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Natural fibre-based materials offer various advantages compared to synthetic fibres, however their applications
are limited mainly due to their hygroscopic properties, which are affected by their chemical composition,
microstructure and the porosity of the plant cells of which the fibre is composed. Therefore, this work in-
vestigates the hygroscopic behavior of natural fibres to obtain a better understanding of the relation of the
chemical composition of the fibres, their crystallinity, and their equilibrium moisture content. The crystallinity
index was determined to include amorphous cellulose into the developed models. Nine biomass samples were
selected (flax, hemp, jute, spruce, bamboo, corn stalks, palm leaves, rice husk and wheat straw) to construct
models via linear regression to predict the moisture sorption behavior of natural fibres. Thorough statistical
(ANOVA, RMSE) analysis showed that the developed models are relevant and descriptive. From all major plant
cell wall constituents (lignin, crystalline cellulose, amorphous cellulose and hemicellulose), it is hemicellulose’s
hygroscopicity that is largely responsible for the moisture uptake of the fibres, with (amorphous) cellulose and
lignin playing a (much) smaller role. This study has improved the understanding of the hygroscopic behavior of
natural fibres, and is important for optimal application of these fibres in composite materials.

1. Introduction

Nature provides a variety of natural fibres that can be used for
composite applications (Miissig, 2010; Bourmaud et al., 2018; Faruk
et al., 2014; Azwa et al., 2013; Savic et al., 2020; Cheng et al., 2021; Liu
and Tisserat, 2018; Liuzzi et al., 2020). Natural fibre reinforced com-
posites can compete with synthetic glass fibre reinforced composites (J.
G. and CELC, 2018; Manian et al., 2021; Shahinur et al., 2022), and
show a number of benefits - low density, good specific mechanical
properties, originating from renewable resources, low cost, etc. - that
make them attractive to replace more traditional materials. However,
there are still a few disadvantages linked to the use of natural fibres:
their higher moisture absorption, associated lower durability, greater
variability and limited processing temperatures. One of the challenges
natural fibre reinforced composites face, is to reduce moisture-induced
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degradation (Azwa et al., 2013; Liu and Tisserat, 2018). Natural fibres
absorb water, which results in dimensional changes of the fibres, and
once embedded in a composite, this can degrade the fibre-matrix
interface, resulting in a loss in composite properties. To improve the
moisture resistance of natural fibres, more insight into the moisture
absorption is needed (Wei et al., 2022).

One way to study the moisture sorption behaviour of natural fibres is
by dynamic vapour sorption measurements (DVS), as in the work by Hill
et al. (2009). where several moisture sorption curves for different nat-
ural fibers were measured. From this work it becomes clear that different
fibers show different sorption behaviour with different equilibrium
moisture content (EMC). The EMC is reached when the amount of water
molecules arriving at the surface equals the amount of molecules leaving
the surface (Time, 1998). Hill et al. (2009). studied the sorption
behaviour of a range of natural fibres and concluded that the EMC
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seemed to be higher for fibres with high lignin content. They hypothe-
sized that this might be related to the ability of the lignin network to
deform to accommodate water within the cell wall. Rautkari et al.
(2013) studied the role of the accessibility of hydroxyl groups in con-
trolling the moisture content in wood, based on deuterium exchange in a
DVS. They found a poor relation between the EMC and the number of
hydroxyl groups and concluded that there must be an additional
mechanism that helps to control the EMC.

Natural fibres are built up out of three main constituents: cellulose,
hemicellulose and lignin, each with their own specific function. Cellu-
lose is a linear carbohydrate polymer consisting of many glucose units
which form the framework of the plant (Douglas et al., 2013). It can be
structured into crystalline microfibrils, which are located within the
fibre cell wall. These microfibrils are responsible for the strength, stift-
ness and structural stability of the fibre (Salmén and Bergstrom, 2009).
Cellulose has three hydroxyl groups (OH), which are possible sites for
hydrogen bonds, making it highly hygroscopic. However, the sensitivity
to water is severely lowered when cellulose stacks to form crystalline
regions (Miissig, 2010; Douglas et al., 2013; Rowell, 2005; Salmén,
2015). In the plant, the crystalline regions are alternated with dislocated
cellulose regions (Salmén and Bergstrom, 2009), which are obviously
more moisture sensitive because of increased free volume.

