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AbstractThis study investigated the slow pyrolysis behavior of raw rice husk (RRH) and fermented rice husk (FRH)
in a fixed-bed reactor at temperatures in the range of 200-600 oC. The effects of pyrolysis temperature on the biochar
yield, composition, and physiochemical properties were examined to evaluate the energy potential of biochars pro-
duced from RRH and FRH. The FRH-derived biochar produced at 600 oC was found to be more suitable than the
RRH-derived biochar because of its higher carbon content (68.9% vs 42.1%), GCV (31.6 vs 24.1 MJ kg1), and true
density (1.94 vs 1.54 g cm3). The slow pyrolysis in the high-temperature regime facilitated the formation of lignin-rich
and aromatically condensed biochar, making it particularly useful for producing carbon-rich materials. Thus, slow
pyrolysis can be a technically viable approach for producing high-energy-density solid fuels that can replace medium-
ranking coals in co-firing.
Keywords: Rice Husk, Fermented Residue, Slow Pyrolysis, Biochar, Physiochemical Characterization

INTRODUCTION

As an alternative to conventional sources of energy, such as fos-
sil fuels, lignocellulosic biomass feedstock derived from agricul-
tural, forest, and industrial wastes has been extensively studied as a
potential renewable resource to produce biofuels, biochemicals, and
carbon-based products [1,2]. Lignocellulosic biomass is mainly com-
posed of cellulose, hemicellulose, and lignin. Conventionally, the
complex structure of lignocellulosic biomass has been deconstructed
to produce biofuels and biochemicals, by cleaving chemical bonds
between the constituent polymers using energy-intensive pretreat-
ment techniques [3]. The pretreatment improves the accessibility
of intermediates for their subsequent chemical and biological con-
versions into final products [4]. Although practical-scale conver-
sion technologies are still in their infancy, the vast availability, non-
edibility, renewability, and carbon neutrality of lignocellulosic bio-

mass are the main attributes that motivate researchers to develop
efficient conversion strategies [5,6].

Pakistan is an agricultural country that harvests a large quan-
tity of lignocellulosic biomass; for example, an average of 6 mil-
lion tons of rice per year is produced in Pakistan, which is ranked
as the world’s 11th largest rice producer [7,8]. Rice grains are mechani-
cally separated from paddy straw during harvesting, yielding rice
husk as a natural byproduct. Rice husk accounts for approximately
20% of the paddy weight; because of the high rice production rate,
770 million tons of rice husk is generated annually in Asian coun-
tries. Rice husk is mainly composed of cellulose, lignin, and mineral
ash [9]. Owing to its high organic content and wide availability, rice
husk has a good potential as a renewable and sustainable feedstock
in realizing practical-scale biorefineries. However, due to the lack
of suitable conversion methods, rice husks are burnt to reduce their
volume. This direct combustion of rice husk may potentially lead
to the emission of fibrous and crystalline silica-based particulate
matters (PMs) [10]. The combustion and disposal method can be
a biohazard that is extremely harmful to the environment. In this
context, developing an efficient thermochemical conversion method
for rice husks is crucial not only to harness eco-friendly and energy-
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dense biofuels but also to solve disposal issues [5].
The gasification of rice husks can be an alternative to combus-

tion, producing valuable syngas (mixture of CO and H2). How-
ever, gasification technologies demand huge capital investments,
significantly greater than those required by conventional fossil-fuel
conversion techniques [11]. Pyrolysis can be categorized as fast
(~1,000 oC s1) or slow (1-20 oC s1) depending on the temperature
ramping rate. Fast pyrolysis is used to produce gaseous and liquid
products, while the aim of slow pyrolysis is to produce solid bio-
char [12,13]. In addition, the residual chars from the fast pyrolysis
are physiochemically different than the biochars from the slow pyrol-
ysis. High heating rate affects the surface morphology in terms of
loss of cell structure and natural porosity of biochar, while longer
residence time results in an enhanced formation of micro- and mac-
ropores, and improved specific surface area [14-16].

As the pyrolysis generates relatively cleaner combustion fuel, the
indirect combustion of volatiles generated by the pyrolysis of rice
husks with subsequent silica separation is an intriguing alternative
because of the potential to minimize PM emissions [17]. However,
40% of lignin-carbon remains in the resulting biochar [18,19]. The
production of ethanol from rice husk via scarification and fermen-
tation can be another promising alternative to combustion [9,20].
In addition, the fermentation residue is a lignin-rich substrate con-
taining approximately 60% carbon. The residue collected after the
fermentation of rice husk has high combustible organic contents
(>80% based on the dry mass) with a relatively high calorific value
of 23.1 MJ kg1 [21]. Hence, the development of an efficient method
that can help utilize the fermentation residue can be a promising
direction to replace energy crops and other lignocellulosic biomass
resources.

