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Abstract

This study focuses on the development of novel bio-composites using a silica matrix that
provides dual functionality: as a hydrophobic surface treatment and as a binder for hemp-shiv.
The hydrophilic nature of hemp shiv, a plant based aggregate, results in composites having
poor interfacial adhesion, weak mechanical properties and long drying times. In this work, sol-
gel process has been utilised to manufacture durable low density hemp based composites.
Morphological characterisation by scanning electron microscopy (SEM) showed that hemp shiv
was embedded well in the matrix. Detailed chemical analysis using x-ray photoelectron
spectroscopy (XPS) and gas chromatography-mass spectrometry (GC-MS) indicate the
presence of water soluble and ethanol soluble extractives leached from the hemp shiv which
are incorporated into the silica matrix inducing the binding effect. The composites were water
resistant and showed good mechanical performance having the potential to develop novel

thermal insulation building materials.
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1. Introduction

Bio-based materials have become increasingly popular for producing economical engineering

materials in the building and construction industry. Composites manufactured using the woody
core of the hemp plant (Cannabis Sativa L.) known as shiv have been adopted by the building
industry. Lightweight composites from hemp shiv possess excellent hygroscopic [1,2], thermal

[3,4] and biodegradable [5] properties.

Hemp shiv has low density due to its high porosity and it tends to absorb large amounts of water
[6]. The hydrophilic nature of bio-based materials makes them incompatible with hydrophobic
thermoset/thermoplastic polymers [7]. On the other hand, 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 hemp-lime walls which is poorly bound [8].
The issue of adhesion with hemp-lime has stimulated considerable investment in hemp-specific
lime based binders. The most recent generation of binders utilises high specific surface area
lime in order to obtain a more reactive binder, however, they are still susceptible to adhesion
issues. Pre-fabrication of panels or blocks ensures factory controlled conditions which reduce
the extremes of adhesion issues (e.g. extensive flouring), but there still remains the inherent
issue that the soluble sugars on the surface of the shiv interfere with the hydration of the
binders, resulting in lower strength composites [9]. The durability of the material is compromised
due to high moisture uptake as colonial fungal growth is encouraged resulting in cell wall

degradation [10].

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%) [11,12].
Extractives include numerous low molecular mass compounds such as fatty acids, waxes,
sterols, triglycerides, steryl esters, glycosides, fatty alcohols, terpenes, phenolics, simple
sugars, alkaloids, pectins, gums and essential oils. It is well known that extractives can be
isolated using polar and non-polar solvents. Volatile extractives are represented by highly
volatile compounds which can be separated by water distillation. They are mainly composed of

monoterpenes and other volatile terpenes including terpenoids as well as many different low
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molecular weight compounds. Water-soluble compounds consist of various phenol compounds,
carbohydrates, glycosides and soluble salts, which can be extracted by cold or hot water [13—
15]. Lipophilic extractives are insoluble in water but soluble in organic solvents such as hexane,
dichloromethane, diethyl ether, acetone or ethanol [16]. Lipophilic extractives also known as
plant-resins are divided into free acids, e.g. resin acid and fatty acid, and neutral compounds,
e.g. fats and waxes. Extractives from bio-based materials can have a tacky nature forming pitch

deposits which is considered to be a major problem in the paper and pulp industry [17].

Natural fibre composites have low durability and tend to absorb large amounts of moisture
weakening interfacial adhesion and degradation, although this property can be improved by
treatment of the fibres [18—20]. Physical approaches such as plasma, ultraviolet or corona
treatment modify the fibre surface for enhancing roughness and interfacial adhesion. Chemical
treatments such as alkaline, silane and acetylation offer better improvements than physical
methods enhancing hydrophobicity and roughness of the fibres resulting in better interfacial
bonding [20-24]. Addition of silica particles into polymeric matrix has also been used to
enhance the mechanical properties of natural fibre reinforced composites [25]. Hydrolysed
silanes can chemically attach to the hydroxyl group of fibres, but they are known to provide only
a limited improvement in the mechanical properties of the resulting fibre composite due to their
physical compatibility with the matrix. The strength of natural fibre composites can be increased
if covalent bonds are present between the silane treated fibre and matrix [19,20]. Therefore
there is a need to develop novel composites that possess good interfacial bonding and at the
same time utilise the benefits of chemically treated bio-based aggregates being resistant to

water and degradation.

