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Utilising wheat straw reinforced OPC-free composites in the construction industry requires efficient, eco-friendly
pre-treatment coupled with surface functionalisation methods to turn it into a high-performance material.
Herein, alkali-activated material (AAM) was used as an OPC-free matrix, while eco-friendly hybrid pre-treatment
and surface functionalisations were applied to mitigate the surface quality deficiencies of wheat straw and
improve its compatibility with low-carbon binders. Wheat straw particles were subjected to a mild physical pre-
treatment (hot-water followed by steam) and surface functionalisation using attapulgite nanoclay and graphene
nanoplatelets to improve their capacity as an effective reinforcing material in AAM. Comprehensive character-
isation verified successful pre-treatment and surface functionalisation, which led to the improved interfacial
bond between wheat straw and AAM. The best results were obtained for the AAM samples reinforced with pre-
treated straw that was functionalised with attapulgite nanoclay (i.e., H+S-AT), in which the volume of permeable
voids decreased by 18%, while compressive and flexural strength at 90 d increased by 41% and 27%, respec-
tively, compared to the control sample. However, the effect on the thermal properties of the resulted composites

Surface functionalisation

was not significant.

1. Introduction

With the growing population and the increasing space requirements
per person, the construction material business has seen a remarkable
increase in demand, particularly in the previous decade. However, suf-
ficient attention has not been paid to adopting low-carbon building
materials (Albar et al., 2020; Chougan et al., 2021, 2020b; Sikora et al.,
2021). The production of traditional building materials (e.g., bricks,
cement (OPC), and steel rebars) demands large quantities of thermal and
electrical energy, polluting the land, air, and water. Life Cycle Assess-
ment (LCA) studies have shown that alkali-activated materials (AAMs)
include considerable potential for minimizing the climate change im-
plications of the cement manufacturing process. The results revealed
that AAMs produce a substantially lower carbon footprint than
OPC-based combinations leading to an approximately 93% reduction in
global warming potential. AAM utilisation also reduces terrestrial
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ecotoxicity potential, abiotic depletion potential element, and abiotic
depletion potential fossil by 77%, 34%, and 49%, respectively (McLellan
et al., 2011; Meshram and Kumar, 2021; Ouellet-Plamondon and Hab-
ert, 2015). Alkali-activated materials have recently emerged as a viable
alternative to OPC-based composites in which as an aluminosilicate
source binder, industrial primary products and by-products such as silica
fume (SF), ground granulated blast-furnace slag (GGBS), metakaolin,
and fly ash (FA) have been employed. The use of AAM with outstanding
durability and mechanical performance makes them a reliable candidate
for the future construction industry (da Silva Alves et al., 2019).
Recently, several types of biomass reinforcing additives collected
from various sources, e.g., agricultural waste or dedicated crops, have
been utilised in cementitious composite to improve their properties
(Alengaram et al., 2013; Pacheco-Torgal and Jalali, 2011; Walbriick
et al., 2021, 2020). Biomass materials contain chemical components
such as lignin, cellulose, inorganic substances, hemicellulose, and
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Fig. 1. Schematic framework of different stages of straw preparation.

extractives (e.g., waxes and pectins) that can affect their mechanical and
physical properties (Chougan et al., 2020a; Elbashiry et al., 2018).
Chemical components that cover the surface of the biomass, such as
lignin, hemicellulose, and pectin, have a negative impact on the me-
chanical performance of the final cementitious composite. Due to the
high concentration of the hydrophobic components, less pure cellulose is
present, lowering the compatibility of these materials used as reinforc-
ing agents in AAMs. As a result, biomass-AAM interfacial bonding and
mechanical performance are diminished (Tian et al., 2018).

