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The increasing demand for sustainable thermal insulation materials stems from environmental concerns
associated with conventional petroleum and mineral-based options, which exhibit high toxicity and global
warming potential. While bio-based alternatives exist, they often present challenges related to chemically
intensive processing, scalability, and cost-effectiveness. This study investigates the production of porous foams
from lignocellulosic henequen fibres utilising a simple and scalable mechanical fibrillation process. Two distinct
foam formulations were developed: one employing xanthan gum, a natural polysaccharide, as a binder to
enhance structural integrity, and the other utilising borax, a natural mineral salt, to cross-link exposed cellulose
in the fibrillated fibres. The resulting foams exhibited a highly porous structure with enhanced chemical
and mechanical fibre interconnections. The xanthan gum-bound foam exhibited a thermal conductivity of
42 mW/m*K, an apparent density of 21 kg/m’, and a compressive stiffness of 56 kPa. The borax-crosslinked
foam achieved a thermal conductivity of 43 mW/m*K, an apparent density of 11.5 kg/m>, and a compressive
stiffness of 19 kPa. Notably, both foams demonstrated a limiting oxygen index of 29.5%, classifying them as
self-extinguishing, despite the inherent flammability of the natural fibres. The xanthan gum-bound foam also
maintained comparable physical and thermal properties after three recycling cycles. A cradle-to-gate life cycle
assessment revealed significant reductions in toxicity and global warming potential compared to conventional
insulation materials, specifically rigid polyurethane and glass wool. This research demonstrates the feasibility of
utilising a straightforward fibrillation and template-forming process with abundant henequen fibres to produce
sustainable insulation foams with good thermo-mechanical performance, improved fire safety, and a diminished
environmental footprint.

1. Introduction of material use, improvement in circularity, and use of low-carbon or

bio-based materials [1].

The building and construction sector is a major contributor to
global energy consumption and greenhouse gas emissions. According
to the United Nations Environment Programme, 37% of the global CO,
emissions in 2023 came from the building and construction sector [1].
Despite global commitments on decarbonisation by 2050, the gap
between the current performance of the sector and the end-goal is
widening [2]. Efforts to reduce building emissions have largely focused
on the operation of buildings, such as heating, cooling and lighting.
However, 11% of the global greenhouse gas emissions are attributed
to the embodied carbon of building materials [3]. These emissions
can be reduced by employing design strategies such as minimisation
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Thermal insulation materials are among the largest contributors to
the embodied carbon of buildings, and it is estimated that low-carbon
insulation could reduce the CO, footprint of buildings by 9% [4].
Traditional insulation materials, such as mineral wool, glass wool
and plastic foams, while effective in their thermal properties, often
carry significant environmental drawbacks during all stages of their
life cycle. For example, they cause increased biodiversity loss, water
shortages and emission of toxic substances during manufacturing [5—
7]. Moreover, since such materials are difficult to recycle, they are
disposed in landfills, putting significant strain on waste management
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systems - nearly 100 billion tonnes of waste are created annually from
construction, renovation, and demolition operations [8]. Even when
these materials are rescued and recycled, more than 35% of their waste
is disposed of in landfills [9]. Thus, sustainable insulation options are
urgently needed to mitigate these impacts, promote energy efficiency,
and support the global shift towards green building standards.

Among the numerous eco-friendly insulation materials, natural
fibre-based foams have emerged as promising candidates due to the
wide availability of such fibres and their biodegradation potential. The
main fibre sources for such foams are pulp (lignocellulosic) fibres, or
cellulose obtained from fibre deep processing, such as cellulose nanofi-
bres, microfibrillated cellulose, and nanocrystalline cellulose [10].
Examples of such fibre sources include sugarcane bagasse [11], wood fi-
bres [12,13], bamboo fibres [14], pineapple leaves [15], soybeans [16,
171, and desert palms [18].

The manufacturing processes are of crucial importance, not only for
the determination of thermophysical properties (i.e. functional compet-
itiveness) of these materials, but also for the economic competitiveness
and environmental performance. Broadly, they involve two stages:
forming of the porous network template and drying. Template form-
ing is generally achieved through two main methods: fibrillation and
the use of binders. Fibrillation describes the entanglement of natural
fibres by creating hairy fibres that have a complex assortment of
branches and are suitable for mechanical interlocking. Chemical fibril-
lation techniques often use the same techniques for delignification, such
as hydrolysis of H,SO, [19], and solutions of NaOH [20], however,
the dangers of these chemicals and their environmental toxicities make
them less suitable for environmentally beneficial scaled-up processes.
Mechanical fibrillation, such as disk milling [21] is a strategy that has
been successfully used to overcome the above disadvantages.

Drying processes are typically of three types: freeze drying, su-
percritical drying and ambient drying. Freeze drying [22-24], is very
commonly used when cellulose is the primary base constituent of a
foam, creating anisotropic structures [22] that have very effective
thermal conductivities, in the order of 15-41 mW/m*K [10]. This,
however, comes at a significant cost, as freeze drying is expensive,
and thus the use of this method requires sacrificing the scalability
of the end product. Supercritical drying involves a solvent exchange
step, where the solvent entrapped within the pores of the wet foam
is replaced by CO, at pressures of 5-8 MPa [25,26]. Due to the need
for extensive chemical treatments and specialised equipment to achieve
the temperature and pressure requirements, the industrial scalability of
this technique is challenging [27]. Oven or ambient drying is a common
manufacturing process for such foams and is one most suitable for mass
manufacture [28-30]. Its comparatively low energy to the alternatives,
along with its simplicity, make it a strong choice for cellulose insulation
that is geared toward mass manufacture rather than discovery.