Considering the paucity of studies on the slow pyrolysis of fer-
mented rice husk (FRH), it is important to understand the effect
of pyrolysis temperature on the physiochemical properties of bio-
char produced from FRH to examine its potential utilization as a
feedstock in producing high-energy and high-density solid fuels.
In this study, the slow pyrolysis behaviors of raw rice husk (RRH)
and FRH were compared using a fixed-bed reactor to produce bio-
char as an energy-dense fuel. The yields, true densities, composi-
tions, and calorific values of the biochars produced from RRH and
FRH were compared. The results presented in this study can pro-
vide valuable guidelines to evaluate the potential use of FRH.

EXPERIMENTAL

1. Sample Collection and Preparation
RRH samples were collected from a local field in the district of

Sheikhupura, Punjab Province, Pakistan. Some of the dust parti-
cles in RRH were removed by manual sorting and, subsequently, the
RRH was air dried in accordance with the ASTM-D-4931 stan-
dard. FRH samples were collected after simultaneous scarification
and fermentation of RRH. The details of this fermentation were
provided in a previous report [8]. FRH was filtered and rinsed until
the solution reached neutrality. Subsequently, the washed FRH
was air-dried and kept in airtight bags for future processing. Using
a biomass crusher, we crushed all the collected samples to a mesh
size of 2 mm for the pyrolysis test and up to 60 mesh for the pre-

pyrolysis analyses. The samples were stored in airtight bags.
2. Pre-pyrolysis Analyses

Both the RRH and FRH samples were subjected to different pre-
liminary analyses in accordance with respective ASTM standards.
Proximate (i.e., volatile matter (VM), ash, and fixed carbon (FC))
and ultimate analyses were conducted in accordance with ASTM-
E-872, ASTM-E-1755, ASTM-D-3172, and ASTM-D-5291, respec-
tively. A Fourier transform infrared (FTIR) analyses was conducted
to examine the chemical functional groups using a Perkin Elmer
Spectrum FTIR spectrometer with a resolution of 4 cm1 in the
range of 4,000-400 cm1. The true densities of the FRH and RRH
samples were measured using a helium pycnometer technique in
accordance with DIN-66137-215. Chemical compositional analy-
ses were conducted in accordance with the Tappi standards as de-
scribed below.
2-1. Estimation of Extractive Content

One gram of the dried biomass sample was dissolved in 60 mL
of acetone for 2h in a round-bottom flask at a temperature of 90 oC.
After the dissolution of the extractives, the sample was dried at 105 oC
until a constant weight was reached. The amount of extractives in
the biomass samples was calculated using the difference between
the weight of the biomass before and after the extraction.

Extractive content (%)

(1)

2-2. Estimation of Hemicellulose Content
One gram of the extractive-free biomass sample was introduced

into 10 mL of 0.5 mol L1 NaOH solution, and the entire solution
was maintained at 80 oC for 3.5 h. The hemicellulose-leached bio-
mass was rinsed until the solution became neutral and then dried
at 80 oC until a constant weight was reached. The difference in the
weights before and after the NaOH treatment was referred to as
the hemicellulose content.

Hemicellulose content (%)

(2)

2-3. Estimation of Lignin Content
An aliquot (30 mL) of concentrated H2SO4 solution was added

in an extractive-free dried biomass. The biomass sample in the aque-
ous concentrated H2SO4 solution was stored for 24h and then boiled
for 1 h at 105 oC. After filtration, the residue collected on a filter
paper was titrated with 10% BaCl2 solution until the sulfate ions in
the filtrate disappeared. The residue was then dried in a heating oven
at 105 oC until a constant weight was reached. The difference in
the weight before and after the concentrated H2SO4 treatment was
referred to as the lignin content.

Lignin content (%)

(3)

2-4. Estimation of Cellulose Content
The cellulose content was estimated using Eq. (4):

 

weight of biomass prior to extraction
  weight of biomass after extraction

weight of biomass prior to extraction
------------------------------------------------------------------------------------------- 100

 

weight of biomass prior to NaOH treatment
 weight of biomass after NaOH treatment

weight of biomass prior to NaOH treatment
------------------------------------------------------------------------------------------------------------ 100

 

weight of biomass prior to H2SO4 treatment
  weight of biomass after H2SO4 treatment

weight of biomass prior to H2SO4 treatment
------------------------------------------------------------------------------------------------------------- 100
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Cellulose (%)=100(extractives+hemicellulose+lignin) (4)

3. Pyrolysis
The pre-weighed quantities of the air-dried RRH and FRH sam-

ples were placed in a tube furnace at varying temperatures in the
range of 200-600 oC for 1 h at a heating rate of 50 oC min1 under
an N2 flow condition at a rate of 1,500 mL min1. After reaching
experimentally desired temperatures and residence times, the sam-
ple was removed from the furnace and desiccated. The weight of
the pyrolyzed sample was noted to calculate the weight loss [22].

