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coir lignocellulose for preparation
of a porous coir–polyurethane composite with
high oil adsorption capacity

Phan Huy Hoang, * Hoang Tien Dat, Thai Dinh Cuong and Le Quang Dien

In this present work, different treatment methods of coir biomass were investigated to improve the oil

sorption capacity. The treated coir material was then used to fabricate an efficient porous coir–

polyurethane composite sorbent by incorporating coir into a polyurethane matrix. The new composite

possessed an open cell structure with high porosity and high oil sorption efficiency. The suitable

technical parameters of the coir treatment process were selected as: hot water treatment at 170 �C for

120 minutes. After treatment under this suitable condition, treated coconut fiber exhibited an oil

adsorption capacity of 4.1 g g�1, with an increase of 78.3% compared to that of the original coconut

fiber. Furthermore, the application of the as-fabricated porous composite sorbent for oil treatment was

examined under various conditions. It was observed that the oil uptake capacity of the new composite

sorbent was high, up to 15.2 g g�1 when 20% treated coir material with a particle size of 1 mm was

added into the polyurethane matrix. Several advantages of the new porous composite sorbent obtained

from coir biomass and polyurethane such as low cost, being eco-friendly, ready availability and high

buoyancy make it an efficient sorbent material for oil spill treatment.
Introduction

Along with the development of agriculture and industries, the
amount of waste discharged into the environment is increasing.
Many issues of environmental pollution, especially the water
environment, have been and will be a challenge for human
society, including in Vietnam. The problem is to effectively treat
wastewater as well as polluted water sources, and to return
a clean-living environment for organisms and human life. Many
methods for treating pollution from oil, heavy metals, organic
substances, colorants, etc. in water have been investigated and
applied such as biological, physical, and chemical methods.1–4

In these the adsorption process is the main method with several
advantages to separate the organic pollutants including of color
substances and oil out of water. Many sorbent materials from
agricultural by-products such as rice straw, coconut ber,
shrimp shells, soybean residue, corn cobs, and water hyacinth,
etc. has been investigated.2,5–10

For oil spill treatment, using adsorbent is economical, effi-
cient, and environmentally friendly method due to the possi-
bility of collection, complete cleanup of the oil and convenient
post-treatment of oil-loaded sorbents. The application of
natural adsorbents from agricultural wastes with good oil
sorption capacity is very suitable and applicable.11,12 For
example, modied cellulose ber,13 rice husk,14 rice straw,15 raw
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cotton,16 palm leaves and palm endocarp (shell),17 kapok,18

sugarcane bagasse19 sawdust and sponge-gourd20 have been
investigated as oil sorbent. These biomass sorbents have several
advantages such as biodegradability, economy, technical feasi-
bility, and environmental acceptability for cleanup of oil spill. It
can be seen that the amount of agricultural residue or waste
aer harvesting is very large, and thus there are serious impacts
on the environment due to decomposition, illumination and/or
burning these wastes in the eld. Meanwhile the application of
organic natural materials derived from plant sources works as
a vital development in sustainable environmental tech-
nology.19,21,22 Moreover, utilization of agricultural residue shows
many advantages such as readily available raw materials, low
cost, environmentally friendly and biodegradable, complete oil
removal and simple disposal with minimum environmental
hazard as well as do not add secondary pollution sources to the
environment.20,23–25 This application at the same time solves
both environmental problems: remove of oil out of water and
the treatment of agricultural wastes.

Coconut ber (coir) is one of the biomass-derived adsorbent
materials and is quite popular in Vietnam. It can adsorb oil from
oil-polluted water thanks to its porous structure with many
functional groups. In our country, coir is evaluated as a potential
source of biomass material but has not been used effectively
because it is considered as agricultural by-product. Therefore, the
use of coir to fabricate adsorbent material with high adsorption
capacity is a useful solution to reduce water pollution and solve
the waste from agriculture. Nevertheless, such lignocellulose
© 2022 The Author(s). Published by the Royal Society of Chemistry
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material has poor buoyancy characteristics, not high oil sorption
capacity.3,13,26 The material thus should be modied to improve
the oil uptake capacity for practical application.

