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A B S T R A C T   

In recent years, torrefaction, a kind of biomass thermal pretreatment technology, has received a great deal of 
attention due to its effective upgrading performance of biomass. Recent studies have also suggested that the 
quality of syngas and bio-oil (or biocrude) from the pyrolysis, gasification, and liquefaction of torrefied biomass 
can be effectively improved. Torrefaction changes the structure of the biomass, the degree of this change depends 
strongly on the severity of the torrefaction process. To have a better understanding of the impact that torrefaction 
has on the biomass structure, this study aims to provide a comprehensive and in-depth review of recent advances 
on this topic. Particular attention is paid to biomass structure analysis through thermogravimetric analysis, 
scanning electron microscopy, Fourier transform infrared analysis, Brunauer-Emmett-Teller, X-ray photoelectron 
spectroscopy, and nuclear magnetic resonance. From these analyses, the thermal degradation characteristics of 
hemicelluloses, cellulose, lignin, and other components in biomass can be recognized. In addition to the elab
oration of biomass structure variation from torrefaction, future challenges and perspectives are also underlined. 
The insights provided in this review are conducive to the further applications of biomass torrefaction for sus
tainable biofuel production.   

1. Introduction 

Nowadays, there is a huge demand for renewable and alternative 
energy due to the rapid growth in the global population, industrializa
tion, and the greater necessity of fuels for transportation. Therefore, on 
account of the fast population growth and economic development, there 
is an urgent need to increase energy sources. Currently, energy con
sumption highly depends on the usage of conventional fossil fuels which 
have caused extensive damages to the atmosphere and disastrous global 
climate changes, as a consequence of the increasing load of carbon di
oxide (CO2) and other greenhouse gases (GHGs) [1]. To abate these is
sues, the development of renewable energy has drawn significant 

attention. Though there is a variety of sources of energy available, 
biomass is currently the fourth largest primary energy source in the 
world and serves as a potential substitute for fossil fuels [2]. Nature has 
provided a wide variety of biomass sources, and global biomass pro
duction was estimated to be approximately 100 billion tons annually 
[3]. Biomass can not only be used for food production, but it can also be 
considered as a potential candidate for the production of renewable 
fuels, carbon sequestrations, and fertilizers [4–6]. Biomass is a highly 
renewable and carbonaceous resource, having the potential to produce 
heat, electricity, fuels, chemicals, and other bio-products [7,8]. Biomass 
also can reduce anthropogenic carbon dioxide emissions [9,10]. Ligno
cellulosic biomass can be utilized for the production of biodiesel, 
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bioethanol, and biogas through bioconversion processes. However, it is 
difficult to directly ferment lignocellulosic biomass to produce 
bio-material, and hence a pretreatment process is needed before further 
utilization [11]. 

At present, thermochemical conversion processes, including torre
faction, pyrolysis, gasification, combustion, and liquefaction, have 
received much attention from many researchers and industries [12,13]. 
The change in the operating conditions of these methods, excluding 
combustion, depends on oxygen supply and reaction temperature where 
solid, liquid, and gas biofuels are produced. In general, biomass pyrol
ysis is conducted at temperatures between 400 ◦C and 800 ◦C, and can be 
categorized into fast pyrolysis, slow pyrolysis, catalytic pyrolysis, and 
microwave pyrolysis [14–17]. Liquefaction is a thermal process at a 
temperature range of 200–400 ◦C at higher pressures (10–25 MPa) to 
convert biomass into bio-crude oil [18]. The gasification process takes 
place at relatively high temperatures under low oxygen conditions for 
the transformation of biomass [19]. 

In thermochemical techniques, the direct use of raw biomass faces 
many issues such as high moisture content, lower heating value, vola
tility, and low energy density when compared to fossil fuels [20]. In 
addition, it also causes other problems like smoke emissions during 
combustion, hygroscopic nature, uneven/heterogeneous composition, 
and transportation difficulties [21]. Hence, to overcome these issues, 
biomass needs to be pretreated to enhance the quality of producing 
energy conversion materials. Torrefaction is a promising pretreatment 
technology to upgrade biomass for solid fuel production and to offset 
greenhouse gas emissions. In this method, biomass is exposed to an inert 
atmosphere at low temperatures and is converted into a charcoal-like 
carbonaceous material holding excellent properties [22,23]. 

In general, raw biomass, which is targeted for use as fuel, has some 
drawbacks such as low calorific value, high moisture content, low en
ergy density, non-homogeneous, poor grindability, significant inorganic 
substances, low combustion efficiency, etc., thereby reducing its 
viability as a solid biofuel feedstock [24]. Torrefaction not only im
proves the fuel characteristics of biomass, such as carbon content and 
calorific value but also enhances hydrophobicity and grindability. It also 
lowers biodegradation and delivers a higher storability with low mois
ture content [15,25]. To enhance the physical and chemical character
istics of lignocellulosic biomass as a viable substitute for coal, 
torrefaction pretreatment has been explored extensively [26]. Torre
faction may effectively reduce the oxygen-to-carbon ratio (C/O) in cel
lulose and hemicelluloses [27,28]; it may also cause polycondensation 
and de-methoxylation of the aromatic units of lignin [29]. As the tor
refaction temperature increases, the solid yield gradually decreases, as a 
result of the release of moisture and volatiles [30,31], whereas gaseous 

and liquid products gradually increase. In the low-temperature range, 
the reduction in the solid yield is relatively low [32,33]. Although tor
refied products hold many advantages, some advanced techniques are 
still needed in production for commercialization to be consolidated 
within the global matrix of energy production. 

To date, there is a limited literature review focused on the impact of 
torrefaction on lignocellulosic biomass via structure analysis. Therefore, 
this study aims to investigate the current pretreatment options on 
lignocellulosic biomass by identifying the main strengths and weak
nesses of each one of these options. This review also provides significant 
comparisons on the impact of torrefaction on lignocellulosic structure 
based on several characterization methods, keeping into consideration 
recent developments on the torrefaction process. Several structural an
alyses such as thermogravimetric analysis (TGA), scanning electron 
microscope (SEM), Fourier transform infrared (FTIR), X-ray diffraction 
(XRD), Brunauer-Emmett-Teller (BET), X-ray photoelectron spectros
copy (XPS), and nuclear magnetic resonance (NMR) are discussed. These 
analyses characterize and determine the structures and properties of 
lignocellulosic biomass undergoing torrefaction. Fig. 1 shows a sum
mary of the structural analysis that can be carried out to characterize the 
lignocellulosic biomass. 

2. Lignocellulosic biomass structure 

Lignocellulosic biomass is known as a sustainable and one of the 
most abundant energy sources, which is available all over the world. 
Lignocellulosic biomass is non-edible and is mainly present in forest and 
agricultural biomass [34,35]. Furthermore, most of the lignocellulosic 
biomass is simply disposed of as waste material. In developing countries, 
communities from rural areas mainly rely on traditional energy sources 
such as crop residues, firewood. The traditional way to obtain energy is 
not only expensive and inefficient, but the process is also 
time-consuming and causes harmful pollution to the environment. The 
lignocellulosic biomass will be able to provide approximately 38% of the 
worldwide direct fuel supply and 17% of the world’s electricity by 2050 
[36,37]. 

Generally, all plant materials are composed of three major compo
nents, namely, cellulose, hemicelluloses, and lignin [38]. These three 
major components are unevenly distributed in the cell wall and provide 
a skeleton structure for the plants [39]. The connection between cellu
lose and hemicelluloses or lignin occurs mainly through hydrogen 
bonds, while the connection between hemicelluloses and lignin occurs 
by both hydrogen and covalent bonds [40,41]. Concerning the structure, 
cellulose is a glucan polymer of D-glucopyranose units that are linked 
together by β-(1–4)-glycosidic bonds [42]. Meanwhile, hemicelluloses 

Fig. 1. Summary of the structural analysis of lignocellulosic biomass.  
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consist of polysaccharide polymers with a lower degree of polymeriza
tion compared to cellulose. Hemicellulose contains mainly sugars such 
as D-xylopyranose, D-glucopyranose, D-galactopyranose, L-arabinofur
anose, D-mannopyranose, D-glucopyranosyluronic acid and D-gal
actopyranosyluronic acid, etc. [43,44]. Furthermore, lignin has its own 
characteristics such as being three-dimensional, amorphous, and a 
highly branched-phenolic polymer [45]. Lignin is formed through an 
irregular biosynthesis process constructed from three basic phenyl
propanoid monomers, p-hydroxyphenyl (H), guaiacyl (G), and syringyl 
(S) units [46]. Biomass is composed of about 20–30% of hemicelluloses, 
10–25% of lignin, and 40–50% of cellulose [47,48]. However, the study 
has found that there is no synergistic effect from the co-torrefactions of 
the blend of hemicelluloses, cellulose, and lignin. The weight losses of 
the three blend components were similar to those individual compo
nents [49]. Based on this result, it may be inferred that the impact of 
co-torrefaction of the three components on the lignocellulosic structure 

is slight. Apart from these cell wall components, a small fraction of ex
tractives and inorganic ash also exist as non-structural components in 
biomass, and they are not constituted with the cell layers. Usually, 
woody biomass comprises 90% of cellulose, hemicelluloses, and lignin, 
while agricultural biomass contains more extractives and ash. 

Currently, lignocellulosic biomass can be utilized through direct 
combustion to produce heat. This method generates heat and must be 
exploited immediately for heating or power generation. However, this 
approach has a significant problem of low energy efficiency, it also may 
lead to global warming from the harmful emissions of large amounts of 
carbon dioxide to the environment. Thus, the researchers showed 
considerable attention to the conversion of biomass to bioenergy 
through the biochemical or thermochemical process [29]. 

In the thermochemical process, heat and catalysts are used to convert 
biomass into bioenergy, whereas enzymes and microorganisms are 
widely used in the biochemical process [50]. In comparison to 

Table 1 
Lignocellulosic biomass under various pyrolysis processes and their main products.  

Lignocellulosic 
biomass 

Pyrolysis process Process conditions Main products Ref. 

Camellia oleifera shell Microwave-assisted pyrolysis 500 ◦C, 20 min  • Bio-oil: 37.30–40.27 wt%  
• HHV: 21.37–23.77 MJ/kg  
• With the distribution of solid and gas products 

[198] 

Corncob Fast pyrolysis for saccharification 500 ◦C, 20 s (10, 20, 40, 80 ◦C 
min− 1)  

• Solid yield: 10.1–25.8%  
• Multifarious derivatives of anhydrosugar, levoglucosan as 

the major product 

[199] 

Quercus rubra (red oak) 
wood chips 

Autothermal/partial oxidative pyrolysis 500 ◦C, 0.7 s, air  • Marginally change the chemical composition of phenolic 
compounds in bio-oil compared to conventional fast 
pyrolysis 

[200] 

Bamboo Fast pyrolysis 900 ◦C, 2 h, 45 ◦C min− 1, N2 gas  • Solid yield: 48.8–50.9% (lignin); 21.1–24.3% 
(hemicellulose); 8.3–11.4% (cellulose)  

• Major volatile products: acetone, acetic acid 
(lignocellulose); aromatic compounds (lignin) 

[201] 

Canadian pinewood Catalytic pyrolysis 500 ◦C, 50 ◦C min− 1 amorphous 
silica-alumina catalyst  

• Solid HHV: 14.97 MJ/kg (Cellulose); 15.31 
(Hemicellulose)  

• Catalytic derived bio-oil: 25.22 MJ/kg (Lignin); 34.20 MJ/ 
kg (Cellulose); 34.40 MJ/kg (Hemicellulose); 39.70 MJ/kg 
(Lignin)  

• Majority aliphatic hydrocarbons from lignin 

[202] 

Bamboo (Bambusa 
balcooa) 

Pyrolysis (with condensable volatiles 
quantification by thermogravimetric 
analysis) 