(5)

Mass loss (%)=100Mass yield (6)

4. Post-pyrolysis Analyses
All the biochar samples produced by the slow pyrolysis were

analyzed as described above. The GCV of the biomass and biochar
samples was measured according to ASTM-D5865 using the 1341
bomb calorimeter (Parr, USA). The standard pellet of sample (1 g)
was put into the crucible and the bomb assembly was pressurized
with oxygen at 2.5 MPa. The bucket of the bomb calorimeter was
filled with 2L of DI water and the bomb was placed into the bucket.
Then the whole bucket was put into the jacket of the calorimeter.
Fuse wire connections were inserted into their respective holes and
the lid of calorimeter was closed with a thermometer inserted to
measure the increase in temperature. Stirring was allowed for 5
min prior to starting the combustion reaction. Both the initial tem-
perature of the water (when the experiment was started) and final
temperature (when the rise in temperature was stopped) were noted.
The GCV was determined as Eq. (7).

(7)

where M2 and W represent mass of biomass (1 g) and of water
(2,000 g), respectively, M1 is water equivalent of calorimeter (357.98
g), Cp is heat capacity of water (1 cal g1), and T is the difference
between the final and initial temperatures.

RESULTS AND DISCUSSION

1. Pre-pyrolysis Characterization
As listed in Table 1, the compositions of the RRH and FRH sam-

ples are different. The FRH sample exhibited significantly lower ash
content (2.4%) and higher VMs+fixed-carbon content (97.6%) than
the RRH sample (61.7% and 12.9%, respectively). In addition, the
carbon content of FRH was higher than that of RRH, while the

Mass yield %    
weight of biochar after pyrolysis

weight of biomass prior to pyrolysis
-------------------------------------------------------------------------------------- 100

GCV  
M1  W  Cp of Water T

M2
-------------------------------------------------------------------

Table 1. Ultimate and proximate analyses of RRH and FRH

Sample
Ultimate analyses Proximate analysesb True density

(g cm3)
GCV

(MJ kg1)C (%) H (%) N (%) S (%) Oa (%) VMs (%) Ash (%) FC (%)
RRH 39.9 5.4 1.2 0.1 53.4 61.7 17.6 12.9 1.26 13.2
FRH 43.6 5.5 1.0 0.1 50.1 81.1 02.4 16.5 1.39 19.9

aReported by difference
bAs-received base for raw and dried base for fermentation

Table 2. Compositional analyses of RRH and FRH

Sample Extractives
(%)

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

RRH 11.0 32.70 15.2 23.6
FRH 17.4 18.24 03.9 58.0

Fig. 1. Mass loss during the production of biochars from RRH and
FRH.

oxygen content of FRH was lower than that of RRH. As a result,
the GCV of FRH was significantly greater (19.9 MJ kg1) than that
of RRH (13.2 MJ kg1) [23,24]. After the fermentation of RRH, the
residual, non-fermentable lignin remained in the FRH and increased
the total carbon content. The decrease in the mineral content of
FRH could be due to its utilization by microbial organisms that
were used during the fermentation process [25].

During the fermentation of RRH, cellulose and hemicellulose
fractions were consumed whereas lignin remained almost intact
because of its high resistance to the biological attack (Table 2); it is
much more difficult to decompose lignin compared to cellulose
because of its strong 3D aromatic polymer network with a high
molecular weight. Thus, the true density of FRH was higher than
that of RRH [26].
2. Biochar Yield

Fig. 1 shows the thermal degradation behavior during pyroly-
sis. When the pyrolysis temperature reached 200 oC, the mass loss
was merely 10.8% for RRH and 7.6% for FRH. Therefore, it was
more difficult to degrade the VMs of FRH compared to those of



Pyrolysis of biochars from raw and fermented rice husks 1989

Korean J. Chem. Eng.(Vol. 40, No. 8)