There have been some literature reported on treatment of
cellulose ber or lignocellulose material by chemical modi-
cation to enhance the oil sorption capacity of biomass material.
Sun et al.27 investigated the acetylation of rice straw with acetic
anhydride and Wang et al.28 studied on coating Zn layer on
cotton ber to increase hydrophobicity and hence increase the
oil sorption capacity. Moreover, many reports have been
concentrated on pretreatment of lignocellulose material by hot
water, sodium hydroxide and sulfuric acid for improvement of
enzymatic hydrolysis and bio-ethanol production.11,23,29

However, there is only one report on hot water treatment of
populus ber to prepare oil sorbent from lignoellulosic mate-
rial.21 We were, therefore, motivated that the difference treat-
ment method such as hot water, alkaline and acid treatment
could be used to enhance oil sorption capacity of natural
biomass sorbent.

Furthermore, polyurethane (PU) is a highly porous, light-
weight, and commercially produced synthetic organic product
which is widely used in wastewater treatment and oil spill
adsorption due to their hydrophobic and oleophilic proper-
ties.30–32 PU could be also modied or functionalized for
improvement the oil uptake ability.30,33,34 Taking all these
factors into consideration, it is urgent to nd out a new envi-
ronmentally friendly material with a high oil adsorption
capacity by combination of hydrophobic synthetic PU and
lignocellulosic waste.

In this current work, we have studied the treatment of
coconut ber by different methods to improve the oil sorption
capacity as well as examined the effect of treatment methods on
the oil sorption capacity of treated coir. Moreover, in order to
further improve the oil adsorption capacity of natural materials,
a porous bio-based composite material was fabricated by
incorporating treated coir and polyurethane. A combination of
Fig. 1 Preparation of coir sample from coconut shell.

© 2022 The Author(s). Published by the Royal Society of Chemistry
these two materials, by taking advantage of agricultural by-
products and synthetic PU adsorbent would create a porous
coir–polyurethane composite sorbent with high buoyancy
characteristics and high porosity for oil spill treatment.

Experimental
Materials

Coconut shell samples were taken from the Middle of Vietnam.
The coir was separated from the coconut shell and dried at
room temperature for one week (Fig. 1). Aer that, coir was cut
into pieces, grounded, and screened to select samples in
different sieve sizes: 1 mm; 2 mm; 4 mm and 6mm. The grinder
used in our work is knife grinder (the grinder with sharp knife)
to cut the long coir bers into short ones. The samples were
then stored in a sealed plastic bag for doing further experiment
(the moisture of coir sample in plastic bag was about 13 �
0.5%).

Diesel oil (DO, density at 20 �C¼ 0.85 g cm�3, viscosity ¼ 5.0
mm2 s�1) was purchased from Vietnam Petro Oil Corporation
(Vietnam).

Coir treatment to increase adsorption capacity

To increase the oil adsorption efficiency of coir, the treatment
processes were carried out by different methods using different
agents: hot water, sodium hydroxide and sulfuric acid treat-
ment. In typically, the treatment processes were performed as
following:

High temperature water treatment: 10 g of coconut ber with
determined components, 400 mL water was put into the 1 L
autoclave that was kept at desired temperature (160, 170 and
180 �C) for 60–120 minutes. The vapor pressure inside the
autoclave at 160, 170 and 180 �C was around 5.2, 7 and 9.2 bar,
respectively. Aer hot water treatment, the samples were
washed carefully, dried in the oven at 50 �C for 2 days and stored
in the nylon bag for further use.
RSC Adv., 2022, 12, 14976–14985 | 14977
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Other treatment methods: the treatments of coconut ber
with sodium hydroxide and sulfuric acid agents were carried out
similar to the hot water treatment method. In particular, 10 g of
coconut ber with determined components, 400 mL water and
NaOH or H2SO4 were put into the 1 L autoclave. The amount of
agents (NaOH, H2SO4) was varied from 0.5–1.0 g (correspond to
5–10% w/w of coir biomass), while the treatment temperature
was set at 110 �C for 60–120 minutes.
Fabrication of porous coir–polyurethane composite

