
RSC Advances

PAPER
Cascade reaction
aSchool of Chemistry & Life Science, Hanoi

Dai Co Viet Street, Hanoi, Vietnam. E-mail:
bResearch Institute of Pulp & Paper Industry

Cite this: RSC Adv., 2024, 14, 20974

Received 18th May 2024
Accepted 19th June 2024

DOI: 10.1039/d4ra03671a

rsc.li/rsc-advances

20974 | RSC Adv., 2024, 14, 20974–
for bio-polyol synthesis from
sunflower oil over a W/ZSM-5 zeolite catalyst for
the fabrication of a bio-polyurethane-based porous
biocomposite with high oil uptake

Phan Huy Hoang *a and Hoang Tien Datb

A W/ZSM-5 zeolite was successfully prepared by incorporating tungsten transition metal into a zeolite

structure using a conventional impregnation method. The as-obtained W/ZSM-5 zeolite was

characterized using several characterization techniques such as XRD, IR and SEM-EDS. The catalyst was

then applied to a cascade, single-batch reaction to synthesize bio-polyol from sunflower oils using H2O2

in isopropanol solvent. The obtained results indicated that the W/ZSM-5 zeolite had high catalytic

efficiency in the epoxidation of the double bond of vegetable oil and the epoxy ring opening reaction to

form bio-polyol. The effect of different reaction conditions on bio-polyol synthesis, such as the dosage

of the catalyst and reaction time, were investigated. Bio-polyol was obtained from sunflower oil with

a hydroxyl number of 160 mg KOH per g and functionality of 2.9 OH groups per mol. The as-

synthesized sunflower oil-based polyol was used to replace fossil-based polyol in the fabrication of

a bio-polyurethane-based composite with high oil uptake capacity. The oil adsorption capacity of the

porous polyurethane-corn stalk composite was relatively high, up to 15.07 g g−1. In comparison with

neat polyurethane and lignocellulosic materials, the new porous bio-composite had higher oil uptake

capacity.
Introduction

Recently, the utilization of bio-based renewable resources for
the production of useful materials, platform chemicals and fuel
has grown rapidly. Bio-based resources offer many advantages
such as environmental compatibility, economic feasibility and
renewability as compared to the traditional petrochemical
source.1–4 Bio-polyols are polyols of biological origin or based on
bio-compounds and are an attractive alternative for polyols
derived from petrochemicals in the preparation of poly-
urethanes and polyesters. Because they are renewable, less
costly and more ecofriendly, they have drawn considerable
attention.5–7 Vegetable oils are widely studied as a source of bio-
polyols as they are cheap, environment friendly, readily avail-
able and easy to process. Polyols derived from vegetable oils are
found to be a promising replacement for petroleum-derived
polyols.5,8–10

Many methods have been studied for synthesizing polyols
from vegetable oils by introducing hydroxyl groups into the fatty
acid chains at the carbon–carbon double bond position. In
general, polyols are obtained from unsaturated vegetable oils
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through a two-step conversion: by epoxidation of vegetable oils,
followed by ring opening of the epoxy group; or by hydro-
formylation and then hydrogenation; or by ozonolysis of the
double bond and subsequent hydrogenation.2 The synthesis of
bio-polyols through epoxidation of vegetable oils, followed by
ring opening of epoxy groups, is oen used because of simple
reaction conditions and equipment. The epoxidation of vege-
table oils, followed by oxirane ring opening, is one of the most
important reactions to generate various polyols.11 In this
process, to increase reaction speed and efficiency, many types of
catalysts are used. Among them, there have been several reports
on using transition tungsten metal-based catalysts, such as
peroxo-tris(cetylpyridinium)12-tungstophosphate,12 poly-
oxotungstate/poly(divinylbenzene),13 Na2WO4/H2WO4,14 and
a tungsten–bishydroxamic acid complex.15 However, these
processes are still complicated because they are two-step reac-
tion processes. Developing methods to convert vegetable oil
into bio-polyols through one step/one pot reaction can bring
many benets to help shorten the reaction time and save
chemicals. In this scene, bio-polyols can be synthesized by the
hydroxylation of vegetable oils in one conversion step using
a mixture of hydrogen peroxide (H2O2) and formic acid
(HCOOH). By changing the reaction conditions, it is possible to
obtain bio-polyols with different hydroxyl indexes suitable for
different polyurethane applications.2,16 Bio-polyol was also
© 2024 The Author(s). Published by the Royal Society of Chemistry
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prepared in one conversion step by the direct hydroxylation of
vegetable oil in the presence of OsO4 as the catalyst and N-
methylmorpholine N-oxide (NMO) as the oxidant.17 Neverthe-
less, the use of formic acid or NMO oxidant/OsO4 catalyst has
effects on the environment as well as human health because it is
a relatively toxic chemical. Furthermore, this homogeneous
catalytic reaction will cause difficulties in the separation and
recovery of the catalyst and reactants, leading to high costs.
Therefore, studying the one-step reaction for bio-polyol
synthesis using environment-friendly heterogeneous catalysts
with high catalytic efficiency will be a highly scientic and
practical research direction.

