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1 Introduction
Municipal solid wastes (MSWs) have been increasing while their
management has been limited to landﬁlling along with some level of
recycling [1]. Thermochemical pathways such as pyrolysis, gasiﬁcation, and incineration have been proposed to support their management along with biomass resources such as agricultural and
forestry residues, energy crops, manure, and other low-grade biowastes via conversion for energy production [2]. But, high water
and ash content, heterogeneity in the biomass feedstocks means
that energy produced from these resources is of lower economic
value. This is a major drawback for the sustainable upscaling of
these thermochemical pathways. To address this issue of loweconomic output, a promising strategy has been proposed involving
the production of products of high economic value from these wastes,
with sufﬁcient yields to support the low-value and high-yield products such as energy production. This strategy can effectively allow
for better economic viability and technical feasibility for sustainable
disposal and utilization of the biomass and MSW resources. Highvalue products could include the production of aromatic chemicals
such as benzene, toluene, or 5-hydroxymethylfurfural (5-HMF),
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and higher alcohols, but their production is subjected to severe contamination in the form of byproducts owing to the diverse composition of biomass and the products obtained from fast-pyrolysis, while
biochemical pathways severely limit the upscaling in terms of feedstock compatibility [3–5].
Solid carbonaceous material production is a better pathway as it
can provide relatively uniform properties along with the versatile
applicability of these products [6]. This typically involves carbonization of feedstocks in different types of conditions to obtain char
with enhanced carbon content, improved energy density, and
increased crystalline order depending on the severity of the
process. Macro products of interest range from mesoporous activated carbon and its derivatives loaded with metal nanoparticles,
char with high-graphitic content for electrochemical and energy
storage applications, good-quality solid carbon fuels to support
coal, and coke for metallurgical applications [6,7]. In addition,
other high-quality novel products include graphene layer extraction,
graphene, and carbon quantum dots with various applications
including biomedical imaging, electrochemical and semi-conductor
materials, although the production of these materials required additional processing of the carbonized solids [8–10]. Pyrolysis close to
atmospheric pressures and high temperature (>973 K) has been
carried out by various researchers to carbonize biomass and
MSW to produce activated carbon via physical and chemical activation, high carbon content, and graphene extraction from activated
carbon [8,11–13]. While the quality of the products has been
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In this paper, carbonization of biomass in the presence of supercritical CO2 is investigated
to obtain carbon solids with enhanced properties and potential to provide a sustainable
pathway for high-value solid products which are currently resourced from expensive and
carbon driven fossil-fuel routes. Carbonization of cellulose was carried out in supercritical
CO2 at temperatures of 523 K and 623 K at ∼100 bar pressure in a stirred reactor for 1–8 h
of residence times. The obtained solid residue was characterized for morphology using
scanning electron microscopy (SEM), surface graphitization using Raman spectroscopy,
thermal stability using thermogravimetric analysis (TGA), and crystallinity using powder
X-ray diffraction (XRD). The solid chars were found to be dominated by clusters of microspheres (<5 μm), especially at temperatures of 623 K. Raman spectroscopy revealed the
formation of graphitic crystallite units connected by sp3 carbons (i.e., aliphatic) suggesting
signiﬁcant graphitization. G-band peak ratio was found to be highest for a residence time of
5 h for both the temperatures. TGA data revealed that higher carbonization temperature led
to higher thermal decomposition peaks of the chars. The peak value of thermal decomposition ranged between 700 and 800 K for char obtained at 523 K and between 750 and 900 K
for char at 623 K. The values were signiﬁcantly higher than the decomposition peak cellulose at ∼610 K. Proximate analysis results revealed signiﬁcant increase of ﬁxed carbon
content compared with cellulose. Fixed carbon to volatile content ratios revealed increase
from 0.052 in cellulose to values ranging from 1.4 to 4.3 making these chars similar in character to coal (with ranking of bituminous coal and petroleum coke). The net yield of solid
chars from carbonization was around 50–66% depending upon the extent of carbonization.
These results suggest this pathway to produce high yields of high-quality carbon solids with
low volatile content, high thermal stability, and signiﬁcant graphitization. The graphitized
carbon offers potential applications in catalysis, electrode materials, pollutant absorption,
and energy storage and solid fuels while avoiding drying to remove moisture unlike pyrolysis. [DOI: 10.1115/1.4050634]
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limited to thermal power plants and in the food industry (decaffeination, hops, and cork extraction), interest in its applicability toward
nanoparticles and novel material manufacturing has been increasing
in recent times owing to increased interest in novel materials and
pathways for their sustainable production [35–39].
