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A combination of supercritical carbon dioxide (scCO2) extraction and microwave-assisted pyrolysis (MAP)

have been investigated for the valorisation of waste rice straw. ScCO2 extraction of rice straw led to

a 0.7% dry weight yield of lipophilic molecules, at elevated temperatures of 65 °C and pressures of 400

bar. Lipid compositions (fatty acids, fatty alcohol, fatty aldehydes, steroid ketones, phytosterols, n-

alkanes and wax esters) of the waxes obtained by scCO2 were comparable to those obtained Soxhlet

extraction using the potentially toxic solvent n-hexane. ScCO2 extraction positively influenced the

pyrolysis heating rate, with a rate of 420 K min−1 for particles of 500–2000 mm, compared to 240

K min−1 for the same particle size of untreated straw. Particle size significantly affected cellulose

decomposition and the distribution of pyrolysis products (gaseous, liquid and char), highlighting the

importance of selecting an adequate physical pre-treatment. TG and DTG of the original rice straw and

resulting biochar produced indicated that cellulose was completely decomposed during the MAP. While

a rapid pressure change occurred at ∼120 °C (size > 2000 mm) and ∼130 °C (size 500–2000 mm) during

MAP and was associated with the production of incondensable gas during cellulose decomposition, this

takes place at significantly lower temperatures than those observed with conventional pyrolysis, 320 °C.

Wax removal by scCO2 influences the dielectric properties of the straw, enhancing microwave

absorption with rapid heating rates and elevated final pyrolysis temperatures, illustrating the benefits of

combining these sustainable technologies within a holistic rice straw biorefinery.
1 Introduction

Rice straw is a major agricultural residue globally, especially in
south and south-east Asia, where cultivation of rice is prevalent.
Each year approximately 550 million tons of rice straw waste are
generated globally.1 Since the cost of collection and trans-
portation is signicant, the straw is either le in paddy elds to
rot post-harvest or subjected to open eld burning to prepare
the land for subsequent cropping.1 However, incorporation of
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rice straw into soil may be a signicant source of CH4 green-
house emission, due to anaerobic degradation.2 In eld burning
of rice straw leads to a range of emissions including carbon
dioxide (CO2), carbon monoxide (CO), hydrocarbons (including
methane (CH4)), nitrogen oxides (NOx) and sulfur dioxide
(SO2).3 In addition, some contaminants such as polycyclic
aromatic hydrocarbon (PAHs) and polychlorinated dibenzofu-
rans (PCDFs), which are environmentally toxic and potentially
carcinogenic, are usually emitted during the combustion.4,5

Unburnt carbon and particulate matter from rice burning can
have adverse effects on human health and can have negative
implications with respect to climate change caused by regional
atmospheric phenomena.6 These releases from in eld burning
of rice straw led to direct visible signs of pollution, which
include problems relating to human health and the environ-
ment; what cannot be observed are the indirect effects on
a country's economy.4 It is therefore crucial to nd a sustain-
able, environmentally friendly, and economically benecial
solution for this issue. Rice straw has the potential to be
a feedstock of great signicance for fuel and high value chem-
ical production as part of a biorenery located within areas of
extensive rice cultivation such as the USA and Asia.
RSC Adv., 2024, 14, 29–45 | 29
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Natural waxes have been utilized for various applications
particularly in cosmetics, food, personal care products, coat-
ings, polishes, and household products.7–9 There is a high
demand for natural waxes, with approximately three thousand
kilotons of wax being commercially available each year in the
world market.10 Rice straw has been reported to contain about
1% by dry weight of wax, which consists of a mixture of different
groups of compounds including long chain fatty acids and fatty
alcohols, sterols and wax esters.11 Due to the signicant
volumes of rice straw, it makes it attractive to exploit this waste
resource. Extraction of lipophilic compounds are traditionally
achieved using an organic solvent such as hexane. There are
environmental hazards and health concerns associated with the
use of hexane as it is recognized as a hazardous air pollutant,
while this solvent is also reported to potentially cause nervous
system damage.12,13 Hexane solvent extraction is non-selective,
resulting in the necessity to further purify or extract undesir-
able co-extractives from the waxes. Soxhlet extraction of lipids
from rice straw has been extensively investigated and the
composition has been thoroughly characterised.11,14 However,
unselective, unsustainable, and potentially toxic organic
solvents have been used in such extraction systems. Thus, it is
important to consider the use of alternative greener solvents for
wax extraction.15–17 Supercritical uid extraction (SFE), which is
environmentally friendly, efficient, and oen more selective,18

could be an alternative path towards wax extraction and
a potential rst step in an integrated rice straw biorenery. In
addition, scCO2 extraction has demonstrated a positive effect on
the downstream processing of biomass via pyrolysis, and
hydrolysis for sugar release.19,20

Several studies have focussed on the use of scCO2 for the
extraction of rice bran,21,22 but fewer studies have focussed on
rice straw. The recalcitrant nature of rice straw makes pro-
cessing this biomass in a biorenery context challenging.
Importantly, scCO2 extraction has been demonstrated to have
a positive effect on the downstream processing of biomass
including rice straw.20,23 Recent studies have also demonstrated
that the combination of SFE and thermochemical treatment can
have a profound effect on product distribution.19

Thermochemical treatment such as pyrolysis can be a cost-
effective way to decompose the crystalline structure of ligno-
cellulose and produce a variety of chemicals or fuels.24 Signi-
cant attention has been given to biomass pyrolysis as it leads to
a wide product variety of solids (char), liquids (bio-oil), or gases
(including syngas), which could potentially be used as fuels or
used to make energy products. Recently, it was demonstrated
that bio-oil and biochar could be produced from macroalgae
Sargassum sp. via slow pyrolysis.25 However, conventional
pyrolysis oen operates in the absence of oxygen, at high
temperatures (>500 °C), and for extended periods of time,
making such processes more energy intensive. Recently, scCO2

extraction was combined with pyrolysis or gasication of Scots
pine or spruce.19,26 This research demonstrates that scCO2

extraction of the biomass prior to pyrolysis can have a signi-
cant inuence on Scots pine tree fractions, changing the surface
concentration of water, lipids and metals simultaneously.19
30 | RSC Adv., 2024, 14, 29–45
Surface composition of the biomass and the modication of
this through scCO2 extraction has a considerable impact on the
fast pyrolysis, leading changes in the volatile composition and
the solid char structure.26 ScCO2 was able to extract surface
metals in the form of fatty acid salts thereby controlling the
pyrolysis products.19 In addition, it has also been demonstrated
that the extractives have a signicant catalytic effect on the
yields and morphology of solid chars.