30–600 ◦C, 10 ◦C min− 1, inert 
atmosphere  

• Total volatile compounds yield: 18.68 wt% with 16.27 wt 
% (carbohydrates-derived); 1.12 (lignin-derived)  

• Solid yield: 28.58 wt% 

[203] 

Pine (Pinus radiata)   • Total volatile compounds yield: 18.10 wt% with 16.01 wt 
% (carbohydrates-derived); 1.52 (lignin-derived)  

• Solid yield: 22.34 wt% 
Corn cob   • Total volatile compounds yield: 15.02 wt% with 13.65 wt 

% (carbohydrates-derived); 0.95 (lignin-derived)  
• Solid yield: 23.21 wt% 

Corn stover   • Total volatile compounds yield: 17.22 wt% with 15.95 wt 
% (carbohydrates-derived); 0.69 (lignin-derived)  

• Solid yield: 27.68 wt% 
Lignocellulose 

fermentation residue 
Pyrolysis (fixed-bed microreactor) 25–800 ◦C, 10 ◦C min− 1, N2 gas  • Gas yield: 15–31%  

• Solid yield: 50–60%  
• Liquid yield: maximum 25%  
• The liquid phase was mainly composed of phenols 

[204] 

Beechwood Catalytic fast pyrolysis 500 ◦C, 30 min, N2 gas, with 
HZSM-5 and Al-MCM-41 
catalysts  

• Oil yield: 9.07–23.37%  
• Water yield: 31.92–43.09%  
• Gas yield: 18.11–22.34%  
• Solid yield: 24.57–26.60% 

[205] 

Thermal pyrolysis  • Oil yield: 28.43%  
• Water yield: 28.87%  
• Gas yield: 11.93%  
• Solid yield: 30.77% 

Canadian pinewood Catalytic pyrolysis 450 ◦C, 1 bar, Ar gas, 
amorphous silica-alumina 
catalyst  

• Organics yield: 23.1–42.4 wt%  
• Water yield: 19.1–27.1 wt%  
• Gas yield: 10.5–17.1 wt%  
• Solid yield: 17.6–19.3 wt% 

[206] 

Willow wood Slow pyrolysis 200–350 ◦C, 5 ◦C min− 1, 10 
min, N2 gas  

• Biochar yield: 39.8–98.1 wt% [207] 

Microwave pyrolysis 170 ◦C  • Biochar yield: 27.3 wt% 
Mixed straw pellets Slow pyrolysis 200–350 ◦C, 5 ◦C min− 1, 10 

min, N2 gas  
• Biochar yield: 46.4–93.9 wt% 

Microwave pyrolysis 200 ◦C  • Biochar yield: 33.7 wt%  
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biochemical processes, the thermochemical process is a better option in 
that it has a shorter process time. Besides, the biochemical conversion is 
an expensive and difficult process that requires hydrolytic pretreatment 
(enzymatic, acid/base, or hydrothermal) to separate cellulose, hemi
celluloses, and lignin components in the lignocellulosic biomass [51]. In 
this process, the cellulose fraction can be fermented into alcohol, how
ever, lignin showed a negative result [52]. Therefore, the degradation of 
lignin is possible only through combustion or thermochemical conver
sion technologies. Moreover, there are no other feedstocks that can be 
utilized with a significantly higher conversion yield of the product in the 
thermochemical process [53]. Torrefied biomass has greater potential 
with improved thermal characteristics, which provides a more stable 
condition to hold higher energy value and helps in the reduction of 
greenhouse gases (GHGs) emissions to the atmosphere. Table 1 lists 
recent studies on lignocellulosic biomass under various pyrolysis pro
cesses and their main products. 

3. Torrefaction 

Lately, biomass pretreatment using the torrefaction process has 
received significant attention from researchers on promising applica
tions. Torrefaction is defined as a thermal process to convert biomass 
into bio-coal, and this emerging technology shows satisfactory results 
according to several works of literature on different kinds of biomass 
sources [54]. Torrefaction is a mild pyrolysis process that occurs at 
temperatures between 200 and 300 ◦C [55–57] under an 
oxygen-deficient environment for appropriate durations (0.5–2 h). At 
the end of the torrefaction process, the components of hemicelluloses, 
lignin, and cellulose are decomposed and a high amount of volatile 
compounds is emitted [58]. During torrefaction, carboxyl and conju
gated ketone are generated by the processes of dissociation of O-acetyls 
and dehydration of hydroxyls in hemicelluloses [59], anhydrosugar in 
the torrefaction of cellulose [60], and phenols in the torrefaction of 
lignin [61]. The solid yield from hemicellulose torrefaction is commonly 
the lowest compared to cellulose and lignin [60,62]. The gaseous 
products in torrefaction from major components (cellulose, hemi
celluloses, and lignin) are mainly CO2 and CO, followed by a small 
amount of CH4 and H2 [61,63]. Meanwhile, in the liquid products, the 
dominant compounds are dehydrosugars from cellulose, furfural and 
acetic acid from hemicelluloses, and phenols from lignin [29,61]. The 
three main products of torrefaction are in the forms of liquid, solid, and 
non-condensable gases. A schematic diagram of torrefaction process is 
shown in Fig. 2 and the phases in the torrefaction process is shown in 
Fig. 3. However, the aim of this process is to obtain solid torrefied 
biomass, a type of biochar. Table 2 shows recent studies on the torre
faction technology of lignocellulosic biomass and their product 
properties. 

The torrefied biomass (biochar or black carbon) is a stable and 
carbon-rich solid bio-product [64,65]. In this process, biomass is dried 
and a large amount of CO (~20%) and CO2 (~80%) with some volatile 
compounds are released [66]. Consequently, the biomass weight can be 
reduced by 30%–70% and the torrefied biomass can stow 90% of the 
energy after torrefaction [67]. The change of biomass structure is closely 
related to the physicochemical properties of biomass, such as hydro
phobicity, mechanical strength, element content, and so on. Some of the 
notable findings in the changes with the physicochemical properties due 
to torrefaction are listed in Table 3. Torrefied biomass contains a higher 
calorific value due to the higher C–C and C–H bonds, and a higher 

amount of energy is released from C–C and C–H bonds compared to O–H 
and C–O bonds present in untorrefied biomass [68]. The literature sur
vey shows that torrefied biomass has lower atomic O/C and H/C ratios 
because of higher-temperature pretreatment, and this makes the torre
fied product similar to coal [69,70]. This technique also enhances the 
grindability and durability of biomass, and shows better performance in 
combustion, gasification, and co-firing purposes [71,72]. Also, the 
biomass attained after torrefaction contains less amount of ash content 
from wet torrefaction, and it is more environmental-friendly than other 
fossil fuels from the perspective of net greenhouse gas emissions [73]. 
Furthermore, torrefaction process parameters such as temperature, 
residence time, heating rate, biomass moisture content, particle size 
possess a direct impact on the final torrefied biomass properties [74]. 
Torrefaction is generally performed at low temperatures with a short 
residence time using a low heating rate for a higher final solid yield [75]. 
The product yield is highly influenced by the torrefaction temperature 
where the solid yield decreases with increasing temperature, while 
liquid and gas product yields increase with the increase of temperature 
[74]. Apart from temperature, the residence time is also a significant 
factor for the properties of torrefied biomass. A short torrefaction resi
dence time (15–60 min) is adequate for a complete torrefaction process 
on biomass, and prolonging the residence time does not show a signif
icant effect on biomass transformation [15,76]. The heating rate is also 
one of the influencing factors in torrefaction where a lower heating rate 
(<50 ◦C min− 1) is favorable for the higher yield of solid torrefied 
biomass [77]. The moisture content of biomass generally possesses an 
impact on the energy conversion process during torrefaction, where the 
moisture content of the raw biomass shall be kept at minimal for dry 
torrefaction [74]. Biomass particle size has a less significant influence on 
the torrefaction process compared to temperature and residence time. 
However, the particle size should be taken into account to allow uniform 
heating of biomass in terms of mass transfer throughout torrefaction for 
better solid and energy yields [78]. It can be concluded that torrefaction 
severity influences the torrefied biomass properties where further opti
mization of the parameters will be needed based on the desirable 
application. 

Torrefaction is also able to alter the biomass components distribution 
where cellulose and hemicelluloses degradation usually occurs at tem
peratures between 200 and 400 ◦C [79,80], and lignin degrades slowly 
at a higher temperature range of 200–900 ◦C. Torrefaction also helps to 
reduce the hemicellulose content from 22% to 4.6% at 300 ◦C, while 
cellulose degraded slowly and the lignin content increased [81]. Chen 
and Kuo [82] studied the effects of dry torrefaction on bamboo, coconut 
shell, willow, and wood at a temperature of 240 ◦C. They found that 
hemicelluloses degraded completely at this temperature; nonetheless, 
no degradation was observed in cellulose or lignin. Similarly, another 
study [83] also observed that the degradation of hemicelluloses started 
to occur in dry torrefaction at a temperature of 180 ◦C. Torrefaction also 
plays a role in changing the chemical structure of cell and cell wall 
components. The changes in biomass physical structure during torre
faction bring up new opportunities for biomass applications. Torre
faction removes water from biomass, causes hemicellulose 
depolymerization, and results in a stable physical condition. Industrial 
carbonization, polymer compounding, and other carbon-related 

Fig. 2. Schematic diagram of torrefaction process.  

Fig. 3. Phases in the torrefaction process.  
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Table 2 
Torrefaction technology of lignocellulosic biomass and their product properties.  

Biomass Torrefaction technology Torrefaction condition Torrefied product 
properties 

Ref. 

Loblolly pine Wet torrefaction 200–260 ◦C, 200–700 psi, 15–30 min, hot 
compressed water, N2 gas 

Solid yield: 57.0–88.7% 
HHV: 5043.3–6342.5 cal/g 
Energy yield: 77.5–95.8% 

[208] 

Dry torrefaction 250–300 ◦C, 80 min, N2 gas Solid yield: 60.5–83.8% 
HHV: 5005.4–5627.4 cal/g 
Energy yield: 73.2–89.7% 

Sawdust Non-oxidative torrefaction 240–300 ◦C, 50 and 120 min Solid yield: 32.6–65.1% 
HHV: 19.56–25.95 MJ/kg 
Energy yield: 73.3–99.6% 

[209] 

Oxidative torrefaction 240–300 ◦C, 50 and 120 min, O2 gas Solid yield: 41.3–60.1% 
HHV: 19.30–23.50 MJ/kg 
Energy yield: 65.7–94.5% 

Poplar wood Dry torrefaction 200–320 ◦C, 15–120 min, 25 ◦C min− 1, N2 gas or 
semi-closed system 

Solid yield: 20.1–66.5% 
HHV: 18.36–27.81 MJ/kg 

[210] 

Willow TGA-FTIR torrefaction 503–563 K, 30 min, 20 K min− 1, N2 gas Solid yield: 72.0–95.1% 
HHV: 20.2–21.9 MJ/kg 
Energy yield: 79.2–96.5% 

[211] 

Reed canary grass Solid yield: 61.5–92.6% 
HHV: 20.0–21.8 MJ/kg 
Energy yield: 69.0–93.5% 

Wheat straw Solid yield: 55.1–91.0% 
HHV: 19.4–22.6 MJ/kg 
Energy yield: 65.8–93.5% 

Rice husk Oxidative torrefaction 220–300 ◦C, 30 min, 0–15 vol% O2 Solid yield: 55–85% 
Energy yield: 64–89% 

[212] 

Non-oxidative torrefaction 220–300 ◦C, 30 min, N2 Solid yield: 92.71% 
HHV: ≤18.91 MJ/kg 
Energy yield: 80.56% 

Azolla filiculoides (mosquito fern) Dry torrefaction 260–300 ◦C, 15 min, 10 ◦C min− 1, Ar gas Solid yield: 67.1–83.8% [213]  
Hydrothermal carbonization 260–300 ◦C, 15 min, 8–10 ◦C min− 1, 60–83 bar, 

