
Comparison of lignin distribution, structure, and morphology in wheat
straw and wood

Downloaded from: https://research.chalmers.se, 2026-04-06 02:11 UTC

Citation for the original published paper (version of record):
Zhang, L., Larsson, A., Moldin, A. et al (2022). Comparison of lignin distribution, structure, and
morphology in wheat straw and wood. Industrial Crops and Products, 187.
http://dx.doi.org/10.1016/j.indcrop.2022.115432

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Industrial Crops & Products 187 (2022) 115432

Available online 5 August 2022
0926-6690/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Comparison of lignin distribution, structure, and morphology in wheat 
straw and wood 

Liming Zhang a,b, Anette Larsson c,d, Annelie Moldin a,e, Ulrica Edlund a,b,* 

a FibRe – Centre for Lignocellulose-based Thermoplastics, Department of Fibre and Polymer Technology, KTH Royal Institute of Technology, SE-100 44 Stockholm, 
Sweden 
b Fibre and Polymer Technology, KTH Royal Institute of Technology, Teknikringen 56, SE-100 44 Stockholm, Sweden 
c FibRe – Centre for Lignocellulose-based Thermoplastics, Department of Chemistry and Chemical Engineering, Chalmers University of Technology, SE-412 96 
Gothenburg, Sweden 
d Department of Chemistry and Chemical Engineering, Chalmers University of Technology, Gothenburg, Sweden 
e Lantmännen, Group Function Research & Development, P.O Box 30192, SE-104 25 Stockholm, Sweden   

A R T I C L E  I N F O   

Keywords: 
Wheat straw 
Lignin 
Morphology 
Lignin-carbohydrate complexes 
Supramolecular structure 

A B S T R A C T   

Agricultural fiber sources, such as wheat straw, are promising lignocellulosic feedstocks for the generation of 
renewable substitutes for synthetic materials (e.g., plastics, construction materials, biofuel, and other biorefinery 
products). The interest in the utilization of lignin has increased rapidly during the last years; the number of 
publications increased more than five times between 2000 and 2020. The number of publications concerning 
lignin from wheat straw follows the general trend with an increasing scientific interest in lignin but comprises 
less than 5% of the total lignin publications. The structure and morphology of lignin in straw and wood differ 
between the different species. The monolignol composition and spatial location in plant tissue are notably 
different, as well as the nature and abundance of lignin-carbohydrate linkages involving p-coumaric acid (pCA) 
and ferulic acid (FA) units in wheat straw lignin. To further enable the utilization of wheat straw as a resource for 
bio-based materials, a solid understanding of the wheat lignin structure and composition is required. This review 
aims to consolidate the state-of-the-art in wheat lignin and focuses on lignin and its distribution, fundamental 
chemical structures, and morphology in wheat straw and compares these features with lignin in wood cell walls.   

1. Introduction 

Agricultural fiber sources such as wheat straw, wheat bran, and oat 
hull are abundant resources of lignin, cellulose, and hemicelluloses. 
Although these fiber sources have a relatively lower value compared to 
wood and other plant fibers, their annual output is considerable. Wheat 
straw, for example, it is an abundant byproduct from wheat production. 
It is an annually renewable fiber resource that is available in large 
quantities in many regions of the world. Nearly 733 million tons 

hectares of wheat are estimated to be cultivated annually worldwide 
(FAO Cereal Supply and Demand Brief, 2016). This production gener
ated 734 million metric tons of wheat in 2018 (FAOSTAT, 2018). Data 
from 2013 indicate that 0.85 kton of dry stalks of the cereal crops is 
produced per 1 kton of wheat. (NL Agency Mistry of Public Affairs, 
2013). Hence, millions of tons of wheat straw, of which the majority are 
used for soil fertility, livestock feed, and incineration for energy pro
duction. Just as a comparison, the production of wood pulp in the same 
year was around 184 metric tons (Statista, 2021). Still, only a small 
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percentage of the wheat straw has been used as biorefinery feedstock for 
biobased materials, pulping, and fermentation (Sun et al., 2020). The 
use of wheat straw could open new markets for these agricultural crop 
residues and improve the rural agriculture-based economy. 

The interest in lignin, including agricultural-sourced lignin, as a 
renewable feedstock (Jędrzejczak et al., 2021) has increased rapidly 
since the turn of the century, reflected in the number of scientific pub
lications and patents in the area (Fig. 1). Successful utilization requires 
an in-depth understanding of the morphology, chemistry, and 
process-structure relationships. In the field of lignin, such a knowledge 
base is hitherto much more mature and widely explored for lignins from 
wood than for lignins from wheat and other cereals, motivating a 
consolidation of the current state of knowledge of wheat lignin. 
Comprehensive insights in the composition, structure, and morphology 
of wheat straw lignin will contribute to maximizing the exploitation of 
this important agricultural fiber source as a feedstock for biorefinery 
products. 

Recent advances in characterization, especially NMR, new synthetic 
protocols for preparing tailor-made oligomeric lignin motifs, and tools 
for genetic modeling enabling transgenic plants have all paved the way 
for a deeper and broader understanding of the molecular features of 
lignin. Such new insights have spurred scientists within the field to 
revisit and re-evaluate the structure, composition, intra- and intermo
lecular linkages of lignins from terrestrial sources. 

A schematic diagram of the wheat straw matrix showing the main 
contents is shown in Fig. 2. Lignocellulosic biomass, e.g., wood, straw, 

and grass are mainly composed of cellulose, hemicellulose, and lignin. In 
addition, agricultural fiber sources such as straw and hull also contain 
various other organic compounds such as proteins, small quantities of 
waxes, salts and insoluble ash, including silica (Sahoo et al., 2002; 
Toman and Chimidcogzol, 1988). Wheat straw and wood vary in 
chemical composition. Aside from origin, the composition is also 
affected by the specific cultivar, soil type, fertilizer treatment, and other 
growth conditions. In general, wheat straw contains 11–26% lignin, 
32 − 45% cellulose, and 20 − 45% hemicelluloses (Trubetskaya et al., 
2016; Del Río et al., 2012; Khan and Mubeen, 2012; Adapa et al., 2009; 
Harper and Lynch, 1981). 

