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Abstract
For the ﬁrst time, the hydrophilicity of hemp shiv was modiﬁed without the compromise of its hygroscopic properties. This
research focused on the use of sol–gel method in preparation of coatings on the natural plant material, hemp shiv, that has
growing potential in the construction industry as a thermal insulator. The sol–gel coatings were produced by cohydrolysis
and polycondensation of tetraethyl orthosilicate (TEOS) using an acidic catalyst. Methyltriethoxysilane (MTES) was added
as the hydrophobic precursor to provide water resistance to the bio-based material. Scanning electron microscopy (SEM) and
focused ion beam (FIB) have been used to determine the morphological changes on the surface as well as within the hemp
shiv. It was found that the sol–gel coatings caused a reduction in water uptake but did not strongly inﬂuence the moisture
sorption behaviour of hemp shiv. Fourier transformed infrared (FTIR) spectroscopy shows that the coating layer on hemp
shiv acts a shield, thereby lowering peak intensity in the wavelength range 1200–1800 cm−1. The sol–gel coating affected
pore size distribution and cumulative pore volume of the shiv resulting in tailored porosity. The overall porosity of shiv
decreased with a reﬁnement in diameter of the larger pores. Thermal analysis was performed using TGA and stability of
coated and uncoated hemp shiv have been evaluated. Hemp shiv modiﬁed with sol–gel coating can potentially develop
sustainable heat insulating composites with better hygrothermal properties.
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Highlights
A novel method for modiﬁcation of hemp shiv using sol-gel technology.
●
Coating layer acts as a breathable membrane allowing the hemp shiv to retain its hygric characteristics.
●
Hemp shiv coated with sol-gel monolayer reduces its water absorption capacity by 200%.
●
The effects of sol-gel coating on surface morphology, thermal stability and porosity of the shiv increase with increase in
coating thickness.
●

1 Introduction
The use of bio-based materials (derived from plant sources)
have become increasingly popular to produce economical
engineering materials in the construction industry [1]. Biobased materials have numerous advantages over conventional non-renewable building materials such as lower
embodied energy, lower CO2 emissions of buildings and
demand for in-use energy can be signiﬁcantly reduced
through passive environmental control [2]. Other advantages of bio-based materials include good speciﬁc strength,
lower density, economic viability, biodegradability, nonirritant nature and good heat capacity [3].
Several studies have discussed the ability of bio-based
materials used in construction to absorb and release moisture
in response to changes in relative humidity (RH) in the
surroundings which creates a breathable wall. These materials act as a hygric buffer and eventually reduce the energy
demands for air conditioning [4]. The response to varying
humidity conditions is linked to their pore structure and pore
connectivity where the moisture condenses and evaporates
on the surface of the material and within its pores. This leads
to an increased effective thermal mass, allowing the biobased material to behave as a thermal buffer in addition to
their hygric buffering characteristics [5].
Towards the end of the 20th century, a bio-based
building material was rediscovered which used the woody
core or shiv of hemp (Cannabis Sativa L.) and lime based
binders to produce hemp concrete. Hemp shiv has very low
conductivity compared to lime due to its porous structure.
Many studies have been conducted over the recent years to
optimise the hemp characteristics, curing conditions and
binder content during the production of hemp based concrete. Hemp insulation materials show good hygrothermal
properties by regulating humidity inside buildings and has
low environmental impact [6, 7]. The major constituents of
industrial hemp shiv are: cellulose (44%), hemicellulose
(18–27%), lignin (22–28%) and other components such as
extractives (1–6%) and ash (1–2%) [8].
Considering bio-based insulation material to be a part of
a vapour permeable wall, signiﬁcant beneﬁts can be
achieved such as better indoor air quality [9] and robustness
of fabric. For example when moisture is allowed to