N2 gas 
Solid yield: 33.8–66.8% 

Sugarcane bagasse Dry torrefaction 200–275 ◦C, 15–60 min, 20 ◦C min− 1, N2 gas Solid yield: 54–80% 
HHV: ≤24.01 MJ/kg 
Energy yield: 69–89% 

[214] 

Textile sludge with agricultural and 
lignocellulosic biowaste 

Microwave-assisted wet torrefaction/ 
Co-torrefaction 

120–180 ◦C, 15 ◦C min− 1,10–30 min HHV: 17.3–20.9 MJ/kg 
Energy yield: 84.3% 

[215] 

Bamboo residue Dry torrefaction 200–300 ◦C, 60 min, 10 ◦C min− 1,N2 gas Solid yield: 49.48–86.24% 
HHV: 17.57–21.96% 

[216] 

Corncob Dry torrefaction 210–300 ◦C, 30 min, 15 ◦C min− 1, N2 gas Solid yield: 36.05–81.28% 
HHV: 20.11–28.09 MJ/kg 
Energy yield: 
54.26–87.58% 

[217] 

Pigeon pea stalk Dry torrefaction 200–300 ◦C, 0–60 min, 5–20 ◦C min− 1, N2 gas HHV: 17.84–24.23 MJ/kg 
Energy yield: 
57.49–94.65% 

[218] 

Plywood Dry torrefaction 200–300 ◦C, 5–120 min, N2 gas Solid yield: 52.26–96.68 wt 
% 
Energy density ratio: 
Highest 1.23 

[219] 

Fibreboard Solid yield: 50.18–97.02 wt 
% 
Energy density ratio: 
Highest 1.24 

Particleboard Solid yield: 48.43–96.55 wt 
% 
Energy density ratio: 
Highest 1.17 

Commercial fir pellets Non-oxidative torrefaction 200–250 ◦C, 15 min, N2 gas Solid yield: 52.72–90.12 wt 
% 
Liquid yield: 3.68–18.90 db 
HHV: 20.71–24.20 MJ/kg 
Energy yield: 
65.06–93.65% 

[220] 

Olive pomace pellets Solid yield: 56.34–79.92 wt 
% 
Liquid yield: 3.37–13.8 db 
HHV: 24.42–27.16 MJ/kg 
Energy yield: 
75.22–94.50% 

Commercial fir pellets Oxidative torrefaction 200–250 ◦C, 15 min, 20 ◦C min− 1, air Solid yield: 38.23–86.61 wt 
% 
Liquid yield: 4.17–27.30 db 
HHV: 20.35–25.06 MJ/kg 

(continued on next page) 
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operations may now use torrefied biomass as a resource for the appli
cation [84]. Dry torrefaction technology has progressed significantly to 
the extent of commercialization and market launch. Several torrefaction 
plants have subsequently been developed in Europe and North America 
[85]. According to recent market statistics, the torrefaction technology 
market will be processing over 130 million tons per year by 2020 [86]. 

In addition, torrefaction can enhance the compatibility of biomass for 
co-firing in coal-fired power plants, potentially facilitating the higher 
co-firing percentages at lower costs [87]. The torrefied biomass pos
sesses a more uniform product quality after torrefaction. Besides, the 
torrefied biomass is in ease of storage due to the decomposition behavior 
and hygroscopicity [88,89]. This decouples the production and con
sumption of large-scale torrefied biomass from the seasonal dependence 
of biomass availability. The enhancement of torrefied biomass proper
ties also makes it an attractive solid fuel for energy conversion processes 
with an increase in grindability and promising in-situ processing char
acteristics [90]. The low moisture content of biomass after torrefaction 
also contributes to cleaner gas production and stable quality. These 
improvements in the torrefied biomass properties are advantageous and 
provide the ability to process torrefied biomass on existing coal infra
structure without the need for significant additional investment [15]. 

According to biomass nature, torrefaction can be divided into two 
types such as dry and wet processes. In a dry torrefaction process, a 
controlled heating condition of biomass is applied under an inert at
mosphere (N2 or CO2) with low oxygen availability. In this technology, 
the product is obtained after partial degradation and without combus
tion [62,91]. This method also improves the microbe’s resistance and 
water vapor absorption. Whereas, in wet torrefaction, partial degrada
tion is applied under controlled conditions through heating in hot water 
or steam under high pressures [92]. Generally, the temperature required 
for dry torrefaction (200–300 ◦C) is slightly higher than the wet torre
faction method (150–260 ◦C). Both of the torrefaction methods show 
advantages and disadvantages. For example, the wet method requires 
more advanced equipment, and thus the investment cost is higher. In 
contrast, dry torrefaction is considered as a potential pretreatment 
technology to produce biomass that is more suitable for bioenergy ap
plications, with a significant amount of ash content remaining after the 
process [93]. However, a biomass sample with a high amount of ash may 
cause undesirable operational problems in boilers such as fouling, 
slagging, corrosion, and agglomeration [94]. Other than that, dry tor
refaction also possesses a disadvantage where biomass pre-drying is 
required prior to the dry torrefaction process [15]. In addition, wet 
torrefaction also possesses some limitations. For example, post-drying 
will be needed to obtain the dry torrefied biomass and the operation is 
under high pressure. Also, there might be some corrosion in the reactor 
by chemicals such as inorganic salts, and this will be a challenge for 
continuous production [15]. 

The conventional torrefaction technology exhibits a limited deoxy
genating effect due to mild operating conditions and thus some recently 
improved torrefaction techniques are being proposed by other re
searchers, for example, pressurized torrefaction, mechanically pressur
ized torrefaction, torrefaction in a closed system, etc. A study on novel 
gas-pressurized torrefaction has been carried out and showed the pro
duction of torrefied biomass with a higher oxygen removal efficiency of 
65% in biomass compared to conventional torrefaction at a relatively 
low temperature [25]. Gas-pressurized torrefaction improved the 
biomass properties for subsequent pyrolysis and a lignin-like structure. 
The study on upgrading of woody leucaena biomass through torre
faction under volumetric pressure was carried out [95]. There was an 
increase in the yield of torrefied biomass with increasing pressure, and 

Table 2 (continued ) 

Biomass Torrefaction technology Torrefaction condition Torrefied product 
properties 

Ref. 

Energy yield: 
49.85–88.35% 

Olive pomace pellets Solid yield: 53.04–71.41 wt 
% 
Liquid yield: 10.34–24.7 db 
HHV: 23.53–26.15 MJ/kg 
Energy yield: 
68.40–82.12%  

Table 3 
Changes in the physicochemical properties of biomass due to torrefaction.  

Physicochemical 
properties 

Findings Ref. 

Surface morphology Changes in the surface morphology of biomass 
were closely related to the moisture in biomass 
and the release of volatiles. Slow vaporization of 
internal moisture of the biomass pellets is the 
major reaction at lower temperatures. As the 
torrefaction temperature increases, a large 
amount of volatile gas accumulated in a short 
time, creating relatively higher pressure within 
the pellets, thus, damaging the surface 
morphology. 

[221] 

Hydrophobicity Torrefaction produces a hydrophobic product by 
destroying OH groups and causing the biomass 
to lose the capacity to form hydrogen bonds. 
Due to these chemical rearrangement reactions, 
non-polar unsaturated structures are formed, 
which preserve the biomass for a long time 
without biological degradation, similar to coal. 

[222] 

Hygroscopicity The reduction of Equilibrium Moisture Content 
(EMC) could be attributed to the release of 
extractives which are mainly consisted of 
organic volatile products condensed inside the 
wood pores. The lower saturated moisture 
content in torrefied biomass could also result 
from tar condensation inside the pores of 
torrefied biomass, obstructing the passage of 
moist air through the solid, and then avoiding 
the condensation of water vapor. In addition, 
the apolar character of condensed tar on the 
solid also prevents the condensation of water 
vapor inside the pores. 

[223] 

Mechanical strength During the torrefaction process the biomass 
tends to shrink; become lightweight, flaky, and 
fragile; and lose its mechanical strength, making 
it easier to grind and pulverize. 

[224] 

Grindability During the torrefaction process, the biomass 
loses its tenacious nature, which is mainly 
coupled to the breakdown of the hemicellulose 
matrix and depolymerization of the cellulose, 
resulting in the decrease of fiber length. The 
decrease in particle length, but not in diameter 
per se, results in better grindability, handling 
characteristics, and flowability through 
processing and transportation systems. 

[222] 

Elemental 
composition 

As the torrefaction temperature increases, the 
elemental carbon content of torrefied biomass 
increases, while hydrogen and oxygen contents 
decrease due to the release of volatile being rich 
in hydrogen and oxygen, such as water and CO2, 
which results in decreased H/C and O/C ratios 
and makes the fuel properties shift towards coal. 

[225, 
226]  

H.C. Ong et al.                                                                                                                                                                                                                                  



Renewable and Sustainable Energy Reviews 152 (2021) 111698

7

the pressurized torrefaction changed the structure of biomass with an 
enhancement for the cross-linking reaction throughout pyrolysis, 
resulting in higher char product yield. Torrefaction under pressure could 
upgrade the quality of biomass efficiently. Nonetheless, the high pres
sure would induce a higher energy consumption and thus a high cost for 
practical application. Therefore, further optimization on the pressure 
variation of these recent techniques is needed. Other than that, micro
wave torrefaction was also proposed for the pretreatment for 
high-moisture biomass waste where the process could enhance the latter 
gasification performance in the approach of clean technology [96]. In 
addition, the study on microwave wet torrefaction with catalytic 
approach also showed potential in treating lignocellulosic biomass 
waste with better efficiency and enhanced properties for torrefied 
biomass. The upgrading of the current torrefaction technology would 
provide better efficiency to the system, but there is no suggested reactor 
type for the optimized process where the selection will be correlated to 
the types of biomass and process conditions [97]. Further research on 
these technologies should be addressed to make them successful at the 
commercial level. 

It is important to explore the different structural characteristics of 
biochars, and this will greatly deepen our understanding of the function 
manipulation of biochar production. The establishment of the relation
ship between biochar structures and their physicochemical properties 
will eventually enable the production of the biochars with specific 
structures, such as engineered adsorbents, which can have their own 
application, for instance, soil remediation. 

4. Structure analysis 

4.1. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis is typically carried out using a ther
mogravimetric analyzer (TG) to investigate the thermal decomposition 
behavior of a substance with measurement of the amount and percent
age of change in weight as a function of temperature. Biomass is loaded 
into a crucible and placed in a TG before heating up at a selected heating 
rate and a temperature range under the inert condition to measure the 
biomass weight. TGA and derivative thermogravimetric (DTG) analysis 
can be obtained from the recorded distribution of the biomass weight 
loss. The biomass weight and its change rate due to dehydration, 
decomposition, and oxidation are derived from the TGA graph, and the 
biomass weight loss to temperature is derived from the DTG graph [98]. 
The remaining char residue of biomass after TGA analysis shows the 
distinct difference in the weight loss curve, the weight loss percentage 
increases with the torrefaction temperature from raw sample to torrefied 
biomass samples [99]. The thermal decomposition and torrefaction ki
netics of lignocellulosic biomass can be further examined through TGA. 

4.1.1. Thermal decomposition of lignocellulosic biomass 
Thermogravimetric analysis can be carried out to study the effect of 

the torrefaction process on thermal decomposition of few basic ligno
cellulosic biomass constituents such as hemicelluloses, cellulose, lignin, 
and xylan which is a subgroup from hemicelluloses [100]. When tor
refying biomass, the particle size is an important parameter due to 
varying conditions experienced by reaction intermediates. The torre
faction rate will be influenced by the particle size, especially at high 
temperatures. The results have shown that the energy and mass yields 
increased with the length-to-diameter ratio of the biomass particles 
[101]. Moreover, different severity levels of torrefaction give different 
impacts on the thermal degradation of each of the lignocellulosic 
biomass constituents as well. The torrefaction process alters the physi
cochemical properties of biomass, and hence the moisture content in 
biomass is reduced. In general, hemicelluloses in biomass will be 
degraded by torrefaction due to high temperatures, whereas the 
degradation extents of cellulose and lignin will occur based on the 
applied torrefaction temperatures [82,102]. The literature studies of 
DTG highlighting the impact of torrefaction temperature on the weight 
loss percentage of different lignocellulosic biomass constituents under 
several torrefaction severities are shown in Table 4. 