RRH in the low-temperature regime. When the temperature was
raised to 600 oC, the mass losses of RRH and FRH significantly in-
creased to 77.6% and 66.0%, respectively; a low biochar yield in
the high-temperature regime resulted from the emission of a sig-
nificant number of volatiles [27-29]. At the end of 600 oC, the yield
of biochar produced from FHR was higher than that produced
from RRH, which can be attributed to the facilitated degradation
of cellulose and hemicellulose fractions in RRH at high tempera-
tures [30]. Thus, the FRH sample had lower hemicellulose and cellu-
lose content and higher lignin content than the RRH sample, resulting
in a lower mass loss at 600 oC. Thus, the biochar yield was directly
proportional to the lignin content in the feedstock [18].
3. Ultimate Analyses

When the pyrolysis temperature was increased from 200 to
600 oC, the carbon content in the biochar produced from RRH in-
creased from 30.3% to 42.1%, while the hydrogen and oxygen con-
tents decreased from 3.8% to 1.3% and 62.6% to 55.2%, respectively,
which can be attributed to the facilitated evaporation of oxygen-
rich VMs and aromatization (Fig. 2(a)). The elimination of -OH,
-CH3, -CH2, and -C=O groups during the pyrolysis promoted the
aromatization and improved the calorific value [31,32]. The nitro-
gen content in RRH and FRH reached maximum near 400 oC
(i.e., 1.95% and 2.34%), while further increase in the temperature
decreased these values to 1.37% and 1.32%, respectively. The increase
in the nitrogen content observed when increasing the tempera-
ture to ~450 oC can be attributed to the incorporation of N into
aromatic structures in the initial pyrolysis stage, which is resistant
at low-to-medium temperatures, while the nitrogenated species
decomposed at high temperatures [33]. The sulfur content remained
low in all the biochars obtained from FRH and RRH (i.e., in the
range of 0.01% to 0.13%). Similar trends in the carbon, hydrogen,
oxygen, nitrogen, and sulfur content have been observed in a pre-

vious work [34]. As shown in Fig. 2(b), the effect of pyrolysis tem-
peratures on the elemental content of the biochar produced from
FRH exhibits similar trends to that produced from RRH.
4. True Density

As shown in Fig. 3, the true densities of the biochars produced
from RRH and FRH steadily increased with increasing pyrolysis tem-
perature; this indicates the conversion of low-density and disordered
carbon to higher-density and turbostratic carbons during slow pyrol-
ysis [35]. The highest values of the true density of RRH- and FRH-
derived biochars, 1.54 and 1.94 g cm3, respectively, were achieved
at 600 oC. At the high temperature, the activated pyrolysis of the bio-
mass components resulted in shrinkage of the constituent fragments
and increased the number of aromatic carbon clusters [35]. The

Fig. 2. Ultimate analyses of biochars produced from (a) RRH and (b) FRH.

Fig. 3. True densities of the biochars produced from RRH and FRH.
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pyrolysis of lignin-rich FRH resulted in consistently denser biochar
because the aromatization was facilitated to a greater extent [26].
5. Gross Calorific Values

Fig. 4 shows the GCVs of the biochars produced from RRH
and FRH. With the increase in the pyrolysis temperature, the GCVs
of both the RRH- and FRH-derived biochars increased. The con-
sistently higher GCVs of the FRH-derived biochars than those of
the RRH-derived biochars that were produced at varying tempera-
tures could be due to the higher lignin and extractive content. Both
the lignin and extractives contain higher carbon content than those
of the other biomass constituents, and thus, the pyrolysis of lig-
nin- and extractive-rich feedstock yielded biochar with a higher
GCV. The GCVs of the RRH- and FRH-derived biochars obtained
in this study are equivalent to those of high-grade lignite or sub-
bituminous coals, making these biochars highly promising feed-
stock for use in co-firing applications [36,37].
6. Compositional Analyses

Fig. 5(a) shows the change in the composition and yield of the

Fig. 4. Gross calorific values of biochars produced from RRH and
FRH.

Fig. 5. Compositional analyses and yields (expressed in bars) of (a) RRH- and (b) FRH-derived biochars.

RRH-derived biochar at varying pyrolysis temperatures. As the tem-
perature was increased from 200 to 600 oC, the cellulose and hemi-
cellulose content decreased rapidly from 29.8% to 4.2% and from
14.6% to 1.2%, respectively [38]. Contrarily, the lignin content in-
creased steadily from 24.5% to 48.6% with increasing tempera-
tures from 200 to 600 oC; this indicates that the residual amount of
biochar primarily comprises thermally transformed lignin because
of its highly recalcitrant nature [33,36]. The extractive content in
the RRH-derived biochars increased from 12.9% to 24.9% with
increasing pyrolysis temperature from 200 to 600 oC. Thus, the GCVs
of the biomass can be positively correlated with aromatic-enriched
lignin content [39]. In addition, extractives, which typically com-
prise high-carbon-containing phenols, resins, waxes, and long-chain
alcohols, can contribute to increasing the GCV of biochar [36,40].