penetrate through the fabric of the wall the risk of moisture
build-up is considerably reduced [10]. Under suitable
environmental conditions, bio-based materials are durable
and long-lasting. However, in presence of excess moisture,
these materials are susceptible to decay and therefore it is
not advisable to use them below damp proof courses or in
areas which could get wet.
Hemp shiv has tendency to absorb large amounts of
water due to its highly porous structure and presence of
hydrophilic hydroxyl groups in its structure. This leads to
certain disadvantages of using bio-based materials making
them incompatible with hydrophobic thermoset/thermoplastic polymers causing poor adhesion in the matrix
interface of the composites [11]. There is a high competition
between the binders used with bio-based material due to the
wide use of different binders in construction. Since the shiv
competes with the binder for the available water, purely
hydraulic binders like lime or cement cannot hydrate
completely, leading to a powdery inner core in the hemplime walls which is poorly bound.
As a result, during the manufacture of hemp concrete,
water is added in signiﬁcant excess amounts compared to
what is actually needed for the hydration of lime. This leads
to long drying times ranging from several months to over a
year which are not acceptable to be employed at an industrial scale [12]. Large water absorption capacity of biobased materials can even cause problems in the end product
stage when undesirable water comes in contact or if the
surroundings are humid. Previous studies have reported that
hemp shiv not only has higher water absorption rate but also
absorb high amounts of water in the very ﬁrst minutes
compared with other plant materials [13].
Several studies have reported the improvement in
mechanical properties of natural-ﬁbre composites through
alkali [14, 15], acetyl [16] and silane [17, 18] treatment of
plant ﬁbres. The chemical treatments react with the hydroxyl groups and improve the hydrophobic characteristics of
ﬁbres [19, 20]. The sol–gel technique is a highly versatile
method to deposit silica based coatings possessing single or
multi functionality [21–23]. These thin mesoporous coatings have high structural homogeneity and their adhesion
can be tailored to different substrates [24, 25]. Sol–gel
based hydrophobic and water-repellent coatings have been
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investigated on different plant based materials such as wood
[26, 27] and cellulosic based materials [28–30]. Wood and
cellulosic ﬁbres modiﬁed with sol–gel material showed
signiﬁcant reduction in ﬂammability and enhanced ﬁreresistance properties. [31, 32].
The objective of this work was to treat the hemp shiv
with a silica sol–gel coating functionalised with a hydrophobic agent in order to foster hydrophobicity of the hemp
shiv. Our work focuses on creating a breathable coating
around the shiv and investigate how the change in surface
chemistry can alter the physical properties of the hemp shiv.

2 Materials and methods
Hemp shiv used in this study was received from CAVAC, an
agricultural cooperative based in northwest France. The
sol–gel was synthesised by hydrolysis and condensation of
tetraethyl orthosilicate (TEOS) in ethanol and water. The
reaction was catalysed by nitric acid. 1 M of TEOS was added
to a mixture of 8 M distilled water, 4 M of absolute ethanol
and 0.005 M of nitric acid. 0.33 M of methyltriethoxysilane
(MTES) was added to the above mixture as the hydrophobic
agent. Finally, 0.33 M of drying control chemical additive N,
N-dimethylformamide was added. The sol was vigorously
stirred at 40 °C and atmospheric pressure for nearly 2 h. All
the chemicals were obtained from Sigma-Aldrich.
Gelation took place in situ in which pieces of hemp shiv
were dipped in the sol for 10 min and then carefully
removed and transferred onto a Petri dish. The samples
were placed in an oven at 40 °C for 1 h and then dried at
80 °C for 2 h. The residual water content was calculated by
sealing the oven dried samples in a glass tube under
vacuum, heating them at 150°C overnight and then
weighing the sample. The amount of residual water was
5 wt% for the sol–gel coated samples.
For preparation of the silica the sol was allowed to age in
a container to a gel state at room temperature for 48 h The gel
underwent dehydration at 80 °C for 120 h to obtain the silica.

2.1 Surface morphology
Photomicrographs of coated and uncoated hemp shiv samples were captured using a dual beam focused ion beam
(FIB) system model FEI Helios NanoLab 600. This system
is equipped with an extremely high resolution Elstar scanning electron microscopy (SEM) column and a ﬁne-probe
ion source. A high beam current of gallium ions was used
for site speciﬁc sputtering and milling to prepare a speciﬁc
area within the sample. All the samples were gold coated
using an Edwards Scancoat Gold Sputter Coater. A further
layer of platinum was deposited on the areas where higher
beam current of gallium ions was used.
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2.2 Water absorption test
To eliminate initial moisture content, the hemp shiv samples
were dried overnight in an oven at 80 °C and then weighed to
the nearest 0.1 mg. The samples were then completely
immersed in water without using any external force. Since the
density of shiv is lower than water, the samples were expected
to ﬂoat. Hence most of the water uptake observed was due to
capillary action. The samples were removed at frequent
intervals, shaking off any visible surface water and weighed
to the nearest 0.1 mg within 30 s of removal from water. Mass
readings were taken regularly for the next 24 h and the water
absorption was calculated by the mass change (%). The
readings reported were average of three measurements.

2.3 Dynamic vapour sorption
Isotherm analysis of uncoated and coated hemp shiv was
carried out using a dynamic vapour sorption apparatus
(DVS Advantage, Surface Measurement Systems). Hemp
shiv samples were prepared weighing ~15 mg and placed on
the sample holder, combined with a microbalance by a
hanging wire. The instrument was maintained at constant
temperature of 23 °C and the RH was increased in steps in
the following sequence (0, 10, 20, 30, 40, 50, 60, 70, 80 and
90% RH), before decreasing to 0% RH in the reverse order.
Each RH step change was programmed to move to the next
when the moisture content was stable for duration of at least
10 minutes (dm/dt < 0.002%). However, it should be noted
that the maximum time allowed for each RH step to reach
stability was 360 min. Previous studies have established that
this value allows for obtaining equilibrium moisture content
(EMC) values within 0.1% of the true equilibrium value
[33]. The target RH, actual RH, running time and sample
mass were recorded throughout the isotherm run.