New sorbent material was fabricated by taking sufficient
quantities of components A (polyol part) and B (isocyanate part)
of polyurethane matrix (Guangzhou Niubi Special Glass Co.,
Ltd. Guangdong, China) in certain proportions by mass. First,
component A was mixed with treated coir, stirred for several
minutes. Treated coir (the coir was treated by above treatment
methods) with sizes of 1, 2, 4 and 6 mm were used with amount
of 5–25 wt% over mass of PU. Component B was then added to
the above mixture and stirred vigorously for about 10–20
seconds. Then the curing process occurred to obtain a porous
coir–polyurethane composite sorbent by incorporating the coir
ller into PU matrix.
Material characterization

Chemical compositions of coconut ber were characterized using
analytical methods according to international standards such as
Fig. 2 Adsorption test carried out at room temperature: (A) treated-coi
composite sorbent placement on the oil surface and (C) illustration of o

14978 | RSC Adv., 2022, 12, 14976–14985
TAPPI – The Technical Association of the Pulp and Paper Industry
(American Pulp and Paper Industry Technical Association), GOST
(Russian Federation standards) and other commonly used
methods in the eld of chemical processing of plant biomass. In
particular, determination of acid-insoluble lignin in wood and
pulp followed the method of T 222 om-02, determination of
solvent extractives of wood and pulp followed the method of T
204 cm-97, determination of ash in wood, pulp, paper and
paperboard followed the method of T211 om-93, determination
of pentosans in wood and pulp followed the method of T 223 cm-
10 and determination of cellulose in wood and pulp followed the
Kürschner–Hoffer method. Scanning electron microscopy (SEM)
was performed using a JSM-7000F machine, JEOL, Japan.

To determine the oil uptake capacity of the adsorbent, as-
prepared porous coir–PU composite was used to adsorb oil of
water containing diesel oil (DO) at room temperature as shown
in Fig. 2. The analysis method for measuring the oil adsorption
capacity of absorbents is based on ASTM F726 17: standard test
method for adsorbent adsorption efficiency for crude oil and
related spills. In typically, the procedure is following: 80 mL of
water and 20mL of oil was poured into a 100 mL beaker. 0.5 g of
the as-prepared adsorbent material was gently placed onto the
oil surface of beaker for different periods of time of 30, 60, 90,
120, 180 min. The sorbent material was then separated and
treated under vacuum to remove water on the surface for about
5 minutes before weighing to calculate the adsorption capacity.
All experiments were conducted in duplicates.
r biomass placement on the oil surface, (B) porous coir–polyurethane
il adsorption experiment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The sorption capacity was calculated as the ratio of adsorbed
amount of oil to initial dry weight of the sorbent as shown in the
following equation and given in unit of g oil/g dry sorbent:32

Oil sorption capacity ðg=gÞ ¼ M2 �M1

M1

where M1 and M2 are mass of the initial dry sorbent material
and total mass of the samples aer adsorption, respectively.
Results and discussion
Modication of coir to increase adsorption capacity

The chemical composition of coir was characterized to be: 41.0
� 0.5% cellulose, 20.3 � 0.3% pentosane, 25.9 � 0.3% lignin,
6.5 � 0.1% extractives and 4.1 � 0.1% ash. It is seen that the
content of cellulose, pentosane and lignin of coir sample is
appropriate to be used as lignocellulose material for bio-renery
process. Density is an important physical property that affects
crushing, compaction, diffusion, and chemical penetration into
plant cell walls. The density of raw coir was determined
approximately 1.12 � 0.1 g cm�3, a relative low buoyancy
characteristic.