Currently researched solvent applications of supercritical CO2
include polymer and extractant puriﬁcations via residual solvent
removal. Note that its density tunability and non-polar solvent characteristics make it useful for polymerization reactions [36,40]. As
CO2 is a gas at STP, these residuals can be easily precipitated
while the CO2 can be reused. This has also been used to regenerate
absorbents and porous catalysts as the organic residues inside these
materials can be effectively removed compared with other methods
such as steam stripping without leaving any residual solvent to
provide enhanced regeneration of absorption capacity and catalyst
activity [36]. This high regenerative capability makes it a very
attractive solvent to provide green and sustainable routes for these
applications. Supercritical CO2 conditions have also been utilized
to produce polymeric foams due to its easier diffusivity allowing
for porous polymer production while also providing control over
the pore size and growth [40–43]. Zero surface tension of supercritical CO2 was also utilized for novel drying applications such as
cleaning of microelectromechanical systems (MEMS) to remove
organic residuals and effective drying of cellulosic and silica aerogels while maintaining crystalline size and avoiding agglomeration
that can occur via other harsher routes [35].
Supercritical CO2 has also been proposed and investigated for
nanoparticle synthesis as it can provide products with low defects
to replace expensive routes that need precious raw materials and
harsher chemicals [36]. The effective solubility and control of
other properties via tuning the operating conditions of supercritical
CO2 makes it attractive for these applications to provide precision
synthesis while lowering solvent, energy, and material costs. It was
used for graphite exfoliation to produce mono and multi-layer graphene which can provide effective and sustainable pathway to
produce this high-value material without the need for harsh chemicals such as H2SO4 and HCl needed for conventional graphene exfoliation processes [44,45]. In addition, emulsions of supercritical CO2
containing metal precursors were also utilized effective impregnation of nanoporous substrates such as carbon nanotube walls
owing to its high density and diffusivity, low viscosity, and zero
surface tension for deeper penetration while ensuring the structural
integrity of these nanopores to provide metal-doped carbon nanotubes [35].
Promising pathways have been reported for sustainable material
production via supercritical CO2 utilization. The use of supercritical
CO2 for solvothermal carbonization from its non-polar solvent
capabilities can improve condensation reactions while the non-polar
tar products can be easily separated and dissolved in supercritical
CO2, which makes it a better pathway as compared with HTC.
This pathway can also provide the use of CO2 resulting in more
carbon utilization, which then also lowers carbon emission into
the atmosphere. But research into this aspect has been sporadic
and limited [46]. Moreover, its utilization to deal with biomass
and low-grade wastes for simultaneous carbonization and drying
has not been investigated while its involvement in biomass processing has been limited to breaking down of cellulose ﬁbers at low temperature as a pretreatment for enzymatic conversion [47,48]. These
rare investigations into carbonization of components of biomass and
MSW in the presence of supercritical CO2 have been carried out
using plastics such as polyethylene (PE), polyvinylchloride
(PVC), polypropylene (PP), polyvinylidene chloride (PVDC), and
polyethylene terephthalate (PET) [14]. This has been carried out
in the presence of supercritical CO2 at high temperatures (773–
973 K) and autogenic pressures (10–30 MPa) which resulted in
the production of carbon microspheres at residence times as high
as 20 h. In the case of PET conversion with a residence time of
3 h, byproduct analysis revealed that an increase in temperature
led to breakdown of PET into aromatics (benzene and toluene)
along with CO2 and H2O [49]. These aromatics then dissolved in
Transactions of the ASME
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established to be scalable, pyrolysis is limited due to signiﬁcantly
low yields since the high volatile content in the feedstocks used
results in major carbon-loss in volatile form.