The sustainability and scalability of these natural fibre foams ul-
timately depends on the primary source of fibres, and the energy
consumption of the manufacturing processes. Often, the former re-
ceives little attention, however, it is an important consideration both
in resource consumption (i.e., the proportion of fibres extracted from
a given mass of organic material), and the time scale for the regen-
eration of the primary sources. Challenges related to deforestation
and the uncertain availability of wood fibres make the sourcing and
extraction of lignocellulosic fibres crucial for responsible industrial
manufacturing [31].;

In this study, we target the above aims by the use of two simple
and easily scalable manufacturing methods to manufacture low-density
insulation foams from henequen fibres, a source that has not been
considered previously in the literature of natural fibre foams. Henequen
(agave fourcroydes) is native to Mexico and Guatemala [32], where
it was cultivated extensively for the use of ropes before the advent of
synthetic fibres; presently, its agricultural industry has been left with a
surplus [32]. In industrial applications, the strong fibres are primarily
used as reinforcement for polymer matrices, such as phenolic [33],
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polypropylene [34] or epoxy [35] composites. In insulation applica-
tions, sisal fibres (a close relative) have been proposed as mixtures with
gypsum [36], cement [37], or natural wool [38]. Investigations into the
use of henequen in insulation foams, however, are exceedingly limited.
Henequen is able to grow in environments that are semi-arid, with poor
nutrition or even rocky, and exhibits better drought resistance than
sisal [39].

This work describes the full process of manufacturing cellular solids
from henequen fibres, evaluating their thermo-mechanical response
and fire resistance. A simple blending approach is used for fibrillation
of raw fibre bundles, and two methods are used for template forming:
chemical cross-linking via borate ester bonds and mechanical cross-
linking via Xanthan gum, a natural binder. All methods require simple
equipment and are easily scalable, cost-effective, and of low energy
intensity. This paper is organised as follows. First, the effect of the
fibrillation treatment is reported on the fibre morphology and chemical
composition. Next, the morphology and thermo-mechanical properties
of the developed foams are presented and connected to the processing
parameters through optimisation studies of two properties of interest:
density and thermal conductivity. The fire resistance, a proof of concept
demonstration of thermal insulation efficiency, and end-of-life path-
ways (recycling and biodegradation) are also presented. Finally, a life
cycle assessment is conducted to contrast the environmental impacts
with those of other synthetic and bio-based insulation materials.

Conventional methods for producing solid foams from natural fibres
often necessitate chemical surface modification to enhance fibre-binder
compatibility and mechanical interlocking [40,41]. This study presents
a new approach, utilising mechanical fibrillation via high-shear blend-
ing in an aqueous medium. This process yields finer fibre structures
with increased surface roughness, promoting enhanced chemical and
mechanical bonding during foam drying. Furthermore, a critical ad-
vancement is the incorporation of borax, a naturally occurring mineral,
to address the inherent flammability of lignocellulosic foams. Finally,
the introduction of xanthan gum, a common food-grade polysaccharide,
as a rheology modifier is demonstrated. In the wet foam matrix, xan-
than gum increases viscosity, thereby improving structural integrity.
Notably, while widely employed in other industries, the application
of xanthan gum in stabilising and reinforcing natural fibre foams has
not been exploited previously, representing a significant contribution
of this research.

2. Materials and methods

2.1. Materials

The henequen fibres were obtained from Desfibradora La Lupita,
located in Baca, Yucatan, Mexico. Their mean diameter, obtained from
SEM was 381 + 6 um (standard error with sample size of 102). Xanthan
gum, procured from Sigma-Aldrich, was used as a stabiliser, sodium do-
decyl sulfate (SDS), procured from APC Pure, was used as a surfactant,
and sodium tetraborate, procured from HD Chemicals, was used as a
flame retardant.

For better mechanical cross-linking, it was beneficial to separate
the fibre bundles into finer ones via a simple fibrillation process. This
was performed using a Suprills 2200 W blender. Optimal conditions
for effective fibrillation were established after experimentation, using
a water to fibre ratio of 100:1, and a mixing time of 6 min at 35,000
RPM. These conditions produced the highest aspect ratio and finest
fibre diameters necessary for enhanced physical interlocking in foam
formation.
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2.2. Foaming methods

Two methods were used for foaming. The first used Xanthan gum
as a stabiliser, sodium dodecyl sulfate (SDS) as a surfactant, sodium
tetraborate as a flame retardant, and water; these are thereafter referred
to as Xanthan foams. The wet foams were homogenised using an
ONiLAB electric overhead stirrer for 15 min at 1000 RPM, poured into
a bottomless silicone mould, and dried at 80°C for 12 h.

The second method had a composition similar to the above, but re-
placed the xanthan gum stabiliser with chemical cross-linking provided
by the reaction of Bog‘ anions (introduced through the dissolution
of sodium tetraborate in water) and the -OH groups present in the
cellulose fibres. This reaction results in borate ester bonds between
adjacent cellulose fibres, and the resultant foams are thereafter referred
to as Borate foams. A solution of fibrillated henequen fibres, sodium
tetraborate and water was homogenised for 30 mins over a hot plate
at 50 °C, adding SDS halfway through. The wet foam mixture was
subsequently left to air dry for 24 h in bottomless silicon moulds.

The foams were dried in cylindrical moulds with a diameter of
5.5 cm and height of 3.5 cm. For the Xanthan foam, composition ratios
were 2.5 g blended henequen fibres (5wt%), 0.25 g SDS (0.5wt%),
1 g borax (2wt%), 0.25 g xanthan gum (0.5wt%) and the remainder
made of 46 ml water (92wt%). For the borate foam, the ratios were
0.75 g of blended henequen (1.5wt%), 1 g SDS (2wt%), 0.75 g borax
(1.5wt%) and the remainder made of 47.5 ml water (95wt%). All wet
foam mixtures had an initial mass of 50 g/specimen.