Microwave heating is used in various applications due to its
uniform heating, selectivity, and energy efficiency. Microwave-
assisted pyrolysis (MAP) has been studied with different raw
materials including wheat straw,27 coffee hulls,28 corn stalk
bale,29 oil palm biomass,30 rice husk,31 and rice straw.32–35 It was
previously observed that increasing the power of MAP of rice
straw has led to higher temperatures and rates of heating.32,34,35

The product distribution was gas (49.37%), char (28.07%) and
liquid (22.56%) and this was comparable to conventional
pyrolysis. The solid char could potentially be used to remove
metallic contaminants and the gas product is a H2 rich fuel
gas.32,34,35 A recent study demonstrated that scCO2 extraction
coupled with microwave activated gasication of spruce forestry
residues led to enhanced production of fullerene-like soot
nanoparticles and increased syngas yield.36 Low temperature
microwave activation of scCO2 extracted spruce produced bio-
oils and the resulting biochar was an excellent feedstock for
gasication. Lipid content and composition of biomass can
have a signicant effect on microwave pyrolysis. scCO2 was able
to successfully extract the resin acids, aromatics, and steroids
from the woody biomass.36 Such compounds are typically less
reactive than the many volatile components, leading to
enhanced syngas production during gasication with limited
effect on the yields of solid product. Importantly, woody
biomass such as spruce has a signicantly higher fatty and resin
acid content to cereal crops such as rice straw. To date no
studies have focused on the effects of scCO2 extraction being
coupled with microwave pyrolysis of rice straw. As such, the
investigation of scCO2 extraction for the removal of the surface
lipids prior to MAP is warranted.

Herein, this work reports the rst optimization of scCO2

extraction of waxes from rice straw, combined with MAP for the
generation of valuable chemicals and fuels as part of a sustain-
able holistic biorenery. A 2 × 2 factorial experimental design
investigating the variation of temperature and pressure in the
scCO2 extraction has been used to optimise the total recovery of
wax from rice straw. Various high value compounds including n-
policosanols, wax esters, fatty aldehydes, and steroid ketones
were quantied in the rice straw wax. These compounds have
potential use in industrial applications such as lubricants,
surface coating and pharmaceutical uses. The effects of scCO2

extraction on the rate of heating and reaction time of microwave
assisted pyrolysis were studied and compared with non-scCO2

extracted rice straw. The effect of particle size on the microwave
pyrolysis of rice straw was studied, something which has
previously had limited investigation for microwave assisted
pyrolysis processes.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental section
2.1 Materials

Rice straw (Oryza sativa L.), harvested in July 2013, was obtained
from the Faculty of Agriculture, Khon Kaen University (Thai-
land). The biomass was then sundried and cut into pieces for
further storage. Prior to experiments (Scheme 1), the biomass
was ground to 0.5 mm particles with a Glen Creston Ltd.
hammer mill.

2.2 Conventional Soxhlet extraction

Approximately 10 g of milled rice straw was placed in a cellulose
thimble and extracted with 200 ml of hexane for 4 hours in
a Soxhlet apparatus. The resulting solution was ltered, and the
solvent was removed in vacuo. Extractions were carried out in
triplicate.

2.3 Supercritical uid extraction (SFE)

Approximately 90 g of milled rice straw was extracted using
a SFE 500 provided by Thar technologies. CO2 (99.99%),
supercritical grade, was used for all extractions. The biomass
was loaded into the extractor and connected to the system. The
selected temperatures (35, 50 and 65 °C) and pressures (75,
Scheme 1 Schematic of the experimental process of supercritical extra

© 2024 The Author(s). Published by the Royal Society of Chemistry
237.5 and 400 bar) were set up, an internal pump was used to
reach the required pressure and the pressure of the system was
maintained by means of an ABPR. The system was run in
dynamic mode, in which the CO2, containing the epicuticular
lipids, was allowed to ow into the collection vessel. A ow rate
of 40 g min−1 of liquid CO2 was applied for rice straw, and the
extraction was carried out for 4 hours. When the extraction was
terminated, depressurisation of the system was carried out over
a period of 75 min. The % yield of crude extracted was recorded
for each sample collected and extractions were carried out in
triplicate. For optimisation of time the system was stopped at
specic time intervals; whereby rice straw wax was collected at
30, 60, 120, 180, 300 and 360 minutes.
2.4 Wax analysis procedure

Wax analysis methods and sample preparation including deri-
vatisation and HT-GC also HT-GC-MS) procedures were per-
formed using methodology published in previous literature.17 A
typical HT-GC analysis was performed on an Agilent Technol-
ogies 6890N Network GC System as follow: a ZB-5HT capillary
column (30 m × 250 mm × 0.25 mm nominal) was tted at
constant pressure of 22.35 psi. The carrier gas used was helium.
The injector temperature and the ame ionisation detector
ction and microwave assisted pyrolysis.

RSC Adv., 2024, 14, 29–45 | 31
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temperature were maintained at 300 °C. The samples were
injected by automated injection (1 ml injection volume) with
a split 281 ratio of 5 : 1. An initial oven temperature of 60 °C was
maintained for 1 minute. The temperature was increased at
a ramp rate of 8 °C min−1 until 360 °C and held at this
temperature for 30 minutes. Quantication of the lipid
components was carried out by means of internal standard
calibration and response factors (Rf). Linear calibration graphs
were produced using external standards for the quantication
of hydrophobic compounds (fatty acids, alcohols, aldehydes,
alkanes, wax esters, sterols, monoglycerides, diglycerides, 1-O-
alkylglycerol, fatty aldehydes and wax esters). Three sequential
injections were applied to calculate the standard deviations.
2.5 Microwave pyrolysis of rice straw and residue aer scCO2