Zeolite catalysts are solid catalytic materials that are widely
used in the chemical industry with typical properties such as
molecular sieve structure, high catalytic activity and selectivity,
large surface area and environmental friendliness.18,19 The
catalytic activity of zeolites can be easily improved by adding
highly active metals to their structure. Some of these catalysts
are highly active in the double bond oxidation of oils, fats or
alkenes.20–23 Besides, the ZSM-5 zeolite catalyst is also active in
the epoxy ring opening reaction using the alcohol reagent under
mild reaction conditions.24 The combination of tungsten-based
catalyst and H2O2 as the oxidant has been well-known as
a classic system for the epoxidation of double bond in olens or
vegetable oil. To the best of our knowledge, there were no
examples for the use of the catalytic system of tungsten-loaded
ZSM-5 zeolite for the preparation of vegetable oil-based polyol.
We were, therefore, motivated that theW/ZSM-5 zeolite could be
fabricated by fully taking the advantages that are offered by both
highly catalytic tungsten metal for epoxidation and zeolite
catalyst for epoxidation and epoxy ring opening. Such
a synthesis could give us a new type of catalyst particles with
easy separation and recycling with high catalytic activity for
a new, sequential and single-batch reaction system for the
synthesis of bio-polyol from vegetable oil using the reagent
H2O2 in isopropanol solvent.

Furthermore, these bio-polyols can be used to replace a part
of fossil polyol components along with isocyanate to fabricate
polyurethane foam, an effective oil sorbent in oil-spill treat-
ment. Very recently, using lignocellulose llers such as plant
bers proved to be an effective way to alter the structure of the
sorbent material, thus enhancing the oil adsorption
capacity.25–27 Corn stalk is an agricultural residue produced in
large quantities aer harvesting in Vietnam. The current main
method to handle post-harvest corn stalks is burning, which
creates smoke that pollutes the air and surrounding environ-
ment. Finding an appropriate method for utilizing corn stover
to create value-added materials while also treating agricultural
waste will bring great benets to the agriculture sector and
environment. Therefore, in this study, corn stalks were pre-
treated and used as the ller material for the preparation of
PU-corn biomass bio-composite from vegetable oil-based bio-
polyurethane and corn stalk for application in oil–water sepa-
ration processes.

In this study, we present a “green” and cascade reaction for
the synthesis of bio-polyol from vegetable oil using W/ZSM-5
zeolite catalyst. Notably, this process is a one-step synthesis
© 2024 The Author(s). Published by the Royal Society of Chemistry
method to achieve traditional two-step methods, including
epoxidation and then hydroxylation. First, W/ZSM-5 zeolite was
prepared by the impregnation method and then applied to
a sequential, single-batch reaction to synthesize bio-polyol from
sunower oils using H2O2 in isopropanol solvent. W/ZSM-5
zeolite would catalyze the epoxidation of sunower oils in the
presence of H2O2 and consecutively catalyze the epoxy ring
opening in the presence of alcohol to achieve bio-polyol. The
sunower oil-based bio-polyol was then used to replace petro-
polyol in bio-polyurethane-based porous bio-composite with
high oil adsorption capacity. Typically, the resulting bio-polyol
was mixed with petro-polyol and corn stalk (CS) bers and
consequently mixed with isocyanate to fabricate the porous PU-
CS bio-composite. This new porous material showed high effi-
ciency in oil/water separation from oil-contaminated water
systems.
Materials and methods
Preparation of W/ZSM-5 zeolite

