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ABSTRACT: The water vapor sorption behavior of a
range of natural fibers (jute, flax, coir, cotton, hemp, Sitka
spruce) has been studied. The data were analyzed using the
Hailwood Horrobin model for isotherm fitting and determi-
nation of monolayer moisture content. The Hailwood Hor-
robin model was found to provide good fits to the
experimental data. The extent of hysteresis exhibited
between the adsorption and desorption isotherms was de-
pendent on fiber type studied and was larger with high lig-

nin compared with low lignin content fibers. The area
bounded by the hysteresis loop decreased as the isotherms
were performed at progressively higher temperatures. This
behavior is consistent with sorption interactions occurring
with a glassy solid below the glass transition temperature. VVC
2009 Wiley Periodicals, Inc. J Appl Polym Sci 112: 1524–1537, 2009
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INTRODUCTION

Apart from continued use in textile applications,
interest in the study of the physical properties of
natural fibers is increasing because of possible appli-
cations in composites. In part, this renewed interest
is because of the generally lower embodied energy
of natural fibers compared with glass fiber.1 Natural
fibers are also seeing increasing use as insulating
materials, again mainly because of perceived supe-
rior environmental credentials compared with other
products.2 Another possible advantage of the use of
natural fibers as insulation materials is their hygro-
scopicity. Used appropriately, they have the poten-
tial to act not simply as a passive insulation
material, but they can also help to moderate
extremes of humidity in an indoor environment. The
use of natural fibers in such applications requires
knowledge of their sorption behavior in the presence
of atmospheric humidity under various conditions.

Plant-derived natural fibers (and wood) absorb
atmospheric moisture due to the presence of
hydroxyl (OH) groups associated with the cell wall
macromolecules. These can be broadly classed into
three types. Cellulose, which is the primary reinforc-
ing element of the cell wall, is made of linear chains
of glucose residues aggregated into microfibrillar
units. These units possess a high crystalline content

(inaccessible to water molecules) but also a paracrys-
talline component to which water molecules can
gain access. Thus, although the microfibril units
have a high OH to C ratio, not all of the OH content
is accessible. Lignin occurs in plant fibers in varying
amounts, and is an amorphous crosslinked polymer
composed of phenolic units and has a relatively low
OH to C ratio compared with polysaccharides. The
cell wall also contains a hemicellulose and pectic
component, which is predominantly amorphous
polysaccharide, is highly accessible to water mole-
cules and has a high OH to C ratio. The cell wall of
a plant fiber can thus be considered to be a natural
composite material consisting of crystalline micro-
fibrils embedded in an amorphous lignin/hemi-
cellulose/pectic matrix. As the cell wall absorbs
moisture, the sorbed water molecules occupy space
between the microfibrils resulting in expansion of
the material. The space that the water molecules
occupy in the cell wall is referred to as the transient
microcapillary network. Water within the cell wall is
considered to be associated closely with the OH
groups (monolayer water) or it occurs within the
transient microcapillaries but is not intimately asso-
ciated with the OH groups (polylayer water).
Although cell wall bound water can be classified in
this way, this is not to suggest that the situation is
static because there is continual exchange of mole-
cules between the monolayer and polylayer. How-
ever, it has been shown that the water molecules
that are more closely associated with the OH groups
are less mobile than those located in the polylayer.3
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The water vapor sorption properties of natural
fibers have been studied for many years because of
their use in textile products, e.g.4–9 The adsorption/
desorption properties of cellulosic and lignocellulo-
sic materials are characterized by the sigmoidal
(IUPAC type II) shape of the isotherms and hystere-
sis between the sorption and desorption loops. If the
sigmoidal adsorption line fit is extended to a pro-
jected value at 100% relative humidity (RH), this is
often interpreted as being the so-called fiber satura-
tion point (FSP) of the material. The FSP is a theoret-
ical concept first defined by Tiemann10 as being the
moisture content (MC) of the sample when the cell
wall is at saturation, but there is no water in the
macrovoids (such as cell wall lumina) of the mate-
rial. There are difficulties with this concept because
the value found for FSP depends on the method
used to determine it.11 Methods where FSP is mea-
sured using samples where the cell wall is already
water-saturated (such as solute exclusion), always
give higher values for FSP than extrapolation of
sorption isotherms.12 Sorption isotherms cannot be
accurately determined much above 95% RH in any
case, and other methods, such as pressure plate, ten-
sion plate, or pressure membrane measurements,
have to be used in this region.13 The definition of
FSP relies upon the assumption that there is a clean
cut-off point where the cell wall is full of water and
thereafter further sorption occurs within macrovoids
such as lumens. It has shown experimentally that
this does not occur in practice.14–16 Nonetheless the
literature on the subject contains many examples
where this projection method of determining FSP is
used.