Alternative, high-pressure pyrolytic techniques have been investigated which include solvothermal process such as hydrothermal
carbonization (HTC) and other supercritical solvent based carbonization techniques [14–17]. HTC involves carbonization of the feedstock in the presence of water at temperatures of 400–750 K and
autogenic pressures greater than 100 bar to reach near-critical
water conditions for residence times ranging from 1 to 24 h. Literature reports are available from investigations into various kinds of
biomass and waste feedstocks (such as monosaccharide solutions
such as glucose, levulose, and starch), lignocellulosic components
(such as cellulose, xylan, and lignin), algal biomasses, municipal
waste streams (such as paper, cardboard, food, and other organic
MSW), anaerobic digestion waste, sewage sludge, and other agricultural and forestry biomasses [18–23]. Extensive research can
be found with signiﬁcant knowledge on the effect of operating conditions (temperature, pressure, residence time, solvents, and additives such as alcohols, and ammonia, and pH variation from the
addition of citric acid), feedstock type and loading on the characteristics of solid residues after it is ﬁltered and dried [24–26]. Solid
residue from HTC, also called hydrochar, obtained from cellulose
was found to have combustion characteristics similar to subbituminous coal and this showed similarity for different types of
feedstocks examined [21,27,28]. The morphology of hydrochar
obtained from monosaccharides was found to contain uniform
carbon microspheres (1–5 μm). These microspheres and their
cluster forms were also observed from the conversion of cellulose
and other biomass feedstocks [29–32]. Mechanistic understanding
revealed that under hydrothermal conditions, saccharides initially
underwent dehydration reactions leading to polymerization of anhydrides to form carbon nanospheres [14,24]. The colloid of these
carbon nanospheres further undergoes condensation to form
carbon microspheres to reduce the interfacial energy [14]. The addition of acids such as citric acid was found to improve the dehydration reaction leading to increase in microsphere size [24]. The
aromatic rings condensed to form graphitic crystallite content
which were connected by sp3 (aliphatic compound which offers
mixing of one s atomic orbital with three p atomic orbitals)
carbon bonds while the oxygenate content, facing outward from
the centers of microspheres, leads to hydrophilic residue [32,33].
The hydrochar obtained from this was investigated for suitability
in various applications including activated carbon, graphene
layers and quantum dots, anode for lithium-ion batteries, and metaldoped carbon catalysts. Although there is signiﬁcant interest in
HTC to produce high-value carbon materials, the water obtained
after HTC contains carcinogenic components and tar components
that required their cleaning before disposal [6,7,34]. In addition,
since the hydrochar is hydrophilic, their ﬁltration from the water
and extensive cleaning and drying potentially limits its scalability.
To counter these issues, we examine the replacement of near-critical
water with supercritical CO2 to effectively perform supercritical
CO2-assisted carbonization of biomass and waste feedstocks to
obtain high-value char products, and thus also utilizing CO2.
CO2 is a relatively inert and nontoxic, non-ﬂammable feedstock
which is readily available as ﬂue gas at low cost while its low-critical
point (304.1 K and 7.38 MPa) makes its production signiﬁcantly
easier compared with other supercritical ﬂuids such as water and
alcohols. Low and gas-like viscosity, with high density, zero
surface tension and high diffusion capabilities of supercritical CO2
along with its quadrupole moment, and polar C=O bonds makes it
an effective non-polar solvent while also dissolving functional
groups such as –OH, –F, and –CO [35]. Although it does not dissolve
very polar compounds such as water, sugars, and inorganic salts, the
literature reveals that water can form emulsion in supercritical CO2
by stabilizing this emulsion using surfactants, especially amphiphilic
surfactants (Ex: perﬂuoropolyether, Na-bis(2-ethylhexyl) sulfosuccinate) which can be useful in various nanomanufacturing applications [35]. While the major industrial applications currently are
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support growing bioenergy and biofuels technologies. Conversion
at these moderate temperatures and pressures lowers carbon emission while providing easier solids extraction compared with HTC
by eliminating ﬁltration requirement and extracting water and pollutants. It also establishes a pathway for CO2 utilization with capability to dispose diverse range of biomass and waste resources
including low-grade high moisture content biomass.

2 Methods and Materials
Cellulose (called α-cellulose) used for the supercritical CO2
carbonization was obtained from Sigma-Aldrich Inc. while CO2
(99.9% pure) was obtained from Airgas. Carbonization tests were
carried out in a stainless steel (T316) stirred reactor (having a
total volume of 100 ml (Parr 4597 HPHT system)) and had capability to operate up to 773 K temperatures and 34.5 MPa pressures. For
each of the test, the reactor chamber was ﬁlled with 15 g of cellulose
and closed. This reactor was purged using Ar for 5 min to remove
the air present, followed by pressurizing with CO2 to an initial pressure of 45 bar. The gas valves were then closed, and the reactor was
set to heat to the setpoint temperatures (523 or 623 K). The temperature was monitored which showed the average heating rate to reach
these temperatures to be approximately 10.5 K/min and 16 K/min,
respectively. We limit this paper to such scenario to avoid any operational parameterization and focus on the feasibility of this process.