Hemicellulose is a branched carbohydrate polymer, containing five
and six carbon sugars (Kabir et al., 2012; T. A. and Abdul, 2013). It
occurs mainly in the primary cell wall, middle lamellae and secondary
layer of the plant where it is hydrogen bonded with cellulose and acts as
support material for the microfibrils (Miissig, 2010; Kabir et al., 2012).
Hemicelluloses have a more open structure than cellulose and are
therefore more hydrophilic as well as soluble in water. They are also
sensitive to thermal degradation.

Lignin is characterised by aromatic rings and has an amorphous
structure. It is deposited in the remaining spaces in the cell wall and
between the cells, when the cellulose and hemicelluloses have already
been formed (Blackwell and Walker, 2006). In this way it gives the plant
extra resistance to compressive forces. Covalent bonds between hemi-
cellulose and lignin have been proposed to exist in wood and are referred
to as the lignin-carbohydrate complexes (LCC) (Lawoko et al., 2005;
Giummarella and Lawoko, 2016). Lignin, made up out of aromatic rings
and aliphatic chains, is more hydrophobic than cellulose and hemicel-
lulose and, therefore, it is believed to improve water resistance (Douglas
et al., 2013). Though lignin is a complex 3D molecule, it is constructed
from three simple precursors: p-coumaryl acohol (H), coniferyl alcohol
(G) and sinapyl alcohol (S). S lignin contains a higher amount of
methoxyl groups, limiting the crosslinking of lignin (Douglas et al.,
2013). Due to this lower degree of crosslinking, effects might be ex-
pected on the glass transition temperature with changing S/G ratio; this
was investigated by Horvath et al (Horvath et al., 2011)., who found that
the glass transition temperature was not affected by the structure of
lignin but was purely related to the absolute lignin content.

Other minor polysaccharides present in the plant are pectins and
starch. Pectin is a carbohydrate akin to hemicellulose, and is an
important component of the middle lamella (Bourmaud et al., 2018).
Pectin is also hydrophilic and water-soluble. Starch is the reserve
polysaccharide of the plant, and can be found as granules in the cavities
(Rowell, 2005). Besides these components, small amounts of other
organic (extractives) and inorganic (ash) components can be found in
natural fibres. Other non-structural extractives can be proteins, tannins,
waxes, etc (Douglas et al, 2013). In wood, the hygroscopicity is
generally lower the higher the amount of extractives (Young, 1985;
Vahtikari et al., 2017). Ash is the general name for the inorganic com-
pounds, left after combustion at high temperature in the presence of
oxygen. One main ash component is silica, which poses problems for
cutting and machining of e.g. wood (Shmulsky and Jones, 2011). The
influence of extractives and ash content is not studied in this work.

Though it is generally accepted that the chemical components pre-
sent in natural fibers can be ranked according to their sensitivity to

Industrial Crops & Products 186 (2022) 115187

moisture uptake as follows: hemicellulose > non-crystalline cellulose >
lignin > crystalline cellulose (Baillie, 2000), none of the research so far
attempts to correlate this with the EMC. In this work, we investigated the
influence of the main natural fibre constituents on the EMC, in order to
gain deeper understanding in the relationship between the equilibrium
moisture content and the chemical composition and/or crystallinity of
the fibre.

As mentioned, crystalline cellulose does not absorb water, unlike
non-crystalline cellulose which is the second most sensitive constituent.
For this reason it is interesting to determine the fraction of non-
crystalline cellulose. Different techniques and analysis methods are
applicable to determine the crystallinity of lignocellulosic materials.
This crystallinity equals the amount of crystalline cellulose, as cellulose
is expected to be the only crystalline constituent (Thygesen et al., 2005).

Native cellulose refers to cellulose as it is found in pristine plant cell
walls; it is also called Cellulose I (Douglas et al., 2013). Native cellulose
consists of a blend of crystals with Io and Ip lattice conformation,
dependent on the plant source, where I is considered the form being
most representative of native crystalline cellulose (Douglas et al., 2013).
There are different techniques to measure the CI of cellulosic material,
though XRD and solid state >C NMR are most widely used. In the work
of Thygesen et al. (2005)., 4 different methods were compared to assess
the crystalline contribution to a cellulose diffraction pattern. It was
shown that the Segal method (based on the intensity measured at two
points in the diffractogram), which is still most used because of its
simplicity, overestimates crystallinity. This was also concluded by Park
et al. (2010). and Ahvenainen et al. (2016). The most consistent and
reliable method to determine the crystallinity of plant fibre samples was
determined to be Rietveld refinement (Thygesen et al., 2005). It requires
knowledge of a structural model, which was published for Cellulose Ip
by Nishiyama et al. (2003), and can be used to fit the crystalline
contribution including all crystalline diffraction peaks.