extraction

Prior to the microwave pyrolysis, the untreated and scCO2

extracted rice straw was sieved to obtain six different particle
sizes, <125 mm, 125–180 mm, 180–300 mm, calculate, 500–2000
mm and >2000 mm. Microwave pyrolysis was subsequently con-
ducted in a CEM-Discover microwave reactor model. The
experiments were carried out under xed power mode with
a maximum power of 300 W and in a microwave pressure vial
(10 mL CEM Discover SP, CEM Corp., USA). The samples
temperature was measured by an IR detector. The microwave
pyrolysis of the sample was stopped upon reaching the target
pressure (19.305 Bar). 300 mg of milled rice straw and rice straw
residue aer scCO2 extraction were used without further pre-
treatment. Pyrolyzed biomass was extracted with ethanol; the
char (insoluble) and bio-oil (ethanol soluble) were then ltrated.
The solvent was removed, and the solid was dried in an oven
until constant weight. The produced gases were analysed by
FTIR. HT-GC-MS was used for liquid product analysis and solid
chars were analysed by thermogravimetric analysis (TG), CHN
elemental analysis and bomb calorimetry.
2.6 Characterisation of gas fraction

The apparatus for thermal decomposition of rice straw con-
sisted of a microwave connected to IR gas cell for monitoring of
gases, with the IR cell and transfer pipe heated at 200 °C. 0.9 g of
rice straw was placed inside the microwave reactor and 300W of
microwave as described in 2.5. Fourier transform infrared
spectroscopy (FT-IR), a Bruker VERTEX 70 infrared spectroscope
was used to perform this analysis. Samples spectra were
collected between 500 and 4000 cm−1 at a resolution of 4 cm−1

and a scan number of 64, scanning over a wavelength range of
4000–500 cm−1 at a resolution of 4 cm−1. The spectra were
subsequently analysed to determine possible bond types and
functional group of the gas. The spectra were collected using
a rapid scan soware running under OPUS 5.5 and the spec-
trum of each sample was calculated from an average of 16 scans.
2.7 SEM analysis

SEM micrographs were recorded with JEOL JSM-6490LV scan-
ning electron microscope. The samples, mounted on an
32 | RSC Adv., 2024, 14, 29–45
aluminium plate, were coated with Au–Pd prior to analysis. The
acceleration voltage beam energy was 5 kV.

2.8 CHN elemental analysis

Elemental analysis based on carbon, hydrogen and nitrogen
content was carried out using an Exeter Analytical (Warwick,
UK) CE440 Elemental Analyser, calibrated against acetanilide
with an S-benzyl-thiouronium chloride as internal standard.
Analyses were carried out in triplicate.

2.9 Characterisation of liquid fraction

HT-GC-MS was used to examine the oils produced from pyrol-
ysis experiments to tentatively determine their composition.
Samples were prepared at a concentration of 20 mg mL−1 of
pyrolysis oil in ethanol. A sample of 0.5 mL was injected on to
a Perkin ElmerClarus 500 Gas chromatography and Clarus 560S
Mass spectrometer at an injector temperature of 350 °C and
a column ow rate of 1.0 ml min−1 with a 1 : 10 split ratio
applied. The oils were passed onto a DB5-HT column (30 m ×

0.25 m × 0.25 mm) at a temperature of 60 °C. The column was
held for 1 minute at this temperature and then ramped to 360 °
C at 8 °C min−1. It was then held for further 10 minutes. During
the GC run the mass spectrometer with Ei+ source of 70 eV was
scanning between 40 to 1200 Da at a scan duration of 0.39 s and
cycle time of 0.400 s, with an inter scan delay of 0.050 s. The
subsequent m/z spectra recorded were compared against the
NIST 2005 spectral database and possible chemical matches
identied. Analyses were carried out in triplicate.

2.10 Simultaneous thermal analysis

Thermogravimetric analysis (TGA) analysis was carried out
simultaneously on a PL Thermal Sciences STA 625. Milled rice
straw or biochar (10 mg) was accurately weighed into an
aluminium cup and analysed against an empty aluminium
reference pan from 20 °C to 625 °C at a heating rate of 10
Kmin−1 under a 60ml min−1

ow of nitrogen. All biochars were
washed and dried prior to analysis. Analyses were carried out in
duplicate.

3 Results and discussion
3.1 Supercritical carbon dioxide extraction of rice straw

3.1.1 Extraction yields. Temperature and pressure were
systematically investigated to optimise the scCO2 extraction of
total wax recovery from rice straw; hence a two-level factorial
design was applied.37 The runs were conducted at a constant
ow rate of 40 g min−1 of CO2 for 4 hours. The temperature and
pressure ranges selected were between 35 to 65 °C and 75 to 400
bar, respectively. This parameter inuences the solubility of
compounds in CO2 leading to different extraction yields and
chemical composition of the extracts.38 The extracts obtained
were analysed without further purication. The rice straw waxes
yield under the aforementioned conditions varied from 0.01 to
0.70% of dry biomass (Fig. 1). Isothermally increasing the
pressure signicantly improved the extraction yield, 0.01% at
35 °C, 75 bar compared to 0.41% at 35 °C, 400 bar. However, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Two-dimensional plot demonstrating % yield of extractives
from rice straw at varying temperature (°C) and pressure (Bar).
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temperature also plays an essential role in the extraction and
the highest yield, 0.70%, was obtained at 65 °C, 400 bar. These
yields are consistent with those previously reported by Sun et al.
by hexane extraction (0.65% of dry plant).11,14 The waxes ob-
tained from the scCO2 extractions were compared to those ob-
tained by conventional solvent extraction to evaluate the scCO2

process. The wax yield obtained for hexane was found to be
close to 1%. Due to their internal semi-crystalline structure, the
plant cuticular waxes require high thermal energy to enhance
solubility. The solubility of selected lipid molecules increases
with elevated pressure; however, the effect of pressure on
solubility differs with the nature of solutes and operating
temperature. The temperature of the system at constant pres-
sure had two contradictory inuences on the solubility of lipids.
Increasing temperature led to more signicant vapour pressure
of lipids in CO2 thus enhancing solubility, while the decrease in
solvent density caused by a temperature increase resulted in
a reduction in solubility.39 A crossover pressure value exists
between these two opposing factors, below which the solubility
decreases with temperature (where the density is more critical).
This phenomenon of increased yield due to density is observed
for low pressure and temperature (0.05% at 75 bar, 35 °C)
compared to a higher temperature (0.01% at 75 bar, 65 °C).
Once this crossover pressure value has been overcome, there is
an increase in solubility with temperature due to the greater
vapour pressure of lipids.15 In this study at high pressures, an
outstanding increase of yield was achieved with elevated
temperature (0.70% at 400 bar, 65 °C), whereas at lower
temperatures of 35 °C, only 0.41% was yielded.