2.4 Calculation of moisture content
Moisture content was calculated using the DVS data based
on the mass of treated and untreated shiv as per the following equations:
MC ¼

m2  m1
 100
m1

ð1Þ

m2  m1
 100
ð2Þ
m0
where MC is the measured EMC of uncoated and coated
shiv; MCR is the reduced EMC of coated shiv based on the
mass of shiv before coating; m0 is the dry mass of shiv
before coating; m1 is the dry mass of shiv after coating; m2
is the equilibrium mass of shiv at a given RH.
MCR ¼
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From the above equations, it is clear that for the uncoated
hemp shiv, EMC = MC = MCR. MC takes no account of
the fact that the mass of the sample is increased due to the
sol–gel coating layers. MCR, however, reﬂects the effect of
deposition of sol–gel coating layers on the
adsorption–desorption isotherms of hemp shiv. However,
Eq. (2) is not realistic as we are assuming that the sol–gel
coating does not adsorb any moisture. To differentiate
between surface effect and pore volume effect, Eq. (1) was
modiﬁed to employ volume instead of mass. The new
equation would be:
v2
 100
ð3Þ
v1
where MCvol is the moisture content by volume of water
adsorbed, v1 is the total accessible volume of the sample; v2
is the volume of adsorbed moisture at a given RH.
MCvol ¼

2.5 Porosity
The pore size distribution test was performed by using
Thermo Scientiﬁc Pascal Mercury Porosimeter Model 140
for low pressure and Model 440 for high pressure. The
pressure range for the test was between 0.1 KPa to 400 MPa
and the pore size measuring range was 116 μm to 3.6 nm.
Pressure, pore diameter and intrusion volume were automatically registered.

2.6 Fourier transform infrared spectroscopy
Fourier transform infrared (FTIR) analysis on treated and
untreated hemp shiv was carried out by using a PerkinElmer
FTIR spectrometer model Frontier. Transmittance spectra
were collected with 2 cm−1 resolution and 10 scans were
accumulated for each spectrum in the range 4000–600 cm−1.
For analysis of the silica, specimens were crushed into
powder and then grounded with KBr to produce pellets.

2.7 Thermal analysis
Thermal analysis of the uncoated and sol–gel coated samples was conducted by thermogravimetric analysis (TGA)
using equipment STA 449 F1 Jupiter (Netzsch, Germany).
The samples were heated at a rate of 10 K min−1 from 25 to
800 °C under nitrogen atmosphere purged at 30 ml min−1
using an alumina crucible.

3 Results and discussion
The water-repellent sol–gel coatings were prepared using
MTES as the additive during the sol synthesis. In the present work, the co-precursor method of sol–gel synthesis was

Fig. 1 Structure of an a MTES molecule, b TEOS molecule and c
scheme for deposition of sol–gel coating on shiv surface

followed based on the simplicity of the process. In the
sol–gel process, TEOS is hydrolysed and condensed to form
a SiO2 network which is linked to the raw material through
the hydroxyl sites of cellulose present in the hemp shiv. On
addition of MTES as a co-precursor during the sol–gel
processing, the hydroxyl groups on the silica clusters are
replaced by the –Si–CH3 groups through –O–Si–CH3 bonds
as seen in Fig. 1. The hydrophobicity of the sol–gel coatings
is due to the attachment of –Si–CH3 groups on the SiO2
network through oxygen bonds. Hence, by increasing the
numbers of layers of the sol–gel coating a reduction of the
hydroxyl sites on cellulose was obtained. Conversely the
number of –SiCH3 groups increased, which provided
increased performance of the substrate (shiv) against water
repellence.

3.1 Characterisation of the surface morphology
The sol–gel coating affected the surface morphology of the
hemp shiv. Figure 2 shows the SEM micrographs of the
surface of hemp shiv before and after treatment. Hemp shiv
treated with a single layer of sol–gel coating demonstrates a
more uniform surface compared to the untreated shiv.
However, when the hemp shiv was treated with ten layers of
the sol–gel coating, the formed ﬁlm showed extensive
cracks as seen in Fig. 2c.
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Fig. 3 SEM/FIB micrographs of hemp shiv a one layer of sol–gel
coating and b ten layers of sol–gel coating

Fig. 2 SEM micrographs of hemp shiv a uncoated, b one layer of
sol–gel coating and c ten layers of sol–gel coating