Another factor that has been reported to influence the hygro-
expansion of paper fibre is the microfibril angle (MFA). Each elementary
fibre (single fibre cell) has its own layered structure, consisting of a
primary and a secondary wall. The structure of the secondary wall can
vary from fibre to fibre, as illustrated in the work of Bourmaud et al.
(2018). The thickest layer of the secondary wall, S2, largely determines
the mechanical properties of the fibre. Therefore, the orientations of the
microfibrils in that layer are crucial. The cellulose microfibrils are ar-
ranged in a helix configuration and the angle they make with the lon-
gitudinal axis is called the MFA. This angle varies for different types of
fibres and is closely linked with the function of the fibre. For fibres that
need to withstand high bending forces (like flax or bamboo) the MFA is
low, giving high strength and stiffness to the plant. For fibres with a
more protective role, e.g. coir or cotton fibres, where the role is to
protect the fruit when falling down, the MFA is high to increase impact
performance (Bourmaud et al., 2018). The MFA will control the
shrinkage ratios in the longitudinal and transverse directions (Lindner,
2018). However, from the literature it is not clear whether it will play a
role in the absolute amount of moisture sorption of the fibre. In this
research, the MFA is not studied further.

In this work, the EMC is determined of different natural fibres and
correlated with the experimentally determined chemical composition
and crystallinity. A model, linking the amount of amorphous cellulose,
hemicellulose and lignin to the EMC is proposed. The initial hypothesis
of this work is that biomass with a relatively high amount of hygroscopic
components (i.e. hemicellulose and amorphous cellulose) compared to
hydrophobic components (i.e. lignin and crystalline cellulose) will have
different EMC mainly due to hydroxyl accessibility. Based on findings in
the literature, that the number of accessible hydroxyl groups differs
among cellulose, hemicellulose, and lignin, we hypothesize that biomass
composition will affect the EMC (Zhou et al., 2016; Yang et al., 2018;
Engelund et al., 2013).



N. Sweygers et al.

Table 1

Literature overview of the chemical composition and crystallinity of natural fibres.
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2. Materials and methods
2.1. Sorption behaviour

Moisture sorption curves of all evaluated natural fibres - bamboo
(Belgium), flax (Belgium), hemp (France), jute (India), spruce
(Belgium), corn (Belgium), palm leaves (Tunisia), rice husk (Italy) and
wheat straw (Belgium) - were measured via an automated gravimetric
Dynamic Vapour Sorption (DVS) analyser from Surface Measurement
Systems at isothermal temperature of 21 °C. The uptake of the water
vapour was determined gravimetrically using a high precision balance
with a mass resolution of + 0.1 ug. The relative humidity around the
sample was controlled by mixing saturated and dry gas streams using
mass flow controllers.

The benefit of this technique is the control over both the relative
humidity (RH) and the temperature (i.e. 21 °C). The fibres were milled
prior to measurement, to a powder with a size < 250 um. Approximately
5-10 mg of the natural fibre dust was used. The sample was first dried to
a relative humidity of 0%; subsequently, the humidity was changed in
steps of 5% RH, (0, 5, 10, 15 ... 85, 90, 95%). Every subsequent step was
initiated when the change of the sample mass versus time was less than
0.02%/min. A desorption curve with equal levels of RH was realised up
to full desorption. The moisture content was calculated according to Eq.
(2):

Meq ~Mdse1 0y )
my

MC %=

where me is the mass of the sample at equilibrium and mq the mass of
the dry sample reached after the first drying stage. From the sorption
curves the datapoints in the desorption and absorption cycle at a RH of
50% are used for the analysis and comparison of the different fibres.