The sigmoidal nature of the isotherms has been
described by numerous models17–21 and is consid-
ered to consist of three components. At low RH val-
ues (0–15%), monolayer adsorption onto the internal
surface of the cell wall is the dominant process;
between 15 and 70% RH, polylayer water formation
in the transient cell wall microcapillaries occurs, and
above 70% RH, capillary condensation becomes
increasingly dominant. One model which continues
to be used in the area of wood science to analyze
the sigmoidal adsorption isotherm, but less so with
natural fibers is the Hailwood Horrobin (HH)
model.22 This solid-solution model was developed to
describe the sorption properties of cotton and has
been extensively used to investigate the sorption
behavior of wood or chemically modified wood.23–31

The Hailwood Horrobin (HH) model considers
that water adsorbed by the cell wall can exist in two
forms; called polylayer water and solid solution
(monolayer water). Three chemical species that are
therefore present in the cell wall are: unhydrated
polymer, hydrated polymer, and polylayer water.
These three components are assumed to behave as

an ideal solution. The H–H model examines the state
of equilibrium existing between a vapor phase, a liq-
uid phase, and a solid solution.
It is convenient to treat this in terms of molar con-

centrations. If Xo is assigned as the number of moles
of unhydrated polymer, Xh is the number of moles
of hydrated polymer (which is assumed to be equiv-
alent to the number of moles of monolayer water),
and Xs as the number of moles of polylayer water.
The total number of moles of the three species is
Xo þ Xh þ Xs. As it is assumed that this solution
behaves as an ideal solution; the activities Ao, Ah, Ah,
of the three species are thus equal to their mole frac-
tions in solution:

Ah ¼ Xh= Xo þ Xh þ Xsð Þ (1)

Ao ¼ Xo=ðXo þ Xh þ XsÞ (2)

As ¼ Xs=ðXo þ Xh þ XsÞ (3)

When an equilibrium condition exists between the
three components, an equation of the form shown
below can be written:

Ao þ As �
K1

Ah

Hence:

K1 ¼ Ah=AoAs ¼ Xh=XoAs (4)

or

Xh ¼ K1XoAs (5)

There also exists an equilibrium state between the
polylayer water and the water in the atmosphere
given by its relative vapor pressure (p/po) or h. The
equilibrium constant for this system is given as:

K2 ¼ As=h (6)

or

As ¼ K2=h (7)

The ratio Xh/(Xh þ Xo) gives the moles Xh of
hydrated polymer (and thus monolayer water) per
mole of dry cell wall material. This is because the
total number of moles of sites is equal to Xh þ Xs.
Combining eqs. (5) and (7) gives:

Xh

Xh þ Xo
¼ K1XoK2h

K1XoK2hþ Xo
¼ K1K2h

K1K2hþ 1
(8)

The ratio Xs/(Xh þ Xo) gives the moles of dis-
solved water per mole of dry cell wall polymer. This
is obtained by rewriting eq. (3) in inverted form and
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rearranging to give:

ðXh þ XoÞ=Xs ¼ ð1=AsÞ � 1 ¼ 1� Asð Þ=As (9)

Inverting, and using eq. (7) to eliminate As, gives:

Xs

Xh þ Xo
¼ K2h

1� K2hð Þ (10)

The sum of eqs. (8) and (10) gives the total num-
ber of moles of water in the cell wall per mole of
dry plant material. This can be related to the cell
wall moisture content M, because the moles of water
are equal to the number of grams of water divided
by the molecular weight of water (18), and that the
moles of dry cell wall polymer are equal to the num-
ber of grams of dry cell wall material divided by the
molecular weight of polymer per mole of sorption
sites. As the latter is unknown, it will be represented
by the symbol W. Thus,

Xh þ Xs

Xh þ Xo
¼ W

18
½ðghydratedwaterÞ

þ ðgdissolvedwaterÞ�=ðgdrypolymerÞ
(11)

Xh þ Xs

Xh þ Xo
¼ ðW=18Þðmh þmsÞ ¼ ðW=18Þm (12)

where mh and ms are the fractional moisture contents
of the monolayer and polylayer water, respectively,
and m is the total fractional moisture content, all
based on the dry weight of cell wall polymer. Equa-
tion 12 can be combined with eqs. (8) and (10) to
give:

m ¼ mh þms ¼ W

18

K1K2h

1þ K1K2h
þ K2h

1� K2h

� �
(13)

or, in terms of relative humidity, H ¼ 100h, and per-
centage moisture content M ¼ 100m:

M ¼ Mh þMs

¼ 1800

W

K1K2H

100þ K1K2H

� �
þ 1800

W

K2H

100� K2H

� �
(14)

The classic sigmoidal shape of a sorption iso-
therm, is deconvoluted by the H–H model into a
monomolecular (Mh) and a polylayer (Ms) compo-
nent [eq. (14)].

Where M is the percentage moisture content at a
given percentage relative humidity (H), W is the mo-
lecular weight of cell wall polymer per sorption site
and K1 and K2 are constants.

