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Abstract

The aim of the current study is to modify water hyacinth fibre (WHF), which are
then used to produce novel oil sorption polymers. Two synthetic materials were
derived from acetylation by acetic anhydride using N-bromosuccinimide (NBS) as
a catalyst and the graft co-polymerisation of butyl acrylate (BA) using 2,2'-azobi-
sisobutyronitrile (AIBN) as an initiator. Physicochemical properties were compre-
hensively characterised by Fourier transform infrared spectroscopy, scanning elec-
tron microscopy, X-ray diffraction, contact angle, and thermogravimetric analysis.
In the seawater/crude oil system, the best oil sorption capacity values of the raw
WHEFs and their acetylated-WHF and graft co-polymer WHF-g-BA were 7.46 g/g,
20.16 g/g, and 25.47 g/g, respectively. The sorption kinetic and isotherm studies
exhibited that the oil sorption of the co-polymer WHF-g-BA is ruled by pseudo-sec-
ond-order kinetic and Freundlich isotherm models. The reusability of the WHFs and
their synthetic materials has reached 6 cycles of sorption/desorption, and this prop-
erty of the co-polymer is always better than that of acetylated and original fibres.
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Introduction

One of the most important sources of energy is crude oil. It has been used as
the primary material for transportation vehicles for a very long period. The oil
demands have increased in the industrial world. The spillage of oils, which hap-
pens during production, transportation, and storage, immediately affects aquatic
life, the local economy, tourism, and leisure activities. Oil sorbents can be cat-
egorised as either synthetic or natural materials, and most are made of synthetic
materials. However, they are very pricey and non-biodegradable. Hence, the
search for oil sorbents from natural sources is warranted [1].

The most prevalent renewable organic substance in nature is cellulose. It is a
raw biomass material that is simple to obtain. It can be found in large quantities
in plants like wood, bamboo, cotton, and hemp. In addition, some marine species,
such as algae, and even bacteria, have a small proportion of cellulose [2]. They are
also easily interwoven into network structures, which have a high specific surface
area, and are thermally stable and renewable [2, 3]. In addition, cellulose fibres and
their modified forms were considered promising adsorbents for the surface separa-
tion of petroleum pollutants with good absorption capabilities in recent years. Oil
spill cleanup in actual marine environments remains challenging despite the devel-
opment of numerous filter-type materials having separation emulsion capabilities for
oil-water isolation. The viscous crude oils can clog filter pores and quickly contami-
nate filter materials, but gravity-driven or pressure-driven filtration procedures need
to pre-collect the oil-water mixture before filtering. As a result, adsorption-type
oil-water separation materials have lately become a hot research topic [3].

Water hyacinth (WH) is a rhizomatous plant with long pendant adventitious
roots. It floats freely on the water’s surface and is abundant in tropical regions
like Vietnam. Due to its rapid growth (125 tons/1 surface ha/6 months) [4], WH
poses major risks to human health and the environment in the water ecosystem
and water transportation network. It is also a breeding ground for insects that
spread disease. There have been several attempts to use WH for handicraft goods,
fertilisers, and biofuels [5], but these efforts have been hampered by low prod-
uct conversion rates and the high cost of pretreatment. However, WH can serve
as a feedstock for aerogel because it contains a large amount of cellulose (up to
50% by weight) [6]. Additionally, WH is very porous and contains a great deal of
water; as a result, it can be broken into little pieces during the pretreatment step
without drying out, which lowers the energy needed for the synthesis process [6].

Chemical modifications of raw cellulosic fibres by immersion in chemical solu-
tions (alkali, peroxides, silane, etc.) tend to remove weak components such as hemi-
celluloses and lignin, thereby improving the fibres’ mechanical and adsorption capa-
bilities [7]. To date, a few studies were carried out to create new composites by the
treatment of water hyacinth fibres (WHFs) with alkali or silane [8, 9]. In the current
study, WHF modifications by the acetylation process and butyl acrylate grafting to
produce two novel oil sorption materials are performed. Oil sorption behaviours of
the novel synthetic materials are compared with the original WHFs. Sorption kinet-
ics, isotherm models, and reusability are also considered.
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Materials and experiments
Materials

The fresh WH (water hyacinth) stems were gathered from Nghean, Vietnam, in
08/2022. All chemicals, including butyl acrylate (BA), 2,2'-azobisisobutyronitrile
(AIBN), N-bromosuccinimide (NBS), N, N-dimethyl formamide (DMF), NaClO,
acetic anhydride, acetone, toluene, and absolute ethanol (EtOH), were supplied by
Sigma-Aldrich.

