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Abstract 
Lignocellulosic biomass is a high potential feedstock to produce biofuels and value-added products contributing to sustain-
able bioeconomy. Nevertheless, biomass recalcitrance reduces the yield of processing routes, and therefore, characterization 
of structural and chemical factors contributing to this resistance must be carried out by robust but rapid and economical 
analytical techniques. In this work, the recalcitrance of eight lignocellulosic biomass samples: agave bagasse (AB), banana 
peel (BP), corn cob (CB), barley straw (BS), orange peel (OP), pineapple peel (PP), sugarcane bagasse (SB) and sawdust 
(SW), was performed infrared spectroscopy and thermogravimetric analysis. The classification of chemical and thermal 
behavior was based on principal components analysis (PCA) by similarity to four reference materials, cotton fiber (CF), lignin 
(LG), citrus pectin (CP) and potato starch (PS). The results indicate a clear trend of recalcitrance in four well-defined groups 
(GPI–GPIV): GPII or lignin-like biomasses (LG and AB) were assessed as the most recalcitrant biomass type (devolatili-
zation temperature: ~ 150 °C, remaining weights > 30wt%), followed by GPI or cellulosic-like biomass (CF, SW and SB), 
which contain high amounts of cellulose that increase its recalcitrance to thermal degradation (devolatilization temperature: 
200–380 °C, remaining weights < 20wt%). GPIII or pectin-like biomasses (CP, PP, OP, BP), known to be significant sources 
of pectin and hydrolyzable polysaccharides, were classified as intermediated recalcitrance biomasses (devolatilization tem-
perature: 150–350 °C, remaining weights < 30%wt,), whereas GPIV or starchy-like biomasses (PS, BS and CB) were the least 
recalcitrant materials (devolatilization temperature: 250–350 °C, remaining weights < 30 wt%). This methodology could be 
applied to classify novel uncharacterized lignocellulosic biomasses irrespectively of their origin based on their similarity 
to reference materials and to preselect the processing route, to biofuels or biomaterials, in a fast and economical manner.
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Abbreviations
LCB	� Lignocellulosic biomass
TGA​	� Thermogravimetric analysis
FTIR	� Fourier transform infrared
IR	� Infrared
TG	� Thermogram
DTG	� Differential thermogram
PCA	� Principal component analysis
PCI	� Principal component one
PCII	� Principal component two
PCIII	� Principal component three
GPI	� Group one
GPII	� Group two
GPIII	� Group three
GPIV	� Group four
AB	� Agave bagasse
BP	� Banana peel
BS	� Barley straw
CP	� Citrus pectin
CB	� Corncob
CF	� Cotton fiber
LG	� Lignin
OP	� Orange peel
PS	� Potato starch
PP	� Pineapple peel
SB	� Sugarcane bagasse
SW	� Sawdust

Introduction

The vegetal biomass is the organic matter from plants that is 
produced through photosynthetic processes. It can be used to 
obtain thermal energy, renewable electricity and biofuels, or 
as a chemical feedstock for bio-based products. A consider-
able proportion of biomass is lignocellulose (Bar-On et al. 
2018), which is mainly compounded by cellulose (40–50%), 
hemicellulose (25%) and lignin (25%) (Anwar et al. 2014) 
interlinked in a heterogeneous matrix constituting the plant 
cell wall, being the sum of the first two components consid-
ered as a potential source of carbohydrates.

Lignocellulosic biomass (LCB) has recently gained 
considerable interest as a high potential resource for the 
bioenergy industry as some studies have reported a global 
potential of 8–50 × 109 tons/year (Al-Battashi et al. 2019), 
from which a significant percentage is related to crop resi-
dues and therefore does not compete with human food sup-
ply. In Mexico, for example, approximately 76 × 106 tons of 
crop residues are generated every year (dry matter), from 
which 79% is primary waste (such as corn stover, stems of 
sorghum, leaves of sugarcane, wheat straw, barley straw, 
bean straw and cotton husk) and the 21% is secondary 
obtained from post-harvest processing (such as sugarcane 
bagasse, corncobs, maguey and agave bagasse) (Valdez-
Vazquez et al. 2010, Rios and Kaltschmitt 2013). Most of 
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the agro-industrial biomass is used for animal feeding, but 
a significant part is burnt in fields (Carrillo-Nieves et al. 
2019).

However, LCB displays recalcitrance, which is the natural 
resistance of plant cell walls to microbial and enzymatic 
deconstruction, resulting from millions of years of plant evo-
lution to withstand external attacks such as animals, micro-
organisms and environmental conditions (Melati 2019). This 
resistance includes those features that limit the biodegrada-
tion of biomass such as low reactivity, insolubleness, high 
thermal stability and/or low available surface area for enzy-
matic degradation. In general, these aspects can be divided 
for their study into chemical and structural factors, such as 
cellulose crystallinity, cellulose specific surface area, degree 
of polymerization, pore size and chemical composition such 
as content of cellulose, lignin, hemicelluloses and acetyl 
groups, respectively (Zoghlami et al. 2019). Thus, recalci-
trance is not a direct function of chemical composition only 
but also of spatial distribution and chemical bonding among 
the different constituents (Zhao et al. 2012).

Since recalcitrance is often related to heterogeneous distri-
bution of lignocellulosic components (cellulose, hemicellulose 
and lignin), high lignin content, the crystalline nature of cellu-
lose, high degree of polymerization, as well as covalent linkages 
between polysaccharides and lignin, the complete characteri-
zation of LCB is not trivial, and it requires the use of several 
techniques which are time-consuming and expensive. Usually, 
the ASTM E1758-01 and NREL/TP-510–42,618 methods are 
used to quantify both polysaccharides and lignin, whereas the 
distribution of lignocellulosic components and their crystallin-
ity often is characterized by infrared (IR) techniques (Xu et al. 
2013), Raman spectroscopy, solid-state nuclear magnetic reso-
nance spectroscopy (solid-NMR) (Pereira et al. 2016), X-ray dif-
fraction or imaging analysis (Karimi and Taherzadeh 2016); the 
covalent linkages between lignin and polysaccharides have been 
studied by solid-NMR; the surface morphology, particle size, 
particle shape, particle dimensions and lignocellulose micro-
structure have been analyzed by scanning electron microscopy 
(SEM), transmission electron microscopy (TEM) and atomic 
force microscopy (AFM). Moreover, the combination of SEM 
with energy-dispersive spectroscopy (EDS) can be used in the 
elemental analyses of lignocellulosic particles. Therefore, there 
is a necessity for developing a robust but accessible and fast 
methodology to characterize both structural and chemical recal-
citrance aspects of lignocellulosic biomass.

