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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Cross-linked lignin was estimated with 
carboxymethylation-separation analytic 
method. 

• Pyrolytic behavior of cross-linked lignin 
was significantly distinguished from free 
lignin. 

• Cross-linked lignin was 7.2 times effi-
cient in promoting small molecule 
generation. 

• Cross-linked lignin was 2.7 times effi-
cient in promoting aromatic generation. 

• Ring scission and dehydration rear-
rangement were enhanced by cross- 
linked lignin.  
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A B S T R A C T   

Lignin-carbohydrate complex (LCC) is the native existing form of major components in lignocellulose. In this 
study, the structural cross-link between lignin and polysaccharides in lignocellulose was quantitatively estimated 
with carboxymethylation-separation (CM-Sep) method, and its influence on lignocellulose pyrolysis was sys-
tematically investigated. The cross-linked lignin was found to positively correlate with the production of small 
molecules and furan derivatives while negatively affecting the generation of anhydrous sugars. Content of small 
molecules was increased by 97% while that of anhydrous sugars was decreased by 47% in pyrolytic products 
with levoglucosan yield lowered by 54 wt% in the existence of cross-linked lignin. Furthermore, the impact of 
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cross-linked lignin was revealed to be significantly distinguished from free lignin. Impeded glycosidic end for-
mation and boosted glycosyl ring scission as well as lignin fragmentation were responsible for the distinction. 
Excellent correlations between structural cross-link and lignocellulose pyrolytome could facilitate product pre-
diction and process design.   

1. Introduction 

Lignocellulose is an abundant natural resource with promising po-
tential to supply the renewable energy sector’s growing needs. In gen-
eral, lignocellulose is comprised of cellulose, hemicellulose and lignin 
components, which can be further valorized to versatile commercial 
products via separation and conversion (Clomburg et al., 2017). How-
ever, native lignin and cellulose are largely connected by covalent 
linkages (aromatic α-O-4 and β-O-4 ether bonds), resulting in lignin- 
carbohydrate complex (LCC) forming. A network of hydrogen bonds 
also exists between lignin and polysaccharides. These interactions 
feature a highly random cross-linked structure between the components, 
and render the plant cell wall excellent integrity and rigidity (Afzal 
et al., 2022). There are a large volume of published studies describing 
the recalcitrant LCC structure in biorefinery (Zhao et al., 2020). One 
solution is selective saccharification of LCC by economic and efficient 
fast pyrolysis (Wang et al., 2022). 

Fast pyrolysis is a thermo-chemical technology that is typically 
performed in the absence of oxygen at 450–600 ◦C in very short resi-
dence time. Levoglucosan is the major product from pyrolytic sacchar-
ification of lignocellulose, with a maximal yield of 70.1 wt% (Lin and Lu, 
2021). The feasibility of levoglucosan used as substrate for downstream 
bioprocess has been well demonstrated before (Jiang et al., 2019). Thus 
far, fast pyrolysis to saccharify lignocellulose has been particularly 
highlighted in biorefinery. Firstly, this process requires seconds or mi-
nutes rather than hours or even days. Then, fast pyrolysis can be per-
formed without any catalysts such as corrosive acids or expensive 
enzymes. Furthermore, highly concentrated levoglucosan has been 
delicately obtained via pyrolytic process, leading to low-cost purifica-
tion. Most importantly, pyrolytic saccharification of lignocellulose 
shows economic benefits over the traditional hydrolysis conversion 
(Bhar et al., 2022). Therefore, fast pyrolysis is being updated with 
technology development toward efficient lignocellulose utilization. 

Previous studies have reported complicated interactions among 
three major components during lignocellulose pyrolysis. The native 
stoichiometry of lignin and polysaccharides in lignocellulose was found 
to significantly affect the pyrolytic behavior (Hosoya et al., 2007). In-
teractions between lignin-cellulose and lignin-hemicellulose have been 
further reported with a huge impact on pyrolytic product distribution 
(Wang et al., 2011). This work further compared co-pyrolysis of lignin- 
hemicellulose and cellulose-hemicellulose, indicating that production of 
2-furfural and acetic acid from hemicellulose was slightly enhanced in 
the existence of cellulose while significantly inhibited with addition of 
isolated lignin. Cellulose-lignin co-pyrolysis at different temperatures 
further demonstrated the role of lignin in promoting the production of 
small molecules (e.g. esters, aldehydes, and ketones) and inhibiting the 
formation of anhydrous sugars (mainly levoglucosan) (Wu et al., 2016). 
Besides, natural cellulose-hemicellulose and cellulose-lignin binary 
models were generated to compare their pyrolytic behaviors, and 
product analysis suggested that the cellulose-lignin interaction was 
much more impactful than cellulose-hemicellulose interaction (Zhang 
et al., 2015). This work also revealed that native lignin in lignocellulose 
could remarkably diminish the production of levoglucosan and promote 
the formation of low-weight molecules (e.g. ethylene) and gas (e.g. CO2). 