Cellulosic extraction

The fresh WH stems were crushed into 1-2-mm sized particles and dried at 105 °C
for 2 h before being extracted with an ethanol-toluene mixture for 3.5 h at 100 °C
[10]. To produce the purified fibres, 500 mL of a NaClO solution (3%) was used to
bleach the brown fibres that still included impurities. This process was heated over
a water bath at 80 °C for 2 h. To eliminate the surplus acids, ethanol was used after
multiple rounds of distilled water washing on the resulting celluloses. The washing
procedure was continued until the cellulose’s colour turned completely white.

Synthesis
Acetylation of the WHFs

Acetylation of the WHFs with acetic anhydride was carried out under a nitrogen
environment in a 250-mL three-neck flask coupled with a condenser [11, 12]. The
WHEFs and acetic anhydride at different ratios (1:1, 1:5, 1:10, and 1:15, w/v) were
incorporated into the flask. The flask was then placed in an oil bath and set at the
required temperature (70-100 °C) for 30-150 min. The NBS initiator (1.0-2.5
mol/L) was slowly added to the reaction mixture and stirred. At the end of the reac-
tion, the acetylated-WHF product was washed and extracted by a Soxhlet apparatus
with acetone for 6 h. Finally, it was dried under vacuum at 60 °C to constant weight.
The weight percent gain (WPG) was expressed as follows:

WPG (%) = (A, —A;)/A; X 100% (1)
where WPG stands for an increase in the dry weight of WHFs after acetylation. A,

and A, denote acetylated and unacetylated WHFs, respectively.

Graft polymerisation

Graft polymerisation of the WHFs was carried out as described previously [13—15].
The reaction was performed under a nitrogen environment in a 250-mL three-neck
flask coupled with a condenser. The WHFs (0.6 g) were soaked and stirred in DMF
(15 mL). The BA monomer (0.5-2.0 mol/L) was then added, and the reaction
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temperature was regulated from 65 to 80 °C. The AIBN initiator (0.04—0.1 mol/L)
was then incorporated. After the appropriate reaction time (60—210 min), the graft
product WHF-g-BA was incorporated into 220 mL of the absolute EtOH for pre-
cipitation. The obtained co-polymer continued to be washed with EtOH (60 mL x 3
times) and extracted with acetone (60 mL X 3 times) to discard the homopolymer of
BA. In the last step, the WHF-g-BA was then chopped into small pieces and dried
under vacuum at 50 °C to a constant weight.
The GY (graft yield) was calculated as follows:

GY (%) = (B, — B,)/B, X 100% )

where B, and B, represent the weights of WHF-g-BA and BA, respectively.

Oil sorption

The pre-calculated amounts of the crude oil and seawater were introduced to a 1.5-L
glass container in the thermostatic shaker water bath at operating conditions of
40 °C and 100 rpm [16]. Each tested sample (WHFs, acetylated-WHF, and WHF-g-
BA) was then steeped into this system for 20 min, which was continuously separated
and drained for 8 min and re-weighed. Water sorbed with oil has been measured by
drying the wet (oil and water) fibres at 105 °C for one day. The calculation of water
(W) and oil (O) sorption contents were displayed as follows:

We =M 0) — Mpo) 3)

Oc = MD(O) - Mg 4)

where M., Mp ) and M. stand for the weights (g) of wet (oil and water) sample,
dried wet (oil) sample, and initial sample, respectively.
The OS (oil sorption, %) from the oil/water system was expressed as follows:

OS (%) = [(Mp(o) = M) /M| X 100 &)

The OSC (oil sorption capacity), referred to as g of oil/g of sample, can be calcu-
lated as follows:

OCS = O /My = (Mp ) — Mp) /My (6)

The physicochemical properties and microstructure evaluations

The LactoScope 300 FTIR spectrometer at a wavelength range of 4000-400 cm™!
was used to measure the IR spectrum. Using the JEOL 6390 model SEM, the sur-
face morphology of the tested samples was investigated. The Model D5000 Siemens
diffractometer was used to obtain the X-ray diffraction data with scanning between
5° and 50°. The TGA data were collected from a Labsys TG-DSC 1600 (heating
rate 10°/min from 25 to 800 °C). In addition, both hydrophobic and hydrophilic
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properties were considered using OCAS50 contact angle instruments using water and
oil droplets.