It is notable that, even at a low torrefaction temperature of 230 ◦C, 
hemicelluloses are significantly altered by the torrefaction procedures. 
According to the study of Bridgeman et al. [103], they showed that the 
decomposition of hemicelluloses using xylan constituents occurred at 
temperatures above 200 ◦C, where full devolatilization took place at 
350 ◦C to form major products such as H2O, CO2, CO, and char along 
with small amounts of organic products [104]. However, cellulose is 
only affected when severe torrefaction (290–300 ◦C) is employed. Cel
lulose has a slower decomposition reaction at temperatures below 
250 ◦C compared to hemicelluloses. However, the thermal decomposi
tion rate increases when the reaction temperature is increased up to 
above 300 ◦C. At the temperature range of 250–300 ◦C, the devolatili
zation of polysaccharides will occur up to 20–30% [105]. The mass loss 
that occurs at these temperatures is due to the depolymerization re
actions that cause a reduction in the length of polysaccharide polymers 
from 1000 to 200 monomer units [106]. Other than that, there is just a 
small influence on the lignin component when either severity level of 
torrefaction is applied [100]. Overall, the thermal decompositions of 
hemicelluloses, cellulose, and lignin occur at the temperature ranges of 
220–315 ◦C, 315–400 ◦C, and 160–900 ◦C, respectively [82,107–109]. 

4.1.2. Kinetics 
Thermogravimetric analysis (TGA) is used as a common thermoa

nalytical method to study the thermal degradation and thermal behavior 

Table 4 
DTG peak on the impact of torrefaction temperature on the weight loss per
centage of different lignocellulosic biomass constituents under several torre
faction severities.  

Biomass constituents/Biomass Reaction temperature 
(◦C) 

Weight loss 
(%) 

Ref. 

Hemicellulose 200 0.8 [100] 
225 2.3 
250 19.5 
275 52.6 
300 16.8 

Cellulose 200 0.5 
225 1.2 
250 3.0 

Lignin 300 7.4 
Xylan 250 14.6 

275 8.0 
300 3.5 

Hemicellulose 230 2.74 [49] 
260 37.98 
290 58.33 

Cellulose 230 1.05 
260 4.43 
290 44.82 

Lignin 230 1.45 
260 3.12 
290 6.97 

Xylan 230 14.16 
260 17.10 
290 3.94 

Dextran 230 4.92 
260 26.39 
290 14.66 

Douglas fir sawdust 250 12 [227] 
275 26 
300 48 

Willow, reed canary grass, 
wheat straw 

290 27–38 [103]  
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of lignocellulosic biomass [110,111]. Generally, with torrefaction as an 
isothermal pretreatment process, the torrefaction kinetics based on TGA 
data can be used to provide the prediction on isothermal degradation of 
biomass [100,112]. Thermal decompositions of lignocellulosic constit
uents, namely, hemicelluloses, cellulose, lignin, and xylan can be stud
ied and predicted using isothermal kinetics. Torrefaction kinetics shows 
its importance in determining the thermal degradation and conversion 
of substances and product formation, other than contribution in pre
diction of experimental design, process rate, selection of operational 
parameter, and practical operation [113]. 

According to the study of Bach and Chen [112], the torrefaction ki
netics was expressed in Arrhenius law which included the reaction 
order, activation energy, and frequency factor. The reaction rate under 
an isothermal condition with changes over time was denoted in equation 
(1): 

dα
dt

= k(T)⋅f (α) = Aexp
(
− Ea

RT

)

⋅f (α) (1)  

where α is conversion degree, t conversion time, A pre-exponential 
factor, Ea activation energy for the reaction, R universal gas constant, 
and T absolute temperature. The mass fraction of decomposed solid or 
released volatiles was denoted as the conversion degree α which is 
defined in equation (2): 

α=
m0 − m
m0 − mf

=
v
vf

(2)  

where m0 is the initial mass of solid, mf the final mass of solid, m the 
mass of solid at a given time, vf the total released mass of volatiles, and v 
the mass of released volatiles at a given time. 

For a non-isothermal expression, the reaction rate in Eq. (1) is 
transposed to describe the conversion rate as a function of temperature 
at a constant heating rate (β), as shown in equation (3): 

dα
dT

=
dt
dT

dα
dt

=
1
β

dα
dt

(3) 

Hence, the non-isothermal rate is expressed from the substitution of 
Eq. (1) into Eq. (3) as shown in equation (4): 

dα
dT

=
k(T)

β
⋅ f (α) = A

β
exp

(
− Ea

RT

)

⋅f (α) (4)  

where f(α) in Eqs. (1) and (4) can be expressed by different equations 
based on the reaction mechanism. The literature studies on the kinetic 
parameters of lignocellulosic biomass and/or its constituents from 
different models are presented in Table 5. 

Other than TGA, Simultaneous Thermal Analysis (STA) is also one of 
the laboratory techniques to study the thermal degradation of ligno
cellulosic biomass [114]. During thermal treatment, STA can capture 
both mass changes and heating values at the same time. This approach 
has been validated for obtaining accurate heat reaction values [115]. 
Furthermore, the application of STA coupled with Fourier Transform 
Infrared spectroscopy (FT-IR) has been discovered and appeared to be an 
appealing method compared to the conventional thermogravimetric 
methods in the investigation of the thermal behavior of wood followed 
by oxidation reaction mechanisms [116]. This can be one of the 
advanced technologies to address the in-situ thermal behavior analysis 
on lignocellulosic biomass structure evolutions during the torrefaction 
process. 

4.2. Scanning electron microscopy (SEM) 

To obtain a deep insight into torrefaction towards lignocellulosic 
biomass, SEM is a crucial tool to study the morphology of biomass before 
and after torrefaction. Several magnification factors can be used to 
observe the microstructure images of the biomass surfaces. Fig. 4 shows 
an example of the SEM images of lignocellulosic biomass (bamboo) 
before and after torrefaction at temperatures of 200 ◦C (light torre
faction), 250 ◦C (mild torrefaction), and 300 ◦C (severe torrefaction) 
[82] under a magnification factor of 500. 

For raw biomass, microfibers can be observed obviously on the 
surface. The effect of thermal pretreatment on biomass increased with 
torrefaction temperature. A study [102] observed that the particle sur
faces consisted of tiny holes in bamboo and tubular structure in banyan 
under torrefaction temperature of 290 ◦C. In another study [117], the 
surfaces of torrefied coffee residues were smoother compared to the 
branched structure of raw material due to the degradation of hemi
celluloses after torrefaction. Other than that, some microporous struc
tures appeared on the surface of sawdust, indicating the damage of 
structure after torrefaction at 270 ◦C. The higher structural damage after 
torrefaction could be explained by the higher hemicellulose content in 
the biomass. 

The study by Chen et al. [118] showed the effect of non-oxidative 
and oxidative torrefaction on the microstructures of fibrous and 
ligneous biomass. The non-oxidative and oxidative torrefaction showed 

Table 5 
Literature studies on the kinetic parameters of lignocellulosic biomass and/or its 
constituents from different models.  

Biomass 
components 

Order of 
reaction, n 
(− ) 

Activation energy, 
Ea (kJ mol− 1) 

Pre- 
exponential 
factor, A 
(min− 1) 

Ref. 

Hemicellulose 3 187.06 4.13 × 1016 [100] 
Cellulose 1 124.42 2.86 × 109 

Lignin 1 37.58 6.625 
Xylan 9 67.83 7.28 × 1025 

Alstonia congensis 
(Ahun) 

2.28 143.38 1.90 × 1010 [228] 

Ceiba pentandra 
(Araba) 

2.15 134.45 1.83 × 1013 [228] 

Corn stalk – 184.10 – [30] 
Corn stalk – 193.00 – [30] 
Corn stalk – 48.47 6.56 [229] 
Olive tree pruning – 46.23 6.04 [229] 
Vine pruning – 60.89 6.37 [229] 
Olive pomace – 167.94–994.09 – [230] 
Olive pomace – 162.59–1069.74 – [230] 
(Raw spruce 

woods) 
Hemicellulose 

1 103.80 3.70 × 107 [231] 

Cellulose 1 221.58 2.43 × 1017  

Lignin 1 66.17 1.33 × 103  

Char 1.01 178.48 5.92 × 1010  

(Wet torrefied 
spruce woods at 
210 ◦C) 
Hemicellulose 

1 47.01 2.88 × 102 [231] 

Cellulose 1 250.49 9.17 × 1019  

Lignin 1 83.68 3.63 × 104  

Char 1.02 127.32 4.27 × 106  

(Wet torrefied 
spruce woods at 
222 ◦C) 
Hemicellulose 

1 41.48 8.08 × 101 [231] 

Cellulose 1 247.92 5.39 × 1019  

Lignin 1 81.30 2.26 × 104  

Char 1.01 134.06 1.43 × 107  

(Dry torrefied 
spruce woods at 
275 ◦C) 
Hemicellulose 

1 – – [231] 

Cellulose 1 221.25 4.26 × 1017  

Lignin 1 72.78 3.18 × 103  

Char 1.07 239.28 1.44 × 1015  

Cellulose – 119.21 6.9 × 109 [232] 
Xylan – 116.84 5.4 × 1011 

Lignin – 43.29 1.4 × 103 

Cellulose – 227.02 5.6 × 1016 [233] 
Xylan – 69.39 2.1 × 103 

Lignin – 7.8 4.9 × 10− 5  
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a similar effect to the torrefied biomass structure. The raw oil palm fiber 
and coconut fiber showed an abundant amount of inclusions in the 
thick-walled fibers. The inclusions disappeared and the tubular structure 
was formed after torrefaction. This was due to the reduction of hemi
cellulose and lignin content in biomass. The alteration of microstructure 
showed a better grindability of biomass after torrefaction. Other than 
that, the study showed the SEM images of torrefied woodblock and 
compared them to raw biomass. The result showed that the torrefaction 
had a noticeable effect on the wood surface. When the exert temperature 
increased, the structure surface showed more damage and tubular 
structure. The result also showed filament features on torrefied wood (at 
particle size between 100 and 200 mesh) at the torrefaction temperature 
of 220 ◦C. However, the spherical shape of the particles could be 
observed when higher torrefaction temperatures (250 and 280 ◦C) were 
applied. 

The study of the porous surface of raw empty fruit branches and palm 
mesocarp fiber showed that they were fibrous materials. The decom
position of the hemicelluloses was related to the internal structural 
changes of both materials after torrefaction. However, the depletion of 
lignin showed the least effect on the internal structure of the torrefied 
biomass. The study also showed the SEM images of raw willow and 
eucalyptus biomass with strong and bulky xylem tissues. The fibrous 
structure was damaged and the presence of more cracks and fissures in 
the particles occurred after torrefaction. This showed that torrefaction 
had a severe effect on the morphology and structural changes of ligno
cellulosic biomass based on SEM images. 

Pores with a nanoscale size are not visible in SEM/FESEM imaging. 
Transmission electron microscopy (TEM) or high-resolution trans
mission electron microscopy (HR-TEM) can be the advanced method to 
confirm the presence of nanometer-size pores [119]. In electron mi
croscopy, TEM is the most widely used method for the characterization 
of nanomaterials [120]. HR-TEM is an imaging mode of TEM imaging 
mode that enables direct imaging of the atomic structure of the material, 
and it can be considered as a useful technique for studying samples with 
atomic-scale characteristics [121]. In addition, there is a recent 

experimental method to carry out in-situ HR-TEM for the direct obser
vation towards the microstructural evolution of the sample [122]. These 
advancements in the imaging technology can be applicable and helpful 
in future research on the characterization of lignocellulosic 
biomass-derived materials from torrefaction towards nanotechnology 
applications such as energy storage supercapacitors, etc. 

