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Abstract
To increase the utilization of agro-waste as solid fuel, torrefaction is an important process to improve the fuel proper-
ties. In the present investigation, palmyra palm shell (PPS) and redgram stalk (RS) were torrefied in a specially designed 
stainless-steel tubular reactor with varying temperatures (230 °C, 260 °C, and 300 °C) under a nitrogen atmosphere at two 
residence times of 30 and 60 min. The influence of torrefaction temperature and residence time on mechanical properties 
and moisture reabsorption tendency of the binderless pellets were investigated. With increasing the torrefaction tempera-
ture up to 300 °C (60-min residence), the mass and energy yield decreased, and the fixed carbon, high heating value, and 
energy density increased. The fuel ratio (FR) increased from 0.25 or 0.23 to 1.35 and 0.52 for PPS and RS, respectively. The 
combustibility index increased up to a certain temperature (260 °C); however, at 300 °C, it decreased. Grindability of the 
torrefied biomass increased; about 99.89% and 95.28% of the smallest particles’ fraction pass through a < 75-µm sieve for 
PPS and RS, respectively, at 300 °C and 60 min as compared to the raw agro-wastes. The moisture reabsorption tendency 
of untorrefied and torrefied PPS and RS pellets was measured under the controlled environment of 60% RH at 40 °C. FTIR 
study supported the hydrophobicity of the torrefied material than the raw biomass. This study demonstrated that the torrefied 
PPS and RS have fuel properties comparable with India lignite, and this renewable fuel could be sustainably used for power 
generation and domestic applications.

Keywords  Agro-waste–torrefaction · Energy density · Combustion indices · Higher heating value · Grindability · 
Mechanical properties

1  Introduction

According to the Indian Ministry of New and Renewable 
Energy (MNRE), around 350 million tonnes of agro-wastes 
are generated annually [1]. About 92 million tonnes of agro-
wastes are being burned incompletely, and the remaining 
waste is surplus. Agro-waste is associated with several dis-
advantages such as high moisture content, high volatile mat-
ter, low carbon content, low energy density, high fibrous 
nature, and poor grindability [2–4]. However, agro-waste 

has the potentiality to generate electricity [5] and for use 
in steel-making [6] and building materials [7]. The use of 
biomass for pyrolysis [8, 9], gasification [10, 11], and com-
bustion [12, 13] is affected by some unfavorable physical 
and chemical properties. Therefore, it is required to improve 
the fuel quality of agro-waste by pre-treatment. Torrefac-
tion is a well-known pre-treatment technique for improving 
the quality of biomass. It involves heating the biomass at 
200–300 °C in an inert atmosphere [14]. At this tempera-
ture, biomass undergoes partial decomposition. The torrefac-
tion is also called as mild pyrolysis [15] process. Torrefied 
biomass has improved its quality in terms of higher energy 
density or heating value [16, 17], fixed carbon content, fuel 
ratio [18], hydrophobicity[19, 20], lower atomic O/C, and 
H/C ratios [21, 22]. The fibrous nature of biomass consumes 
more energy during the grinding process. However, torrefac-
tion improves grindability [23, 24] and decreases the energy 
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consumption by 40–88% as compared to the raw biomass 
[25], which is essential for co-firing with coal power genera-
tion. Bridgeman et al. [26] investigated that the Hardgrove 
grindability index of pulverizing behavior of some of the 
torrefied biomass samples was not reliable as coal sample 
grinding behavior. Particle size distribution provides more 
accurate information about the grinding behavior [27]. The 
torrefaction temperature influence on the physicochemical 
properties of pigeon pea (redgram) stalk has been stud-
ied by Singh et al. [28] and found that the char yield for 
TPS-275–45 was 40.4%. However, the energy yield is very 
low (0.50), and such high-temperature torrefaction is non-
beneficial for pigeon pea stalk. Chen et al. [14] reported 
that the higher heating value (HHV) of torrefied rice husk 
increased from 16.79 MJ/kg for rice husk (RH) to 18.9 MJ/
kg for RH-300 and a lower HHV was obtained in oxida-
tive torrefaction than non-oxidative torrefaction due to the 
loss of some carbon and hydrogen during oxidative torre-
faction. However, at a fixed torrefaction temperature, there 
is no impact of O2 concentration on the HHV of torrefied 
rice husk. Therefore fuel properties of rice husk are more 
sensitive to temperature than O2 concentration. Torrefaction 
processes have been proven to improve the physicochemi-
cal properties of biomass for further utilization in several 
applications.

However, loosen torrefied biomass has some issues 
related to the dust explosion and self-ignition during trans-
portation and storage as compared to torrefied biomass 
pellets. Torrefied pellets have been widely used in various 
fields of boiler combustion, heating, and power generation 
[29, 30]. However, the bulk density of torrefied biomass is 
often poor and lower than biomass; as a result, it poses chal-
lenges for storage, transportation, and economic feasibility 
[31–33]. In order to use the torrefied biomass effectively as 
a universally traded bioenergy commodity, the torrefied bio-
mass should be densified. The currently available densified 
technique is known as pelletization [34]. Universal demand 
for torrefied pellets increases day by day. It is expected to 
increase twofold by 2024 from 24.5 to 50 million metric tons 
[35]. Pelleting enhances production efficiency and transpor-
tation and reduces operational costs, thus increasing eco-
nomic and energetic feasibility [36]. Ghiasi et al. [37] pre-
pared torrefied pellets by two different process routes, i.e., 
first pellets were prepared followed by torrefaction (scheme-
I) or torrefaction followed by pelletization (scheme-II) to 
convert Douglas-fir wood chips to torrefied wood pellets. For 
scheme-II, the pellets were more hydrophobic, with higher 
density, heating value, and carbon content. Yang et al. [38] 
developed a technology for synchronized torrefaction and 
pelleting (STP) with ultrasonic vibration. Two fuel upgrad-
ing processes (torrefaction and pelletization) have happened 
simultaneously with the assistance of ultrasonic vibration. 
STP was effective for enhancing the density and durability 

of torrefied biomass pellets. Liu et al. [39] prepared two 
types of pellets from biomass and corresponding hydro char. 
The fuel quality of hydro char pellets has high mechanical 
strength, low moisture uptake, and improved combustion 
property, which indicated that hydro char pellets were more 
suitable than raw biomass pellets as solid biofuel. Chen et al. 
[40] reported that the up-gradation of biomass pellets by 
torrefaction and observed that higher temperature torrefac-
tion affects the pellet’s strength. It was suggested that the 
torrefaction temperature between 250 and 300 °C is suitable 
for pellets.

So far, great works have been done on the physicochemi-
cal properties of torrefied biomass. However, the influence 
of torrefaction temperature on the mechanical properties and 
moisture reabsorption tendency of torrefied binderless pel-
lets are limited [37, 40]. Further, the palmyra and redgram 
residues are not studied in detail. Currently, palmyra palm 
shells and redgram stalks are being used as solid biofuels. 
India has the highest palmyra palm (102 million) production. 
Redgram is cultivated in 3.9 million hectares in India and 
5.4 million hectares in the world.

The objective of this study was to produce fuel pellets 
from the biomass wastes of palmyra palm and redgram by 
integrating torrefaction and pelletization processes. The 
impact of torrefaction temperature and residence time on 
the mass and energy yields, mechanical properties, and 
moisture reabsorption tendency of the fuel was studied in 
detail to supply some fundamental data for the application 
of palmyra and redgram residue pellets. The palmyra palm 
shell (PPS) and redgram stalk (RS) pellets were prepared by 
torrefaction followed by pelletization without any binder use 
as shown in Fig. 1.