The values of K1 and K2 are determined by plot-
ting H/M against H, which is predicted by H–H
theory to give a parabolic relationship of the form
shown in eq. (15).

H

M
¼ Aþ BH � CH2 (15)

where K1, K2, W, A, B, and C are linked by the fol-
lowing relationships:

A ¼ W

18

1

K2ðK1 þ 1Þ
� �

(16)

B ¼ W

1800

� �
K1 � 1

K1 þ 1

� �
(17)

C ¼ W

180000

� �
K1K2

K1 þ 1

� �
(18)

From the above relationships, the values K1, K2,
and W can be derived as shown in eqs. (19)–(21).

K1 ¼ 1þ B2 þ B
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 þ 4AC

p

2AC
(19)

K2 ¼
50 �Bþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B2 þ 4AC
p� �
A

(20)

W ¼ 1800
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 þ 4AC

p
(21)

As with the BET theory, the isotherm in the HH
model can be deconvoluted into a monolayer and
polylayer component. However, though the mono-
layer in the BET model is invariant, that described
in the HH model can change over the whole range
of RH and is thus much more appropriate for an
evolving surface associated with a material that
changes in volume as adsorption proceeds. The HH
model gives excellent agreement with experimental
observations over a wide range of RH values
although it does not explain hysteresis and is only
suited to describing the adsorption part of the
isotherm.
Hysteresis is widely encountered when the sorp-

tion properties of microporous materials are studied
and there is a huge literature reporting hysteresis
between the adsorption and desorption loops of
water isotherms with natural fibers and wood. Vari-
ous explanations can be advanced to explain the
phenomenon. Adsorption of water into the material
occurs when the substance is initially dry and leads
to a stepwise filling of the cell wall microcapillaries
by sorbed water layers whereas desorption occurs
from the surface meniscus of water in these microca-
pillaries. However, the concept of a meniscus occur-
ring in the cell wall microcapillaries (diameter of the
order of 2–4 nm) is problematical.32 Another expla-
nation relies upon considering the geometry of the
cell wall microcapillaries, where the throat of a
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microcapillary is of a smaller diameter than the inte-
rior (ink bottle).33

Chen and Wangaard34 considered that differences
between the adsorption and desorption loops were
due to changes in contact angle between sorbed
water and the internal surface of the wood material.
In the desorption cycle, the water film in the internal
microcapillaries of the cell wall is in contact with an
already fully wet surface, whereas during adsorption
the forming water film is in contact with a nonwet-
ted surface. One problem with such an explanation
is that when considering sorption processes involv-
ing the internal surface of the cell wall, concepts
such as a liquid film or contact angle may not have
any physical meaning. Chen and Wangaard noted
this objection, but stated that their model would
have application in the region where capillary con-
densation takes place. However, hysteresis occurs
throughout the sorption range and not just in the
capillary condensation region. The concept of surface
wettability of water surfaces in microcapillaries has
been used more recently in a theoretical treatment of
sorption isotherms.35 It should be noted in this con-
text that two types of hysteresis can be observed
with cellulose, or a lignocellulosic material (Fig. 1).

At any point on the adsorption cycle, the RH can
be decreased again and the MC will also decrease,
but will always exhibit a value greater than that
observed during the adsorption cycle at a given RH.
Furthermore, when the desorption isotherm is mea-
sured for a sample initially in a fully water-saturated
state, the MC values thus obtained are higher than
those found when the sample is desorbed from a
MC below the FSP. This is known as an open hyster-
esis loop. It has been suggested that the higher MC

values obtained when desorbing from a saturated
state are due to the microcapillaries collapsing
accompanied by the formation of ‘‘permanent’’
hydrogen bonds which are no longer accessible on
subsequent re-wetting cycles (hornification).11 How-
ever, the same phenomenon is observed when a pre-
viously dry sample is re-wetted to saturation and
subsequently desorbed.34 Early work with cellulose
suggested that hysteresis was an artifact caused by
the presence of atmospheric gases within the sample
and that if precautions were taken to remove these
then it was no longer observed.36 This work has
only apparently been cited once, by Cohan in 1944.37

However, a large number of experiments have been
performed under carefully controlled vacuum condi-
tions where hysteresis has still been observed.
Stamm argues that the presence of such ‘‘permanent
gases’’ in samples only affects hysteresis if the sam-
ple is nonswelling, rather than approximating to a
gel system as is the case with cellulosics or
lignocellulosics.32

When the cell wall of a natural fiber absorbs mois-
ture it swells, with the sorbed water molecules exert-
ing pressure against restraining forces within the cell
wall. As water is removed, the cell wall shrinks.
This shrinkage is due not only to capillary forces act-
ing within the of the cell wall, but the presence of
lignin which also acts to collapse the microcapilla-
ries.38 This can be seen when cellulosic and lignocel-
lulosic materials are dried using solvent exchange
followed by supercritical CO2. Under such condi-
tions, delignified material will exhibit surface areas
in the excess of 100 m2g�1, whereas lignified mate-
rial will only give values of 5 m2g�1 or less. The dif-
ference is not simply because the lignin acts to
occlude the cell wall microcapillaries, as a fully
water-saturated lignified cell wall exhibits a much
higher level of accessibility.38