Lignin is primarily a structural material that adds strength and ri
gidity to cell walls in straw, wood or other natural woody plants. Be
tween different biomass types, there are notable differences in the 
amount of lignin and its specific chemistry. Compared with wheat straw, 
wood usually have higher lignin contents (Table 1). Wheat straw con
tains some inorganics, mainly Si, and trace amounts of common min
erals, including K and Ca (Biricik et al., 1999). Softwood has the highest 
lignin composition (Matsakas et al., 2019; Yu et al., 2017; Kumar et al., 
2012), followed by hardwood (Fougere et al., 2016; Wen et al., 2013; 
Xiao et al., 2013; Zhou et al., 2012). However, there are some excep
tions; for example, compression wood of softwoods may be comprised of 
up to 40% lignin, and tension wood fibers of hardwoods have a 
specialized gelatinous cell layer that contains almost no lignin (Novaes 
et al., 2010). It must also be noted that the detected lignin content, 
distribution, and structural composition, varies between scientific 

Fig. 1. Bibliometric summary on the number of publications from year 1961 to 
date in the research topic lignin. Gray columns represent the number of pub
lications on lignin in general and black bars represent the number of publica
tions on wheat straw lignin. Source: CAS SciFinder. 

Fig. 2. Schematic diagram of the wheat straw matrix. Green lines represent cellulose fibers, orange lines represent hemicelluloses and red, dotted lines repre
sent lignin. 

Table 1 
Cellulose, hemicelluloses, lignin, and other components of wheat straw, spruce, 
and birch (% of dry materials).  

Composition Wheat straw Spruce 
(softwood) 

Birch 
(hardwood) 

Lignin 11–26 29–34 24–26 
Cellulose 32–45 38–47 35–44 
Hemicelluloses 20–45 18–22 26–30 
Starch 0–3 – – 
Protein 2–6 – – 
Ash 0–2 – – 
References (Trubetskaya et al., 

2016; Del Río et al., 
2012; Khan and 
Mubeen, 2012; Adapa 
et al., 2009; Harper 
and Lynch, 1981) 

(Matsakas et al., 
2019; Yu et al., 
2017; Kumar 
et al., 2012) 

(Wen et al., 2013; 
Xiao et al., 2013; 
Zhou et al., 2012) 

- Not determined 

L. Zhang et al.                                                                                                                                                                                                                                   



Industrial Crops & Products 187 (2022) 115432

3

studies based on the method of isolation. A number of isolation methods 
have been developed, including “milled wood lignin” (MWL), kraft 
lignin, soda pulp lignin, cellulolytic enzyme lignin (CEL), and organo
solv lignin (Björkman, 1956; Chang et al., 1975; Paszner and Behera, 
1985; El Hage et al., 2009; Wen et al., 2015; Duval et al., 2016). The 
isolation processes, involving more or less harsh mechanical and/or 
chemical treatments, alter the native structure, morphology, and mo
lecular weight due to irreversible reactions. Process conditions affect the 
lignin structure and have implications on the lignin properties. Lignin 
may partly degrade during isolation due to thermal, oxidative, and 
chemical action, and combinations of the above (Huang et al., 2020). A 
higher amount of C-O linkages typically leads to a higher degree of 
disaggregation (Schutyser et al., 2018). Lignin may further hydrolyze 
under acidic conditions leading to a lower molecular weight and higher 
dispersity (Bose and Francis, 1999). As an example, organosolv extrac
tion was reported to cause α-O-4 aryl-ether bond cleavage when acidic 
water/alcohol mixtures were used as media (Sturgeon et al., 2014; 
Jasiukaitytė-Grojzdek et al., 2020). The most common interunit linkage, 
the β-O-4 aryl-ether linkage (described in Section 3.3), is likewise sus
ceptible to acid-induced cleavage (Sturgeon et al., 2014). Also, alkaline 
conditions, such as soda pulping, lead to depolymerization of lignin. 
Following aryl-ether interlinkage cleavage, restructuring and conden
sation are commons events, forming C-C bonds more resistant to further 
depolymerization. Hence, reported values on lignin contents, composi
tion etc. can vary considerably in literature, even for the same species. 

Wheat straw has been explored as a raw material for pulping in 
paper-making and a lignin-rich fraction, technical lignin, is generated in 
the process (Tian et al., 2017; Gillet et al., 2017; Huang et al., 2020). 
Alkaline processes such as soda, soda-anthraquinone, and kraft pulping, 
efficiently remove and depolymerize lignin. Degraded lignin fractions 
dissolve or disperse in the black liquor from which they can be isolated. 
Compared to soda-anthraquinone pulping, the soda-oxygen process 
preserved more of the native β-O-4 interunit linkages (described in 
Section 3.3) (Zhang et al., 2017). Said pulping processes also mediate 
cleavage of lignin-hemicellulose linkages (described in Section 4), 
facilitating liberation from the straw and further altering the structure of 
lignin. Organosolv pulping, of wood, grass, and agricultural biomass has 
been studied, typically using aqueous alcohol mixtures. Similarly, 
various polar solvents or solvent mixtures with varying polarity and 
alkalinity, and more recently ionic liquids, have been explored to frac
tionate lignin from wheat and other cereal straw. A series of technical 
lignins with various molecular weights and purity may then be isolated. 

2. Anatomical structure of wheat straw and ultrastructure of 
wheat straw cell wall vs wood cell walls 

2.1. Anatomical structure of wheat straw vs wood 

2.1.1. Wheat straw 
A wheat plant has four basic parts: the head, stem, leaves, and roots 

(Fig. 3A). The stem and leaves comprise the straw. The leaf portion 
(Fig. 3B) contains the leaf and leaf base, and the stem contains the node 
and the internode (Fig. 3C). The relative contents of the wheat straw 
components in leaves, leaf bases, nodes, and internodes are different 
(Harper and Lynch, 1981; Jacobs et al., 2000; Khan and Mubeen, 2012; 
Collins et al., 2014). Data from a representative study on wheat cultivar 
Huntsman are presented in Table 2. Literature data varies depending on 
the cultivar, the specific growth conditions, and, as discussed in the 
former section, depending on the pretreatments enabling composition 
analyses. An ambitious study compared six different cultivars of wheat 
and found significant differences in carbohydrate and lignin composi
tion of component tissues (Collins et al., 2014). Overall, literature data 
agree in that there are higher concentrations of ash (in which silica is the 
main constituent) in the leaves and the leaf bases, carbohydrates (cel
lulose and hemicelluloses) in the internodes, and lignin in the nodes 
than in the other parts of the straw (Table 2). The main region of wheat 
straw is the internode. 