Results and discussion
Effects of different parameters on WHF acetylation

From Table 1, it can be seen that the WPG increases with increasing time. The high-
est WPG value of 30.05% is found at 120 min. However, the WPG value has been
observed to gradually decrease beyond 120 min. As can be seen, the longer the reac-
tion period is, the more product is produced, and less acetic anhydride is present,
resulting in higher values [11, 12]. Considering the temperature effect, the maximum
WPG value of 30.05% was associated with 90 °C. The increase in temperature from
70 to 90 °C causes cleavages of hydrogen bonds, strengthening the cellulosic fibres.
This also enhances acetic anhydride diffusion into the fibres [11, 12]. Additionally,
increasing the temperature accelerates the reaction speed and collision of the nuclei
participating in the reaction, which promotes the reaction rate. However, cellulosic
acetylation is a reversible process that produces acetic acid as a by-product. While

Table 1 Effect of different
parameters on acetylation of the
WHFs (water hyacinth fibres)

Time (min) Temp. (°C)  Fibres/acetic Initiator  WPG (%)
anhydride ratio (mol/L)

Effect of time

30 90 1:10 2 14.52
60 90 1:10 2 25.46
90 90 1:10 2 28.45
120 90 1:10 2 30.05
150 90 1:10 2 29.12
Effect of temperature
120 70 1:10 2 15.26
120 80 1:10 2 24.56
120 90 1:10 2 30.05
120 100 1:10 2 2542
Effect of rate of the WHFs/acetic anhydride
120 90 1:1 2 16.25
120 90 1:5 2 27.15
120 90 1:10 2 30.05
120 90 1:15 2 26.24
Effect of initiator concentration
120 90 1:10 1.0 18.46
120 90 1:10 1.5 24.25
120 90 1:10 2.0 30.05
120 90 1:10 2.5 16.68

Bold values indicate the conditions were changed
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the temperature continues to increase beyond 90 °C, the reaction to create a by-prod-
uct will easily happen, thereby decreasing the WPG value [11, 12].

The rate of the WHFs/acetic anhydride is the third factor that greatly affected
the acetylated yield. As shown in Table 1, the lowest WPG value of 16.25% was
accomplished by the ratio of 1:1 w/v. The highest WPG value of 30.05% was in
parallel with the ratio of 1:10, but a higher amount of acetic anhydride is not favour-
able (WPG of 26.24% at the ratio of 1:15). It was demonstrated that an increase
in the concentration of acetic anhydride results in an increase in contact surface
between acetic anhydride and cellulose, accelerating the reaction speed and raising
the WPG [11, 12]. However, if the concentration continues to increase, the WPG
value tends to decrease with acetic acid being a by-product. Hence, the optimal
ratio for the WHF acetylation is 1:10. In the last case, the lowest WPG value of
16.25% was associated with the NBS initiator concentration of 1.0 mol/L, whereas
the WPG achieved the highest percentage by using 2.0 mol/L of NBS. After this
range, the WPG value has been drastically reduced (Table 1). It is hypothesised that
NBS is a good source for creating the Br™ cation, activating the carbonyl group of
acetic anhydride to create a highly acylated centre CH,—~CO-N-(OCCH,CH,CO-)
(Fig. 1). After that, this agent reacted with the WHF—OH, resulting in the production
of the WHF-O-CO-CH; [17, 18].

Effects of different parameters on the WHF grafting

With increasing reaction time the GY value increased from 25.17 to 46.60% within
the first 3 h (Table 2). Nonetheless, no discernible variation in the graft add-on was
observed between 3 and 4 h of reaction times. Therefore, the ideal time for graft-
ing was determined to be 3 h, because sufficient time was provided to promote the
copolymerisation reaction in the first stage, which led to the swelling of WHF par-
ticles and the diffusions of initiator and monomer, as well as the minimal homopol-
ymerisation process of monomers [14]. However, the radical quenching brought
on by extended heat treatment and the predominance of homopolymeric reactions
among monomers can be blamed for the unstable GY after 3 h [14].

