xc) (Likon et al., 2013).

3.1.3. FTIR analysis

Fig. 3Y demonstrates the FTIR spectrum of the raw, micro-
wave radiation and acetylated fibers. The band at 3484 cm�1

attributes to OH group and C-H group at 2950 cm�1. The
wavenumbers at 1720 cm�1 and 1640 cm�1 attribute to
IF (b) and ACF (c).



Fig. 3 X-ray analysis of (RF (Xa) MIF (Xb) and ACF (Xc)), FTIR analysis of (RF (Ya) MIF (Yb) and ACF (Yc)) and contact angle

analysis of (RF (Za) MIF (Zb) and ACF (Zc)).

Table 1 Effect of modification technique on sorption capacity

of fibers.

Type of

fibers

Assessment

(AA)

Operating system Sorption

capacity

(g/g)

Raw flax

fibers

(RF)

Water

sorption

assessment

(W-AA)

(2 g fiber, 30C,

60 min,1L artificial

seawater and 100 rpm)

16.45

Oil sorption

assessment

(O-AA)

(2 g fiber, 30C, 60 min,

1L oil and 100 rpm)

15.23

Oil/water

sorption

assessment

(O/W-AA)

(40 ml oil (39.32 g), 1L

artificial sea water, 2 g

fiber, 30C, 60 min and

100 rpm).

13.25

Acetylated

flax fibers

(RCF)

Water

sorption

assessment

(W-AA)

(2 g fiber, 30C, 60 min,

1L artificial seawater

and 100 rpm)

1.21

Oil sorption

assessment

(O-AA)

(1 g fiber, 30C, 60 min,

1L oil and 100 rpm)

26.82

Oil/water

sorption

assessment

(O/W-AA)

(40 ml oil(39.32 g) , 1L

artificial seawater, 1 g

fiber, 30C, 60 min and

100 rpm).

24.54

Microwaved

flax fibers

(MIF)

Water

sorption

assessment

(W-AA)

(1 g fiber, 30C, 60 min,

1L artificial seawater

and 100 rpm)

20.10

Oil sorption

assessment

(O-AA)

(1 g fiber, 30C, 60 min,

1L oil and 100 rpm)

21.15

Oil/water

sorption

assessment

(O/-WAA)

(40 ml oil (39.32 g) in

1L artificial seawater

at operating conditions

(1 g fiber, 30C, 60 min

and 100 rpm).

17.42
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C = O group(Abdullah et al., 2010). The wavenumbers at
1463 and 1435 cm�1 refer to –CH, –CH2 vibrations and C-H

group at wave number 1385 cm�1 of CH3 group. The
wavenumbers at 1165–1130 cm�1, attribute to asymmetric
C-O-C. The wavenumber at 1030 cm�1 refers to C-O ether
(Lim and Huang, 2007) (Fig. 3Ya). It was observed that the

FTIR analysis of the microwave radiation fibers is approxi-
mately alike to raw fibers, indicating that there is no chemical
change in the composition of fiber(Fig. 3Yb). The FTIR spec-

tra of acetylated fibers show a rise in the intensity of the peaks
due to the acetylation effect(Fig. 3Yc).

3.1.4. Contact angle analysis

Fig. 3Z shows the droplets of artificial seawater and used oil
on the RF, MIF and ACF surface. Fig. 3Za and Zb show a
low contact angle of RF(49.33�) and MIF(43.45�) in water

and in oil (50.10�) and (26.12�), respectively which indicate
the lipophilic and hydrophobic properties of RF and MIF.
Whereas ACF has a contact angle of 145.78� in water and

0� in oil(Fig. 3Zc) indicating that the acetylation process
increases the porous and hydrophobic structure of flax fiber
and thus increase the oil sorption capacity from(O/W-S)

system.