In this context, Fourier-transformed infrared spectroscopy 
(FTIR) is a type of molecular vibrational spectroscopy that 
detects the absorbance of chemical functional groups. This 
technique has been widely used to detect biomolecules (i.e., 
lipids, carbohydrates, amino acids, triglycerides, fatty acids, 
etc.), to identify functional groups associated to the lignocel-
lulosic structure and to elucidate changes in biomass structure 
after pre-treatment (Lupoi et al. 2014).

Shah et al. 2018 evaluated the presence of cellulose, hemicel-
luloses and lignin of different walnut shells by FTIR for their 
potential use as biofuels. Characteristic bands of such ligno-
cellulosic biomass were located at ~ 3400 cm−1 corresponding 
to O–H stretching vibration; prominent peaks were obtained 
at ~ 3030 cm−1, which represent the C–H stretching vibrations 
for aromatics in lignin. The bands at 1740 cm−1 corresponding 
to the C=O esters of acetyl group in the hemicelluloses frac-
tion were also observed. Peak at 1510 cm−1 indicated aromatic 
C=C ring stretching vibration in lignin. The medium-intensity 
band at ~ 1430 cm−1 was assigned to the aromatic C=C ring 
stretching vibration in lignin, whereas the band between 1060 
and 1030 cm−1 corresponding to C–O stretching confirmed the 
presence of aliphatic ether or alcohol from cellulose, hemicel-
lulose and lignin.

Rodier et al. 2019 used FTIR to evaluate the change in the 
content of polysaccharides and lignin of sugarcane bagasse and 
its derived biochar. They observed that the thermochemical 
processing caused a decrease in the intensity of all the signals 
except for the one located at ~ 3030 cm−1, corresponding to the 
vibration of elongation of the aromatic C-H bond. FTIR analysis 
of biochar (pyrolysis product) indicated that thermochemical 
conversion process of sugarcane bagasse affects more to the 
polysaccharide fraction.

On the other hand, the thermogravimetric analysis (TGA) 
has been used to characterize the thermal decomposition of lig-
nocellulosic biomass such as sawdust (Mishra et al. 2018) and 
also to rapidly estimate the proximate composition (García et al. 
2013) or the polysaccharide content of lignocellulosic biomass. 
Carrier et al. 2011 found that TGA could be used to determine 
the α-cellulose and hemicellulose amounts in a biomass sample. 
They observed successful correlations between the component 
contents determined from chemical methods and TGA for those 
structural polysaccharides, but the correlation was not useful to 
estimate lignin content.

Olatunji et al. 2018 revised thermogravimetric characteri-
zation of biomass properties. They conclude that TGA would 
provide a fast, accurate and efficient technique to determine the 
utilization of biomass, particularly when is used in combination 
with other analytical methods, eventually leading to a robust 
modeling tool, that could be used to determine the utilization of 
biomass irrespective of its nature.

TGA-FTIR tests have been applied to study the volatilization 
of lignocellulosic biomass such as almond and hazelnut shells, 
sunflower stalk (Ballice et al. 2020) and wheat straw (Ramezani, 
2018). However, these results have not been used to characterize 
the recalcitrance of such organic materials in order to classify 
different types of biomass sources or to systematize the selec-
tion of processing routes based on the degree of recalcitrance.

In this context, principal component analysis (PCA) is a sta-
tistical tool that enables identifying groups of variables behaving 
similarly in a complex data set. It has been previously used to 
discriminate pyrolysis and gasification products from biomass 
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and also to examine the influence of biomass macromolecular 
composition on its behavior in torrefaction. In previous studies, 
spectroscopic and thermogravimetric data were associated with 
multivariate techniques for the fast characterization of biomass 
samples towards energetic use. Liu et al. 2016 applied FTIR 
associated with PCA to evaluate the differences in the accumula-
tion of carbohydrates among cotton plant biomass samples. Laz-
zari et al. 2018 used FTIR combined to PCA classify fifteen bio-
mass samples through the composition of their bio-oil into three 
well-differentiated groups. Such clustering information allowed 
exploring bio-oil quality prior to the pyrolysis process. Ohra-
aho 2013 applied PCA based on analytical pyrolysis-GC/MS 
data to study the influence of lignin substructures of eighteen 
Eucalyptus species on the composition of pyrolysis products and 
tried to classify the studied samples into four categories based 
on the chemical composition of pyrolyzate. Gil et al. (2019) 
applied PCA on physicochemical variables from the gasifica-
tion process of ten LCB samples to study the influence of the 
biomass characteristics on this thermochemical process. They 
found a clear separation of the biomass samples into two main 
groups based on the gasification results. Gonzalez et al. 2020 
analyzed the information from torrefaction process of fourteen 
woody and agricultural biomass samples using PCA to assess 
the influence of biomass macromolecular composition on its 
behavior in torrefaction. Their results indicated that it is possible 
to group biomass samples based on the production of volatile 
components.

Thus, previous reports show that multivariate analysis 
techniques, such as PCA, can be applied to data from fast but 
robust analytical methods having a high potential to be used 
as an analysis tool for the study of biomass recalcitrance. In 
this context, PCA can be applied to analyze chemical and 
structural information provided by TG and FTIR analysis 
of lignocellulosic biomass to classify the grade of its recal-
citrance and further systematize the selection of process-
ing routes. To our best knowledge, this is the first report 
on the application of PCA based on thermogravimetric and 
spectroscopic information from lignocellulosic biomass to 
characterize the recalcitrance response from structural and 
chemical factors as a tool to classify raw biomass sources 
and to systematize the selection of the more suitable pro-
cessing route for sources of LCB.