The GY is also dependent on the temperature change, as evidenced when the tem-
perature was increased from 65 to 75 °C, the GY correspondingly increased from
30.1 to 42.6%. At a temperature higher than 75 °C, the GY value was found to be
reduced, e.g. the GY value achieved 35.3% at 80 °C. The increased extent of mono-
mer mobility and diffusion from the aqueous bulk phase to the cellulose phase, as
well as the faster rate of initiator dissociation, could be the cause of the larger GY
with an increase in temperature [13]. However, the GY tends to diminish beyond
75 °C, which is most likely caused by a creation of unstable complexes by the initia-
tor, along with the predominance of the termination processes [13, 14].

In the next observation, the GY was found to be remarkably increased with an
increase in the BA monomeric concentration from 0.5 mol/L to 1.5 mol/L. This
phenomenon can be deduced from the availability of monomer for grafting in the
early stage. However, at higher monomeric concentration (beyond 1.5 mol/L), the
homopolymer processes may be superior to grafting, causing only a slight increase
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Fig. 1 Mechanisms of the acetylation (a) and graft (b) with the representative OH groups of the WHFs

in the yield of the graft [13—15]. Therefore, BA at a concentration of 1.5 mol/L can
be considered as the optimal concentration for the WHF grafting. Lastly, the GY
values of 24.5, 35.7, 42.6, and 22.2% correspond to the AIBN consumable amounts
of 0.04, 0.06, 0.08, and 0.1 mol/L, respectively. It has been demonstrated that the
AIBN initiator, at a concentration of 0.04—0.08 mol/L, plays a significant role in the
generation of free hydroxyl radicals in the cellulosic network and methylene radicals
in the poly(BA). Nevertheless, because the homopolymeric reactions among the BA
monomers caused an increase in the viscosity of the reaction system, raising the ini-
tiator AIBN concentration above 0.08 mol/L lowered the graft process [13].

FTIR analysis

From Fig. 2, it can be seen that the acetylated fibres and grafted copolymer induced
significant differences in the IR spectral data, compared to that of the raw mate-
rial. The —OH stretching vibrations of the cellulosic fibres in all three materials are
responsible for the intense broad peak absorption above 3330 cm™!, whereas the CH
stretching vibrations of the CH; and CH, groups can be attributed to the peaks at
about 2900 cm™! [19, 20]. The broad peaks at 1030.24, 1030.67, and 1029.59 cm™!
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Table 2 Effect of different

. Time (min) Temp. (°C) Monomer Initiator (mol/L) GY (%)
parameters on grafting of the

(mol/L)
WHFs
Effect of time
60 75 1.5 0.08 25.17
90 75 1.5 0.08 30.24
120 75 1.5 0.08 32.16
150 75 1.5 0.08 37.45
180 75 1.5 0.08 42.60
210 75 1.5 0.08 42.58
Effect of temperature
180 65 1.5 0.08 30.08
180 70 1.5 0.08 34.23
180 75 1.5 0.08 42.60
180 80 1.5 0.08 35.26
Effect of monomer concentration
180 75 0.5 0.08 26.18
180 75 1.0 0.08 38.45
180 75 1.5 0.08 42.60
180 75 2.0 0.08 28.46
Effect of initiator concentration
180 75 1.5 0.04 24.46
180 75 1.5 0.06 35.67
180 75 1.5 0.08 42.60
180 75 1.5 0.1 22.15

Bold values indicate the conditions were changed
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Fig.2 The IR spectra of the WHFs (a), acetylated-WHF (b), and WHF-g-BA (c)
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in the IR spectral data of WHFs, acetylated-WHF, and WHF-g-BA, respectively,
have been nominated for C—O valence vibrations [20]. Significantly, the new sharp
peaks at 1735.03 and 1730.93 in the corresponding IR spectral data of acetylated-
WHF and WHF-g-BA are due to carbonyl stretching vibrations, which otherwise
are absent in the raw WHFS, indicating strong evidence of successful hydrophobic
modifications.

SEM analysis

The surface morphology of the WHFs, acetylated-WHF, and WHF-g-BA is shown
in Fig. 3. The raw material has a rough surface, uneven, with a notched structure.
After grafting, the acetylated-WHF has been structurally formed with porous lay-
ers. This causes cellulose to be successfully dissolved in acetic anhydride during the
acetylation process. Because of the formation of voids in the fibre structure brought
on by the shorter acetylation period and the accompanying variation in acetyl con-
centration, the final product has a different morphology from the original cellulose.
Regarding the WHF-g-BA, it has an even and regular surface that is covered with
poly(BA). The BA monomer is firmly attached to the original cellulose fibres by
chemical bonding [21, 22].