Several biomass materials including, flax shive (Khazma et al.,
2014), sisal fibres (Mishra et al., 2004), hemp particles (Hakamy et al.,
2016), jute fibres (Ghaffar et al., 2020; Zhou et al., 2013), bamboo fibres
(Kathiravan et al., 2021), pineapple leaf fibres (Abirami et al., 2020),
granular cork (Merabti et al., 2021), have been reported as promising
eco-friendly reinforcing agents in cement-based composites. Recent
studies have proven that the inclusion of reinforcing biomass materials
in cementitious composites leads to an enhanced mechanical perfor-
mance and bonding properties (Mohamed et al., 2010; Vo and Navard,
2016), and most effectively, it improves composite’s physical properties,
including, energy-saving (Tran Le et al., 2010), thermal insulation
(Parcesepe et al., 2021), and acoustic absorption (Glé et al., 2021).
Uncertainty over the long-term behaviour of biomass materials in the
highly alkaline environment is one of the main challenges and limita-
tions of utilising such materials in cementitious composites. Several
other factors, such as increased temperature induced by the hydration
process, formation of hydration products, mineralisation by cement
suspension free cations (e.g., Ca®"), degrade the lignocellulosic mate-
rial’s principle constituents (i.e., lignin, hemicellulose, extractives, and
cellulose) lead to weakening the biomass microstructure over time
(Pacheco-Torgal and Jalali, 2011). Numerous studies have proposed
employing pre-treatment and coating procedures as a possible solution
to overcome these drawbacks (Ghaffar et al., 2017b; Ghaffar and Fan,
2015; Hyskova et al., 2020). Many different pre-treatment techniques
have been proposed to improve matrix-biomass adhesion and, therefore,
the final performance of the cement-free composites, which can be
broken down into physical and chemical methods. It must be noted that
despite chemical pre-treatments successfully altering biomass structure
when considering scalability, it might not be economically feasible, and
since the required chemicals can be a pollutant, the environmental

impacts would be negative. Therefore, physical pre-treatments are
favourable (Chougan et al., 2020a; Fan et al., 2018). In addition, for
bio-composites with polymeric matrix, using coupling agents (compa-
tibilisers), including maleic anhydride (MA), silane, polydopamine
(PDA), have also proved to be beneficial in modifying the cellulosic
biomass surface (Ghaffar et al., 2018). Coupling agent materials (CA)
create a chemical bond and promote interfacial bonding in composites
by acting as a link between the biomass and the polymer matrix. The
hydroxyl groups of CAs are able to react with the biomass’s surface on
one end. The other CAs functional group on the other end of CAs also
bond with the polymer matrix, which leads to enhancing mechanical
performance of composites’ (Ghaffar et al., 2018).

Wheat straw is known as one of the most available crops by-product
used as a nutrients-source for animal food and soil fertilisers. However, a
considerable quantity of wheat straw is incinerated through in-situ
burning each year, releasing hazardous substances such as carbon di-
oxide, polycyclic aromatic hydrocarbons, nitrogen oxides, and sulfur
dioxide in soil and the atmosphere (Guan et al., 2020). In the UK, the
area of wheat in England in 2019 was around 1.69 million hectares (i.e.
harvesting 16.3 million tons of wheat), which is 4.5% increase when
compared to 2018, leaving 5.5 million tons of waste annually, assuming
aresidue/crop ratio of 1:3 (Department for Environment Food and Rural
Affairs DEFRA, 2020).

This research has two unique selling points, one is that it uses low-
carbon cementitious composites and two is the use of agricultural
waste to strengthen the mechanical properties of cementitious materials.
The carbon emission in the construction industry is well known issue.
Cement manufacturing generates a lot of greenhouse gas (GHG) emis-
sions and wastes excessive energy. The entire manufacturing process
consumes around 3.2 GJ energy/tonne. In addition, each tonne of
cement generates about 810 kg of carbon dioxide (CO3), 1.0 kg of
sulphur dioxide (SO3), and 2.0 kg of nitrogen oxides (NOy) throughout
the manufacturing process (Habert et al., 2011; Heede and Belie, 2012).
Utilisation of AAM can significantly mitigate these negative effects.
Moreover, AAMs with superior mechanical performance could be
employed to immobilise toxic and radioactive compounds, manage
waste materials, improve fire resistance, and repair structures. The
ability of these materials to act as coatings for marine structures has also
been confirmed. In addition, agricultural biomass particles provide a
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Fig. 2. Visual appearance of straw particles after pre-treatment (H+S) and subsequent surface functionalisation with attapulgite nanoclay (AT) and graphene

nanoplatelets (G).

number of key benefits, including bio-renewability and biodegrad-
ability, availability at a low cost, recycling ability, non-hazardous and
toxic nature, promising physical and mechanical properties, and zero
carbon footprint comparing conventional reinforcement alternatives
(Satyanarayana et al., 2009; Wambua et al., 2003). Due to the afore-
mentioned remarkable features, combination of AAMs with biomass
reinforcing agents have triggered a surge of interest in its prospective
applications.