2.3. Testing equipment and methodology

Chemical composition changes in the henequen fibres during the
fibrillation process were measured with a Nicolet iS50 Fourier Trans-
form Infrared (FTIR) spectrometer. Surface morphology and dimen-
sional changes during the fibrillation process were obtained using a
Zeiss Gemini360 scanning electron microscope.

Tomographic scans to analyse the internal morphology and struc-
ture of the fibrous foams were performed using a Nikon XTH225 Micro
Computed Tomography (CT) scanner, using a reflection anode at 75 kV
and 327 pA, comprising of 1032 projections, with a 1000 ms exposure
time per projection and a voxel size of 50 x 50 x 50 pm. The data was
reconstructed using the embedded cone beam filtered back projection
algorithms in CT Pro Nikon. Image analysis was performed using Avizo
3D (ThermoFisher Scientific).

Thermal conductivity measurements were conducted with an M1
HotDisk apparatus, which uses the transient plane source (TPS) tech-
nique. Thermal imaging of prototypes was conducted using a FLIR A35
Thermal Imaging Camera, an Etekcity IT Thermometer and a 150 W IR
Lamp Cozion C9 C91075 to simulate heating conditions.

The compressive mechanical response of each foam was tested with
an Instron 5969 universal tester, equipped with a 500 N load cell.
Cylindrical specimens of 50 mm diameter and 35 mm height, obtained
directly from the curing moulds, were compressed at a strain rate of
0.002 s71.

Finally, the environmental life cycle impact of the foams was anal-
ysed using Green Delta Nexus openLCA software with the Ecoinvent
database. The process was adapted from 1ISO14040 [42], and the envi-
ronmental impact methodology used were CML v4.8 2016 and ReCiPe
2016 v1.03, midpoint E [43].

3. Results
3.1. Effect of fibrillation on henequen fibre morphology

During the foaming process, fibre entanglement and mechanical
interlocking occur, restricting relative displacement between adjacent

fibres and enhancing structural stability. The degree of entanglement
is proportional to fibre concentration and is further augmented by
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fibrillation. Fibrillation induces the dissociation of fibre bundles into
smaller fibrils with surface-exposed microfibrils, thereby increasing the
probability of inter-fibre entanglement and improving the dimensional
stability of the resultant foam. The benefits of fibrillation in this context
include increased air retention within the cured foam matrix and
enhanced foam stiffness.

Fibrillation processes are common in the preparation of cellulose
fibres for a variety of uses; the goal is to separate cellulose fibre bundles
through wet abrasion. These processes also produces microfibrils on
the fibre surfaces [44-46], which increase fibre entanglement and offer
more support for the three-dimensional fibrous networks.

The morphology of henequen fibre bundles before and after fibril-
lation is shown in Fig. 1. An enlarged image of the section enclosed
by the box in Fig. 1(a) is shown in Fig. 1(b) (rotated 180°). Untreated
henequen fibres (Fig. 1(a) and (b)) are bundles of lignocellulosic mi-
crofibres [47,48], and their separation during fibrillation reduces the
average fibre diameter from 381 + 6 (standard error with sample size
of 102) pm to 21 + 1 (standard error with sample size of 120) pm.
The latter is the smallest diameter achievable with this simple method,
further increases in blending time or speed did not result in any further
reduction in diameter.

The effect of blending on fibre length and diameter distribution is
displayed in Fig. 2. In addition to the substantial decrease in diameter
as mentioned above, the average fibre length also decreases, from 5.1 +
0.2 cm (standard error with sample size of 100) to 2.9+0.7 cm (standard
error with sample size of 112). The narrow distribution width in fibre
diameter post-blending indicates that the fibrillation technique is very
effective in producing consistent cross-sections. By contrast, the wide
distribution width in fibre length has been attributed in other studies
to the large shear forces that act on the fibres when blended, which can
peel away the surface of the fibres layer by layer with a certain degree
of randomness [49] and cause the large variation observed.

Fibre entanglement is a stabilising mechanism for fibrous networks,
as mechanical interlocking prevents relative displacement between ad-
jacent fibres. This probability of interaction between fibres is increased
with aspect ratio (length/diameter) [50]. The present results show
clearly that the blending process increases the aspect ratio substan-
tially, from 130 + 3 to 1400 + 92, effectively increasing the probability
for mechanical interlocking.

3.2. Effect of fibrillation on fibre composition

To understand the structural changes that occur in henequen fibres
during the blending process, and to investigate the limiting factors
that determine the minimum fibre diameter achieved with this pro-
cess, a Fourier Transform Infrared (FTIR) spectroscopy analysis was
conducted; the spectra of the fibres before and after blending are shown
in Fig. 3. The spectra are normalised at 1020 cm™!, corresponding to
C-O bond stretching in cellulose and hemicellulose [51]. Peaks at 3300
cm~! and 900 cm™! correspond to the stretching of -OH groups and
C-H bonds in cellulose, respectively. Both peaks are present in raw
and blended henequen, indicating that the cellulose has remained after
blending. The peaks at 1730 cm™!' and 1227 cm™' correspond to the
vibration of G0 and C-O bonds in acetyl groups, respectively, and are
also present in each sample. These are both evidence of the presence
of hemicellulose before and after blending [51]. The peak at approx-
imately 1600 cm™!, present in the raw henequen fibres, corresponds
to aromatic skeletal vibrations and G=O bond stretching in lignin [51],
and it is absent from the blended fibres. Similarly, other peaks at 1507
cm~! and 1421 cm™!, also corresponding to the presence of lignin [51],
are less prominent in the blended sample, indicating that the blending
removes some lignin from henequen fibres. It is known that lignin
and waxy substances are typically what binds the microfibres in the
fibre bundle [47], thus, the process of blending effectively separates
the microfibres. However, it does not separate further the microfibres,
since the hemicellulose structure, which exists on the primary wall of
the microfibres [48], does not break down through the shear forces
generated from this mechanical process.
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Fig. 1. SEM Images of raw henequen fibres (a) and (b) (showing a close-up of the boxed area in (a)), and blended henequen fibres (c¢) and (d).
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3.3. Foam morphology

Fig. 4 shows typical morphologies of the Xanthan foam ((a), (c), (e),
(g)) and Borate foam ((b), (d), (f), (h)). Optical micrographs and CT
scans indicate a structure that is typical of fibrous networks composed
of inter-twinned fibres in random orientations. The CT scans, shown
in Fig. 4(c) and (d), were used to evaluate the macroscopic porosity,
which was 94.4% for the Xanthan foam and 94.3% for the Borate foam.