The internode of wheat straw is a hollow cylinder (Figs. 3D and 4A), 
which is made up of essentially the parenchymatous ground tissue, the 
vascular bundles, and the epidermis (Xu, 2010; Singh et al., 2011; Motte 
et al., 2014; Ghaffar, 2018). Parenchyma ground tissue is composed of 
thin-walled cells and is shown in the Fig. 4A(b) and the lower right 
portion of Fig. 4B. Each vascular bundle is composed of phloem, xylem, 
and sclerenchyma (Fig. 4B). The phloem contains non-lignified, thin-
walled sieve tubes with companion cells, whereas the xylem contains the 
earlier formed protoxylem and is later differentiated into metaxylem 
(Evert, 2006). Phloem and xylem work together to support the growth of 
wheat straw. The phloem is responsible for the transport of photosyn
thetic products such as sugars. Xylem is a reinforcing and conducting 
tissue that transports water and solutes (e.g., minerals). The phloem and 
xylem are surrounded by the sclerenchyma. The sclerenchyma contains 
fiber cells and sclereids, and there is usually a sheath on the outside of 
these two kinds of cells (Ilvessalo-Pfäffli, 1995). Fiber cells are often 
long slender cells, while sclereids vary in shape (Raven et al., 2007). 
Normally, the fiber cells close to the epidermis have a thick cell wall and 
are known as thick fibers, whereas fiber cells in the middle of straw have 
a much thinner cell wall and known as thin fibers (the comparison of cell 
wall thickness can be found in Table 3). The proportion of fiber cells in 
wheat straw is only 30%; others are nonfibrous cells, such as paren
chyma, epidermis cells, and vessels (Singh et al., 2011). This needs to be 
considered in the utilization of wheat straw as a fiber resource. 

2.1.2. Comparison between wheat straw and wood 
Woods and wheat are vascular plants within the kingdom of plants. 

Softwoods belong to the division of conifers (Gymnosperms) and hard
wood and grasses, including wheat, belong to Angiosperms. Within 
Angiosperms, hardwood (deciduous trees) belong to the Eudicotyledons 
and the grasses to the Monocotyledons. Wheat belongs to the 

Fig. 3. Schematic diagram of (A) the wheat plant (head, stem, and leaves), (B, 
C) wheat straw (leaf, leaf base, node, and internode), and (D) cross section of 
wheat straw (epidermis, parenchyma, lumen, and vascular bundles). 

Table 2 
Chemical composition of wheat straw determined by gravimetric analysis, 
expressed as a mass fraction of dry material (%) (Harper and Lynch, 1981).  

Composition Leaves Leaf bases Internodes Nodes 

Lignin  15  14  14  17 
Cellulose  32  34  34  33 
Hemicelluloses  38  33  45  38 
Hot-water solubles  15  19  7  13 
Ash  12  12  5  6  

L. Zhang et al.                                                                                                                                                                                                                                   
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monocotyledon (monocot) group (Mauseth, 2008). 
Softwood is simple in its anatomical features compared to wheat 

straw, over 90% of which are long and thin cells known as tracheids (The 
Wood Database, 2021.). Because of this, parenchyma cells are compar
atively sparse. Many softwoods, e.g. pine and spruce, do not have any 
parenchyma at all (The Wood Database, 2021.). Therefore, the main 
fiber source in softwood is the tracheids. In sharp contrast to the rela
tively simple anatomy of softwoods, the hardwoods of the world are 
typically more complex. The types of wood cells in hardwood include 
fiber cells, tracheids, vessels, wood rays, and parenchyma cells (Bri
tannica, 2021). Among these, fiber cells are the main support tissue and 
fiber source of hardwood, accounting for 60–80% of the total amount of 
hardwood cells. The proportion of fiber cells of softwood and hardwood 
are both higher than that of wheat straw. 

In addition, the length of straw fiber cells is relatively short 
compared to softwood. The fiber cells of wheat straw are an average of 
1.18 mm in length and 13.60 µm in width, (Singh et al., 2011), whereas 
softwood tracheids are approximately 3 mm in length and 20–35 µm in 

width. Fiber cells from hardwood are typically approximately 1 mm in 
length and not as thick as softwood fiber cells in width (Mini-
Encyclopedia of Papermaking Wet-End Chemistry, n.d.). 

2.2. Ultrastructure of wheat straw cells vs wood cells 

2.2.1. Wheat straw 
The fiber cells of wheat straw have an average cell wall thickness of 

around 4 µm. The parenchyma measures in average 445 × 124 µm, the 
epidermal cells measure 390 × 38 µm, and the vessels measure 
96 × 57 µm (Singh et al., 2011). The cell wall of wheat straw is made of 
several layers; from the outside of the cell wall to the lumen, they are 
known as the middle lamella (ML), the primary wall (P), and the sec
ondary wall (S) (Figs. 2 and 5). The ML is a thin layer that glues the 
individual cells together to form the tissue. Between three or four 
adjacent cells, there is a common area known as the cell corner (CC). The 
secondary wall is divided into three layers, namely, the outer layer (S1), 
middle layer (S2), and inner layer (S3) (Fig. 5A). 

Fig. 4. (A) SEM image of the wheat straw internode cross section: (a) epidermis, (b) parenchyma, (c) lumen, and (d) vascular bundles (Yu et al., 2008). The original 
image was not marked with a scale bar, and the author speculates that the thickness of the cross section is approximately 200–300 µm. (B) A higher magnification of a 
vascular bundle from wheat straw surrounded by parenchyma (Triticum aestivum var. Westbred 936). Bar, 50 µm (Schirp et al., 2006). 

Table 3 
The PVF and thickness of various morphological layers in wheat straw fiber and spruce tracheid (adapted from Zhai and Lee, 1989).  