In this study, selective separation of wheat straw defects, i.e., nodes
(see Fig. 1), was employed to improve matrix-straw bonding. The in-
ternodes were then subjected to a mild physical pre-treatment (H+S)
and the surface of both pre-treated and untreated straw particles were
functionalised using graphene nanoparticles and attapulgite nanoclay
with the dosages of 0.1 wt.-% and 1 wt.-%, respectively. Wheat straw
particles were then added to the alkali-activated materials to be tested
and comprehensively characterised. To the best of the authors’ knowl-
edge, no studies on wheat straw have carried out the pre-treatment
coupled with surface functionalisation using nanoparticles to be used
in AAM. Wheat straw particles were characterised to evaluate and verify
surface functionalisation using SEM, Raman, XRD, and TGA. In addition,
bulk property tests were conducted to investigate the impact of wheat
straw as a reinforcing additive on the mechanical performance, porosity,
thermal properties, and microstructure of AAMs’ in the hardened state.

2. Materials and methodology

Fly ash (FA) from Cemex, UK, ground granulated blast furnace slag
(GGBS) from Hanson Heidelberg Cement, UK, micro-silica fume (SF)
from J. Stoddard & Sons Ltd, graded sand (0 — 0.5 mm and 0.5 —
1.0 mm), sodium silicate solution with the SiO5/Na50O mass ratio of 3.23
(8.60 wit% Nay0, 27.79 wt% SiOs, 63.19 wt% H,0, and 0.4 wt% Al,Os),
and 10 mol/1 sodium hydroxide solution were used as the ingredients of
alkali-activated materials (AAM). More details on materials character-
izations, including the material size distribution and compositions, can
be found in the author’s previous research (Albar et al., 2020; Chougan
et al., 2020b). Wheat straw biomass (Triticum aestivum L.), harvested in
late summer of 2019, was purchased from Middlesex, UK farms. Before
the pre-treatment and surface functionalisation stages, as-received
wheat straw was cleaned and oven-dried at 100 + 5 °C for 24 h. As re-
ported in author’s previous study, for an optimised feedstock to be used
in bio-based composites, only the internodes of straw stems are suitable
and the nodes have to be separated, due to their morphology and surface

chemical functional groups that act as defects in the context of bio-based
composites (Chougan et al., 2020a; Ghaffar et al., 2017a; Ghaffar and
Fan, 2015, 2013). Graphene nanoplatelets, referred here as G, supplied
by Nanesa S.r.1., Italy, and attapulgite nanoclay (AT) provided by Law-
rence Industries Ltd., UK, were used as coupling agents for surface
functionalisations. Extensive information on the characteristics of
coupling agents can be found in the author’s previous studies (Chougan
et al., 2021; Lamastra et al., 2021). Both G and AT materials are sup-
posed to act as coupling agents, improving the interfacial bonding be-
tween the straw and the AAM. However, some of these components are
dislodged from the straw surface during the mixing process and serve as
reinforcing additives.

2.1. Wheat straw pre-treatments and surface functionalisations

2.1.1. Wheat straw pre-treatments

As shown in Fig. 1, upon cleaning and separation of internodes from
the stem, both untreated and pre-treated straw stems were shredded to
obtain particles with the size range between 2 mm and 5 mm using
Retsch SM 100 cutting mill. Hot-water and steam (H+S) pre-treatment
was used on wheat straw to investigate the effects of surface function-
alisations in more detail and assess the role of pre-treatment and surface
functionalisations on performance of AAM reinforced straw composites.
Wheat straw particles were first boiled in hot water (H) using a pressure
cooker for 60 min at a constant pressure of about 0.1 MPa. Immediately
after, boiled-straw samples were removed and steamed (S) for 30 min by
placing them in a mesh basket directly above boiling water.

2.1.2. Wheat straw surface functionalisation with graphene nanoplatelets
and attapulgite

Prior to the surface functionalisations, graphene nanoplatelets (G)
and attapulgite nanoclay (AT) were sonicated, respectively, in an
aqueous solution for 90 min to ensure adequate dispersion. Untreated
(UN) and pre-treated (H+S) straw samples were immersed in a pre-
dispersed G and AT aqueous solution in a beaker, correspondingly (see
Fig. 1-i). The concentrations of AT and G were 1 wt% and 0.1 wt%,
respectively, selected based on the previous studies conducted by Sca-
farro et al. (2020) and Zhu et al. (2019) for G and AT, respectively
(Scaffaro et al., 2020; Zhu et al., 2019). After being heated at 80 °C for
12 h under mechanical stirring (Fig. 1-ii), the mixture was filtered once
and oven-dried at 80 °C for 24 h to remove the water (Fig. 1-iii). The AT
and G particles were covered on the straw particles’ surface during the
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Mix formulations of AAM reinforced with untreated (UN) and pre-treated (H+S) straw particles.