3.1.2 Quantication of lipophilic compounds. Character-
ization and quantication of lipophilic compounds at different
temperatures and pressures were demonstrated in Fig. 2 and 3
(ESI, Tables S1–S7†). The scCO2 extraction process demon-
strated that waxes, consisting of long-chain fatty acids, n-poli-
cosanols, n-hydrocarbons, fatty aldehydes, sterols, steroid
ketones, and wax esters, can be effectively obtained.

Free fatty acids were the most abundant lipophilic
compounds in rice straw waxes, with chain lengths ranging
© 2024 The Author(s). Published by the Royal Society of Chemistry
from C12 to C32. Saturated fatty acids represented most of this
class of compounds, with hexadecanoic acid (C16:0) being the
most predominant in hexane Soxhlet extraction. This is
consistent with previous studies on the lipid composition of rice
straw.11,14 The highest yield of fatty acids (681 ± 10.3 mg g−1 of
dry plant) was found at 65 °C, 400 bar. On reducing the
temperature to 35 °C only slightly decreases this yield to 652 ±

8.4 mg g−1 of dry plant (Fig. 2A). Unsaturated fatty acids were
obtained in greater amounts (100 mg g−1 of dry plant), at 35 °C,
(400 bar), compared to 22 mg g−1 at 65 °C (400 bar) while the
highest amount of unsaturated fatty acids was obtained at 50 °
C, 238.5 bar. These results are in good correlation with the
extraction of lipids from sorghum distillers grains with scCO2.39

Saturated fatty acids were selectively extracted with increased
temperature; this contrasts with the trend of unsaturated fatty
acids that decreased with increasing temperature. This is
consistent with previous studies showing that the extraction
efficiency of saturated fatty acids increases as higher tempera-
tures and pressures are applied.15 The greatest concentration of
oleic acid (C18:1), was obtained at 50 °C, 238 bar and that of
linoleic acid (C18:2) were obtained by scCO2 extraction at 50 °C
and 238 bar 96.6 ± 0.9 and 31.2 ± 1.2. The extraction of
unsaturated fatty acids by scCO2 was signicantly higher than
that of hexane Soxhlet (24.6 ± 1.6 and 2.3 ± 0.4 mg g−1 of dry
straw for oleic and linoleic acids respectively). Traditional
solvent extraction with hexane was a more effective method in
terms of total free fatty acid recovery as it was able to extract
1004.5 ± 15.7 mg g−1 of dry straw, whereas the maximum
concentration obtained by scCO2 at 65 °C and 400 bar was 681.5
± 10.37 mg g−1 of dry straw. However, scCO2 was seen to be the
more selective method towards unsaturated fatty acids, 127.8 ±

2.1 and 26.9± 2.0 mg g−1 of dry straw obtained by scCO2 at 50 °C
and 238 bar and hexane Soxhlet, respectively. Such a difference
might be due to the ability of scCO2 to reduce the potential for
further reactions, including oxidation.

Four n-alkanes were detected in the extracts, heptacosane
(C27), nonacosane (C29), hentriacontane (C31) and tri-
triacontane (C33), which were also identied in the hexane
extract. ScCO2 extraction at low pressures was not effective for
the recovery of n-alkanes, as only 1–2 mg g−1 of dry straw were
detected in the 75 bar, 35 °C or 65 °C extracts, both of which
were low density (ESI, Table S8†). Higher concentrations of
hydrocarbons were identied in the other three conditions
investigated (Fig. 2B). There was no signicant difference
among them in terms of concentration; however, the greatest
concentration of n-alkanes was obtained at 65 °C, 400 bar with
197.8 ± 1.8 mg g−1 of dry biomass, followed by scCO2 extraction
at 50 °C, 238 bar with 193.3 ± 0.7 mg g−1 of dry biomass and
then 35 °C, 400 bar with 182.6 ± 1.0 mg g−1 of dry biomass. Not
only CO2 density played an important role in the amount of
hydrocarbon extracted, but the temperature was also another
key factor, which agreed with the study of extraction efficiency
of aromatic hydrocarbons in scCO2.40 The extraction efficiency
towards n-alkanes using scCO2 and hexane Soxhlet were
comparable, 197.8 ± 1.8 mg g−1 of dry straw and 202.2 ± 1.1 mg
g−1 of dry straw, respectively.
RSC Adv., 2024, 14, 29–45 | 33
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Fig. 2 Extract compositions of (A) free fatty alcohols, (B) n-alkanes, (C) free fatty alcohols and (D) free fatty aldehydes from rice strawwaxes using
scCO2 and hexane Soxhlet extraction for 4 hours.
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n-Policosanols (fatty alcohols) demonstrate a small decrease
in yield at elevated extraction temperatures, but only represent
a minor fraction of the wax extracted from rice straw. The total
concentration of fatty alcohols in the lipid extract of rice straw
from hexane Soxhlet was 111.0 ± 0.4 mg g−1, this concentration
was lower compared to the scCO2 extract at 35 °C, 400 bar, 50 °
C, 238 bar and 65 °C, 400 bar with 154.6 ± 0.4, 145.8 ± 2.1 and
129.3± 0.8 mg g−1 of rice straw respectively (Fig. 2C). The results
in this study were in line with the comparative study, where the
yield of alcohols in the scCO2 extract was higher than that of
hexane.41,42 The dominant fatty alcohol in scCO2 extracts was 1-
triacontanol, while the greatest amount of total fatty alcohol
was recovered at high pressure (400 bar) and low temperature
(35 °C). It was also reported that long chain fatty alcohols were
effectively obtained when applying high pressure to a super-
critical system.42