4.3. Fourier transform infrared (FTIR) analysis 

Fourier transform infrared spectroscopy is utilized to carry out FTIR 
analysis and to investigate the effect of torrefaction on the chemical 
structure of lignocellulosic biomass. The main band assignments of 
torrefied lignocellulosic biomass based on FTIR spectra are listed in 
Table 6, while the summary of typical FTIR absorption bands for 
lignocellulosic components is shown in Table 7. 

Basically, there are noticeable effects of the FTIR spectra with tor
refaction pretreatment. Most of the changes of FTIR spectra occur in the 
region of 1200–800 cm− 1 due to the characteristics of polysaccharides, 
mainly hemicelluloses and cellulose [123–125]. The important func
tional groups to be studied are in the regions where most of the changes 
occur such as O–H, C––O, C––C, C–H, and C–O–C groups [126]. Hemi
celluloses are known as the most reactive lignocellulosic components of 
biomass where notable decomposition reactions occur upon the torre
faction pretreatment [127,128]. The intensity of the peak decreases with 
the rising of torrefaction temperature. As the corresponding effect, this is 
due to the dehydration and decarboxylation reactions in the depletion of 
carbohydrates and the ester group removal through the deacetylation 
process of hemicelluloses [99]. The increase of the FTIR signal of aro
matic and aliphatic groups suggests the increased degree of coalification 
upon torrefaction [129]. 

From a study [130] using the cotton stalk, there was a noticeable 
decrease in the FTIR spectra peak intensity of oxygen-containing func
tional groups, stemming from the depletion of organic substances, 
mainly hemicelluloses. The dehydroxylation and condensation reactions 
caused a decrease of the O–H peak at 3400-3200 cm− 1. The decreasing 

Fig. 4. Examples of SEM images of lignocellulosic biomass (bamboo) before and after torrefaction at temperatures of 200, 250, and 300 ◦C under magnification of 
500 × . 
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of C––O peak at 1516-1560 cm− 1 with increasing torrefaction temper
ature was caused by decarboxylation, and the breakage of glycosidic 
bonds and cyclic C––O along with the formation of oxygenated com
pounds and non-condensable gases [131]. The degradation of 
oxygen-containing organic groups showed effects on the simplified 
organic groups and thus had lower oxygen content. The study of Ibrahim 
and Darvell [126] showed that the functional groups that existed in 
torrefied biomass shifted towards lower wavenumbers and the alteration 
of peak intensity could be observed. The depletion of the O–H group in 
the torrefied biomass enhanced the hydrophobicity properties. Other 
than that, the depletion of hemicelluloses also resulted in the formation 
of more non-polar and unsaturated compounds in the torrefied samples. 
The torrefied sample would be more uniform with consistent quality 
based on the reduction of hemicelluloses and the enrichment of lignin. 
This could conclude that the torrefied sample could be qualified as a 
suitable feedstock for burning [132]. 

For the analysis of lignin fractions through FTIR, the typical bands at 
wavenumbers of 1600, 1510, and 1460 cm− 1 representing the aromatic 
regions of lignin are decreased with increasing temperature, indicating 
the degradation of aromatic rings at higher temperatures [133,134]. 
Moreover, the ether and C–C linkages of lignin in torrefied biomass 
which consists of higher energy than other bonding show an increase of 
heating value and energy density after torrefaction [135]. Furthermore, 
a more detailed transformation of lignin structures in biomass after 
torrefaction still requires additional support from NMR spectral data 
that will be discussed further in Section 4.7. Besides, the study of Zheng 
et al. [27] on torrefied corncob showed the significant transformation of 
FTIR spectra occurred at the peak area of C–O–C asymmetrical vibra
tion. The intensity of C–O–C vibration increased with increasing torre
faction temperature due to the cross-linking reaction on cellulose 
torrefaction. In the study of Nam and Capareda [135], there was a 
decrease of peak spectra at 897-898 cm− 1 based on C–H deformation, as 
a consequence of the degradation of cellulose in the torrefied biomass 
[136]. 

According to the study of Sarvaramini et al. [137] on xylan torre
faction, the result showed that the degradation of xylan could not be 
carried out completely in mild conditions. This was owing to the 
decomposition that occurred at temperatures below 250 ◦C was sub
jected to the release of H2O, CO, CO2, methanol, aldehyde, and acetic 
products [138,139]. The carbonyl functional group (C––O) could act as a 
precursor for the study of the decomposition progress of xylan. How
ever, when the torrefaction temperature was increased up to 280 ◦C, the 
breakage of glycosidic residues accompanying the release of furfurals, 
acids, water, and other gases took place [137]. This could be observed 
from the decrease of peak intensities at 950-1200 cm− 1 (C–O bond 
stretching) and 3200-3600 cm− 1 (O–H bond stretching) after torre
faction. In addition, the upward drifting of FTIR spectra towards the 
large wavenumber region indicated the formation of aromatic groups (at 
1570 cm− 1) due to depletion of hydrogen and oxygen from xylan 
carbonization upon torrefaction. As a summary, the structural changes 
of lignocellulosic biomass from torrefaction are ranked from hemi
celluloses to lignin, cellulose, and finally xylan [60,140]. 

Other than the conventional FTIR, advanced technologies such as 

Table 6 
Main band assignments of torrefied lignocellulosic biomass based on FTIR 
spectra.  

Functional 
group 

Wavenumber 
(cm− 1) 

Explanation Ref. 

O–H (stretch) 3400–3200 O–H stretching to hydroxyl 
groups in phenolic and 
aliphatic structures 

[32,124,126, 
130,132, 
234] 

C–H (stretch) 3050–2800  i. C–H stretching of 
aromatic rings  

ii. Asymmetric vibrations of 
–CH2 and symmetric 
vibrations of –CH2 

[124,131, 
234–237] 

C=O 
(stretch) 

1600–1850; 
1740-1710; 
1516-1560 

Carbonyl/carboxyl and ester 
groups in cellulose and 
hemicelluloses (including 
xylan) 

[126, 
129–132, 
235–237] 

C=C (stretch) 1640-1653; 
1612-1450; 
1596-1459  

i. Stretching and skeletal 
vibrations of C––C 
aromatic  

ii. Aromatic skeletal 
vibrations of lignin 

[60,124,126, 
129,237] 

C–H 1465–1426  i. Deformation of lignin and 
carbohydrates  

ii. The vibration of the 
aromatic rings in lignin 
and C–H bending in 
cellulose 

[60,124,129, 
237] 

1371–1382 Bending symmetric of –C–H 
(CH3) 

1376 Deformation of cellulose and 
hemicellulose 

1320–1333 Vibration of cellulose 
C–O (stretch) 1333–1320 Vibration of syringyl 

derivatives 
[32,60,99, 
124,126, 
129, 
236–238] 

1269–1271  i. Attributed to a mode 
associated with the 
guaiacyl ring, C–O 
stretching in lignin and 
C–O linkage in guaiacyl 
aromatic methoxyl 
groups in softwood only  

ii. Aromatic C–O stretching 
of methoxyl and phenyl 
propane units 

1232 Attributed to a combination 
of deformation of the 
syringyl ring and a 
deformation of cellulose in 
softwood only 

1246–1257 Syringyl ring in hardwoods 
only 

1250-1220; 
1160-1170 

Antisymmetrical of C–O–C 
glycosidic bridge in cellulose 
and hemicelluloses 

1157 C–O–C vibrations in 
cellulose and hemicellulose 

1128–1134; 
1147-1211 

C–O stretching modes (C–O) 

1006–1043 C–O stretching vibration and 
ether-type structures 

899 Deformation in cellulose 
C–H (out-of- 

plane) 
700–900  i. Three bands 

corresponding to out-of- 
plane deformation 1–4 
adjacent C–H bonds in 
aromatic rings  

ii. Rocking of –(CH2)n- and 
bending (out-of-plane) 
of –HC––CH–(cis)  

iii. C–H due to aromatic 
structure in lignin 

[28,31,129, 
237,239] 

O–H and C–C 
(out-of- 
plane) 

640–701 Bending (out-of-plane) for 
O–H and C–C 

[129] 

C–C (stretch) 558 C–C stretching, aromatic 
rings 

[240]  

Table 7 
Summary of typical FTIR absorption bands for lignocellulosic components.  

Lignocellulosic 
component 

Typical absorption bands/ Peaks (cm− 1) Ref. 

Hemicellulose 1463, 1412, 1248, 1164, 1043, 987 [44,117] 
Cellulose 1429, 1378, 1168, 1106, 1064, 1030, 897 [117, 

241] 
Lignin 1599, 1511, 1462, 1420 [45,117, 

242] 
Xylan 1725, 1601, 1460, 1407, 1382, 1312, 1250, 

1212, 1163, 1110, 1079, 1038, 982, 895, 843, 
780 

[234]  
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thermogravimetry coupled with Fourier transform infrared spectros
copy (TG-FTIR) and diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) have also been employed to make up for the 
deficiencies in current technologies on the structural analysis of ligno
cellulose biomass. The development of TG-FTIR is not only able to 
address the drawback in non-continuous analysis, the devolatilization 
and mass loss of biomass followed by the functional group identification 
of major volatiles species corresponding to a certain temperature range 
can also be monitored [141]. The behaviors of gas products and the 
emissions of SOx, NOx, and HCl pollutants from the torrefaction of cel
lulose, hemicelluloses, and lignin can be determined through TG-FTIR 
[142]. However, homodiatomic species such as H2 cannot be 
measured, and there are difficulties in the identification of compounds 
with similar functional groups using TG-FTIR [143]. Therefore, TG-FTIR 
is preferable to be used on the final torrefaction products followed by 
speculation of the torrefaction mechanism based on the final product 
yield. To obtain more detailed and real-time information about the 
biomass structure changes throughout the torrefaction reaction process, 
in situ spectroscopy such as diffuse reflectance infrared Fourier trans
form spectroscopy (DRIFTS) is one of the excellent in-situ character
ization methods [144,145]. The evolution in the functional groups can 
be monitored using DRIFTS to investigate the influence of structural 
differences in the lignocellulosic biomass during torrefaction. A recent 
study showed a new insight on the combination of in-situ DRIFTS with 
density functional theory (DFT) quantum chemical calculation in 
determining the effects of biomass component structures on pyrolysis 
[144]. This can be a new approach for future research in the monitoring 
of changes in lignocellulosic biomass structures while determining the 
possible torrefaction reaction paths of biomass with related information 
on the kinetic parameters [145]. 

4.4. X-ray diffraction (XRD) 

4.4.1. Background and principle 
X-ray diffraction (XRD) is an important method to study the sample 

crystallinity due to the diffraction peaks from cellulose crystals [146]. 
The principle of XRD analysis depends on the intensity of the spreading 
out and bending of light when it passes through a narrow aperture or 
across an edge which gives the structural information corresponding to 
the level of organization of the arrangement of a material’s structure 
[147]. Due to constructive interference, an organized or ordered (crys
talline) structure shows a sharp peak, attributing to the combined 
amplitude of superimposed waves. In contrast, a disorganized or disor
dered (amorphous) structure generates a smooth curve, resulting from 
destructive interference. The smooth curve generated by the random 
arrangement of atoms in space is a consequence of the cancellation of 
the intensities when the light scatters in all directions [147]. 