Morphological layer Wheat straw Spruce tracheid (softwood)  

Thick fiber Thin fiber  

Thickness (μm) PVF (%) Thickness (μm) PVF (%) Thickness (μm) PVF (%) 
CC – 14.7 – 20.3 – 10.2 
CML(ML+P) 0.1–0.2 0.06–0.12 0.05–0.1 
S1 0.1–0.3 83.5 0.2–0.3 80.7 0.15–0.2 89.8 
S2 1.8–2.5 0.5–0.8 0.7–2.0 
S3 0.15–0.3 0.1–0.2 0.1 

PVF = percentage volume fraction 

Fig. 5. TEM images of cross-sections from 
wheat straw fibers (A), and aspen wood (hard
wood) fibers (B). TEM images of A and B were 
stained with KMnO4. Samples were treated with 
sulfuric acid at 170 ◦C for 20 min and me
chanically downsized using a Kumagai Riki 
Kogyo high-consistency disc-refiner (Kumagai 
Riki Kogyo, Tokyo, Japan) (Fougere et al., 
2016). Scale bars are provided in the lower left 
for reference, and they are different in A and B. 
CC, cell corner; S, secondary wall, including S1, 
S2, and S3.   

L. Zhang et al.                                                                                                                                                                                                                                   
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2.2.2. Wood cells 
Similar to wheat straw cells, the “normal” wood cells also consist of 

ML, P, S1, S2, and S3 (Fig. 5B). Sometimes the ML and P are fused 
together and called the compound middle lamella (CML). ML/CML has 
high concentrations of hemicelluloses and lignin; the P layer consists of 
cellulose, hemicelluloses, pectin, protein, and lignin. The thickest wall 
layer is S2 and is affected by the growing season, age, and morphological 
position (Xu, 2010). The structure of wood cell walls has been well 
studied and many special cases have been found. For example, “reac
tion” wood, which can be found on branches and leaning stems, changes 
its cell wall structure in response to gravity. In the cell wall of softwood 
“compression wood”, the S3 layer is commonly absent and deep helical 
fissures tend to occur in the S2 layer (Altaner et al., 2010). In addition, 
the S3 layer is sometimes absent in hardwood (Xu, 2010) and often 
absent in compression wood (Donaldson, 2008). 

2.2.3. Comparison between wheat and wood cells 
The cell walls of wheat straw and wood are similar in layering, but 

the thicknesses of morphological layers in wheat straw are different 
from those in wood cells. A comparison of the thickness of different 
layers of cell walls and the corresponding percentage volume fraction 
(PVF) from wheat straw fiber and spruce tracheid are detailed in Table 3. 
Using thick fiber as an example, the CML thickness of wheat straw 
normally ranges from 0.1 to 0.2 µm. The S layer forms the main portion 
of the cell wall, accounting for 83.5% of the total cell wall. S1 is as thin 
as CML, and forms approximately 15% of the total cell wall. S2 is the 
thickest (1.8–2.5 µm), and determines the thickness of the cell wall. S3 is 
also a thin layer, approximately 15% of the total cell wall. The CML layer 
in wheat straw fiber is considered thicker than that of the spruce 
tracheid. Therefore, the total PVF of the S layer of wheat straw is lower 
than that in spruce tracheids. However, the S1 layer of wheat straw fiber 
is thicker than that of the spruce tracheid (Fig. 5; please note that the 
scale bars in Fig. 5A and B are different). The thick S1 layer coupled with 
relatively low lignin levels is believed to be a focal point of fracture in 
mechanically based processes (Fougere et al., 2016; Donaldson et al., 
2001; Zhai and Lee, 1989). Fracture behavior has been studied closely in 
wood samples and several mechanisms for fracture propagation have 
been identified, including trans-wall and intra-wall breakage and 
propagation along the grains or through the S layers (Wang et al., 2020). 
The S1 layer in particular was identified to be associated with fracture 
surfaces in softwood, and it was hypothesized that this is due to uneven 
lignification (Donaldson, 1996). The understanding of the mechanisms 
governing response to mechanical load and fracture propagation is vital 
in product design, when a polymer matrix is to be used in a construction 

or commodity material. 
In the cell walls, the parallel cellulose chains pack together to form 

microfibrils several nanometers in diameter and millimeters in length. It 
is known that the arrangement and orientation of cellulose microfibrils 
in the cell wall are very important because they determine the capacity 
and direction of deformation of the cell wall (Taiz and Zeiger, 2010). 
The orientation of cellulose microfibrils in each layer in wheat straw 
fiber cells is different from that in wood fiber cells. Both wheat straw and 
wood cells have irregular microfibril directions in the primary wall, 
which display a net-like texture. The S1 layer microfibrils in wheat straw 
fiber cells are oriented helically and almost perpendicular to the fiber 
axis. In the wood fiber S1 layer, the microfibrils irregularly wind around 
the cell at an angle between 50◦ and 75◦ to the cell axis. It has been 
proposed that the thicker S1 layer and the fibril orientation in wheat 
straw cause a higher recalcitrance toward delignification (Xu, 2010). 
The microfibrils in the wheat straw fiber cell S2 layer are densely 
packed, making an angle of only 20–30◦ with the cell axis, while the 
angle of wood fiber S2 is approximately 10–30◦ (Xu, 2010). Cellulose 
microfibrils in the parenchyma cell (Fig. 6) of wheat straw are observed 
with almost no preferred orientation (Liu et al., 2005). 

Recently, Baison et al. (2019) showed by using genome-wide asso
ciation studies on Norway spruce wood that many of the properties of 
the tracheid (such as dimensions, cell wall thickness, and microfibril 
angles) are controlled by the genome. To the best of the authors’ 
knowledge, no such studies on genomic control of the structure of wheat 
straws are available. 

2.3. Lignin distribution in the cell wall of wheat straw vs wood 

Lignin distribution in the cell wall was studied using a variety of 
techniques, such as UV microscopy, bromination or mercurization 
combined with energy dispersive X-ray analysis (EDS), interference 
microscopy, and fluorescence microscopy (Donaldson et al., 2001). 
Confocal Raman microspectroscopy was also used to analyze the lignin 
distribution of wood fiber and Miscanthus sinensis (Ma et al., 2014; Ji 
et al., 2013); however, no references were found reporting the use of this 
technique to analyze wheat straw lignin. 