The work reported in this paper is carried out under the ISOBIO project which aims to develop
hygrothermally efficient bio-based building insulation panels with low embodied energy and low
embodied carbon. We have previously reported that the silica based treatment can provide
hydrophobicity to hemp shiv [26] without compromising its moisture buffering capacity as the

pores are not totally blocked by the coating [27]. The aim of this paper is to demonstrate the use
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of a hydrophobic silica treatment as a binder for hemp shiv to produce novel robust light weight

composites with enhanced water resistance.

2. Materials

Hemp shiv used in this study was received from CAVAC, an agricultural cooperative based in
north-west France. Tetraethyl orthosilicate (TEOS, 98%), hexadecyltrimethoxysilane (HDTMS,

85%), nitric acid (70%) and absolute ethanol were obtained from Sigma-Aldrich.

2.1 Silica formulation and preparation

The silica based binder was synthesised by hydrolysis and condensation of TEOS in ethanol
and water. The reaction was catalysed by nitric acid. For the preparation of the silica, 1M of
TEOS was added to a mixture of 4M distilled water, 4M of absolute ethanol and 0.005M of nitric
acid. 0.015M of HDTMS was added to the above mixture as the hydrophobic agent. The sol
was vigorously stirred at 40 °C and atmospheric pressure for nearly 2 hours. The sols were

allowed to age for 96 hours in closed container at room temperature.

For the preparation of the silica glass, the sol was aged in a container at room temperature until
the gel point was reached. The gel-point was taken as the time when the sol did not show any
movement on turning the container upside down. For analysis of the binder, the left-over sol
contaminated with leached out hemp shiv extractives was aged in a container until the gel point
was reached and the specimen was termed the “binding matrix”. A schematic illustration of silica

glass has been presented in Figure 1.
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Figure 1. Schematic illustration of the silica glass.

2.2 Binder characterisation

The surface morphology of the specimens was characterised using a scanning electron
microscope (SEM), JEOL Corporation Model SEM-6480LV (Tokyo, Japan) operating at an
accelerating voltage of 10 kV. The specimens were coated with gold using an HHV500 sputter
coater (Crawley, UK) to prevent charging and to achieve high quality images of morphological
characteristics. Energy dispersive X-ray spectroscopy (Oxford INCA) was used to characterise

the elemental composition of the specimens.

The surface elemental and chemical composition of the specimens were analysed using X-ray
photoelectron spectroscopy (XPS). Prior to XPS analysis, samples were oven-dried at 80 °C for
96 hours. XPS spectra of the samples were recorded with an X-ray photoelectron spectrometer
(Kratos Axis Ultra, UK). All spectra were collected using a monochromatic Al Ka X-ray source
operated at 300 watts. The lateral dimensions of the samples were 800 microns x 400 microns,
corresponding to spot size of the Al Ka X-ray used, and probing depth was approximately 5
nanometres. For each sample, two spectra were recorded: (i) survey spectra (0—-1150 eV, pass
energy 160 eV, and step size 1eV) recorded for apparent composition calculation; and (ii) high-

resolution C1s, O1s and Si 2p spectra (within 20 eV, pass energy 20 eV and step size within
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0.05eV) recorded to obtain information on chemical bonds. Calculation of the apparent relative
atomic concentrations was performed with the CasaXPS software. Peak fitting was performed
with CasaXPS, which automatically and iteratively minimizes the difference between the
experimental spectrum and the calculated envelope by varying the parameters supplied in a first

guess.