In the present study, FTIR spectroscopy and TGA were 
used to assess the structural and chemical recalcitrance of 
eight different types of biomass samples: agave bagasse 
(AB), banana peel (BP), corn cob (CB), barely straw (BS), 
orange peel (OP), pineapple peel (PP), sugarcane bagasse 
(SB) and sawdust (SW), where four of them were taken as 
reference materials corresponding to cellulose-rich (cot-
ton fiber), lignin-rich (lignin, LG), polysaccharide-rich 
(citrus pectin, CP) and starchy biomass (potato starch, 
PS). The results were analyzed through PCA to classify 

lignocellulosic biomasses according to their similarity to 
reference materials and used to select a biochemical or 
thermochemical processing route for a given biomass sam-
ple. This approach would be used to classify LCB recal-
citrance of novel biomass samples irrespective of their 
source nature and to preselect the best conversion route 
based on the data known for the reference material with 
the highest similarity.

Materials and methods

Biomass samples

Twelve types of biomasses, namely cotton fiber (CF), potato 
starch (PS), citrus pectin (CP), sawdust (SW), sugarcane 
bagasse (SB), corncob (CB), barley straw (BS), orange peel 
(OP), pineapple peel (PP), banana peel (BP), agave bagasse 
(AB) and lignin (LG), were used for experimentation. The 
CF used was surgical grade, while that PS (from JT. Baker 
ACS), AP (from Sigma-Aldrich), CP (from Sigma-Aldrich) 
and LG (from Sigma-Aldrich) were reagent grade. The CB, 
BS and AB (A. salmiana gentry) were collected in Santa 
Teresa Tlaxcala MX (19°32′30″N and 98°36′26″W at 
2756masl). The SB, OP, PP and BP were collected from 
nearby fruits stall of Zacatenco Gustavo A. Madero CDMX 
(19°30′15″N and 99°07′32″W at 2241masl). The raw mate-
rials (about 20 g) were washed with deionized water, oven-
dried at 85 °C for 4 hr, powdered, sifted through a 12-mesh 
sieve and oven-dried at 85 °C for 4 hr. All the samples were 
collected in the period of March to June, 2020.

TGA measures

TGA measures were carried out in a Perkin-Elmer STA-
6000 instrument. The sample (about 100 mg) was placed 
into an alumina sample pan and heated from 30 to 600 °C 
at a rate of 10 °C•min−1 under inert atmosphere (supply-
ing nitrogen at 20 ml·min−1); the sample was preheated at 
105 °C and kept isothermal conditions by 5 min prior TGA 
measures to remove moisture according to the previous 
report from Munir et al. 2009. The sample weight was con-
tinuously recorded as a function of the temperature and time 
using the Pyris software (version 13.3.1.0014). Likewise, 
derivative thermogravimetric analysis (DTG) was carried 
out to portray the weight loss of the sample with respect 
to the temperature. The TGA measures were performed by 
triplicate using the same operating conditions to establish 
the reproducibility of the data.
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Principal component analysis

Principal component analysis (PCA) is a dimension reduc-
tion technique by linear combination of the original vari-
ables into different principal components. It is a nonparamet-
ric method useful for obtaining relevant information from a 
complex data set.

PCA was performed on the TG-results using the Orig-
inPro 2018 software. The complete data set, defined by the 
variables in the columns (in this study, 27,710 tempera-
tures) and the %weight samples in the rows, was autoscaled 
through mean centering by column. PCA models the maxi-
mum directions of variation in a data set by projecting the 
objects (i.e., the TG-curves) as a whole of points in a space 
defined by principal components.

Heating experiments and char characterization

Heating experiments and infrared analysis were carried out 
to analyze the functionality alterations during the heating 
process. The samples were heated to analyze the function-
ality alterations during the heating process. The heating 
experiments were carried out in a Perkin-Elmer STA-6000 
instrument. The sample (about 200 mg) was heated in an 
alumina sample pan from room temperature (~ 28 °C) to 
600 °C at a rate of 10 °C•min−1 under inert atmosphere 
(supplying nitrogen at 20 ml·min−1). The sample tempera-
ture controller was turned off depending on which final tem-
perature was investigated, and the sample pan was allowed to 
cool with a small N2 purge. Once the sample pan had cooled, 
the remnant residue was collected and analyzed by FTIR to 
identify the functional groups. IR spectra were recorded with 
a Perkin-Elmer Frontier FTIR spectrometer equipped with a 
diamond attenuated total reflectance (ATR) accessory. The 
spectra were obtained using 32 scans in the 4000–600 cm−1 
range at a resolution of 4 cm−1.

FTIR analysis

IR spectra were recorded with a Perkin-Elmer Frontier FTIR 
spectrometer equipped with a diamond attenuated total 
reflectance (ATR) accessory. The spectra were obtained 
using 32 scans in the 4000–600 cm−1 range at a resolution 
of 4 cm−1. The crop residues and fruit wastes were dried 
at 80 °C by 8 h and milled up < 2 mm, prior FTIR analy-
sis. Meanwhile, CF, PS, CP and LG were analyzed without 
pre-treatment.

Results and discussion

TGA of reference materials

Figure 1 shows the thermogravimetric (TG) and differen-
tial thermogravimetric (DTG) curves of reference samples 
(cotton fiber, potato starch, citrus pectin and lignin); the 
complete experimental data are provided in Table S1. CF 
shows a drastic weight loss (~ 82%) at 250–380 °C range. In 
addition, DTG curve of CF shows a sharp peak at ~ 365 °C, 
which represents the primary devolatilization of the cellu-
losic portion as observed by Yang et al. 2007 and Abidi et al. 
2010a. Cabrales et al. 2010 and Brillard et al. 2017 found 
that the devolatilization of cotton fiber begins at high tem-
peratures (T > 250 °C) within a narrow temperature range 
(315–400 °C), producing a high quantity of volatile com-
pounds (about 80%) and low char yields (< 10%).

PS-TG curve shows a sharp weight loss (~ 75%) in the 
range of 270–400 °C. Besides, DTG-PS curve shows a single 
peak at 294 °C and a small shoulder on the high-temperature 
side. Some authors have studied the thermal decomposi-
tion of starches using TGA methods; Rudnik et al. 2006 
studied the thermal behavior of different starch derivatives 
and found that the higher degradation is below 300 °C. Liu 
et al. 2010 found that the thermal stability of corn starches 

Fig. 1   TGA profile of refer-
ence samples in dry base; a TG 
curves and b DTG curves
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decreased with increase in amylose content; Lemos et al 
2019 found that DTG at ~ 300 °C is attributed to dissocia-
tion of the amylose chains, whereas 365 °C corresponded to 
amylopectin degradation, being both biopolymers the main 
constituents of starchy-like biomasses. On the other hand, 
CF-DTG and PS-DTG curves show a single peak and the 
main thermal decomposition of PS takes place at lower tem-
peratures (between 180 and 350 °C). This behavior suggests 
that the thermal degradation of CF and PS is influenced by 
the microstructure; the PS is composed of branched polysac-
charides, while that CF is composed of crystalline cellulose.

