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ABSTRACT: The study presents a TGA-FT-IR analysis of low-temperature thermochemical
transformations of Rice straw hydrolysis residue (RSHR). Isothermal decomposition of RSHR was carried out
for 3 h, at decomposition temperatures of 200, 250, 300, and 350 °C. At 200 °C, the rate of mass loss
never exceeds %21/min and except for the first five minutes, it is less than %0.5/min. The initial rate
of mass loss at 250 °C is %1.6/min which quickly drops to %0.6/min in the first 10 minutes and goes
on further decreasing thereafter. At 300 °C, there is a rapid initial mass loss with the initial rate peaking
at %8.8/min. At 350 °C, there is an initial burst of volatiles accounting for most of the mass loss with
the initial rate of mass loss being %50/min. The residual mass obtained after these runs was 81.5, 38,
24, and 15%, respectively. FT-IR spectra of evolved gases suggest that volatile oxygenated organics
along with non-condensable components like CO,, and CO are evolved during low-temperature thermal
decomposition of RSHR. Carbonyls — acids, esters, aldehydes, and ketones — are the main functional
groups in the volatiles. Strong absorption bands ranging 3400 — 3900 cm™ indicated the presence of
alcohols and phenoals as other functional groups. Decomposition residues, the biochar, were demethoxylated
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and dehydrogenated compared to RSHR but retained their basic lignocellulosic nature.
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INTRODUCTION

Rice cultivation is an important agricultural activity
in India. Besides the grain, it produces an enormous amount
of solid waste in the form of leftover straw. However,
in their urge to quickly clear the field and prepare it for
the next crop, farmers often resort to open uncontrolled
burning of rice straw. The practice, needless to say, is
fraught with severe environmental consequences [1,2].
The same biomass, if properly utilized, can be a valuable
renewable resource. With the commitment to phase out

fossil fuels, the country is earnestly looking for
renewable alternatives. In this context, the National
Policy on Biofuels emphasizes lignocellulosic biorefineries
where leftover straw can be the raw material to produce
bioethanol [3]. Govt. of India is promoting this
endeavour through Viability Gap Funding and a good
number of such biorefineries are in the pipeline. The first
step in bioethanol production from lignocelluloses is
to hydrolyse the cellulose and hemicellulose fraction
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to release the fermentable sugars. Acid hydrolysis is one
such method [4,5] which leaves behind a substantial
amount of lignin-rich solid residue. Adding value to this
largely neglected biomass residue can vastly improve the
economic bottom line of these biorefineries [6,7]. This is
one of the main objectives of the present work.

Thermochemical transformation — pyrolysis and
gasification — of biomass can yield important organic
chemicals besides liquid and gaseous fuels [8]. Pyrolysis —
thermochemical treatment in the absence of oxygen — of
lignocelluloses is an important process choice for its value
addition. Saw dust pyrolysis released volatiles including
carbonyls, ethers, and amines [9]. Among the chemical
components of lignocelluloses, lignin is comparatively
difficult to pyrolyse [10] but yields important aromatic
chemicals including phenols [11]. Catalytic pyrolysis
often gives improved product yield, and the process can
also be tuned to control the product composition [8,12].
Besides conventional pyrolysis at higher temperatures,
thermal decomposition at low temperature-inert
atmosphere is possible to get low molecular weight
organics and industrially important solid residue [13].
Lignin, when subjected to Low-Temperature Thermal
Decomposition (LTTD), undergoes significant chemical
changes [14]. Organic acids, ketones, and phenolic
compounds are released as volatiles when lignocelluloses
are thermally decomposed at low temperatures [13, 15].
Notably, the higher heating value of the solid residue from
wood increased markedly when thermally decomposed at
340 °C [16].

It is customary to study the thermochemical
decomposition of biomass through TGA with a temperature
ramp applied. Most of the industrial pyrolysers, however,
work under fixed temperature conditions. The study
of thermal decomposition of biomass under isothermal
conditions is, therefore, important. There are numerous
reports in technical literature on the thermochemical
decomposition of lignocelluloses or their isolated
individual components; cellulose, hemicelluloses, and
lignin. On the contrary, research findings on the
thermochemical decomposition of RSHR are rare and
studies on its isothermal LTTD are non-existent. The
present study is an analysis of the isothermal LTTD
behaviour of RSHR to elucidate the mass loss pattern and
evolution of major volatiles and non-condensable
components. This sets apart the present work from earlier
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reports and opens a possible route for adding value
to a waste stream from second-generation biorefineries.