The crystallinity index (CrI) has been widely used to quantitatively 
describe the relative amount of crystalline and amorphous regions in the 
cellulose material [148]. It is defined as a ratio of the integrated area of 
the crystalline cellulose to the integrated total area of the peaks from 
both crystalline and amorphous cellulose [149]. Considering CrI calcu
lation, there are three commonly used methods: (1) the Segal or peak 
height method [150]; (2) the peak deconvolution method; and (3) the 
amorphous subtraction method [151]. In the peak height method, CrI is 
expressed as shown in Eq. (5) [146,148]: 

CrI ​ (%)=
I002 − IAM

I002
× 100 (5)  

where I002 is the height of the peak due to the diffraction plane of (002) 
at 2θ = 23◦, and IAM is the minimum height (2θ = 18◦) between peaks at 
(200) and (110). In fact, I002 corresponds to the maximum interference 
which represents crystalline and amorphous materials, while IAM rep
resents amorphous material. The second method involves the extraction 
of crystalline and amorphous contributions to the diffraction spectrum 

via a curve-fitting process, where the calculation is based on the in
tensity of the peaks at (110), (102), (200), or (004) for the cellulose and 
a single broad peak for amorphous parts [148,151]. The CrI calculation 
is done by dividing the peak areas of crystalline components by the total 
peak area [148,152]. The third method, which is also termed the 
Ruland-Vonk or amorphous contribution subtraction method [151], 
determines the crystallinity by subtracting the amorphous contribution 
from diffraction spectra using an amorphous standard. The CrI is defined 
and expressed as shown in equation (6): 

CrI ​ (%)=
Sc

St
× 100 (6)  

where Sc is the area of the crystalline domain and St is the area of the 
total domain. 

4.4.2. Studies of XRD on torrefaction 
Several studies have been performed on the torrefaction of ligno

cellulosic biomass using XRD to analyze the structural transformation of 
the biomass from its raw state to its torrefied state. Three approaches 
have been utilized to present the pertinent data gathered from the 
analysis, either using a single approach or a combination of two ap
proaches. The three approaches are: (1) comparison and discussion of 
the CrI values of raw and torrefied biomass; (2) identification and 
comparison of planes at evident peaks using peak deconvolution; and (3) 
tabulation and evaluation of other crystalline properties such as crys
tallite diameter and height [59,70,132,153–155]. 

Comparison and discussion of the crystallinity index values of the 
raw and torrefied biomass, namely, the first approach, have been re
ported in some literature studies. Neupane et al. [59] compared the CrI 
values of the raw loblolly pine and sweetgum to their torrefied coun
terparts at three different torrefaction temperatures (225, 250, 275 ◦C) 
and durations (15, 30, 45 min). Two peaks at the diffraction angles of 
16◦ and 22◦ were seen in all the samples, except for the samples torrefied 
at the most severe conditions (275 ◦C & 45 min). The peak at 2θ = 16◦

completely disappeared, implying the destruction of cellulose in the 
biomass. 

Li et al. [156] carried out the torrefaction of bamboo in a carbon 
dioxide environment. They found that the CrI value decreased when the 
temperature increased, and no crystallinity was detected in the bamboo 
torrefied at 340 ◦C. It follows that the crystalline cellulose in the bamboo 
was completely destroyed. However, in another study by Li et al. [33], 
bamboo torrefaction in a nitrogen environment showed an increasing 
trend of the CrI value when the torrefaction severity increased, primarily 
due to the degradation of the amorphous components including 
hemicelluloses. 

The study of Wannapeera and Worasuwannarak [155] showed tor
refied leucaena in nitrogen at various combinations of torrefaction 
temperature and duration under desired solid yields (60%, 70%, and 
80%) where the crystallinity of the torrefied leucaena was analyzed 
using an X-ray diffractometer. They observed that the peak intensities of 
the torrefied leucaenas at the angle range of 2θ = 20–25◦ decreased with 
increasing torrefaction temperature along with a shorter duration. They 
mentioned that the decrease in the crystallinity of cellulose after the 
torrefaction might be attributed to the change in the intermolecular 
hydrogen bonding. Once the torrefaction was operated at 320 ◦C for 6 
min with a solid yield of 60 wt%, no peak was observed, revealing that 
no crystalline cellulose remained. 

Zhang et al. [140] studied biochars produced from the torrefaction of 
the cultivation residues of Auricularia auricula-judae where four different 
temperatures (200 ◦C, 240 ◦C, 280 ◦C, and 320 ◦C) and four different 
holding times (15 min, 30 min, 60 min, 120 min) were taken into ac
count. Their results showed that, at the torrefaction temperatures of 200 
and 240 ◦C for 60 min, the CrI values decreased slightly, from 40.06% to 
38.59% and 38.89%, respectively. This indicated that hydrogen bonds 
were partly broken during the torrefaction processes. In contrast, for the 
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torrefaction temperature of 280 ◦C, the CrI value increased obviously 
when the duration increased until 60 min (CrI = 40.02%) but decreased 
at 120 min (CrI = 32.30%). The evident increase of crystallinity until 60 
min was attributed to the degradation of hemicelluloses and the 
recrystallization of the amorphous region in cellulose. The lowest CrI 
value was obtained at 320 ◦C for 60 min, stemming from the dominant 
degradation of crystalline cellulose. 

The study of Hill et al. [153] used the Lorentzian function to fit the 

major peaks, and the estimation on the proportion of surface to interior 
cellulose crystal chains was shown. The XRD analysis focused on the 
torrefaction of Pinus radiata at 250 ◦C for 45 min and 275 ◦C for 50 min. 
At a temperature of 250 ◦C for 45 min, the CrI value decreased from 
86.2% to 85.0%, while at 275 ◦C for 50 min the CrI value decreased to 
69.8%, indicating an evident cellulose chain degradation under these 
torrefaction conditions. 

A summary of CrI values and remarks on two common diffraction 
angles (i.e., 16◦ and 22◦) observed in cellulose is shown in Table 8. 
Generally, the CrI values of torrefied biomass at low temperatures and 
short durations are higher when compared to that of its parent biomass. 
This is attributed to the thermal degradation of hemicelluloses [70] and 
the recrystallization of amorphous components in cellulose [59,154]. 
When the torrefaction severity increases to a certain extent, the CrI value 
shows a decreasing trend with increasing temperature or duration. This 
reveals that the reduced crystallinities at high torrefaction severity are 
dominated by the degradation of crystalline cellulose. 

For the second approach, three studies were involved [153,157,158]. 
Generally, the contractions and reductions are attributed to the increase 
in the spacing between the H-bonding which then results in the 
increased hydrophobicity of the material. A summary of the function 
used, torrefaction conditions, evaluated peaks, and specific remarks is 
shown in Table 9. As summarized in Table 9, Singh et al. [158] used the 
peak deconvolution method where the peaks (110), (110), (200), and 
(004) were involved. In their study, the radiata pine wood chips were 
subjected to a 30-min torrefaction at temperatures 220 and 300 ◦C, and 
the results showed that at peaks (110), (110) and (200), there was a 
small contraction in comparison to the raw biomass which indicated that 
the H-bonding in the crystal changed. The (004) peak did not pose any 
changes at both temperatures. 

Gong et al. [157] investigated the ball-milled (BMP) and 
hammer-milled (HMP) pine dust for torrefaction. The CrI trends for both 
types followed the general trend of the CrI value, initially increasing and 
then showing a decrease. Comparing the two types, raw BMP had a 
lower CrI value (11.50%) than raw HMP (31.10%), hence the CrI values 
of torrefied BMP at all conditions were lower than CrI values of torrefied 
HMP. The lowest CrI values that the torrefied BMP and HMP obtained, 
which were 6.75% and 24.95% respectively, were the ones subjected at 
the highest torrefaction severity (at 290 ◦C for 60 min). 

Table 8 
Summary of CrI values of raw and torrefied biomass.  

Feedstock Torrefaction conditions Remarks Ref. 

22◦ 16◦ CrI 

Loblolly pine and 
sweetgum 

Temperature: 225, 250, 
275 ◦C 
Duration: 15, 30, 45 min 

The peak at all conditions was 
observed in both feedstock 

No peak at highest 
temperature and duration 

CrI of raw is 75.03% decreased to as low as 
60.14% (275 ◦C-30 min) before cellulose 
disappeared at 275 ◦C-45 min 

[59] 

Bamboo Temperature: 240, 260, 280, 
300, 320, 340 ◦C 
Duration: 30 min 
*under CO2 environment 

No remarks Complete destruction of 
crystallinity of cellulose 
at 340 ◦C 

CrI of raw is 49.5%. Decreased from 46.1% to 
19.1% (at 240–320 ◦C) 

[154] 

Bamboo Temperature: 220, 240, 260, 
280 ◦C 
Duration: 10, 30 and 60 min 

No remarks No remarks CrI increased until 300 ◦C (from 47.97% to 
55%) 

[132] 

Leucaena Mass yield: 60% 
Prepared at: 280 ◦C - 105 
min, 300 ◦C - 20 min, and 
320 ◦C - 6 min 

Peak evidently decreased with 
increasing torrefaction temperature; 
No peak at 320 ◦C-6 min 

Peak diminished at 
320 ◦C - 6 min 

Not mentioned [155] 

Auricularia 
auricula-judae 

Temperature: 200, 240, 280 
and 320 ◦C 
Duration: 15, 30, 60 and 120 
min 

No remarks No remarks The lowest value for CrI (32.30%) was 
obtained at 320 ◦C-60 min 

[70] 

Pinus radiata Torrefaction at (a) 250 ◦C for 
45 min and at (b) 275 ◦C for 
50 min 

No remarks No remarks From 86.2%, the CrI values decreased to 
85.0% and 69.8% respectively for a and b 

[153] 

Pine dust 
(Hammer and 
ball-milled) 

Temperature: 230, 260 and 
290 ◦C 
Duration: 30 and 60 min 

No remarks No remarks The Lowest CrI values of HMP and BMP 
decreased from 31.10% to 24.95% and 
11.5%–6.75%, respectively, at 290 ◦C-60 min 

[157]  

Table 9 
The peak deconvolution of XRD curves at different torrefaction conditions.  

Function Conditions Peaks Remarks Ref. 

– Temperature: 
220 and 300 ◦C 
Duration: 30 min 

(110)
and 
(110)  

Slight contraction at 220 
and 300 ◦C compared to 
the control; indicates H- 
bonding change in the 
crystal 

[158] 

(200) Contracts by 0.1 Å at 220 
and 300 ◦C; shows a slight 
decrease in distance 
between H-bond chains; 
increases hydrophobicity  

(004) No change 
Gaussian Temperature: 

230, 260, and 
290 ◦C 
Duration: 30 and 
60 min 

(021) The peak in raw HMP was 
not evident and appeared 
to be the left shoulder of 
(002); BMP showed a small 
sharp peak 

[157] 

(101)
and 
(101)  

The two peaks are very 
close and formed a broad 
peak at around a 
diffraction angle of 16◦

(002) Disappeared in BMP curve 
due to covering of a broad 
amorphous cellulose peak 

Lorentzian Temperature: 
250 and 275 ◦C 
Duration: 45 and 
50 min 

(200) A decrease indicates an 
increase in the spacing 
between the H-bonding 
cellulose crystal sheets 

[153] 

(110)
and 
(110)  

Collapse indicates changes 
in H-bonding in the crystal 
sheet plane  
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Lastly, among the nine studies of torrefaction that focused on XRD, 
only one made a further investigation of the crystallite height and 
crystalline size [159]. A summary of the lattice parameters from the XRD 
analysis of the raw and torrefied hardwood (RHW, THW), softwood 
(RSW, TSW), and sugar sorghum bagasse (RSB, TSB) is shown in 
Table 10. According to the tabulated data, the difference in the inter
layer spacing and crystalline height of the raw and torrefied biomass for 
all samples was not evident. The change in the crystallite size might be 
dependent on the hemicellulose branching. The lower the order of 
branching, the smaller was the change (RSB > RSW > RHW). 