Name Binder (wt.-%) Additive (wt.-%) (of AAM) Functionalising agents (wt.-%) (of AAM) Aggregate (wt.-%) Na,SiO3: NaOH ratio
FA GGBS SF UN straw H+S straw AT G 0-0.5 mm 0.5-1 mm
CS 60 25 15 0 0 0 0 60 40 2:1
UN 60 25 15 1 0 0 0 60 40 2:1
UN-2 60 25 15 2 0 0 0 60 40 2:1
UN-3 60 25 15 3 0 0 0 60 40 2:1
H+S 60 25 15 0 1 0 0 60 40 2:1
H+S-2 60 25 15 0 2 0 0 60 40 2:1
H+S-3 60 25 15 0 3 0 0 60 40 2:1
UN-AT 60 25 15 1 0 1 0 60 40 2:1
H+S-AT 60 25 15 0 1 1 0 60 40 2:1
UN-G 60 25 15 1 0 0 0.1 60 40 2:1
H+S-G 60 25 15 0 1 0 0.1 60 40 2:1

drying process. Fig. 2 shows the visual appearance of straw particles
after surface functionalisation processes.

2.2. Alkali-activated material preparation and mixing design

Seven AAMs reinforced with wheat straw particles were produced
(see Table 1). In order to make AAM composites, all binder ingredients,
including FA, GGBS, and SF with a percentage of 60, 25, and 15 wt.-%
respectively (of the total weight of the binder), and graded sand ag-
gregates with two particle size distribution of 0-0.5 mm and 0.5-1 with
a constant percentage of 60, and 40 wt.-%, respectively (of the total
weight of the aggregates), were dry-mixed for 5 min at 350 rpm using
planetary mixer. After dry mixing the wheat straw particles (1, 2, and
3 wt.-% of the weight of the binder) were added in and mixed for 5 min
at 250 rpm. The alkaline solution comprised of a mixture of sodium
hydroxide and sodium silicate solutions (weight ratio of 2:1) with a
dosage of 40 wt.-% (of the total weight of the binder) was used as
activator. The alkaline solution was gradually added to the dry mixture
and stirred at 450 until a homogeneous AAM composite was obtained. It
should be mentioned that all the AAM composites were prepared with a
constant water/solid ratio of 0.4.

2.3. Testing

2.3.1. Microstructure analyses

The microstructure and surface morphology of the surface func-
tionalised wheat straw samples was analysed and compared to the
unfunctionalised specimens using scanning electron microscopy (SEM,
VEGA3 TESCAN). For each composition, ten straw particle of size 5 mm?
were analysed to capture reliable statements about the surface changes
induced as a result of surface functionalisations. The microstructure of
interface between AAM matrix and functionalised straw particles was
investigated employing SEM. For each composition, at least ten samples
(10 mm?>) were extracted from broken portions of specimens in me-
chanical test and chromium-coated using a sputter coater to assure the
adequate electrical conductivity of AAM samples.

2.3.2. Raman spectroscopy

Raman spectroscopy test was performed in the range of
800-1800 cm ™! at room temperature employing inVia Raman Micro-
scope (Renishaw), providing a 785 nm wavelength laser beam.

2.3.3. Thermogravimetric analysis

Thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) were conducted to evaluate the impact of surface functionalisa-
tions on thermal degradation of straw particles. TGA analysis was per-
formed on 3—4 mg of straw samples under airflow with a heating rate of
10 °C/min using a TA Instrument SDT Q600.

2.3.4. X-ray diffraction

The X-ray diffraction patterns were carried out to investigate the
mineralogical composition of the samples after surface functionalisation
processes using an Aeris Diffractometer (Bruker) Cu-Ka radiation, 20 of
5-90°, a wavelength of 1.542 }o\, at 40 kV and 40 mA.

2.3.5. Chemical distribution of functional groups

The Fourier transform infrared spectroscopy-Attenuated total
reflectance (FTIR-ATR) test (PerkinElmer Spectrum one Spectrometer,
UK) was performed to evaluate the chemical functional group distri-
bution of untreated and pre-treated shredded straw samples. Samples
were placed on an ATR instrument with a 3x bounce diamond crystal at
a 45° incident angle. The instrument produced 20 scans at wavenumbers
ranging from 4000 cm™ to 600 cm™ with a 4 cm™ resolution. The
average result of a batch of three samples was provided for each
composition.