Thermal analysis of the samples was carried out by simultaneous thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) using the STA 449 F1 Jupiter thermal
analyser (Netzsch, Germany). The specimens were heated at a rate of 10 °C/min from 25 to

950 °C under nitrogen atmosphere purged at 30 ml/min using an alumina crucible.

2.3 Extractive Analysis

For isolation of the extractives, oven dried hemp shiv pieces were immersed in a solution
containing a mixture of ethanol and water in the molar ratio 1:1 to represent the solvent ratio
used in the sol formulation. Extraction of the hemp shiv samples was done using Soxhlet
apparatus for 2 h at 80 °C. The extract was evaporated to dryness using a rotary evaporator
and placed overnight in a vacuum oven. The dried extract was re-suspended in hexane and
methylene chloride for chromatographic analysis of the lipophilic fraction. Gas chromatography—
mass spectrometry (GC-MS) analysis was performed on a Varian CP 3800 gas chromatograph
coupled to a mass spectrometer detector (Varian Saturn 2000 MS/MS, 40-650 a.m.u.). The GC
oven was kept at 50 °C for 5 min and then heated to 250 °C at 5 °C/min. The final temperature
was held for 2 min. The injector temperature was set at 250 °C. Helium was used as the carrier
gas at a flow rate 1.0 ml/min. 1 pl of oil (solvent extractive) was injected using a rear injector
type 1177 with a split ratio 1:10. The spectrometer was operated in the electron impact mode
using 30 YA emission current and mass range m/z 40-600. Peaks were quantified by area and
the compounds were identified by comparing the mass spectra with those from Wiley and NIST

computer libraries.
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2.4 Preparation of composite samples

Mixing of the constituent materials, hemp shiv (75 vol%) and sol (25 vol%), were carried out
manually to achieve a uniform mixture. The mass of the materials was pre-calculated to target a
final density of 175 kg/m? for the composites. Aggregates of hemp shiv were mixed with the sol
and then placed into a phenolic ply mould, tamped down and left overnight in the oven at 80 °C.
The specimens were removed from the moulds and transferred to a conditioning room at 19 °C
and 50% relative humidity. Another set of samples were prepared by mixing hemp shiv (75
vol%) and ethanol-water solution (25 vol%) and rest of the conditions were kept constant as

described above.

2.5 Composite characterisation

Compressive tests were conducted on 100mm cube samples using an Instron 50 KN testing rig
at a controlled displacement rate of 3 mm/min; the inbuilt instrumentation was used to both
record load and platen displacement at a resolution of one data point per 0.1 s. A durability test
was performed to determine the robustness of the binder. Composite samples were fully
immersed in water for 24 hours at 20 °C. The samples were removed from water and placed in
an oven at 80 ° for complete drying until no further mass change was observed. Compression
tests were performed on these samples and the results were compared with control samples.
Prior to compression testing, the samples were placed in a conditioning room at 19 °C and 50%
relative humidity for at least 24 hours. The tests were performed in triplicate and the average

reading was reported.
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3. Results

3.1 Morphology characterisation

The morphology of the silica glass, hemp shiv composite and the binding matrix is presented in
Figure 2. The silica glass (figure 2A) has a smooth texture and is classically brittle when
compared to the binding matrix (Figure 2B) which exhibits some spallation. In general, the hemp
shiv particles are well embedded in the matrix due good interaction between the hemp shiv and

binding matrix. However, some minor cracks appear in the matrix (Figure 2C) which could be a

result of shrinkage during drying of the gel.

Hémp shiv
i . ‘\‘.
Bindinﬂg_ﬁmatrix
, 5\

Figure 2. SEM micrographs of (A) silica glass, (B) binding matrix and (C) hemp shiv composite.

3.2 Chemical characterisation
The EDX analysis (Table 1) shows the surface composition of the silica specimens. The
percentage of carbon is significantly higher in the binding matrix than the silica glass. The

presence of carbon in the silica glass is due to the alkyl groups providing functionalisation.
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Table 1. EDX analysis of silica glass and binding matrix.