The RHW and RSW showed an intense (002) peak at 2θ = 26.1◦, 
while the peak for RSB shifted to 25.4◦ due to the stacking of graphitic 
basal planes. The values indicated that the orderliness of RHW and RSW 
was similar and that of RSB deviated considerably. After torrefaction, 
the (002) peak shifted to 25.7◦ and 24.6◦ for the woods and bagasse, 
respectively. A noticeable change in the diffractogram of THW and TSW 
was the peak at 2θ = 31◦, which indicated the presence of calcium 
carbonate. At 51.2◦, all the raw biomasses exhibited a sharp peak, 
attributing to the presence of the small amount of silicate compounds, 
which was intensified after torrefaction which indicating increased sil
ica visibility. The initial increase of CrI value could be before being 
degraded at a higher temperature. The overall decrease in the crystal
linity after torrefaction could be attributed to the change in the inter
molecular hydrogen bonding [155]. 

Other than conventional XRD, there are also some recently devel
oped technologies in the advancement of XRD such as Synchrotron X-ray 
diffraction (SXRD) and High-Temperature X-Ray Diffraction (HT-XRD). 
SXRD has been employed to study the microstructural changes in the 
sample where HT-XRD can characterize the evolution of the sample 
under steam and oxygen conditions with real-time tracking during the 
process [160,161]. Up to date, there is still limited study on the char
acterization of lignocellulosic biomass using these advanced XRD tech
niques. Further research can be carried out in the future using advanced 
XRD methods such as SXRD and HT-XRD for in-situ analysis to under
stand more detailed structural changes of lignocellulosic biomass during 
torrefaction. 

4.5. Brunauer-Emmett-Teller (BET) 

4.5.1. Background and principle 
The Brunauer-Emmett-Teller (BET) theory plays a crucial role in 

measuring the specific surface area of a material. In fact, the theory is 
the most commonly used one for evaluating the specific surface area. 
The BET method is an extended Langmuir theory that focuses on the 
multilayer physical adsorption of gas molecules on the external and 
internal surfaces of material [162], in which the determination of the 
material’s total specific surface area (m2/g) depends on this phenome
non. The amount of the absorbed gas is dependent on its relative vapor 
pressure and the total external and internal surface of the material 
[163]. The data is treated using the BET adsorption isotherm equation as 
shown in Eq. (7): 

X
Xm

=

C
(

p/po

)

(

1 − p/po

)(

1 + (C − 1) p/po

) (7)  

where Xm (g) is the mass of adsorbate forming a monolayer on a unit 
mass of adsorbent, X (g) the mass adsorbed at relative vapor pressure 
(p /po), p (Pa) the actual vapor pressure, po (Pa) the vapor pressure at 
saturation, and C (dimensionless) a constant which expresses the rela
tive lifetime of molecules in the condensed state in each layer [163]. 

The method is established based on three hypotheses: (1) gas mole
cules physically adsorb on a solid in layers infinitely; (2) there is no 
interaction between each adsorption layer; and (3) the Langmuir theory 
can be applied to each theory [162]. 

4.5.2. Studies of BET method on torrefaction 
A few torrefaction studies [126,159,164,165] mentioned the use of 

the BET method as part of the structural analysis. However, most studies 
concluded that there were no significant findings of the results. Among 
the four torrefaction studies that used the BET method, only one had an 
elaborated discussion about the results [159], two of which mentioned 
the BET values of torrefied biomass, but made no further discussion 
[126,164], and one declared its use on the raw and torrefied form of 
biomasses (pine and spruce) before subjected to explosion chamber 
[165]. 

Mafu et al. [159] investigated the torrefaction of softwood (SW), 
hardwood (HW), and sweet sorghum bagasse (SB) until the 30% mass 
loss was achieved at 260 ◦C. The mass loss was achieved at 110, 100, and 
20 min for SW, HW, and SB, respectively. The raw SW (RSW) had the 
highest BET surface area which was 77 m2/g, followed by RHW (62 
m2/g) then by RSB (15 m2/g). After torrefaction, the BET surface areas 
of SW, HW, and SB were 68, 60, and 47 m2/g, respectively. Only SB 
displayed an increase in BET surface area and no significant difference in 
the woody biomasses. The values in the BET surface areas of the torre
fied biomass were attributed to the initial lignin content. They claimed 
that because lignin was softened and melt into the pores, the surface 
area decreased ascribing to the reduction of the accessible pore volume. 
Sweet sorghum bagasse had a very low lignin content, thus making it a 
viable candidate for having an increased BET surface area. 

Ibrahim et al. [126] study showed the torrefied willow, eucalyptus, 
oak, and birch mixture (hardwood), spruce, pine, and larch (softwood) 
at three treatment conditions (270 ◦C for 30 min, 270 ◦C for 60 min, and 
290 ◦C for 30 min), and reported that the surface areas of the torrefied 
materials fell within the range of 1.1–3.8 m2/g. They mentioned that the 
BET surface area posed no significant pore development. 

Arnsfeld et al. [164] torrefied two woody biomass samples (pine and 
beech wood) and three agricultural wastes products (palm kernel shells, 
pine kernel shells, and almond shells) and characterized them for gasi
fication purposes. After torrefaction at different temperatures - pine 
wood and beech wood at 220, 250, and 300 ◦C, palm kernel at 250 and 
300 ◦C, and pine kernel shells and almond shells at 300 ◦C – BET was 
conducted and the values for pinewood, beechwood, pine kernel shells, 
and almond shells were 1.63, 1.40, 1.37, and 1.70 m2/g, respectively. 
No value was shown for the palm kernel shell and no remarks were made 

Table 10 
Lattice parameters from X-ray diffraction analysis of raw and torrefied hardwood (RHW, THW), softwood (RSW, TSW), and sugar sorghum bagasse (RSB, TSB), 
respectively [159].  

Samples (002) (110) Interlayer spacing, (d002 (Å))  Crystalline height, (Lc (Å))  Crystalline size, (La (Å))  Number of crystallites in a stack, (Nave (− )) 

RSW 25.8 40.2 4.01 28.4 100.4 8.08 
TSW 25.7 40.3 4.02 27.5 71.8 7.84 
RHW 25.9 40.7 3.99 29.3 91.4 8.33 
THW 26.0 40.4 3.98 30.2 64.8 8.59 
RSB 25.4 40.4 4.07 27.5 118.2 7.76 
TSB 25.5 40.9 4.05 28.3 69.4 7.99  
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concerning pore development. 
The BET method is applied on the pore structure analysis of ligno

cellulosic biomass where the attribution of high non-structural carbo
hydrates content may be determined based on the pore volume [166]. 
Other than that, the amount of lignin content in biomass may also be 
part of the observation. The high lignin content results in a relatively 
small growth of surface area due to the reduction of accessible pore 
volume with the melting of lignin into pores after torrefaction [167]. 
The structural analysis of pore properties can also be used to assume the 
coalescence of biomass pores from the reduction of surface area after 
torrefaction [159,168]. In addition, the pore size is correlated with the 
torrefaction temperatures where the smaller pores with diameter <10 
μm may coalesce into larger pores (>25 μm) at high temperature after 
torrefaction [164]. Further applications of the torrefied biomass can be 
determined based on the particular emphasis of the pore properties 
before and after torrefaction. 

4.6. X-ray photoelectron spectroscopy (XPS) 

4.6.1. Background and principle 
X-ray photoelectron spectroscopy (XPS) is a quantitative technique 

that can determine the elemental composition, empirical formula, 
chemical state, and electronic state of material [169]. This technique 
measures the number of electrons emitted as a function of their kinetic 
energy when a material undergoes surface atom irradiation in an 
ultra-high vacuum (UHV) chamber with monoenergetic soft X-rays. The 
main principle of the analysis involves the photoelectric effect [170] 
where the incident X-ray may cause core electron emission of the 
molecule of the subjected material. When the threshold value is sur
passed, however, only the electrons at the outermost layer of the ma
terial have the chance to escape. Therefore, the thickness considered for 
the analysis is only within 2–10 nm [170]. Considering lignocellulosic 

materials, two elements of carbon and oxygen are of particular interest 
and are detectable by XPS. 

The binding energy of electrons in the 1s shell for C and O are 285 
and 532 eV, respectively [170]. The C1s signal detected by XPS is usually 
deconvoluted into four types of carbon atoms bonded to either other 
elements or functional groups; they are denoted as CI, CII, CIII, and CIV 
[126,171]. The signal for CI found at binding energy (BE) of 284.6 eV is 
attributed to carbon atoms bonded with carbon or hydrogen atoms only 
such as aromatic or aliphatic carbon (C–C, C––C, and C–H). The binding 
energy increases when the number of O atoms bonded to C increases. For 
this reason, the binding energy of CI (284.6 eV) serves as the reference 
[171]. The signal for CII is typically found at slightly higher BE (ΔBE =
+1.5 eV) compared to CI and corresponds to a carbon atom bonded with 
one oxygen atom as well as ether or hydroxyl or phenyl groups (C–O-R). 
The signal for CIII (ΔBE =+2.9 eV) corresponds to carbon atoms bonded 
to a carbonyl or two non-carbonyl oxygen atoms (C––O or O–C–O). CIV 
(ΔBE = +4.2 eV) is linked to carbon atoms bonded to a carbonyl and a 
non-carbonyl oxygen atom or carboxylic group or ester (-COO). In 
contrast, data for the BE of the O1s signal are not completely clear, and 
the assignment of the oxygenated functional groups is still a matter of 
debate [126]. Nevertheless, the O1 peak at BE of 531.4–532.3 eV has 
been tentatively assigned to carbonyl groups, while the signal for C–O-R 
groups is expected at 533.0–534.0 eV. The signal for moisture in wood is 
also expected to fall within the BE range of 533.0–533.5 eV for 
C–O-functionalities. 

4.6.2. Studies of XPS on torrefaction 
To date, there is limited literature on torrefaction studies using XPS 

as a tool to analyze the structures of lignocellulosic materials. Han et al. 
[171] investigated the torrefaction of Eupatorium adenophorum Spreng, a 
major invasive plant in southeast China, at 200, 225, 250, 275, 300, and 
325 ◦C for 30 min. In their analysis, XPS survey scan spectra were 

Fig. 5. X-ray Photoelectron Spectroscopy (XPS) result of carbon (a, b) and oxygen (c, d) on raw wood fiber and its torrefied sample, respectively.  
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recorded in pass energy of 100 eV and a binding energy range of 1200–0 
eV by a step of 1 eV. High-resolution scanning of the C1s region was 
performed in a step of 0.05 eV with a pass energy of 20 eV. For the raw 
biomass, the XPS analysis suggested that relative proportions (RPs) of 
the four types of C followed the order of CI > CII > CIII > CIV. Once the 
torrefaction temperature increased, the RP of CI increased from 52.23 to 
73.39%, whereas CII and CIII decreased from 39.40 to 19.72% and from 
6.94 to 0.82%, respectively. As for CIV, its RP values at each torrefaction 
temperature were close to each other. These data suggested the removal 
of O (reducing CII and CIII) and enrichment of C (raising CI) with 
increasing torrefaction temperature, so the torrefied biomass prepared 
at the higher temperature was more coal-like. 

Ibrahim et al. [126] examined the XPS spectra of raw and torrefied 
eucalyptus. They observed that the deconvolution of the XPS spectra of 
the C1s signal of the raw eucalyptus resulted in a large peak (at BE 284.6 
eV) due to both C–C bonds and C–H (CI type), which accounted for 
approximately 90% of the XPS signal. A smaller peak (10%) was found 
at BE of 287.5 eV, as the consequence of ether or hydroxyl (CII) groups. 
The C1s spectrum of the torrefied eucalyptus showed the disappearance 
of the ether or hydroxyl groups and a noticeable decrease of CI, from 
90% (the raw biomass) to 47%. The carbonyl groups (CIII) were also 
detected, which were absent from the raw sample. In the O1s spectrum of 
the raw eucalyptus, a peak was observed at BE of 533.1 eV, resulting 
from ether groups (C–O–C), hydroxyl groups (C–OH), and possibly 
moisture. In a torrefied sample, the O1s spectrum showed two peaks, 
with a large peak assigned to C–O–C or C–OH groups (533.3 eV) and a 
smaller peak at 531.5 eV possibly due to the formation of carbonyl 
groups. Their results of the XPS data were consistent with the observa
tions from the FTIR spectroscopy, showing that torrefaction led to the 
loss of OH groups and the formation of C––O groups. On the account of 
dehydration reactions and cross-linking from torrefaction, the treated 
solids had a lower capability to hydrogen bond with water, and hence 
more hydrophobic. 