2.3.1. Distribution in wheat straw cells 
In wheat straw cells, epidermal cells have the lowest lignin concen

tration, followed by fiber cells, and parenchyma region has the highest 
lignin concentration. The low lignin concentration of epidermal cells is 
probably due to the higher silica content (Xu, 2010). The lignin con
centration in all cell types in the wheat straw showed to be highest in the 

Fig. 6. AFM images of cellulose microfibrils of wheat straw showing cellulose arrangement in the (A) fiber cell and the (B) parenchyma cell. The double-head arrow 
indicates the longitudinal axis of the fiber (Yu et al., 2008). 
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CC and the lowest in the secondary wall (Zhai and Lee, 1989). This 
distribution of lignin was later confirmed by using the autofluorescence 
intensity in confocal microscopy (Donaldson et al., 2001). The lignin 
concentrations and distributions in the fiber cells of wheat straw, birch, 
and spruce are shown in Table 4. The lignin concentration values in 
wheat straw are 0.57–0.66 g/g for the CC region, 0.34–0.41 g/g for the 
ML, and 0.15–0.17 g/g for the secondary wall. However, considering 
that the S layer has a larger PVF (Table 3), most lignin (58–68%) is 
distributed in the S layer. 

2.3.2. Comparison of lignin distribution between wheat straw and wood 
cells 

Wood fiber cells and wheat straw have the same trend in lignin 
distribution. The lignin concentration is the highest in the CC, followed 
by ML, and the lowest in the secondary wall. However, the PVF of the ML 
and the CC in wheat straw fiber (~15–20%) is larger than that in wood 
fiber (10%), resulting in the percentage of total lignin in the ML and the 
CC being greater for wheat straw fiber (~32–42%) than for wood fiber 
(birch ~22%, spruce ~18–28%) (Table 5). Donaldson et al. compared 
the lignin distribution between wheat straw and coppice poplar. They 
found that the lignin concentration in ML for wheat straw and hardwood 
poplar was higher (31% and 63%, respectively) than the lignin con
centration in the fiber S wall (9% and 6%, respectively). However, the 
values reported by Donaldson are lower than the ones reported by Zhai 
et al. (Table 5), which likely is due to that different analytical techniques 
(interference microscopy and bromination and SEM-EDXA for Donald
son et al. and Zhai et al., respectively) were used. 

3. Lignin chemical structure 

3.1. Lignin functional groups of wheat straw and wood 

The key chemical functional groups in both wheat straw and wood 

lignin are hydroxyl (phenolic hydroxyl, alcoholic hydroxyl), methoxy, 
carbonyl, and carboxylic groups (Table 6). The carbonyl group in lignins 
can be determined by titration methods, which are based on the 
hydrogen ions released from the oxidation reaction with hydroxylamine 
hydrochloride (Lin and Dence, 1992). Total phenolic hydroxyl groups 
have been detected by many physical and chemical methods, such as UV 
spectroscopy, FTIR spectroscopy, and phosphorus NMR (Argyropoulos, 
1994; Serrano et al., 2018). Methoxy groups can be quantified by con
version to iodomethane (CH3I) and subsequently analyzed using gas 
chromatography (Goto et al., 2006; Lee et al., 2019). In general, soft
wood has a lower amount of methoxy groups than wheat straw and 
hardwood because of the absence of syringyl-type lignin. However, the 
relative quantities of these groups depend on the origin of the lignin and 
the isolation processes adapted. For example, the amount of phenolic 
OH groups in wheat straw increases slightly during the organosolv 
process, and the number of the total OH groups decreases as a function 
of the reaction time (Huijgen et al., 2014). Huijgen et al. (2014) also 
proved that the proportion of carboxyl groups in wheat straw is higher 
than that of hardwood lignin when separated by the same organosolv 
method. 

3.2. Lignin structural units of wheat straw and wood 

Lignin is a polyphenolic polyether with a complex macromolecular 
structure. The main monomers are the primary monolignols p-coumaryl 
alcohol, coniferyl alcohol, and sinapyl alcohol (Fig. 7), giving rise to p- 
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, respectively, in 
the lignin polymer chain. The units are connected via diaryl and alkyl- 
aryl C–C bonds, as well as aliphatic ether bonds, which are illustrated 
in Section 3.3. The lignin composition depends on the botanical origin. 
The lignin structure of straws, grasses, and hardwood is primarily (G-S)- 
type lignin. Grasses have approximately 40% G, 40% S, and 20% derived 
from H and other aromatic derivatives, while hardwood lignin is 
generally derived 50% from G and 50% from S alcohols. Softwood 
contains (G)-type lignin, and over 90% of lignin is derived from coniferyl 
alcohol (Fougere et al., 2016). Table 7 shows the H/G/S ratios for wheat 
straw, spruce, and birch. Lignin units in wheat straw (small amount of H 

Table 4 
Lignin concentration in various morphological regions of wheat straw and wood 
fiber (adapted from Zhai and Lee, 1989).  

Species Fiber type/Tracheid Lignin distribution (g/g) 

S ML CC 

Wheat straw Thick wall fiber  0.2 0.4 0.6 
Thin wall fiber  0.2 0.3 0.7 

Birch (hardwood) Fiber  0.2 0.3–0.4 0.7–0.9 
Spruce (softwood) Earlywood tracheid  0.2 0.5 0.9 

Latewood tracheid  0.2 0.6 1  

Table 5 
Lignin distribution of the total amount of lignin (w, %) in different morpho
logical regions (Zhai and Lee, 1989).   

Fiber type Lignin distribution (w, %) 

S ML CC 

Wheat straw Thick wall fiber  68  18  14 
Thin wall fiber  58  20  22 

Birch (hardwood) Fiber  78  11  11 
Spruce (softwood) Earlywood tracheid  72  16  12  

Latewood tracheid  82  10  8  

Table 6 
Functional groups in lignin (Ghaffar and Fan, 2013).  

Biomass 
origin 

Lignin isolation 
process 

COO- 
(%) 

OH Phenolic 
(%) 

Methoxy 
(%) 

Wheat straw Alkaline  7.2  2.6  16 
Hardwood Organosolv  3.6  3.7  19 
Softwood Kraft  4.1  2.6  14  

Fig. 7. Lignin structural units. H = p-coumaryl alcohol, G = coniferyl alcohol, 
S = sinapyl alcohol, pCA = p-coumaric acid, FA = ferulic acid, and SA 
= syringic acid. 
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and 1: ~1 in G/S units) are more similar to hardwood (1:1 in G/S units) 
than softwood (~ G units). However, wheat straw in the form of MWL 
(Björkman, 1956) seems to have a higher H-type lignin and a lower 
S-type lignin ratio than wood MWL. Huijgen et al. (2014) compared the 
organosolv wheat lignin with hardwood lignin and obtained the same 
conclusion. 