The morphology of the sol–gel modiﬁed hemp shiv was
determined from an FIB cross section. Figure 3 shows the
SEM micrographs of the coating layer. FIB was used to cut
a section (40×30 µm and around 20 µm deep) on the surface
of hemp shiv. Thin cracks were observed in the sol–gel
coating formed on the surface of shiv. Ten layers of the
sol–gel coating provided complete shielding of the shiv
surface. FIB cross section of this piece of shiv showed that
the sol–gel coating had penetrated deep into the shiv.
The sol–gel coating increased the mass of the hemp shiv
as seen in Fig. 4. During the ﬁrst dip, most of the sol is
absorbed into the cell wall of the shiv resulting in a very
thin ﬁlm on the entire shiv surface including pits. A single
layer of sol–gel coating on the shiv resulted in 30% overall
mass gain. This is in agreement with sol–gel coatings on
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Fig. 4 Mass gain of hemp shiv with sol–gel coatings

wood resulting in 25–35% mass gain due to the absorption
of coatings within the cell wall [27, 34]. Further coatings on
the same piece of shiv showed that the mass gain followed a
linear trend. Further layers resulted mainly in an increased
thickness of the coating on the shiv surface as well as within
the pits thereby the effect was a shielded pore structure as
seen with the SEM (Fig. 3b).

3.2 Characterisation of surface chemistry
Figure 5 shows the FTIR spectra of uncoated and sol–gel
coated hemp shiv and the peaks are listed in Table 1. The
reduction of free water bands corresponding to the wave
number interval 3300–3400 cm−1 in the coated shiv indicates that the coating has enhanced the water repellence of
hemp shiv. Other wavenumbers that conﬁrm the presence of
sol–gel coating on the surface of shiv are 940 cm−1 corresponding to vibration of Si–OH bonds and 780 cm−1
associated with molecules due to incomplete hydrolysis of
TEOS. It is also observed in Fig. 5b that coating the shiv
results in loss of peak intensity in the region 1200–1800 cm
−1
thereby masking the functional groups present on the
surface of hemp shiv.
The region below 1000 cm−1 highlight the presence of
Si–OH and Si–O–Si bonds although this cannot prove the
covalent grafting of sol–gel coating onto C–OH of cellulose
or hemicellulose. From the FTIR signals, one can prove, at
best, that silica has been added on to the hemp shiv surface.
For conﬁrmation of covalent bonding between hemp shiv
and the sol–gel network, further analysis is recommended.

3.3 Water absorption
The percentage of distilled water absorption (WA %) for
hemp shiv was calculated using the following equation:
WA% ¼

Sample wet weight  Sample dry weight
 100
Sample dry weight
ð3Þ

Fig. 5 FTIR spectra of silica, uncoated and coated hemp shiv in a
600–4000 cm−1 region and b 600–2000 cm−1 region

It is a measure for percent relative increase in weight due
to water retention within the sample. Figure 6 depicts the
distilled water absorption uptake at room temperature over a
period of 24 h for different hemp shiv samples with multiple
coating layers.
It can be seen that hemp shiv absorbs a large amount of
water within the ﬁrst few minutes of dipping. Hemp shiv
without any coatings shows the maximum water absorption
with 400% increase in its original mass. This was mainly due
to highly porous structure of hemp shiv as well as its tendency to absorb water due to its hydrophilic nature. A single
coating layer on the hemp shiv reduces the water absorption
by 200%. This proves the coating layer with hydrophobic
functional groups provides water resistance to the hemp shiv.
Further coating layers on the shiv show an increased water
resistance which can be attributed to the decrease in porosity
reported in the next section of this paper.
Based on our experimental data, a water absorption
model was used to determine the parameters reported in
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Table 1 FTIR peaks corresponding to the source [15, 35–37]
Wavenumber (cm−1)

Vibration

Source

3341

O–H stretch

Polysaccharides

2918

C–H vibration

Polysaccharides

2851

CH2 stretch

Wax

1742–1733

C=O stretch in unconjugated ketone, carbonyl and ester
groups

Hemicellulose, wax

1605–1639

C=C stretch

Lignin

1630–1660

−OH

Adsorbed water

1424

CH2 bending, C=C stretching in aromatic group, CH in
plane deformation

Cellulose, lignin

1373

CH bending

Cellulose

1319

C–C stretch, CH2 vibration

Lignin, cellulose

1027

C–C, C–OH, C–H ring and side group vibration

Hemicellulose, pectin
Silica

1000–1100

Si–O–Si

940–960

Si–OH

Silica

896

C–O–C glycosidic stretch, O–H bending

Polysaccharides

780–800

Si–O–Si, SiOCH2CH3—incomplete hydrolysis of TEOS

Silica

where WAðtÞ is the water absorption (in percent), a and b
are constants that are determined by the curve ﬁtting procedure and t is the time in hours. This two parameter
equation did not ﬁt well with our experimental data.
Modifying Eq. (4) by an additional parameter [39, 40]
describes our experimental data more accurately:
WAðtÞ ¼ að1  expðbt ÞÞc