Although these studies have reported the general effects of lignin on 
lignocellulose pyrolysis, there is no comprehensive inspection on the 
cross-linked structure between lignin and polysaccharides because of 
lacking quantitative tools (Long and Antoniewicz, 2014; Zhou et al., 
2010). Since lignin would be covalently conjunct or labile in 

lignocellulose, it is of great significance to distinguish and estimate these 
existing forms especially after amelioration pretreatment for achieving 
favorable valorization processes. Herein, the pyrolytic behavior of 
structural cross-link between lignin and polysaccharides was compre-
hensively studied by precisely modulating lignin and hemicellulose 
removal in natural lignocellulose. In order to estimate cross-linked 
lignin, a novel carboxymethylation-separation (CM-Sep) method was 
designed. Covalent bonds between lignin and polysaccharides were 
quantified by counting phase-separated fractions. Elemental, composi-
tion analysis, and Fourier transform infrared (FTIR) spectroscopy 
further proved the accuracy of CM-Sep method. At last, fast pyrolysis of 
tailored lignocellulose was monitored with GC–MS, and effects of cross- 
linked structure on content and yields of pyrolysis products were sys-
tematically investigated. Insightful mapping of product distribution and 
mechanism behind it were provided by introducing new parameters and 
correlations that were associated with structural cross-link in 
lignocellulose. 

2. Materials and methods 

2.1. Preparation of lignocellulose samples 

Before use, reed rods were pulverized to 60–80 mesh and then dried 
at 105 ◦C until constant weight. Reed rods were first Soxhlet-extracted 
with ethanol–benzene (1:2, v/v) at 80 ◦C for 4 h to remove plant fats 
and waxes. Lignin in extracted biomass was removed by following the 
NaClO2-oxidation (Ox) delignification process (Wang et al., 2021). For 
one repeat, in brief, biomass (2 g) was suspended in 300 mL water and 
then NaClO2 (0.8 g) and acetic acid (160 μL) were sequentially added. 
The mixture was stirred at 70 ◦C for 1 h, and the residual was collected 
by vacuum filtration and washed with deionized water thoroughly. This 
process was conducted on extracted biomass for 0, 1, 2, 3, 5 repeats to 
give Ox-0-Ox-5 samples. Hemicellulose-free biomass was obtained by 
following a standard hydrothermal (HTL) process performed at 180 ◦C 
for 12 h (Kim and Lee, 2006). Oxidation process was also proceeded on 
hemicellulose-free biomass for 0, 1, 2 repeats to give HTL-Ox-0-HTL-Ox- 
2 samples. At the last step, all samples were stirred in 0.5 wt% H2SO4 
solutions (20 mL) at room temperature for 1 h to remove metals, and the 
solid was collected by filtration, washed by deionized water thoroughly, 
and freeze dried before characterization and fast pyrolysis. 

2.2. Isolation of lignin 

To test the effect of free lignin on fast pyrolysis, featured lignin from 
Ox and HTL-Ox groups was isolated according to previous method 
(Bauer et al., 2012). In brief, 5 g raw reed rod was suspended in a 100 mL 
mixture of ethanol-HCl (95:5, v/v). The mixture was stirred under reflux 
at 80 ◦C for 8 h, and then filtered and washed with ethanol to collect the 
filtrate. The solution was concentrated to 100 mL by vacuum evapora-
tion, and then resuspended in 400 mL cold HCl solution (1:600, v/v) for 
recrystallization overnight. The solid was collected by centrifugation, 
filtered, washed by deionized water thoroughly and then freeze dried. 

2.3. Characterization of lignocellulose 

Elemental analyzer (Vario EL cube, Elementar, Germany) was used 
to determine the content of organic elements (C, H, N) in biomass 
samples. The content of alkali and alkaline earth metals (AAEMs) was 
detected by an inductively coupled plasma emission spectrometer (ICP- 
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OES, OPTIMA 8000DV, PerkinElmer, United States). Composition of 
cellulose, hemicellulose and lignin in biomass was quantified according 
to the protocol issued by National Renewable Energy Laboratory (NREL) 
(Sluiter et al., 2004). Scanning electron microscope (SEM) morphology 
was recorded on a cold field emission scanning electron microscope (S- 
4800, Hitachi, Japan). FTIR was recorded on an infrared spectrometer 
(TENSOR27, Bruker, Germany). 

2.4. CM-Sep estimation of cross-linked lignin in lignocellulose 

Lignocellulose samples were carboxymethylated to facilitate the 
estimation of cross-linked lignin and 1H NMR test. In brief, 1 g sample 
was suspended in 50 mL of isopropanol with vigorous stirring at room 
temperature, and then 5 mL of 7.5 M NaOH solution was dropwise added 
carefully. After 1 h stirring, 1.5 g monochloroacetic acid was added, and 
the mixture was heated to 55 ◦C and stirred for another 3 h. After 
neutralizing the mixture with acetic acid, the solid was collected by 
filtration and resuspended in 200 mL of 80% methanol solution. The 
solid was collected by filtration and washed with absolute methanol (20 
mL) twice to remove water. It was finally dried in a vacuum oven at 
40 ◦C for 12 h to give the carboxymethylated samples. For quantitative 
estimation of cross-linked lignin, carboxymethylated sample was sus-
pended in 100 mL water and the mixture was stirred at room tempera-
ture for 1 h. The insoluble and soluble fractions were separated by 
centrifugation and filtration, and washed with excess water and acetone 
sequentially. Water-insoluble fraction was directly freeze dried, while 
water-soluble fraction was first condensed by vacuum evaporation and 
then freeze dried. Polysaccharide composition in soluble and insoluble 
fractions was quantified by 1H NMR (Bruker 600 M, Germany). To 
prepare NMR samples, the solid was hydrolyzed in 2 mL of 25% D2SO4 in 
D2O at 90 ◦C for 2 h, and then the filtrated solution was introduced into 
NMR tube. The peak assignment on 1H NMR spectra was concluded (see 
Supplementary material). Relative content of glucose, mannose, xylose 
was determined according to the integrals, as well as degree of substi-
tution (DS) calculated by formula (1). 