Wheat straw lignin includes the three units (with still a compara
tively low number of H-units), making its structure apparently more 
complex. Additionally, the hydroxycinnamic acids p-coumaric acid 
(pCA) and ferulic acid (FA) and their derived esters also occur widely in 
the structure of wheat straw lignins (Fig. 7) and other grass-like lignins 
(Ralph, 2010; del Rio et al., 2012). Another kind of hydroxycinnamic 
acid, syringic acid (SA), is found in some wood (such as spruce, poplar,  
Table 8) and grass materials (rice straw, Bunzel et al., 2003), but not in 
wheat straw (Sun et al., 2001). The amount of hydroxycinnamic acids, e. 
g., pCA and FA, in wheat straw lignin was reported to be 0.8–4.4% (Sun 
et al., 1997, 2001) but later studies indicate that the p-hydrox
ycinnamate units may be more common in grass lignins than previously 
estimated (Ralph, 2010). Meanwhile, the content of H-units may have 
been overestimated in lignin analysis (Ralph et al., 2019). The details of 
how pCA and FA link to lignin are discussed in Section 4.2. The content 
and composition of hydroxycinnamic acids are dependent on the 
morphological location and when the lignin is formed during the dif
ferentiation state. It has been reported that FA rapidly deposits in the 
cell walls at the early stage of lignification, subsequently pCA residues 
deposit continuously throughout lignification and become a predomi
nant constituent of hydroxycinnamic acids (Sun et al., 2002). 

Lignin from wheat straw is partially acylated (Crestini and 

Argyropoulos, 1997; del Rio et al., 2012). NMR studies indicate that 
primarily G-units are acylated at the γ-position by p-coumarates esteri
fying γ-OH groups. 

An interesting feature of wheat straw lignin is that the flavone tricin 
is apparently incorporated into the lignins (Del Río et al., 2012). Tricin 
(5,7,4′-trihydroxy-3′,5′-dimethoxy-flavone) (Fig. 8) is a compound 
originally found to be incorporated as a chain end in grass lignin poly
mers via β–O–4 coupling and is not found in wood materials. Up to 8.0 
units of tricin have also been detected in wheat straw lignin per 100 
aromatic rings (Zeng et al., 2013). The tricin structure is expected to 
enhance the antibacterial properties of lignin (Zhou and Ibrahim, 2010; 
Del Río et al., 2020). 

3.3. Linkages between lignin structural units of wheat straw and wood 

Lignification starts with dehydrogenative dimerization or cross- 
coupling of two monolignol molecules and continues with further 
polymerization of the preformed dimers or oligomers and incoming 
monolignols so that lignin macromolecules are produced (Sangha et al., 
2012; Vanholme et al., 2008). Lignification polymerization is a radical 
coupling pathway (Adler, 1977; Gani et al., 2019). The biosynthetic 
pathways for lignification have been reviewed in detail (Boerjan et al., 
2003; Vanholme et al., 2010; Nguyen et al., 2016; Liu et al., 2018). 
During the lignification process, these monolignols produce a complex 
three-dimensional amorphous lignin polymer via C-C and C-O linkages 
(Fig. 9), hence lignin lacks the regular and ordered repeating motifs 
found in other plant biopolymers such as cellulose, starch, and hemi
celluloses. The different types of interunit linkages form complex 
structures and render lignin macromolecules difficult to completely 
degrade (Reid, 1995). 

Quantification analysis of lignin linkages (per 100 aromatic units) by 
HSQC NMR spectra is shown in Table 9. The percentage of C-C in wheat 
straw was measured to 19% and the percentage of C-O linkages was 
81%. There are obviously fewer C-C connections in wheat straw lignin 
than in wood lignin (Table 9). C-C bonds are usually more resistant to 
chemical degradation during delignification during pulping than the C- 
O linkages (Holm and Niklasson, 2018). The predominant linkage in 
wheat straw lignin is alkyl-aryl ether β-O-4 linkage, constituting 79% of 
all interunit linkages in the MWL of wheat straw (Zeng et al., 2013). 
Other studies found that wheat straw lignin contains approximately 75% 
β-O-4, which indicates some variation in the reported values and should 
be seen as indications (Del Río et al., 2012; Lourenço and Pereira, 2018). 
The 5–5 linkage is usually found in so-called condensed lignin samples 
treated under conditions of extreme pH and temperature (Sannigrahi 
et al., 2008) and the amount is relatively low in native lignin (Katahira 
et al., 2018). 

The distribution of linkages in wheat straw lignin differs from those 
in wood, where it is interesting to see that the types of bonds in wheat 
straw lignin are more similar in softwood than in hardwood, even if the 
lignin units in wheat straw are more similar to hardwood. The linkages 
in lignin can have a large influence on the potential branching of lignin 
chains and crosslinking between lignins and polysaccharides (Balakshin 

Table 7 
Ratio of lignin structural units in lignin from different sources (assuming the G unit = 1).  

Derivation NaOH dosage (%) Heating time (h) H G S References 

Wheat strawa 6 2 0.19  1  0.90 Tian et al. (2017) 
10 2 0.07  1  1.37 Tian et al. (2017) 
14 2 0.10  1  0.96 Tian et al. (2017) 
10 1 0.10  1  0.98 Tian et al. (2017) 
10 1.6 0.04  1  0.92 Tian et al. (2017) 

Wheat strawb   0.05  1  0.59 Pereira et al. (2017) 
Spruce (softwood)b – – 0.01  1  0 Pereira et al. (2017) 
Birch (hardwood)b – – –  1  0.77 Faleva et al. (2020)  

a Wheat straw lignin was extracted by alkali cooking. 
b MWL lignin from wheat straw, spruce, and birch. 

Table 8 
Hydroxycinnamic acid content of wheat straws, spruce, and poplar (%, w/w, 
Sun et al., 2001).  