Fig. 6 Dependence of water absorption on time for varying coating
layers on hemp shiv
Table 2 Water absorption parameters for hemp shiv samples
Coating layers

Eq. (5) parameters
a

b

c

R2

Uncoated

1198.0

0.97 × 10−7

0.1327

0.9504

1

182.2

0.0033

0.334

0.9814

2

173.9

0.0006

0.2446

0.9975

5

93.89

0.0019

0.307

0.9821

8

72.81

0.0027

0.2978

0.9948

10

53.41

0.0066

0.2611

0.9365

Table 2. An empirical equation proposed by Tajvidi and
Azad [38] described the dependence of water absorption on
time as follows:
WAðtÞ ¼ að1  expðbt ÞÞ

ð4Þ

ð5Þ

where c is the third constant determined by the curve ﬁtting
procedure
The values of WA and the constants (a, b and c) for
uncoated and coated hemp shiv samples were obtained from
curve ﬁtting using MATLAB. Figure 6 shows that Eq. (5)
ﬁtted well with the water absorption data of the samples
with R2 values varying between 0.9365 and 0.9975.
In our case, the coated hemp shiv samples reached
equilibrium during the measurement which corresponds
well with the saturation value given by parameter ‘a’ of Eq.
(5). However, from the experimental data in Fig. 6, it can be
seen that uncoated hemp shiv does not reach equilibrium
and would continue to absorb water after the test. The curve
ﬁtting data for uncoated hemp shiv estimated that at
saturation, the maximum water uptake would be 1200%
increase in its initial mass. From Table 2, it can be seen that
a single layer of sol–gel coating signiﬁcantly reduces the
parameter ‘a’ corresponding to the water absorption at
saturation. This can be attributed to the water-repellent
behaviour of the sol–gel coating on hemp shiv. Further
coating layers enhance the water repellence of the hemp
shiv thereby reducing their water uptake at saturation.
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Fig. 7 Adsorption–desorption isotherm by mass of uncoated and
coated hemp shiv
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Fig. 8 Adsorption–desorption isotherm by volume of uncoated and
coated hemp shiv

3.4 Dynamic vapour sorption
The adsorption–desorption isotherm of uncoated and coated
hemp shiv was determined at 23 °C using the DVS equipment over a RH range 0–90% (Fig. 7). The sol–gel coating
caused a reduction in measured moisture content (MC)
during the adsorption–desorption process. However, the
reduced moisture content (MCR) of coated shiv calculated
using Eq. (2) show only a marginal difference compared to
the MC of uncoated shiv. This can be explained due to the
fact that the mass of coated shiv (m1) is always higher than
the mass of untreated hemp shiv (m0) due to coating layer.
Therefore from Eqs. (1) and (2), MC = MCR for uncoated
hemp shiv but for coated shiv MC is lower than MCR [33].
At the highest RH (90%), uncoated hemp shiv reached a
MC of 19.41% whereas the values obtained for the MC of
the coated shiv with 1 and 10 layers were 12.28% and
8.06%, respectively. Considering the mass increased due
the sol–gel coating on the hemp shiv, the MCR of the coated
shiv with 1 and 10 layers were 16.21% and 17.34%,
respectively.
Figure 8 represents the moisture adsorption data relating
to volume of water condensed in the pores. From the DVS
data, the mass of water adsorbed at each RH can be converted into volume and compared with the total accessible
volume of hemp shiv. This analysis is valid based on the
assumption that water is in the liquid state upon adsorption
in the pores.
It can be seen from Figs. 7 and 8 that the curves for MC
and MCvol are different. The lower adsorption values in for
the coated shiv in Fig. 7 are due to hydrophobic groups
present on the surface of hemp shiv. However, the reduced
hysteresis between the adsorption and desorption curves for
the coated hemp shiv indicates that the condensed water
does not penetrate deep into the shiv structure. The selected
sol–gel formulation is able to provide only a certain level of

Fig. 9 Pore volume distribution of uncoated and coated hemp shiv

hydrophobicity to the hemp shiv as the concentration of the
MTES is kept constant for all the coating layers. The
sol–gel coating interacts with the hydroxyl groups on hemp
shiv thereby reducing mass of water adsorbed. Moreover, it
can be seen in Fig. 8 that hemp shiv with 10 layers of
sol–gel coating still adsorbs similar vol% of water as the
single coated shiv due the presence of smaller pores that are
not blocked by the sol–gel coating.
The high values of EMC can be explained by the fact that
raw hemp shiv has a high content of cellulose with large
number of accessible OH groups. However, modifying the
hemp shiv surface with sol–gel coating blocks the free OH
groups on the surface, thereby reducing the moisture adsorption capability to a certain extent but does not seal the pores.