Long chain fatty alcohols, triacontanal (C30) and dotria-
contanal (C32), were identied in rice straw extract in both
hexane and scCO2 extracts (Fig. 2D). In scCO2 extraction, these
34 | RSC Adv., 2024, 14, 29–45
two compounds were barely extractable at low pressure.
However, in high pressure experiments, 35 °C, 400 bar and 50 °
C, 238 bar and 65 °C, 400 bar, the total concentration obtained
were comparable, 253.7 ± 2.7, 257.5 ± 5.0 and 257.4 ± 16.7 in
mg g−1 of dry rice straw respectively. In contrast with hexane
extract, as shown in Fig. 2D, there was no signicant difference
in terms of total fatty aldehydes presented in both extraction
methods. Hexane extraction yielded a little higher concentra-
tion in fatty aldehydes. However, it was interesting to analyse
each fatty aldehyde separately, as each condition yielded
different concentrations of these compounds. In all extracts
from hexane and scCO2, triacontanal (C30) was predominant.
However, at 65 °C and 400 bar, a higher concentration of
dotriacontanal (C32) was detected. Therefore, it was advanta-
geous to selectively extract a component only by changing the
temperature. The solubility of fatty aldehyde increased with
temperature and pressure, as was observed in the scCO2 of
sawdust.43
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Extract composition of (A) sterols, (B) sterol ketones, and (C) wax esters from rice straw waxes using scCO2 and hexane Soxhlet extraction
for 4 hours.
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A great abundance of sterols, steroid ketones and wax esters
was observed at the highest extraction temperature and pres-
sure, consistent with previous scCO2 extractions of waxes
(Fig. 3).15–17 The research demonstrated that the most abundant
phytosterol obtained from rice straw was campesterol (Fig. 3A).
This differs from other agricultural straw residues, such as
those from wheat and triticale, which have b-sitosterol as the
dominant phytosterol.15,44 Previous studies on rice straw
extraction also indicated that b-sitosterol and stigmasterol
accounted for 90% of the total sterols.11,14 Sterols were not
extractable at low pressure; only 1 mg g−1 of dry straw was
detected at 35 °C and 65 °C at 75 bar. The highest concentration
identied among all the scCO2 extracts, was obtained at 65 °C,
400 bar, with 205.8 ± 0.7 mg g−1 of dry straw, followed by the
extract recovered at 50 °C, 238 bar with 148.0 ± 0.4 mg g−1 of dry
straw. This result was in good agreement with optimisation of
scCO2 of triticale straw and wheat straw.15,44 As seen in Fig. 3B,
hexane extraction demonstrated greater efficiency towards
sterol extraction from rice straw. Steroid ketones including
© 2024 The Author(s). Published by the Royal Society of Chemistry
stigmast-4-en-3-one and 5a-stigmastane-3,6-dione, were identi-
ed and obtained in high concentrations, 330.7 ± 9.9 mg g−1 of
dry straw with hexane Soxhlet extraction (Fig. 3B). With scCO2

extraction, the greatest yield for steroid ketones was 65 °C, 400
bar was 224.4 ± 6.1 mg g−1 of dry straw.

The predominant wax ester molecule in the rice straw extract
was C46, consistent with the composition from the stem extract
of maize.17 Wax esters were detected in low concentration in rice
straw, with the greatest concentration from scCO2 being
extracted at 65 °C and 400 bar, 255.3 ± 0.8 mg g−1 of dry straw
(Fig. 3C). The conditions at low pressure were reconrmed to be
unsuitable to extract lipophilic compounds from rice straw,
including wax esters.

The rice straw wax extracts could be utilised in various
applications. In fact, scCO2 wax extracts of rice straw demon-
strated a melting point range of between 66 to 81 °C (ESI,
Fig. S1†). The elevated melting point range observed for scCO2

extracted wax may make it a suitable replacement for candelilla
or carnauba waxes. Individual components of the extracts,
RSC Adv., 2024, 14, 29–45 | 35
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including wax esters, have benecial industrial applications as
high-temperature lubricants, surface coatings and emulsi-
ers.45 n-Policosanols such as hexacosanol (C26), octacosanol
(C28) and triacontanol (C30) found in rice straw wax have been
promising for cardiovascular disease prevention and therapy as
lowering-cholesterol and increasing low-density lipoprotein
(LDL) levels.46,47

3.1.3 SEM analysis of scCO2 extracted rice straw. The SEM
micrograms demonstrated changes in the surface morphology
of rice straw before and aer scCO2 extraction at 65 °C and 400
bar (Fig. 4). The surface of the untreated rice straw (a) was
coated with the epicuticular wax. However, the scCO2 extracted
one was clearly smooth (b), which conrmed that the wax was
efficiently removed from the straw during the extraction. ScCO2

extraction has been reported as an alternative method of pre-
treatment prior to enzymatic or thermochemical processes, as
it increased the permeability of the biomass surface and inu-
ences the surface composition of elements, which leads to
improved downstream processing.19,48 Previous studies have
demonstrated a decrease in surface metal ion concentrations
for K+ and Na+, in addition to Ca+, Mg+, Al+, and Si+ post scCO2

extraction of Scots pine tree fractions.19

SEM results indicated that ScCO2 extraction demonstrated
a high efficiency and selectivity to remove valuable phyto-
chemicals without leaving any solvent residue in the rice straw.
Therefore, the extracted straw is suitable for further uses in
various applications. A combination of scCO2 extraction with
Fig. 4 SEM micrograms of rice straw (a) before scCO2 extraction (b) aft

36 | RSC Adv., 2024, 14, 29–45
a thermochemical process, such as microwave pyrolysis of the
scCO2 extracted rice straw, could offer other high-value
outcomes as it results in liquid, solid and gaseous products.31
3.2 A comparison of the microwave-assisted pyrolysis of
untreated and scCO2 extracted rice straw

To study the effect of scCO2 extraction on the resulting products
and thermal behaviour by microwave pyrolysis, both untreated
and scCO2 extracted rice straw were investigated using xed
power mode at 300 W in a closed vessel microwave system. It
was previously demonstrated that 300 W power provided the
optimal MAP conditions for the highest energy densication
ratio of solid residues.31 Other factors that inuence the pyrol-
ysis process including the effect of particle size were investi-
gated. The products, including char, bio-oil, and gas, were
analysed.