The XPS results of carbon and oxygen on raw wood fiber and its 
torrefied sample are shown in Fig. 5. From Fig. 5b, the intensity of C–O 
and C––O bonds are reduced after torrefaction compared to raw material 
in Fig. 5a. This may be due to the breakage of bonding from the loss of 
H2O, CO, and CO2 in the sample. However, the intensities of C–C and 

C–H bonds increase, and this will lead to a decrease in conductivity in 
the torrefied sample after torrefaction. From Fig. 5d, there is a reduction 
in the percentages of C––O and C–O in the torrefied sample as compared 
to the raw sample in Fig. 5c. Although there is a significant reduction of 
C––O in torrefied samples, some C––O will be changed into the C–O bond 
after torrefaction. 

4.7. Nuclear magnetic resonance (NMR) 

Nuclear magnetic resonance (NMR) has been commonly applied to 
study the chemical mechanisms that occurred during the torrefaction of 
lignocellulosic biomass. Since the analysis of solid char after torrefaction 
contributes to new insight on the mechanism of torrefaction reaction, 
the solid-state 13C NMR analysis has been applied to study the structure 
of solid materials [172–174]. Due to the non-destructive method char
acteristics and no limitation on sample insolubility with detailed struc
tural information, there is a wide application on char analysis using 13C 
NMR [172,175]. In addition, the cross-polarization/magic angle spin
ning (CP/MAS) method is one of the most used NMR techniques in 
obtaining structural information of chars [172,175–178]. Analysis using 
CP/MAS provides chemical details of the samples at a short time with a 
good signal-to-noise ratio. However, the CP/MAS method cannot be 
considered as an accurate quantitative method due to its efficiency 
based on the magnetization transfer that is dependent on the environ
ment of 13C nuclei [68,179]. Fig. 6 shows the 13C high-resolution sol
id-state NMR spectra of raw and torrefied wood sawdust. There are 
changes in the peaks of the chemical shift spectra before and after tor
refaction. Each of the peaks corresponds to its relative main resonance 
assignment on the lignocellulosic component and chemical composition 
group based on the signal from 13C NMR. 

According to the study of Melkior et al. [174], the main conclusion 
that obtained from solid-state NMR was the extent of degradation that 
occurred at different lignocellulosic constituents. Hemicelluloses were 
the most degraded component at temperatures of 240–260 ◦C. The 
crystallinity of cellulose also increased when the temperature was above 
200 ◦C, along with a slight effect on the lignin components. Even though 
the crosslinking reactions could be observed at temperatures above 
260 ◦C, lignin components still appeared to be the most stable. The NMR 
analysis provides an insight into the de-acetylation of hemicelluloses, 
demethoxylation of lignin, and changes in the cellulose structure. As 
related, the study on the evaluation and comparison of the thermal 
reactivity of pine and beech woods under torrefaction using solid-state 
NMR also showed the main transformation mainly on the depletion of 
hemicelluloses. Other reactions such as demethoxylation, breaking of 
b-O-4 structures, and the formation of new chemical structures as 
related to the degradation of hemicelluloses was also investigated. The 
study on the torrefaction of Loblolly pine (Pinus taeda) also presented 
NMR spectra on the complete decomposition of hemicelluloses after the 
torrefaction at 250 ◦C for 4 h, with slight changes in the cellulose and 
lignin components. 

The NMR tests in the study of pine, ash-wood, miscanthus, and wheat 
straw showed results that the chemical transformation of biomass 
functional groups was not directly correlated to the mass loss upon 
torrefaction [180]. High xylan content biomass materials such as 
ash-wood, miscanthus, and wheat straw had faster mass loss compared 
to pine with less xylan content. Lignin aided in protecting cellulose 
components and this caused a faster decomposition of non-woody 
biomass compared to woody biomass. From the study of Fu et al. 
[181], 13C CP/MAS solid-state NMR spectroscopy was used to investi
gate the lignin content of kenaf biomass. The study suggested the 
application of solid-state NMR in lignin structural characterization of 
lignocellulosic biomass. With the understanding of solid-state NMR, the 
13C CP/MAS solid-state NMR method can be utilized in the application 
of papermaking, biomaterials analysis, tobacco analysis, biofuel, and 
bioethanol industries, in addition to research and industry related to 
plant and other biomass. 

Fig. 6. 13C high-resolution solid-state NMR spectra of raw and torrefied 
wood sawdust. 
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4.8. Advantages and limitations 

In addition to the structural analysis, each of the methods possesses 
applications in the characterization of surface, structural, or molecular 
properties of lignocellulosic biomass. The analyses of SEM, FTIR, and 
BET discuss the surface characterization of the lignocellulosic sample 
before and after torrefaction while TGA, XRD, XPS, and NMR analyses 
provided information related to the structural and molecular properties 
changes of biomass throughout the torrefaction [182]. The character
ization using SEM allows for the observation of the morphological 
changes of biomass before and after torrefaction through microscopic 
technique, where further qualitative and quantitative information on 
the composition, porosity, and finer structural details can be obtained 
[183]. However, the technique possesses a limitation on the resolution 
where minimum spot size can only be observed through scanning 
although better resolution can be achieved with modern instruments 
[184]. Further development on the quantification and measurement on 
an area basis for more particle and pore size distribution can be carried 
out to improve the analytical uncertainty of SEM technology [185]. FTIR 
is another potential microscopic analysis for biomass that can show 
details on the microscopic surface, it also shows details of the chemical 
and the molecular structures of the products before and after torre
faction [141]. To overcome the shortcomings in the application of 
conventional FTIR in structural analysis, coupling of FTIR with other 
techniques can be carried out to achieve the desirable analysis, TG-FTIR 
and DRIFTS are good examples. BET shows an important role in the 
characterization of biomass through measurement of specific surface 
area and is regarded as the most commonly used technique in the 
evaluation of pore properties in lignocellulosic biomass [186]. Never
theless, BET theory possesses some limitations in certain materials an
alyses. With the overlook on the surface of the inhomogeneities, the 
analysis reflects that the characteristics of BET surface area differ from 
the real internal surface of the samples [187]. Other than that, a lot of 
manual preparation and analysis time are required for BET analysis. 
Although with some disadvantages in the technique, BET can be 
employed to study the surface area of nanoparticles but only towards dry 
samples or powders [188]. 

TGA is regarded as a useful characterization method in determining 
the thermal behavior and decomposition kinetics of lignocellulosic 
biomass [15,189]. The minimal sample preparation and simple sample 
handling with fast heating rate and precise control of the system con
ditions result in good resolution and high accuracy [190], TGA may be a 
time-saving and convenient characterization method in the study of 
biomass torrefaction. However, there are still some limitations of TGA 
since it is limited to samples that undergo weight loss, 
non-homogeneous samples cannot be analyzed [191]. In addition, the 
data interpretation is not straightforward and its sensitivity to heating 
rate and sample mass might also show effects in the shift in temperature. 
As opposite to TGA, XRD is a non-destructive technique in determining 
the chemical composition and structural arrangement of biomass sam
ples, and it possesses a relatively straightforward data interpretation 
[185,192]. XRD can be a powerful and rapid characterization technique 
for the identification of unknown materials with minimal sample prep
aration and unambiguous mineral determination. However, XRD has a 
size limitation where large crystalline structures and homogeneous 
single-phase materials are preferable in the identification and analysis 
[193]. As related, XPS analysis acts as another non-destructive and 
efficient method in probing surface chemistry on the elemental 
composition, chemical state, etc, however, it also possesses a similar 
limitation on the sample size [194]. Other than that, the sample has to 
be compatible to be used in a high vacuum environment. The data 
interpretation of XPS can be straightforward with high content and 
chemical bonding information, but it has challenges in reproducibility as 
compared to other similar surface analysis techniques, and it is expen
sive [195]. NMR spectroscopy is also one of the powerful analytical 
methods for the identification of chemical composition in biomass 

[196]. The molecular and structure of the biomass samples can be 
elucidated through NMR analysis [197]. Other than FTIR, NMR can also 
be employed to determine the surface functional groups of torrefied 
biomass [182]. However, there are still some shortcomings with the low 
sensitivity and low natural abundance of the 13C nuclei in the NMR 
application [196]. Further development towards different NMR ap
proaches shall be carried out to improve 13C NMR signals for better 
biomass analysis performance in the future. 

5. Future challenges and perspectives 

Torrefaction is one of the promising pretreatment technologies to 
produce solid or coal-like fuel in perspective for future bioenergy ap
plications. The two different types of torrefaction, namely, dry torre
faction and wet torrefaction, have their own advantages and 
shortcomings in the applications of different sources of biomass. Dry 
torrefaction tends to produce a significant amount of ash content after 
the process which may lead to undesirable operation problems in in
dustrial applications. However, wet torrefaction tends to have higher 
investment costs. Further research can be carried out to optimize both of 
the torrefaction processes in terms of energy-efficient and cost-effective 
for future large-scale commercial applications. 

With the large availability of lignocellulosic biomass sources, the 
torrefaction process can be used to enhance biomass to produce more 
value-added products. According to the characterization analysis, tor
refied lignocellulosic biomass shows an increase in higher heating value 
(HHV) which makes it a potential alternative of solid fuel to the current 
fossil fuels. On top of that, the imaging analysis of torrefied biomass also 
presents some structural changes with loopholes that make it suitable for 
application in adsorption studies. With the current characterization 
technique, the main chemical and structural transformation occurring 
under the influence of different torrefaction parameters can be easily 
predicted and evaluated on any other new raw lignocellulosic biomass. 
This will be one of the valuable techniques for the convenience of future 
research on the optimization of torrefaction conditions for commercial 
and sustainable applications. 

Up to date, the torrefaction technology has been demonstrated on a 
pilot scale with the vision to upscale it for the application at a com
mercial scale with the production of around 50,000 tons/year and above 
[84]. Torrefaction technology is now still at the start-up phase in com
mercial development. Furthermore, the torrefaction demonstration 
plants also possess some technical problems that need to be sorted out 
that may lead to the delay in commercial operation progress. The tor
refaction market is expected to keep growing and expand, however, 
there is limited available public information and knowledge related to 
the torrefaction technology and amounts of the torrefied biomass pro
duction. More research shall be carried out to achieve the vision for 
future large-scale commercial applications of torrefaction technology. 

6. Conclusions 

Torrefaction is an emerging pretreatment technology to enhance 
biomass properties toward green and sustainable energy systems. 
Lignocellulosic biomass is the most abundant and sustainable resource 
of biomass, the torrefied lignocellulosic biomass can produce solid fuel 
for bioenergy applications and other value-added products. Parameters 
such as temperature, residence time and heating rate play significant 
influencing roles in the torrefaction towards the final torrefied biomass 
properties where further optimization should be taken into account 
based on the desired application of the torrefied product. The applica
tion of produced biochars from torrefied lignocellulosic biomass is 
heavily dependent on their structural characteristics, therefore it is 
important to explore and understand the detailed structural change 
during the torrefaction process to optimize the application of the 
product. There are numerous structural analysis and characterization 
techniques available to examine the properties of torrefied biomass in 
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terms of thermal behavior, components, and morphological structure. 
With the current advanced characterization analysis technique, more 
valuable data can be easily obtained from the torrefaction conditions to 
optimize and enhance the current torrefaction process of lignocellulosic 
biomass. Furthermore, the development of advanced characterization 
also possesses contribution for in-situ analysis for the convenience in the 
understanding of biomass structural evolution throughout torrefaction. 
This makes torrefaction a promising potential technique for large-scale 
commercial implementation on bioenergy production in the near future. 
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