3.5 Porosity
The porosity distribution of uncoated and coated shiv is
given in Figs. 9 and 10. Raw hemp shiv shows higher
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Fig. 11 TGA thermograms of silica, uncoated and coated shiv samples
Fig. 10 Pore size distribution of uncoated and coated hemp shiv

porosity (78%) compared to the coated shiv with a single
sol–gel layer (76%) and shiv with 10 layers of sol–gel
coating (66%). From Fig. 9 it can be seen the uncoated
hemp shiv has a larger cumulative pore volume compared to
the coated shiv. This decrease in pore volume can be
explained due the effect of the sol–gel coating reducing the
size of the pores.
Figure 10 shows that the single sol–gel layer reduced the
diameter of the larger pores, mainly in the range of 0.5 to
50 µm. Increasing the numbers of sol–gel layers on the shiv
signiﬁcantly reduce the pore size, possibly blocking some of
the capillary pores completely. However, it may be noted
that despite the single sol–gel layer on the shiv, the volume
of smaller pores has increased and a reﬁnement of the pore
size in the range of 10 µm can be observed. It can be
inferred that the deposition of the sol–gel coating has successfully taken place onto the hemp shiv surface. Therefore,
the coated hemp shiv is capable of adsorbing moisture
through the smaller pores whereas the water uptake is
considerably reduced due to decrease in the larger pores as
seen in the previous sections.

3.6 Thermal analysis
The TGA weight loss curves in a nitrogen atmosphere for
silica, uncoated and sol–gel coated hemp shiv samples are
shown in Fig. 11. The thermogravimetric proﬁles are
summarised in Table 3. The uncoated and coated shiv
samples degraded in three stages. The ﬁrst stage which
occurs below 100 °C mainly due to moisture evaporation,
was higher in uncoated shiv compared to sol–gel coated
shiv samples. This can be related to the binding of the silica
network to the free hydroxyl groups in the coated shiv
samples.
The second degradation stage occurs around 300 °C
which is due to the thermal depolymerisation of

Table 3 Decomposition temperatures of silica, uncoated and coated
hemp shiv
T5 (°C)

T50 (°C)

Tmax (°C)

Residue

Uncoated shiv

50

325

329

17.5%

Shiv—1 coat

185

415

325

41.9%

Shiv—10 coats

180

–

334

63.5%

Silica

96

–

170

69.7%

Samples

hemicellulose. The third peak observed at 330 °C is mainly
due to cellulose and lignin decomposition. It can be seen
from Fig. 10 that increasing the number of layers of the
sol–gel coating on the shiv caused a shift in the TGA curves
improving the thermal stability compared to the uncoated
hemp shiv.

4 Conclusion
Sol–gel technology has proved successful in modifying a
highly hydrophilic bio-based material into a water-resistant
building material. Deposited silica based sol–gel coating
alters the morphology of hemp shiv, by penetrating the shiv
structure thereby reducing the pore size and total pore
volume of the hemp shiv. On one hand a cross linked
network is formed between the silica (sol–gel coating) and
the free hydroxyl groups on the surface of the shiv. On the
other hand, the moisture sorption ability is not compromised
which means the shiv retains its hygroscopic properties.
Sol–gel coated hemp shiv showed improved thermal stability and good water resistance. It has also potential to be
mixed with binders to produce composites with better
interfacial adhesion, lower drying times, provide ease of
handling during the manufacturing stage and ultimately a
more robust bio-based thermal insulation building material.

196
Acknowledgements The work was supported by the ISOBIO project
funded by the Horizon 2020 programme [Grant number 636835 –
ISOBIO – H2020-EeB-2014-2015]. We would also like to acknowledge the EPSRC Centre for Decarbonisation of the Built Environment
(dCarb) [grant number EP/L016869/1]. The ISOBIO project aims to
develop and bring new bio-based insulation panels and renders into the
mainstream for the purpose of creating more energy efﬁcient buildings.
The contents of this publication are the sole responsibility of the
authors and can in no way be taken to reﬂect the views of the European
Union. All data are provided in full in the Results section of this paper.

Journal of Sol-Gel Science and Technology (2018) 86:187–197

11.

12.

13.

Compliance with ethical standards
Conﬂict of interest The authors declare that they have no conﬂict of
interest.
Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

14.

15.

16.

17.