The SEM micrographs elucidate the mechanisms of fibre interlock-
ing. In the Xanthan foam (Fig. 4(e) and (g)) the henequen fibrils
are physically adhered by the gum layer, which coats the surfaces
of the fibres and creates a thin film in the intersecting areas. In the
Borate foam, shown on Fig. 4(f) and (h), interactions are observed
between the microfibre surfaces, even in the absence of an external
binding agent. Fig. 4(h) showcases an example of the formation of new
common surface interactions between individual fibres as a result of
the chemical cross linking, to form new ‘branched’ junctions between
adjacent microfibres. In both cases, these crosslinking mechanisms
serve to prevent relative displacement between adjacent fibres and are
compounded throughout the entire fibre network to ultimately stabilise
the foam on a macroscopic level.

An important characteristic of porous fibre networks is the free
distance between inter-fibre junctions, which characterises the effective
pore size. The frequency distribution of the free fibre length was
extracted from the CT scans and is shown in Fig. 5. The mean value
of the free fibre length is 2.6 mm and 2.1 mm for the Xanthan and
Borate foams, respectively. The median free length is 1.8 mm in both
foams, indicating that there is a higher concentration of smaller pores
relative to big pores in the structure, which is important to achieve a
low thermal conductivity. Note that cellulose nanofibril aerogels often
achieve free lengths in the order of nm-pm [52], albeit through a more
energy-intensive manufacturing process (freeze drying and supercritical
drying) than that of the present study, and this morphology in turn
accounts for very low thermal conductivity values, in the range of
15-41 mW/m*K [10].

Thermal insulation foams achieve their insulating capacity through
the presence of a porous architecture. This porosity consists of dis-
crete air (or gas) enclosures entrapped within the solid matrix. An
increased number of cells generally correlates with enhanced thermal
performance, attributed to the inherently low thermal conductivity
of air [53]. Consequently, the high volume fraction of entrapped air

within the developed foams contributes to thermal resistance through
two primary mechanisms. Firstly, the foam’s cellular morphology, char-
acterised by a relatively uniform distribution of pores within the fibrous
network, effectively mitigates convective heat transfer. Secondly, the
low density of these foams significantly reduces conductive heat trans-
fer through the solid phase. By minimising the solid material available
for heat conduction, the foams effectively limit the transfer of thermal
energy through the structural matrix.

3.4. Presence of borate cross-linking

The chemical cross-linking of henequen lignocellulosic fibres in the
Borate foam is achieved through borate-ester bonds, and their forma-
tion was verified by FTIR. The spectra of untreated fibres (obtained
before the addition of sodium tetraborate), and Borate foam fibres
(obtained from the dry foam after the addition of sodium tetraborate)
are shown in Fig. 6. The data is normalised at the common 1040
cm™! peak, characteristic of C-O bond stretching within the cellulosic
structure [54,55].

The new peak observed at 1355-1430 cm~! corresponds to the
asymmetric stretching mode of the new B-O-C bonds formed and is
indicative of a successful reaction between the borate ion and the
cellulosic fibres to form borate ester bonds [56-58]. The observed
peak within this specific wavelength range aligns with the charac-
teristic signature of B-O-C bond formation in cellulose networks, a
phenomenon consistently reported in numerous studies investigating
the application of borax in cellulose hydrogel systems [56-60]. This
spectral evidence strongly suggests the establishment of chemical cross-
linkages within the developed fibre network. Further corroboration of
this chemical cross-linking mechanism is provided by the behaviour of
control samples. Specifically, when a foam formulation identical to the
borax-modified foam, but devoid of borax, was subjected to air drying,
the resulting fibre network exhibited a pronounced structural collapse,
accompanied by a subsequent loss of measurable structural rigidity.
This stark contrast in structural integrity between the borax-modified
and control foams serves as a compelling indicator of successful chem-
ical cross-linking, thereby demonstrating its crucial role in stabilising
and reinforcing the foam structure.

The peaks observed at 820 cm~! and 580-500 cm~! were identified
to be residual borate and tetraborate, respectively, which remained as
excess from the borax agent used in the procedure [58,61]. Finally, the
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Fig. 4. Macroscopic images of Xanthan foam (a) and Borate foam (b), CT Scan images of Xanthan foam(c) and Borate foam(d), and SEM images of Xanthan foam (e), (g) and

Borate foam (f), (h).

peak observed at 3400 cm~! represents free -OH groups within the cel-
lulose molecular structure [57,58]. Although this peak did not diminish
significantly, the dulling is indicative of some molecular interaction
and alteration of these groups. This was expected due to the chemical
interaction with the borate ion.

3.5. Compressive response

The compressive response of the optimised foam formulations out-
lined below is shown in Fig. 7 and indicates two distinct regimes:
an initial elastic regime, followed gradually by strain stiffening. The

response is typical of fibrous networks, and the Xanthan foam shows
clearly the two sub-regions of the initial deformation response: the
small-strain linear regime due to fibre rearrangement [62] or bend-
ing [63], followed by a second regime controlled by fibre bending
and buckling [63]. The densification regime occurs due to the internal
geometrical constraints arising from the development of new fibre-fibre
contacts at large strains [63,64].