Silica glass Binding matrix
Element
Weight % Atomic % Weight % Atomic %
CK 19.41+3.8 28.69+4.5 51.45+5.3 61.94+49
OK 43.21+3.3 51.07 £ 7.1 34.86 £ 3.2 31.65+3.7
SiK 43.33+7.6 29.48+7.3 7.15+1.8 3.71+1.1
Other 0.35+0.1 0.26 £ 0.1 6.54 £ 0.2 269+0.2

The chemical composition of the silica glass and the binding matrix was determined by X-ray
photoelectron spectroscopy. The atomic percentage of various elements present at the sample
surface was determined by a low-resolution survey scan. The relative elemental composition for

the specimens is listed in Table 2.

Table 2. Relative amount of atoms in the sample determined by low-resolution XPS scan.

Relative Concentration (Atomic %)
Element
Silica Glass Binding matrix
Cc 19.86 46.09
) 61.50 40.34
Si 18.64 13.58

The main elements detected for both the silica specimens were carbon, oxygen and silicon. The

binding matrix showed higher content of carbon as seen in Figure 3.
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Figure 3. XPS survey scan for (A) silica glass, (B) binding matrix.

A high-resolution scan was performed on the C1s region for the silica glass and the binding
matrix (Figure 4) to determine the type of oxygen-carbon bonds present. The chemical bond
analysis of carbon was performed by curve-fitting the C1s peak and deconvoluting it into four
sub peaks corresponding to unoxidized carbon C1, and various oxidized carbons C2, C3 and
C4. The binding energy, corresponding bond type and their relative percentage are listed in

Table 3. The silica based binder shows additional oxidised carbon sub peaks, C3 and C4.

10
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Table 1. Deconvoluted peak parameters and relative amount of different carbon-to-oxygen

bonds at sample surface determined by high-resolution XPS.

Carbon Peak parameters Relative amount (% area)
Group Bindirzgvlinergy Bond Silica Glass Binding matrix
C1 285.0 C-CorC-H 68.65 84.30
C2 286.6/286.8 C-OH 31.35 10.40
C3 288.0 O-C-O or C=0 0.00 4.50
C4 289.2 0-C=0 0.00 0.81

The C1s high resolution spectra with the deconvoluted peaks for silica glass and binding matrix

are represented in Figure 4. The C1 peak is related carbon-carbon or carbon-hydrogen bonds

whereas C2, C3, and C4 peaks are associated with carbon-oxygen bonds.
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Figure 4. XPS scan of C1s region for (A) silica glass, (B) binding matrix.

3.3 Physical characterisation

The thermal analysis of the silica glass and the binding matrix is reported in Figure 5. From the
TGA weight loss curves, it is seen that silica glass has a residual mass of 84.1% whereas the
binding matrix has a residual mass of 80.7% at 950 °C. The maximum decomposition peak
determined from the first derivative of the weight loss thermogram (DTG) curve is at 525 °C for

silica glass and 495 °C for the binding matrix.

TG /% DTG /(%/min)
Silica glass. r0.4
TG

1001 DTG
Binding matrix. F0.2

0.0

95 A
-0.2

-0.4
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Figure 5. Thermal analysis of silica glass and binding matrix; (A) TGA and DTG curves, (B) DSC

curves.

The DSC graph of the binding matrix shows a stronger endothermic peak at 102 °C when
compared to the endothermic peak at 128 °C for silica glass. The endothermic peaks
corresponding to the maximum decomposition rate are at 489 °C and 530 °C for the binding

matrix and silica glass respectively.

3.4 Identification of Extractives

The identification of the extracted compounds was performed using GCMS. The polar
components of the extractives were analysed for identification of the lipophilic extractives which
are responsible for their tacky nature [28] and would contribute to the adhesive properties of the
binding matrix. The yield of total extractives (polar and non-polar) in hemp shiv was 6.23% (dry
weight %). The hexane yield and methylene chloride yield in the total extract was 9.05% and

5.00% respectively.