References
1. Faruk O, Bledzki AK, Fink HP, Sain M (2012) Biocomposites
reinforced with natural ﬁbers: 2000-2010. Prog Polym Sci
37:1552–1596. https://doi.org/10.1016/j.progpolymsci.2012.04.
003
2. Lawrence M (2015) Reducing the environmental impact of construction by using renewable. Mater J Renew Mater 3:163–174.
https://doi.org/10.7569/JRM.2015.634105
3. Dhakal HN, Zhang ZY, Richardson MOW (2007) Effect of water
absorption on the mechanical properties of hemp ﬁbre reinforced
unsaturated polyester composites. Compos Sci Technol
67:1674–1683. https://doi.org/10.1016/j.compscitech.2006.06.019
4. Tran LeAD, Maalouf C, Mai TH et al. (2010) Transient hygrothermal behaviour of a hemp concrete building envelope. Energy
Build 42:1797–1806. https://doi.org/10.1016/j.enbuild.2010.05.
016
5. Hills CAS, Norton AJ, Newman G (2009) NFI–the importance of
hygroscopicity in providing indoor climate control. In: Proceedings of the 11th international conference on non-conventional.
materials and technologies (NOCMAT), University of Bath, Bath,
UK, 6–9 September 2009
6. Latif E, Tucker S, Ciupala MA et al. (2014) Hygric properties of
hemp bio-insulations with differing compositions. Constr Build
Mater 66:702–711. https://doi.org/10.1016/j.conbuildmat.2014.
06.021
7. Collet F, Chamoin J, Pretot S, Lanos C (2013) Comparison of the
hygric behaviour of three hemp concretes. Energy Build
62:294–303. https://doi.org/10.1016/j.enbuild.2013.03.010
8. Kidalova L, Stevulova N, Terpakova E (2015) Inﬂuence of water
absorption on the selected properties of hemp hurds composites.
Pollack Period. https://doi.org/10.1556/Pollack.10.2015.1.12
9. Osanyintola OF, Simonson CJ (2006) Moisture buffering capacity
of hygroscopic building materials: experimental facilities and
energy impact. Energy Build 38:1270–1282. https://doi.org/10.
1016/j.enbuild.2006.03.026
10. Zhang H, Yoshino H, Hasegawa K (2012) Assessing the moisture
buffering performance of hygroscopic material by using

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

experimental method. Build Environ 48:27–34. https://doi.org/10.
1016/j.buildenv.2011.08.012
Gassan J, Gutowski VS, Bledzki AK (2000) About the surface
characteristics of natural ﬁbres. Surf Eng 283:132–139. https://doi.
org/10.1002/1439-2054(20001101)283:1<132::AIDMAME132>3.0.CO;2-B
Arnaud L, Gourlay E (2012) Experimental study of parameters
inﬂuencing mechanical properties of hemp concretes. Constr
Build Mater 28:50–56. https://doi.org/10.1016/j.conbuildmat.
2011.07.052
Kymäläinen HR, Hautala M, Kuisma R, Pasila A (2001) Capillarity of ﬂax/linseed (Linum usitatissimum L.) and ﬁbre hemp
(Cannabis sativa L.) straw fractions. Industrial Crops and products
14:41-50
Kabir MM, Wang H, Lau KT et al. (2012) Mechanical properties
of chemically-treated hemp ﬁbre reinforced sandwich composites.
Compos Part B Eng 43:159–169. https://doi.org/10.1016/j.
compositesb.2011.06.003
Mwaikambo LY, Ansell MP (2002) Chemical modiﬁcation of
hemp, sisal, jute, and kapok ﬁbers by alkalization. J Appl Polym
Sci 84:2222–2234. https://doi.org/10.1002/app.10460
Bledzki AK, Mamun AA, Lucka-Gabor M, Gutowski VS (2008)
The effects of acetylation on properties of ﬂax ﬁbre and its
polypropylene composites. Express Polym Lett 2:413–422.
https://doi.org/10.3144/expresspolymlett.2008.50
Abdelmouleh M, Bouﬁ S, Belgacem MN, Dufresne A (2007)
Short natural-ﬁbre reinforced polyethylene and natural rubber
composites: effect of silane coupling agents and ﬁbres loading.
Compos Sci Technol 67:1627–1639. https://doi.org/10.1016/j.
compscitech.2006.07.003
Abdelmouleh M, Bouﬁ S, Ben Salah A et al. (2002) Interaction of
silane coupling agents with cellulose. Langmuir 18:3203–3208.
https://doi.org/10.1021/la011657g
Valadez-Gonzalez A, Cervantes-Uc JM, Olayo R, Herrera-Franco
PJ (1999) Effect of ﬁber surface treatment on the ﬁber-matrix
bond strength of natural ﬁber reinforced composites. Compos Part
B Eng 30:309–320. https://doi.org/10.1016/S1359-8368(98)
00054-7
Belgacem MN, Gandini A (2005) The surface modiﬁcation of
cellulose ﬁbres for use as reinforcing elements in composite
materials. Compos Interfaces 12:41–75. https://doi.org/10.1163/
1568554053542188
Brinker C, Scherer G (1990) Sol-gel science: the physics and
chemistry of sol-gel processing. Adv Mater 3:912. https://doi.org/
10.1186/1471-2105-8-444
Mahadik SA, Pedraza FD, Relekar BP et al. (2016) Synthesis and
characterization of superhydrophobic–superoleophilic surface. J
Sol Gel Sci Technol 78:475–481. https://doi.org/10.1007/s10971016-3974-7
Ismail WNW (2016) Sol–gel technology for innovative fabric
ﬁnishing—a review. J Sol Gel Sci Technol 78:698–707. https://
doi.org/10.1007/s10971-016-4027-y
Calabria AJ, Vasconcelos WL, Daniel DJ et al. (2010) Synthesis
of sol–gel titania bactericide coatings on adobe brick. Constr
Build Mater 24:384–389. https://doi.org/10.1016/j.conbuildmat.
2009.08.020
Tang X, Yan X (2017) Dip-coating for ﬁbrous materials:
mechanism, methods and applications. J Sol Gel Sci Technol
81:378–404. https://doi.org/10.1007/s10971-016-4197-7
Wang S, Liu C, Liu G et al. (2011) Fabrication of superhydrophobic wood surface by a sol-gel process. Appl Surf Sci
258:806–810. https://doi.org/10.1016/j.apsusc.2011.08.100
Donath S, Militz H, Mai C (2004) Wood modiﬁcation with
alkoxysilanes. Wood Sci Technol 38:555–566. https://doi.org/10.
1007/s00226-004-0257-1