The setpoint temperature was held constant for residence times of 1,
2, 5, and 8 h for each test case to understand the effect of residence
time on the extent of carbonization. The ﬁnal pressure attained in
the reactor was 10 ± 0.5 MPa at 523 K and 11.5 MPa at 623 K.
After completing the reaction, the reactor was allowed to cool
down on its own followed by collection of the solid residue. The
residue was then rinsed and ﬁltered using methanol to remove
any residual tar/aqueous byproducts followed by drying of the collected char sample. The collected sample was characterized using
thermogravimetric analysis (TGA) for thermal stability and proximate analysis, Raman spectroscopy and power X-ray diffraction
(XRD) for crystalline content, and scanning electron microscopy
(SEM) for morphology.
Thermogravimetric analysis was carried in TA Instruments SDT
Q600 wherein for each test, 2–3 mg of the char sample was loaded
into alumina pans. The sample was heated to 378 K at 20 K/min followed by staying at that temperature to remove any moisture. This
was followed by heating to 12d3 K at 20 K/min. During these
steps, 100 sccm of Ar was used as purge gas to measure the volatile
content and their evolution temperature. After the reactor reached
1223 K, the purge gas was changed to 100 sccm of dry air and the
reactor set to stay at 1223 K for 10 min. The ﬁxed carbon and ash
content were then analyzed. This method used was similar to the
ASTM standard to obtain standardized proximate analysis [63].
Raman spectroscopy was carried out using 532 nm laser in confocal Raman microscope (Yvon Jobin LabRam ARAMIS) at 10× to
obtain averaged sample analysis after calibrating it using silicon standard while multiple low exposure samples were accumulated to
obtain sufﬁcient signal-to-noise ratio. XRD analysis was carried
out using Bruker D8 Advance powder diffractometer equipped
with the sealed tube with Cu anode (X-ray λ = 1.5418 A), Ni betaﬁlter, and LynxEye position sensitive detector (3.8 deg window)
over angle of diffraction (2θ) of 5–70 deg in step of 0.0211 deg
and measuring time of 0.75 s and that resulted in the exposition of
135 s per step. SEM was carried out using Tescan XEIA FEG
SEM equipped with Xe Plasma Focused Ion Beam (SEM-FIB)
column was used at accelerating voltage of 2 kV to obtain the morphological understanding of the char samples prepared.

3 Results and Discussion
The carbonization of cellulose was investigated on various
aspects of biomass. Initially, the dried char yields were measured
to understand the extent of carbon ﬁxation. After drying, the char
JULY 2021, Vol. 143 / 072105-3
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supercritical CO2. An increase in temperature and residence time
led to condensation as clusters to form highly aromatic carbon
microspheres (1–5 μm diameter). An increase in residence time
and temperature was found to enhance graphitization and yield. A
sufﬁcient quantity of CO2 was required to decrease irregularities
and amorphous content on these microspheres. High temperatures
led to morphological uniformity with carbon content in these
spheres as high as 93% [49]. Morphological dependence on the
PET’s initial form was also found wherein the PET ﬁlms produced
carbon microspheres and crushed PET (150–250 μm) produced
conglomerates of irregular spheres. In the case of PE conversion,
ﬂaky carbon deposits from carbonization of gas intermediates
along with spheres from liquid carbonization were observed,
while long residence times separated out these microspheres [14].
Lower temperature and shorter times led to the formation of polynuclear aromatic spheres. For PET, high temperatures were required
for complete conversion to carbon microspheres as lower temperatures led to incomplete conversion and appearance of white waxy
solids, possibly owing to the high pyrolysis temperatures of PET.
Supercritical CO2 was also used to convert hydrocarbons (C5–
C14) at 973 K for 3 h in which it was proposed that C:H < 1 led to
sufﬁcient availability of H to cap the edges while C:H > 1 led to
further polymerization into ﬂakes [50]. It was suggested that clusters containing aromatic rings connected by aliphatic chains are
the intermediates that form to minimize interfacial energy. They
rearrange aromatics at the core while aliphatic tails are exposed to
the solvent. Carbonization of discarded oil using supercritical
CO2 at T > 773 K revealed the formation of spheroids while
further increase in temperature led to improved yield of spheres
[51]. It was suggested that hydrophilic content in this provided
the anisotropy and this carbonization led to the formation of graphene crystallites in the residue but with low levels of graphitization. While similar materials were also formed via high-pressure
carbonization at high temperatures (>1073 K), the presence of
supercritical CO2 led to the formation of these materials at signiﬁcantly lower temperatures [14].