CP-TG curve shows a weight loss step in the range of 
190–290 °C followed by a change in the slope leading to 
a lower weight loss. In addition, CP-DTG shows a single 
wide-peak in the range of 190–290 °C and a small shoulder 
on the high-temperature side. Fisher et al. 2002 reported that 
pectin decomposes very quickly around 250 °C. Einhorn-
Stoll et al. 2007 found that the pectin degrades at tempera-
ture range between 210 and 270 °C. Aburto et al. 2015 per-
formed a non-isothermal kinetic analysis of pectin pyrolysis 
to understand the pyrolysis of citrus peel. This study sug-
gests that the pyrolytic degradation of pectin is a complex 
set of simultaneous and consecutive reactions related to (1) 
initial depolymerization by breaking the glycosidic link-
ages (T ≤ 200 °C), (2) secondary degradation of pectin units 
(between 250 and 580 °C) and (3) direct gasification of char 
residues (T ≥ 600 °C).

LG-TG curve shows a continuous weight loss from 150 °C 
until 700 °C. Likewise, LG-DTG curve shows a shoulder on 
the low-temperature side (between 150 and 300 °C) as well 
as a wide-peak at ~ 350 °C. The degradation of LG is slower 
from 475 °C, and the weight decreases gradually as tempera-
ture increases. Besides, a large amount (about 41%) of LG 
remains unvolatilized at 600 °C. The thermal degradation 
of lignin occurs over a broad temperature range because the 
functional groups from its structure have different thermal 

stabilities (Park et al. 2018). The lignin degradation pro-
cess involves fragmentation of inter-unit linkages (between 
200 and 300 °C), releasing of monomers and derivatives of 
phenol units (between 300 and 450 °C), and degradation of 
polycyclic aromatic compounds (T > 450 °C) as observed by 
Brebu et al. 2013 and Kawamoto 2017.

The main devolatilization (i.e., weight loss) of the sam-
ples of FC and LG is observed between 200 and 400 °C 
and the degradation of CF begins at higher temperatures 
(> 250 °C); due to the stability of the hydrogen bond net-
work and stacking forces between cellulose fibers (Abidi 
et al. 2007). On the other hand, the devolatilization of CF 
is higher than LG as temperature increase (> 345 °C); the 
degradation of LG decreases as increase the temperature 
due to the formation of high condensed aromatic structures 
(Brebu et al. 2013). Both PS and CF are composed of long 
polymer chains of glucopyranose units and the weight loss 
of CF and PS at 300 °C was ~ 6 and ~ 42 wt%, respectively. 
This difference could be related to differences in the degree 
of polymerization and branching as the starch is less ordered 
and of much lower molecular weight than cellulose of CF.

TGA of lignocellulosic samples

Figure 2 shows the thermograms (TG) and differential ther-
mogravimetric (DTG) curves of lignocellulosic samples; the 
complete experimental data are provided in Table S1. In 
general, the thermal degradation of lignocellulosic mate-
rials involves three stages of decomposition (Dhyani and 
Bhaskar 2018); the first stage (between 150 and 220 °C) 
comprises the decomposition of light compounds (such as 
waxes, organic acids, oils, terpenes or pigments); the second 
stage (between 220 and 380 °C) comprises the decomposi-
tion of polymeric structures; and the third stage (between 
380 and 600 °C) involves the direct gasification of the heavi-
est organic compounds.

Fig. 2   TGA profile of lignocel-
lulosic samples in dry base; a 
TG curves and b DTG curves
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The curves WO-DTG, SB-DTG and CB-DTG show 
two overlapping peaks, in the range of 220–380 °C, which 
denotes a superposition of hemicellulose and cellulose 
degradation; the devolatilization of hemicellulose and cel-
lulose takes place at a very close temperature range so that 
there is an overlapping of their degradation zone and usu-
ally two distinct peaks can be observed in the DTG curve 
(Yang et al. 2007, 2011). AB-TG curve shows a continuous 
weight loss from 150 °C until 600 °C. Moreover, the AB-
DTG curve shows multiple peaks of decomposition in the 
ranges of 100–150 °C.

PCA results

Figure 3 shows the plot score for the first three principal com-
ponents (PC1, PC2 and PC3); these components account for 
87.5% of the total variance of the data. Likewise, Fig. S1 shows 
the loading plot for the first three principal components (see 
supplementary material); the negative side of PC1 (–PC1-axis) 
denotes moderate devolatilization (i.e., weight loss) between 120 
and 350 °C, and the positive side (+ PC1-axis) denotes high 
residual weights between 350 and 600 °C; the negative side 
of PC2 (–PC2-axis) denotes low devolatilization between 30 
and 180 °C and the positive side (+ PC2-axis) denotes mod-
erate devolatilization between 180 and 300 °C as well as low 
residual weights between 375 and 600 °C; the negative side of 
PC3 (–PC3-axis) denotes low devolatilization in the range of 
95–275 °C as well as high devolatilization between 360 and 
600 °C, while that the positive side (+ PC3-axis) denotes devola-
tilization between 275 and 360 °C.

Relation between functional groups and thermal 
degradation

Figure 4 shows the PC1 vs PC2 score plot. This plot shows a 
clear separation of the samples (i.e., scores) into four groups; 
Group I (GPI) includes CF, SW and SB; Group II (GPII) 
includes LG and AB; Group III (GPIII) includes CP, BP, PP 
and OP; Group IV (GPIV) includes PS, BS and CB. Likewise, 
Table 1 summarizes the onset temperature degradation (To), 
number of step, step temperature (Ti), step percent weight (%wti) 
and step percent weight at 600 °C (%wt600 °C).