2 � Materials and methods

2.1 � Materials

Redgram stalks (RSs) were collected from Nandarada vil-
lage (Near Rajahmundry, AP), and palmyra palm shells 
(PPSs) were collected from CSIR-Central Institute of Min-
ing and Fuel Research colony, Digwadih, Jharkhand. About 
5 kg of PPS and RS were cut into 1 cm pieces and stored 
in a polythene bag for further torrefaction studies. Before 
torrefaction, the small pieces of PPS and RS were dried at 
105 °C for 24 h.

2.1.1 � Identification of agro‑wastes (materials)

In the present study, the untorrefied palmyra palm shell and 
redgram stalks have been designated as PPS and RS. Tor-
refied PPS and RS samples were labeled as PPS-K-L and 
RS-K-L [28, 40]. The parameter K specifies the torrefaction 
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temperature, and L indicates residence time. For instance, 
PPS-230–30 is designated as the PPS torrefied at 230 °C 
with 30-min residence time. Other fractions of torrefied 
agro-wastes were also mentioned in a similar way, i.e., 
PPS-230–30, PPS-230–60, PPS-260–30, PPS-260–60, 
PPS-300–30, and PPS-300–60. RS-230–30, RS-230–60, 
RS-260–30, RS-260–30, RS-300–30, RS-300–60, and 
RS-230–30 mean 230  °C with 30 min of the residence 
time, and other fractions of temperature and time also men-
tioned similarly, i.e., 230–60, 260–30, 260–60, 300–30, 
and 300–60; UT referred to as untorrefied. PPS and RS is 
referred to as agro-wastes.

2.2 � Torrefaction reactor

Torrefaction experiment was carried out in a stainless steel 
tubular reactor of 400-mm length and 100-mm diameter. 
The reactor with a measured quantity of agro-waste was 
placed into an electrical muffle furnace through the front 
door. Nitrogen gas flow was arranged into the reactor to cre-
ate an inert atmosphere before heating the PPS and RS. Two 
thermocouples were placed inside the stainless steel reactor 
for monitoring the sample temperature. The temperature of 
the furnace was controlled by the temperature control unit of 
the furnace. A digital pyrometer (source: iron constant) has 
been used to crosscheck the sample’s temperature.

2.2.1 � Torrefaction experiment

About 300 g of 1-cm size PPS and RS were torrefied at 
different temperatures (230 °C, 260 °C, and 300 °C) and 
residence time (30 and 60 min) in a sealed tubular reac-
tor. Nitrogen gas was purged at the rate of 1 L/min into the 
reactor before heating and during the torrefaction process. 
The temperature of the reactor was increased at the rate of 
5 °C/min. After reaching the required temperature, heating 

was continued for 30 and 60 min and then cooled down to 
room temperature by keeping the nitrogen gas flowing into 
the reactor at the same rate. Subsequently, PPS and RS yield 
was determined. The torrefied PPS and RS were stored in 
sealed polythene bags and kept in a desiccator for further 
experiments.

2.3 � Characterization of PPS and RS

PPS and RS were characterized as per the procedure 
described in the ASTM standards; ASTM-E871, ASTM-
E1755, and ASTM-E872 were followed for the analysis of 
moisture (%), ash (%), and the volatile matter (%), respec-
tively. The gross calorific value of PPS and RS were deter-
mined with the aid of a bomb calorimeter, model PARR 
6400, as per the ASTM D5865.

2.3.1 � Combustion indices

In order to examine the effect of the torrefaction on the com-
bustion indices, parameters such as fuel ratio (FR), combus-
tion index (CI), and volatile ignitability (VI) were calculated 
using heating value, ash content, volatile matter, and fixed 
carbon of untorrefied and torrefied PPS and RS. Combustion 
indices parameters were calculated using Eqs, 1–3:

where FC db is fixed carbon (dry basis) and VM db volatile 
matter (dry basis).

(1)Fuel ratio (FR) ∶ FR
FCdb

VMdb

(2)
Combustion index (CI) ∶ CI = HHVdb ×

(

115 − Ashdb
)

×
1

105 × FR

Fig. 1   Schematic route for the preparation of pellets from PPS and RS
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where CI is in MJ/kg and Ash db content in biomass on a 
dry basis.

where VI is in MJ/kg, VMdb is volatile matter (%) in biomass 
on dry basis, FCdb is fixed carbon (%) on dry basis, and Mdb 
is moisture (%) contenton dry basis.

The energy density ratio (MJ/kg) is calculated by using

Higher heating value on dry basis (HHVdb) is calculated 
using

where M is moisture content in biomass.
Energy yield is calculated using Eq. 6:

where YM is mass yield, HHVT is the higher heating value 
of torrefied PPS and RS, and HHVR is the heating value of 
untorrefied PPS and RS.

2.3.2 � FTIR analysis

IR Affinity-1S, SHIMADZU instrument, was used for the 
identification of functional groups of PPS and RS. Before 
analysis, the sample was prepared in tablet form by com-
pressing 1–2 mg of a dried sample with KBr(200 mg). The 
frequency range was kept from 4000 to 400 cm−1.

2.3.3 � Grindability experiment

The grindability behavior of untorrefied and torrefied PPS 
and RS was established by the particle size distribution 
of the ground samples. The untorrefied and torrefied PPS 
and RS agro-wastes were ground with a mortar grinder, 
RETSCH, RM 200. The grinding of the PPS and RS was 
carried out in two stages. The first stage was the pre-
grinding stage, and the second stage was the fine grinding 
stage. In the pre-grinding stage, particle sizes were reduced 
to 0.2–1.18 mm from 1 cm. In the second stage, 50 g of 
PPS and RS were ground for 15 min (100 rpm, 60 Hz) [27, 
41]. The ground samples were sieved with five different-
sized fractions, viz., < 75, 75–177, 177–425, 425–710, and 
710–1000 µm, with the help of a sieve shaker for 30 min. 
Particle size distribution was carried out in the following 

(3)Volatile ignitability (VI) ∶ VI =
HHVdb−0.338FCdb

VMdb−Mdb

× 100

(4)Energy density ratio =
HHVT

HHVR

(5)HHVdb =
HHVm × 100

100 −M

(6)YE = YM ×
HHVT

HHVR

procedure for screen analysis and recorded as a cumulative 
mass percentage.

2.4 � Preparation of pellets from torrefied PPS and RS 
agro‑wastes

A single pellet press unit, hydraulic (KBr) bench Press 
(MODEL M-15) Techno Search Instruments, has been used 
to prepare the torrefied PPS and RS pellets. The pellet press 
contained a cylinder with 19.00-mm inside diameter and 
66.00-mm height and a piston suitable to move into the cyl-
inder. The end of the cylinder is closed with a removable 
backstop. About 2.0 g of each torrefied ground (< 36 mesh) 
PPS and RS was packed inside the cylinder without adding 
binder [35] and then manually compressed using about 5.50 
and 10.30 tonnage of pressure upon the piston. A dwell time 
(i.e., the particles remain under the maximum compacting 
pressure during pelletization) of 20 s was chosen for all the 
experiments to minimize the pellet relaxation [42]. The pel-
lets were removed from the cylinder by removing the back-
stop and pushing out by applying pressure on the pellet [39] 
and stored for 15 days in an airtight container at room tem-
perature (approximately 30 °C) before characterization[43].

The mechanical properties of the untorrefied and torrefied 
PPS and RS pellets were analyzed by evaluating in terms of 
crushing strength and durability.

2.4.1 � Crushing strength

The impact torrefaction on the crushing strength of biomass 
pellets was determined by gradually increasing the weight 
(0.5 kg in every increment) on the pellets until their break-
age/fracture occurred. Average data of five pellets was used 
for crushing strength.