DSNMR =
sum of integral of methylene protons at C2, C3, and C6

integral of anomeric protons
(1)  

2.5. Fast pyrolysis 

Fast pyrolysis was performed on a semi-batch CDS reactor (Pyrop-
robe 5200, CDS Analytical, United States) in duplicate. The reaction 
temperature was 500 ◦C and heating rate was 20 K⋅ms− 1. High-purity 
helium was set at 20 mL/min to sweep the resulting volatiles through 
a 300 ◦C transmission line into the gas chromatography-mass spec-
trometry (GC–MS) system (GC-7890A, MS-5975C, Agilent Technologies, 
United States) for separation and detection. Specifically, pyrolysis vol-
atiles were separated by DB-1701 capillary column. GC oven tempera-
ture was maintained at 40 ◦C for 3 min, then increased from 40 ◦C to 
280 ◦C at a rate of 5 ◦C/min, and finally maintained at 280 ◦C for 8 min. 
Mass spectrometer parameters included ion source temperature of 

230 ◦C, quadrupole temperature of 150 ◦C, ion source energy of 70 eV, 
and a scan range (m/z) of 29 to 450 amu. Relative content of compounds 
and levoglucosan yield were calculated according to formulas (2) and 
(3), respectively. 

Relative content (%) =
area of specific compound
total area of all compounds

× 100% (2)  

Levoglucosan yield (wt%) =
levoglucosan mass

biomass mass × cellulose content
× 100%

(3)  

3. Result and discussion 

3.1. Characterization of lignocellulose samples 

The content of major elements and components in raw and treated 
lignocellulose samples was shown in Table 1. For each repeat, around 
3% lignin was removed in Ox group, while delignification was more 
efficient in HTL-Ox group as up to 15%. The difference could be 
explained by the capacity of hemicellulose in stabilizing the whole 
networks and maintaining branches during delignification and solvent 
elution. The increased cellulose-to-lignin (C/L) ratio also validated the 
efficiency of the delignification process. Besides, the diminished carbon- 
to-hydrogen (C/H) elemental ratio further demonstrated the removal of 
lignin, because the C/H ratio of lignin (11.1) was much higher than that 
of cellulose (7.5) and hemicellulose (7.2) (Zhang et al., 2022). Notably, 
the catalytic effect of metals in all samples has been excluded by 
removing AAEMs with diluted acid to obtain negligible concentrations. 

To in site confirm the difference in cross-link structure derived from 

Table 1 
Componential and elemental analysis of lignocellulose.  

Samples Component Organic element AAEMs 

Cellulose (wt%) Hemicellulose (wt%) Lignin (wt%) C/L C (wt%) H (wt%) C/H Na (ppm) K (ppm) Mg (ppm) Ca (ppm) 

Raw  53.1  18.9  23.5  2.3  46.4  5.9  7.9  543.2  3396.2  231.2 1055.8 
Ox-0  45.6  24.9  19.6  2.3  46.9  6.1  7.8  115.8  38.0  12.7 124.7 
Ox-1  48.7  25.6  14.2  3.4  44.7  6.1  7.3  148.7  42.7  10.7 91.6 
Ox-2  50.1  25.5  12.1  4.1  44.0  6.0  7.3  129.2  44.0  10.2 123.8 
Ox-3  53.1  25.9  8.0  6.6  43.0  6.0  7.2  154.9  47.2  10.4 91.6 
Ox-5  56.5  26.3  6.9  8.2  42.5  6.1  7.0  133.1  47.1  12.7 119 
HTL-Ox-0  44.1  0.0  54.9  0.8  52.5  5.9  8.9  125.5  37.8  13.7 93.4 
HTL-Ox-1  52.8  0.0  40.7  1.3  50.3  5.9  8.5  146.1  42.0  15.1 121.3 
HTL-Ox-2  78.4  0.0  24.6  3.2  46.6  6.0  7.7  156.3  52.1  15.6 109.8  