The samples of GPI are on the –PC1-axis and + PC2-axis. 
In this group, the main devolatilization (i.e., the main weight 
loss step) of the samples is between 200 and 380 °C, and the 
remaining weight is lower than 20%. Figure 5 shows the IR 
spectrum of both CF and resultant char. CF is a material com-
posed of cellulose (about 98–99%) with some non-cellulosic 
components (such as waxes or proteins) surrounding the cel-
lulose core (Hersh et al. 2006). In addition, the cotton fiber 
spectrum (CF-IR) shows a broad absorption band in the range 
of 3640–3000 cm−1 (O–H stretching vibration arising from 
intra-molecular hydrogen bonding in cellulose), two small 
absorption bands at 3000–2755 cm−1 (–CH–stretching vibra-
tion), little absorption bands at 1688–1500 cm−1 (C=O and 
NH2 vibration from amide) (Abidi et al. 2014), small absorp-
tion bands at 1500–1190 cm−1 (C–H, C–C or C–O asymmetric 
stretching vibrations) and strong overlapped-adsorption bands 
at 1190–840 cm−1 (C–OH, C–O stretching of pyranose rings 
and C–O–C vibration of glycosidic linkages) (Chung et al. 
2004; Abidi et al. 2010b). The cellulose is a linear polysac-
charide composed entirely of β-(1–4) linked D-glucose units. 
Besides, the –OH groups in each monomeric unit can interact 
with one another to form intra- and inter-molecular hydrogen 

Fig. 3   Score plot of the three first principal components Fig. 4   Score plot of the two first principal components



2536	 International Journal of Environmental Science and Technology (2022) 19:2529–2544

1 3

bonds, leading to ordered (i.e., crystalline) structures (Abidi 
et al. 2010b). In turn, the hydrogen bonds of cellulose chains 
enhance the thermal stability of the CF structure. The thermal 
degradation of cellulose involves reactions of dehydration, depo-
lymerization, ring-opening, decarboxylation and charring (Xin 
et al. 2015; Liang et al. 2018). Dehydration is the favored reac-
tion at low temperatures (< 300 °C); this process involves the 
dissociation of inter-hydrogen bonds by the elimination of –OH 
groups as well as the formation of anhydrocellulose. At 200 °C, 
the biochar spectrum shows absorption bands in the ranges of 
3640–2750 cm−1, 1500–1190 cm−1 and 1190–840 cm−1, which 
confirm the formation of anhydrocellulose. The degradation of 
anhydrocellulose proceeds through intra-molecular condensa-
tion (i.e., dissociation of intra-hydrogen bonds) and depolym-
erization to form small-molecular-weight compounds (such 
as H2O, CO2, CO, levoglucosan and HMF) (Lin et al. 2009). 
The spectrum of the chars collected at 350 °C shows absorp-
tion bands in the range of 1750–1500 cm−1 (C=O vibrations of 
acetyl, ester, carboxyl groups as well as C=C vibrations of eth-
ylene groups); these bands resulted from partial degradation of 
anhydrocellulose. The anhydrocellulose structure breaks down 
at temperatures higher than 400 °C. For example, the spectrum 
of the char collected at 400 °C and 500 °C shows two strong 
absorption band at ~ 1582 (C=C vibrations of aromatic groups) 
cm−1 and ~ 1416 cm−1 (C–H2 and CH3 bending vibration of 
aliphatic groups). Moreover, these spectra show an increas-
ing upward-drift in the baseline between 3700 and 1800 cm−1. 
Therefore, the degradation of CF is slower at high temperatures 
(> 380 °C) due to the formation of polyaromatic structures.

Figures S2-S3 show the IR spectrum of SW and SB as 
well as the spectrum of resultant biochars (supplementary 
material). SW-IR and SB-IR spectrum shows absorption 
bands in the ranges of 3600–2700 cm−1 (O–H stretching 
vibration of –OH groups, as well as C–H vibrations of methyl 
and methylene groups) and 1200–900 cm−1 (vibrations of 
C–OH, C–O and C–O–C bonds). Also, these spectra show 
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small absorption bands in the range of 1750–1500 cm−1 
(C=O vibrations of acetyl, ester, carboxyl groups as well 
as C=C vibrations of aromatic groups), which represents 
the vibrations of functional groups in both hemicellulose 
and lignin portion (Huang et al. 2012; Santoni et al. 2015; 
Pereira et al. 2016). The spectra of char-200 °C show absorp-
tion bands between 3600 and 3000 cm−1 (O–H stretching 
vibration of –OH groups) and 1200–900 cm−1 (vibrations 
of C–OH, C–O and C–O–C bonds); these bands denote the 
formation of anhydrocellulose. The spectra of char-400 °C 
show strong absorption at ~ 1700 cm−1 (C=O vibrations of 
acetyl and ester groups), ~ 1590 cm−1 (C=C vibration of aro-
matic groups) and ~ 1190 cm−1(C–OH vibration of phenolic 
group). Also, these spectra show an increasing upward-drift 
in the baseline between 3700 and 1800 cm−1. The weight 
loss in the ranges of 200–380 °C and 380–600 °C was ~ 70% 
and ~ 15%, respectively. Then, the degradation of SW and 
SB is more intense in the range of 200–380 °C due to high 
reactivity of anhydride cellulose. In contrast, the degradation 
of SW and SB is slower at high temperatures (> 380 °C) due 
to the formation of polyaromatic structures.

The samples of GPII are on the + PC1-axis and + PC2-
axis. In this group, the devolatilization of the samples 
begins at lower temperatures (~ 150 °C), and the remain-
ing weight is higher than 30 wt% Figure 6 shows the IR 
spectrum of both LG and resultant char. LG is a complex 
aromatic heteropolymer composed of p-hydroxyphenyl, 
guaiacyl, and syringyl units. In addition, LG-IR shows a 
broad adsorption band in the ranges of 3670–3010 cm−1 
(O–H stretching vibration of –OH groups in phenolic 
structures), 2900–2850 cm−1 (–CH– stretching vibration 
in aromatic methoxyl or methylene groups of side chains), 
1700–1650 cm−1 (C=O stretching of ketone, carboxyl and 
ester groups), 1650–1020 cm−1 (C–O deformation of ester 
or ether groups and alcohols, aryl–OH stretching vibration 
and C–H in-plane deformation) and 880–810 cm−1 (C–H 

deformation of out-plane). The intensity of the bands in the 
region of 3500–3000 cm−1 (O–H stretching vibration of 
–OH groups) is smaller in the char-350 °C than char-400 °C; 
this effect could be related to the reactions of dehydration by 
the dissociation of O–H bonds located to the benzyl group 
due to the increment of temperature. Meanwhile, the inten-
sity of the bands at 1417 cm−1 increased remarkably. Figure 
S4 shows the IR spectrum of AB and the resultant biochars 
(supplementary material). The AB-IR spectrum shows 
absorption bands at 3500–2700 cm−1 (O–H and C–H stretch-
ing vibration) and 1590 cm−1 (symmetric aryl ring stretching 
vibration). At 400 °C, the biochar spectrum shows a strong 
absorption band at ~ 1405 cm−1, as well as, an increasing 
upward-drift between 3500 and 1700 cm−1.