2.4.2 � Durability (DUR)

To assess the PPS and RS pellets’ durability, experi-
ments were carried out by the following prescribed pro-
cedure of the “Roga Index test” for coal. About 2.0 g of 
the untorrefied and torrefied PPS and RS pellet(s) were 
introduced into a rotating Roga drum with a cover driving 
shaft transmission gear electric motor for carrying out the 
abrasion test. The drum has dimensions of 200-mm inter-
nal diameter, 70-mm depth, and a 2-mm-thick mild steel 
sheet. The drum is closed with a cover seated on a felt or 
rubber gasket and secured by four wing nuts. Two Roga 
drums are symmetrically mounted on a rotating driving 
shaft. Testing of two different pellets of the same sample 
with a duplicate was carried out in the machine. The drum 
was rotated with the stub axle horizontal at 50 ± 2 rev/min 
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with 1000 revolutions. After each stage of rotation, the 
sample was screened using a 3.15-mm sieve, and the par-
ticles smaller than 3.15 mm were weighed. The abrasion 
index, AI, was calculated from the mean value of dupli-
cation of the mass percentage of pellet below 3.15 mm 
relative to the total initial mass of PPS and RS pellets 
after 1000 revolutions in the rotary drum.

DUR = 100 − AI,  where AI is  the abrasive-
ness; < 3.15 mm is the mass of the particles smaller than 
3.15 mm. Thus, the higher the AI values are, the lower 
the pellet’s mechanical resistance. The higher the DUR 
means the quality of the pellets is better.

2.4.3 � Effect of torrefaction on moisture reabsorption 
tendency of PPS and RS

About 2.0 g of torrefied and untorrefied PPS and RS pel-
lets were placed in a 15-mL pre-dried moisture dish and 
kept in a hot air oven at 105 °C for 6 h to remove the 
inherent moisture. The dried pellets were then weighed 
and considered as the initial weight of the dry pellet. The 
moisture dishes containing the dry pellets were exposed 
to the controlled environment of 60% relative humidity 
(RH) at 40 °C using one volume sulfuric acid and 2.9 
volume distilled water mixture into a desiccator. The des-
iccator and the contents were kept in a humidity cham-
ber and maintained at 40 °C temperature for 120 h and 
weighed. The PPS and RS pellets were monitored at pre-
determined time intervals once every 24 h for 5 days. A 
hygrometer was used for monitoring the humidity of the 
mixture of the solution when the pellets were weighed in 
a predetermined time interval. The increase in weight of 

(7)AI = (weight of the sample < 3.15 mm∕initial weight of the sample) × 100

the PPS and RS was then taken as the moisture reabsorbed 
by the pellets.

3 � Results and discussion

The work process flow chart of PPS and RS (Supplementary 

information S1) and various untorrefied and torrefied PPS 
and RS agro-wastes are shown in Fig. 2.

The PPS color appeared as brown to black, whereas RS 
changed its color from yellow to brown as the torrefaction 
temperature increased from 230 to 300 °C with 30 and 
60 min of residence time. The change of color is related 
to the slow evaporation of inherent moisture and volatile 
matter. As increasing the severity of torrefaction, energy 
yield decreased significantly for PPS and RS as energy yield 
strongly depends on the mass yield. It may be due to the 
decomposition of the biomass’s chemical structure by the 
loss of volatile compounds into H2O, CO, and CO2, [39, 42, 
43]. The relative differences in mass yield were presum-
ably due to loss of moisture, volatile matter, and substantial 
degradation of hemicellulose and cellulose. Other research-
ers observed similar results where mass and energy yields 
were decreased with the severity of torrefied temperature 
[14]. The faster devolatilization rate of volatile compounds 
increases the torgas yield with increased temperature and 
time [44]. The mass yields of the untorrefied and torrefied 
PPS and RS are shown in Table 2.

Fig. 2   Physical appearance of untorrefied and torrefied agro-wastes of palmyra palm shell (PPS) and redgram stalk (RS)
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3.1 � Effect of torrefaction on proximate analysis 
of PPS and RS agro‑waste

Proximate analysis results of PPS and RS are shown in 
Table 1.

The ash content increased to 62.82% for PPS-300–60 
and 58.62% for RS-300–60 with the severity of torrefac-
tion as compared to untorrefied PPS and RS. The moisture 
and the volatile matter contents were reduced to 35.39% 
and 47.44%, respectively, for PPS-300–60 and 35.01% 
of moisture, and 20.04% of volatile matter were reduced 
for RS-300–60 as compared to untorrefied PPS and RS. 
However, fixed carbon content increased to 64.84% for 

PPS-300–60 and 43.87% for RS-300–60 as compared 
to untorrefied PPS and RS. It may be due to the loss of 
organic matter during the torrefaction process [24]. Simi-
lar results were observed for pigeon pea stalk. The ash 
content increased to 89.9% for TPS-250–30, 122.8% for 
TPS-275–30, and the highest ash content obtained 3.8% 
for TPS-275–45 as compared to raw biomass. An increase 
in fixed carbon content to 132.4% for TPS-250–30 and 
295.4% for TPS-275–30 as compared to raw biomass [28]. 
Chen et al. reported similar results for rice husk where the 
volatile matter content decreased from 65.32 to 41.26% 
and fixed carbon content increased from 18.73 to 35.31%. 
Whereas ash content increased from 15.95 to 23.43% with 

Table 1   Proximate analysis of 
untorrefied and torrefied PPS 
and RS on dry basis (db)

Untorrefied/torrefied 
agro-waste

Moisture (%) Ash (%) Volatile matter (%) Fixed carbon (%)

PPS 7.43 (7.46) 0.71 (0.72) 79.50 (79.01) 19.79 (20.26)
PPS-230–30 6.75 (6.72) 1.03 (1.04) 76.36 (76.33) 22.61 (22.63)
PPS-230–60 6.50 (6.49) 1.05 (1.05) 74.04 (73.80) 24.91(25.15)
PPS-260–30 5.61(5.59) 1.33 (1.33) 65.67 (64.71) 33.1 (33.95)
PPS-260–60 5.39 (5.40) 1.40 (1.43) 62.98 (62.74) 35.68 (35.83)
PPS-300–30 4.91(4.93) 1.82 (1.83) 55.90 (55.75) 42.31 (42.42)
PPS-300–60 4.80 (4.78) 1.91 (1.93) 41.78 (40.96) 56.30 (57.13)
RS 7.54 (7.51) 1.08 (1.19) 80.28 (80.11) 18.64 (18.69)
RS-230–30 7.19 (7.17) 1.28 (1.29) 79.94 (79.87) 18.78 (18.83)
RS-230–60 6.60 (6.58) 1.35 (1.39) 76.10 (76.00) 22.55 (22.61)
RS-260–30 5.87 (5.85) 1.48 (1.58) 75.23 (73.91) 23.21 (24.50)
RS-260–60 5.57 (5.54) 1.69 (1.79) 74.72 (73.17) 23.54 (25.03)
RS-300–30 4.99 (4.96) 2.36 (2.39) 65.31(65.19) 32.31 (32.40)
RS-300–60 4.90 (4.88) 2.61 (2.63) 64.19 (63.63) 33.21 (33.73)

Table 2   Combustion indices parameters, mass yield, energy density ratio, and higher heating value(s) of PPS and RS on dry basis (db)

Agro-waste Mass yield (%) Energy yield (%) HHVdb (MJ/kg) Energy density 
ratio (MJ/kg)