Fig. 1. Normalized characteristic peak intensity of peak a and e in different 
Ox samples. 
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delignification, the morphology of Ox-0 and Ox-5 was observed by SEM 
(see Supplementary material). Compared to Ox-0, the surface of 
delignified Ox-5 was irregularly coarse, with random distribution of 
pores. These pores were the sites where cross-linked lignin located 
before delignification (Yang et al., 2020; Yu et al., 2022). Meanwhile, 
the remaining lignin particles in Ox-5, which tended to aggregate due to 
hydrogen and hydrophobic bonding, were much smaller and relatively 
separated as compared to Ox-0. FTIR spectrum of Ox samples further 
demonstrated the gradient removal of cross-linked lignin (see Supple-
mentary material). Characteristic peaks of lignin included C––O 
stretching for peaks a and b (1593–1609 cm− 1 and 1505–1511 cm− 1), 
C–H deformation for peaks c and d (1462 cm− 1 and 1425 cm− 1), C–O 
stretching for peak e (1268 cm− 1), and C–H out-of-plane stretching for 
peak f (840 cm− 1). The intensities of these peaks were gradually 
weakened or even vanished from Ox-0 to Ox-5. further depicted the 
normalized intensities of C–O bonding peaks was further depicted in 
Fig. 1. Notably, close-to-zero intensity was observed for C––O stretching 
peak on behalf of lignin carbonyls, while only a slight decrease was 
observed for C–O stretching in Ox-5. Since C–O stretching mainly 
occurred in α-O-4 and β-O-4 ether bonds responsible for lignin-lignin 
and lignin-polysaccharide connections, the difference between C–O 
and C––O stretching intensity demonstrated that cross-linked lignin was 
retained while labile lignin was removed. Taken together, these results 
suggested that lignocellulose samples with different level of cross-linked 
lignin, have been successfully constructed by repeated NaClO2-Ox 
process. 

3.2. CM-Sep estimation of cross-linked lignin 

Carboxymethylcellulose is a traditional functional polymer obtained 
by chemical modification on natural cellulose. In this process, side-chain 
hydroxyl groups were substituted by hydrophilic carboxymethyl groups, 
thus facilitating water absorbency of the resulting polymer. The water- 
soluble capacity could be reflected by estimating DS, and 

carboxymethylcellulose with DS > 0.6 was soluble in pure water (Bar-
bucci et al., 2000). However, hydrophobic cross-linkers on side chains 
have been validated to decrease the hydrophilicity of polymers. For 
example, hydrogels with a high density of cross-linkers would lose their 
solubility and swelling capacity in aqueous condition, because the rigid 
cross-linked structure was much difficult to expand (Barbucci et al., 
2000). Inspired by the aromatic nature of lignin, an analytic strategy 
based on carboxymethylation modification, has been developed for the 
estimation of cross-linked lignin in lignocellulose. 

After carboxymethylation, lignocellulose sample was separated into 
water-soluble and water-insoluble fractions, according to their cross- 
linked lignin content. As shown in Table 2, both the mass ratio of 
insoluble fraction-to-soluble fraction (IS/S ratio) and detectable lignin 
content decreased from Ox-1 to Ox-5. There was only few lignin detected 
in soluble fractions, which was corresponded with the aforementioned 
side-chain effect and previous results (Jin et al., 2010). Only insoluble 
fraction was considered to cross-link with lignin. Therefore, the IS/S 
ratio might be highlighted as a potential important factor to quantita-
tively estimate the cross-linked lignin in lignocellulose. To prove its 
feasibility, the correlation between IS/S ratio and original lignin content 
calculated by NREL method, and correlation between IS/S ratio and 
elemental C/H ratio, were described in Fig. 2. Excellent coefficients in 
Ox group was observed (R2 = 0.998 and 0.914, respectively), and the 
slight deviation in HTL-Ox group could be explained by an additional 
carbonization effect to generate partially fragmented side-chain lignin in 
severe conditions of HTL process. Meanwhile, the IS/S ratio was found 
to correlate better with lignin content than C/H ratio. In sum, the IS/S 
ratio has been proved as a robust factor for quantitative estimation of 
cross-linked lignin in lignocellulose. 

Carboxymethylated samples could be further subjected to 1H NMR 
test to detect polysaccharide composition. To date, 1H NMR was rarely 
used in component quantification in lignocellulose, since sugar-ring 
anomeric protons have split chemical shifts in high field and their 
conformation would be interconverted depending on temperature (Duus 
et al., 2000). So far, most polysaccharide composition was quantified 
with 2D Correlation Spectroscopy (COSY NMR) in a tedious process. 
However, after carboxymethylation, active hydroxyls (with quick 
deuterium exchange effect before) were converted to carboxymethyls 
with stable methylene protons. Their signals could be collected and 
discriminated with fixed NMR chemical shift after degradation of 
polysaccharides. In general, the signal of α-anomeric glycosyl was found 
in the low field (5.20–5.50 ppm) as compared to β-anomeric protons 
(4.60–4.80 ppm), and protons of glucose appeared lowly as compared to 
xylose and mannose. Details of chemical shifts for carboxymethylated 
polysaccharide monomers were concluded (see Supplementary mate-
rial). Carboxymethylated polysaccharide composition in insoluble 
fractions was further calculated from integrals as reported before (Pet-
zold et al., 2006). Notably, negligible mannose, arabinose, and galactose 
were found in insoluble fractions, while the glucose content was much 
higher than original content in lignocellulose calculated by NREL 

Table 2 
Mass distribution of carboxymethylated fractions after phase separation.  