ZSM-5 zeolite was synthesized by the hydrothermal method
using hexadecyl trimethyl ammonium bromide (C16H33(CH3)3-
NBr, CTAB-Sigma) as a mesogenous template following the re-
ported literature.20,28 In typical synthesis, sodium aluminate
(NaAlO2-Sigma), solution of tetrapropylammonium hydroxide
(TPAOH, 25% aqueous solution-Sigma) and potassium
hydroxide were added to deionized water to get a homogeneous
solution. Then, tetraethyl orthosilicate (TEOS-Sigma) and CTAB
were added to the aforementioned solution to prepare a solu-
tion with a mole ratio of the composition TEOS/TPAOH/NaAlO2/
KOH/H2O/CTAB = 8 : 1.05 : 0.1 : 0.85 : 64 : 500 : 0.45. The ob-
tained synthetic solution was hydrothermally treated at 170 °C
for 24 h in an autoclave. Then, the synthesized particles were
collected by centrifuging, washed with deionized water (DI)
water by three repetitions, and dried at 100 °C for several hours.
Finally, it was calcined in air at 550 °C for 6 h to obtain the
mesoporous ZSM-5 zeolite.

To extend the catalytic activity of the ZSM-5 zeolite, W/ZSM-5
catalyst was prepared by incorporating tungsten transition
metals into the zeolite matrix by the wetness impregnation
method.20,21 The as-synthesized mesoporous ZSM-5 particles
were added into ammonium metatungstate (99.99%-Sigma)
dissolved in ammonia solution and stirred at 80 °C for several
hours. Then, the solid material was dried in an oven and
calcined at 550 °C for 4 h under air atmosphere to get W/ZSM-5
zeolite particles.
Synthesis of bio-polyol over the W/ZSM-5 catalyst

Vegetable oil sample, H2O2 (Sigma) and isopropanol solvent
were added to the ask and stirred well by a magnetic stirrer
until the reactants were well mixed. W/ZSM-5 catalyst was then
added to the above solution and stirred. The reaction system in
the ask was heated up to the temperature of 60 °C with stirring
and kept for a certain reaction time (3–6 h). Aer the reaction,
the zeolite catalyst was separated by centrifugation. Then, the
reaction mixture was transferred into a separatory funnel and
RSC Adv., 2024, 14, 20974–20981 | 20975



Fig. 1 XRD patterns of neat ZSM-5 zeolite and W/ZSM-5 zeolite.
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DI water was added to this mixture. The funnel was used to
separate the upper layer of the reaction mixture. The funnel was
shaken and le aside for a while to allow the most possible
separation of the bio-polyol from the mixture. The bio-polyol
product was achieved and washed with a washing solvent of
water and acetone (50/50 wt%) three times. Then, the excess
acetone and water was vacuum distilled with a rotary distilla-
tion apparatus. The as-obtained product was completely dried
with anhydrous Na2SO4 (Sigma) and anhydrous silica in
a desiccator for several hours. The produced bio-polyol was
analyzed to determine the hydroxyl number OH#, iodine value
and characterized by nuclear magnetic resonance (NMR) to
conrm the chemical structure. The hydroxylation process was
repeated twice, and the variance was recorded.

Fabrication of porous polyurethane-corn stalk ber bio-
composite

Corn stalk (CS) ber was prepared by cutting the corn stalk,
grinding and sieving to select the samples in different sieve
sizes of 1 mm. To enhance the oil adsorption capacity of the CS
ber, the CS samples were treated by hot water at 170 °C for 2
h25 and then dried and stored in a sealed zip bag at room
temperature for further experiment.

The as-synthesized bio-polyol from sunower oil was used to
replace a part of petrochemical polyol in preparation of poly-
urethane (PU) foam. PU-CS porous bio-composite was fabri-
cated by the combination of bio-polyurethane foam and corn
stalk ber following a method developed by our own group.5

20% Petrochemical polyol in total polyol was replaced by bio-
polyol, and this mixture of petrochemical polyol and bio-
polyol was stirred vigorously for 3 minutes. Then, CS ber
(20 wt% over PU foam) was added to aforementioned mixture of
polyol and stirred well for 5 minutes. To this mixture, 4,4-
diphenylmethane diisocyanate (p-MDI, average molar mass
equal to 340.6 g mol−1, and average% NCO equal to about 30 –

Sigma) with molar ratio [NCO]/[OH]= 1.1 was added and stirred
well for about 10–20 seconds. This mixture was poured into
a mold cup for polymer curing to form the foam. At the end of
the curing process, the porous bio-composite was removed from
the mold and cut into small pieces for further experiments.