Fuel ratio (FR) Combustibility 
index (CI) (MJ/
kg)

Volatile ignitabil-
ity (VI) (MJ/kg)

PPS ––- ––- 19.50 –– 0.25 85.27 17.93
PPS-230–30 77.00 78.49 19.88 1.02 0.30 72.90 17.71
PPS-230–60 75.00 76.66 19.94 1.02 0.34 64.31 17.17
PPS-260–30 65.00 74.17 22.25 1.14 0.50 47.83 18.54
PPS-260–60 60.00 71.41 23.21 1.19 0.57 44.32 19.50
PPS-300–30 55.00 66.88 23.72 1.22 0.76 33.77 18.60
PPS-300–60 45.00 58.35 25.29 1.30 1.35 20.21 17.03
RS –– –– 19.07 –– 0.23 89.13 17.71
RS-230–30 87.42 89.18 19.45 1.02 0.23 89.67 18.15
RS-230–60 81.00 86.30 20.31 1.06 0.30 74.22 18.39
RS-260–30 79.00 84.25 20.33 1.06 0.31 71.26 17.94
RS-260–60 77.00 82.17 20.35 1.07 0.32 69.71 18.00
RS-300–30 67.00 80.00 22.71 1.19 0.49 49.24 19.62
RS-300–60 60.00 71.61 22.76 1.19 0.52 47.09 19.54
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increasing the temperature from 220 to 300 °C under non-
oxidative torrefaction of rice husk [14]. Similar results of 
a decrease in the volatile matter were reported for soybean 
straw pellets (SSP) and pine wood pellets (PWP) with an 
increase in torrefaction temperature. Although fixed car-
bon and ash contents were gradually increased with tor-
refaction temperature for SSP and PWP [40]. However, 
the resident time does not affect the proximate analysis, 
which indicates that temperature plays a significant role 
in torrefaction than time.

3.2 � Effect of torrefaction on combustion indices 
parameters of PPS and RS

The combustion indices parameters including FR, CI, and 
VI were derived from the composition of proximate analysis 
results and heating value of untorrefied and torrefied PPS 
and RS. The results of FR, CI, and VI are shown in Table 2.

With an increase in torrefaction temperature from 230 to 
300 °C with 30 and 60 min of residence time, the fuel ratio 
(FR) increased from 0.25 to 1.35 for PPS-300–60 and 0.23 to 
0.52 for RS-300–60 as compared to untorrefied PPS and RS. 
Similar results were found with the fuel ratio of pigeon pea 
stalk (646.2% for TPS-275–45) as compared to RPS [28]. 
Conag et al. [45] reported that the fuel ratio (0.26 to 1.76) of 
sugarcane leaves increased with an increase in torrefaction 
temperature from 250 to 350 °C. FR ratio firmly depends 
on the volatile matter content of biomass, i.e., if the volatile 
matter is high, then FR becomes low; it indicates that solid 
fuel ignites easily due to the presence of high volatile matter 
and also creates a considerable amount of smoke emission 
during power generation, and hence, it is problematic to use 
as solid fuel in power plants [46]. In lower VM content, the 
results of FR have ignition issues and falling flam stabil-
ity [47]. In general, the FR ratio varies between 0.5 and 
2.0 for coal-fired power plants [45]. However, biomass is 
generally used in combination with coal, and FR greater 
than 2.0 creates issues. Hence, moderately torrefied biomass 
may be considered as solid fuel in combination with coal for 
power generation. The CI value was gradually decreased to 
20.21 MJ/kg for PPS-300–60 as compared to untorrefied 
PPS (85.27 MJ/kg). For RS, the CI value was 47.09 MJ/
kg at 300 °C and 60 min of residence time as compared to 
untorrefied RS (89.13 MJ/kg). Though, further increasing 
temperature up to 350 °C with 60 min of residence time, 
the CI value of RS decreased to 21.23 MJ/kg. It may be due 
to the release of the volatile contents in RS with the change 
in temperature and time. The reduced value of the CI for 
both the torrefied PPS and RS was in good agreement with 
the reported value [28] for use in power industries as co-
combustion with coal. It indicates that the influence of tor-
refaction temperature certainly improves the compatibility 
properties of PPS and RS. Singh et al. [28] reported similar 

results of CI value for pigeon pea stalk; with an increase in 
torrefaction temperature, the CI value reduced to 23.3 MJ/
kg for TPS-275–45 from 134.9 MJ/kg of RPS. Volatile ignit-
ability (VI) does not follow any regular trend for PPS. The 
VI value of PPS (17.93 MJ/kg) was reduced to 17.03 MJ/
kg with the change in the temperature from 230 to 300 °C 
with 60 min. The VI value increased to 19.54 MJ/kg from 
17.71 MJ/kg for RS with increased temperature and resi-
dence time. Similar results of CI and VI were observed by 
Singh et al. [28] for RPS and Conag et al. [45] for sugarcane 
leaves. FR ratio, CI, and VI properties passionately depend 
on VM which was relevant to the torrefaction temperature 
and time. The VM content in solid fuels reduced and finally 
converted into fixed carbon when torrefaction temperature 
and time increased. The differences in volatile ignitability 
may be due to moisture reabsorption [45].

3.2.1 � Effect of torrefaction temperature on higher heating 
value, mass yield, energy yield, and energy density 
ratio of PPS and RS

The torrefaction aims to upgrade the higher heating value, 
energy yield, and energy density ratio of PPS and RS with 
respect to the change in temperature and time. The heat-
ing value increased from 19.50 to 25.29 MJ/kg for PPS 
and 19.07 to 22.76 MJ/kg for RS with the change in the 
temperature from 230 to 300 °C and residence time of 30 
and 60 min. The HHV increased sharply from 19.94 MJ/kg 
(PPS-230–60) to 22.25 MJ/kg (PPS-260–30) and 23.72 MJ/
kg (PPS-300–30) to 25.29 MJ/kg (PPS-300–60). When 
increasing the residence time for 30 more minutes during 
torrefaction at PPS-300–30, the HHV increased to 25.29 MJ/
kg for PPS-300–60. The results indicated that time also sig-
nificantly affected the HHV of PPS. Similar results have 
been observed that at 300 °C with 8 min of residence time, 
the HHV obtained was 22.42 MJ/kg. When torrefied for 
25 min at 300 °C, the HHV of spruce wood increased to 
27.78 MJ/kg. This was due to oxygen and hydrogen con-
tents decreasing during torrefaction while carbon content 
increased [48]. For RS, HHV increased from 20.35 MJ/kg 
(RS-260–60) to 22.71 MJ/kg (RS-300–30). Further increas-
ing the time for 30 more minutes at RS-300–30, the HHV 
increased to 22.76 MJ/kg for RS-300–60. When increasing 
the temperature and time up to 350 °C and 60 min of resi-
dence time, the HHV increased to 24.30 MJ/kg for RS. It 
was comparable with the HHV of coal (24 MJ/kg) for heat 
and power generation applications [49]. The results showed 
that the heating value was significantly affected by torrefac-
tion temperature and time for PPS and RS. The changes in 
the heating value of PPS and RS with respect to changes in 
temperature and time were shown in Fig. 3. The increment 
of HHV of PPS and RS was due to the increased carbon 
content by the loss of oxygen- and hydrogen-containing 
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volatile compounds during torrefaction. Similar results were 
reported for pigeon pea stalk: the HHV increased from 16.67 
to 21.43 MJ/kg when torrefied from 225 to 275 °C with a 
residence time of 45 min [28]. Chen et al. stated that the 
HHV of rice husk increased from 16.79 MJ/kg for RH raw 
to 18.91 MJ/kg for RH-300–0 [14] during non-oxidative tor-
refaction. We found similar results in another report where 
the HHV increased to 21.1 MJ/kg for SSP-350 and 24.0 MJ/
kg for PWP when torrefied from 200 to 350 °C [40]. The 
results suggested that torrefaction improves the quality of 
the biomass.