3.1.5. BET analysis

Brunauer-Emmett-Teller (BET) analysis indicates that RF has

a surface area of 51.54 m2/g and a pore volume of 0.41 cm3/g,
while MIF has a slight increase in the surface area of 52.66 m2/
g and a pore volume of 0.433 cm3/g. But with ACF there is a
more increase in the surface area and pore volume to 75.84 m2/

g and 0.63 cm3/g, respectively due to the removal of weak con-
stituents of hemicelluloses and lignin from the fiber structure
by the chemical agents and hence improve the porous structure

and sorption performance of the fibers (Juliana and Raul,
2016;Abutaleb et al., 2020).

3.2. Effect of the modification technique

The influence of the modification technique of flax fibers on
the sorption capacity from artificial seawater, oil and oil/arti-

ficial seawater system was investigated under operating condi-
tions (Table 1).
In the water sorption assessment (W-AA), Fig. 4a and
Table 1 show that the water hydrophobicity is increased in

the acetylated fiber (ACF) more than both raw (RF) and



Fig. 4 Sorption assessment of ACF, MRF and RF in (a) artificial sea water (b) oil (c) artificial seawater/oil at (25 ml oil/ 1 L artificial

seawater system, 100 rpm 30 �C).
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microwave radiation (MIF) fiber. The sorption capacities of

artificial seawater are 1.21, 20.10 and 16.45 g/g for ACF,
MIF, and RF, respectively. This indicates that the process of
modification with ethanoic anhydride encapsulates the fiber

with a layer resistant to the sorption of water, which earns
the hydrophobic properties (Vincenzo et al., 2019; Reza
et al., 2014). In the case of MIF, the increase in the water
absorption rate more than RF is due to increased porosity as

a result of exposure to microwave radiation(Jude et al., 2016;
Mahmoud et al., 2016).

In the oil sorption assessment (O-AA), the oil sorption

capacities are 26.82, 21.15 and 15.23 g/g for ACF, MIF and
RF respectively (Table 1). The ACF has a rough, porous
and hydrophobic surface acting as sorbing sites and increases

the rate of oil sorption more than both RF and MIF, While
the smooth and compacted surface of RF and low porosity
of MIF led to reducing the oil sorption capacity. These expla-

nations are confirmed by SEM analysis (Fig. 4b).
In the oil /water sorption assessment (O/W-AA), The results

show an enhancement in the oil sorption capacity with ACF
more than other fibers (MIF and RF) (Table 1). The process

of treating the fiber with ethanoic anhydride increases the
hydrophobic nature due to the reaction of the acid anhydride
group in the ethanoic anhydride with the hydroxyl group in the

cellulose molecules which causes the fiber to be coated with a
hydrophobic film which leads to the packaging of fiber with
a water-repellent layer that reduces water sorption when used

in the oil removal from aqueous medium (Robabeh et al.,
2016). Finally, ACF was found to be higher in oil sorption
and lower water sorption followed by MIF and then RF
(Fig. 4c) owing to the acetylation effect which enhances the

hydrophobicity and surface roughness with enormous extent
of pores which lead to finding more storage space for oil sorp-
tion in the fibers (Ting et al., 2014).

3.3. Sorption dynamics

The influence of the modification technique of flax fibers on

the oil sorption capacity from the oil/artificial seawater system
indicates that ACF has higher oil sorption capacity and lower
water sorption followed by MIF and then RF. So that further

studies were carried out using acetylated flax fibers (RCF).
3.3.1. Sorption time effect and sorption mechanism

The effect of sorption time was determined in the range (1–
20 min) by adding 1.0 g of ACF on 10 ml oil(9.83 g) in a 1L

artificial seawater glass container at operating conditions
(30 �C and 100 rpm). The obtained data shows that the percent
of removal fast augmented with the rise of uptake time at
6 min(R%=92.88%) and became slow until an equilibrium

state at10 minutes (R%=99.98%) (Table 2) which shows that
the oil sorption mechanism is fast at the initial period of oil
sorption owing to the oleophilic contact and the capillary force

of surface which increase the oil sorbed onto the fiber surface.
After that oil can be sorbed into internal fiber pores by van der
Waals forces (Ting et al., 2014; Wang et al., 2013). Whereas,

the gradual increase in oil removal until the equilibrium state
owing to the fullness of the sorption active sites of fibers
(Ola et al., 2017; Mahmoud et al., 2016).