The chromatographs for hexane extract and methylene chloride extract are presented in
Figures 6 and 7 respectively. All the compounds identified by GCMS are listed in Tables 4 and
5. The individual compounds were identified based on a comparison with GC retention times

and mass spectra from the NIST library. Over twenty compounds were identified in the hexane

13
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extract and twelve compounds were identified in the methylene chloride extract. For the

analysis of the GCMS data, peaks lower than 30000 counts were rejected. From the

chromatograms, it was determined that fatty acids esters, mainly lauric acid and phthalic acid,

gave the highest peaks.
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Figure 6. The chromatogram of hexane extractives from hemp shiv.
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Figure 7. The chromatogram of methylene chloride extractives from hemp shiv.
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Table 4. GCMS peak area and retention time of lipophilic extractives identified in hemp shiv

hexane extract.

Retention time

Compound (Hexane Extract) (min) Peak Area
4-Hydroxy-3-nitrobenzaldehyde 23.961 732645
14-Methyl-8-hexadecen-1-ol 34.108 42090
Pentadecanoic acid 36.601 235957
Hexadecanoic acid, ethyl ester 37.202 346033
Heptadecanoic acid, 15-methyl-, ethyl ester 40.988 79364
Tetradecanal (Myristaldehyde) 43.402 32795
Dodecanoic acid (lauric acid), tetradecyl ester 44.086 4120000
Heptadecanoic acid, ethyl ester 44.484 94511
Oleyl alcohol 45.124 37702
;,SZJ[(;I?enzenedicarboxylic acid (phthalic acid), isodecyl octyl 46.872 1124000
Tricosanoic acid, methyl ester 47.939 159469
13-Heptadecyn-1-ol 48.691 31836
Tetracosanoic acid, methyl ester 49.676 33092
Eicosanoic acid 49.815 181870
Hexadecanoic acid, octadecyl ester 51.163 31625
Pentacosanoic acid, methyl ester 51.658 113374
Ergost-5-en-3-ol 52.97 48769
Tricosane 53.592 327306
9,19-Cyclochloestene-3,7-diol,4,14-dimethyl-,3-acetate 53.91 38821
Cholestra-4,6 dien-3-ol 55.287 88534
Stigmasterol 55.784 34398
7-Dehydrodiosgenin 56.974 371899
Stigmastan-3-ol, 5-chloro-, acetate, (3.beta.,5.alpha.) 57.416 91981
Stigmastan-3-ol, 5-chloro-, acetate, (3.beta.,5.alpha.) 57.447 81052

15
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Table 5. GCMS peak area and retention time of lipophilic extractives identified in methylene

chloride extract of hemp shiv.

Compound (Methylene Chloride Extract) ?r:its)ntion time Peak Area
4-Hydroxy-3-nitrobenzaldehyde 23.97 450485
2,6-Dimethoxybenzoquinone 27.945 287931
4-Hydroxy-3-nitrobenzoic acid 29.049 93543
Phenol,2,4-dinitro-6-methoxy 32.602 216393
Pentadecanoic acid 36.589 65679
Hexadecanoic acid, ethyl ester 37.221 111908
Octadecanoic acid, ethyl ester 41.011 28187
Dodecanoic acid (lauric acid), tetradecyl ester 44,108 1.70E+06
;iﬁ;ll?heer;zyel)n:gti:?rboxylic acid (phthalic acid), mono(2- 46.899 2 75E+06
Octadecane, 3-ethyl-5-(2-ethylbutyl)- 53.625 106470
Stigmasta-5, 22-dien-3-ol, acetate, (3.beta.)- 57.009 348774
Cholest-1-eno[2,1-a]naphthalene,3',4'-dihydro- 57.396 263327

3.5 Composite characterisation

The compression testing of the composite samples prepared with hemp shiv and binding matrix
is imaged in Figure 8 and stress versus strain curves for the before and after immersion
samples are presented in Figure 9. The moisture sensitivity of the composite was determined by
comparing the mechanical properties of the hemp shiv composite before and after immersion in
water for 24 hours. Preparation of composite samples using hemp shiv and ethanol-water

solution (see section 2.4) was unsuccessful as the hemp shiv particles were not able to bind.