The initial stiffness of the Xanthan and Borate foams is 56.4 kPa
and 19.4 kPa, respectively. As expected, the mechanical bonding via
the Xanthan gum in the fibre junctions increases both the stiffness and
density of these foams compared to the chemical cross-linking achieved
in the borate foams. However, both foams surpass the BS ISO 21844
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category 1 standard for cellulose insulation foams, 7 kPa (measured at
10% deformation) [65].

4. Discussion
4.1. Borate foam optimisation

To minimise the thermal conductivity of a foam structure, it is
typically necessary to also minimise density. The borate foam design
described here exploits the mechanisms of fibre entanglement and
borate cross-linking in synergy to increase volumetric stability and
minimise density. These stabilising mechanisms are influenced by the
fibre and borate concentration in the wet foam mixture and in turn,
determine the properties of interest in insulation materials: density and
thermal conductivity.

The fibre concentration in the wet foam was adjusted incrementally,
and in each case, the concentration of borate salt was maintained at a
1:1 mass ratio to fibre. The fibre concentration has a strong influence on
the density and conductivity of the final dry foam, as shown in Fig. 8(a),
with minima in both properties at a fibre concentration of 1.5 (wt%).
Below this critical concentration, foam collapse was observed. At higher
concentrations, the foam maintained volumetric stability upon drying,
but the density and thermal conductivity increased.

The influence of borax concentration on density and thermal con-
ductivity was evaluated for foams with the critical fibre concentration
determined above; the results are presented in Fig. 8(b). A point of
minimum density was again observed, below which the dry volume
reduced and increased density, and above which volume remained
approximately consistent but mass increased. Indeed, a foam was cre-
ated even in the absence of the borate agent, but it displayed greater
shrinkage on drying and an overall reduction in volume compared to
those with borate addition. The minimum density was 10.7 kg/m?,
achieved at a borax-fibre ratio of 50 wt%. Thermal conductivity is less
sensitive to borate concentration: minima were observed at borax-fibre
mass ratios of 50 wt% and 100 wt%, with values of 0.043 W/m*K
and 0.044 W/m*K for thermal conductivity, respectively, at apparent
densities of 10.7 kg/m’® and 11.5 kg/m>, respectively.

The overall trend may be explained by the limited availability of
reaction sites for a cross-linking mechanism to occur. Above a critical
point of borate addition, these reaction sites are exhausted, and borate
salt remains as excess within the wet foam mixture, not contributing
to additional cross-linking and volumetric stabilisation of the foam and
instead draining out with the aqueous phase upon drying or remaining
as dry mass in the final foam. Importantly, the inclusion of the borate
agent results in an increase in volumetric stability, thus providing
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evidence for a successful cross-linking mechanism with the cellulosic
fibres.

4.2. Xanthan foam optimisation

Pore formations in insulation foams are beneficial to exploit the low
thermal conductivity of air, but coalescence can lead to foam collapse.
Stabilisers, such as the Xanthan gum of this study, are a means of
remedying the collapse by providing rigidity to the end product. Opti-
misation studies were also conducted for this manufacturing technique;
the effect of fibre and Xanthan gum concentration on apparent density
and thermal conductivity is shown in Fig. 9.

The practical range of the henequen fibre concentration in the wet
foam solution is 1-10 wt%. At lower values of fibre concentration,
a foam failed to be produced due to the insufficient fibre content to
create a stable porous network. An increase in fibre content generally
corresponds to a larger apparent density, with eventual collapse of
the porous network at large fibre concentrations. The dependence of
thermal conductivity on fibre concentration qualitatively follows that

of the apparent density, as expected from the air entrapment (porosity)
of the networks.

The effect of the fibre/Xanthan ratio is more complex. Generally,
increasing this ratio decreases the thermal conductivity and density of
the dry foams due to the reduced viscosity of the liquid solution, which,
in turn, aids draining without collapse of the fibrous network. However,
local optima exist, which balance, on one hand, the stabilisation of
the fibrous network by the gum binder and, on the other, sufficiently
low viscosity to facilitate drainage without collapse. Minimum thermal
conductivity of 0.042 W/m*K and density of 21 kg/m?, was obtained
at a fibre concentration of 5 wt% and fibre/xanthan ratio of 10:1.

4.3. Fire resistance

For both foams, the natural fire resistance of boron, present in
borates, was utilised by adding borax to each foam to deliver each with
a suitable level of flame retardance, a necessary property for insulation
foams. Borax is a natural sodium salt that is very commonly used with
cellulose insulation. It contains boron, which actively releases water
when burnt, and this reaction promotes char formation, thus restricting
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Fig. 10. (a) Xanthan foam with no borax, (b) Xanthan foam with borax after burning for 30 s, (c) Borate foam after burning for 30 s.

damage only to where a foam is burnt [66]. A second benefit is that
borax homogenises well within the wet foam mixture, thus providing
its flame retardant properties throughout the foam. This expounds its
use in cellulose foams since its homogenisation capabilities allow for a
counteraction of the natural flammability of cellulose-based materials.

Fig. 10 visually depicts basic flame retardance tests for the Xanthan
and Borate foams. In (b) and (c), it can be seen that both foams self-
extinguish after flame exposure of 30 s, with surface char formation
cutting off the oxygen supply to the flame and preventing further
spread. By contrast, a Xanthan foam without the addition of borax
indicates high flammability, shown in Fig. 10(a), at the same time after
flame exposure.