Different treatment process such as hot water, H2SO4 and
NaOH treatment at different conditions were conducted for
improvement of the oil sorption capacity of coconut ber. The
decomposition level of lignocellulosic structure of coir biomass
depends on the nature of reactive agents and reaction condition
resulting in different oil sorption capacity of treated coconut
ber. First attempt was tried by treating coir sample with water
at high temperature in order to modify the structure of the coir
material, thus increase the surface area and the porosity of
treated coir. The results were listed in Table 1.
Table 1 Oil sorption capacity of coir material after hot water treatment

Coir sample at treatment
conditions

Oil sorption capacity at differe

30 min

160 �C, 60 min 1.91 � 0.10
160 �C, 90 min 2.23 � 0.10
160 �C, 120 min 2.72 � 0.11
170 �C, 60 min 2.34 � 0.11
170 �C, 90 min 2.49 � 0.11
170 �C, 120 min 3.1 � 0.12
180 �C, 60 min 2.40 � 0.11
180 �C, 90 min 2.61 � 0.11
180 �C, 120 min 3.20 � 0.12

Table 2 Oil sorption capacity of coir material after sodium hydroxide tr

Coir sample at treatment
conditions

Oil sorption capacity at differe

30 min

NaOH 5%, 60 min 2.22 � 0.10
NaOH 5%, 120 min 2.03 � 0.10
NaOH 10%, 60 min 1.94 � 0.10
NaOH 10%, 120 min 1.81 � 0.10

© 2022 The Author(s). Published by the Royal Society of Chemistry
It can be seen that at harsh treatment condition, the higher
oil adsorption capacity was observed. In particular, the
adsorption capacity increased when the treatment time and
temperature increased. In the process of high temperature
water treatment, hemicelluloses were hydrolyzed at elevated
temperature, and the hydroxyl groups in the lignocellulose
material decreased.21,29 The hydrolysis of the acetyl groups in
the hemicellulose component forms acetic acid, which catalyze
the dissolution of hemicellulose leading to the deconstruction
of lignocellulosic structure.

There was still 88% solid residue retaining aer hot water
treatment at 160 �C aer 60 min. At this condition, the speed of
the hydrolysis reaction takes place slowly. Only a small part of
polysaccharides, mainly hemicellulose was hydrolyzed. There-
fore, at this condition, the deconstruction level of lignin–hemi-
cellulose network structure was not high. The porosity of coir
material was not signicantly increased, leading to a relative
low improvement of sorption capacity. When the treatment
time and temperature increased, the lignin–hemi-cellulose
network structure of the coir was partially deconstructed,
leading to the increase of the surface area and pore volume of
the material, the adsorption ability thus would improve. As
known that the recovery of mass in the solid residue aer
pretreatment decreased with the increase of pretreatment
temperature and time. It means that higher degradation of
lignin, hemicellulose even cellulose was observed at higher
temperature and longer time.29 It can be attributed to the
gradually increase of organic acid catalyst formed when
temperatures and times increased.

Besides, treatment at 180 �C for 120 min gave the highest
sorption capacity. However, the difference in capacity between
treatment at 180 �C for 120 min and 170 �C for 120 min was not
at different treatment conditions

nt sorption time, g g�1

60 min 120 min 180 min

2.14 � 0.10 2.43 � 0.10 2.91 � 0.10
2.42 � 0.10 2.72 � 0.10 3.13 � 0.11
3.13 � 0.12 3.41 � 0.12 3.61 � 0.12
2.61 � 0.11 3.04 � 0.11 3.22 � 0.11
2.82 � 0.11 3.22 � 0.11 3.62 � 0.12
3.51 � 0.12 3.91 � 0.12 4.12 � 0.12
2.81 � 0.11 3.13 � 0.11 3.34 � 0.11
2.94 � 0.11 3.32 � 0.11 3.82 � 0.12
3.62 � 0.12 4.10 � 0.12 4.34 � 0.12

eatment at different treatment conditions

nt sorption time, g g�1

60 min 120 min 180 min

2.72 � 0.11 3.14 � 0.12 3.53 � 0.12
2.41 � 0.10 2.73 � 0.11 2.92 � 0.11
2.33 � 0.10 2.52 � 0.11 2.94 � 0.11
2.21 � 0.10 2.42 � 0.10 2.73 � 0.11

RSC Adv., 2022, 12, 14976–14985 | 14979

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01349e


Table 3 Oil sorption capacity of coir material after sulfuric acid treatment at different treatment conditions