Samples Insoluble 
fraction (wt%) 

Soluble 
fraction (wt 
%) 

IS/S 
Ratio 

DS Cross-linked 
lignin (wt%) 

Ox-0  54.1  45.9  1.18  1.73  17.9 
Ox-1  49.4  50.6  0.98  1.41  9.2 
Ox-2  47.6  52.4  0.91  1.50  7.9 
Ox-3  43.4  56.6  0.77  1.35  3.9 
Ox-5  40.2  59.8  0.67  1.77  1.9 
HTL-Ox- 

0  
51.0  49.0  1.04  0.85  18.8 

HTL-Ox- 
1  

44.0  56.0  0.79  0.73  2.4 

HTL-Ox- 
2  

41.7  58.3  0.71  0.74  0.3  

Fig. 2. Linear correlations between IS/S ratio and (a) lignin content and (b) elemental C/H ratio.  
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method. This could be explained the fact that cellulose was more 
accessible to cross-link with lignin than hemicellulose (Jin et al., 2010). 
Expectedly, there was no hemicellulose component detected in HTL-Ox 
group. In carboxymethylated glucose, the signals of methylene protons 
(glycolic O-CH2-) found in 4.20–4.55 ppm, which were sharp and 
intense peaks, were assigned to carboxymethyl groups at C3, C2α, C2β, 
and C6 from the low to high field, respectively. By comparing the in-
tegrals of methylene protons with anomeric protons, DS in carbox-
ymethylated samples was calculated by following formula (1). As shown 
in Table 2, in general, DS in all samples was higher than 0.6, which 
suggested the original solubility of polysaccharide chains in lignocel-
lulose samples. However, due to the existence of cross-linked lignin 
networks, they have completely lost the water solubility and conse-
quently been precipitated during phase-separation process. Further-
more, DS on different positions in each sample was calculated 
respectively (see Supplementary material), and the relative reactivity of 
hydroxyl groups was found as –OH(6) > –OH(2) > –OH(3) during 

carboxymethylation. This order was identical with previous results, and 
had been explained by the difference in formation of hydrogen bonding, 
which could hierarchically hinder the substitution reaction during car-
boxymethylation (Sabari et al., 2017). 

3.3. Evaluating the effect of cross-linked lignin on lignocellulose pyrolysis 

The product distribution for pyrolysis of lignocellulose samples was 
shown in Table 3. Products were first divided into five groups, including 
gas (CO2), C1-C3 small-molecule compounds (e.g. glycolaldehyde, 
methyl glyoxal and acetol), C4-C6 furan derivatives (e.g. 2(5H)-fura-
none, 2-furaldehyde and 5-HMF), C5-C6 anhydrous sugars (e.g. levo-
glucosan), and aromatics. For each category, integrated content was 
correlated with IS/S ratio to quantitatively evaluate the effect of cross- 
linked lignin. As shown in Fig. 3a-e, except for the case of C4-C6 furan 
derivates, there were regular positive or negative correlations in both Ox 
and HTL-Ox samples, which demonstrated that the cross-linked lignin 

Table 3 
Distribution of major pyrolytic products in natural biomass group.  

Category Compound name Relative content (%) 

Raw Ox-0 Ox-1 Ox-2 Ox-3 Ox-5 HTL-Ox-0 HTL-Ox-1 HTL-Ox-2 

Gas Carbon dioxide  9.7  5.9 6.1  6.8  7.1  11.7  6.6  9.2  9.7 
C1-C3 

Small 
Molecules 

Formaldehyde  0.0  1.6 0.0  0.0  0.1  0.1  0.0  0.0  0.0 
Acetaldehyde  0.6  0.4 0.4  0.1  0.0  0.1  0.1  0.0  0.1 
Glycolaldehyde  1.8  1.4 1.1  1.0  0.6  0.6  0.3  0.5  1.1 
Acetic acid  3.8  3.4 2.8  3.0  1.9  1.5  0.5  0.4  0.4 
Methyl glyoxal  1.8  1.2 1.1  1.0  0.8  0.9  0.5  0.6  0.8 
Hydroxypropanone  0.0  0.4 0.4  0.4  0.2  0.2  0.2  0.2  0.4 
Pronanal  0.1  0.4 0.1  0.2  0.1  0.1  0.3  0.1  0.0 
Methyl formate  0.3  0.2 0.1  0.1  0.1  0.1  0.5  0.1  0.1 

C4-C5 
Furans 

5-HMF  0.5  2.2 2.2  0.9  1.8  1.0  0.6  0.8  1.4 
Furfural  1.4  1.6 2.2  1.3  1.7  1.3  0.8  0.7  0.9 
Furan  0.2  0.2 0.3  0.6  0.4  0.5  0.3  0.2  0.2 
2,5-Dimethyl furan  0.4  0.1 0.2  0.1  0.2  0.2  0.2  0.1  0.2 
2-Methoxy furan  0.0  0.1 0.1  0.1  0.1  0.1  0.0  0.2  0.0 
2-Methyl furan  0.0  0.2 0.4  0.4  0.5  0.5  0.4  0.2  0.2 
2-Furanone  0.0  0.5 0.4  0.3  0.3  0.3  0.1  0.2  0.2 

Sugars Levoglucosan  14.2  24.7 38.2  45.1  46.0  46.1  44.3  49.3  53.1 
Levoglucosenone  0.0  0.1 0.1  0.2  0.3  0.5  0.8  0.3  0.3 
1,4:3,6-Dianhydro-α-D-glucopyranose  0.4  0.2 0.7  0.5  0.6  1.0  1.1  0.7  0.8 