Changes in mass yield and energy yield of torrefied PPS 
and RS with temperature and time were also studied. For 
PPS, the energy yield was decreased gradually from 78.49% 
for PPS-230–30 to 71.41% for PPS-260–60. When increas-
ing torrefaction and time, the mass yield was decreased 
sharply from 66.88% for PPS-300–30 to 58.35% for PPS-
300–60 as compared to the untorrefied PPS. Similarly, for 
RS, the energy yield was decreased gradually from 89.18% 
for RS-230–30 to 80.00% for RS-300–30. While increasing 
temperature up to 300 °C with 60 min of residence time, the 
energy yield decreased sharply to 71.61% for RS-300–60. 
Mass yields also decreased from 77.00% for PPS-230–30 to 
60.00% for PPS-260–60. At 300 °C, the yield was decreased 
sharply from 55.00% for PPS-300–30 to 45.00% for PPS-
300–60 as compared to untorrefied PPS. Similarly, for RS, 
the mass yield was decreased from 87.42% for RS-230–30 
to 77.00% for RS-260–60. When torrefied at 300 °C with 30 
and 60 min of residence time, the mass yield was decreased 
from 67.00% for RS-300–30 to 60.00% for RS-300–60 as 
compared to untorrefied RS. Up to 260 °C, the mass yield 
decreased gradually, whereas the torrefaction duration time 
did not affect the yield. At 300 °C, the residence time had 

significantly affected the torrefaction of PPS and RS due to 
the intensive decomposition of cellulose [44]. The energy 
yield mainly depends on the mass yield of the torrefied PPS 
and RS. With an increase in torrefaction temperature, the 
mass yield decreased due to the loss of volatile matter and 
degradation of hemicellulose and cellulose. Chen et al. also 
reported similar results for both mass and energy yield in 
oxidative and non-oxidative torrefaction of rice husk from 
220 to 300 °C. In another study, Chen et al. reported simi-
lar results; the mass yield of SSP-350 and PWP-350 was 
less than 45%. However, the energy yield was obtained to 
57.8% for SSP-350 and 68.9% for PWP-350. This was due 
to the increasing enhancement factor of torrefied pellets 
[40]. Singh et al. [28] reported similar results for pigeon 
pea stalk; as increased the torrefaction temperature from 
225 to 275 °C, the energy yield decreased from 0.84 to 0.50 
for pigeon pea stalk. In this study, the fuel quality of PPS 
and RS has been improved with the severity of torrefaction 
temperature.

The energy density ratio was derived from the higher 
heating value of torrefied PPS and RS and the lower 
value of untorrefied PPS and RS. The energy density ratio 
increased to 1.19 MJ/kg for RS-300–60 and 1.30 MJ/kg for 
PPS-300–60 as compared to untorrefied RS and PPS. The 
energy density ratio increased sharply from 19.67% (PPS-
300–30) to 27.73% (PPS-300–60) and 17.06% (RS-300–30) 
to 17.33% (RS-300–60). The variations in the energy density 
ratio of PPS and RS are due to differences in the heating val-
ues with respect to the loss of volatile matter and moisture 
content during the torrefaction process. Similar results have 
been observed for pigeon pea stalk that the energy density 
increased from 2826.9 MJ/kg for TPS-250–15 to 2863.4 MJ/
m3 for TPS-250–30 and 2828.2 MJ/kg (TPS-275–15) to 
2844 MJ/m3, as compared to 2705.5 MJ/m3 for RPS. It indi-
cated that the torrefaction had little or no effect on energy 
density above 250 °C [28]. Conag et al. [45] reported that 
the energy density ratio increased from 1.0 for raw SCL to 
1.38 for SCL-300–75 and suggested that the high energy 
density ratio is not required to be an absolute measure of tor-
refaction performance. The energy density ratio of PPS and 
RS is increased by torrefaction and becomes good quality 
solid biofuel for other courses such as pyrolysis and gasifi-
cation [50].

3.3 � Effect of torrefaction on the functional groups 
of PPS and RS agro‑waste

FTIR spectroscopy has been used to study the changes in 
functional groups of PPS and RS at various torrefaction tem-
peratures and residence time (Fig. 4a, b).

The details of the changes in wave number and inten-
sity of functional groups of PPS are shown in Supplemen-
tary information in Table S2. FTIR absorbance bands of 

Fig. 3   HHV of untorrefied and torrefied PPS and RS with the change 
in the temperature from 230 to 300 °C with residence time of 30 and 
60 min
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untorrefied and torrefied PPS and RS were assigned from the 
literatures [51–54]. The intensity of the O–H band reduced 
with an increase in torrefaction temperature and time. It may 
be attributed due to dehydration and degradation of the –OH 
band in hemicellulose and cellulose [55]; as a result, the 
O–H band becomes broad. Moreover, the O–H band was 
shifted from 3367 to 3224 cm−1. Similar results have been 
reported for torrefied bamboo, SSP, and PWP [13, 40]. The 
bands at about 2900 cm−1 for PPS and 2906 cm−1 for RS 
were observed for C–H aliphatic symmetrical band due to 
the presence of methyl and methylene groups in alkane and 
alkene; when temperature increased from 230 to 300 °C 
with residence time of 30 and 60 min, the C–H aliphatic 
symmetrical band shifted to 2914 cm−1 for PPS-300–60 and 
2915 cm−1 for RS-300–60 due to degradation of methyl and 
methylene groups in alkane and alkene. Singh et al. [28] 
reported similar results that the C–H aliphatic symmetrical 
band shifted from 2892 to 2908 cm−1 in pigeon pea stalk 
due to removal of methyl and methylene groups in alkane 
and alkene with increasing torrefaction temperature. The 
band appeared at about 1737 cm−1 for vibrational stretch-
ing of C = O when torrefied from 230 to 300 °C with 30 
and 60 min; the C = O group diminished and reappeared 

at a lower wavelength of 1693 cm−1 [13]. Chen et al. [40] 
reported that the peak appeared at 1700 cm−1 for C = O in 
the stretching and the bending vibration of acetyl groups in 
hemicellulose; when torrefied at 350 °C, the peak disap-
peared due to decomposition of the polymeric structure of 
SSP and PWP at high temperature. The conjugated C = C 
stretching vibrations in the aromatic ring of lignin band 
appeared at 1515 cm−1 for untorrefied PPS, and 1595 cm−1 
for untorrefied RS was decomposed when torrefied at 300 °C 
with 60 min of residence time, and the band appeared at a 
lower wave number at about 1509 cm−1 for PPS and higher 
wave number about 1612 cm−1 for RS. The C–H deforma-
tion band in the lignin appeared at 1460 cm−1 for PPS and 
1462 cm−1 for RS. At 300 °C, the C–H bands appeared at 
1452 cm−1 for PPS and 1509 cm−1 for RS due to lignin deg-
radation. The C–O–C stretching vibrations in cellulose and 
hemicellulose appeared about 1161 cm−1 for PPS and RS; 
when torrefied at 230 °C with 60 min of residence time, this 
band shifted to a lower wave number about 1157 cm−1 for 
PPS and 1159 cm−1 for RS. With an increase in torrefac-
tion temperature up to 300 °C, the band of C–O–C stretch-
ing vibrations in cellulose and hemicellulose appeared at 
1209 cm−1 for PPS and 1157 cm−1 for RS. It indicates that 