TGA analysis

The TGA curves of the WHFs, acetylated-WHF sample, and WH-g-BA are shown
in Fig. 4. With differences in their chemical structures, they correspondingly decom-
pose at different temperatures. In the TGA diagram of the WHFs, dehydration
occurred at a temperature of less than 300 °C, while a peak of 399.87 °C can be
assigned to the cellulosic decomposition. For the initial stage of the TGA of the
acetylated-WHF sample, the weight loss of 7.67% at 104.49 °C was due to dehydra-
tion. Beyond this temperature, the drastic cellulosic decomposition of the sample
resulted in significant weight loss, which was 62.53% at 324.02 °C. In the TGA pro-
file of the WH-g-BA sample, three peaks at 104.49 °C, 324.02 °C, and 460.83 °C
were derived from the dehydration, cellulosic chain destruction, and poly(BA) graft
decomposition [23, 24].

X1,0000, 100y =
< _oi Aug 2023

Fig. 3 The SEM images of the WHFs (a), acetylated-WHF (b), and WHF-g-BA (c)
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Fig.4 The TGA curves of the WHFs (a), acetylated-WHF (b), and WHF-g-BA (c)

Contact angle analysis

It is important to comprehend the wetting and adhesion of absorbent products used
in oil spill cleanup [25]. The hydrophobic/hydrophilic and oleophilic characters of
the three studied samples are shown in Fig. 5 and Table 3 and were obtained by
using the water and crude oil droplets method, based on wettability measurements
[25]. In comparison with the natural WHFs, which recorded an angle of 52.3° in

Fig.5 Contact angles of the
WHEFs, acetylated-WHF, and
WHF-g-BA

Table 3 Contact angles of the
studied materials in the water
and oil
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Samples In water In oil
Samples Water Oil
WHFs 52.3° 63.4°
Acetylated-WHF 65.9° 25.8°
WHF-g-BA 80.5° 15.8°
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water, the hydrophilic property of its two synthetic materials was found to be down-
regulated at 65.9° and 80.5°, respectively. The obtained results also indicated that
the oleophilic character of the raw WH fibre (63.4°) was enhanced and recorded at
25.8° and 15.0° in the cases of the acetylated-WHFs and WHF-g-BA, respectively.
Obviously, the acetyl and monomer butyl acrylate groups in the oil-absorbing mate-
rials are hydrophobic and oleophilic, which could explain these results.

XRD analysis

The XRD image has been employed to evaluate the crystalline nature of the materi-
als. The XRD patterns of WHFs, acetylated-WHF, and WHF-g-BA are outlined in
Fig. 6. For the original WHFs, a sharp peak with a high intensity of 720.5 a.u. at the
20 angle of 22° revealed the crystalline nature of the material. At the same 20 angle
of 22°, the XRD images of acetylated-WHF and WHF-g-BA have been accompa-
nied by intensities of 265.43 a.u. and 98.22 a.u., respectively. This reduction in the
crystallinity is due to the presence of cellulosic acetate and co-polymer graft. It can
be noted that acetylation and branching co-polymerisation with poly(BA) onto the
cellulosic framework cause a decrease in the crystallinity of the cellulose fibres [26,
27].

Effects of the hydrophobic modification methods

The effects of the modification technique on the OSC have been considered in the
seawater, oil, and oil/seawater systems under operating conditions (Table 4 and
Figs. 7, 8, 9).

In the seawater sorption assessment: The water hydrophobicity of the graft
co-polymer was better than that of both the acetylated and raw fibres (Table 4 and
Fig. 7). The optimal OCS values were 15.23 g/g, 2.05 g/g, and 1.46 g/g for the
WHEFs, acetylated-WHF, and WHF-g-BA, respectively, at 10 min. It turns out that

Fig.6 The XRD curves of the 800
3355, ageAtylated—WHF, and 6] p—
& Acetylated-WHF
600 — WHF-g-BA

Intensity (a.u)

80

2-Theta-Scale
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Fig.7 Sorption assessment of the WHFs, acetylated-WHF, and WHF-g-BA in the seawater

Fig. 8 Sorption assessment of 35
the WHFs, acetylated-WHF, and —e— WHF-g-BA
WHF-g-BA in the oil 30 —o— WHFs

—4— Acetylated-WHF

OSC (g/g)

0 1 1 1 1
0 3 6 9 12 15

Time (min)

the process of acetylation and co-polymerisation of the WHFs induced a protec-
tive layer to the sorption of water, which resulted in the hydrophobic features [28,
29].