Aromatics 2-Methoxy-4-vinylphenol  0.3  0.8 0.5  0.3  0.3  0.3  0.0  0.0  0.0 
3,5-Dimethoxy-4-hydroxytoluene  0.0  1.9 1  1.7  1.7  1.5  0.8  0.2  0.2 
Other phenyl compounds  4.3  4.4 3.0  2.1  1.8  1.5  5.8  4.1  2.3  

Fig. 3. Correlations between relative content of (a, f) gas, (b, g) C1-C3 small-molecule compounds, (c, h) C4-C6 furan derivatives, (d, i) C5-C6 anhydrous sugars, and 
(e, j) aromatic compounds and IS/S ratio (P-value: ** < 0.01, * < 0.05; ns: not significant). 
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level was highly associated with lignocellulose pyrolysis. The fluctu-
ating correlation for furan products was probably due to the relative 
high existence of hemicellulose in Ox samples. As is reported, hemicel-
lulose could significantly contribute to the production of C4-C6 furan 
derivates as compared to cellulose in lignocellulose pyrolysis (Qaseem 
et al., 2021). Neglectable and irregular levels of hemicellulose in Ox 
samples shown in Table 1, could also support this reason. The regular 
correlations between IS/S ratio and product content were in accordance 
with previous results, where the increased lignin level would result in 
the decreased content of C5-C6 anhydrous sugars (47.6% in Ox-5 vs 
25.0% in Ox-0), meanwhile increasing the content of aromatic lignin 
derivatives (3.2% in Ox-5 vs 7.1% in Ox-0) (Zhang et al., 2015). Levo-
glucosan yield also demonstrated the role of lignin, as the value was 
increased from 26.0 wt% to 53.8 wt% after 5 repeats in Ox-5 and from 
33.5 wt% to 44.1 wt% after 3 repeats in HTL-Ox-2 (Fig. 4a). 

Interestingly, CO2 production was significantly enhanced by 2.3 
times after 5 repeated 

removal of lignin. This enhancement was contrary to previous study 
(Zhang et al., 2015). Although CO2 could be generated from poly-
saccharides and lignin during fast pyrolysis, it has been reported that 
lignin would release more CO2 than cellulose (Yang et al., 2015). In this 
study, however, Ox-5 with lowest lignin level was found to generate 
more CO2 than others. This could be explained by the huge difference 

between product content of anhydrous sugars content (25% in Ox-0 vs 
47% in Ox-5) and that of aromatics (7% in Ox-0 vs 3% in Ox-5), which 
was associated with less efficient CO2 release during lignin fragmenta-
tion than cellulose degradation. In FTIR analysis, unremoved lignin in 
Ox-5 has been proven to cross-link with polysaccharides, thus further 
limiting its fragmentation to generate CO2. The IS/S ratio of Ox-5 (0.67) 
further validated the existence of cross-linked lignin, which highlighted 
the importance of discriminating cross-linked lignin from free lignin to 
evaluate their pyrolytic behaviors respectively. 

By comparing Ox with HTL-Ox samples, hemicellulose was found to 
impact the pyrolytic behavior even under similar levels of cross-linked 
lignin. Although the regular of product distribution in HTL-Ox group 
was accordant with that in Ox group, more efficient decrease in small 
molecule production (Fig. 3b) and increase in gas and sugar formation 
(Fig. 3a and d) were observed after comparing HTL-Ox to Ox samples 
with similar IS/S ratio. There was only slight difference in gas formation. 
Notably, a similar fluctuation between IS/S ratio and content of furan 
derivatives was not observed among HTL-Ox samples, which was asso-
ciated with the regular gradient of lignin level in HTL-Ox group. Taken 
together, with reference to IS/S ratio, the role of cross-linked lignin 
during fast pyrolysis of lignocellulose was revealed. One was further 
impacted by the existence of hemicellulose, especially for the production 
of small-molecule and sugar products. 

Fig. 4. Levoglucosan yield of different samples of (a) natural complex group and (b) physical mixture group.  

Table 4 
Distribution of major pyrolytic products in physical mixture group.  

Category Compound name Relative content (%) 

Raw mix-Ox-1 mix-Ox-2 mix-Ox-3 mix-Ox-5 mix-HTL-Ox-1 mix-HTL-Ox-2 

Gas Carbon dioxide  9.7  4.2  4.4  5.1  4.7  8.4  9.2 
C1-C3 

Small 
Molecules 

Formaldehyde  0.0  0.1  0.0  0.1  0.1  0.0  0.0 
Acetaldehyde  0.6  0.0  0.0  0.0  0.0  0.0  0.0 
Glycolaldehyde  1.8  0.1  0.2  0.3  0.3  1.6  1.9 
Acetic acid  3.8  2.6  2.0  2.5  1.9  0.7  0.7 
Methyl glyoxal  1.8  0.9  1.3  1.1  1.8  1.1  1.2 
Hydroxypropanone  0.0  0.4  0.5  0.2  0.8  0.4  0.5 
Pronanal  0.1  0.1  0.2  0.3  0.5  0.3  0.1 
Methyl formate  0.3  0.1  0.2  0.2  0.3  0.1  0.1 