Cassie39 noted the importance of mechanical con-
straint acting upon sorbed water in wool fibers. In
such cases, it was considered that the vapor pressure
experienced by the absorbed water is influenced by
the mechanical constraint exerted on the water as
the fiber swells. It was stated that the isotherm could
only be properly analyzed when this effect had been
taken account of. When such an analysis was com-
pleted for an adsorption isotherm for wool, it was
found that the characteristic sigmoidal shape was no
longer observed. Similarly, the hysteresis effect in
the isotherms was considered to be due to a me-
chanical effect only. This work does not appear to
have been the subject of much further consideration
in the literature. A serious problem with such an
analysis is the reliance upon there being a meniscus
in water present in pores of 5 nm and lower. It is
well known that restraining wood from swelling
reduces moisture adsorption, at least up until the

Figure 1 Illustration of typical behavior exhibited by a
lignocellulosic material when desorbing moisture from a
fully water-saturated state and when desorbing moisture
from a nonwater-saturated cell wall moisture content.
Hysteresis between the adsorption and desorption iso-
therm is also shown.
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point where plastic flow of the wood occurs40 no
doubt a similar phenomenon would be observed in
other lignocellulosic materials, although this has not
examined for plant fibers. As the cell wall of the
plant fiber swells with increasing MC, new sorption
sites are exposed. Thus the fiber presents an evolv-
ing surface under conditions of adsorption and de-
sorption. Furthermore, there are differences in the
accessibility of the material, because desorption is
occurring from a swollen matrix with accessible OH
groups associated with water molecules. By contrast,
adsorption is associated with swelling of the matrix,
thus exposing new OH sites.

It has been noted that in swelling gels the amount
of hysteresis can be correlated with the elastic prop-
erties of the material.39 The importance of matrix
stiffness is also underlined by Lu and Pignatello41

who note that the process of sorption in glassy sol-
ids results in the creation and expansion of microca-
pillaries and that this process is inelastic on the time
scale of molecular diffusion. This inelasticity
accounts for hysteresis as adsorption and desorption
occur to and from different physical states of the
solid. The glassy state is defined as a material hav-
ing molecular-scale pores/capillaries embedded in a
fluid-like matrix which is unable to fully relax to a
thermodynamic equilibrium state due to the stiffness
of the matrix macromolecules. Such a situation exists
provided the sorption experiment is carried out at a
temperature below the glass transition temperature
of the matrix polymer. Similar explanations for hys-
teresis can be found in the earlier literature.42–44

Water adsorption into the plant cell wall is accom-
panied by a release of heat into the environment
due to a reduction in energy of the water molecules
as they are confined within the cell wall microcapil-
laries.17,45 The heat energy released is in addition to
the latent heat given off when water vapor con-
denses to a liquid. Measurement of this ‘‘heat of
wetting’’ can use calorimetric methods (integral heat
of wetting), or can be estimated by application of
the Clausius-Clapeyron equation (differential heat of
wetting).17,32 As cellulosics and lignocellulosics ex-
hibit sorption hysteresis, there have been objections
to the use of the Clausius-Clapeyron equation
because the materials cannot be in a true thermody-
namic equilibrium with the environment.46 To deal
with this difficulty, Stamm and Loughborough47

used what were termed ‘‘oscillating desorption’’ iso-
therm curves produced using large pieces of wood
which established an intermediate isotherm between
the adsorption and desorption loops. In Stamm and
Loughborough’s paper, the concept of hysteresis
arising due to collapse of the microcapillary struc-
ture upon drying resulting in a reduced sorption
capacity was invoked. While this is true when wood
is dried from the green state, it does not apply to

the situation where the subsequently dried wood
continues to display hysteresis on subsequent wet-
ting and drying cycles. The data of Stamm and
Loughborough were obtained at different tempera-
tures and the thermodynamic properties calculated
by application of the Clausius-Clapeyron equation.
The validity of this approach can be questioned if it
is considered that the wood is not in thermodynamic
equilibrium with the environment under these cir-
cumstances. Although not explicitly stated, the data
presented in Stamm and Loughborough’s paper47

appears to have been used in the United States
Department of Agriculture Handbook No. 72 ‘‘Wood
as an engineering material’’48 the data of which in
turn has been used many times when various theo-
retical treatments of wood sorption are verified.
Although the use of the Clausius-Clapeyron equa-
tion to determine differential heat of wetting may be
questioned, there is undoubtedly an effect of tem-
perature upon hysteresis, with the area enclosed by
the hysteresis loop decreasing as the temperature at
which the isotherm experiment is performed is
raised.49,50