2.3.6. Mechanical property test

After mix preparation, a batch of three prismatic samples (with sizes
of 160 x 40 x 40 mm?) for each composition was casted. All the sam-
ples were first heat-cured at 60 °C for 24 h (Mo et al., 2014). The sam-
ples were then air-cured at a controlled room temperature (air-curing at
23 4+ 2 °C) up to 7 and 90 d. The flexural and compressive strength tests
were performed according to BS EN 196-1:2016 by means of Instron
5960 Series Universal Testing System.

2.3.7. Volume of permeable voids percentage

According to ASTM C 642, the boil-water saturation (BWS) tech-
nique has been employed to assess the volume of permeable voids per-
centage (VPV) immediately after sample’s curing for 7 d. For each
composition, a batch of three prismatic samples of 160 x 40 x 40 mm?
was casted. The testing method consists of three consecutive steps: (i)
samples were placed in the oven for 48 h at 110 °C and weighted
(determining the oven-dry mass); (ii) then they were immersed in tap
water for 48 h at room temperature and weighted (determining the
saturated mass after immersion); (iii) sample’s saturated mass after
boiling was measured by submerging the samples in boiling water for
5 h. The VPV percentage of each sample was calculated using Eq. (1).

B {(c—m

VPV C-D)

(%) ] x 100 )

Where: VPV is volume of permeable voids (%), A is oven-dry mass (g), C
is saturated mass after boiling (g), D is apparent mass of sample in water
after immersion (g).

2.3.8. Thermal conductivity measurement

Following ISO 22007-2, thermal property tests were performed
using a Hot Disk TPS 2200 device equipped with a 6.4 mm Kapton-
insulated sensor. Several thermal parameters, including the thermal
conductivity and specific heat of AAM samples modified with different
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Fig. 4. Raman spectra of a) untreated, and b) pre-treated straw particles and their composites with AT nanoclay and graphene nanoplatelets.

types of wheat straw particles, were evaluated. For each composition,
the test was performed on a batch of four 40 x 40 x 40 mm® samples
after 28 d of curing. In total 12 measurements on 4 cubic specimens were
performed with average taken as a value.

3. Results and discussion
3.1. Microstructure of functionalised wheat straw

In Fig. 2(a and b), SEM of attapulgite nanoclay (AT) and graphene
nanoplatelets (G) are shown. AT particles employed in this study show a
rough surface and angular shape with sharp edges. Isolated graphene
nanoplatelets have fringed form and surface wrinkling. However, G
particles tend to fluctuate into massive agglomerates, with the unique

shape of samples obtained from expanded graphite flakes. The smooth
and continuous surface microstructure was observed in H+-S sample (see
Fig. 3c). The microstructure analyses of straw particles indicate that the
surface functionalisations changed the surface appearance of straw
particles. The SEM images clearly show an adequate impregnation of
straw particles with AT and G particles. Fig. 3e shows characteristic
attapulgite nanoclay particles covering the straw, while Fig. 3d shows
separated graphene nanoplates attached on the surface of straw.

3.2. Raman investigations
The results of the Raman spectroscopy (see Fig. 4) revealed that G’s

typical characteristic peaks, i.e. D band 1335 cm ™}, due to the carbon
lattice disorder typical of edges and defects in the aromatic structure,
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and G band 1585 cm ™}, related to the C sp? in-plane vibration of the
graphene lattice are clearly detected on the surface of straw particles
(Owens, 2015). The same peaks are observed in the UN-G and H+S-G
composites. In the case of attapulgite nanoclay, a similar signal was
observed. The characteristic peaks of AT are visible in the case of UN-AT
and H+S-AT samples. None of the above-mentioned peaks are detected
on untreated and pre-treated straws (marked in black in both graphs),
confirming the effective coverage of AT and G particles in composites.

3.3. Thermogravimetric analysis

Thermogravimetric analysis (Fig. 5) was performed to evaluate the
thermal stability of straw samples after surface functionalisations. DTG
analyses of the thermograms (Fig. 5-Dash lines) clearly show three
distinct stages of thermal degradation. The straw samples first lose
weight due to moisture evaporation at 100-150 °C. This is followed by
degradation of the cellulose and hemicellulose in the straw sample
resulting in severe weight loss in the range of 250-350 °C. The final
weight loss occurs as a result of the decomposition of non-cellulosic
components - especially in the case of graphene nanoplatelets in the
temperature range of 500 — 700 °C. AT nanoclay particles do not
decompose in this temperature range (Ergudenler and Ghaly, 1992).