EXPERIMENTAL SECTION
Materials

Rice straw, collected from a nearby farm, was washed
clean of extraneous material. Post-sun drying the straw
was cut into small pieces of 2 — 3 cm length. Acid
hydrolysis of rice straw pieces was performed in two
stages. An experimental protocol was designed based on
previously reported work on acid hydrolysis of
lignocelluloses [17, 18]. The reactor used was a 2 L stainless
steel bomb. Initially, 100 g rice straw pieces were
uniformly impregnated with dilute H,SO4. 1 L of 3%
H,S04 solution was used for impregnation. Impregnated
material was heated for 20 minutes at 120 °C. The reaction
bomb was cooled to room temperature. Hydrolysate from
acid-treated straw was separated by hand squeezing on
a 400-mesh stainless steel wire screen. Residual hydrolysate
was removed from the solids by repeated water washing.
The washed solid residue was again impregnated with
a second serving of 1 L of 3% H,SO4 solution. Then the material
was heated at 200 °C. for 10 minutes. Hydrolysate was separated
like the first stage to get RSHR. It was stored after oven
drying for TGA-FT-IR studies. The mass of oven-dried
RSHR was 37.75% of the initial rice straw.

Analytical grade chemicals were sourced from S.D.
Fine-chem Ltd. Deionised water from Millipore RiOS
5 Century Synergy water purifier was used for all
experiments. FT-IR spectra were recorded using
spectroscopy-grade potassium bromide.

Preliminary characterization

Proximate analysis conformed to ASTM D3172
standard. Moisture-free RSHR contained 63.8% volatile
matter, 16.8% fixed carbon, and 19.4% ash. Klason lignin
in RSHR was determined to be 72.3%, tested following
TAPPI standard T 222 om-11. Holocellulose was determined
by using a three-stage delignification protocol [19].
Starting material was 5 g RSHR. The delignification
agent in each stage was a solution of 1.5 g sodium
chlorite and 2 mL glacial acetic acid in 150 mL water.
Reaction temperature was 70 °C. For each stage,
delignification time was 1 h. After three stage
delignification the material was water washed till acid
free followed by a final wash with 50 mL acetone.
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Fig. 1: Mass loss behaviour of RSHR during low temperature isothermal decomposition; (a) 200 °C, (b) 250 °C, (c) 300 °C, (d) 350 °C

Holocellulose so obtained was oven dried and weighed
to be 36.9% of RSHR.

TGA-FT-IR

TGA-FT-IR studies were performed in a TG 209 F3
Tarsus (Netzsch make) thermogravimetric analyser and
Tensor 27 (Bruker make) FT-IR combo. Evolved gases
from TG instrument entered the gas cell of FT-IR
spectroscope through a transfer line. The transfer line was
maintained at an elevated temperature to avoid condensation.
RSHR, about 10 mg in an alumina crucible, was thermally
decomposed in 80 mL/min nitrogen flow following the
desired temperature program. FT-IR spectra of evolved
gases were recorded every 16 s in real-time. Wavenumber
ranged from 4000 to 650 cm™, and 4 cm™ was the spectral
resolution. For each spectrum, 8 scans were co-added.

Solid samples were formed into spectroscopy-grade
KBr pellets in 1:60 ratio. FT-IR Spectra — wavenumber
range 4000 — 650 cm™, 4 cm™* spectral resolution — were
recorded by co-adding 32 scans.

RESULTS AND DISCUSSION

TGA of low-temperature thermal decomposition

Mass loss during isothermal decomposition at 200 °C
Subsequent to heating to 200 °C RSHR was maintained

at this temperature for an extended period of time to study
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the isothermal decomposition. Fig. 1(a) shows the thermal
decomposition at a constant temperature of 200 °C. The
material loses 3.55% mass in the first 30 minutes and
another 1.84% in the next 30 minutes. Thereafter, about
2% mass loss is observed in the next hour. In the third hour
of isothermal heating at 200 °C only a meagre 1.25% mass
is lost. Thus, even after three hours of heating, 81.5% of
RSHR is left behind as residue and isothermal
decomposition accounts for only 8.5% mass loss. During
the entire duration of isothermal decomposition at 200 °C
the rate of mass loss never exceeds 1%/min and except
for the first five minutes, it is less than 0.5%/min.