This study was undertaken to provide a compara-
tive study of the sorption behavior of a range of nat-
ural fibers having application for use as insulation
materials, as there are few studies in the literature
where data for a wide range of fibers is given in one
study. This study included fibers having both high
and low lignin (flax, jute, coir, Sitka spruce, cotton,
hemp) contents to determine what role (if any) lig-
nin had to play in determining sorptive behavior
and hysteresis effects. A further study was also
undertaken on two fiber types (spruce and flax) to
investigate the effect of temperature upon the sorp-
tive properties and hysteresis. One original intention
of this latter work was to determine the heat of wet-
ting of flax fibers using the thermodynamic method
described earlier. The results of this study are also
presented and their validity discussed. This work
was also extended to Sitka spruce as there is already
a body of literature on the heat of wetting of spruce
species. A dynamic vapor sorption (DVS) apparatus
was used for this purpose, rather than the more
usual use of saturated salt solutions. The DVS is
able to provide highly accurate isotherms over a RH
range that can be user set, and the temperature at
which isotherms are recorded can be varied from 10
to 40�C.

EXPERIMENTAL

Isotherm analyses were performed using a surface
measurement systems dynamic vapor sorption appa-
ratus. This is a very useful means of determining
accurate sorption isotherms at different temperatures
and using a range of preset relative humidity values.
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The apparatus contains two measurement pans
(sample and reference holders) suspended from the
arms of a Cahn ultra-sensitive microbalance, capable
of measuring changes in sample mass as low as 1
part in 10 million (Fig. 2).

The sample and reference holders that are con-
nected to the microbalance by hanging wires, sit in
two arms of a chamber which is located in a thermo-
statically controlled cabinet. A constant flow of nitro-
gen gas into which nitrogen containing a preset
amount of water vapor is mixed passes through the
chamber to maintain a given RH. A typical run
started at zero percent relative humidity and
increased in 5% RH steps up to a maximum of 95%
RH, before decreasing to zero percent RH in 5% RH
steps. The instrument maintained a sample at a con-
stant RH until the weight change per minute (dm/
dt) value reached 0.002% per minute, a value that
from previous long-term exposure experiments
yielded a sample MC within less that 0.1% of the
equilibrium value at extended time.

Humidity and temperature probes are located in
close proximity to the sample and reference holders
providing direct measurement of these parameters.
It was found that the temperature and humidity val-
ues were very stable during the tests. However, in
practice both the RH and temperature were seldom
exactly at the preset values and it was therefore nec-
essary to use the actual RH and temperature values
for each adsorption and desorption stage. The sam-
ple material was placed onto a precleaned sample
pan and carefully placed on the hang down wire
connected to the microbalance, the sample chamber
was closed and clamped. Once the sample pan was
stationary the relative humidity was increased to

90% to discharge any static that had built up in the
chamber or on the pan. Once the sample RH
exceeded 90%, the RH was returned to a default
value of 30% and a run commenced. Before a run
commences, the instrument produces a ‘‘drying
curve’’ with the RH set at zero percent until the
sample weight is stable. An example run for
an adsorption and desorption cycle is shown in Fig-
ure 3.
All natural fibers were used in an as-supplied

state (supplied courtesy of the BioComposites
Centre, Bangor, Gwynedd, UK), except for Sitka
spruce which was ground down from small chips to
fibers in a Wiley mill, no solvent extraction was
employed prior to use. The following fiber types
were studied: jute (Corchorus capsularis), coir (Cocos
nucifera), flax (Linum usitatissimum), hemp (Cannabis

Figure 3 Plot showing data from a typical DVS isotherm
run for Sitka spruce at 25�C.

Figure 2 Diagram showing the basic working principles of the surface measurement systems dynamic vapor sorption
apparatus.
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sativa), cotton (Gossypium barbadense), Sitka spruce
(Picea sitchensis).

RESULTS AND DISCUSSION

Reproducibility of data

Because the DVS apparatus used for this study was
only able to measure one sample at a time, some
preliminary studies were undertaken to determine
the reproducibility of the sorption process using
samples of jute and flax, the results of which are
shown in Figure 4. These sorption curves [Fig. 4(a)]
show that the data for different samples of the same
fiber type were reproducible over most of the RH
range studied but that deviation in the data occurred
above � 70% RH. With flax, the differences were
apparently related to a slight difference in the tem-
perature of the experiment (1�C), but no such rela-
tionship was observed with coir, where the variation
was random. Differences were also found in the

extent of hysteresis between the sorption and de-
sorption cycles, although there were clear differences
in behavior between the flax and jute fibers [Fig.
4(b)]. From this it was concluded that differences in
sorption and desorption isotherms of different fiber
types could be reliably determined below 70% RH,
and differences were discernable up to 90% RH, but
that some caution had to be exercised when deter-
mining differences in hysteresis with different fibers
due to the scatter observed. The wider range of MCs
found above 70% RH corresponds to the region
where capillary condensation becomes increasingly
dominant and this might not be a fiber-specific prop-
erty. In addition, quite apart from the problems
associated with determining the FSP by projecting
the adsorption isotherms to 100% RH noted in the
introduction, the level of scatter of data above 70%
RH leads to a considerable variation in the deter-
mined FSP value (greater than 5% MC) in any case.