2.2. Biomass composition

To determine the biomass composition, i.e. the lignin, cellulose and
hemicellulose content, an adapted Van Soest method in-house devel-
oped by Sweygers et al (Sweygers et al.,). was used. Fibres were milled to
powder in the same way as described for the DVS measurements, the
measurements were performed in triplicate. In short, a first fraction, the
so-called “soluble” fraction or extractives, is determined by an extrac-
tion step with a neutral detergent at 100 °C using microwave irradiation.
The residual particulate matter is subsequently treated with sodium
chlorite and acetic acid at 75°C. The loss in particulate matter is
attributed to the lignin fraction. The remaining solid matter is hol-
ocellulose (hemicellulose + cellulose). In a final extraction step with a
mildly acidified detergent at 100 °C using microwave irradiation,
hemicellulose is extracted, hence only leaving cellulose as the sole
particulate matter. The ash content is determined by heating the
bamboo particles for 2h at 550 °C in a muffle furnace. The residual
inorganic matter is the ash content. As a benchmark the chemical
composition of 3 cellulose materials was determined via the same
method. Whatman paper Grade 1, cellulose powder for column chro-
matography (SA — 22183, Sigma Aldrich) and medium cellulose fibres
(SA - C6288, Sigma Aldrich) were selected for this.

2.3. Crystallinity

X-ray scattering data was collected on a Xenocs Xeuss 2.0 compact
laboratory beamline equipped with a monochromated, point-collimated
copper Ka (A = 0.154189 nm) X-ray source operating at 0.6 mA emis-
sion current. The fibre ‘powder’ was compressed into a pellet using a
hydraulic press prior to measurements. The beam path and sample
chamber were under vacuum (0.4 mbar) during data collection.
Diffraction patterns were collected over an angular range of 2 — 56° 20
using a Dectris EIGER 1 M 2D detector, with a collection time of 30 min.
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Table 2
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Experimental data on chemical composition, crystallinity, EMC desorption and absorption, for selected natural materials.

Cellulose (%) Hemicellulose (%) Lignin (%) Extractives (%) Ash (%) Crystallinity (%) EMC desorption (%) EMC absorption (%)
Flax (Fibre) 77.1+£0.5 12.7 £ 0.6 2.1+0.7 6.9+ 0.1 1.2+0.1 57 9.0 7.2
Hemp (Fibre) 821+1.1 6.8 £ 0.5 2.7 +0.4 8.1+0.2 0.2+0.1 34 10.0 7.4
Jute (Fibre) 65.5 + 0.5 15.6 + 0.4 13.6 £ 0.3 49+0.3 0.4+0.1 44 11.0 8.4
Spruce (Fibre) 51.1 +£0.1 15.6 £ 0.3 25.5+ 0.4 7.4+0.1 0.4+0.1 31 11.5 7.0
Bamboo (Fibre) 549+1.2 8.2+ 0.6 19.7 £ 0.9 11.6 £ 1.2 55+0.1 44 8.8 6.1
Corn 289 +1.3 17.9+0.1 282+ 1.5 19.1 £1.9 5.9+ 0.5 35 9.7 7.8
Palm leaves 34.4 +0.7 35.8+0.3 19.2+1.2 55+ 0.5 51+0.2 31 16.8 13.1
Rice husk 39.4+1.0 85+1.1 30.4+1.3 6.4 +0.3 15.24+0.1 29 9.7 6.9
Wheat straw 37.3+ 1.0 145+ 1.0 29.1 + 0.9 128 +1.3 6.3+ 0.5 39 11.2 7.5
22
20
— 18
X
c
o 14
o+
S 12
o
o 10
o
=]
o 8
L2
o 6
=
2
0

100

Relative humidity (%)

Fig. 1. Results of the DVS experiment for the bamboo fibre sample, showing the absorption (blue arrow) and desorption (red arrow) curve, measured for different
RH. The points used for the calculation (RH 50%) in the desorption and absorption cycles are highlighted in red and blue respectively.

The scattering angle was calibrated by the measurement of LaBg under
identical conditions. Data reduction was performed with Foxtrot (Xen-
ocs/Synchrotron de Soleil).

Rietveld refinement was carried out on the cellulose Ip structure
published by Nishiyama et al. (2003). using Topas Academic v6 software

x1072

with subtraction of instrumental background (collected using an empty
sample holder). First refinement of a, b, v, a scale factor, a March-Dollase
preferred orientation parameter ((0 0 4) direction), a two-parameter
background and a Lorentzian size broadening (limited to min. of
2 nm) parameter was performed on the cellulose Ip crystal structure.

x101!