The main devolatilization (i.e., weight loss) of GPI sam-
ples and GPII samples is between 150 and 380 °C. Specifi-
cally, the degradation of GPI samples begins at higher tem-
peratures (> 250 °C), indicating that the GPI samples contain 
a higher amount of recalcitrant components. The IR spec-
tra of CF, SW and SB show absorption bands at 3320 cm−1, 
1500–1200 cm−1 and 1029 cm−1, which are related to functional 
groups of cellulose fraction, enhancing the thermal stability 
of GPI samples. The IR spectra of chars-400 °C show strong 
absorption at ~ 1592 cm−1 (C=C vibration of aromatic groups) 
and ~ 1410 cm−1 (C-H2 and CH3 bending vibration of aliphatic 
groups) related to polyaromatic structures. Then, the devolatili-
zation of GPII samples is slower at high temperatures (> 360) 
due to the formation of polyaromatic structures.

The samples of GPIII are on the + PC1-axis and -PC2-axis. 
In this group, the main devolatilization occurs between 150 and 
350 °C, and the remaining weights are lower than 30 wt%. Fig-
ures S5-S7 show the IR spectrum of fruit wastes (PP, OP and 
BP) as well as the spectrum of resultant char (see supplementary 
material). PP-IR, OP-IR and BP-IR spectrum shows absorp-
tion bands in the ranges of 3600–3600 cm−1 (O–H stretching 
vibration of –OH groups) and 3000–2700 cm−1 (C–H vibrations 
of methane, methyl and methylene groups). Also, these spectra 
show small absorption bands in the region of 1780–1500 cm−1 
(C=O vibration of acetyl, ester, carboxyl groups, as well as, 
C=C vibration of aromatic groups), as well as, absorption bands 
between 1180 and 900 cm−1 (vibration of C–H, C–C, C–OH and 
C–O–C bonds). The primary devolatilization of fruit wastes is 
between 150 and 250 °C. Nevertheless, the IR spectrum of raw 
material and char-200 °C show similar absorption pattern. The 
primary devolatilization of fruit wastes is due to decomposi-
tion of light compounds (such as waxes, oils, terpenes or pig-
ments). The secondary devolatilization of fruit wastes is between 
150 and 350 °C. The IR-char collected at 300 °C shows strong 
absorption at ~ 1590 cm−1 (C=C vibration of aromatic groups). 
Moreover, the absorption bands at 3500–3000 cm−1 (O–H 
stretching vibration) and 1150–950 cm−1 (vibration of C–H, 
C–C, C–OH and C–O–C bonds) are less intense in char-400 °C Fig. 6   IR spectra of LG and the chars collected at different tempera-

tures
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than raw material; its effect could be related to degradation of 
pectin fraction.

The main devolatilization of GPIII samples and GPI samples 
occurs between 200 and 380 °C. This behavior could be due 
to differences in the microstructure or composition; the fruit 
peels are composed of light compounds and pectin as well as 
their structure is more flexible than SW and SB. On the other 
hand, the degradation of both GPIII samples and GPII samples 
begins at low temperatures (~ 150 °C). Moreover, the char yield 
of these samples is higher than 30 wt%. The initial weight loss 
(in the range of 150–250 °C) of GPIII samples is higher than 
GPII samples. This means that the organic matter of GPIII sam-
ples is more volatile than GPII samples.

The samples of GPIV are on the –PC1-axis and –PC2-
axis. In this group, the main devolatilization of the samples is 
between 250 and 350 °C, and the remaining weights are lower 
than 30 wt%. Figure S8 shows the IR spectrum of CB as well 
as the spectrum of resultant biochars (see supplementary mate-
rial). CB-IR spectrum show absorption bands in the ranges of 
3670–3000 cm−1 (O–H stretching vibration of –OH groups) and 
3000–2780 cm−1 (C–H vibrations of methane, methyl and meth-
ylene groups). Also, these spectra show small absorption bands 
in the region of 1775–1511 cm−1 (C=O vibration of acetyl, 
ester, carboxyl groups, as well as, C=C vibration of aromatic 
groups). The IR spectrum of char collected at 300 and 350 °C 
shows strong absorbance at 1580, 1395 and 1034 cm−1. Figure 
S9 shows the IR spectrum of both BS and resultant char (see 
supplementary material). These spectra show strong absorb-
ance at 1011 cm−1 (vibration C–OH and C–O–C bonds) and 
792 cm−1. The IR spectrum of biochar-550 °C shows strong 
absorbance at 1450, 1360 and 960 cm−1 (vibration C–OH and 
C–O–C bonds), as well as, an increasing upward-drift between 
3500 and 1700 cm−1.

Analysis of recalcitrance

Figure 7a shows the DTG curves of GPI samples. CF-DTG 
curve shows a sharp peak at ~ 365 °C, which represents the 
devolatilization of the cellulosic portion. Yang et al. (2007) 
found that the devolatilization of cellulose is at high temperatures 
(T > 300 °C) within a narrow temperature range (315–400 °C), 
and the maximum temperature of decomposition is at ~ 355 °C. 
On the other hand, SW-TG and SB-TG curves show a sharp 
weight loss (~ 67 wt%) in the range of 220–380 °C. Meanwhile, 
SW-DTG and SB-DTG curves show a wide-peak the range of 
330–380 °C as well as a shoulder on the low-temperature side; 
this shoulder often is related to the primary devolatilization of 
hemicellulose portion (Mishra and Mohanty 2018a, b; De Palma 
et al. 2019). Yang et al. (2011) and Zhao et al. (2018) studied the 
thermal decomposition of several cellulose/hemicellulose/lignin 
mixtures. They found that the DTG increases with the cellulose 
proportion and the DTG peak between 320 and 380 °C is related 
to the decomposition of the cellulose. The highest degradation 
step for CF, SW and SB is between 220 and 380 °C, and the 
maximum DTG value is at ~ 360 °C. This result suggests that 
CF, SW and SB have a high concentration of cellulose. Since 
cellulose molecules have a strong tendency to form intra and 
intermolecular hydrogen bonds, leading to highly ordered (i.e., 
crystalline) structures; the thermal recalcitrance of SW and SB 
is originated by the crystallinity of cellulose.