Comparison of different fibers

Individual moisture adsorption/desorption isotherms
are shown in Figure 5 for the following fibers: jute
[Fig. 5(a)], coir [Fig. 5(b)], flax [Fig. 5(c)], Sitka spruce
[Fig. 5(d)], hemp [Fig. 5(e)], cotton [Fig. 5(f)]. All of
the fiber types studied exhibited the classic Type II
sigmoidal adsorption and desorption isotherms,
although there were considerable differences in the
total amount of moisture present in the samples at a
given RH, as well as the degree of hysteresis
exhibited.
The differences in adsorption and desorption

behavior are more clearly illustrated when the
curves are overlaid as shown in Figure 6(a) (adsorp-
tion) and Figure 6(b) (desorption). Jute, coir and
Sitka spruce exhibited higher MCs on adsorption
and desorption compared with fibers having very
low lignin levels (hemp, flax, cotton), although
hemp exhibited higher MCs in the capillary conden-
sation region. Cotton had the lowest level of mois-
ture uptake of all the fibers studied. Many factors
influence the moisture sorption properties of natural
fibers, of which OH accessibility is a significant com-
ponent. Cotton has a high level of crystalline cellu-
lose, low levels of amorphous polysaccharide and no
phenolic content; accessible OH content is low com-
pared to the other fibers studied, explaining the low
moisture uptake.
The reason more highly lignified fibers showed

higher MCs may be related to the ability of the lig-
nin network to deform to accommodate water
within the cell wall. The OH to unit mass ratio is
lower than with polysaccharide materials, thus OH
accessibility would be lower in lignified compared
with polysaccharide-rich materials (this could be
verified using deuterium exchange experiments51,52).

Figure 4 Comparison of moisture adsorption behavior (a)
and hysteresis of jute and flax (b). Filled symbols represent
data measured at 25.8 þ/�0.1�C and open symbols data
measured at 24.5 þ/�0.1�C.
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The lignin-rich fibers were also found to have larger
hysteresis loops compared with the polysaccharide-
rich fibers (Fig. 7). This behavior is consistent with
the explanation for hysteresis given by Lu and
Pignatello.41 Sorbent deformation in the presence of
sorbates has been suggested as the universal cause
of sorptive hysteresis in swelling substrates.53 Dur-
ing sorption, microcapillaries in the cell wall are
caused to expand due to the thermal motion of the
incoming water molecules thus creating new internal
surface. During desorption, relaxation of the matrix
to the state it was in during adsorption is kinetically
hindered.54 The free volume (that is internal cell
wall space not occupied by macromolecules; also
termed microcapillaries) is greater on desorption

compared to adsorption, hence adsorption and de-
sorption are occurring within different physical envi-
ronments.55 The effect of matrix crosslinking upon
hysteresis was tested using humic soils treated with
Al3þ ions, where it was found that increased hyster-
esis was linked to a higher crosslinking density.56

Although the polysaccharide-rich fibers exhibited
less hysteresis, there is an indication that although
cotton showed the lowest level of hysteresis below
50% RH, above this RH level, hysteresis exhibited by
cotton was apparently greater than with flax or
hemp. This effect (if real) may be related to the
amorphous polysaccharide content providing a
greater degree of cell wall deformation relaxation
with flax and hemp compared with cotton.

Figure 5 Moisture adsorption and desorption behavior for jute (a), coir (b), flax (c), Sitka spruce (d), hemp (e), cotton (f), at 25�C.
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To further understand the effect of the amorphous
polysaccharide content upon sorption behavior, flax
was compared with Duralin (Fig. 8). Duralin is a fiber
that was produced from flax by Ceres BV of the
Netherlands using a hydrothermal treatment process
which is closely related to the commercial Platowood
process13 although Duralin production has now
ceased. This process degrades the amorphous poly-
saccharide components of the cell wall, and increases
the proportion of crystalline polysaccharide content.
In addition, breakdown compounds of the hemicellu-
loses form furfuryl which may participate in cross-
linking reactions.57 The Duralin exhibited lower
levels of sorption compared with flax in agreement
with previous reports on this material.57–59

The hysteresis of the Duralin was less than that
exhibited by flax below 70% RH, but exceeded that
of flax above this RH. The reason for this change
could be related to matrix stiffness being increased
by crosslinking and loss of amorphous polysaccha-
ride material, but then an increase in hysteresis
would be expected throughout the RH range.

Figure 6 Graph comparing the moisture adsorption (a)
and desorption (b) behavior of the six natural fibers inves-
tigated in this study.