Coir sample at treatment conditions

Oil sorption capacity at different sorption time, g g�1

30 min 60 min 120 min 180 min

H2SO4 5%, 60 min 2.13 � 0.10 2.62 � 0.12 2.91 � 0.12 3.23 � 0.12
H2SO4 5%, 120 min 2.02 � 0.10 2.31 � 0.11 2.49 � 0.11 2.82 � 0.12
H2SO4 10%, 60 min 1.81 � 0.10 2.19 � 0.10 2.51 � 0.11 2.78 � 0.11
H2SO4 10%, 120 min 1.72 � 0.10 1.89 � 0.10 2.01 � 0.10 2.28 � 0.10
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high (4.3 g g�1 and 4.1 g g�1, respectively). Hence considering
the economic and technical efficiency it is possible to select the
appropriate conditions for coir treatment with hot water as:
treatment temperature at 170 �C for 120 minutes. Aer this
treatment, the oil uptake ability aer 180 minutes was up to
4.1 g g�1, an increase of about 78.3% compared to the oil uptake
of the original coir material (2.3 g g�1 aer 180 minutes).

Sodium hydroxide treatment of coir was conducted to
improve the oil adsorption efficiency. Alkali is an easy-to-nd,
low-cost chemical that has little impact on the environment
when used in small amounts. From the results reported in
sodium hydroxide treatment of lignocellulose, it is found that
when temperature over 120 �C and longer treatment time than
120 min (at dosage of 5 or 10% of sodium hydroxide) would
result in the signicant deconstruction of lignocellulose struc-
ture and signicant degradation of main compound of ligno-
cellulose.23,29,35 It is necessary to lower the temperature because
sodium hydroxide is more effective at breaking down lignocel-
lulosic structure of coir biomass than water. Therefore, the
concentration of 5 or 10%, time of 60 or 120 min and temper-
ature of 110 �C were chosen to avoid the signicant modica-
tion and deconstruction of biomass structure as well as ensure
the certain modication of biomass. The obtained results were
shown in Table 2.

From the obtained data in Table 2, it can be seen that,
treating coir material with sodium hydroxide resulted in
a higher oil adsorption efficiency than initial coir. By treating
with sodium hydroxide solution, the dissolution of lignin and
hemicellulose of lignocellulosic biomass are mainly occurred.
This induces the deconstruction of lignin–hemi-cellulose
structure network of material leading to the increase the
porosity of the material. Consequently, the oil adsorption
capacity of the treated material would be enhanced. By treating
with NaOH agent at 110 �C, the adsorption capacity of coir
treated for 60 minutes is much higher than that of coir treated
for 120 minutes.

Moreover, treating with dosage of 5% NaOH resulted in
higher oil adsorption capacity than treating with 10% NaOH. In
general, the oil sorption capacity of treated coir material aer
sodium hydroxide treatment was lower than that of treated coir
aer hot water treatment. It can be explained that in an alkaline
environment at harsh condition, lignin and hemicellulose were
signicantly decomposed, and cellulose was partly depoly-
merized. The lignocellulosic structure of coir thus was broken
quite a lot, leading to achievement of material with low porosity,
low pore volume and low surface area, and thus reducing the
14980 | RSC Adv., 2022, 12, 14976–14985
adsorption capacity of the coir material.11,29 Therefore, the
longer the treatment time and higher the dosage of alkali, the
higher decomposition level of lignin and hemicellulose, leading
to the strongly reduced the sorption capacity of coir.

For sodium hydroxide treatment, the conditions of 60 min
treatment at 100 �C with 5% NaOH is suitable treatment to
obtain coir material with higher adsorption efficacy. Under this
treatment condition, the oil adsorption capacity of the material
aer 180 minutes was 3.5 g g�1, which is much higher than the
adsorption capacity of initial coir materials (with an increase of
about 52.2%).

Another treatment was carried out by using sulfuric acid
solution and the results were reported in Table 3.

Similar to the case of sodium hydroxide treatment, using
sulfuric acid agent to treat coir biomass, it was found that the
oil adsorption coefficient of coconut ber was higher than that
of initial coir material (except the sample treated at 10% H2SO4

for 120min). When increasing the treatment time and dosage of
H2SO4 the oil sorption capacity of treated material decreased.