3.4. X-ray diffraction

XRD patterns of AT, G, and functionalised straw samples are shown
in Fig. 6 a and b to analyse the crystalline phases of straw specimens. The
results indicate that both straw samples functionalised with graphene
particles (i.e. H+S-G and UN-G) show different XRD patterns comparing
H+S and UN straw samples. After the functionalisation process, the
basal reflection peak (002) of graphene flakes around 26= 26.2° is
clearly observed on the surface of straw particles (Lu, 2017; Lv et al.,
2013). In the case of samples functionalised with attapulgite, several
crystallographic planes of attapulgite particles, i.e. (110), (200), (040),
(231) and (161), at 20=8.05°, 13.29°, 19.5°, 26.7°, and 31.02°
diffraction peaks were observed in both H+S-AT and UN-AT samples
(Tong et al., 2021). The aforementioned results suggest the successful
functionalisation process of straw samples modified with graphene and
attapulgite.

3.5. Chemical distribution of functional groups analysis

The chemical distribution of pre-treated and untreated straw was
characterised using FTIR-ATR spectroscopy (Fig. 7). The aromatic ring
stretch of lignin was observed at bands 1595 cm™ and 1510 cm™, which
was slightly attenuated in pre-treated straw samples compared to un-
treated straw samples (see Fig. 7 i). This suggests that the H+S pre-
treatment leads to the partial extraction of lignin. Band 1735 cm™
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Fig. 8. AAM composites reinforced with different ratios of pre-treated and untreated straw particles (a) compressive strength and (b) flexural strength.

indicates the main components of extractives and hemicellulose,
including carboxyl groups in the acids and esters of acetic, p-coumeric,
ferulic, and uronic acids. As shown in Fig. 7 ii, in comparison to un-
treated straw, the intensity of this band was diminished in H + S pre-
treated sample. The reduction in peak intensity of 1735 cm™ in pre-
treated wheat straw implies reduced hemicellulose fractions attribut-
able to the H+S pre-treatment approach. Asymmetric and symmetric
CHj, stretching bands that correspond to the aliphatic fractions of waxes
are represented by peaks at bands 2920 cm™! and 2850 cm'!. The results
demonstrate that pre-treated straw samples contain a reduced amount of
wax and inorganic compounds compared to untreated straw samples
(see Fig. 7 iii). This indicates that pre-treatment has a positive effect on
the minimisation of inorganic compounds and waxes.

3.6. Mechanical properties analysis

Fig. 8 depicts the mechanical performance of the AAM mix

formulations reinforced with 1, 2, and 3 wt.-% of pre-treated and un-
treated straw after 7 d of curing. As it can be seen in Fig. 8-a, for AAM
samples reinforced with both pre-treated and untreated, increasing the
dosage of straw particles progressively diminishes the compressive
strength. The flexural strength of AAM samples reinforced by untreated
straw (Fig. 8-b) first decreased from 10.6 MPa for UN to 8.6 MPa for UN-
2. Thereupon, flexural strength of UN-3 was marginally increased,
reaching 9.2 MPa, which is still lower than the value registered for the
UN sample. The flexural strength results for AAM samples reinforced by
pre-treated straw indicated a minor improvement for H+S-2 (i.e.
9.6 MPa) as compared to the H+S (i.e. 9.4 MPa). The incorporation of
3wt.-% straw (i.e. H+S-3) decreases the flexural strength by 5%
comparing the H+S sample. Moreover, with the incorporation of wheat
straw particles, the AAM specimens tend to become more ductile, and
there was no sharp and sudden rapture upon failure, as opposed to the
control specimens, i.e., without straw particles. Similar results were
observed in the author’s previous works in which the addition of
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Fig. 9. (a) Flexural, and (b) compressive strength of AAM composites reinforced with different straw particles.

reinforcing biomass materials (i.e., flax and jute fibres) in the cementi-
tious matrix resulted in a ductile behaviour, whereas plain cementitious
samples appeared very brittle and shattered into pieces (Ghaffar et al.,
2020; Zhou et al., 2013).

As per acquired test results, AAM samples modified with 1 wt.-% of
pre-treated and untreated straw (i.e., UN and H+S) displayed superior
performance in both flexural and compressive strength. Therefore, the
aforementioned compositions were nominated to be used as a suitable
mix for the incorporation of functionalising agents to assess if their
physical and mechanical properties can be further improved.