Mass loss during isothermal decomposition at 250 °C
Similarly, RSHR was heated to 250 °C and kept at this
temperature to study the decomposition behaviour. TG
and DTG behaviour of isothermal decomposition at 250 °C
is shown in Fig. 1(b). The first 10 minutes account for 5.57%
mass loss followed by another 7.59% in the next 20 min.
Material loses 9.55% mass in the next 30 minutes. Thus,
the first hour of isothermal decomposition at 250 °C results
in a mass loss of close to 23%. In the second hour of
isothermal decomposition at this temperature, an additional
19% mass loss is obtained. The mass loss in the third hour
was 10.74%. After three hours of isothermal
decomposition at 250 °C 38% original material is left
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behind as residue. To begin with, the rate of mass loss is
1.6%/min which drops to about 0.6%/min in the first 10 min.
Thereafter, the rate of mass loss gradually tapers and
reaches 0.25%/min by the end of 50 minutes. From here,
we observe a marginal gain in the rate of mass loss up to 90
minutes of isothermal decomposition and it rises to about
0.3%/min. After that, the rate of mass loss goes
on decreasing and reaches 0.1%/min at the end of 180 min.

Mass loss during isothermal decomposition at 300 °C

The isothermal decomposition behaviour of RSHR
post-heating to 300 °C is shown in Fig. 1 (c). The material
loses a whopping 40.37% in the first 10 minutes of
isothermal decomposition at 300 °C, and another 12.32%
in the next 10 minutes. By the end of 30 minutes, it ends
up losing 56% mass. For the sake of comparison, this is
about 4% more than what is obtained with three hours of
isothermal decomposition at 250 °C. The next 30 minutes
of isothermal decomposition at 300 °C accounts for an
additional 4.84% mass loss. Subsequently, the second and
the third hour of isothermal decomposition at this
temperature results in 4.28%, and 2.42% mass loss,
respectively. 24% residual mass is left behind at the end
of the hour period. The process of isothermal decomposition
at 300 °C starts with 6.6%/min rate of mass loss. Within
3 min, it quickly peaks to 8.8%/min. From here, the rate
of mass loss almost linearly drops and reaches 2%/min
after 12 minutes. The rate of mass loss keeps on
decreasing, albeit gradually, and reaches a plateau of about
0.2%/min after 60 minutes.

Mass loss during isothermal decomposition at 350 °C

By the time it reaches 350 °C RSHR already loses
58% mass. Beyond this, its isothermal decomposition at
this temperature is shown in Fig. 1 (d). Within the next
five minutes, the material loses another 18% mass — more
than three-fourths of the original RSHR converting into
volatiles and non-condensable components. Beyond this
the mass loss is less rapid, 4.41% in the next 25 minutes.
At the end of one hour of isothermal decomposition at
350 °C 17.22% of the original RSHR is left. Only an
additional 1.5% mass loss is observed during the next one
hour. During the third hour of isothermal decomposition
at 350 °C there is hardly any further mass loss. In the
beginning, the rate of mass loss rapidly drops from a high
of 50%/min to less than 1%/min. For the remaining part

3700

Ghatak H.R.

Vol. 42, No. 11, 2023

isothermal decomposition at 350 °C proceeds very slowly
which is because of the progressively lower amount
of residual mass left behind.