Fig. 11 presents microstructural images elucidating the combus-
tion behaviour of the foams, including pre-combustion morphology
(a), post-combustion residue (b), the combustion boundary (c), and a
macroscopic overview of the partially combusted specimen (d). The ini-
tial foam microstructure, characterised by a composite of macroscopic
fibres and intricate microfibrous networks (a mesh of smaller, entan-
gled fibres), transitions to a residual network of charred macrofibres
following combustion. Notably, the macroscopic structural integrity is
preserved post-combustion, despite a substantial loss of microfibril-
lation. Image (c) reveals a well-defined combustion front, indicating
localised combustion. The presence of small flame tendrils near this
boundary suggests localised regions of lower borate concentration,
which serve as preferential pathways for flame propagation. The lo-
calised combustion volume is further demonstrated in (d). These ob-
servations collectively indicate a homogeneous distribution of borates
in the volume of the foam, validating their efficacy in both impeding
flame propagation and confining the combustion zone.

Flame retardancy was quantified by the Limiting Oxygen Index
(LOI) method, according to ASTM D2863 [67], using a Stanton Redcroft
FTA module. LOI values of > 20.95% are classified as ‘slow burn-
ing’ [68], and values of > 28% are classed as ‘self extinguishing’ [69,

70]. In both foams of this study, an LOI value of 29.5% was obtained,
classifying them as ‘self extinguishing’. Since the lignocellulosic fibres
are generally flammable, it is significant to note the effectiveness of
borax as a fire retardant in these classes of materials.

Although the LOI test and characterisation of the combustion mech-
anisms provide encouraging data, in the journey to the commerciali-
sation and application of these materials in the construction industry,
further testing can be performed to provide a comprehensive and
standardised evaluation of their flame retardancy performance. An
example of a typical fire rating test for building materials in the
European Union is the Euroclass system, which assesses factors such
as non-combustibility (ISO 1182), ignitability (ISO 11925-2), heat re-
lease upon combustion, smoke production, and the formation of burn-
ing droplets [71]. Materials are subsequently assigned a rating from
Al (non-combustible) to F (most flammable), following the European
standard EN 13501-1 [72].

4.4. Thermal imaging

Validation of the effectiveness of the developed lignocellulosic
foams as insulation materials can be provided via the proof-of-concept
setup demonstrated in Fig. 12(a). A polypropylene box, of dimensions
115 x 63 x 175 mm was insulated on one surface via panels of the
two foams developed here, and a polyurethane (PU) foam of density
30 kg/m® and coefficient of thermal conductivity 0.022 W/m*K. All
insulation panels had dimensions 180 x 120 x 25 mm and were placed
15 cm below a 150 W infrared heat lamp. The temperature distribution
in this setup was measured until steady state with a FLIR A35 thermal
imaging camera and validated at steady state with an Etekcity Lasergrip
774 infrared thermometer. The temperature of the box without an
insulation panel was also measured as a control setup.

The steady-state temperature distribution of the setup with the
Xanthan foam panel is shown in Fig. 12(b). It is clear that the insulation
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Fig. 11. (a) Xanthan foam before combustion, (b) Xanthan foam after combustion, (c¢) Depiction of boundary between combusted foam and unburnt regions, (d) Macroscopic view

of burn line boundary.

panel displays a significant thermal gradient, indicating its suitability
as an insulation material.

The evolution of temperature in the box (7},) and the outer surface
of the insulation panels (7,,,) is shown in Fig. 12(c). To compare each
of the materials fairly, a power level for each was chosen where the
temperature on the top surface was constant, at 52.5 °C. At these power
levels, the temperatures for the foam’s surface (outer temperature) and
inside the box (inner temperature) are measured as plotted on Fig.
12(c). A control temperature is also plotted to measure the temperature
in the box without any foam. This temperature continually increases as
expected. The temperatures on top of each foam reach a steady state at
different times. For the heat that is transmitted through to the box, the
Xanthan foam and PU have incredibly similar temperatures, whereas
the borate foam displays a marginally higher temperature.

Two main conclusions are noted. First, steady state, defined as
d(T,,, — T,)/dt < 1 °C/min is reached relatively quickly in all three
panels, at 35 mins, 55 mins, 50 mins for the Xanthan, Borate, and
PU foam respectively. Second, the steady state temperature difference
AT =T,,—T,,, an indicator of the insulation efficiency in this heat flux
setting, is similar in all three materials, at 26.5 °C, 25.5 °C, 29.2 °C for
Xanthan, Borate and PU foam, respectively. The above results are an
encouraging indication of the competitive thermal insulation capability
of the developed lignocellulosic foams.

4.5. Comparison with other porous materials and technical compliance

The developed materials are intended for thermal insulation ap-
plications within building envelopes, encompassing walls, roofs, and
floors, to enhance energy efficiency and indoor environmental quality.
These bio-based foams offer a sustainable alternative to conventional
fossil-fuel-derived insulation materials, such as polyurethane (PUR)
foam, extruded polystyrene (XPS), and expanded polystyrene (EPS), as
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well as mineral-based options like fibreglass and rock wool, thereby
reducing environmental impact. Furthermore, they expand the range of
sustainable foam options available for construction. While low-density
porous materials derived from fossil fuels and minerals are also utilised
in soundproofing and industrial insulation, including piping systems,
ductwork, storage tanks, and silos, future investigations can explore the
suitability of these sustainable foams for such applications.

The newly developed Borate and Xanthan foams exhibit lower
densities compared to many similar lignocellulosic fibrous insulation
materials and most fossil fuel-based insulation materials, which all fall
under the general category of commercial insulation products, as shown
in Fig. 13. The threshold for commercial thermal insulation products
(0.05 W/m*K) is based on an average of available data sets, according
to [81], and is satisfied by the materials developed in this study.
The reduced density suggests lower material intensity and decreased
resource depletion, measured below via a Life Cycle Assessment. The
thermal performance of the developed materials is comparable to that
of other bio-based insulation options, however, at a lower density.
While mineral wool and traditional fossil fuel-based insulation such as
glass wool and EPS offer lower thermal conductivity values, the herein-
developed foams show promise as a resource-efficient alternative for
sustainable building practices.