Figure 7 Hysteresis between adsorption and desorption
curves (obtained by subtraction of equilibrium moisture
contents) for various natural fibers at different values of
relative humidity.

Figure 8 Comparison of adsorption and desorption
behavior of flax and DuralinTM.
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Another possible explanation is related to the forma-
tion of voids and fissures in the cell wall due to the
hydrothermal treatment, resulting in capillary effects
being dominant at the higher RH range with
Duralin.

Hailwood Horrobin fitting to the data

The results from the HH fits to the data for the six
fibers are presented in Figure 9. These deconvolute
the sigmoidal isotherms into monolayer (Mh) and
polylayer (Ms) water. The fits are generally satisfac-

tory although in the case of jute [Fig. 9(a)] and coir
[Fig. 9(b)] the total MC above 90% RH (Mh þ Ms) is
slightly overestimated; while for flax [Fig. 9(c)],
hemp [Fig. 9(e)] and cotton [Fig. 9(f)] the total MC in
the region 10–20% RH is slightly overestimated.
From the fitting parameters (Table I), values for

Mh, Ms and total water (Mh þ Ms, giving a crude
estimate of ‘‘FSP’’) at 100% RH are given in Table II.
If it is assumed that Mh is related to the number of
primary sorption sites (OH groups) in the cell wall,
then these data can be used to determine the num-
ber of accessible OH groups in each of the fiber

Figure 9 Comparison of monolayer, polylayer calculated using the Hailwood Horrobin model, and sum of polylayer
and monolayer (total) adsorption isotherm fits with a best fit line through the adsorption isotherm data. For the following
natural fibers jute (a), coir (b), flax (c), Sitka spruce (d), hemp (e), cotton (f).
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species studied. It is also possible to estimate the
number of OH groups from the polymeric cell wall
composition of the fibers using the data given in Ta-
ble III, using the method described in detail by Row-
ell.60 It can be seen (Table IV) that the calculated OH
content and that determined from the monolayer
water content do not correspond, even when some
account is taken of there being inaccessible OH con-
tent associated with the crystalline cellulose
(assumed at 60% for all fibers). Although this is a
very crude estimate of OH content, it nonetheless
demonstrates that there is problem with assuming
that OH content can be determined from the mono-
layer water content and this has been remarked
upon previously with work on Corsican pine.27 As
noted earlier, a determination of accessible OH con-
tent requires the use of deuterium exchange or other
appropriate experimental techniques.

Effect of temperature on isotherms and
heat of wetting

The sorption behavior of flax and Sitka spruce at dif-
ferent temperatures is shown in Figure 10. Increas-
ing the temperature did not affect the adsorption
isotherm of flax, but did result in a slight drift to the
right with the adsorption isotherm of Sitka spruce
(resulting in a slightly lower MC at a given RH).
However, the desorption isotherm did show signifi-
cant changes with both species with the isotherm
moving to the right as temperature increased. The
hysteresis loops exhibited the two species decreased
significantly as the isotherm temperature was
increased, which again, is behavior consistent with

the description of hysteresis in a glassy solid. As the
isotherm temperature is increased, the size of
the hysteresis loop is predicted to decrease until the
glass transition temperature of the material is
reached, at which point it becomes zero. The glass
transition temperature of lignin in the presence of
moisture is in the region of 60 to 90�C61 and linear
projections of the decrease in hysteresis loops
reached zero in this temperature range for Sitka
spruce.
With flax, linear projections of the decrease in hys-

teresis to zero fell within the temperature range of
65 to 85�C, but no information on the possible glass
transition temperature of cell wall matrix material
has been located for flax. The near disappearance of
the hysteresis loop at around 100�C has been com-
mented upon in the literature previously.42 As noted
in the introduction, the Clausius-Clapeyron equation
has been used to determine the heat of wetting of
wood and other natural materials, such as fibers and
foodstuffs. However, the use of such a thermody-
namic method requires that the material is in equi-
librium with its environment (the chemical potential
of water molecules in the vapor and the cell wall are
equal), but the phenomenon of hysteresis indicates

TABLE I
Values for Monolayer (Mh) and Polylayer (Ms) Water

Derived from Hailwood Horrobin fits Projected to 100%
Relative Humidity

Fiber Mh (%) Ms (%) Mh þ Ms (%)

Jute 4.53 22.44 26.97
Coir 4.14 29.84 33.98
Flax 3.68 19.92 25.60
Sitka spruce 5.10 20.08 25.18
Hemp 3.79 26.65 30.44
Cotton 2.65 14.38 17.03

TABLE II
Hailwood Horrobin Fitting Parameters

Fiber A B C K1 K2 W

Jute 2.506 0.152 0.00140 8.47 0.812 346.9
Coir 2.449 0.172 0.00167 9.12 0.865 385.7
Flax 1.744 0.224 0.00199 16.39 0.834 455.5
Sitka spruce 2.067 0.141 0.00122 9.76 0.777 311.7
Hemp 1.823 0.213 0.00198 14.46 0.867 439.6
Cotton 2.479 0.310 0.00276 15.98 0.835 632.4

TABLE III
Approximate Polymeric Composition (wt %) of the Cell

Wall of Plant Fibers Studied

Fiber
Cellulose

(%)
Hemicellulose/

pectin (%)
Lignin
(%) Ref.