Fig. 4   Infrared spectra of a 
untorrefied and torrefied agro-
waste of PPS with the change 
in temperature from 230 to 
300 °C with the residence time 
of 30 and 60 min b assigned 
part of IR spectra from 1800 to 
1000 cm−1
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the hemicellulose and cellulose undergo partial thermal 
decomposition from 230 to 300 °C with 30 and 60 min of 
residence time and hemicellulose being more significantly 
affected [28]. The C–O– stretching vibrations in cellulose 
appeared at about 1118 cm−1 for PPS and 1109 cm−1 for 
RS; when temperature increased to 300 °C, this band was 
shifted to 1105 cm−1 for PPS and 1112 cm−1 for RS. The 
C–O– band slightly shifted to a higher wave number for RS 
at the higher temperature may be due to partial degradation 
of the polymeric structure. The C–C–O stretching vibrations 
of alcoholic groups in cellulose appeared about 1047 cm−1 
for PPS and 1053 cm−1 for RS with the torrefied tempera-
ture at 300 °C with the residence time of 30 and 60 min; the 
bands were shifted to 1024 cm−1 for PPS, and the C–C–O 
band remains unchanged for RS at 1053 cm−1. However, 
the intensity of the band was decreased with the torrefac-
tion. Some of the functional groups of PPS and RS were 
shifted to the higher wave number with the change in tem-
perature and time. It could be due to the oxygen-containing 
functional groups of the organic molecules being gradually 
removed. As a result, the intensity of the band diminished 

with the severity of torrefaction temperature. The peaks of 
SSP and PWP in the range of 1500–1100 cm−1 correspond 
to the spectra of stretching bending peaks of C–O–C, C–H, 
and C–OH and were not changed at 200–250 °C. However, 
when torrefaction increased from 300 to 350 °C, the bonds 
of C–O–C, C–H, and C–OH are broken and produce ketones 
and furans [40]. The changes in intensity and wave number 
of functional groups of RS are shown in Fig. 5a, b. Due to 
the severity of torrefaction, the volatile components of the 
polymeric structure of organic molecules were progressively 
degraded; thus, the intensity of the band diminished. The 
details of the changes in the wave number and intensity of 
functional groups of RS are shown in Supplementary infor-
mation in Table S3. The broadening of the O–H band in IR 
spectra may be due to intermolecular and intramolecular 
hydrogen bonding in crystalline hemicellulose and cellulose 
compounds. The variation in the intensity and wave number 
of functional groups in PPS and RS was probably due to 
the prior decomposition of polysaccharides in PPS than RS 
with increased torrefaction temperature; thus, PPS and RS 
become more hydrophobic.

Fig. 5   Infrared spectra of a 
untorrefied and torrefied agro-
wastes of RS with the change 
in temperature from 230 to 
300 °C with the residence time 
of 30 and 60 min b assigned 
part of IR spectra from 1800 to 
1000 cm−1
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3.4 � Effect of torrefaction on grindability of PPS 
and RS

To get detailed information about the grinding behavior of 
PPS and RS with the change in temperature and time, we 
followed the particle size distribution [27, 55] method. After 
grinding, the ground particles of PPS and RS were separated 
with five different sizes of sieves, including < 75, 75–177, 
177–425, 425–710, and 710–1000 µm (s) by using a sieve 
shaker. The retained mass percentage of PPS and RS with 
the change in the temperature and time are shown in Figs. 6 
and 7.

Some difficulties were found in the result during the size 
reduction of the PPS and RS due to the fibrous nature of 
hemicellulose and cellulose component linkages; the results 
are shown in Figs. 6a and 7a.

About 0.02% and 0.74% of ground particles of untorrefied 
PPS and RS, respectively, were passed through a < 75-µm 
sieve size. However, when the PPS and RS were torrefied, 
the ground particles of about 19.71% for PPS-300–60 and 
15.68% for RS-300–60 were passed through a < 75-µm sieve 
as compared to untorrefied PPS and RS. A higher fraction 
of smaller particles was found on 177–425-µm sieve for 
both the PPS and RS residue(s) after distributing particles 
between five different sieve sizes. It may be due to the re-
absorption of moisture during the grinding process. How-
ever, the grindability of PPS and RS was improved by the 
loss of fibrous nature of PPS and RS when torrefaction tem-
perature increased; as a result, the PPS and RS become more 
brittle and easy to grind. The comparison of grindability of 
PPS and RS at 300 °C with 30 and 60 min of residence time 
is shown in Fig. 8.

Fig. 6   Particle size distribution (a) retained mass weight (%). b Cumulative particle size distribution of PPS after grinding

Fig. 7   Particle size distribution (a) retained mass weight (%). b Cumulative particle size distribution of RS after grinding
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About 99.89% of the smallest particles were passed 
through a < 75-µm sieve for PPS and 95.28% for RS when 
torrefied at 300 °C and 60 min of residence time as com-
pared to untorrefied PPS and RS. This happened because 
of the decomposition of the polymeric nature of cellulose, 
hemicellulose, and lignin at 300 °C for 60 min. Cumulative 
particle size distribution curves of ground torrefied PPS and 
RS were shifted towards smaller fractions. Comparatively, 
the PPS has a higher (19.71%) proportion of smaller parti-
cles obtained than the RS (15.68%) at 300 °C temperature 
and 60 min of residence time. The variation in the distribu-
tion of smaller particles between the torrefied PPS and RS 
may be due to prior degradation of organic matter in PPS 
and the presence of extra moisture in RS. Up to 260 °C, the 
fraction of smaller ground particles had been increased grad-
ually, and residence time has no effect. At 300 °C, the frac-
tion of smaller ground particles increased sharply, and the 
duration of time (residence time) had significantly affected 

the grindability of torrefied PPS and RS due to the intensive 
decomposition of cellulose. Bridgeman et al. [56] reported 
the torrefaction temperature as an essential factor in biomass 
(energy crop) grinding to smaller sizes. However, residence 
time also significantly affected the grindability to produce a 
smaller fraction of particles.

Nevertheless, after torrefaction, the torrefied PPS which 
produced the highest percentage of smaller particles can be 
considered as best grindability [27]. Similar results were 
observed by Tapasvi et al. [25] with an increase in the per-
centage of fine particles when torrefied; the Norwegian birch 
and spruce decreased the average particle sizes of torrefied 
biomass [24]. The grinding behavior of PPS and RS has sim-
ilar fashions with other torrefied biomasses such as Norwe-
gian birch, spruce, pine, black poplar, and chestnut [24, 25] 
that are used as a blend with coal for co-firing. Hence, the 
torrefied PPS and RS may be useful for co-firing with coal.

3.5 � Effect of torrefaction on mechanical properties 
of the pellets of PPS and RS

The physical appearance of PPS and RS pellets was changed 
to darker and rough with increased temperature from 230 to 
300 °C and the residence time of 30 and 60 min. It may be 
due to the breakage of the polymer’s chemical structure in 
lignin [31, 57, 58] than the untorrefied pellets. The physical 
appearances of untorrefied and torrefied PPS and RS pellets 
were shown in Fig. 9.

Mechanical properties of the PPS and RS pellets were 
studied with reference to the crushing strength and durabil-
ity tests.

