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ABSTRACT 
The native state of wood-cellulose has proven to be 

difficult to explore. Contrary to the traditional acceptance of 
wood-cellulose being crystalline, in 2016, the authors' 
research reported that the cellulose was not crystalline.[ll 
New evidence, presented here, further supports the non­
crystalline model. This evidence consisted of 64% H2SO4 
hydrolysis of tension- and opposite-aspen woods (TW and 
OW, respectively), anatomical examination of the TW- and 
OW-woods, presence and absence of the 93 cm-1 Raman 
band, respectively, in TW G-Iayer and TW S2 layer, and 
Raman spectra of TW-CNCs, wood holopulps, as well as 
those of mixture-samples of crystalline cellulose and xylan. 
Overall, these findings support the argument that the native 
wood-cellulose is non-crystalline. 

KEYWORDS 
Cell wall, CNCs, G-layer, Raman spectroscopy, XRD. 

INTRODUCTION 
Green wood contains water in addition to cellulose, 

lignin, and hemicelluloses. Water has unique influence 
not only on the properties of green wood but also on 
the structures of cellulose and hemicelluloses.CZ, 3l 
Nevertheless, water's role in living plant cell walls and 
how it interacts with cell wall polysaccharide 
components remains not well understood.c3l 
Moreover, even before water-cellulose interactions 
can be elucidated, the understanding of cellulose's 
structure remains complicated. Traditionally, wood 
cellulose has been considered as a crystalline material, 
[4 - 7l and it has been reported that simulated XRD 
patterns based on the crystallite size of cellulose can 
alone explain the diffraction pattern of cellulose 
materialsP - 91 Recent research has pointed to a 
situation where the existing model of wood cellulose 
as being crystalline is no longer valid and instead, a 
non-crystalline model is likely. [I , 101 This conclusion 
was based on the following findings: a) wood­
cellulose in the never-dried native state is laterally 
aggregated where internal chains are water-accessible, 
b) hydroxymethyl groups (CH20H) in cellulose exist 
not only in the tg conformation but also in the gt 
rotamer form, c) in native-state fibrils, low-frequency 
Raman bands due to cellulose crystal domains are 
absent, indicating the lack of crystallinity, d) failure of 
the normal 64 % H2S04 hydrolysis procedure to 
produce cellulose nanocrystals from untreated wood, 
and e) deuterated-CNCs could be generated from the 

hydrothermally treated poplar indicating that cellulose 
chains were accessible to water and thereby became 
partly crystalline upon the hydrothermal treatment,[IOJ 
Moreover, it was reported that with higher treatment 
temperature, more crystalline cellulose was produced. 
If wood-cellulose was already crystalline, that cannot 
happen. In the context of the present work, the 
crystalline cellulose is defined as a structure that has a 
crystal lattice that extends in all directions 
(translational periodicity) and therefore, having long­
range positional order. Moreover, water and most 
other small molecules cannot get into the crystalline 
cellulose. Additionally, the work of some other 
researchers based on six primary grass and 
Arabidopsis cell walls is also relevant where they 
showed that in the interior of plant primary cell wall 
microfibrils cellulose has five different conformations 
and that cellulose 13C NMR chemical shifts differed 
significantly from the 13C chemical shifts of the Ia 
and I~ allomorphs.[111 And therefore, in the opinion of 
the authors, such cell wall cellulose cannot be 
crystalline because, within the fibril, the cellulose 
conformations and the resulting H-bonding patterns 
between the chains would be different.r11• 121 The 
existence of the above-mentioned different cellulose 
conformations in the primary wall further supported 
the results of an earlier study where the primary cell 
wall microfibrils of celery collenchyma contained 
extensive disorder in lateral packing, conformation, 
and hydrogen bondingP 31 Even though these 
microfibrils extensive disorder, their XRD resembled 
that of crystalline cellulose.[131 This further supported 
the conclusion that non-crystalline cellulose can 
contribute in the same XRD region as crystalline 
cellulose. The understanding of wood-cellulose 
supramolecular structure is important to numerous 
fields. For instance, areas such as cellulose 
biosynthesis, plant growth and function, biorefmery, 
cellulose nanomaterials, and wood science and 
technology, in general, would all benefit. 