This can be attributed to the easily hydrolysis of poly-
saccharides in the presence of dilute sulfuric acid at elevated
temperature. Hemicellulose was almost completely decom-
posed; a part of lignin may also be dissolved into the solution
and cellulose is also slightly depolymerized. Hence the ligno-
cellulosic network of coir biomass was degraded partly leading
to the increase porosity and surface area of material. However,
the longer the treatment process with the higher the amount of
acid used, the higher the solubility level of biomass compo-
nents. Thus, the lignocellulosic structure would be degraded
seriously inducing the reduction of surface area and porosity of
biomass, leading to a decrease in adsorption capacity. From the
obtained results, the condition of 100 �C for 60minutes with 5%
sulfuric acid was selected as suitable condition that resulted in
the adsorption capacity of 3.2 g g�1.

For comparison, the oil adsorption results of coir materials
obtained from three treatment methods at suitable condition
were summarized and shown in Fig. 3.

As seen from Fig. 3, it was found that the alkaline and acid
pretreatment method gave a much lower oil adsorption capacity
than the hot water pretreatment method. The sulfuric acid
pretreatment method resulted in the almost similar oil
adsorption capacity to that of the alkaline pretreatment
method. In summary, hot water pretreatment of coir biomass at
suitable condition: 170 �C for 120 minutes showed the highest
adsorption capacity of 4.1 g g�1. The treated coir materials from
this pretreatment method at suitable condition was chosen to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Oil adsorption of treated coir material from different treatment
methods.
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use for next experiment of fabrication of porous coir–poly-
urethane composite.

In the hot water treatment, hemicelluloses are hydrolyzed at
elevated temperature and pressure, and the hydroxyl groups in
the plant cell walls are reduced.21,29 When the treatment
temperature increased above the phase transition temperature
of lignin, the lignin droplets would deposit on the residual
biomass surfaces.36 These reasons could be attributed to the
increase of the hydrophobicity, thus increase the oil sorption
capacity of the hot water treated coir bers.

SEM images of the original coir biomass (Fig. 4A) showed
that the original coir has a porous, hollow structure, rough
surface with a few pores, ensuring that coir has the certain
Fig. 4 SEM images of (A) initial coir biomass and (B) coir biomass after h

© 2022 The Author(s). Published by the Royal Society of Chemistry
potential for oil adsorption. However, the oil sorption capacity
of original coconut ber was not high due to the hydrophilic of
coir, low buoyancy characteristics and not high porosity. Aer
hot water treatment at 170 �C for 2 hours, treated coir samples
was partially degraded andmore porous. Surface morphology of
treated coir exhibited the extended and interconnected dome-
shaped regions with higher number of pore, leading to the
increase of oil sorption capacity.19
Fabrication of porous coir–polyurethane composite

As known that coir biomass material has a hydrophilic, low
buoyancy characteristics and not high porosity. Even aer
treatment with hot water, the hydrophobic and porosity was
slightly improved but the low buoyancy characteristics was not
improved. Therefore, to overcome this disadvantage and to
signicantly enhance the oil sorption capacity of materials, the
research was conducted to fabricate a porous coir–polyurethane
composite with high oil adsorption capacity. This combination
will take the advantages of two types of natural and synthetic
adsorbents to create a newmaterial that has both economic and
technical advantages. The treated coir biomass that was treated
with hot water was used as ller for replacement of a part of
polyurethane (PU) to create porous coir–polyurethane
composite.

A experiment has been carried out to study the effect of the
size of coconut ber ller on the adsorption capacity of the
obtained composite material. Samples of coir with sizes 1, 2, 4
and 6 mm were lled with content of 15 wt% (over mass of PU)
for the investigation. The adsorption experiments of as-
ot water treatment.
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Fig. 5 Effect of coir biomass size on oil adsorption capacity of the
composite sorbent (15% w/w of coir biomass).