3.5.1 � Effect of torrefaction on crushing strength 
or hardness and durability of PPS and RS pellets

The crushing strength and durability of untorrefied and 
torrefied PPS and RS pellets are shown in Supplementary 

Fig. 8   Comparison of grindability behavior of PPS and RS at 300 °C 
with the residence time of 30 and 60 min

Fig. 9   Physical appearance of untorrefied and torrefied PPS and RS pellets with the change in temperature and time
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information in Table S4. Crushing strength was inves-
tigated by applying load gradually on the pellets until 
it fractures or breaks. The pellet crushing strength was 
observed to be 55 kg for PPS (untorrefied) and 45 kg for 
RS (untorrefied). The crushing strength decreased from 
55 kg (PPS) to 50 kg, 48 kg, 10 kg, 8 kg 2 kg, and 1 kg 
for PPS-230–30, PPS-230–60, PPS-260–30, PPS-260–60, 
PPS-300–30, and PPS-300–60, respectively, as com-
pared to untorrefied PPS pellets. The crushing strength 
decreased sharply to 1 kg for PPS at 300 °C and residence 
time of 60 min as compared to untorrefied PPS. Unlike 
the PPS, the crushing strength for RS pellets decreased 
gradually from 45 kg (RS) to 40 kg, 38 kg, 35 kg, 30 kg, 
28 kg, and 20 kg for RS-230–30, RS-230–60, RS-260–30, 
RS-260–60, RS-300–30, and RS-300–60, respectively, as 
compared to untorrefied RS pellets. When the tempera-
ture increased, the bonding between the particles reduced 
within the pellet matrix. The pellets become brittle by 
the loss of the polymeric nature of the chemical struc-
ture [39]. As a result, PPS pellets become nonpolar, and 
the gaps between the particles within the pellet matrix 
increased [59]. Subsequently, crushing strength became 
negligible for PPS-300–60. The dissimilarity of crushing 
strength between the pellets of PPS and RS may be due 
to the hydrogen bonding that may play a crucial role in 
the extra moisture content of torrefied RS pellets. Shang 
et al. reported similar results that the crushing strength 
of wood pellets reduced to 90% at 260 °C and 60 min of 
residence time; as a result, the pellets became brittle and 
lower in hardness and finally difficult to handle, store, and 
transport [31]. The crushing strength of the untorrefied 
and torrefied pellets increased with increasing the compac-
tion pressure from 5.50 to 10.30 tonnage of pressure. It 
was due to the formation of interparticle bonding such as 

intermolecular hydrogen bonding, van der Waals’ forces, 
and electrostatic force of interactions between particles 
of starch, protein, lignin, and water-soluble carbohydrate, 
and those are encouraged to form solid bridges in pellet 
matrix [60]. It was observed that the crushing strength of 
untorrefied PPS and RS pellets was higher than torrefied 
pellets; this was due to the presence of H-bonding and van 
der Waals force of interactions in addition to mechanical 
interlocking in the particles of the pellet matrix [39]. The 
crushing strength of pellets of PPS and RS is shown in 
Fig. 10.

3.5.2 � Effect of torrefaction on the durability of PPS and RS 
pellets

The durability of the untorrefied and torrefied pellets of PPS 
and RS is shown in Fig. 11.

In general, torrefied pellets have lower durability than 
untorrefied pellets [61]. The durability of untorrefied PPS 
and RS pellets was 97.68% and 94.51%, respectively, at 
10.30 tonnage pressure.

The durability of PPS and RS pellets decreased with 
increased torrefaction temperature and residence time at the 
compaction pressure of about 10.30 tonnages. The durability 
of PPS pellets decreased sharply from 95.52% (PPS-230–60) 
to 37.53% (PPS-300–60) as compared to untorrefied PPS 
pellets at 10.30 tonnage of compacting pressure. In contrast 
to the PPS pellets, the durability of RS pellets was decreased 
at a slower rate from 93.61% (RS-230–30) to 84.29% (RS-
300–60) at the same compacting pressure as compared to 
untorrefied RS pellets. This is due to the thermal decomposi-
tion of biomass when the severity of torrefaction temperature 
increased; as a result, the pellets became less dense, and sub-
sequently, the durability decreased. When the torrefaction 

Fig. 10   Crushing strength of PPS and RS pellets with the change in 
temperature and time

Fig. 11   Durability of PPS and RS pellets with the change in the tem-
perature from 230 to 300 °C and the residence time of 30 and 60 min
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temperature increased, the lignin became soft and acted as 
a natural binder within the pellet matrix. Consequently, it 
became hard and improved the nonpolar C–C bonds while 
reducing the hydroxyl groups in lignin [61]. On the other 
hand, RS particles in the pellet matrix become hard. It is 
difficult to form bonding within the particles of the torrefied 
pellet matrix [62]. It was perceived that the durability differ-
ences between the pellets of PPS and RS might be due to the 
loss of volatile matter, moisture, destruction of cell walls, 
and prior decomposition of organic molecules present in the 
pellet matrix of PPS [28]. As a result, PPS and RS became 
more brittle and weaker in tenacious structures, and mechan-
ical properties become poor. As the compaction pressure 
increased from 5.50 to 10.30 tonnages, the durability of PPS 
and RS pellets [63] increased. This is probably due to the 
formation of molecular bonding between the particles within 
the pellet matrix [64]. The details of the results are shown in 
Supplementary information in Table S4. A similar result was 
reported that the durability decreased by 36.8% for SSP-350 
and 21.3% for PWP-350 as compared to raw SSP (99.32%) 
and PWP (99.46%). This was mainly due to the increased 
torrefaction temperature, thermal decomposition of biomass, 
and the torrefied pellets becoming less dense. Subsequently, 
the factor lowers the mechanical properties. It was suggested 
that torrefaction should be adopted at 250 °C for SSP and 
300 °C for PWP [40]. Ghiasi et al. [37] prepared the torre-
fied pellets by two different process routes, i.e., first pellets 
were prepared followed by torrefaction (scheme-I) or first 
done torrefaction followed by the pelletization (scheme-II) 
to convert Douglas-fir wood chips to torrefied wood pel-
lets. Scheme-II pellets have higher durability (98.6%) than 
scheme-I pellets (97.0%).

3.6 � Effect of torrefaction on moisture reabsorption 
tendency (equilibrium moisture content)

Moisture reabsorption tendency of PPS and RS was deter-
mined for untorrefied and torrefied pellets. It was observed 
that the untorrefied PPS and RS pellets have more affinity 
towards the reabsorption of moisture than torrefied PPS and 
RS pellets when exposed to controlled environment condi-
tion of 60% relative humidity (RH) at 40 °C temperature 
for 120 h. We found a similar trend for the reabsorption of 
moisture by both PPS and RS pellets with increasing torre-
fied temperature and time. With an increase in torrefaction 
temperature, the moisture reabsorption tendency decreased 
from 7.14% for PPS to 5.46% for PPS-300–60 and 7.18% 
for RS to 5.51% for RS-300–60 at 24 h. When PPS and 
RS pellets were kept for 120 h in 60% RH at 40 °C, the 
reabsorption of moisture tendency decreased. The mois-
ture levels of the PPS and RS at different time intervals 
are as the following: 23.36% for PPS-300–60 and 22.91% 
for RS-300–60 after 48 h, 25.80% for PPS-300–60 and 