A key innovation of the developed foams is their inherent flame
retardancy, achieved through the incorporation of borax. This char-
acteristic contrasts significantly with conventional foam materials.
Polyurethane (PUR) and expanded polystyrene (EPS) foams are classi-
fied as highly flammable, while mineral-based foams, such as rock and
mineral wool, are non-combustible. Untreated plant-based foams are
generally susceptible to combustion. While some commercial bio-based
foams, such as those derived from kenaf and wood fibre in the graph
of Fig. 13, incorporate flame-retardant additives [76-78], the borax-
modified foams presented herein offer an inherently flame-retardant
alternative.
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Compared to porous materials fabricated via chemical cross-linking
and ambient drying of natural fibres, the Borate foam exhibits lower
stiffness (56 kPa compared to 6-40 MPa in the previous foams) [82].
However, these mechanical properties are achieved at a substantially
lower density (11.5 kg/m3) relative to comparable foams (90-210

Materials Today Sustainability 31 (2025) 101111

Table 1
Results from recycling test of Xanthan foam.
Initial Round 1 Round 2 Round 3
Density (kg/m’) 21.1 20.4 19.9 19.7
Thermal Conductivity (W/m*K) 0.0421 0.0432 0.0453 0.0475

kg/m*) while maintaining a similar thermal conductivity range (0.044-0.049

W/m*K), resulting in enhanced weight-specific insulation performance [27].

The Xanthan foam, produced through mechanical interlocking and
oven-drying at 80 °C, demonstrates a lower apparent density (21
kg/m*) compared to foams manufactured by similar methods (34-75
kg/m3) [83]. Its stiffness and thermal conductivity fall within the
ranges reported for these comparable foams (0.0128-0.1359 MPa and
0.0385-0.0421 W/m*K, respectively) [83].

In comparison to process-intensive cellulose nanofibre (CNF) foams
manufactured via oven drying, the developed foams exhibit lower
thermal conductivity (0.0486 W/m*K for CNF foams) at a comparable
density (12-22 kg/m3 for CNF foams) and stiffness (0.02-1.5 MPa for
CNF foams) [84]. Finally, when compared to CNF foams manufactured
using microwave drying, the henequen-based foams demonstrate lower
density and thermal conductivity (100-200 kg/m> and 0.046 W/m*K,
respectively) [85]. This indicates superior performance as a lightweight
insulation material.

In accordance with the technical performance requirements of BS
ISO 2184 for cellulose foam thermal insulation [65], the Xanthan
foam exhibits characteristics closely aligned with Category I, which
specifies a density exceeding 20 kg/m> and a thermal conductivity
below 0.040 W/m*K. Notably, while meeting the density criterion, its
thermal conductivity is within 5% of the thermal conductivity limit. The
Borax foam also satisfies this categorisation, albeit at a lower apparent
density. Both foam types fulfill the compressive strength requirement of
Category I materials (above 7 kPa). It is essential to acknowledge that
BS ISO 2184 pertains to closed-cell foams composed of cellulose-starch
ingredients and composed of a fine, uniform, independent air bubble
morphology. Consequently, it is not directly applicable to the open-cell,
lignocellulosic fibre-based materials developed herein. Nevertheless,
the proximity of the thermomechanical properties of the current mate-
rials to the specifications of this standard is encouraging. Furthermore,
BS ISO 2184 provides valuable guidelines for supplementary testing,
such as water vapour permeability, water absorption, and dimensional
stability under elevated temperatures, which are crucial for assessing
the suitability of these materials as building components.

4.6. End of life

To assess end-of-life pathways, two studies were conducted to de-
termine the potential for recyclability and biodegradation. The recy-
clability of the Xanthan foam was evaluated by a process designed to
recover the cellulosic fibres and recreate the foam with minimal loss
in performance, adapted from [27]. Foam samples were submerged
in 200 grams of water and soaked for 2 min to dissolve the hy-
drophilic binder, allowing the separation of the fibres. The excess water
was then strained, and the recovered pulp was combined with new
xanthan gum, SDS, borax and water to replicate the initial foaming
process. This recycling method was repeated over three cycles, with
measurements of density and thermal conductivity taken at each stage.
Results showed that the foam maintained its structural integrity and
functional properties, with only a 5%-6% reduction in density and a
12.8% increase in thermal conductivity (see Table 1). These changes
are attributed to the incomplete removal of additives and slight fibre
loss, indicating that the foam can be effectively recycled with minimal
degradation in performance. In contrast, attempts to recycle the borate-
based foam were unsuccessful, as the foam collapsed upon drying. This
outcome aligns with previous studies on chemically cross-linked foams,
where the depletion of active reaction sites during initial foam creation
prevents successful recycling [86,87].
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The biodegradability of the foams was assessed through a soil burial
test. Cylindrical specimens of diameter 50 mm, height 12 mm for
the Borate and 6 mm for the Xanthan sample, and common initial
mass 0.25 g, were buried in commercially available topsoil in sealed
containers for 28 days, at a temperature of 27 °C, and 65% air humidity,
to measure mass loss due to microbial degradation. The Xanthan and
Borate foams experienced mass losses of 26.5% and 23.7%, respectively.
Soil burial tests of cellulose composite foams show a significantly larger
mass loss of 96.6% [88]. The reduced degradation rate of the developed
foams of this study is likely due to the presence of lignin in the
constituent fibres, which inhibits enzymatic breakdown by slowing cel-
lulase diffusion [89], and borax, which has antibacterial and antifungal
properties that further inhibit microbial activity [90].