From Figure 9, the results from three test samples before immersion reveal that the composite
reaches an average compressive stress of 0.48 + 0.02 MPa at 30% strain. After the immersion
test, a slight reduction in compressive stress by 15% was observed for the three samples and
the average reading was 0.41 + 0.01 MPa at 30% strain. It was noted that further compression
led to densification of the sample. After compression, the sample showed some elastic

behaviour as seen in Figure 8.

16
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Figure 8. Compression testing of hemp shiv composites at; (A) 0% strain, (B) 30% strain,

(C) 50% strain, (D) after 50% strain, and after immersion in water at (E) 0% strain, (F) 30%

strain, (G) 50% strain, (H) after 50% strain.
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Figure 9. Compressive stress versus strain characteristics of hemp shiv composites

before and after immersion in water.
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4. Discussion

In the present study, hemp shiv based composites have been manufactured by using silica sol
as a binder. The binding matrix has been characterised and its morphology, chemical
composition and physical properties have been studied in comparison with silica glass. The
binder is prepared by the hydrolysis and condensation of TEOS in water in the presence of
ethanol as the mediator solvent. HDTMS is added for functionalisation thereby providing
hydrophobic alkyl groups in the silica network. The formulation has been used earlier for
treatment of hemp shiv particles for imparting hydrophobicity to the material [26]. Here we report
the binding properties of silica when mixed with hemp shiv. The silica sol interacts with hemp
shiv leaching out extractives and waxes which leads to visual changes turning the silica matrix

from colourless transparent to yellowish opaque.

The silica is able to covalently bond to hemp shiv through the hydroxyl groups of cellulose [26].
During the drying process, the gel starts condensing, releasing ethanol and water and develops
a silica network. The extracts from the shiv that are entrapped in the silica network alter the
characteristics of the silica. From the SEM analysis, it was seen that the silica morphology is
modified. The structure of the new modified silica with incorporated extracts is less brittle when

compared to the pure silica glass.

The chemical composition of the silica specimens is mainly composed of carbon, oxygen and
silicon. Chemical characterisation using EDX reveals that the modified silica (binding matrix)
has a higher carbon content than the pure silica. Detailed XPS analysis indicates that due to sol
interaction with hemp shiv, the silica chemistry has been significantly altered. The surface
carbon content of the binding matrix increased by 27% (from 19% to 46%). On the other hand,
the oxygen content decreased by 21% (from 61% to 40%). This change in C/O ratio and
increase in the surface carbon content can be attributed to the additional extracts that have
been identified in the modified network of the binding matrix. The decrease in surface oxygen
content can be related to the masking effect of the hemp shiv extracts reducing the detectability

of the oxygen bonds in the silica network.
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The C1s high resolution XPS spectra reveal that the hemp shiv extracts have modified the silica
network leading to the appearance of C3 and C4 peaks which are not present in the pure silica
glass. Furthermore, the increase in the intensity of the C1 component for the binding matrix
from 68% to 84% indicates the presence of C-C and C-H bonds from the incorporated extracts.
To analyse the extracts that were leaching out from hemp shiv during the silica based
treatment, the process was simplified by using a solution of ethanol and water for the extraction
process. Ethanol is able to dissolve waxes and isolate lipophilic extractives. These ethanol-
soluble extractives were analysed using GCMS and it was found that the extract was mainly
composed of lauric acid and phthalic acid with many other fatty acids. The majority of the
compounds identified using GCMS belong to the group of lipophilic extractives which are
hydrophobic in nature [16,29]. This could possibly be one of the factors for the compatibility

between the lipophilic extractives and the sol-gel chemistry due to their hydrophobic nature.