1.0 A

Raw Data
— Cellulose I
—— Amorphous
— Fitted Profile
----- Profile Integral: 35.82
0.8 - Crystalline Integral: 15.62
Ye= 0.44

I/Arb.

~F3.5

F3.0

g=4nsind/A [nm~!

Fig. 2. Results of the raw and processed XRD data for the bamboo fibre sample, showing the crystalline cellulose Ip and the amorphous content. Xc was calculated

according to Eq. (3).
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Then, an amorphous phase was added, consisting of hkls generated from
a tetragonal structure (space group P4, a = 1.5 nm, ¢ = 70 nm) to give
equally spaced peaks. The peak width of the amorphous phase was
limited to represent a maximum crystallite size of 1.5 nm, resulting in a
broad profile similar to the expected amorphous material.

The crystallinity index was then determined using the method
described by Thygesen et al. (2005). whereby the crystalline and
amorphous contributions to the diffraction pattern are determined by
integration of the fitted profile. The Crystallinity Index is then calculated
according to Eq. (3) where I is the crystalline intensity, q is the scat-
tering vector, and q0 and ql represent the scattering vector at the
respective start and end 20 of the analysis.

% 1:(9)q*dg

cI = a
o 1(@)g*dg

(2)

Supplemented with data from literature a data set was created as
shown in Table 4.2.1. The equilibrium moisture content was determined
from the moisture desorption and absorption curve at a relative hu-
midity (RH) of 50% according to the work of Hill et al. (2009). Values for
the chemical composition of the fibres and the crystallinity were
compared with the literature (Miissig, 2010; Chand and Fahim, 2008;
Mwaikambo and Ansell, 2002; John and Sabu, 2012). Crystallinity being
determined as the amount of crystalline cellulose in 100 g dry material.
A linear law is fitted through the data, either with one or multiple
factors.

3. Results and discussion
3.1. Datasets the chemical composition and crystallinity of natural fibres

Table 1 gives an overview of the data available in literature on the
chemical composition, crystallinity and moisture sorption of natural fi-
bres. The chemical components present in natural fibres are moisture
sensitive, ranked from the highest contributor to the lowest one: hemi-
cellulose, non-crystalline cellulose, lignin and crystalline cellulose
(Baillie, 2000). The amount of non-crystalline cellulose can be calcu-
lated by subtracting the crystallinity amount from the cellulose content.
However, this value is not found in literature. When considering the data
from literature it can be seen that all of the studies dealing with the
crystallinity of these fibers exclude the determination of the chemical
fiber composition. Comparison across the different studies (on crystal-
linity and on chemical composition) shows that for a few cases the
crystallinity exceeds the total amount of cellulose. This is not possible,
and the strange result can be attributed to the fact that the chemical
composition and crystallinity were not determined in the same work,
using different fibres, as well as the different techniques used to deter-
mine both and the errors linked to these techniques. Therefore the au-
thors decided to redo the measurements on 9 selected natural fibres. An
adapted Van Soest method was used to determine the chemical
composition of the fibres and X-ray scattering with Rietveld refinement
was selected as the most appropriate method to fit the crystal structure,
as mentioned in the work of Thygesen et al. (2005). DVS experiments
were performed to determine the EMC of each fibre. The results from the
measurements are listed in Table 2. Figs. 1 and 2 show the results for the
sorption experiment and the crystallinity determination for the bamboo
fibre sample.

The percentage of cellulose found for the benchmark samples,
ranged between 97.4% and 98.0%. Therefore the error on the chemical
characterisation is supposed to be smaller than 2.5%. Sweygers et al.
(2018). investigated the classical Van Soest method to analyse agricul-
tural residues and based on the results proposed an adapted method.
This new method was proven to show higher accuracy by incorporating
continuous stirring into the analysis.

Comparing the measured crystallinity with the cellulose content of
the samples, it is possible that a method based on the reflection

Industrial Crops & Products 186 (2022) 115187

Table 3
ANOVA of the proposed models for EMC desorption and absorption (RH50).