Characterization

X-ray diffraction (XRD) data were obtained on a Rigaku D/max
lllC (3 kW) with a q/q goniometer equipped with a Cu KR radi-
ation generator. Scanning electron microscopy/energy disper-
sive X-ray spectroscopy (SEM/EDS) was performed using a JSM-
7000F, JEOL, Japan. Brunauer–Emmett–Teller (BET) analysis
was used to determine the surface areas of the samples. Fourier
transform infrared (FT-IR) absorption spectra were recorded at
room temperature on a Nicolet Nexus 670 FT-IR spectrometer.
Nuclear magnetic resonance (NMR) analysis was performed on
a 600 MHZ Bruker Advance 500 high-resolution magnetic
resonance spectrometer (USA). The solvent used was deuterated
chloroform (CDCl3), the standard signal being that of tetrame-
thylsilane (TMS). The hydroxyl number of polyol was deter-
mined according to AOAC 965:32 standard based on the
20976 | RSC Adv., 2024, 14, 20974–20981
acetylation of free hydroxyl radicals of polyol with anhydride
acetic in pyridine solvent.5 Aer the reaction, the unreacted
acetic anhydride was converted to acetic acid and titrated with
KOH. Iodine index was determined according to ISO 3961:2013
by Wijs method using 0.1 N Na2S2O3 standard solution and
starch as indicator.2

To determine the oil adsorption capacity of the porous
adsorbent, the experiment was conducted based on ASTM F726-
99 – Standard Test Method for Sorbent Performance of Adsor-
bents for use on Crude Oil and Related Spills.27 Typically, 80 mL
of water and 20 mL of oil were poured into a 100 mL beaker.
0.5 g of the as-prepared adsorbent material was gently placed
onto the oil surface of the beaker for different periods of time of
30, 60, 90 and 120 min. The sorbent material was then sepa-
rated and treated under vacuum to remove water from the
surface for about 5 minutes before weighing to calculate the
adsorption capacity.

The adsorption 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 units of g oil per g
dry sorbent.5

Oil sorption capacity (g g−1) = (St − So)/St

where St: adsorbent material aer oil adsorption, g and So: mass
of the initial dry adsorbent material, g.

The oil adsorption capacity determination was repeated
twice, and the variance was recorded.
Results and discussion
W/ZSM-5 zeolite synthesis and characterization

The XRD patterns of mesoporous ZSM-5 and W/ZSM-5 zeolite
particles are shown in Fig. 1. It is seen that the as-obtained
zeolite samples showed highly crystallinity of the MFI-type
zeolitic structure with well-dened diffraction peaks. There
was no presence of other non-zeolitic phases, indicating the
purity of the as-prepared zeolite samples.

Moreover, there were no alterations of the structure or
crystallinity of the W/ZSM-5 zeolite, which was also conrmed
by XRD analysis. Zeolitic structures were not affected by the
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 IR spectra of (A) ZSM-5 zeolite and (B) W–Cr/ZSM-5 zeolite.
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doping of tungsten transition metals using the wetness
impregnation method. The results also showed that no
diffraction peaks of W-containing crystalline phases were
observed, representing the low amount and high dispersion of
tungsten species over the zeolite matrix. This result was
explained due to the fact that the overlap of the XRD peak of
WO3 coincided with the peak of ZSM-5 zeolite at 2 theta of 23–
25°, 28° and 33°.

The IR spectrum of ZSM-5 zeolite showed the typical bands
of ZSM-5 zeolite type, as seen from Fig. 2A. The vibrations of
tetrahedrons (TO) with the band at 434 cm−1 and vibrations of
the secondary building units with the band at 547 cm−1 were
observed.20,29 The asymmetric stretching of framework Si–O–Si
or Si–O–Al bonds with the band at 1027 cm−1 was also
observed.29 As seen from Fig. 2B, the bands of the W/ZSM-5
zeolite sample demonstrated a shi in the frequency, suggest-
ing that the modied zeolite catalysts experienced a change in
the number of formed structural bonds aer the impregnation
of the tungsten species. The IR spectrum of the W/ZSM-5
sample (Fig. 2B) showed the small absorption bands at about
960 cm−1 and 690 cm−1, which were attributed to the stretching
Fig. 3 (A) SEM image, (B) elemental compositions and (C) elemental dis

© 2024 The Author(s). Published by the Royal Society of Chemistry
of W–O bonds of WO3.30,31 It indicated that tungsten metal was
successfully loaded into the ZSM-5 zeolite matrix.