Figure 7b shows the DTG curves GPII samples and CF. 
DTG curve of LG shows a shoulder on the low-temperature side 
(between 150 and 280 °C) as well as a wide-peak at ~ 350 °C, 
revealing two stages of thermal decomposition. Moreover, the 
degradation of LG becomes slower at temperatures higher than 
500 °C due to polyaromatic structures. AB-DTG curve shows 
multiple peaks of decomposition in the range of 150–600 °C. 
Yang et al. (2011) and Zhao et al. (2018) found that the lignin 
hiders the devolatilization of cellulose as the peak of cellulose 
degradation decreases due to the presence of lignin and that 

Fig. 7   DTG curves of samples 
of GPI and GPII
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the maximum decomposition rate is slightly shifted towards 
lower temperatures. The main peak of the DTG curve of AB 
is between 220 and 350 °C, and this peak is smaller than the 
CF. Moreover, the IR spectrum of AB-char collected at 300 °C 
shows strong absorption at 1600 cm−1 (C=C vibration of aro-
matic groups) and 1035 cm−1 (vibration of C–H, C–C, C–OH 
and C–O–C bonds); the absorption band at 1035 cm−1 could 
relate to the vibration of glycoside linkage of polysaccharide 
units. Its behavior suggests a partial decomposition of polysac-
charide portion. The DGT curve for AB shows a small peak 
at ~ 455 °C, which represents the degradation of remaining poly-
saccharides; the IR spectrum of AB-char collected at 400 °C 
shows small absorption at 1053 cm−1 (vibration of C–H, C–C, 
C–OH and C–O–C bonds) relating to moieties of polysaccha-
ride. Then, the thermal recalcitrance of AB is controlled by the 
presence of lignin.

Figure 8a shows the DTG curves of GPIII samples and 
CF. The DTG curve of fruit wastes (i.e., PP-DTG, OP-DTG 
and BP-DTG curves) shows the two highest peaks of decom-
position in the ranges of 150–270 °C and 270–350 °C; the 
first of ones could be relating to the primary degradation 
of pectin; the second peak could be relating to the decom-
position of cellulose. The DTG peaks of fruit wastes are 
smaller than both CP and CF; this effect could be relating 
to the bonds between polysaccharides and lignin (i.e., pres-
ence of lignin–carbohydrate complexes). The fruit waste 
spectra (i.e., PP-IR, OP-IR and BP-IR) show strong absorp-
tion at ~ 1710 cm−1 (C=O vibration of both ester and car-
boxyl groups) and ~ 1580 cm−1 (C=C vibration of aromatic 
groups); these absorption bands correspond to the ester link-
ages between lignin and carbohydrates (Giummarella et al. 
2013). The thermal decomposition of fruit wastes is slower 
at temperatures higher than 350 °C. Moreover, the bands 
at ~ 1710 cm−1 and ~ 1580 cm−1 are more intense at 400 °C 
(see IR spectrum of char-400 °C in supplementary material). 
This behavior suggests that devolatilization of fruit wastes 

becomes slower due to the stability of lignin–carbohydrate 
linkages. Then, the recalcitrance of fruit wastes of GPIII 
is controlled by the bonding between polysaccharides and 
lignin.

Figure 8b shows the DTG curves of GPIV samples and 
CF. PS-DTG and CF-DTG curves show a peak at 294 °C 
and 365 °C, respectively. The peak at 294 °C is attributed 
to dissociation of the amylose chains, whereas 365 °C cor-
responded to amylopectin degradation, being both biopoly-
mers the main constituents of starchy-like biomasses (Lemos 
et al. 2019).

Preliminary selection of processing route

The results from previous sections permit the classification 
of the eight biomass samples into four well-defined groups 
regarding its recalcitrance response in terms of thermal deg-
radation which in turn is a function of chemical composition 
and its spatial distribution.

A clear trend can be established in terms of the recalci-
trance of the four groups identified in this study as analyzed 
by TG and FTIR, i.e., GPII > GPI > GPIII > GPIV, since 
extreme behaviors are well located, for example, GPII or 
lignin-rich biomass presented the higher structural recalci-
trance; whereas GPIV or starchy-like biomass presented the 
lower recalcitrance among the analyzed materials; followed 
by GPI or cellulosic biomass, characterized to contain crys-
talline polymers that increase its recalcitrance to hydrolysis 
as well as to thermal degradation. Group III or pectin-like 
biomasses, in which structural recalcitrance was controlled 
by the bonds between polysaccharides and lignin, were clas-
sified as intermediate recalcitrance biomasses.

Table 2 shows the physicochemical characteristics of 
these four groups as well as the preliminary suggested con-
versions route for biofuel and added value products. GPII 
biomasses or lignin-like type do not necessarily contain a 

Fig. 8   DTG curves of samples 
of GPIII and GPIV
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high weight percentage of lignin, and their recalcitrance 
can be related to the chemical linking between polysaccha-
rides and lignin of AB. For these biomasses, exhibiting a 
thermal degradation similar to LG, it is suggested a route 
where lignin can be extracted as a first step to maximize val-
orization alternatives (Wang et al. 2012), whether oriented 
to bioethanol obtaining or via thermochemical processing 
(Mainka et al. 2015).

On the other hand, GPI type or cellulosic biomasses were 
found to produce polyaromatic structures in their pyrolysis resi-
due and their recalcitrance response was more similar to CF. 
Thus for this kind of biomass, acid solubilization of hemicel-
lulose followed by an alkaline treatment for lignin elimination 
is suggested as a general conversion route towards cellulose 
obtaining whether for bioethanol production or biomaterial 
obtaining; accordingly to the best alternative identified previ-
ously for SB (Feng et al. 2018, Ouyang et al. 2019, Candido 
et al. 2019, Khoo et al. 2018, Beig et al. 2020). Although it is 
also possible to process SB through a thermochemical route to 

obtain bio-oil or syngas (Osorio 2019), this path is less devel-
oped in terms of added-value products.