EMC DESORPTION

Source DF  Sum of Mean F- p-
Squares Square value value
Regression 3 1100.88 366.961 330.28  0.000
Lignin 1 35.84 35.841 32.26 0.001
Hemicellulose 1 110.24 110.237 99.22 0.000
Amorphous 1 66.53 66.526 59.88 0.000
cellulose
Error 6 6.67 1.111
Total 9 1107.55
Regression 3 1101.51 367.169 364.57  0.000
Lignin 1 16.75 16.747 16.63 0.007
Hemicellulose 1 71.7 71.7 71.19 0.000
Cellulose 1 67.15 67.15 66.67 0.000
Error 6 6.04 1.007
Total 9 1107.55
EMC ABSORPTION
Source DF  Sum of Mean F- p-
Squares Square value value
Regression 3 593.418 197.806 189.53 0.000
Lignin 1 9.963 9.963 9.55 0.021
Hemicellulose 1 79.678 79.678 76.34 0.000
Amorphous 1 31.909 31.909 30.57 0.001
cellulose
Error 6 6.262 1.044
Total 9 599.68
Regression 3 595.648 198.549 295.45 0.000
Lignin 1 3.354 3.354 4.99 0.067
Hemicellulose 1 53.842 53.842 80.12 0.000
Cellulose 1 34.139 34.139 50.8 0.001
Error 6 4.032 0.672
Total 9 599.68
Regression 2 592.294 296.147 280.67 0.000
Hemicellulose 1 113.218 113.218 107.3 0.000
Cellulose 1 40.7 40.7 38.57 0.000
Error 7 7.386 1.055
Total 9 599.68
Table 4
Statistical analysis of the fit.
S R-square R-square adjusted
Eq. 3 1.05407 99.40 99.10
Eq. 4 1.00356 99.45 99.18
Eq. 5 1.02161 98.96 98.43
Eq. 6 1.02720 98.77 98.42

measurement overestimates the crystallinity whereas the transmission
method gives realistic values, since the crystallinity is for all fibres
smaller than the cellulose content. In this research transmission mea-
surements have been applied. Differences between the reflection and
transmission measurement can be due to various factors (Terinte et al.,
2017): 1) the effective absorption factors differ between the two ge-
ometries, 2) differences in preferred orientation between both geome-
tries, 3) the sample height displacement error was neglected in the
reflection geometry, and 4) broad peaks in the lignocellulosic samples
make it hard to distinguish between small -crystallites and
non-crystalline material. How each of these factors influence the results
measured by either reflection or transmission is still subject of research.

Another analysis technique which is emerging is the use of an in-
ternal standard (Zevin and Kimmel, 1995). In this case, a standard
material with known crystallinity is mixed in known quantity with the
powder of interest. In this way the accuracy of the quantisation of the
crystallinity can be increased. The standard material needs to fulfil a few
criteria in order to avoid bias in the measurements. It needs to be inert
under X-ray radiation, have similar absorption characteristics as the
material of interest and possess sharp crystalline peaks that do not
overlap with the peaks of the material analyzed. For lignocellulosic
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materials, it is not easy to find such a standard since the mass attenua-
tion coefficient (u *) is very low (~0.2 cmz/g for cellulose). De Fig-
ueiredo and Ferreira (2014). measured the amorphous amount of
microcrystalline cellulose using corundum (Al;O3) as an internal stan-
dard, p * = 32 cm?/g. This is an approach that is highly interesting, and
could be considered for this work as well, to verify the absolute content
of amorphous material. For now, the analyses will be based on the re-
sults obtained via transmission.

3.2. Multifactor fit

The linear correlation of the three independent variables (amor-
phous) cellulose, hemicellulose and lignin were estimated via an anal-
ysis of variance (ANOVA) and proved to be significant (as illustrated by
the p-values in Table 3, which are all lower than 0.05). This resulted in

EMC desorption = 0.1492 amorphous cellulose content +0.3659 hemicellulose content +0.1581
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the relationships expressed by Egs. (5) and (7). However, it should be
pointed out that this fit will be skewed because of the incorporation of
the crystalline cellulose in the cellulose content. This can be fixed by
including non-crystalline cellulose content in the model instead of total
cellulose content (via crystallinity measurements) leading to to Egs. (4)
and (6). The coefficients give a weight to the contribution of each con-
stituent. It is known that some chemical constituents of the fibres are
more prone to moisture sorption than others. This seems to be reflected
in the coefficients found in this research, where hemicellulose has the
highest contribution for the experimental data fit, as would be expected
from literature (Baillie, 2000; Yang et al., 2018; Cermak et al., 2022;
Wang et al., 2020; Yao et al., 2019).