The W/ZSM-5 zeolite was characterized by scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM/EDS),
and the results are shown in Fig. 3.

The SEM image of the zeolite (Fig. 3A) conrmed that the W/
ZSM-5 zeolite had high crystallinity and uniformity. It can be
seen that the zeolite particles exhibited a typical hexagonal
morphology characteristic of MFI-type zeolites with an average
diameter of about 500 nm. It is seen from EDS data (Fig. 3B) that
theW species were successfully incorporated in the lattice of the
ZSM-5 zeolite in addition to the presence of Si, Al, O in neat
ZSM-5 zeolite. About 3.4 wt% W element was dispersed in W/
ZSM-5 zeolite particles. It can be seen from the distribution of
all the elements, especially the W element observed in Fig. 3C,
that W has been successfully and effectively incorporated to the
zeolite structure with high dispersion. Encouraged by such
modied ZSM-5 zeolite with a crystallized framework and
transition metal incorporation, outstanding catalytic properties
were expected especially when dealing with epoxidation and
consecutive epoxy ring opening.
tribution of W/ZSM-5 zeolite obtained by EDS analysis.

RSC Adv., 2024, 14, 20974–20981 | 20977
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Bio-polyol synthesis over W/ZSM-5 zeolite

In order to investigate the potential in the one pot reaction of
epoxidation and epoxy ring opening, W/ZSM-5 zeolite was
applied for cascade, single-batch reaction to synthesize bio-
polyol from sunower oils using H2O2 in isopropanol solvent.

The reactions were conducted at the reaction conditions as
follows: 25 mL of sunower oil was oxidized by 19 mL of H2O2

catalyzed by 1.25 g W/ZSM-5 zeolite catalyst (corresponding to
the molar ratio of double bond/H2O2 = 1/10) at 60 °C for 5 h.
The hydroxyl group in the structure of the sunower oil-based
polyol product was conrmed by nuclear magnetic resonance
spectroscopy analysis (1H NMR), and the results are shown in
Fig. 4.

As seen from the NMR spectra in Fig. 4, the 1H-NMR spec-
trum of the as-obtained bio-polyol (Fig. 4B) showed the peaks at
d 3.4–4.2 ppm corresponding to the signature of methine
protons bound to the hydroxyl (HC–OH) group.2,32 While the
peak at d 5.2–5.4 ppm corresponding to the proton olenic of
the double bond and the peak at d 2.7–2.8 ppm and d 2 ppm
corresponding to the divinyl methylene proton and allyl meth-
ylene protons, respectively, were observed to decline sharply in
intensity or almost disappeared compared to these peaks of
sunower oil (Fig. 4A). This indicated that the bio-polyol was
successfully synthesized from sunower oil by one-pot cascade
synthesis using H2O2 as the oxidant and W/ZSM-5 zeolite as the
catalyst. Only the signal corresponding to the methine proton of
glyceryl (ROOCH2)2CH(OOR) still existed.

The other important peaks of sunower oil as well as bio-
polyol were also observed from the NMR spectrum such as
methylene protons in the glyceryl group in the d 4.1–4.3 ppm
region, a-methylene protons attached to the carbonyl group in
Fig. 4 NMR spectra of sunflower oil and bio-polyol derived from sunflo
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the d 2.3 ppm region, b-methylene protons on the carbonyl
group at d∼1.6 ppm, methylene protons at the saturated carbon
atom at d 1.3–1.4 ppm; protons in the methyl groups at
d ∼0.9 ppm.2,9,32 Moreover, the hydrogen signal assigned to
epoxy group (–CH(O)CH–) at 2.8–3.2 ppm was also observed
with very low intensity in bio-polyol.

The iodine value and hydroxyl number of original sunower
oil and as-synthesized polyol were also determined. The
hydroxyl number and iodine value of original sunower oil was
8.08 mg KOH per g and 121 cgI2/100 g, respectively. Aer the
reaction, the hydroxyl number of the as-synthesized bio-polyol
increased sharply to 136.8 mg KOH per g while the iodine
index of the bio-polyol obtained from sunower oil was deter-
mined by chemical titration to be almost zero (following the
Wijs method). These results once again conrm the conversion
of the double bond and the formation of the hydroxyl group. It
can be concluded that bio-polyol was successfully synthesized
by the hydroxylation of sunower oil in cascade one-step
conversion of sunower oil through epoxidation and then the
epoxy ring opening process. In order to estimate the effect of
catalyst dosage on bio-polyol synthesis, the amount of catalyst
was varied while other conditions were kept constant, and the
achieved results are shown in Table 1.