In the oil sorption assessment. The optimal OCS values were recorded to be
9.52 g/g, 22.65 g/g, and 28.65 g/g for the WHFs, acetylated-WHF, and WHF-g-BA,
respectively, at 10 min (Table 4 and Fig. 8). Herein, the porous hydrophobic surface
of the acetylated-WHF acted as sorbed sites [30]. For the graft co-polymerisation,
the hydrophobic poly(BA)-grafted branches were distributed on the surface of the
WHEF. As a consequence, the obtained material became hydrophobic and oleophilic.
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Fig.9 Sorption assessment of 30
the WHFs, acetylated-WHF, and —e— WHF-g-BA
WHF-g-BA in the oil/seawater 2| T WHFs
system —4&— Acetylated-WHF
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In the oil/seawater sorption assessment: Similar results to oil sorption were
obtained since the optimal OCS of the WHF-g-BA (25.47 g/g) has been always bet-
ter than that of the acetylated-WHF (22.65 g/g) and the WHFs (7.46 g/g) (Table 4
and Fig. 9). Treatment of the WHFs with acetic anhydride increased the hydro-
phobic property because of the ester reaction between hydroxyl groups of the fibre
and acetyl groups of acetic anhydride, which caused the fibre to be coated with a
hydrophobic film, leading to the packaging of fibre with a water-repellent layer that
reduced the water sorption. The results further demonstrated that the graft co-pol-
ymer was more uniformly distributed on the surface of the WHFs, and the mate-
rial evolved into a homogenous spatial lattice polymer with a porous structure. This
allowed the obtained material to have certain solvents held inside its structure [31].
Significantly, the OCS value of WHF-g-BA in the current study is much better than
that of rice straw-g-BA (20.56 g/g), sawdust-g-BA (20.52 g/g), and Luffa fibre-g-
BA (20.60 g/g) [13—15]. In another study, modification of flax fibres by acetylation
and microwave methods resulted in OSC values of 24.54 and 17.42 g/g, respectively
[16].

Sorption dynamics

The effects of the WHF modifications in three mediums indicated that the co-poly-
mer WHF-g-BA has the highest oil sorption and lowest water sorption, followed by
the acetylated material, and then raw fibre. In this scenario, the study shifts to the
dynamic evaluations for the potential co-polymer.

Effect of contact time
The effect of sorption time was determined in a range of 1-20 min by adding the

co-polymer (0.1-0.5 g) and crude oil (10-35 mL) in a 1.0-L seawater glass container
at the operating conditions of 30-50 °C and 100 rpm. The obtained results (Table 5)

@ Springer



Polymer Bulletin

Table 5 Dynamic parameters of oil sorption in seawater by WHF-g-BA

The operating conditions OS (%) OSC (g/g)
Time: (25 mL, 0.1 g, 100 rpm, 40 °C) 2 min 66.27 3.56
4 min 77.18 8.56
6 min 92.45 12.23
8 min 95.56 18.45
10 min 99.96 25.47
12 min 99.95 25.47
14 min 99.95 25.47
16 min 99.94 25.46
18 min 99.96 25.46
20 min 99.95 25.46
Sorbent dose (g): (25 mL, 10 min, 100 rpm, 40 °C) 0.1g 99.95 25.47
02¢g 99.95 20.56
03g 99.94 13.25
04¢g 99.94 12.48
05¢g 62.46 12.05
Initial oil concentration (g/L): (0.1 g, 10 min, 100 rpm, 40 °C) 10 mL/L 99.96 10.17
15 mL/L 99.96 15.27
20 mL/L 99.96 20.34
25 mL/L 99.96 25.47
30 mL/L 82.57 25.43
35 mL/L 71.12 25.27
Temperature: (25 mL, 10 min, 0.1 g, 100 rpm) 30 °C 72.86 23.05
35°C 89.67 24.28
40 °C 99.95 25.47
45 °C 89.45 24.58
50°C 72.75 23.45

revealed that the OSC value increased with time and reached the highest value of
25.47 g/g at 10 min. After this period, it remained stable. This demonstrated that the
oleophilic contact and surface capillary force, which increased the amount of sorbed
oil onto the fibre’s surface, caused the oil sorption mechanism to occur rapidly dur-
ing the early stages of oil sorption. Van der Waals forces can then cause the oil to be
absorbed into interior fibre pores. However, because the fibres’ sorption active sites
are fully utilised, the oil removal will gradually increase until it reaches the equilib-
rium condition [32].