As shown in Fig. 5(b), the lignin content in the FRH-derived
biochars increase significantly from 56.9% to 68.0% with increas-
ing temperature from 200 to 600 oC; this is because lignin is the
major biomass constituent present in the FRH. Therefore, the FRH-
derived biochar produced at 600 oC exhibited significantly higher
GCV than the other biochars (Fig. 4) [33]. The mass yields of FRH-
derived biochars were consistently larger than those of the RRH-
derived biochars. The higher mass yield and higher calorific val-
ues of the FRH-derived biochars make them to have higher energy
contents as compared to those of the RRH-derived biochars. For
example, the total energy content of FRH-derived biochar produced
at 600 oC was approximately 36% higher than that of the RRH-
derived biochar produced at the same temperature. The minimal
condensation of aliphatic compounds and the gradual but higher
losses of CH4, H2, CO2, and CO with increasing pyrolysis tempera-
ture resulted in cellulose- and hemicellulose-deficient but extractive-
and lignin-enriched biochar [39]. Cellulose and hemicellulose have
relatively weak chemical bonds, which are prone to thermal decom-
position in the low-temperature regime [41]. Thus, the content of
residual cellulose- and hemicellulose-derived products was very
low (<3.5%) at the highest pyrolysis temperature tested in this study.
Contrarily, the aromatic and phenolic groups present in lignin, along
with the covalently bonded carbon network, hinder its decompo-
sition in the low-temperature regime [42]. Lignin starts to decom-
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pose near 400 oC and covers a wide range of temperatures [43].
Thus, high-lignin-containing biomass is ideal feedstock for the pro-
duction of high-yield and high-calorific-value biochar [13].
7. Functional Groups Analyses

Fig. 6 shows the FTIR spectra of the FRH and FRH-derived bio-
chars produced at 600 oC. The broad bands at 3,300 and 2,898 cm1

in FRH correspond to the stretching vibration of -OH groups and
alkyl C-H, respectively. After pyrolysis, the intensity of the bands
associated with -OH and C-H groups decreased significantly. The
bands at 1,655 and 1,561 cm1 correspond to the stretching vibra-
tions of C=O and C=C groups, respectively, in the lignin-enriched
FRH [44]. The sharp peaks in the range of 1,459-1,422 cm1 in the
FRH sample indicate the presence of C6 rings. The small peak at
1,265 cm1 in the FRH sample can be assigned to C-O-C groups,
aryl ethers, and phenolic groups accompanied by lignin, which was
not observed in the biochar [13]. The intense peak at 1,031 cm1

can be attributed to the C-O group present in FRH [45]. After the
pyrolysis, the intensity of the peaks associated with C=O, C-O-C,
and C-O decreased, while the peak at 1,561cm1, which correspond
to the C=C vibration of the aromatic ring, became prominent.
Thus, most of the oxygenated chemical functionalities of FRH dis-
appeared after the slow pyrolysis. Nevertheless, some new and well-
defined aromatic peaks originated, such as at 2,350, 1,950, 1,561,
and 751 cm1. This may imply that the FRH-derived biochar has
high thermal stability and an aromatic structure [46].

CONCLUSIONS

The effect of pyrolysis temperature on the yield and physiochemi-
cal properties of biochars produced via slow pyrolysis of RRH and
FRH was examined. The FRH-derived biochar exhibited consis-
tently higher carbon content, higher true density, and higher GCVs
as compared to those of the RRH-derived biochar. At the high
pyrolysis temperature of 600 oC, the FRH-derived biochar had a
carbon content of 68.9%, a true density of 1.94 g cm3, and a GCV
of 31.6 MJ kg1; which indicates that it can be potential replace-
ment of medium-ranked coal. Higher content of lignin-derived

(68.0%) and extractive-derived (25.1%) species in the FRH-derived
biochar produced at 600 oC is an evidence of enriching with poly-
condensed aromatic compounds. This study concludes that fer-
mentation as pre-pyrolysis technique improves the physiochemi-
cal properties of the resulting biochar and expands its utilization as
an alternative to sub-bituminous rank coal in addition to the applica-
tions such as a precursor for producing activated carbons, an adsor-
bent in separation process, a soil conditioner or a reducing agent
in metallurgical applications.
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