The thermal decomposition patterns of the silica specimens were studied by TGA. The binding
matrix had a higher weight loss below 100 °C and a greater endothermic peak that can be
attributed to the presence of fatty acids in addition to the physically adsorbed water [30]. The
embedded extracts in the silica network changed the decomposition range of the organic
fragments of the silane corresponding to the temperature range of 270-600 °C [31]. Due to the
higher percentage of the organic compounds in the binding matrix, the weight loss was greater
and a peak shift was observed in the first derivative of the weight loss thermogram (DTG). The
maximum decomposition rate in the DTG curve for silica glass was at 520 °C attributed to the
loss of silanol groups. The modification of silica network with hemp shiv extracts lowered the

thermal stability of the binding matrix.

Composites were prepared using hemp shiv and silica sol and their mechanical performance
was evaluated. The composites were light weight with a density of 175 kg/m? and the
compressive stress of 0.48 MPa attained at 30% strain is relatively good when compared to
other hemp shiv based composites such as hemp-lime (0.02 - 0.39 MPa at density 360 kg/m?3)
[32], hemp-starch (0.4 MPa at density 177 kg/m?3) [33] and hemp-clay (0.39 at density 373

kg/m3) [34]. Higher strains corresponded with higher compressive stresses leading to
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densification of the sample without reaching a failure point. This suggests that the interfacial

adhesion between the shiv and binding matrix is good and the shear forces are low.

After the immersion test, the decrease in mechanical strength can be related to the swelling of
the shiv when placed in water for 24 hours. Since the binder also provides hydrophobicity to the
hemp shiv, the compressive stress versus strain characteristics are not compromised to a great
extent. However, the swelling could be related to the slow penetration of water through micro-
cracks on the coated surface or due to the presence of small uncovered pores within the hemp
shiv. The binder can provide hydrophobicity to the hemp shiv but it cannot fully protect the hemp
shiv against long-term water interaction. The slight decrease in compressive stress reached at
30% strain can be attributed to the weakening of the interfacial bonding between the hemp shiv
and the binding matrix. However, composites produced using an ethanol-water mixture instead
of silica sol was unsuccessful as the hemp shiv fell apart on demoulding. The ethanol is
responsible for isolation of the extractives and waxes from hemp shiv but the extractives cannot
bind hemp shiv on their own. The extractives modify the silica chemistry and the binding matrix

holds the hemp particles together resulting in the production of coherent composite blocks.

When compared to conventional hemp-lime composites, it is evident that the production costs of
the hemp-silica composites would be higher due to the hydrophobic treatment on hemp shiv.
However, this cost could be off-set by savings elsewhere, both in production ingredients
(reduction in water usage, lower drying times) as well as an extension in service life, potentially
reducing the whole life cost. Moreover, the commercial availability of sol-gel solution on an
industrial scale would significantly lower the cost of this novel composite. The preparation of
hemp-silica composite results in the reduction of 2L of mixing water per 1kg of hemp shiv when
compared to a conventional hemp-lime composite. The thermal performance of the new
composite is expected to be better due to their significantly lower density than hemp-lime.
Overall early indications are that the global warming potential of this composite would be
approximately 5% lower than that of a conventional composite. The life span is expected to
increase by 50% due the improved resistance to water that is responsible for degradation of the

composite.
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5. Conclusions

In this work, the novel use of sol-gel treatment as a binding agent has been identified, providing
multi-functionality from a single treatment using a simple, economical one-step process.
Thorough investigation of the binder and its chemical interaction with hemp shiv has been
performed. Lipophilic extractives from the shiv are integrated within the silica network, modifying
chemical, morphological and physical characteristics of the glass material. The prepared
composites show good mechanical performance as a non-load bearing material and has great
potential as a thermal insulation material due to their low density as well as the high porosity of
hemp shiv. Durability tests evaluated the robustness of the composite and the hydrophobic
silica treatment was seen to enhance the water resistance of the material. This study is
applicable to not only the hemp shiv material but also to any bio-based material which has
cellulose and lipophilic extractives in its composition. This therefore transforms the current use
of the sol-gel treatment as a surface modifier agent alone to dual functionality as a binder agent

leading to economical and sustainable bio-based building materials.
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