3.3.2. Sorption dose effect

The effect of fiber dose on the oil sorption was investigated in
the fiber dose range (0.5–3 g) by contact within 10 ml oil in a

1L artificial seawater at operating conditions (30 �C, 10 min
and 100 rpm). Table 2 shows that with increasing the sorbent
mass from 0.5 g to 1.0 g, the percent of oil removal increases
from 61.37 to 99.99%, respectively which owing to the increase

in the sorption sites in the fibers (Malakhov and Chvalun,
2019; Mahmoud et al.,2016). While the oil uptake capacity
decreased from 12.276 to 3.276% for fiber dose of 0.5 to 3 g,

respectively. Further increase in the fiber dose leads to a
decrease in sorption capacity due to the aggregation of sorp-
tion sites. Consequently, as the fiber dose increased, the quan-

tity of oil sorbed on a unit mass of ACF reduced, subsequent
to a reduction in the sorption capacity.

3.3.3. Effect of initial oil feed

Varying of initial oil quantity (10–35 ml) in 1L artificial seawa-
ter was used to study the effect of initial oil feed in the oil sorp-
tion capacity and removal percent using 1.0 g at operating

conditions (30�C, 10 min and 100 rpm). The results (Table 2)
indicate that oil removal is noticeably influenced with varying
of initial oil feed in operating system where the removal per-

cent declines from 99.98% to 71.41% and sorption capacity
rises from 9.828 to 24.405 g/g for varying of initial oil feed



Table 2 Dynamic parameters of oil sorption from artificial seawater by ACF.

Dynamic parameters Sorption percent

BP (%)

Sorption

capacity

qos (g/g)

Time: 2.0 65.72 6.460

(10 ml, 1.0 g, 20 min, 100 rpm, 30 �C) 4.0 77.31 7.599

6.0 92.88 9.130

8.0 94.45 9.284

10.0 99.98 9.828

12.0 99.98 9.828

14.0 99.97 9.827

16.0 99.98 9.828

18.0 99.96 9.826

20.0 99.98 9.828

Initial oil concentration (g/L): 10 ml/l (9.83 g/L) 99.98 9.828

(1.0 g, 10 min, 100 rpm, 30 �C) 15 ml/l (14.745 g/L) 99.98 14.742

20 ml/l (19.66 g/L) 99.98 19.630

25 ml/l (24.575 g/L) 99.98 24.571

30 ml(29.490 g/L) 83.24 24.550

35 ml(34.405 g/L) 71.41 24.405

Adsorbent dose (g) : 0.5 61.37 12.276

(10 ml, 10 min, 100 rpm, 30 �C) 1.0 99.98 9.828

1.5 99.99 6.552

2.0 99.99 4.914

2.5 99.99 3.931

3.0 99.99 3.276

Temperature (K) : 30 �C 99.98 9.828

(10 ml, 10 min, 1.0 g, 100 rpm) 35 �C 97.93 9.626

40 �C 88.31 8.680

45 �C 71.85 7.062

Table 3 Results of oil sorption kinetic models at (25 ml oil/1L

artificial seawater system, 100 rpm 30 �C).