Fig. 9 presents the mechanical performance of AAMs reinforced with
1 wt.-% straw particles after 7 and 90 d of curing. All samples showed an
increase in flexural strength as the curing duration increased. In general,
the flexural strength of the AAM composites is remarkably dependent on
the wheat straw strength and the interfacial bond quality (Ghaffar et al.,
2017a; Pereira et al., 2013). At 90 d, the addition of pre-treated straw
particles (H+S) increases flexural strength by 18% compared to control
sample (i.e. from 11 MPa for CS to 13 MPa for H+S). However, the
flexural strength of samples reinforced with untreated (UN) straw is
statistically comparable to that of the control sample. The impact of
straw pre-treatment is clearly beneficial at late ages as there is a 14%
increase in flexural strength from the (UN) sample to the pre-treated
(H+S) sample after 90 d of curing. This enhancement in the flexural
strength due to the pre-treatment could confirm the reduction of
amorphous hemicellulose, lignin, and waxes content present in wheat
straw (see section 3.1.5) that can promote the activation kinetics of
cement-free binders (Ye et al., 2018; Zhou et al., 2020).

The higher tensile strength of H+S straw particles can also affect the
AAMs’ mechanical performance compared to untreated counterparts.
Ghaffar et al. (2017a) reported that the tensile strength of individual
wheat straw internode achieved tensile strengths of 89 MPa after H+S
pre-treatment, that is 35% higher than that of untreated samples
(Ghaffar et al., 2017a). Surface functionalisations were proposed to act
as a crosslink improving the interfacial bonding between straw and
matrices (Scaffaro et al., 2020; Zhu et al., 2019). Both surface func-
tionalising materials (i.e. graphene and attapulgite) have proven to be
effective in increasing the mechanical performance of AAMs’ reinforced
with pre-treated straw samples. The impact of pre-treatment on surface
functionalisation is clear with attapulgite surface functionalised sam-
ples, i.e., H+S-AT, in which the flexural strength increased by 27% at 7
d and 28% at 90 d compared to UN-AT samples. As shown in Fig. 9-b,
H+S-AT also attains a higher compressive strength at 7 d (from 52 MPa
to 62 MPa) and at 90 d (from 58 MPa to 76 MPa) compared to UN-AT

samples. The high strength gains of H+S-AT can be justified, as
demonstrated in Fig. 10, where attapulgite particles on the surface of
pre-treated straw (i.e. H+S-AT) effectively fill in the gaps between the
functionalised straw particles and matrix, creating intimate interfacial
bonding. The delamination is remarkably reduced as a result of AT
surface functionalisation.

Besides the positive effect of surface functionalisations on the straw-
matrix interfacial bonding, attapulgite covering layer can act as a
physical barrier protecting the wheat straw particles from exposure to
high-alkaline environment hence preventing the decay in structural
integrity during aging of AAM. In general, the high alkaline environment
of AAM composites can severely influence the amorphous constituents
of biomass materials. As reported by Wei et al. (2015), partial or com-
plete alkaline degradation of biomass main components (i.e. cellulose,
hemicellulose, and lignin) in cementitious composites leads to reduced
structural integrity of the lignocellulosic particles cell wall hence
weakens the interface bonding quality with the matrix (Wei and Meyer,
2015). This can results in a reduction of mechanical performance of
composites reinforced with natural fibres/particles (Wei and Meyer,
2016). This effect was observed (see Fig. 9-b) in compressive strength
reduction of not functionalised samples (i.e. UN and H+S) from 7 d to 90
d. For UN and H+S, a 15% and 8% drop in compressive strength was
registered, respectively. In contrast, the compressive strength of all the
AAM samples reinforced with surface functionalised straw particles
increased with curing time. The maximum enhancement in both flexural
and compressive strength at 90 d was recorded for H+S-AT in which
flexural strength improved by 29% compared to 7 d samples.
Compressive strength of H+S-AT composite also increased from 61 MPa
at 7 d to 76 MPa at 90 d.

3.7. Volume of permeable voids evaluation

Fig. 11 shows the volume of permeable voids (VPV) in AAM samples
reinforced with straw particles. In general, the VPV does not represent
the total porosity; however, it identifies the volume of capillary pores in
porous materials, which can be utilised as a parameter to approximately
predict the cementitious material’s overall water penetration (Lau et al.,
2018; Mannan et al., 2016). The results revealed that the incorporation
of straw in AAM reduces the VPV percentage of the composites
compared to the control sample. In addition, it can be seen that the
incorporation of pre-treated straw was found to be more effective in
water penetration reduction. The reason is attributed to the stronger
straw-matrix bonding, which inhibits the transfer of water molecules
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Fig. 10. SEM micrographs of (a, b, and c¢) H+S samples, (d, e, and f) H+S-AT samples.

into the samples (Huang et al., 2021). The results indicated that the
permeability of H+S-AT and H+S-G are 12% and 7% lower than UN-AT
and UN-G samples, respectively. Similar to the mechanical performance
results, this could be related to the better compatibility of pre-treated
straw particles with surface functionalisations which leads to a denser
structure within the cement-free composites, therefore, reduces the
water intake.