Evolved gases during low-temperature thermal decomposition
Evolved gases during isothermal decomposition at 200 °C
As already discussed above, isothermal decomposition at
200 °C causes only a nominal mass loss. Fig. 2 (a) and 3 (a)
show the real time composite 3D FT-IR spectra of the small
number of evolved volatiles and the extracted spectra for 30,
60, 120, and 180 minutes. High resolution individual
extracted spectra for different LTTD times are shown in Fig.
S1. Three prominent absorption bands for O—H stretching are
present with peaks at 3821, 3748, and 3671 cm™ [15]. These
come predominantly from water vapour, and to some extent
from low molecular weight carboxylic acids, and methanol.
Their intensities progressively increase with increased time
of decomposition as shown in Fig. 4 (a). This is due to the
release of chemically bound moisture and also
demethoxylation of syringyl and guaiacyl structures in
lignin. A faint peak for CO, appears at 2327 cm™ in some of
the spectra [8, 20]. The evolution of CO, during the course
of isothermal decomposition at 200 °C is interesting
as shown in Fig. 4 (a). In the beginning, we notice some CO,
production, but the evolution of CO, steadily declines
and disappears in the interval between 55 — 70 minutes.
Thereafter, small quantities of CO, are again detected
in the evolved gases which stems from decarboxylation of
the acids formed. Another noticeable feature of the evolved
gases is the carbonyl band at 1771 cm™, arising from
carboxylic acids [15], which is present in the spectra only
for the first 30 minutes of decomposition time. Thus, some
volatile carboxylic acids are generated during the initial
phase of this low-temperature decomposition. The absorption
band at 2191 cm™® indicates the presence of CO in the evolved
gases [21]. A small amount is produced in the initial phase of
decomposition as depicted by its time trace in Fig. 4 (a).

Evolved gases during isothermal decomposition at 250 °C
Fig. 2 (b) shows the real time composite 3D FT-IR
spectra of the wvolatiles evolved during isothermal
decomposition at 250 °C. Extracted spectra for 10, 30, 60,
120, and 180 minutes are presented in Fig. 3 (b). High
resolution individual extracted spectra for different LTTD
times are shown in Fig. S2. Moieties containing hydroxyl
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groups are present in the evolved volatiles throughout the
decomposition as indicated by absorption peaks at 3819,
3750, and 3672 cm™. The most prominent band in the
FT-IR spectra of evolved gases is due to CO,, appearing as
a doublet at 2383 and 2305 cm™ and assigned to C=0
stretching [20]. The weak absorption band centred at 1694
cm? is assigned to C=0 stretching of aromatic aldehydes
[7]. The carbonyl peak at 1772 cm™, which shows its
presence for the entire duration of isothermal decomposition
at 250 °C, is due to C=0 stretching in phenyl esters [15].
C-O stretching bands between 1200 — 1300 cm™ are
present in the FT-IR spectra for all decomposition times
which may be due to alcohols or phenols besides esters.
Absorption peaks for methane and carbon monoxide
appear at 2811 cm™ (C—H stretching), and 2186 cm™ (C-O
stretching) [21]. There are other non-methane alkanes
present as well showing absorption peaks for C—H bending
at 722 cm™. The evolution of major chemical moieties
with increasing time of isothermal decomposition at 250 °C
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Fig. 2: Composite 3D FT-IR spectra of evolved gases during low temperature isothermal decomposition of RSHR; (a) 200 °C,
(b) 250 °C, (c) 300 °C, (d) 350 °C

is depicted in Fig. 4 (b). Organics are produced in higher
amounts between 40 to 60 minutes of decomposition,
peaking at about 50 minutes, as shown by their absorption
intensities. This is the duration when the least amount of
water vapour is released. Beyond 2 hours of decomposition
time only carbon dioxide, aldehydes, and water vapour are
released. It confirms that in the 60-minute to 120-minute
interval RSHR undergoes significant structural changes,
both chemical and morphological, though with minimal
evolution of volatiles and non-condensable components.

Evolved gases during isothermal decomposition at 300 °C

Fig. 2 (c) presents the real-time composite 3D FT-IR
spectra of the evolved gases during isothermal
decomposition at 300 °C with the extracted spectra for 10,
20, 30, 60, 120, and 180 minutes is shown in Fig. 3 (c).
High-resolution individual extracted spectra for different
LTTD times are shown in Fig. S3. From the 3D spectra
itis evident that the volatiles are released in two distinct
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Fig. 3: Extracted FT-IR spectra of evolved gases at specific isothermal decomposition times; (a) 200 °C, (b) 250 °C, (c) 300 °C, (d) 350 °C