Effect of sorption dosage
As shown in Table 5, the use of the co-polymer increased from 0.1 g to 0.5 g, and

the oil sorption decreased from 99.95 to 62.46%, respectively. Notably, the OCS
value was reduced from 25.47 to 12.05 g/g. As a result of sorption sites aggregating,
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a higher dose of fibre causes a decrease in sorption capacity. Thus, the amount of
sorbed oil on a unit mass of absorbent material decreased as the fibre dose rose,
which was followed by a decrease in the oil sorption capacity [33].

Effect of initial oil concentration

The crude oil in a range of 10-35 mL in 1.0 L seawater was used to study the effect
of initial oil concentration on the OS and OSC values at a constant condition of
0.1 g sorbent dose, 40 °C, 10 min, and 100 rpm. From Table 5, the OS value notice-
ably declined from 99.96 to 71.12% for varying initial oil feed from 10 to 35 mL/L.
The OCS has risen from the lowest value of 10.17 g/g (at 10 mL/L) to the maximal
value of 25.47 g/g (at 25 mL/L). After this range, the OSC was gently declined. The
reduction in the oil sorption percentage is caused by the fibres’ capacity to store
oil in their pores, which decreases the number of sorption sites by increasing the
amount of oil fed into the fibres [34].

Effect of temperature

Temperature is a crucial factor in the sorption of crude oil from seawater due to
changes in the oil viscosity. Table 5 shows that the OSC increased from 23.05
to 25.47 g/g with increasing temperature from 30 to 40 °C. This increase can be
explained by a decrease in the oil viscosity since more energy is required to bind
oil molecules to the sorbent surface. After 40 °C, the bonds among oil molecules
are weakened and the oil sorption process becomes unpredictable, which lowers the
OCS values possibly meaning that because of its exothermic nature, the sorption
process works best at lower temperatures. It also takes into account the fact that the
oil molecules diffuse more quickly and require less time to absorb. The great pro-
pensity of oil molecules to migrate from the sorbent’s surface to the bulk phase, on
the other hand, causes the boundary layer thickness to decrease at higher tempera-
tures, which significantly lowers the sorption trend. In addition, the oil molecule’s
overall energy is raised, enhancing its ability to escape [35].

Sorption kinetics

To estimate the sorption kinetics of oil uptake from the oil/seawater system, the
pseudo-first-order, pseudo-second-order, and Elovich kinetic models are appropriate
[36]. The agreement of sorption models with experimental results was evaluated by
the X? (Chi-square analysis) and R? (correlation coefficient).

Pseudo-first-order model: dg,/d, = K;(g. — q,) €)

Pseudo-second-order model: dg,/d, = K, (q, — ql)2 ®)
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Table 6 The sorption kinetics of the WHF-g-BA at 25 mL 0il/1.0 L seawater system, 100 rpm, and 40 °C

Pseudo-first-order Experiment Pseudo-second-order Experiment Elovich Experiment
q. (g/2) 38.342 q. (g/g) 26.35 a(glgs) 2.762
K, s 0.268 K, (g/g min) 0.0987 p(glg) 13.403
R? 0.915 R? 0.997 R 0.947
x? 2.850 X? 0.132 x? 5.823
40 35
35 a 30 b o
30
25 ® i
25 >
gﬁ 20 ) 20 ®  Experimental
= e ——@ Frendlich
15 ® q = ——& Redlich-Peterson
—— Pseudo-first-order 10 —> Temkin
10 — Elovich —> Langmuir
5 =g Pseudo-second-order 5
0 0 ¢ _
0 5 10 15 20 25 30 35 0 2 4 6 8 10 12 14 16
t (min) C(e)

Fig. 10 Sorption kinetic (a) and isotherm models (b) of the oil sorption onto graft co-polymer at 25 mL
0il/1.0 L seawater system, 100 rpm, and 40 °C

The Elovich kinetic model:  dg,/d, = ae™# 9)

where g, and g, denote the OCS (g/g) at time ¢ and equilibrium, respectively. K, (s™)
and K, (g/g'min) are the rate constants of pseudo-first-order and pseudo-second-
order kinetic models, respectively. The coefficient a (g/g s) is the initial sorption
rate, and S (g/g) is the absorption constant.