It can be seen that the contribution of the non-catalyzed
reactions is negligible since only a low number of hydroxyl of
polyol (about 12.1 mg KOH per g) was obtained in the absence
of the catalyst. While it was found that the catalyst dosage was
of great importance for the synthesis of bio-polyol when the
catalytic dosage increased, the hydroxyl number of bio-polyol
increased signicantly. The result indicated that W/ZSM-5
zeolite has good catalytic activity in the hydroxylation of
wer oil.

© 2024 The Author(s). Published by the Royal Society of Chemistry



Table 1 Effect of W/ZSM-5 catalyst dosage on bio-polyol synthesisa

Catalyst dosage (%)
Hydroxyl number of
bio-polyol (mg KOH per g)

0 12.1 � 0.1
2.5 98.3 � 0.4
5 136.8 � 0.5
7.5 155.6 � 0.5
10 158.9 � 0.5

a Reaction condition: at 60 °C for 5 h.

Table 3 Oil adsorption capacity of PU and porous PU-CS bio-
composite

Paper RSC Advances
sunower oil to form bio-polyol. It can be explained that in the
presence of hydrogen peroxide, transition metals may be
potentially oxidized to form tungsten peroxo-complex, an active
intermediate, making hydrogen peroxide much more accessible
to the interaction with the C]C double bonds. This complex is
believed to be responsible for catalyzing the oxidation of
unsaturated fatty acids to form epoxide product.20,33 The
epoxide was then subjected to ring-opening reaction catalyzed
by W/ZSM-5 catalyst in the presence of isopropanol to synthe-
size bio-polyol thanks to the acid sites of the ZSM-5 zeolite.24

Moreover, when the catalyst dosage increased from 7.5% to
10%, the hydroxyl number of the resulting bio-polyol increased
slightly. Because when an excessive amount of catalyst was
used, the aggregation of the catalyst particles in the solution
occurred, causing the loss of activity of the catalyst. The
aggregated particles settled down to the bottom of the reactor
and could not contact the reactant. In addition, when the
amount of the used catalyst was large, there was the possibility
of side reactions, resulting in the loss of epoxy and low hydroxyl
number of polyol. Based on these results, the catalyst dosage of
7.5% was chosen as suitable for bio-polyol synthesis.

Another study was conducted to investigate the inuence of
reaction time on the synthesis of polyol from sunower oil. The
results shown in Table 2 indicate that the reaction time
signicantly affected the hydroxyl number of the product.

When the reaction time was increased from 3 h to 5 h, the
hydroxyl number of the product increased signicantly.
However, on prolonging the reaction time (from 5 h to 6 h), the
hydroxyl number did not increase. It can be explained that for
a longer reaction time, the side reaction can also occur where
the hydroxyl groups in the newly formed polyol product react
with the epoxy ring under H+ catalyst to form dimer or trimer by-
products.2,34 Thus, the suitable reaction time for polyol
synthesis was found to be 5 h.
Table 2 Effect of reaction time on bio-polyol synthesisa

Reaction time (h)
Hydroxyl number of
bio-polyol (mg KOH per g)

3 92.7 � 0.4
4 129.2 � 0.5
5 155.6 � 0.5
6 156.4 � 0.5

a Reaction condition: at 60 °C and catalyst dosage of 7.5%.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The sunower-based bio-polyol was achieved with hydroxyl
number OH#z 160 mg KOH per g, function fz 2.9 OH groups
per mol at chosen suitable reaction conditions. The actual
hydroxyl number of the bio-polyol produced in our reaction
system is less than that required by theory and by a process
using H2O2 with HCOOH as the catalyst;2 it is also lower than
what would be obtained through the reaction using H2O2 and
H2SO4 catalyst32 but greater than that obtained in the case
catalyzed by acetic acid with H2O2.8 The lower hydroxyl number
can be attributed to the heterogeneous reaction using W/ZSM-5
zeolite particles. However, the obtained result are reasonable
and with these above characteristics; the as-synthesized bio-
polyol product can be applied for the preparation of PU foam.