The studies carried out at relatively high temperature (T > 773 K)
and high-pressure conditions although produced novel materials,
their scalability was limited by the requirement of special alloys,
issues concerning safety, and feasibility, while alternative pathways
to produce similar products are reported in the literature [14,52].
Supercritical CO2 for carbonization at lower temperatures (450–
700 K) and autogenic pressures can allow us to use existing reactor
materials and conditions to allow more scalable and economically
feasible pathways, which is important for wastes conversion.
Under these conditions, biomass and biowastes can be more
readily converted to produce similar novel carbon materials as
observed in vast carbonization articles utilizing HTC at these
temperatures.
We investigated the solvothermal carbonization of cellulose in
the presence of supercritical CO2 to suggest an alternative to
HTC and other pathways for novel carbon material production. Cellulose was chosen as it is not only the most common component of
various biomass and biowastes, and signiﬁcant literature exits on its
conversion via various pathways including HTC that can be used
for comparison [13,18,24,30,31,53–60]. In addition, cellulose can
also act as a more practical alternative feedstock to other carbonization processes such as HTC of monosaccharides such as starch and
glucose which also produce carbon microspheres [61,62]. In this
paper, supercritical CO2 carbonization (SCC) of cellulose was
carried out at moderate temperatures (523 and 623 K) for different
residence times that varied between 2 and 5 h. The compositional,
morphological, and thermal stability characterization of the ﬁltered
residue was further carried out to understand the quality of the
product, especially in contrast with carbonized residues from cellulose from other pathways such as HTC and high-temperature pyrolysis. This paper reveals novel information about the conversion of
biomass components using supercritical CO2 carbonization, which
can establish an efﬁcient and sustainable pathway for waste and
biomass utilization as well as novel material synthesis to help

Fig. 1 Comparison of extents of carbonization from SCC chars
with cellulose and different coals (d.a.f: dry ash free) [64]

3.1 Thermogravimetric Analysis of Char Residues. Thermogravimetric analysis was utilized to understand the thermal
decomposition behavior of the chars obtained along with their proximate analysis for the carbonization level. This was compared with
various ranks of coals to assess the quality of chars and the potential
of this process in carbon sequestration as well as applicability limits
of the chars in catalytic reactions.
3.1.1 Carbon Fixation. Proximate analysis of the chars was
obtained by analyzing the TGA data for the method mentioned.
Based on these analyses, the comparison of volatile content
versus ﬁxed carbon content is plotted in Fig. 1 for the chars obtained
from supercritical CO2 carbonization of cellulose in comparison
with pure cellulose feedstock utilized for these tests. The results
from different ranks of coal are also included in Fig. 1 [64]. The
volatiles content signiﬁcantly reduced from 95% in cellulose to
31–41% for SCC chars obtained at 523 K and only 18–27% from

Fig. 3 Intensity versus wavenumber from Raman spectra of
SCC chars obtained at 523 K temperature and different residence
times

those at 623 K. This meant an increase in ﬁxed carbon content
via carbonization from 5% in cellulose to 58–65% for chars from
523 K and 72–81% for chars from 623 K. An increase in ﬁxed
carbon content is a resultant of improved extent of carbonization
which increased with temperature as more volatiles evolved
during pyrolysis and rearranged as char. Comparison with different
ranks of coal reveals that SCC chars from 523 K were similar to
bituminous coals while those from 623 K had better ﬁxed carbon
content than bituminous coals to reach as high as petroleum coke.
This reveals the carbonization capability of SCC at moderate
reactor conditions to improve the quality of the feedstock. While
this has been investigated on cellulose, it can be potentially used
for other low-grade feedstocks to improve their quality in terms
of ﬁxed carbon content which can allow for improved energy
density and transportability to effectively improve their value.