Value Sorption kinetic models Experimental

qe (mg/g)

Pseudo-first-order kinetics

24.571 qe (g/g) 36.99

K1 (L/min) 0.258

R2 0.883

v2 2.750

Pseudo-second-order kinetics

qe (g/g) 25.42

K2 (g/g.min) 0.0953

R2 0.996

v2 0.129

Elovich model

a (g/g.min) 2.665

b (g/g) 12.93

R2 0.914

v2 5.618
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from 10 g /l to 35 g/l, respectively. The decrease in the oil sorp-
tion percent owing to the fullness of pores or storage space of

fibers with oil which leads to a decrease in the sorption sites
through an increase of oil feed quantity (Seema and Raz,
2020; Alaa et al., 2018).

3.3.4. Effect of temperature

Temperature is an important factor in the sorption of oils from
the seawater owing to change the viscosity of oil and conse-

quently the sorption capacity of sorbing materials. Table 2
shows that the oil sorption capacity decreases from 9.828 to
7.062g/g with increasing temperature from 30�C to 45�C,
respectively. This is due to the decrease in the viscosity of
the oil with the temperature gradient, which increases the oil
solubility in water and thus the loss of oil sorbed from fiber
during the draining step (Jun et al., 2020; Mahmoud et al.,

2016).

3.4. Sorption kinetics

To estimate the sorption kinetics of oil uptake from oil/artifi-
cial seawater system onto acetylated flax fibers, pseudo-first
order, pseudo-second order and Elovich kinetic models are

investigated using a non-linear procedure which is a better
method to determine the sorption kinetic parameters. The
agreement of sorption models with experimental results was

evaluated by chi-square analysis (v2) and correlation coeffi-
cient (R2). The terminologies of kinetic models, chi-square
analysis (v2) and correlation coefficient (R2) are presented in
the subsequent equations:
Pseudo-first-order model (Aghareed et al., 2019; Angelova
et al., 2011).

qt = qe (1- e
�K1t) ð6Þ

Pseudo-second-order model (Piperopoulos et al., 2019).

qt = K2qe
2 t/(1(1 + K2 qet) ð7Þ



Fig. 5 Sorption kinetic (a) and isotherm (b) models and thermodynamic (c) of oil sorption onto ACF at (25 ml oil/ 1 L artificial seawater

system, 100 rpm 30 �C).

Table 4 Results of oil sorption isotherm models at (25 ml oil/

1 L artificial seawater system, 100 rpm 30 �C).

Sorption

isotherm

Nonlinear

equation

Parameters Value

Langmuir

model
qe ¼ QLKLCe

1þKLCe

Ce = equilibrium oil

concentration (g/L)

24.575 g/l

QL = constant (g/g) 30.45

KL = constant (L/g) 15.479

R2 0.935

v2 5.042

Freundlich

model
qe ¼ KFC

1=n
e

KF = constant (g /g) 21.113

n = intensity of oil

sorption

3.451

R2 0.984

v2 0.0781

Temkin

model
qe ¼ RT

H LnðKTCeÞ KT = constant (L/g) 65.145

H = constant (J/mol) 9.542

R = universal gas

constant (J/mol/K)

8.314

T = temperature (K) 303

R2 0.781

v2 13.542

Redlich-

Peterson

model

qe ¼ KRPCe

ð1þACb
e Þ

KRP = constant (L/g) 1011.54

A = constant (L/g)b 21.540

b = exponent of

adsorption energy

0.7021

R2 0.934

v2 1.214
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The Elovich kinetic model(Fathy et al., 2018; Angelova
et al., 2011).

dqt/dt = aexp(�bdt) ð8Þ
Where, qe and qt are the oil sorption capacity (mg/g) at

equilibrium and time t. K1 (L/min) and K2 (g/mg.min) are

the constants of pseudo-first order and pseudo-second order
kinetic models, respectively. The a and b are the constants Elo-
vich model.