Journal of Sol-Gel Science and Technology (2018) 86:187–197
28. Mahltig B, Böttcher H (2003) Modiﬁed silica sol coatings for
water-repellent textiles. J Sol Gel Sci Technol 27:43–52. https://
doi.org/10.1023/A:1022627926243
29. Bae GY, Min BG, Jeong YG et al. (2009) Superhydrophobicity of
cotton fabrics treated with silica nanoparticles and water-repellent
agent. J Colloid Interface Sci 337:170–175. https://doi.org/10.
1016/j.jcis.2009.04.066
30. Hussain A, Calabria-Holley J, Schorr D et al. (2018) Hydrophobicity of hemp shiv treated with sol-gel coatings. Appl Surf
Sci 434:850–860. https://doi.org/10.1016/j.apsusc.2017.10.210
31. Mastalska-Popławska J, Pernechele M, Troczynski T, Izak P
(2017) Thermal properties of silica-coated cellulose ﬁbers for
increased ﬁre-resistance. J Sol Gel Sci Technol 83:683–691.
https://doi.org/10.1007/s10971-017-4445-5
32. Garcia AR, Júlio MF, Ilharco LM (2017) A cork–silica xerogel
nanocomposite with unique properties. J Sol Gel Sci Technol
83:567–573. https://doi.org/10.1007/s10971-017-4436-6
33. Xie Y, Hill CAS, Xiao Z et al. (2010) Silane coupling agents used
for natural ﬁber/polymer composites: a review. Compos A Appl
Sci Manuf 41:806–819. https://doi.org/10.1016/j.compositesa.
2010.03.005
34. Tshabalala MA, Kingshott P, Vanlandingham MR, Plackett D
(2002) Surface chemistry and moisture sorption properties of
wood coated with multifunctional alkoxysilanes by sol-gel process. J Appl Polym 88:2828–2841.

197
35. Han Y-H, Taylor A, Mantle MD, Knowles KM (2007) Sol–gelderived organic–inorganic hybrid materials. J Non Cryst Solids
353:313–320. https://doi.org/10.1016/j.jnoncrysol.2006.05.042
36. Wang B, Sain M, Oksman K (2007) Study of structural morphology of hemp ﬁber from the micro to the nanoscale. Appl
Compos Mater 14:89–103. https://doi.org/10.1007/s10443-0069032-9
37. Schwarzova I, Stevulova N, Singovszka E, Terpakova E (2015)
Surface treated natural ﬁbres as ﬁller in biocomposites. IOP Conf
Ser Mater Sci Eng 96:12028. https://doi.org/10.1088/1757-899X/
96/1/012028
38. Azad F, Tajvidi M (2009) Effect of particle size, ﬁber content and
compatibilizer on the long-term water absorption and thickness
swelling behavior of reed ﬂour/polypropylene composites
MEHDI. J Reinf Plast Compos 28:2341–2351. https://doi.org/10.
1177/0731684408091954
39. Abu-Jdayil B, Mourad AH, Hussain A (2016) Thermal and physical characteristics of polyester-scrap tire composites. Constr
Build Mater 105:472–479. https://doi.org/10.1016/j.conbuildmat.
2015.12.180
40. AlMaadeed MA, Nógellová Z, Mičušík M et al. (2014)
Mechanical, sorption and adhesive properties of composites based
on low density polyethylene ﬁlled with date palm wood powder.
Mater Des 53:29–37. https://doi.org/10.1016/j.matdes.2013.05.
093