C4-C5 
Furans 

5-HMF  0.5  2.0  2.2  2.1  2.0  1.6  1.6 
Furfural  1.4  2.4  2.4  2.8  2.4  0.8  0.5 
Furan  0.2  0.2  0.3  0.2  0.2  0.3  0.0 
2,5-Dimethyl furan  0.4  0.1  0.2  0.2  0.1  0.2  0.0 
2-Methoxy furan  0.0  0.0  0.0  0.0  0.1  0.0  0.0 
2-Methyl furan  0.0  0.2  0.3  0.0  0.3  0.4  0.1 
Furanone  0.0  0.2  0.3  0.3  0.3  0.2  0.3 

Sugars Levoglucosan  14.2  30.0  31.1  32.0  29.1  31.9  29.1 
Levoglucosenone  0.0  0.4  0.3  0.2  0.2  0.0  0.2 
1,4:3,6-Dianhydro-α-D-glucopyranose  0.4  0.5  0.4  0.4  0.3  0.4  0.3 

Aromatics 2-Methoxy-4-vinylphenol  0.3  1.1  0.8  0.9  1.0  1.1  2.4 
3,5-Dimethoxy-4-hydroxytoluene  0.0  0.4  0.3  0.4  0.3  1.2  1.1 
Other phenyl compounds  4.3  1.5  1.6  1.6  1.3  5.0  7.1  
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3.4. Comparing the effect of cross-linked lignin and free lignin on 
lignocellulose pyrolysis 

To compare the effect of cross-linked lignin with that of free lignin 
during pyrolysis, isolated lignin was externally added to Ox samples 
(namely mix-Ox samples), and HTL-Ox samples (namely mix-HTL-Ox 
samples). Ideally, mix-Ox-1-mix-Ox-5 and mix-HTL-Ox-1-mix-HTL-Ox- 
2 were modulated with overall lignin level that was the same as Ox- 
0 and HTL-Ox-0, respectively. These physical mixtures were then sub-
jected to pyrolysis-GS-MS, and product distribution was shown in 
Table 4. Product content of physical mixture (with free lignin) was then 
compared with the corresponding native samples Ox-0 or HTL-Ox- 
0 (with cross-linked lignin) in Fig. 3f-j. Under the same level of lignin, 
compared to native Ox-0, physical mixture mix-Ox-5 exhibited a 3.3% 
decrease in content of C1-C3 small molecules compounds (P < 0.01). 
This was mainly attributed to 1.5% and 1.3% decrease in generation of 
formaldehyde and glycolaldehyde, respectively. CO2 production was 
sightly decreased from 5.9% to 4.7%. Offset was the production of C5-C6 
anhydrous sugars, which was significantly enhanced from 25% to 32% 
content in Fig. 3i as well as a 16% increase in levoglucosan yield in 
Fig. 4b (P < 0.05). Notably, after a comparison among physical mix-
tures, it could be found that only a slight variation was observed in both 
product content and levoglucosan yield. Thus, it should be noted that 

the pyrolytic behavior of cross-linked lignin was markedly different 
from that of free lignin. 

In this study, by highlighting IS/S ratio facilitated by CM-Sep 
method, content of cross-linked lignin was correlated with pyrolytic 
production. Effect of free lignin and cross-linked lignin on pyrolytic 
product distribution was further discriminated and systematically 
evaluated. The content change of major categories in Ox-0 and mix-Ox-5 
in comparison with lignin-free Ox-5 was depicted in Fig. 5a to evaluate 
the impact of two lignin-addition methods. In general, both ways could 
boost the production of C1-C3 small molecules and C4-C5 furan de-
rivatives. However, cross-linked lignin was found to promote the gen-
eration of small molecules more efficiently (differ by 7.5 times), while 
free lignin enhanced the production of furans. Since C1-C3 small mol-
ecules were the next-step products of furans from cellulose degradation, 
the offsetting effect was observed between cross-linked lignin and free 
lignin (Paine et al., 2008). Similarly, offsetting changes were observed in 
gas and C5-C6 anhydrous sugar production that was much less obvious 
than generation of small molecules and furans. Notably, cross-linked 
lignin was much more productive (2.7 times) in promoting aromatics 
formation as compared to free lignin, with an increase of 52% in Ox- 
0 versus 18% in mix-Ox-5. This demonstrated that cross-linked lignin 
was easier to be fragmented than free lignin in fast pyrolysis. 

An elaborate mapping of all detected pyrolytic products (namely 

Fig. 5. (a) Product content change of major compounds in native mixture (Ox-0) and physical mixture (mix-Ox-5) compared to Ox-5; (b) number of compounds with 
increased or decreased content in two mixtures compared to Ox-5; (c) product content change by comparing native mixture with physical mixture. 

Fig. 6. Illustration of effect of cross-linked lignin on reaction pathways in fast pyrolysis of lignocellulose.  
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pyrolytome analysis) in native and physical mixture was compared in 
Fig. 5b. In general, 60 out of 92 pyrolytic products were increased after 
addition of cross-linked lignin versus 24 of 81 products in free lignin- 
added sample. 10 small-molecule compounds such as formaldehyde, 
glycolaldehyde, and acetic acid were highlighted in the overlap area. For 
the lowering group, 17 compounds were found in the overlap area, 
especially CO2, levoglucosan, and levoglucosenone as excellent feed-
stocks in biorefinery. Notably, Ox process significantly reduced the 
content and species of fermentative-toxic furans and phenols during 
pyrolysis as compared to HTL treatment, which could be utilized to 
endorse the downstream enzymatic hydrolysis. Content change of all 
detected products in overlap area of Ox-0 and mix-Ox-5 was further 
mapped in Fig. 5c. These points were observed to aggregate together, 
with only formaldehyde and levoglucosan rarely outstanding. This 
further demonstrated the potential use of IS/S ratio in predicting 
product distribution in the future. 