The ANOVA analysis with the yield of EMC desorption and absorp-
tion as response is shown in Table 3. The obtained models are:
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Fig. 3. Predicted versus actual EMC desorption and absorption (RH50). Dashed lines represent the RMSE (95%). A applied Eq. (3), C applied Eq. (4), B applied Eq.

(5) and D applied Eq. (6).
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EMC desorption = 0.0768 cellulose content+0.3151 hemicellulose

EMC absorption = 0.1033 amorphous cellulose content+0.3111

EMC absorption

The accuracy of the model was validated by (i) calculating the cor-
relation coefficients of the developed models and (ii) plotting the model
predicted values against the experimental values. Based on the corre-
lation coefficients (Table 4), all proposed models (Eqs. 3-6) are signif-
icant. The coefficients of determination (adj R?) are all > 98% which
means that > 98% of the variability in the responses (absorption/
desorption) is explained for the region studied. Although all fits show
high R? and adjusted R? values, caution should be taken since less than
10 data points were used to fit the equations. The goodness of fit of the
models is also graphically assessed in Fig. 3. By plotting predicted values
against experimental values, data points should approach the diagonal
of the graph for a good fit. The confidence interval (CI) is defined by Eq.
(8) and 9. This statistical procedure was performed for all proposed
models (Egs. 3-6). Most of the values are within the 95% RMSE band,
implying an overall good model prediction (Fig. 3).

)

Cl= X =ts*RMSE ®

RMSE represents the Root Mean Square Error, P;j; the predicted value
of an experiment, E;; the experimental value of an experiment, n;
number of experiments, (x); the mean value of a unique experiment, tgs;
the t value of the inverse two-sided Student-t distribution for a confi-
dence level of 95%.

Because of the small dataset it is difficult to draw conclusions about
the true predictability for the EMC. One could think of complementary
experiments to verify the moisture uptake of each constituent, by first
splitting the fibre into its cellulose, hemicellulose and lignin fraction.
However, separation of these components may alter their chemical
structure, thereby affecting their moisture sorption behaviour (Kelley
et al., 1987).

Another remark should be made, that although the moisture sorption
of the fibres seems largely determined by their chemical composition,
their composite properties in moist environment are controlled by other
phenomena. As pointed out in the introduction, bamboo fibres may have
a higher EMC when conditioned at a certain RH, than for example flax
fibres; however their mechanical properties will be higher in a moist
environment. This is controlled by the difference in plasticisation of the
different chemical constituents present in the fibre (Back and Salmen,
1982). For this particular example, it was demonstrated that the high
lignin content, present in bamboo fibres, helps the fibre to retain its
structural integrity in moist environment.

=0.05843 cellulose content +0.3145 hemicellulose

Industrial Crops & Products 186 (2022) 115187

content +0.1106 lignin content 4)
hemicellulose content+0.0834 lignin content (5)
content 6)

4. Conclusion

Nine materials (flax, hemp, jute, spruce, bamboo, corn stalks, palm
leaves, rice husk and wheat straw were gathered, potentially usable as a
natural fibre in material applications. The adapted van Soest method
used for the chemical composition analysis of the fibres was proven to be
accurate and the obtained crystallinity data was realistic in comparison
with the cellulose content enabling the effective determination of the
non-crystalline cellulose content and its subsequent incorporation in the
model. The developed models show that hemicellulose is the main
contributor for both the water absorption and desorption process. It is
also proven that non-crystalline cellulose, with its nano-porous structure
and exposed hydroxyl sites, affects the sorption process significantly
more compared to the overall cellulose content, which seems to be
logical given the level of hydrophilicity of cellulose and the moisture
inertness of crystalline cellulose. The experimental results of both
moisture desorption and absorption for both cellulose and amorphous
cellulose are compared to the theoretical values predicted by the linear
regression models. The goodness of the fit of the models was shown by
the correlation coefficients of the models (R? and adj R?) that were
> 98% and a narrow distribution around the diagonal (slope 1) of the
predicted versus experimental data graph. Although this study gains
useful insights in the relation between chemical composition, crystal-
linity and sorption properties, further investigation is recommended. A
larger dataset with more varying chemical compositions would be
beneficial and/or physical and chemical properties of the individual cell
wall constituents should be investigated separately. The latter is
considered to be extremely difficult because through the (chemical)
extraction and separation of these components, their chemical structure
would be altered, and the moisture sorption behaviour would change
accordingly.
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