While the volatiles and ﬁxed carbon content in the chars varied
with residence times, a discernable trend was difﬁcult to observe,
possibly due to irregularities in process performance arising from
the use of gaseous CO2 as the precursor to reach supercritical
CO2. With the initial pressure used in these experiments, the transition point of CO2 gas to supercritical phase occurred at a higher
temperature, possibly when the decomposition of cellulose had
already started. The focus of this paper has been limited to establishing the feasibility of SCC to match HTC and other carbonization
pathways to obtain valuable carbon. The challenges of reaction
control and its impact on carbonization will be investigated in
one of our future studies.
3.1.2 Thermal Stability. To understand the thermal stability of
the chars obtained, the normalized mass-loss derivatives were
calculated from the TGA data and compared with cellulose characteristics, see Fig. 2. In this ﬁgure, α is the normalized mass-loss

Fig. 2 TG behavior of SCC chars obtained at (a) 523 K and (b) 623 K temperatures and different residence times (and
also raw cellulose)
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yields were found to be 42–45 (wt% of cellulose) at 523 K and 35–
40 (wt% of cellulose) at 623 K. While increase in temperature
decreased char yields, the inﬂuence of residence time on the char
yield was found to be minimal and within the extraction error.
The decrease in char yield with temperature was due to increased
carbonization and further removal of surface oxygenates from the
char, which was similar to that observed in HTC of cellulose
where the solid yield decreased from 41% to 39% as temperature
increased from 548 K to 613 K [30]. Cellulose ([C6H10O5]n) contains signiﬁcant amount of hydroxyl groups which leave during
carbonization via dehydration reaction. Maximum theoretical
yield from HTC was reported to be 56% at 548 K and 45% at
613 K assuming the byproducts to be only H2O and CO2 from
dehydration and decarboxylation [6,7]. This reveals that supercritical CO2-assisted carbonization can also produce carbonization close
to theoretical limits suggesting its high carbon ﬁxing efﬁciency that
can replace HTC. To further analyze the extent of carbonization and
the stability of chars obtained, TGA studies were carried out.

Fig. 4 Degree of graphitization indicated from Raman spectra of
SCC-char samples at 523 K and different residence times

Fig. 6 SEM images of the chars obtained from SCC of cellulose at (a) 523 K for 2 h of residence time, (b) 523 K for 2 h
(magniﬁed), (c) 523 K for 5 h of residence time, and (d) 523 K for 5 h (magniﬁed)
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Fig. 5 Powder XRD patterns of selected char samples obtained
from SCC of cellulose at 523 and 623 K temperature at 5 h residence time

(α(T ) = (mo − mT)/(mo − mf)) where mo and mf are the initial and
ﬁnal mass of the sample in the TGA while mT is the mass recorded
at any intermediate temperature T and “Raw” refers to pure cellulose sample.
Figure 2(a) reveals that pyrolysis of cellulose occurs between 520
and 680 K while the peaking at 636 K. So, both the SCC temperatures examined in this paper were within the pyrolytic temperature
range of cellulose but below its peak value, suggesting that moderate temperature operation can be utilized via SCC to carbonize cellulose. It also reveals that char samples decompose over a broader
temperature range while peaking at approximately 720 K. This
broad temperature distribution in pyrolysis of SCC chars could
arise from rearrangement reactions within the char and cracking
of its aliphatic content to form increased aromatic carbon while
releasing H2, CO2, and H2O. Figure 2(b) reveals that for chars
obtained at 623 K, the decomposition peak increased to 800–
900 K. This also suggests higher thermal stability of the chars
obtained from SCC compared with chars obtained from slowpyrolysis and is attributed to its improved thermal stability via lowtemperature processing. A small peak aligning with cellulose is also
observed in Fig. 2(b), possibly from the irregular operation of the
current pathway to reach supercritical CO2 leading to some uncarbonized cellulosic content. The impact of residence time seems to
be irregular but it is minimal. Char yield close to the theoretical
value and improved thermal stability and ﬁxed carbon content suggests improved value via SCC in terms of carbon sequestration and
decreased carbon emission, similar to HTC. Note that SCC avoided
water treatment and other environmental compatibility and process
viability issues present in HTC [6].