EXPERIMENTAL 
All chemicals, reagents, celluloses, and holopulps 

and CNCs were obtained as reported recently by 
Agarwal et al. [14J This publication also describes how 
the following analyses/investigations were carried out 
- AFM imaging, compositional analysis of the 
samples, anatomical observations of woods, 
investigation of TW-wood cell walls by confocal 
Raman microscopy, analyses of various materials by 
FT-Raman and estimation of cellulose-crystallinity by 
this technique, and lastly, analysis by X-ray 
diffraction and estimation of cellulose crystallinity by 
Segal-W AXS method. 

RESULTS AND DISCUSSION 

Crystalline nature of G-layer: 
Although it is widely reported that G-layer in TW 

is made up of crystalline cellulose, based on confocal 
Raman spectra (Fig. 1), where spectra of pure G-layer, 
pure Sz, and MCC (highly crystalline cellulose) are 
compared, this conclusion was further corroborated. 
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Here, it can be noted that, in the spectrum of S2, a peak 
of cellulose at 93 cm-I is absent while the contribution 
oflignin at 1600 cm-1 is present. Because the 93 cm-1 

feature is an aspect of crystalline cellulose, this 
suggested that S2 cellulose is unlikely to be crystalline. 
Moreover, the spectra of G-layer and MCC (Segal Crl 
89.7%) were very similar (Fig. 1), and both contained 
the peak at 93 cm-1, indicating that the former was 
composed of highly crystalline cellulose.r101 

Previously, the contributions at 93, 172, and 380 cm-I 
have been reported to be due to cellulose crystals. po, 
151 Additionally, it has been reported that the 93 cm-I 
band, assigned to rotation of cellulose molecule, [161 is 
capable of distinguishing between the crystalline and 
organized (but not-crystalline) phases of cellulose. [JOJ 

This low energy band of crystalline cellulose has also 
been detected by another type of spectroscopy, 
terahertz spectroscopy,[17• 181 where lattice modes of 
organic molecules and polymers are usually 
detected.f19•201 93 cm-1 wavenumber corresponds to 2.8 
THz and is detected in that region in terahertz 
spectroscopy. In any case, the aspect that G-layer is 
composed of almost pure crystalline cellulose, is 
extensively documentedP1 - 241 This is also supported 
by the spectra in Fig. 1 where the Raman spectra of 
S2, G-layer, and MCC in 70-1700 cm-I region are 
compared. It needs to be noted that in the S2 spectrum, 
in addition to the contributions of cellulose, 
contributions ofaspen lignin are present at 1661, 1595, 
1455, 1331, 1130, 1037,598,531,and369cm-Iwhich 
were not detected in the spectra of the cotton and G­
layer. [25• 261 In this spectrum (Fig. 1), the syringyl­
lignin contribution at 369 cm-I makes the 380 cm-I 
cellulose peak broader on the low frequency side 
compared to the widths of this peak in the G-layer and 
MCC spectra. 

Production of CNCs: 
The yields of the CNCs obtained from similar 

amounts ofTW- and OW-holopulps are listed in Table 
1. In all probability, TW-CNCs (yield 20.7 %, Table 
1) came from the G-layer because normal cell wall 
cellulose in known to produce no CNCs (Agarwal et 
al. 2016). Compared to the TW-holopulp, the amount 
ofCNCs produced by the OW-holopulp (5.4%, Table 
1) was 74% lower. Moreover, chemical composition 
analysis {Table 2) indicated that compared to the TW­
holopulp the amount of glucan in the OW-holopulp 
was 20% lower. Accordingly, accounting for this 
difference, the yield from the opposite wood ( or 
holopulp) should have been 16.6%, instead of 5.4% 
{Table 1 ). However, this assumes no difference in the 
capability of the two types of cell wall celluloses to 
produce CNCs. Nevertheless, considering the fact that 
CNCs can only be produced from crystalline cellulose 
(and therefore, G-layer) but not from the other wood 
cell walls and that the OW-holopulp (or OW) is not 
supposed to have any G-layer according to the 
literature,[27 - 291 production of the CNCs from OW­
holopulp was not expected. Therefore, how does one 
explain the generation of the OW-CNCs? To answer 
this question, an anatomical analysis of the TW and 