Derivation pCA FA SA 

Wheat strawa  0.66  1.24 -b 

Spruce (softwood)  0.10  0.17 0.26 
Poplar (hardwood)  0.10  0.17 0.26  

a Sample was extracted in 4 M NaOH aqueous solution at 170 ◦C for 2 h. 
b Not detectable 

Fig. 8. Structure of tricin (5,7,4′-trihydroxy-3′,5′-dimethoxyflavone) end 
groups in lignin (Del Río et al., 2012). 
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et al., 2020). In particular, 5–5 and 4-O-5 linkages have been assigned as 
branching points (see further discussion in Section 3.4). Therefore, it is 
interesting to see that wheat straw lignin has fewer of these types of 
linkages than wood. The amount of 5–5 bonds increases as wheat straw 
< softwood < hardwood, whereas for the 4-O-5 linkage the order is 
wheat straw < hardwood < softwood. 

3.4. Molecular structure of wheat straw and wood lignin 

Model representations of the lignin macromolecule can be drawn 

based on the relative occurrence of structural units and linkage analysis, 
including between lignin and the polysaccharides, between the 
hydroxycinnamic acids and the polysaccharides or/and lignin. Lignin- 
carbohydrate linkages are further discussed in Section 4.2. Sun et al. 
(1997) provided an early tentative chemical structure of the wheat straw 
lignin-polysaccharide complex, based on the linkages between lignin 
and the polysaccharides (Fig. 10A). It should be noted that the schematic 
structure only shows how these compounds connect to each other and 
does not quantitatively represent the presence or percentages of link
ages. A comparative model of a poplar lignin in Fig. 10B indicates 
representative difference between wheat straw and hardwood lignin in 
terms of monolignol composition and the relative occurrence of lignin 
linkages. Recent advances in lignin characterization, not in the least in 
NMR analysis, has revealed that p-hydroxycinnamates (FA and pCA 
units) occur more frequently than previously estimated in grass lignins, 
identified new structural units such as tricin in wheat, and provided a 
better understanding of the nature linkages, which motivates a modified 
model representation of wheat straw lignin (Fig. 10C) (Ralph, 2010; Del 
Río et al., 2012). 

Over the years, there has been some ambiguities whether lignin is 
branched or not. The structural models of wheat straw lignin and 
hardwood lignin in Fig. 10a and b, respectively, are both branched 
structures. Indications of branching structures have been presented as 
well as results pointing toward a linear structure (Adler, 1977, 2019). 
Linkages of the 5–5 and 4-O-5 type have typically been anticipated to 
generate branching sites, however such linkages may be less commonly 
occurring than previously thought (Yue et al., 2016). Recent reports 

Fig. 9. Examples of lignin interunit linkages including C-C (β-1, β-5, 5–5, and β-β) and C-O (β-O-4, 4-O-5) connections (adapted from Lu and Ralph, 2010, Sette et al., 
2011, and Del Río et al., 2012). 

Table 9 
Quantification analysis of lignin linkages (per 100 aromatic units) by HSQC 
NMR spectra and their relative percentage (adapted from Zeng et al., 2013).  

Linkages  Wheat straw Softwood Hardwood  

Percentage of total 
C-C linkages (%) 

19 21–23 32–35 

C-C Comprised of:    
β-1 1.1 7.0–7.7 7.6–8.2 
β-5 14.4 6.0–6.6 10.6–13.0 
β-β 3.5 3.0–3.3 2.2–2.4  
5–5 0.5 4.5–5.0 11.2–12.0 

C-O Percentage of total 
C-O linkages (%) 

81 77–80 65–68 

Comprised of:    
α-O-4 1.3 6.6–8.0 7.1–8.7 
4-O-5 – 6.5–7.1 4.1–4.4 
β-O-4 79.3 63.7–65 52.2–56.5  
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Fig. 10. (a) A tentative chemical structure of wheat straw lignin. (b) A structural model of lignin in 6-month-old poplar woods. (c) A structural model of lignin in 
monocotyledones, to which group wheat belongs. Black represents lignin structure units, light blue represents polysaccharides, dark blue represents hydroxycinnamic 
acids (FA/pCA); rose red represents ether linkages, green represents C-C linkages, and red represents ester bonds. R = H or OCH3. 
(a): Adapted from Sun et al. (1997). (b): Adapted from Wang et al. (2019). (c): Adapted from Ralph et al. (2019). 
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argue that wood lignin is branched and that there is evidence of 
branching by 5–5 etherified units and 4-O-etherified 5–5 units (Katahira 
et al., 2018; Balakshin et al., 2020; Sapouna and Lawoko, 2021). Again, 
wood lignins have been much more studied than agricultural-sourced 
lignin. In contrast, a recent study reports that wheat lignin is essen
tially a linear polymer (Karmanov et al., 2021) as illustrated in Fig. 10c. 

4. Lignin-carbohydrate complexes (LCCs) of wheat straw and 
wood 

4.1. LCC content in wheat straw and wood 

Lignocellulose is composed of cellulose, hemicellulose, and lignin, 
forming a compact fibrous composite that is resistant to biological and 
chemical degradation, which is known as biomass recalcitrance (Zhang 
et al., 2016, 2014). It is generally believed that this recalcitrance can be 
explained to some extent by covalent linkages between the lignocellu
losic polymers (originally proposed by Björkman et al., 1957). Many 

Fig. 10. (continued). 
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studies have indicated that lignin is covalently linked to hemicellulose 
units in so called lignin-carbohydrate complexes (LCCs) (Lawoko et al., 
2003). The existence of analogous cellulose-lignin covalent linkages is 
still under debate. 

Lignin/phenolic–carbohydrate complexes from wheat straw and 

wood may contain different amounts of lignin and carbohydrates. As 
shown in Table 10, a component analysis of LCC from wheat straw 
indicated that it contains 86.6% carbohydrates (among them, 15% 
glucose, 71% xylose, 11% arabinose, 3% galactose) and 13.4% Klason 
lignin (Zikeli et al., 2016). The types of sugars in LCC are mainly related 
to the types of hemicellulose in the species of wood materials and wheat 
straw. The principal sugars are D-xylose, L-arabinose, D-glucose, 
D-galactose, D-mannose, D-glucuronic acid, 4-O-methyl-D-glucuronic 
acid, and D-galacturonic acid. L-rhamnose, L-fucose, and various 
O-methylated neutral sugars are present to a lesser extent. The major 
hemicellulose in wheat straw is acetylated arabino-4-O-methylglucur
onoxylan. The predominant softwood hemicelluloses are acetylated 
galactoglucomannans, and the predominant hemicelluloses in hard
wood, such as birch, are partially acetylated acidic xylans (Sun et al., 
2004). However, the relative sugar content is related to both the species 
and the separation method of LCCs. For example, Yao et al. (2016) 
studied the LCC fraction extracted from wheat straw and found the 
arabinose/xylose ratio of LCC is lower than that of hemicelluloses. This 
observation suggested that the side chains of hemicelluloses of LCC are 
degraded during extraction (Yao et al., 2016). 