bursts during isothermal decomposition at 300 °C; in the
first 10 minutes, and then again between 125 to 155 min.
Absorption bands for water vapour between 3650-3850 cm't
are similar to that observed for 250 °C decomposition.
Similarly, the absorption bands for CO,, CO, and alkanes
— methane and non-methane — are also present. The
carbonyl peaks are vivid in the FT-IR spectra of evolved
volatiles from the isothermal decomposition of RSHR
at 300 °C. In the initial period of decomposition — up to
30 minutes — absorption bands at 1790 cm, 1770 cm™,
1736 cm', 1700 cm™*, and 1659 cm™ are all present. Thus,
esters, aldehydes, and ketones — non-conjugated as well as
conjugated — all contribute to the product mix of evolved
volatiles. With the increase in isothermal decomposition
time, only two carbonyl peaks are noticed in the FT-IR
spectra; a strong one at 1693 cm, and a mild one at 1659
cm. These are assigned to conjugated aldehydes and
ketones [14, 22]. We, therefore, have aromatic aldehydes
and ketones in reasonable quantities in the gases that
evolve during isothermal decomposition at 300 °C. Bands
at 3035 cm™, assigned to = C—H stretch of the aromatic
ring, and the pair of bands at 1530 cm, and 1487 cm™,
arising from C=C stretch in the ring, confirm the presence
of aromatics [14, 15]. The time traces of the evolution
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of the main chemical species in the evolved gases are
shown in Fig. 4 (c). In the initial burst of volatile evolution,
water vapour and carbonyls are less abundant while more
contribution of CO, and CO is observed. In the second
spurt of enhanced volatiles evolution between 125 — 155
minutes, there is considerable release of water vapour and
carbonyls. The generation of CO, also spikes in this period
while CO release is suppressed. This again suggests
considerable chemical and morphological changes in the
solids undergoing decomposition during the 20 — 125-min
interval. The generation of methane is insignificant during
the isothermal decomposition of RSHR at 300 °C.

Evolved gases during isothermal decomposition at 350 °C

Real-time composite 3D FT-IR spectra of the evolved
gases during the isothermal decomposition of RSHR at 350 °C
are shown in Fig. 2 (d). We observe the process to begin
with an intense thermochemical decomposition activity
and almost the entire evolution of volatiles is confined
to the first 2 minutes. All the absorption bands present
in the FT-IR spectra are the most pronounced at the beginning
and rapidly drops thereafter. This is evident from
the extracted spectra for select isothermal decomposition
times as presented in Fig. 3 (d). High-resolution individual
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Fig. 4: Time-dependent evolution profiles of evolved gases for isothermal decomposition of RSHR; (a) 200 °C, (b) 250 °C, (c) 300 °C,

(d) 350°C

extracted spectra for different LTTD times are shown in
Fig. S4. Compared to the spectrum for the start of
isothermal decomposition, the peak intensities in other
spectra are negligible. Even after 2 minutes decomposition
time, we can notice a very sharp drop in the FT-IR
absorption intensity. The major decomposition product
during this initial period of volatiles evolution is carbon
dioxide which makes its presence felt through a colossal
band centred at 2347 cm™*. All the other absorption bands,
which do appear in the spectrum, have less than 10%
intensity compared to the CO, band. CO is present, giving
absorption in the FT-IR spectrum at 2180 cm. Another
notable inclusion is aromatic carbonyls showing
absorption at 1752 cm (C=0 stretch) and 1517 cm™* (C=C
stretch in the ring). Within 2 minutes of decomposition,
CO intensity reduces by more than 98% and disappears in
subsequent spectra. Carbon monoxide and volatile
carbonyls continue to be released. The time traces
of the evolution of volatiles is shown in Fig. 4 (d).

Residue from isothermal decomposition

FT-IR spectra of the solid residues left after isothermal
decomposition for 3 hours at different temperatures are
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shown in Fig. 5. High-resolution individual spectra for
RSHR and biochar residue at different LTTD temperatures
are shown in Fig. S5. The absorption bands present and
their assignments are presented in Table 1. Bands for O-H
stretch of free hydroxyls at 3648 — 3652 cm™ and those for
O-H stretch of hydrogen-bonded hydroxyls at 3430 — 3431 cm™
are observed in FT-IR spectra of RSHR as well as all
the solid residues. Similarly, the absorption band representative
of aromatic skeletal vibrations at 1588 — 1598 ¢cm* could
be noticed in all the spectra. Another absorption band at
1100 — 1108 cm?, assigned to asymmetric valence vibrations
of the pyranose ring, are also to be found in all the spectra.
It is, therefore, obvious that even after all the thermal
degradations and mass loss the solid residues still retain to
some extent the basic chemical structural features of lignin
and carbohydrates — aromatic skeleton reminiscent of lignin
and pyranose ring that of carbohydrates. The band corresponding
to C—H symmetrical stretch of methyl is present only
in RSHR and the residue from isothermal decomposition
at 200 °C. In residues from higher decomposition
temperatures, this band has negligible intensity. Solid
residues from isothermal decomposition at 250 and 300 °C
show absorption bands from olefinic C=C stretch indicating
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Table 1: Major FT-IR absorption bands in RSHR and solid residues after isothermal decomposition at different temperatures.