OW was carried out (see below). The investigation 
revealed that G-layer existed in the OW, albeit 
sparingly, accounting for the low amount of CNCs 
production from this wood. 
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Figure 1. Comparison of 70-1700 cm- I Raman spectra of 
pure G-layer with pure S2 and MCC (highly crystalline 
cellulose, Segal Crl = 89.7%,1301 ) (the inset shows the TW 
regions - G-layer and S2, from which the shown spectra were 
obtained). 

Table 1. CNCs: yield and analysis data 
Sample Yield, % Mean Crystallinity, % 

height, 
nm Segal-XRD;93-Raman: 

380-Raman 
TW-CNCs 20.7· 4.0 ± 1.6 95.5; 69.7; 80.2 
OW-CNCs 5.4a 3.1 ± 1.4 93.5 ; 59.2; 73.7 
Pulp-CNCs 50.0b 4.3 ± 1.4 86.0; 46.4c; 55,5c 

•Based on wood holopulp; bBased on softwood bleached kra 
pulp; coata from [31]. 

Anatomical analysis: 
Images of the TW and OW cross-sections that were 

counterstained with 1: 1 aqueous safranin O and Alcian 
Blue are shown in Fig. 2(A) and Fig. 2(B). In Fig. 
2(A), fibers with prominent, thick G-layers (clearly 
staining blue) represent well over 99% of all fibers; 
very few fibers without a G -layer over many square 
millimeters of tissue were observed. On the other 
hand, surprisingly, OW fibers with G-layers (clearly 
staining blue) were found although sparsely - less than 
- 10% ofobserved fibers. G-layers were typically thin, 
and the gelatinous fibers were distributed diffusely 
throughout the growth ring. Vessel-adjacent cells 
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sometimes showed some blue-staining cell contents 
which was not consistent with a separated G layer. 

Figure 2. Transmitted light micrographs of stained 
transverse sections of aspen. (A) Tension wood (TW) 
showing conspicuous gelatinous layers in the great majority 
of the fibers . (B) Opposite wood (OW) showing a fiber with 
a gelatinous layer; Scale bars 200 µm 

Raman spectra: 
The intent was to find out how the Raman spectra 

of various holopulps (TW-, OW-, and aspen, Table 2) 
compare with each other and also with a set of samples 
prepared by mixing specific amounts of cotton MCC 
(WhatmanCC3 I, highly crystalline cellulose) and 
xylan. The results would further help address the 
question of the presence of crystalline cellulose in 
normal cell walls of woody tissue. Nine mixture 
samples of the following MCC:xylan compositional 
ratios were made - 90:10, 80:20, 70:30, 60:40, 50:50, 
40:60, 30:70, 20:80, and 10:90. The purpose was to not 
only cover the range of possible hemicellulose and 
Klason lignin contents in the wood holopulp samples 
(which in the mixtures is represented by xylan, Table 
2), but also to see at what low concentration of 
cellulose, in the mixture samples, the crystalline­
cellulose peaks at 93 and 172 cm-I can no longer be 
detected. Moreover, could these two bands be detected 
in the Raman spectra of various holopulps at the 
glucan:xylan concentrations listed in Table 2. To 
simplify this, to a first approximation, the holopulps 
are assumed to be solely made up of cellulose and 
xylan (i .e., the amounts of xylan, mannan, arabinan, 
galactan, and Klason lignin were added and counted as 
xylan, Table 2). This is justifiable considering the fact 
that, for most of the samples, xylan is the dominant 
component of the non-glucan constituents and mannan 
occurs in much smaller amount (Table 2). In case the 
Raman bands could be detected in the mixture (having 

similar glucan:xylan composition as in the holopulp) 
but not in the corresponding holopulp, then it would 
imply that the cellulose in the holopulp was not as 
crystalline as the MCC. On the other hand, if the bands 
were to be detected in both the samples (mixture and 
the corresponding holopulp ), it would imply that the 
holopulp-cellulose was as crystalline as the MCC. 