3.2.1 Temperature and pressure proles. Fig. 5A illustrates
the temperature prole of microwave pyrolysis of untreated and
scCO2 extracted rice straw with six different particle sizes, <125
mm, 125–180 mm, 180–300 mm, 300–500 mm, 500–2000 mm and
>2000 mm. The patterns of reaction temperature were identical
in the two raw materials. Interestingly, there was a difference in
the temperature proles among the different particle sizes. In
the case of the smaller particle sizes (particle sizes smaller than
500 mm), there was a sharp temperature increase in the rst 100
seconds which plateaued at around 125–140 seconds, where
er scCO2 extraction at 65 °C, 400 bar for 4 hours.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Temperature and (B) pressure profiles of microwave pyrolysis of untreated and scCO2 extract rice straw with different particle sizes.
(Sample mass 0.3 g, closed vessel, 300 W, fixed power mode).
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nal temperatures of above 250 °C were obtained. In contrast,
the pyrolysis temperatures of the larger particle sizes (of the two
materials, $500 mm) were terminated at the early heating stage
© 2024 The Author(s). Published by the Royal Society of Chemistry
(around 125 °C) due to a rapid increase in pressure (surpassing
the safety pressure limit of 19.305 Bar) (Fig. 5B). This sponta-
neous increase in pressure was attributed to the generation of
RSC Adv., 2024, 14, 29–45 | 37
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Table 2 Maximum rate of pressure change, and temperature reacted
at maximum rate of pressure change in the microwave pyrolysis of
untreated and scCO2 extracted rice straw

Particle size
(mm)

Maximum rate of pressure
change (bar min−1)

Temperature at maximum
rate of pressure change (°C)

Untreated scCO2 extracted Untreated scCO2 extracted

<125 12.41 12.41 255 245
125–180 12.41 12.41 272 272
180–300 10.34 10.34 263 263
300–500 14.48 14.48 224 232
500–2000 219.25 256.49 126 137
>2000 364.04 287.51 116 119
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incondensable gases during the microwave pyrolysis process.
Consequently, it can be concluded that particle size played an
important role not only in reaction temperature, but also in the
end products of the microwave pyrolysis of rice straw.

3.2.2 Heating rates and maximal temperatures. The full
comparison including the evolution of the heating rates and
pressure change rates are illustrated in the ESI for all particle
sizes (ESI, Fig. S2†). A summary of the heating rate andmaximal
temperature of microwave pyrolysis for untreated and scCO2

extracted rice straw is listed in Table 1. It was observed that the
highest temperatures were reached with the particle size of <125
mm scCO2 extracted rice straw, followed by 125–180 mm and
180–300 mm with the highest temperature attained at 272–273 °
C for both untreated and scCO2 extracted rice straw. For the
particle size smaller than 500 mm, there was no signicant
difference in heating behaviours for both untreated and scCO2

extracted rice straw during microwave irradiation. In addition,
samples having the particle size smaller than 500 mm also
resulted in relatively low pressure change rates due to the
absence of incondensable gas production during the process.
The rate of pressure change indicated the level of biomass
decomposition at a specic temperature. The untreated and
scCO2 extracted rice straw with the particle size larger than 500
mm, including 500–200 and >2000 mm, possessed unique
thermal behaviour towards the microwave irradiation resulting
in not only high heating rates, but also the most signicant
pressure change rates. The rates of pressure change and their
corresponding temperatures are summarised in Table 2.

The overall trend of heating rate increased with larger
particle sizes. For the feed sizes of <125 mm, 125–180 mm, 180–
300 mm, 300–500 mm, 500–2000 mm and >2000 mm, the rates of
heating were 180, 180, 210, 210, 240 and 420 K min−1 respec-
tively for untreated rice straw and 180, 180, 210, 240, 420 and
480 K min−1 respectively for scCO2 extracted rice straw.
Importantly, the rate of heating in the microwave pyrolysis of
rice straw was found to be exceptionally high, with a heating
rate of 480 K min−1 in the largest feed size (>2000 mm). In
contrast, the heating performances (150–240 K.min−1) were
lower for the smaller particle size <500 mm than those of the
larger sizes. Interestingly, the scCO2 extracted biomass with
a size of 500–2000 mm, could retain high rates of heating at 420
K min−1, while the untreated straw exhibited a substantially
lower heating rate at 270 Kmin−1 for the samemicrowave power
300 W. Thus, demonstrating that the extraction of waxes has
Table 1 Heating rates and maximum temperatures reached in the
microwave pyrolysis of untreated and scCO2 extracted rice straw

Particle size
(mm)

Heating rate (K min−1) Maximum temperature (°C)

Untreated scCO2 extracted Untreated scCO2 extracted

<125 180 180 265 282
125–180 180 180 273 272
180–300 210 210 272 273
300–500 210 240 262 263
500–2000 240 420 137 158
>2000 420 480 128 154

38 | RSC Adv., 2024, 14, 29–45
a signicant effect on the rate of heating and the efficiency of
the microwave pyrolysis process. It can be concluded that scCO2

extraction of lipids from the rice straw surface enhances
microwave pyrolysis. Such an effect could be explained by the
inhibition of the pyrolysis by wax fractions and its inuence on
the dielectric properties of the feedstock. Therefore, wax
removal by scCO2 extraction results high heating rates and
greater maximum temperatures of pyrolysis. These results are
signicant in terms of large-scale microwave processing of
scCO2 extracted biomass such as rice straw. Firstly, rapid
heating rates lead to a switch from biochar and oil production
to include extensive gas creation, leading to a rise in pressure
that reaches the allowable limit and terminates the experiment.
A large-scale microwave system for the microwave pyrolysis of
scCO2 extracted rice straw particles >500 mm, would need to be
carefully designed, operated, and monitored to control such
processes for both safety and product distribution.

Previous studies demonstrated that the nal temperature
and the heating rate of microwave pyrolysis increased with
decreasing particle size, due to the increase of bulk density and
the contact area, which enhance heat transfer.33,49 This is in
contrast with this current study, where the observed heating
rate followed an opposite trend, and the maximal temperature
was irrespective of size. scCO2 extracted biomass reached
higher temperatures when a size-by-size comparison is made
with untreated rice straw. In addition, greater heating rates were
recorded for scCO2 extracted rice straw, demonstrating that the
wax removal by scCO2 has an inuence on the dielectric prop-
erty of the rice straw, as the scCO2 extracted rice straw became
a better microwave absorber with a constant high heating rate
and in most cases a higher nal temperature. This demon-
strates that scCO2 extraction has a positive effect on the
microwave pyrolysis process, further illustrating the benets of
introducing this technology within a holistic biorenery.