3.2 Crystalline Content and Composition of Char
Residues. To characterize the chars in terms of their crystalline
and amorphous carbon and understand its composition, Raman
spectroscopy and powder XRD were carried out. Figure 3 reveals
the processed normalized spectra of chars obtained from different
SCC residence times. It shows broadband intensity (ID) behavior
of D-band (1360 cm−1) and intensity (IG) behavior of G-band
(1580 cm−1), which were also observed to overlap in the char
samples [65–68]. D-band corresponds to the sp3 hybridized
carbon which is present in char in the form of linking chains,
072105-6 / Vol. 143, JULY 2021

surface functional groups while G-band represents uniform aromatic rings and graphitic crystallites. The presence of G-band suggests the formation of aromatic crystallites similar to graphene
layers, which are incorporated in an amorphous carbon matrix via
sp3 carbon links from the D-band. Although G-band represents
the formation of crystallite structures in the char matrix, the broadband behavior of the D-band and the signiﬁcant overlap between
these bands represent signiﬁcantly amorphous carbon. The ratio
of IG/ID represents the degree of graphitization from the aromatic
crystallite structures present in the chain char. This was similar to
the char obtained via HTC of cellulose [30].
The ratio of the peak intensities, i.e., IG/ID was utilized in the literature to understand the degree of graphitization in a carbonized
sample with motivation from such comparison with pure graphite
and graphite sample with defects [13,65,66]. Figure 4 shows the
IG/ID of the SCC-char samples that helps to understand the role of
residence time on the degree of graphitization. An increase in temperature increased the ratio (IG/ID) as carbonization at higher temperatures leads to increased order in the crystallite formation and
decreased the aliphatic carbon bonds that correspond to D-band.
Figure 4 also suggests the presence of a peak in the ratios with
respect to increase in residence time. Among the tested values, at
523 K, yield in value of IG/ID was 1.31 at 2 h and ∼1.3 at 5 h.
This suggests that a time duration of 2–5 h is favorable for char
graphitization. While the range of this ratio is higher than bituminous coals, activated carbon, and other suggested carbonized
samples used for graphene extraction in the literature, it is similar
to that of cellulose char from HTC [10,69–71]. Typically, higher
the ratio, more the order in carbonized samples. Further examination is necessary to understand such a behavior of decreasing
ratio with increase/decrease in residence time as the correlation
between IG/ID values and the order of graphitic samples is quasilinear. This relation gets complicated from samples with signiﬁcant
disorder, such as our samples and thus limiting the scope of Raman
spectroscopy [66]. In order to further understand the impact of residence time on the char matrix, powder XRD was carried out.
Figure 5 shows the XRD patterns against angle of diffraction (2θ)
of high residence time SCC-char samples obtained at 523 K and
623 K at 5 h of residence time. The results reveal that while the
char samples are mostly amorphous, an increase in peak value at
23 deg and ∼46 deg was observed at high temperature which
Transactions of the ASME
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Fig. 7 SEM images of (a) the raw cellulose and (b) raw cellulose (magniﬁed) used for the SCC tests

correspond to (002) and (100) crystal planes of graphitic layers in
amorphous carbon in the char samples [8,49,59,72]. They can be
mildly seen at 523 K that shows a small increase at 20 deg. This
suggests the growth of graphitic components while the broadband
behavior of these peaks suggests the char to be mostly amorphous.
An increase in the (002) peak height was also observed with
decrease in residence time to support the lowering of IG/ID with
increase in residence time. Further investigations into this observed
decrease in graphitization are necessary to understand this behavior.
The comparably high IG/ID and signiﬁcant presence of amorphous
graphite peaks suggests the presence of a signiﬁcant number of disorderly arranged local crystallite portions in the char matrix. These
patterns are similar to high-ranking coals such as carbonized bituminous coals which suggest that these SCC chars can be utilized to

support the material needs. They are currently addressed using
coals such as graphene and graphene quantum dots extraction
which can be obtained by further processing these chars to
recover the graphene dots from the matrix which are high-value
carbon products with novel and diverse applications [10].
3.3 Morphology of the Char Residues. The morphology of
the ﬁltered and dried char samples was obtained via SEM to understand the type of carbon structures and the porosity attained using
SCC of cellulose.
Figure 6 shows the morphology of chars obtained at 523 K at 2
and 5 h of residence time. The results reveal the presence of
linked chains of carbon microspheres as seen in the magniﬁed
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Fig. 8 SEM images of the chars obtained from SCC of cellulose at (a) 623 K for 2 h of residence time, (b) 623 K for 2 h
(magniﬁed), (c) 623 K for 5 h of residence time, and (d) 623 K for 5 h (magniﬁed)
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4 Conclusions
This paper establishes the capability of SCC of cellulose as a
viable pathway to obtain high-value carbon products and precursors
which can improve the viability of biomass and biowastes utilization for sustainable material production in addition to energy use.