4.7. Life cycle assessment

A life cycle analysis covering cradle-to-gate system boundaries was
conducted for the two foams to identify key emission hot spots and
compare environmental impacts against traditional insulation mate-
rials. The methodology of ISO 14040 standard [42] was followed,
and consists of the following stages: raw material acquisition, trans-
portation, and manufacturing. Calculations were performed using the
OpenLCA software [91] with the Ecolnvent v3.10 and Agrybalyse
v3.1.1 databases. For each material, the mass corresponding to a func-
tional unit of thermal resistance per unit area (R-value) equal to 1
m?K /W was specified; this was 460 g and 886 g for the Borate and
Xanthan foams, respectively.

Due to a lack of data for specific chemicals and local practices,
proxies were used for the cultivation of henequen and the production
of xanthan gum and SDS. As is common in such studies, the intent is
to provide a benchmark comparison with general classes of the above
materials. Detailed assumptions, limitations and inventory are listed in
Supplemental Materials.

We first compare the life cycle impacts of the two foams of this
study. The results indicated that the equivalent CO, emissions per
functional unit were 7.62 kg and 3.81 kg for the Xanthan and Borate
foams, respectively. The primary emission source for both foams is
the diesel burnt in the agricultural practices and cultivation of the
agave plant, which contributes 55% and 30% of the total emissions
for the Xanthan and Borate foams, respectively. The electricity used
in the manufacturing process also accounts for a significant proportion
of emissions, approximately 30% and 50% for the Xanthan and Borate
foams, respectively.

The differences in the emissions outputs of the two foams are
primarily due to the raw henequen fibre consumption; the ratio of fibre
mass per functional unit of the Borate and Xanthan foams is 1:1.9.
The emissions associated with the manufacturing of the remaining
foam constituents account for 15% and 20% for the Xanthan and
Borate foams respectively, while transportation and waste produced are
insignificant (in the order of 0.28% due to the only waste stream during
production being wastewater treatment).

Next, we discuss the relative comparison in several environmen-
tal impact categories of the foams developed herein to other insu-
lation materials: Polyurethane Foams (PUR), Expanded Polystyrene
Foams (EPS), Glass Wool, and Cellulose Foams (from waste paper
(post consumer) and chemical additives). Twelve impact categories are
considered. These are: terrestial acidification potential (TAP), global
warming potential over 500 years (GWP500), particulate matter forma-
tion potential (PMFP), ozone depletion potential (ODP), human toxicity
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Fig. 14. Normalised environmental impacts of Borate and Xanthan foams compared to Cellulose Foam, Glass Wool, EPS, and PUR foams.

potential (HTP), ecotoxicity potential (ETP) (sum of freshwater, marine,
and terrestial), marine eutrophication potential (MEP), freshwater eu-
trophication potential (FEP), photochemical oxidant formation poten-
tial (POFP), fossil depletion potential (FDP), water depletion potential
(WDP) and metal depletion potential(MDP). The results, presented in
Fig. 14, are normalised by the highest output in each category.

Selecting as an initial benchmark for comparative discussion PUR
foams, an inexpensive material for thermal insulation, it is observed
that the fibrous foams developed here reduce the environmental im-
pact in all categories. Notably, in toxicity categories (HTP and ETP),
Xanthan and Borate foams reduce impacts by up to 73.4% and 84.9%,
respectively, compared to the PUR foams. The Borate foam exhibits the
lowest global warming potential (GWP500), 82.5% lower than PUR.
Both foams also show reduced fossil fuel depletion (FDP) by 88.2% and
76.0%, respectively, for Borate and Xanthan foams, respectively. Water
use (WU) is 89.9% lower for borate foam compared to PUR, though
xanthan foam shows a more modest reduction of 39.4%.

Comparison with glass wool, a high performance material for ther-
mal insulation, reveals that improvements can be achieved in most
categories, except for three categories: (1) FEP due to the inorganic
composition of glass wool which lacks nutrients that contribute to algal
blooms in freshwater ecosystems [92-94], (2) POFP due to the minimal
release of volatile organic compounds during manufacturing, which
reduces the formation of photochemical oxidants [95], and (3) WDP
due to the low water usage of glass wool manufacturing compared to
the foams of this study [95] (used primarily in the fibrillation and liquid
foaming parts of the process). The life cycle improvements outlined
above can be attributed primarily to the simple and low-energy fibre
extraction and manufacturing processes.

5. Conclusions

This study demonstrated the successful fabrication of lightweight,
fibrous foams from lignocellulosic henequen fibres, using simple and
energy-efficient processing techniques. Agitative blending effectively
fibrillated the raw fibres, significantly reducing their mean diameter
and increasing their surface area. This enhanced surface area facilitated
the formation of stable fibrous networks through physical interconnec-
tions, the addition of Xanthan gum, or chemical cross-linking via borate
ester bonds.

Both the Xanthan and Borate foams exhibited promising thermal
insulation properties with low thermal conductivity (42 mW/m*K and
43 mW/m*K respectively), low apparent densities (21.0 kg/m> and
11.5 kg/m?> respectively), and high compressive stiffness (56 kPa and
19 kPa, respectively). Notably, the Xanthan foam demonstrated excel-
lent recyclability, maintaining its performance even after three recy-
cling cycles. Furthermore, both foams exhibited inherent fire resistance
with a limited oxygen index (LOI) of 29.5% for both.
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Life cycle assessment results indicated that both foams possess lower
environmental impacts compared to conventional insulation materials
such as polyurethane and glass wool, across most assessment categories.
These findings suggest that the developed henequen-based foams offer
a sustainable and competitive alternative to existing thermal insulation
materials, with potential applications in various sectors.
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