3.2.3 Conventional vs. microwave pyrolysis. Thermogravi-
metric analysis (TG) of untreated and scCO2 extracted rice straw
having different particle sizes were conducted to investigate the
conventional heating pyrolysis processes compared to micro-
wave pyrolysis. Generally, there are three main stages of
decomposition in biomass pyrolysis: moisture evaporation,
main devolatilization and continuous devolatilization.50,51 Rice
straw is a lignocellulosic biomass consisting mainly of three
© 2024 The Author(s). Published by the Royal Society of Chemistry
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types of biopolymers: hemicellulose, cellulose and lignin. The
composition of cellulose, hemicellulose, and lignin of the rice
straw in this study was 34%, 19% and 13% respectively. The
hemicellulose of rice straw is generally the rst to decompose
up to a temperature of 250 °C, followed by the breakdown of
cellulose at about 250–350 °C, both with signicant mass loss
rates. The lignin decomposition is the most complex as it occurs
slowly from initial heating to 900 °C with a very low mass loss
rate.52–54 The TG and DTG curves of untreated and scCO2

extracted rice straw, Fig. 6, showed a similar pattern. The rst
mass loss is a result of water evaporation. The decomposition of
hemicellulose occurred at approximately 180 °C followed by
cellulose decomposition to approximately 350 °C. The hemi-
cellulose decomposition could not be clearly observed as it
overlapped with the cellulose decomposition peak as seen in
previous studies.53,54 The TG and DTG curves for all particle
sizes (for both the untreated and scCO2 extracted rice straw)
were similar. Amaximum decomposition rate at 320–330 °C was
observed (for all feed sizes), attributed to the decomposition of
cellulose (the main component of the rice straw). This indicates
Fig. 6 TG and DTG curves of (A) untreated and scCO2 extracted rice straw
scCO2 extracted rice straw.

© 2024 The Author(s). Published by the Royal Society of Chemistry
that the particle size does not inuence on the pyrolysis
temperature in conventional heating and was consistent with
the microwave process.

Cellulose decomposition within the untreated and scCO2

extracted rice straw occurred at relatively low temperatures
during the microwave pyrolysis, indicated by the production of
incondensable gas (ESI Fig. S2†). This decomposition occurred
at ∼120 °C (size > 2000 mm) and ∼130 °C (size 500–2000 mm),
which were signicantly lower than the 320 °C observed with
conventional pyrolysis. To conrm that microwave heating is
a promising alternative thermal method to conventional heat-
ing in a rice straw biorenery, the solid chars were also analysed
by TG to compare the thermal behaviour of the biomass before
and aer microwave pyrolysis. In the case of feed size >500 mm,
the TG of the solid char showed that the peak of cellulose
decomposition, ∼320 °C was no longer present. In contrast, in
the case of particle size <500 mm, it was clearly visible even
though the intensity sharply decreased. Importantly, this indi-
cates that the complete decomposition of cellulose with
microwave pyrolysis at a 120–130 °C (∼200 °C lower than
and (B) resulting bio-chars frommicrowave pyrolysis of untreated and

RSC Adv., 2024, 14, 29–45 | 39
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conventional heating) for particle sizes larger than 500 mm.
However, further investigation is needed for to better under-
stand this from a mechanistic point of view.

3.2.4 Products distribution. Microwave pyrolysis of
untreated and scCO2 extracted rice straw demonstrated that
particle size signicantly affected the product yields of bio-oil,
char, and gas (Fig. 7). In the case of particles <500 mm, bio-
char was predominantly produced during microwave pyrolysis,
yielding 50–60% dry weight, for both the untreated and scCO2

extracted biomass. The bio-oil yields were low, 6–9% dry weight
and there was no incondensable gas generated during this
thermal process. In contrast, the main product obtained for the
microwave pyrolysis of the large rice straw particles sizes ($500
mm) was the gas, with yields of 56–59% dry weight. This was
coupled with signicant decreases in solid char (approximately
25–32%) and a slight increase in bio-oil production (10–12%)
(for both untreated and scCO2 extracted rice straw sized 500–
2000 mm and >2000 mm). Huang et al. investigated the MAP of
rice straw, in which a maximum of 50 wt% bio-oil was observed
at 300 W power and signicantly differs from the yields in this
current study.31 It has also been reported that scCO2 extraction
coupled with microwave activated gasication of spruce forestry
residues demonstrated the enhanced production of fullerene-
like soot nanoparticles and increased syngas yield.35 In
contrast, the current study demonstrated no signicant change
in gas yield following scCO2 extraction, a slight increase in gas
production was observed for 500–2000 mm, while the gas yield of
the >2000 mm rice straw presented a small reduction. All particle
Fig. 7 Pyrolytic Product distribution of untreated (U) and scCO2 extract

40 | RSC Adv., 2024, 14, 29–45
sizes demonstrate an increase in bio-oil aer extraction and in
most cases a reduction in char yields were observed following
scCO2. It was previously demonstrated that metals with the
biomass could be extracted by scCO2 as fatty acid salts, thus
enabling greater control over the product distribution by
pyrolysis. According to ICP analysis, the rice straw investigated
in this study demonstrated a high concentration of potassium
(5108.0 mg g−1 of biomass) before extraction, reducing its
surface concentration via scCO2 extraction in the form of fatty
acid salts could lead to changes observed in product
distribution.