For the GPI and GPII biomasses, a significant difference 
in acid/enzymatic hydrolysis yield, under similar conditions 
of pre-treatment, would be expected. In fact, this behavior has 
been confirmed by previous experimental results. For example, 
between SB and AB hydrolysis yield, a difference of approxi-
mately 20–30% has been reported (Hernández-Salas et al. 2009).

GPIII biomasses, PP, OP and BP, were classified as pectin-
like type. Thus, a pectin extraction step followed by hydroly-
sis of remaining polysaccharides would be suitable towards 
bioethanol obtaining as previously reported for OP residue (De 
la Torre et al. 2019). Solid residue from pectin extraction could 
be treated similarly to GPI biomasses. Still, the possibility of 
milder process conditions is identified since its structural recal-
citrance under pyrolysis conditions was lower than GPI kind. 
Thus, bio-oil (Ozbay et al. 2019) and syngas obtaining (He et al. 
2020) is possible for these kinds of residues. It is also possible 
to use pectin extraction residue for biomethane production via 
anaerobic digestion (Ortiz-Sanchez et al. 2020).

Table 2   Recalcitrant characteristics of GPI–GPIV biomasses and preliminary processing route selected

Group/reference biomass Main physicochemical character-
istics

Conversion route Main added-value products

GPII/Lignin-like biomass
Lignin
Agave bagasse

High lignin content and high cross-
linking to polysaccharides

Highest recalcitrance

(1) Chemical extraction of lignin 
followed by

(2a) Catalytic hydro processing
or
(2b) Thermochemical processing

Aromatic hydrocarbons (Wang et al. 
2012)

Biochar
Precursor for carbon fiber synthesis 

(Mainka et al. 2015)
GPI/Cellulosic biomass
Cotton fiber
Sugarcane bagasse
Sawdust

High degree of polymerization, high 
crystallinity, intermediate lignin 
content

High recalcitrance

(1) Pre-treatment: size reduction/
milling,

followed by
(2a) Acid treatment for hemicellu-

lose elimination
Followed by basic treatment for 

lignin elimination
(3a) Enzymatic saccharification and 

fermentation
or
(3b) Thermochemical processing,
Pyrolysis
Gasification

Bioethanol (Ouyang et al. 2019)
Biomaterials (Feng et al. 2018; Khoo 

et al. 2018)
Bioethanol and cellulose (Candido 

et al. 2019, Beig et al. 2020)
Bio-oil (Treedet and Suntivarakorn 

2018)
Syngas (Raheem et al. 2019)

GPIII/Pectin-like biomass
Citrus pectin
Banana peel
Orange peel
Pine apple

Intermediate recalcitrance (1) Thermal pre-treatment followed 
by

(2a) Acid or enzymatic hydrolysis 
and fermentation

And
(3a) Anaerobic digestion
or
(2b) Thermochemical processing
Pyrolysis
Gasification

Bioethanol (De la Torre et al. 2019, 
Prakash et al. 2018)

Biogas (Ortiz-Sanchez et al. 2020)
Bio-oil (Ozbay et al. 2019)
Syngas (He et al. 2020)

GPIV/Starch-like biomass
Potato starch
Corn cob
Barley straw

Starch-like thermal and chemical 
response

Lower recalcitrance

(1) Basic pre-treatment
(2) Acid or enzymatic hydrolysis and
(3) Fermentation

Bioethanol (Boonchuay et al. 2018; 
Sewsynker-Sukai and Gueguim 
Kana 2018, Ibarra-Díaz et al. 2020)
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GPIV biomasses presented the lowest recalcitrance among 
the twelve samples examined. Its thermal response was classi-
fied as starchy-like, and thus, acid hydrolysis or even sacchari-
fication–fermentation route could be used to obtain bioethanol 
(Boonchuay et al. 2018; Sewsynker-Sukai and Gueguim Kana 
2018). In addition, it has been reported that basic pre-treatment 
for BS biomass permits the separation of lignin from hydrolyz-
able polysaccharides to maximize bioethanol yield (Ibarra-Díaz 
et al. 2020, Paschos et al. 2020), so the same treatment could be 
applied to CB biomass.

This latter aspect is also an advantage to group biomasses 
by recalcitrance similarity, since once that optimal treatment 
conditions have been identified for one element of the group, 
the same can be applied to others.

Conclusion

In this work, the recalcitrance of twelve lignocellulosic bio-
masses was assessed using PCA based on thermogravimetry 
and FTIR spectroscopy data. Four of the materials correspond-
ing to well-known chemical composition domains were taken 
as reference LCB to classify the recalcitrance response of the 
remaining biomasses. The results from PCA analysis show that 
the eight different residual biomass samples can be classified 
into four distinct groups (GPI–GPIV) according to their thermal 
stability or structural recalcitrance similarity. GPII or lignin-like 
biomasses (LG and AB) were assessed as the most recalcitrant 
biomass type (devolatilization temperature: ~ 150 °C, remaining 
weights > 30 wt%), followed by GPI or cellulosic-like biomass 
(CF, SW and SB), (devolatilization temperature: 200–380 °C, 
remaining weights < 20 wt%). GPIII or pectin-like biomasses 
were classified as intermediated recalcitrance matter (CP, PP, 
OP, BP) (devolatilization temperature: 150–350 °C, remaining 
weights < 30%wt,). Finally, GPIV or starchy-like biomasses 
(PS, BS and CB) were the least recalcitrant among the analyzed 
materials (devolatilization temperature: 250–350 °C, remaining 
weights < 30 wt%).

GPIII and GPIV biomasses such as orange, banana peel, 
corn cob and barley straw presented the highest potential as a 
source for bioethanol production. In contrast, GPI biomasses 
are likely to have a better yield for cellulose biomaterials under 
mild conditions. GPII biomasses have the lowest potential for 
liquid biofuels. A better alternative for these biomasses could be 
biochar production as an agriculture input or as a lignin source.

This methodology could help to classify novel uncharacter-
ized lignocellulosic biomasses based on the similarity of their 
recalcitrance response regarding reference materials and to 

preselect the processing route to obtain liquid biofuels or bio-
materials in a fast and economical manner.
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