R2 ¼
Pn

i¼1 qe experimental � qe calculated

� �2
Pn

i¼1 qe experimental � qe calculated

� �2 þPn
i¼1 qe experimental � qe calculated

� �2

ð9Þ

v2 ¼
Xn

i¼1

Pn

i¼1

qe experimental � qe calculated

� �

qe calculated

2

ð10Þ

Table 3 shows the parameters of sorption kinetic models,
which displays that the modeled sorption capacity(25.42 g/g)
of pseudo-second-order kinetic model is agreement with exper-
imental capacity with higher R2(0.996) and lower v2(0.329)
values than the other models indicating that the pseudo-
second-order kinetic model (Fig. 5a) is the agreement model
for oil sorption onto ACF which suggested that the process

of oil sorption is physical as well as chemical sorption in nat-
ure(Shobha et al., 2020; Angelova et al., 2011).

3.5. Sorption isotherm modeling

Isotherm models of Langmuir, Freundlich, Temkin and
Redlich-Peterson(Table 4) were estimated to describe the equi-

librium oil uptake on ACF by nonlinear systems (Zhu et al.,
2009; Min et al.,2019). The isotherm studies can supply bene-
ficial evidence on the sorption mechanism.

Fig. 5b illustrates the non-linear plot of isotherms at 30 �C
and the sorption isotherm parameters are listed in Table 4. The
results display that the Freundlich isotherm achieves the

greatest fitting model for oil sorption onto ACF with greater
correlation coefficient (R2) and lower chi-square analysis (v2)
than other isotherms representing a multilayer oil sorption

onto ACF (Wenling et al., 2019; Wang et al., 2019; Jing
et al., 2019).
3.6. Sorption thermodynamics

Sorption thermodynamic study was used to determine the nat-
ure of oil sorption onto ACF. The change in enthalpy (4Ho),
Free energy (4Go) and entropy (4So), were calculated from
the subsequent equations(Mahmoud et al., 2016).

4Go = - RT logKd ð11Þ

4Go = 4Ho � T4So ð12Þ

LnKd = 4So/R � 4Ho/RT ð13Þ



Table 5 Thermodynamic parameters for the oil sorption by ACF.

Temperature (K) LnKc 4Go

(KJmol�1)

4Ho

(KJmol�1)

4So

(KJmol�1.K�1)

303 6.88 �16.44 �311.051 �0.9723

308 3.87 �11.58

313 2.02 �6.721

318 0.936 �1.859
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Kc = qos/Ce ð14Þ
Where qos, Ce, T and R are equilibrium oil sorption capac-

ity(g/g), equilibrium oil concentration(g/l), and R are temper-
ature (�C) and gas constant (8.314 J/mol.K), respectively.

Van’t Hoff plot (Fig. 5c) was used to determine the thermody-
namic parameters (Table 5). The results indicate that the oil
sorption procedure tends to be spontaneously sorption from

the oil/water system. The negative value of 4G�decreases with
the temperature increase from 30 �C to 45 �C indicating the
favorability of oil sorption. The negative 4H� denotes to

exothermic sorption. Positive 4So denotes to decrease in the
randomness of oil sorption onto fibers(Zhu et al., 2009;
Abutaleb et al., 2020).

3.7. Economic studies

3.7.1. Recover and recycle system

The economic procedure of oiled fiber squeezing by the roller
system at 100 N.cm�2 was employed to determine the oil
recovery and the reusability of fiber (Radetic et al., 2003).

The oil recovery percent (ORP%) is determined by squeezing
5 g of the fiber after oil sorption from the oil/water system
by the following eq.:

ORP% = [(MDðoÞ- Msq)/(MDðoÞ�MF)] � 100 ð15Þ
Where, Msq is the weights (g) of oil after squeezing system.

Fig. 6 shows that both oil sorption capacity was decreased
with increasing sorption- squeezing cycles. After 6 cycles, the
efficiency of fibers was declined below 50%, which indicates
Fig. 6 Sorption- squeezing cycle on the oil sorption capacity o
that the acetylated flax fiber shows excellent reusability up to
6 cycles due to existence of acetyl group on the surface which

is very useful to increase its reusability in the oil sorption from
the (O/W-S) system.