24.48% for RS-300–60 after 72 h, 26.55% for PPS-300–60 
and 24.48% for RS-300–60 after 96 h, and 27.35% for PPS-
300–60 and 26.12% for RS-300–60 after 120 h. The results 
of the moisture reabsorption tendency are shown in Fig. 12. 
The moisture reabsorption tendency decreased due to the 
loss of hydroxyl and acid groups in the polymeric structure 
when torrefaction temperature increased. The untorrefied 
pellets of PPS have less affinity to the reabsorption of mois-
ture than the untorrefied RS pellet due to the availability of 
hydroxyl and acid groups in hemicellulose, cellulose, and 
lignin [65, 66]. With an increase in torrefaction tempera-
ture, there was a loss of hydrogen, oxygen, acids, esters, and 
other hydrophilic groups in the polymer matrix of pellets. 
As a result, pellets can be effortlessly resistant to moisture 
reabsorption and have a greater potential for storage and 
transportation [41]. Chen et al. [40] reported similar results 
that the equilibrium moisture content of SSP-350 and PWP-
350 decreased to 50% for SSP-350 and 70% for PWP-350 
as compared to raw SSP (9.5%) and PWP (9.7%). Singh 
et al. [28] reported that with an increase in torrefaction tem-
perature, the reabsorption of moisture of pigeon pea stalk 
decreased from 6.31 to 7.65% for TPS-225–30 to 3.97 to 
4.98% for TPS-275–30 after 96 h as compared to moisture 
reabsorbed after 48 h. With an increase in time intervals, 
the moisture reabsorption tendency of PPS-300–60 and 
RS-300–60 decreased gradually as compared to untorrefied 
pellets of PPS and RS pellets. The decrease in the moisture 
reabsorption of PPS and RS pellets has a great advantage for 
the storage and transportation of biomass pellets. The reab-
sorption of moisture by untorrefied and torrefied PPS and 
RS pellets at 60% RH at 40 °C with different time intervals 
is shown in Fig. 12.

3.7 � Industrial quality parameters of PPS and RS 
pellets

Combustion indices parameter such as fuel ratio (FR) was 
1.35 for PPS-300–60 and 0.52 for RS-300–60. FR ratio of 
torrefied PPS and RS was similar to the reported results for 
blending with coal in power industries [40, 67, 68]. The CI 
value was 20.21 MJ/kg for PPS-300–60 and 47.09 MJ/kg 
for RS-300–60. However, with an increase in torrefaction 
temperature up to 350 °C and 60 min for RS, the CI value 
increased to 21.23 MJ/kg. Therefore, the CI values of both 
PPS and RS are similar to the reported results of coal used in 
power industries [62]. Moisture contents reduced to 4.80%, 
and ash content increased to 1.91% for PPS; and the respec-
tive reduction for RS was 4.90% and 2.61%. The durability 
of untorrefied PPS and RS pellets was 97.68% and 94.51% 
which is comparable with Industrial Quality and EN-plus 
Quality [69, 70] of industrial wood pellets. The results of 
PPS and RS are compared with  previous studies as shown 
in Table 3.
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4 � Conclusions

The impact of torrefaction on physicochemical properties, 
grindability, moisture reabsorption tendency, and mechan-
ical properties of binderless pellets/agro-waste of PPS and 
RS was evaluated in this work. Fuel quality of PPS and 
RS improved with an increase in torrefaction temperature. 
Fuel ratio and CI values of PPS and RS increased with an 
increase in torrefaction temperature from 230 to 300 °C 
and residence time from 30 to 60 min. Fixed carbon and 
HHV of torrefied PPS and RS increased by the loss of 
oxygen and hydrogen, chloride, ester, and other organic 
groups in polymeric organic structure. The grindability 
of PPS and RS improved and confirmed by the passes of 
ground particles of about 99.89% for PPS-300–60 and 

95.28% for RS-300–60 through < 75-µm sieve size as com-
pared to untorrefied PPS and RS. The changes in the inten-
sity and wave number of PPS and RS functional groups 
were confirmed by reducing the band intensity and wave 
number shift, for example, -OH (3367–3224 cm−1), ester 
groups (1737–1693 cm−1), –C–O–C– (1161–1209 cm−1), 
and –C–C–O– alcoholic groups (1047–1024 cm−1). The 
mechanical properties of PPS and RS pellets were assessed 
in terms of crushing strength and durability. The crush-
ing strength decreased from 55 to 1 kg for PPS-300–60 
and 45 to 20 kg for RS-300–60. The durability decreased 
from 96.45% (PPS-230–30) to 37.53% (PPS-300–60) 
and 93.61% (RS-230–30) to 84.29% (RS-300–60). The 
results indicated that the torrefaction may be suitable up 
to 260 °C for PPS and 300 °C for RS with respect to the 

Fig. 12   Reabsorption of mois-
ture by untorrefied and torrefied 
a PPS and b RS pellets at 60% 
RH at 40 °C with different time 
intervals
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mechanical properties. The moisture reabsorption ten-
dency decreased to 27.35% for PPS-300–60 and 26.13% 
for RS-300–60 at 120 h as compared to untorrefied PPS 
and RS pellets. The results indicated that the reabsorption 
of moisture tendency decreased due to torrefaction. The 
hydrophobic nature of the PPS and RS pellets is encour-
aging for storage and transportation. The FTIR studies 
of PPS and RS strongly support the decrease in moisture 
reabsorption tendency of PPS and RS pellets. Overall, tor-
refaction of palmyra, redgram, and other similar residues 

improves the fuel value and convenience of practical han-
dling and storage.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13399-​021-​01720-6.
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Table 3   Comparison of ash, volatile matter, FC, energy density, and heating value of PPS and RS with other residues on air-dried basis

Untorrefied/torrefied agro-wastes Ash (%) Volatile 
matter (%)

FC (%) Energy density HHV (MJ/kg) Researchers

PPS 0.66 73.59 18.32 ––- 18.05 Present study
PPS-230–30 0.96 71.21 21.08 1.02 18.54
PPS-230–60 0.98 69.23 23.29 1.02 18.64
PPS-260–30 1.26 61.99 31.14 1.14 21.01
PPS-260–60 1.32 59.59 33.70 1.19 21.96
PPS-300–30 1.73 53.16 40.17 1.22 22.55
PPS-300–60 1.82 39.78 53.60 1.30 24.07
RS 1.00 74.23 17.23 ––- 17.63
RS-230–30 1.19 74.19 17.43 1.02 18.05
RS-230–60 1.26 71.08 21.06 1.07 18.97
RS-260–30 1.40 70.82 21.91 1.07 19.04
RS-260–60 1.60 70.56 22.27 1.07 19.22
RS-300–30 2.24 62.05 30.72 1.19 21.57
RS-300–60 2.48 61.04 31.58 1.19 21.64
Rape stalk 3.16 76.35 19.30 NA 18.75 Deng et al. [71]
Rape stalk-200–30 NA NA NA NA 19.50
Rape stalk-250–30 NA NA NA NA 21.10
Rape stalk-300–30 NA NA NA NA 21.59
Cotton stalk 6.53 75.38 18.09 NA 16.53 Chen et al. [72]
Cotton stalk-220–30 7.19 74.25 18.56 NA 17.09
Cotton stalk-250–30 9.92 69.76 20.32 NA 18.85
Cotton stalk-280–30 11.28 56.23 32.49 NA 20.31
Palm kernel shell 4. 38 83.38 10.50 NA 18.16 Onyeagba, Obinna et al. [73]
Palm kernel shell-240–120 8. 40 63.56 28.25 NA 21.54
Palm kernel shell-260–120 6. 09 70.84 22.72 NA 20.91
Palm kernel shell-280–120 8. 39 58.07 32.86 NA 21.86
Palm kernel shell-300–120 10.69 45.30 43.00 NA 22.80
Coconut shell 1.10 79.56 19.34 NA 19.58 Tanchuling et al. [74]
Coconut shell-250–30 1.52 73.80 24.68 NA 21.58
Coconut shell-250–60 1.90 63.55 34.55 NA 23.75
Coconut shell-300–30 1.80 45.78 52.42 NA 27.68
Coconut shell-300–60 1.81 48.68 49.50 NA 27.24
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