Supercritical CO2 provides a better alternative to water and thus
SCC to HTC for carbon ﬁxation as it eliminates the water cleaning
requirements from carcinogenic byproducts before their disposal.
This then provides regenerative capability and easier recovery of
byproducts and potentially eliminating the need for drying of wet
wastes and the ﬁnal carbon residue. SCC of cellulose at 523 K
and 623 K for 2 and 5 h showed char yields of 42–35% that
decreased with temperature with signiﬁcantly high ﬁxed carbon
content (60–80% that increased with temperature). These values
represent good similarity to those with bituminous coal and petroleum coke. Devolatilization of these chars was observed at 720 K
for SCC at 523 K and 800–900 K for SCC at 623 K along with
072105-8 / Vol. 143, JULY 2021

broadband behavior suggesting improving thermal stability of the
chars with SCC temperature. Raman spectroscopy of these chars
revealed the presence of aliphatic linked carbons connecting different local graphitic crystallites. An increase in temperature increased
the graphitic content while an increase in residence time provided a
peak in graphitization at 5 h for 623 K. This was supported by the
powder XRD patterns of these chars. The morphological investigation of these chars using SEM revealed the presence of clusters of
carbon microspheres which separated with increase in residence
time. An increase in SCC temperature provided chars with more
porosity while also simultaneously improved the microsphere
content. These results establish that the chars obtained from SCC
of cellulose to be of comparable quality to high-ranking coals.
They offer additional advantages over HTC while being sustainable
and carbon neutral compared with fossil-fuels. This makes SCC of
biomass and biowastes as a novel alternative carbonization pathway
which not only converts low-grade carbon-neutral feedstocks into
valuable carbon but also provides a utility for supercritical CO2
with lowered carbon emissions compared with any other carbonization pathway.
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images. Other disordered particles were also formed while the
surface was found to be of low porosity, similar to that from hydrochars [29,30,32]. While an increase in residence times at this temperature resulted in rougher surfaces, the separation of the carbon
microspheres can also be seen. Figure 6(d) reveals the presence
of some partially separated carbon microspheres. The size of
these spheres did not seem to change with residence times. Based
on the observation from these images, the size of linkages and the
microspheres was found to be around 1 μm or less in contrast
with the initial morphology of raw cellulose which was composed
of microﬁbers of at least 20 μm diameter, see Fig. 7. This size is
smaller than that observed from HTC of cellulose (2–10 μm)
which also revealed this to decrease with increase in feedstock
loading with respect to water while also making it more disordered.
The uniformity in these carbon microspheres in SCC chars lies in
their characteristic size. However, the shape is relatively less
uniform compared with those from HTC. This could be from the
early onset of cellulose conversion before the CO2 reaches supercritical phase leading to non-uniformity, a limitation of the current
setup which the authors intend to investigate report in their future
investigations.
Figure 8 shows the relative impact of temperature which reveals
the morphology of SCC chars obtained at 623 K for two different
residence times. It is to be noted that the magniﬁcation was
varied for each image to obtain the objects of interest as some morphological patterns varied in size. An increase in temperature seems
to clearly increase the surface area as seen from Fig. 8(b), which
shows a conglomerate of small carbon particles which are possibly
linked. At this temperature, as the residence time increased, the
microspheres separated while at 5 h, this seems to form nonuniform clusters of larger size which are conjectured to be correlated with the decrease in the degree of graphitization. Further
investigations (beyond the scope of this paper) are needed to understand this behavior. Nevertheless, one can clearly see the increase in
porosity and separation of the particles with increase in time from 2
to 5 h. Figure 8(d) shows the partially separate cluster of carbon
microspheres along with pores of size less than 1 μm on the connecting surface. This suggests that long residence time of 5 h at
623 K is favorable to obtain improved graphitic content along
with morphology containing carbon microspheres and surface
with higher porosity.
Parametric investigations into the impact of individual operating
conditions such as temperature, loading, residence time, feedstock
size, and other parameters are planned to be carried out in our
future investigations to improve the quality of the SCC chars
obtained followed by examining the capabilities of these chars in
diverse lab-scale applications such as activated carbon, graphene,
graphene quantum dot synthesis, electrochemical and thermal catalysis, anode material in Li-ion batteries, and other novel carbon
material applications.
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