3.7.2. Recycle of exhausted fibers

After 6 cycles of oil sorption- squeezing process, the fibers
became exhausted and useless in reusing them again in the
sorption process and becoming solid residues causing pollution

to the environment. Therefore, because the exhausted fiber
contains a quantity of oil, it can be used as a solid fuel for
some operations such as steam production in boilers. Resulting

mass (Fly ash) produced from the burning process can be used
as a new sorbent for oil and heavy metals (Ani et al., 2020;
Radetic et al., 2003). The results of the operating conditions
and optimum parameters of using fly ash in the oil and U

(VI) sorption process in Table.6 indicate that fly ash resulting
from the burning of exhausted fibers give a good oil and U(VI)
ion removal percent reached to 95 and 97.45%, respectively.

Good recycling of oiled fly ash can be carried out by burning
to produce thermal energy and the resulting mass (fly ash) can
be recycled in the sorption of both oil and heavy metal.

3.8. Comparison study

The Comparison between acetylated flax fiber and other sor-

bent materials of the same nature (Table.7) showed that the
acetylated flax fiber has been demonstrated to have high sorp-
tion potential in the application of oil–water separation, with a
f ACF, MRF and RF in the oil/ artificial seawater system.



Table 6 Operating conditions of oil and Heavy metal sorption process using fly ash (particle size is 70 mm).

Type of test Operating conditions Range Optimum value

of parameter

R% Sorption

Capacity

Oil sorption test

10 ml oil/1L (O/W) Time range (min) 2–15 5

100 rpm Dose range (g) 0.1–3 2 95.01 4.66(g/g)

Temperature range (�C) 30–45 30(Exothermic)

Heavy metal sorption test

10 mg/L U(VI),100 rpm pH 2–7 4

Time range (min) 10–100 40 97.45 3.24(mg/g)

Dose range (g) 0.1–2 0.3

Temperature range (�C) 30–45 45(Endothermic)

Table 7 Comparison between RF, MIF, ACF and other

sorbent materials.

Sorbents Sorption capacity

(g /g)

Reference

Banana peel 7.0 (Alaa et al., 2018)

Cotton fibers 37.9 (Mohamed et al., 2013)

Rice husk 10 (Galblaub et al., 2015)

Saw dust 8.5 (Galblaub et al., 2015)

Corn cob 7.0 (Galblaub et al., 2015)

Bagasse 6.0 (Ahmed et al., 2005)

Barley straw 12.0 (Hussein et al., 2009)

Wheat straw 4.0 (Sidiras et al., 2014)

ACF 24.54 Present study

MIF 17.42 Present study

RF 13.25 Present study
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some of the advantages, including fast removal rates, high
sorption capacity and better surface chemistry. Also, the oil

sorption capacities of RF and MIF have an acceptable value
in a comparison with banana peel, rice Husk, saw dust, corn
cob, bagasse, barley straw and wheat straw. The overall results

appeared that flax fibers can be used in oil spill cleanup
whether as raw fiber or after modification.

4. Conclusions

The processing of flax fibers using microwave energy and etha-
noic anhydride leads to a change in the sorption properties of

flax fibers. The treatment of fiber with ethanoic anhydride
leads to an increase in the hydrophobicity and porous struc-
ture of the fibers due to an interaction with the acid anhydride
group of ethanoic anhydride. The microwave effect increases

the porous formation of the fibers and thus increases the oil
sorption but lower than acetylated fibers. ACF is less water
and higher oil sorption followed by MIF and then RF from

(O/A-S) system in the exothermic sorption effect. The sorption
kinetics and isotherms indicate that the oil sorption onto ACF
agreement with pseudo second order kinetic model and Fre-

undlich isotherm model. Flax fiber has economical reusing in
the oil sorption process. The rapid removal, cheap, biodegrad-
able and better sorption capacity of the ACF make it a very

suitable alternative sorbent mass for the oil from oil/water
system.
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