The sorption kinetic consideration for the co-polymer WHF-g-BA is outlined in
Table 6 and Fig. 10a. It should be noted that the sorption kinetic model is appropri-
ate to use with a higher R? value and lower X° value. As can be seen, the q. value
of 26.35 g/g in the pseudo-second-order model is in agreement with experimental
capacity with higher R? (0.997) and lower X? (0.132) values than the other models.
This suggests that the pseudo-second-order kinetic model should be appropriate for
the graft co-polymer, and the sorption mechanism involves both physical and chemi-
cal processes [16, 36].

Sorption isotherm modelling

As described in the literature [16], isotherm-type models type Langmuir, Freun-
dlich, Temkin, and Redlich-Peterson have been preferentially used to describe the
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equilibrium oil uptake on the graft co-polymer WHF-g-BA by nonlinear systems.
Figure 10b demonstrates the nonlinear isotherm plots at 40 °C, and the sorption iso-
therm parameters are listed in Table 7. It is obvious that the Freundlich isotherm
achieved the best fitting model with a greater R of 0.986 and lower X? of 0.0792
than other isotherms, representing multilayer oil sorption onto the graft co-polymer
[37].

Reusability

For both practical and financial reasons, reusability is a crucial consideration when
choosing polymeric absorbent materials for oil spill cleanup purposes. Samples are
separated using a filter sieve to evaluate their reusability after being absorbed. They
are then put in a sand core funnel and left to drain for 10 min in a vacuum medium
before being weighed [13-15]. The cycle of sorption and desorption is conducted
repeatedly to evaluate the absorbent material’s reusability. By pressing 5.0 g of the
absorbed oil-extracting fibre from the oil/water system, oil recovery, also known as
oil retrieval, is computed.

As shown in Fig. 11, the OCS was higher in the initial cycle and subsequently
decreased in the following cycles. In general, the OCS values of the absorbent

Table 7 Results of oil sorption isotherm models at (25 mL 0il/1.0 L seawater system, 100 rpm 40 °C)

Models Nonlinear equations Parameters Values
Langmuir q. = ]erlli_ng: C.=equilibrium oil concentration (g/L) 25.48
Q; =constant (g/g) 31.57
K| =constant (g/g) 16.04
R? 0.942
X 5.163
Freundlich q, =Kz c! /n K= constant (g/g) 21.89
n=intensity of oil sorption 3.49
R 0.986
be 0.0792
Temkin q. = % Ln(K+C,) Kr=constant (L/g) 65.865
H=constant (J/mol) 9.615
R=universal gas constant (J/mol/K) 8.314
T=temperature (K) 313
R 0.786
be 13.862
Redlich-Peterson 4. = M Kgrp=constant (L/g) 1018.93
(1+ACY)
A=constant (L/g)? 21.875
p=exponent of adsorption energy 0.735
R? 0.941
X 1.268
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Fig. 11 Sorption-squeezing 60
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material slightly declined from 25.47 to 10.5 g/g for the WHF-g-BA, from 20.16
to 6.5 g/g for the acetylated-WHF, and from 7.46 to 2.5 g/g for the WHFs. This
decrease could be the result of a residual oil layer trapped in the material after des-
orption and the rupture of oil-containing holes under vacuum pressure [38]. The
OCS was still at roughly 60% after six cycles. This indicated that the absorbent
materials type acetylation, especially graft copolymerisation, can effectively remove
oil from the water’s surface. This property makes hybrid absorbents perfect materi-
als for a variety of applications, such as effective oil-water separation, removing oil
from water in oil spill incidents, and other uses. The enhanced ability of the mate-
rial derived from the hydrophobic alteration of cellulose fibres to absorb oil offers
a means of creating ecologically benign, biodegradable, and reasonably priced oil
absorbent materials [39].

Conclusions

Treatment of water hyacinth fibres by acetylation and co-polymerisation approaches
increases the hydrophobicity and porous structures. The acetylated product has a
porous structure, thus increasing the oil sorption capacity (20.16 g/g) but is lower
than the graft co-polymer fibres (25.47 g/g). Through sorption kinetic and isotherm
studies, oil sorption to the graft co-polymer has been shown to correlate well with a
pseudo-second-order kinetic model and the Freundlich isotherm model. Fibres from
water hyacinth and its synthetic materials are economically reused with six cycles
of sorption and desorption. Collectively, the graft co-polymers, such as the WHF-g-
BA, can be an inexpensive, biodegradable, and rapidly removable alternative sorb-
ent for oil spill cleanup.
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