4.2. LCC structure and bonds of wheat straw and wood 

Generally, lignin forms covalent bonds with hemicelluloses at the 
α-carbon site and C-4 in the benzene ring (Buranov and Mazza, 2008). 
Covalent bonds between lignin and hemicelluloses have been suggested 
to be of four main types: benzyl ethers, benzyl esters, phenyl glycoside 
bonds, and acetal linkages (Björkman, 1957; Zhao et al., 2020). 

Most LCC linkages in wheat straw lignin are direct ether bonds to 

Table 10 
Chemical component analyses of LCC extracted from wheat straw, spruce, and 
birch (%, w/w).  

LCC source Wheat strawa Spruceb 

(softwood) 
Birchc (hardwood) 

Relative content of total 
biomass 

20.0 12.8 15 

Comprised of (%):    
Glucose 15 8.9 2.2 
Xylose 71 37.4 53.3 
Arabinose 11 7.4 0.7 
Mannose – 1.8 0.7 
Galactose 3 1.7 0.7 
Rhamnose – – 1.2 
Klason lignin 13.4 42.7 41.1 
References (Zikeli et al., 

2016) 
(Du et al., 
2013) 

(Balakshin et al., 
2011)  

a The LCC sample from wheat straw was extracted by dimethyl sulfoxide 
(DMSO) and tetrabutylammonium hydroxide (TBAH) and separated by a 
membrane. 

b The LCC sample from spruce was extracted by DMSO and TBAH, and 
precipitated by a saturated Ba(OH)2 solution. Samples were obtained by freeze- 
drying the solution after precipitation. 

c The LCC sample from birch was extracted by 90% acetic acid and dried in a 
vacuum oven at 35 ◦C. 

Fig. 11. Simple representative polysaccharide-lignin bridges (adapted from Sun et al., 1997): (a) benzyl ether linkage, (b) benzyl ester linkage, (c) 
polysaccharide-ester -FA-ester-lignin bridges, (d) pCA-ester-polysaccharide, and (e) pCA-ester- lignin. 
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arabinose side chains of xylan (Fig. 11A). Approximately 1% wheat 
straw lignin is also directly linked to glucuronic acid or 4-O-methyl
glucuronic acid by ester bonds (Fig. 11B). In wheat straw cell walls, 
hydroxycinnamic acids, mainly FA were proven to act as a bridge in the 
connections between lignins and hemicelluloses (Sun et al., 1997). Sun 
et al. showed that FA is ether-linked to lignin (52–68%) and ester-linked 
to hemicelluloses (32–48%) forming ester-ether bridges in the lignin 
fragments (Fig. 11C), while pCA in wheat straw is mainly ester-linked to 
lignin, with little ester-linked to hemicelluloses (Fig. 11D and E,  
Table 11). pCA cannot act as a bridge in the connection between lignin 
and hemicelluloses (Sun et al., 1997, 2001, 2002). 

Softwood hemicelluloses constitute predominantly gal
actoglucomannan with smaller amounts of xylan. Studies on spruce and 
pine pulps, prepared by sulfite cooking, revealed that the LCC bonds 
were of the phenyl glycoside and γ–ester types and often involved xylan, 
probably due to that xylan sustained the harsh pulping conditions 
without severe degradation better than galactoglucomannan (Lawoko 
et al., 2006; Deshpande et al., 2018). In hardwood, acetylated 
4-O-methylgluconoxylan is the main carbohydrate associated with lig
nins, and acetyl groups frequently acylate the C2 and C3 positions in the 
xylose units (Yuan et al., 2011). LCC can decrease the rate of delignifi
cation in chemical processes, decrease the yield of cellulosic ethanol via 
fermentation, and increase biomass recalcitrance during other biomass 
refinery processes (Nicholson et al., 2012). Therefore, studying the LCC 
structure is of great significance to biomass refinement. 

5. Conclusion 

The lignin distribution, structure, and morphology of wheat straw 
and wood were compared. The important points are the following:  

1. In general, wheat straw contains less lignin than wood materials, but 
it is affected by soil type, fertilizer treatment, and sampling sites.  

2. Both wood and wheat straw fibers consist of a middle lamella (ML), 
primary wall (P), and secondary wall (S). However, the S1 layer is 
thicker in wheat straw fiber than in wood fiber. S1 is believed to be a 
focal point of fracture in wheat straw in mechanically based 
processes.  

3. Because the volume fraction of the ML and the CC in wheat straw 
fiber is larger than that in wood fiber, the percentage of total lignin in 
the ML and the CC is higher for wheat straw fibers than for wood 
fibers.  

4. The structure of wheat straw lignin is a coumaryl-guaicyl-syringyl 
(H-G-S)-type lignin, while softwood is a guaiacyl (G)-type lignin 
and hardwood is a guaiacyl-syringyl (G-S)-type lignin. Wheat straw 
lignin also contains p-coumaric acid (pCA) and ferulic acid (FA).  

5. A significant difference between wheat straw lignin and wood lignin 
is that the flavone tricin is incorporated into the wheat straw lignin. 
Up to 8.0 units of tricin have been detected in wheat straw lignin per 
100 aromatic rings.  

6. Monolignols in wheat straw and wood lignin are connected via C-C 
bonds (β-1, β-5, β–β, and 5–5) and C-O (β-O-4 and 4-O-5) bonds. 
There are fewer C-C connections in wheat straw lignin than in wood 
lignin  

7. In wheat straw cell walls, the majority of wheat straw lignin is 
directly linked to arabinose side chains of xylan by ether bonds. p- 
Coumaric acid (pCA) in wheat straw is mainly ester-linked to the 
lignin while ferulic acid (FA) is ether-linked to lignin and ester-linked 
to hemicelluloses. 
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