Jute 72 14 13 63
Coir 43 5 45 63
Flax 81 16 3 63
Sitka spruce 45 25 30 64
Hemp 74 19 4 63
Cotton 94 6 0 63

TABLE IV
Estimation of OH Concentration (in mmoles per gram)
of Dry Cell Wall Substance from Monolayer Water

Content at 100% RH Obtained from the
Hailwood-Horrobin Fits

Fiber

HH
monolayer OH
concentration

Totally
accessible

calculated OH
concentration

OH concentration
(60% crystalline

cellulose)

Jute 2.5 16.5 8.5
Coir 2.3 11.7 6.6
Flax 2.0 17.9 8.8
Sitka spruce 2.8 14.2 9.2
Hemp 2.1 17.7 9.2
Cotton 1.5 18.4 8.0

Data is compared with approximate OH concentration
for totally accessible OH content and for concentration
based on 60% crystalline (and hence inaccessible) cellulose
OH content.
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that this state of thermodynamic equilibrium does
not apply. For this reason, Stamm employed the
method of ‘‘swinging isotherms,’’ which give the
same line on adsorption or desorption. However, if
hysteresis is attributable to the swelling property of
the material, then both the adsorption and desorp-
tion cycles represent a state of local equilibrium of
the material with the environment, with the chemi-
cal potential of the water in the cell wall being de-
pendent upon the previous sorption history. Thus

the method to determine heat of wetting from the
adsorption or desorption isotherm using the Clau-
sius-Clapeyron equation should be valid. However,
the use of the ‘‘swinging isotherm’’ is not valid
because this does not represent a state of thermody-
namic equilibrium of the material with its surround-
ings. In this study, little or no change was found in
the adsorption isotherm with different temperatures,
thus the desorption isotherm data were used and
the Clausius-Clapeyron equation applied.18

Figure 10 Effect of isotherm temperature on adsorption, desorption, and hysteresis for flax (a, c, e, respectively) and
Sitka spruce (b, d, f, respectively).
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Qv ¼ �1:06172� ðlog p1 � log p2Þ=ð1=T1Þ � ð1=T2Þ
(22)

where Qv is the heat of wetting, p1 is the partial
vapor pressure of water vapor at absolute tempera-
ture T1 and p2 is the partial vapor pressure of water
vapor at absolute temperature T2.

The data for Sitka spruce are presented in Figure
11, where the heat of wetting shows an apparently
linear decrease with cell wall MC. The values
obtained in this study were compared with the liter-
ature62 where it was found that reasonable agree-
ment was obtained with the literature in the MC
range 10–15%, but that the literature values are
higher at lower moisture contents. The MC range
used for analysis in this study was narrower than
that given in the literature because it was considered
that data were not reliable outside the range studied
herein. In the low MC range, the isotherms approach
one another and begin to curve down to 0% MC and

the lack of data points over the 0–5% MC range
makes the projected lines unreliable in this region.
At MCs much above 16% the desorption isotherm
lines again begin to approach one another and
actually cross one another at 20% MC (spruce) and
15% MC (flax), also making this region of the data
unreliable.
The total area under the line running from 0% MC

to cell wall saturation is the integral heat of wetting,
the value of which is related to the total sorptive
capacity of the cell wall, but not the total number of
primary sorption sites. The differential heat of wet-
ting at 0% MC is related to the type of sorption site
that interacts with the water molecule. Unfortu-
nately, the data obtained from this study did not
allow for sufficiently robust evaluations of these two
parameters.

CONCLUSIONS

This study has shown that there are considerable
differences in the adsorption/desorption behavior
between different natural fibers. The area bounded
by the hysteresis loop between the adsorption and
desorption isotherms was found to be large for high
lignin content compared with low lignin content or
lignin-free fibers. Increasing the temperature at
which the isotherm was determined caused the de-
sorption isotherm to shift to the right resulting in a
smaller hysteresis loop. This behavior is consistent
with sorption interactions with glassy solids below
the glass transition temperature. The material exhib-
its quasi-static equilibria under conditions of sorp-
tion and desorption, but transition between these
two states is kinetically hindered. However, the ma-
terial is in equilibrium with the environment under
both adsorption and desorption, and it is therefore
legitimate to use thermodynamic analyses of the
processes. Analysis of the adsorption isotherms
using the Hailwood Horrobin model gave satisfac-
tory fits to the data. However, equating the magni-
tude of the monolayer with the primary sorption
sites is not appropriate.
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