As particle of 500–2000 mm demonstrated the production of
bio-oil, biochar and bio-gas in the for both untreated and scCO2

extracted rice straw, this fraction was selected for qualitative
analysis. The incondensable gaseous products generated were
collected in a syringe and then analysed by FTIR. The compo-
sition of gas products from microwave pyrolysis of biomass
such as wheat straw,55 coffee hulls,56 rice husk,30 and rice
straw,34 are primarily composed of H2, CH4, CO, CO2, and some
short chain hydrocarbons. Fig. 8 shows the FTIR spectra of the
gas phases of the two feedstocks, the major components of
product gases from rice straw microwave pyrolysis were CO,
CO2, CH4, C1–C2 hydrocarbons, and some carbonyl-containing
gases. The result obtained were consistent with previous
studies with conventional heating,53,54 and with microwave
heating.34 The gas composition of the untreated and scCO2

extracted rice straw was identical, conrming that this extrac-
tion method has no adverse effect on the biomass and can be
ed (T) rice straw.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 FT-IR gas product from microwave pyrolysis of scCO2 extracted (above) and untreated rice straw (below).
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used as a pre-treatment step in a holistic biorenery of rice
straw. Interestingly, certain gases such as CH4 and some light
hydrocarbons were previously reported to be obtained at
temperatures >400 °C, in contrast their formation was achieved
at a lower temperature within the microwave pyrolysis
system.33,52–54

Two liquid fractions were obtained from the rice straw
microwave pyrolysis and organic soluble fraction was analysed
by HT-GC-MS without further purication (Fig. 9). A range of
phenolic lignin breakdown products were identied including
2-methoxy-phenol, 2- and 3-methyl-phenol, 2,6-dimethyl-
phenol, and 4-vinyl-2-methoxy-phenol. It has been conrmed
that some aromatic and polycyclic aromatic compounds
included naphthalene, anthracene and phenanthrene were
identied in the microwave pyrolysis oil. The presence of these
molecules was in good agreement with the results of previous
studies.54,57,58 The aqueous fraction contained a range of anhy-
drase sugars and cellulose breakdown products.

The elemental analysis of the biomass showed a signicant
increase in the percentage of C and a decrease in H (Table 3).
However, there was no signicant difference between the
untreated and scCO2 extracted rice straw. The gross caloric
value of the solid residues was 18.7 and 18.5 MJ kg−1 in
untreated and scCO2 extracted rice straw respectively, which
were notably higher when compared to the starting biomasses
(typically 15 MJ kg−1) making them useful for large scale energy
production. These gross caloric value are consistent with those
© 2024 The Author(s). Published by the Royal Society of Chemistry
previously published for microwave assisted pyrolysis of rice
straw.31 This demonstrates that microwave pyrolysis could be
a viable technology to produce chemicals and fuels within a rice
straw biorenery.

ScCO2 extraction serves as an effective pre-treatment step to
provide enhanced interactions between microwaves and the
resulting extracted biomass. In addition, greater heating rates
were recorded in experiments in the case of scCO2 treated rice
straw. These results indicate that the wax removal by scCO2 has
an inuence on the dielectric property of the rice straw, as the
scCO2 treated rice straw became a better microwave absorber
with a constant high heating rate and higher nal temperature.
This therefore shows that scCO2 extraction has a positive effect
on the microwave pyrolysis process, further illustrating the
benets of introducing this technology within a holistic bio-
renery. However, for such processes to be commercially viable
carefully design, and operation of microwave pyrolysis in ow
would be needed. In addition, steps must be taken to control
rapid heating and gas evolution from both a safety viewpoint
and for the tuning of product distribution. Microwave pyrolysis
of particle greater than 500 mm demonstrated almost complete
decomposition of cellulose at low temperatures, 120–130 °C.
Importantly, this is ∼200 °C lower than conventional heating,
which could lead to signicant reduction in energy usage for the
decomposition of cellulose in rice straw. However, better
mechanistic understanding of this process is warranted to
enable the full exploitation at a commercial scale.
RSC Adv., 2024, 14, 29–45 | 41
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Fig. 9 HT-GC-MS chromatograms of bio-oil of liquid fractions of (A) untreated and (B) scCO2 extracted rice straw.

Table 3 Characteristics of untreated and scCO2 extracted rice straw
pre and post microwave pyrolysis

Elemental
analysis (wt%)

Before pyrolysis Aer pyrolysis

Untreated
rice straw

scCO2

extracted
rice straw

Untreated
rice
straw

scCO2

extracted rice
straw

C 38.9 40.5 48.5 51.1
H 5.2 5.3 1.9 1.6
N 0.3 0.3 0.2 0.3
Caloric value
(MJ kg−1)

15.8 15.5 18.7 18.5
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4 Conclusions

The optimisation of scCO2 extraction of wax from rice straw was
successfully achieved whereby the highest yields were obtained
at 65 °C and 400 bar, 0.7% dry weight. This is comparable to
Soxhlet extractions with hexane (1% dry weight). Various high
value compounds including n-policosanols, wax esters, fatty
aldehydes, and steroid ketones were present in high concen-
trations in the rice straw wax. These compounds have potential
use in industrial applications such as lubricants, surface
coating and pharmaceutical uses. The waxes obtained from
scCO2, and hexane demonstrated similar compositions and
quantities of the major lipophilic groups of compounds. The
microwave pyrolysis of untreated and scCO2 extracted rice
straws were investigated. The effect of particle size on the
microwave pyrolysis process was also investigated. It was found
that scCO2 extraction had a positive effect on the microwave
pyrolysis of the rice straw, having a signicant benecial effect
42 | RSC Adv., 2024, 14, 29–45
on the rate of heating with increased particle size (420 K min−1

for particle sizes of 500–2000 mm) when compared to untreated
rice straw (270 Kmin−1 for particle sizes of 500–2000 mm). There
was no signicant difference between the untreated and scCO2

extracted rice straw in the product distribution of char, gas, and
bio-oil, thus highlighting that, importantly, scCO2 extraction
has no adverse effects on products obtained from the pyrolysis.
Particle size had a signicant effect on the decomposition of
cellulose and the distribution of products (gaseous, liquid and
char) for both the untreated and scCO2 extracted rice straw. For
particle sizes >500 mm there was no cellulose decomposition
peak in the DTG of the solid char obtained from microwave
pyrolysis while a cellulose decomposition peak is present in the
solid char for particle sizes <500 mm. This indicates that for
particles sizes >500 mm, cellulose decomposition occurs at 120–
130 °C, which is around ∼200 °C lower than conventional
heating. Such results demonstrate that the application of both
scCO2 extraction and microwave assisted pyrolysis in combi-
nation, offer exciting opportunities for sustainable and energy
efficient processes for the valorisation of rice straw within
a holistic biorenery.
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