All absorption bands in cm™?

RSHR 200°C 250 °C[300 °C 350 °C Assignment )
3648 3651 3651 | 3652 3652 Free O—H stretch [14]
3430 3431 3431 | 3431 3431 H-bonded hydroxyls (lignin) [14]
3279 3265 H-bonded hydroxyls (from degraded carbohydrates [23]
3091 =C—H stretch [14]
3038 =C—H stretch [14]
2899 2899 C—H symmetrical stretch of methyl [22]
1749 | 1749 (only shoulder) C=0 stretch in non-conjugated carbonyls in free esters [14]
1726 C=0 stretch in non-conjugated carbonyls (ketone/aldehyde in carbohydrates) [22]
1700 | 1700 (only shoulder) C=0 stretch in conjugated carbonyls [14,22]
1598 1588 1588 | 1588 | 1588 (only shoulder) Aromatic skeletal vibrations with C=0 stretch [22]
1553 N-H bending in amines [14]
1522 N-H bending in amines [14]
1511 Aromatic skeletal vibrations [14]
1423 Aromatic skeletal vibrations with C—H in-plane bends [22]
1368 In-plane C—H bends [22]
1321 C-O-C stretching in guaiacyl and syringyl moieties [22]
1161 1161 C-0O-C asymmetrical stretching in carbohydrates [22]
1108 1107 1100 | 1103 1100 Asymmetric valence vibrations of pyranose ring [15]
1062 1064 C-O stretch [14] )
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Fig. 5: FT-IR spectra of solid residues (biochar) left after
isothermal decomposition at different temperatures

at 3038 — 3091 cm that dehydrogenation leading
to unsaturation takes place. Carbonyl bands shift to higher
frequencies with an increase in decomposition temperature.
Aromatic carbonyls with conjugated C=0 moieties are
present in RSHR and the residue from isothermal
decomposition at 200 °C. Residues obtained from higher
decomposition temperatures, however, have non-
conjugated carbonyls indicating structural changes in the
carbon backbone. Bands in the spectral region 1320 — 1560
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cm? are only present in the FT-IR spectra of RSHR. Of
these, the 1321 cm™ absorption, assigned to C-O-C
stretching in guaiacyl and syringyl moieties, deserves
special mention. Absence of this band in the FT-IR spectra
of all the solid residues points to extensive
demethoxylation and cleavage of ether bonds. This also
supports the absence of a band for C-H symmetrical
stretch of methyl in the residues from higher
decomposition temperatures.

CONCLUSIONS

With the right choice of temperature and treatment
time, low-temperature isothermal decomposition is
suitable for producing oxygenated organic compounds —
alcohols, phenols, aldehydes, ketones, carboxylic acids,
and esters — along with biochar having modified
lignocellulosic character. Decomposition at 200 °C should
be suitable for producing biochar only. Decomposition
at 250 °C would predominantly result in the production
of aromatic aldehydes and esters besides methane, carbon
monoxide, and carbon dioxide with valuable biochar also
left after the treatment. Similarly, isothermal decomposition
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at 300 °C would be suitable for producing carbonyl
compounds, mainly aromatic aldehydes and ketones, in
higher amounts with less production of biochar.
Decomposition at 350 °C would not be helpful for producing
oxygenated organic compounds or biochar. Solid residues
from LTTD retained their basic lignocellulosic nature
but with extensive cleavage of ether bonds and
demethoxylation. During isothermal decomposition at
250 °C and 300 °C, there were specific time windows
in which enhanced evolution of volatiles and gaseous
products was noticed. This information should be helpful
in fractionation and separation of components.
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