Fig. 6 Effect of content of coir biomass on oil adsorption capacity of
the composite sorbent (size of coir material of 1 mm).
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prepared coir–PU composite sorbent were conducted, and the
results were given in the Fig. 5.

From the obtained results in the Fig. 5, it can be seen that the
size of the coir materials was an important factor inuencing
the oil adsorption capacity of the composite sorbent. When the
size of the coir biomass increased, the adsorption capacity of
sorbent decreased gradually. Except for the sample using 6 mm
coir, all of other samples had a much higher adsorption
capacity than that of pristine polyurethane. The adsorption
capacity of the porous composite sorbent reached the highest
value when using the 1 mm coir sample and slightly decreased
when using 2 mm coir sample. When adding 4- and 6 mm coir
samples, the adsorption capacity reduced dramatically about
27.1% and 46.6%, compared to that of composite sorbent using
1 mm coir sample, respectively. In particular, when using the
1 mm coir ller, the oil adsorption capacity aer adsorption
time of 180 min was the highest, about 11.8 g g�1. The
adsorption capacity of the composite sorbent aer 180 min
sorption time reduced to 10.5, 8.6, and 6.3 g g�1 when the
coconut ber sizes of 2, 4 and 6 mm were used, respectively.
There was a slight difference in the adsorption capacity between
the sorbent material using the coir size of 6mm and the original
polyurethane (but much higher than treated coir without PU,
about 4.1 g g�1).

The oil adsorption capacity increased as the ber size
decreased, due to the correlation between the ller size and
porosity and pore number of porous coir–PU composite.20 The
coir sizes decreased, the surface area of the coir increased,
leading to an increase in the surface area and pore volume of
the as-prepared porous coir–PU composite. Moreover, at the
same amount of lled coir when the size is small, the number of
lled coir particles increases, leading to the increase of the
number of pore and thus increase in porosity and pore volume
of the composite adsorbent material. As known that, the
adsorption capacity depends signicantly on the surface area
and pore volume of the material, therefore using the coir
sample of small size, the as-prepared porous adsorbent had
a higher oil adsorption capacity. According to the obtained
results, 1 mm was chosen as the suitable size of the coir
biomass ller for fabrication of the porous coir–PU composite
sorbent.
14982 | RSC Adv., 2022, 12, 14976–14985
The effect of the ller content on adsorption efficiency was
also investigated to optimize the amount of coir lignocellulosic
ller used for fabrication of porous coir–PUmaterial. While coir
size of 1 mm was used as mentioned earlier, different coir
material content of 5–30% were selected to study in the exper-
iment. The results of adsorption were shown in Fig. 6.

Similar to the case of coir size, it was found that the content
(wt%) of coconut ber ller in the coir–PU composite greatly
affected the oil adsorption capacity of sorbent material.
Changing the content of coir ller would result in signicant
change of oil adsorption capacity of porous materials. The oil
adsorption capacity of porous composite material increased as
the increase of content of coir ller and reached to the highest
value at 20% coir ller (oil sorption coefficient was about 15.2 g
g�1 aer 180 minutes adsorption time). When the content of
coir ller further increased to over 25%, the oil adsorption
capacity decreased, even at the content of 30% the adsorption
capacity was almost similar to that of original polyurethane.
Moreover, when adding with content of coir of 30% by weight,
the fracture of the as-prepared porous material started occur-
ring during the experiment, the material was very easy to crack
and break due to the low bonding strength of the composite
materials.

This can be explained that increase the content of coir would
increase the number and size of capillaries or the space volume
inside the adsorbent giving the higher oil adsorption capacity of
material. The higher content of coir biomass used, the higher
open-cell structure of porous coir–PU composite with higher
porosity, thus make it more ability to adsorb oil into its porous
structure. In addition, lignocellulosic coir itself is also a porous
material (and more improvement aer hot water treatment),
has many capillaries and the ability to absorb oil. While, poly-
urethane, a synthetic polymer is high porous and oil adsorption
capacity that has been extensively studied and applied in
adsorption and treatment of oil pollution. Moreover, the
buoyancy of new porous composite was increased (with density
of about 0.26 g cm�3) and higher than that of original coir thus
gave the higher ability to contact with oil for easy adsorption. By
combination of lignocellulosic coir and polymer matrix, resul-
ted in a newly fabricated composite material with high oil
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Optical image of pristine PU foam (A), coir–PU composite (B) and SEM image of porous coir–PU composite (C).
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adsorption capacity and effective oil treatment. At coir ber
content over 25%, the oil adsorption capacity of the composite
adsorbent started reducing signicantly. It can be explained
that using higher amount of coir biomass leading to decrease in
amount of polyurethane matrix resulted in a decrease of
adsorption capacity of the material. Therefore, the most
appropriate content of coconut ber ller was selected at 20%
for the adsorbent fabrication process.