3.8. Thermal conductivity

Fig. 12 presents the results of specific heat and thermal conductivity
of AAM specimens determined with hot disk method. All tested

specimens exhibited comparable values of specific heat. Similarly, no
substantial differences in the thermal conductivity (TC) values of AAM
samples were observed. Despite marginal differences between the
specimens, general conclusions can be drawn. It is known that thermal
conductivity of composites is linked to the TC of its constituents with
major contributions from the material’s density (Strzatkowski et al.,
2021). All AAM specimens were varied only in terms of type of straw
used which was occupying 1 wt.-% of AAM material. Control samples
(CS) exhibited thermal conductivity of 1.279 W/mK, while incorpora-
tion of untreated straw particles (UN) resulted in insignificant reduction
of TC, i.e., 1.210 W/mK. This could be attributed to low density of wheat
straw particles along with lower TC of straw than other AAM
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constituents (Insulating et al., 2021). Slight increase of thermal con-
ductivity, when compared to CS, was observed in specimens with
pre-treated straw (H+S). This might be due to the partial removal of wax
and silicate from straw as a result of boiling and steaming process. In
general, increasing the gaps between matrix and straw particles that
serve as phonon scattering centres take up a fraction of the heat con-
duction volume of the material, resulting in a decrease in composite
thermal conductivity. Removing hydrophobic components, however,
results in a more compact structure, lowering the gap or delamination
between matrix and straw particles, thus improving thermal conduc-
tivity. Functionalisation of the straw surface with attapulgite (H+S-AT)
resulted in slight reduction of TC, when compared to H+S. In case of
untreated straw specimen (UN-AT) no alteration in TC was observed. It
is worth noting that attapulgite has low thermal conductivity according
to the literature (Liu et al., 2016). In contrary, functionalising straw
surface with graphene (H+S-G) resulted in the highest TC among all
specimens which was 13% higher than CS. UN-G sample, also showed a
slightly higher TC values, however, the increment was lower than that of
H+S-G.

As reported by Zhang et al. (2020) even a small dosage of graphene
(0.05 wt.-%) results in increased TC of cementitious composites. Simi-
larly, Chu et al. (2017) reported a 22% increase of thermal conductivity
when 0.1 wt.-% of graphene was introduced into concrete. The thermal
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conductivity of AAM have been studied by several authors, where they
reported a range of TC values, e.g., between 0.65 W/mK and 0.8 W/mK
(Duxson et al, 2006; Subaer, 2007), which is higher than the
0.53 W/mK recorded for traditional OPC-based cementitious compos-
ites (Demirboga, 2003). The results are consistent with the
density-dependency hypothesis, as the inclusion of aggregate increases
the bulk density of the sample. Quartz’s high thermal conductivity
(approximately 5.9-11.1 W/mK) contributes to a significant increase in
the TC of AAM composites (Van Riessen et al., 2009).

4. Conclusions

An alkali-activated material reinforced with wheat straw particles
was developed, employing pre-treated and surface functionalised straw
particles as reinforcing agents. Characterisation tests indicated sub-
stantial changes to wheat straw particles after pre-treatment and surface
functionalisations, all of which induced a remarkable impact on the
performance of wheat straw particles. However, Surface functionalisa-
tions did not contribute to substantial enhancements of AAM’s thermal
properties and differences are rather marginal.

Using attapulgite nanoclay as a surface functionalising agent on the
pre-treated straw particles was found to be the best performing sample
in terms of mechanical performance improvements and volume of
permeable voids reduction. The effect is most likely associated with
enhancements on interfacial bonding between the straw and the AAM
matrix due to the presence of attapulgite crosslink agent.

The alkali-activated cement-free composites reinforced with pre-
treated and surface functionalised wheat straw particles developed in
this study demonstrate a promising breakthrough that can be used as a
benchmark in the fabrication of low-carbon AAM composites. However,
future research could concentrate on solving the issues with inclusion of
higher percentages of straw reinforcements.
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