3.5. Mechanism of cross-linked lignin in lignocellulose pyrolysis 

Effect of cross-linked lignin was explained in terms of two proc-
esses—cellulose degradation and lignin fragmentation. Fast pyrolysis 
facilitated stagewise thermal degradation of cellulose. It has been well 
accepted that there were two competitive reaction pathways (intermo-
lecular C–C bond cleavage versus intramolecular glycosidic bond 
cleavage) at the first degradation stage, leading to different fates of 
glycan units (Patwardhan et al., 2009). Vinu et al. demonstrated a 
continuous concerted chain-reaction with the move-up of levoglucosy 
end-groups, resulting in glycosidic bond cleavage and levoglucose 
release (Vinu and Broadbelt, 2012). In contrast, a set of complex reac-
tion pathways concerning sugar-ring C–C bond cleavage would 
generate small-molecule and furan products instead of levoglucosan 
(Paine et al., 2007). In this work, given the diminished anhydrous sugar 
content and increased content of C–C bond cleavage products in native 
mixture, the cross-linked lignin was proven to enhance the second set of 
reaction pathways competing with glycosidic bond cleavage. This was 
consistent with previous studies on biomass co-pyrolysis, where this 
effect was explained by glycosyl C6 existence of side-chain lignin (Zhang 
et al., 2015). Interestingly, in physical mixture, there was only a slight 
increase in levoglucosan yield with a decreased IS/S ratio under the 
same lignin level, meaning that this change could not be predicated with 
reference to an overall lignin level applied in most previous research. 
The boosted production of levoglucosan associated with decreased 
cross-link was much less evident than directly removing lignin compo-
nent. As illustrated in Fig. 6, the covalent bonds between lignin and the 
polysaccharide C6-oxygen, which were responsible for the structural 
cross-link in lignocellulose, would result in less efficient release of lev-
oglucosyl end-groups. By dominating the C6-oxygen, they could prevent 
the anhydro-ring closure that was necessary for levoglucosan formation. 
As a result, competitive reactions such as ring scission and dehydration 
rearrangement were conversely promoted, leading to C1-C3 small 
molecule formation (Patwardhan et al., 2009). Besides, the enhance-
ment on C–C bond cleavage by cross-linked lignin was not found in 
hemicellulose-free groups. Instead, in native mixture the levoglucosan 
production was enhanced while the small molecule production was 
diminished. This difference could be contributed to the maintenance 
role of hemicellulose. Removal of hemicellulose would lead to an 
incomplete biomass cross-linked structure, thus facilitating the thermal 
energy access to internal cellulose chain instead of lignin network and 
consequently promoting glycosidic bond cleavage. The effect of 
collapsing cross-linked structure had also been demonstrated in a study 
regarding thermal pretreatment of lignocellulose (Zhang et al., 2022). 
Compared to corresponding native mixtures, lignin content in mix-Ox-5 
was diminished versus an increased lignin content in hemicellulose- 
removed mix-HTL-Ox-2. It further demonstrated the crucial role of 
hemicellulose for maintaining cross-linked biomass structure and 
influencing pyrolytic pathways, and also highlighted the usefulness of 

the IS/S ratio factor. 
According to the results, except for inhibiting glycosidic bond 

cleavage while enhancing glycosyl ring scission, glycosyl C6 existence of 
lignin could also promote the fragmentation of connected lignin poly-
mer. Despite β-O-4 ether bonds with relatively high bond association 
energy (52–72 kcal mol− 1), transformation of function groups in lignin 
aromatic rings was capable to activate the lignin depolymerization 
under mild conditions (Wu et al., 2018). This effect was probably similar 
to the case of lignocellulose with side-chain linked to polysaccharides. 
Besides, favorable reaction kinetics of lignin under fast heating rate-
s—with an activation energy Ea of 120–143 kJ/mol—supported the 
boosted generation of aromatics from cross-linked lignin (Chen et al., 
2020). In short, both the activation effect of side-chain and favorable 
kinetics were responsible for lignin fragmentation, demonstrating the 
crucial role of cross-linked lignin during fast pyrolysis of lignocellulose. 

4. Conclusion 

This study comprehensively illustrated the unique role of structural 
cross-link by inspecting the lignin-polysaccharides interactions in terms 
of product distribution and yields during fast pyrolysis of lignocellulose. 
Cross-linked lignin in LCC was quantitatively estimated by CM-Sep 
method. The presence of cross-linked lignin was revealed to signifi-
cantly enhance the production of small molecules and furan derivatives 
meanwhile hindering the generation of anhydrous sugars by up to 47%. 
Furthermore, compared to free lignin, cross-linked lignin was found to 
impact lignocellulose pyrolysis more robustly by enhancing glycosyl 
ring scission and lignin fragmentation. 
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