Fabrication of porous PU-CS bio-composite and adsorption
test

In order to investigate the potential application of vegetable oil-
based bio-polyol, a part of bio-polyol was used to replace fossil-
based polyols in polyol part (component A) for the preparation
of polyurethane. The ratio of NCO/OH = 1.1, the amount of
catalyst was 0.2 parts by weight (pbw), surfactant was 0.35 pbw
and water as blowing agent was 4 (pbw). Moreover, llers were
added to the PUmatrix to improve the oil adsorption capacity of
PU foam. In this work, pretreated corn stalk (CS), which was
treated by hot water, was used as a ller to fabricate the porous
PU-CS composite with enhanced oil uptake. This combination
will take advantage of two types of natural and synthetic
adsorbents to create a newmaterial that has both economic and
technical advantages.

By replacing 20% fossil-polyol with the as-synthesized bio-
polyol and adding 20% treated corn stalk ber with 1 mm
length, the porous PU-CS bio-composite showed improved oil
uptake compared to neat PU (without adding corn stalk) and
only corn stalk ber, as seen in Table 3. PU-100 sample made
from 100% fossil-polyol showed a high oil uptake compared to
neat PU, made from 20% bio-polyol and 80% fossil-polyol, and
showed much lower oil uptake than the PU-CS composite. This
phenomenon can explain that when using bio-polyol to replace
the petrochemical polyol component, the density of PU foam
increased (the porosity of PU foam decreases), resulting in
a lower oil adsorption capacity. The oil uptake capacity of PU-CS
Sample

Oil adsorption capacity at different adsorption
times (g g−1)

30 min 60 min 90 min 120 min

Neat PUa 2.43 � 0.1 3.09 � 0.1 3.47 � 0.1 4.26 � 0.1
Treated corn stalk 1.56 � 0.1 1.98 � 0.1 2.65 � 0.1 3.15 � 0.1
PU-CS composite 9.08 � 0.2 11.53 � 0.1 13.14 � 0.1 15.07 � 0.1
PU-100b 2.68 � 0.1 3.40 � 0.1 3.76 � 0.1 4.55 � 0.1

a PU foam made from 80% fossil polyol and 20% bio-polyol (replacing
20% fossil-polyol by the as-synthesized bio-polyol). b PU foam made
from 100% fossil polyol.

RSC Adv., 2024, 14, 20974–20981 | 20979
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composite was over three times higher than that of neat PU
foam from the mixture of fossil-polyol and bio-polyol without
ller, about three time higher than that of PU-10 and about ve
times higher than that of treated corn stalk. It can be explained
that when corn stalk biomass was added to the foam during the
polyurethane forming process, the membranes (cell walls) of PU
matrix become less stable, leading to the creation of an open-
cell structure of the porous composite rather than the closed-
cell structure of original polyurethane foam.2 The open cell
structure allows the oil to pass easily between the cells in the
porous adsorbent instead of being impeded by the cell walls as
before. Thus, the oil uptake capacity of the new porous bio-
composite would be enhanced.

Conclusion

In summary, we synthesized W/ZSM-5 zeolite and applied it as
a catalyst for the cascade reaction to synthesize bio-polyol by
consequently combining the catalytic epoxidation of sunower
oil and epoxy ring opening. Metal-loaded ZSM-5 zeolite was
prepared by incorporating tungsten metal into zeolite matrix
using the impregnation method. This W/ZSM-5 zeolite showed
high catalytic activities in a sequential, single-batch reaction to
synthesize bio-polyol from sunower oils using H2O2 in iso-
propanol solvent. The obtained results indicated that W/ZSM-5
zeolite was able to catalyze the epoxidation of double bond in
vegetable oil and then epoxy ring opening reaction to form bio-
polyol. The suitable conditions for bio-polyol synthesis were
found to be: molar ratio of H2O2 : oil of 5 : 1; 60 °C for 5 h with
catalyst dosage of 7.5%. Under these conditions, the as-
synthesized bio-polyol had the hydroxyl number OH# z
160 mg KOH per g, function f z 2.9 OH groups per mol. The
bio-polyol was then used to substitute petrochemical polyol in
the fabrication of porous bio-polyurethane-based composite
with high oil adsorption capacity. Replacing bio-polyol and
adding biomass ller in the polyurethanematrix can change the
structure and enhance the oil absorption, increase the recovery
and regeneration, and reduce the usage of fossil materials. The
advantages offered by this new porous bio-composite make it
a potential sorbent material for oil-spill treatment. This opens
up a new route for processing large quantities of oil on a pilot
scale that must be studied in subsequent experiments.
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