Table 2: Chemical composition(%) 

Sample Klason Glucan Xylan (Man.+ Ratio, 
lignin Arab. + Glucan 

Gal.) :xylan• 

TW 18.3 46.9 13.5 1.7 NA• 

ow 22.2 42.0 15.5 3.2 NA 

TW 1.6 61.3 15.2 0.2 78:22 
holopulp 

ow 2.80 49.0 17.5 3.1 68:32 
holopulp 

Aspen 3.1 52.3 16.7 1.7 71:39 
holopulp' 

SWBKP 0.5 81.3 7.5 5.5 86:14 

Cotton 3.1 92.2 0.1 NDb 97:3 
Mee• 

•Not applicable; bNot detected; 'Reference [32]; •Reference 
[33]; 'the amounts of xylan, mannan (man.), arabinan (arab.), 
galactan (gal.), and Klason lignin were added and counted as 
xylan (see text). 

In Fig. 3A, low-frequency (70 - 550 cm-I) spectra 
of the holopulps are compared with the spectra of TW­
CNCs and SWBKP. Among the holopulps, the 
spectral peaks at 93 and 172 cm-I were detected, albeit 
as shoulders, for only TW-holopulp. Moreover, in the 
spectra of the remaining holopulps, OW-holopulp's 
contribution at 172 cm-I was hardly noticeable and not 
perceptible at all at 93 cm-I whereas for the aspen 
holopulp, none of these bands were noticeable (Fig. 
3A). In the case ofTW-holopulp, the appearance of the 
features can be explained by the fact that it contained 
significant amount of crystalline cellulose (G-layer). 
On the other hand, a much-reduced amount of this 
layer was present in the OW-holopulp and therefore, 
the contribution of crystalline cellulose was not 
evident. Absence of the twin features at 93 and 172 
cm-I in the spectra of aspen holopulp argues for the 
absence of any crystalline cellulose because not only 
G-layer was absent, but also the cell wall cellulose was 
not crystalline, as was previously reported. [I , 101 

Considering the spectra of the MCC:xylan 
mixtures (Fig. 3B), it is clear that peaks at 93 and 172 
cm-I are detectable, respectively, up to the MCC:xylan 
compositional ratios of 40:60 and 60:40. This 
difference in the detectability of the two bands has to 
do with the fact that the band at 172 cm-I is much 
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weaker compared to the 93 cm-1 band (Fig. 3A, TW 
CNC spectrum). In any case, had the cell wall 
cellulose been highly crystalline in normal cell walls, 
the holopulp where the glucan:xylan compositional 
ratio is 71 :39 (Table 2), both the bands should have 
been seen (Fig. 3A and Fig. 3B, Table 2). That not 
being the case, as demonstrated in Fig. 3C, the spectra 
provide evidence in support for the cellulose being not 
highly crystalline. 
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Figure 3. (A) Raman spectra of three holopulps, SWBKP, 
and TW-CNCs, (B) Raman spectra of mixtures of 
MCC:xylan at various compositions, (C) Comparing the 
spectra of various holopulps and the appropriate 
MCC:xylan mixtures (70:30, 80:20, and 90:10). The 
annotated peaks in Fig. 3A, Fig. 3B, and Fig. 3C are, 
respectively, from TW-CNCs, MCC, and MCC:xylan 
(90:10). 

X-ray diffraction: 
XRDs of tunicin, aspen, amorphous cellulose, and 

TW-CNCs are shown in Fig. 4. Except for the CNCs 
the information is taken from the authors prior 
investigations. [Io, 30, 32• 331 Due to its very high 
crystallinity, tunicin showed the sharpest and most 
resolved peaks. As expected, compared to tunicin's 
XRD (Fig. 4A), the diffractogram ofTW-CNCs is less 
resolved, most likely due to the smaller size of its 
crystals in relation to that of tunicin's. But the 