For comparison, an original coir biomass without hot water
treatment was used as ller at content of 20% to prepare porous
coir–PU composite for oil adsorption. It was observed that coir–
PU composite prepared from original coir biomass had a lower
adsorption capacity (about 12.5 g g�1) than that of coir–PU
composite prepared from hot water treated coir biomass (about
15.2 g g�1). The oil sorption capacity of new coir–PU composite
material was comparable or higher than that of Azolla plant,37

several vegetable bers,20 sugar cane, rice husk and synthetic
sorbent.19 Compared with sorption capacity of treated coir ber
without being incorporated in polyurethane matrix, this capacity
was improved nearly 4 times. This result conrmed the signi-
cantly oil adsorption improvement of coir biomass treatment in
fabrication of porous coir–PU composite adsorbent.

To estimate the surface property and porous structure of
coir–PU composite, the sorbent material was characterized by
SEM analysis and shown in Fig. 7. As seen from Fig. 7A and B
that, aer adding the coir biomass ller the coir–PU composite
© 2022 The Author(s). Published by the Royal Society of Chemistry
showed higher number of capillaries/pores as well as higher
pore size than pristine polyurethane. It is consistent and
conrmed again from result in SEM image of coir–PU
composite (Fig. 7C). SEM image of as-fabricated porous coir–PU
composite showed the half-open cell structure, which was
composed of many pores, capillaries and ssure. The pore size
was increased considerably compared to that of original PU.
Pores diameters ranging from a few hundred nanometers to
several micrometers composed the hierarchical roughness
required for a sorbent surface.30 It is noted that the surface
properties as well as porous properties give signicant effects
on various features of oil adsorption of sorbent materials.

The desorption test was performed by simple squeezing of
the coir–PU composite sample. Then sorbent was used for
investigating the reusability of the porous coir–PU composite
materials. Our experimental effort showed that over 93% of
adsorbed oil is extractable. Of course, the collected oil can be
sent to a renery for required processing, making it ready for
appropriate applications. The maximum adsorption capacity of
the coir–PU composite sample decreased slightly aer second
recycle run. However, further runs, the adsorption capacity was
signicantly decreased. It was about 10 g g�1 for third run and
6 g g�1 for fourth run. These results indicated that the porous
coir–PU composite sorbent not only had a high adsorption
capacity but also had relatively good reusability.
RSC Adv., 2022, 12, 14976–14985 | 14983
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Conclusion

A suitable treatment method was found to improve oil adsorp-
tion efficiency of coir biomass. The suitable technical parame-
ters of treatment process were selected as: hot water treatment
at 170 �C for 120 minutes. Coconut ber treated under this
suitable condition presented the highest oil adsorption capacity
of 4.1 g g�1, with an increase of 78.3% compared to the
adsorption capacity of the original coir. Moreover, a porous
coir–polyurethane composite sorbent with high adsorption
capacity has been fabricated by combination of treated coir
biomass and polyurethane. The new designed composite
sorbent that was fabricated by mixing and blending poly-
urethane with coconut ber originated from Vietnam showed
high oil adsorption capacity, up to 15.2 g g�1 when 20% coir
material with particle size of 1 mmwas added into polyurethane
matrix. The porous coir–PU composite sorbent exhibited the
high efficiency in oil spill treatment in order to separate
contaminated oil from water. Moreover, this sorbent also
showed relatively good reusability and adsorbed oil was
extractable and reusable.
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