diffractogram is still quite strong, as was expected 
based on the Raman spectrum of the G-layer (Fig. 1). 
However, important to note in Fig. 4A are the 
significantly weaker and broader characteristics of the 
diffraction pattern of wood where (1-10) and (110) 
peaks remained completely unresolved and (200) peak 
was rather broad. If indeed the wood-cellulose was 
crystalline, an XRD similar to that of TW-CNCs 
would have been obtained, which was clearly not the 
case. Moreover, between TW-CNCs and wood 
cellulose, the fibril/crystal size difference does not 
exist because both are approximately 3 nm wide 
(Table l )P1• 341 And therefore, although the effect of 
cellulose crystal size on XRD has been reported in the 
literature, l8l when comparing the two XRDs (Fig. 4A), 
effect of fibril/crystal-size on the wood XRD does not 
apply. However, further considering that in cell walls 
- 15 nm wide cellulose microfibril bundles exist,[351 

the increased bundle size compared to 3 nm wide 
fibrils is likely to produce narrower peaks in the XRD. 
This is likely due to the increased order at the interface 
of the combined fibrils where the cellulose chains have 
lower deformation flexibility. Moreover, microfibril 
shape is also not likely to be a factor because under 
this scenario,l7l fibrils are still crystalline and 
therefore, a 93 cm-1 peak in Raman spectroscopy 
should have been seen. Consequently, most likely, the 
width of the wood XRD originates from the fact that 
the cellulose is not crystalline. The difference between 
the XRDs of wood and amorphous cellulose is shown 
in Fig. 4B and clearly, in many regions of 20 the 
contributions overlap, if not similar. Therefore, in the 
view of the authors, an aggregated phase of cellulose 
in wood that is non-crystalline but organized/aligned 
in some fashion, is likely to produce such a 
diffractogram. This hypothesis is supported by the fact 
that water induced reorganization of cellulose gives 
rise to increased contributions at 20 positions where 
crystalline cellulose also contributes. l30• 331 Due to this 
organization, compared to amorphous cellulose, the 
long-range order increases and as seen in Fig. 6B, 
stronger contributions are likely to be generated in 20 
regions 14 - 17° and 21 - 24°. Additionally, based on 
to the classic Bragg scattering (Eq. 1), in a non­
crystalline solid, as the distance between molecular 
scattering entities changes ( d is variable as the 
interatomic distance changes in a sample) scattering 
angle 0 and therefore, the positions of the intensity 
contributions also vary, thus giving rise to the 
broadness of the wood-cellulose XRD (Fig. 4B). 
Accordingly, the XRD data analysis further supported 
the non-crystalline nature of wood cellulose. 

l= 2d sin0 (1) 
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Figure 4. (A) Comparison of XRDs of 
amorphous cellulose, aspen wood, TW­
CNCs, and tunicin; (B) Result of subtraction 
of the XRDs ( aspen wood - amorphous 
cellulose). In (A) peaks marked with * are 
due to Na2S04 impurity and the annotated 
peaks are of tunic in. 

CONCLUSIONS 
In this study, to understand the nature of wood 

cellulose in native state, further research using tension 
aspen wood was carried out. All of the obtained results 
supported the earlier reported finding that wood 
cellulose is not crystalline. Raman spectra obtained 
from distinct S2 and G-layer regions ofTW suggested 
that the spectrum of the former lacked a crystallinity­
specific band at 93 cm-1 which was present in the G­
layer. When the G-layer rich TW was hydrolyzed by 
64% H2SO4, CNCs were obtained and therefore, 
obviously, such a treatment did not destroy the 
crystalline cellulose. On the other hand, the yield of 
the CNCs from the opposite wood was very low due 
to the fact that such wood contained very little G-layer. 
The acid hydrolysis data obtained here clearly 
supported the earlier finding that when untreated 
softwood is hydrolyzed by the 64% H2SO4, no CNCs 
were produced. Other analysis that consisted of 
comparing the Raman spectra of various wood­
holopulps with those of the mixtures of crystalline­
cellulose and xylan at compositions representative of 
the holopulps indicated that except in the case ofTW­
holopulp, the spectra of the holopulps lacked the 
crystalline cellulose features at 93 and 172 cm-1. 

Similarly, the XRD analysis of four materials -
amorphous cellulose, aspen wood, TW-CNCs, and 
tunicin, provided further support to the view that, in 
the native state, cell wall cellulose is non-crystalline. 
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