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A B S T R A C T   

The main aim of this study was to assess the efficacy of water hyacinth stem as insulation material by analysing 
its thermal and acoustic performance. Several particleboards and composites were prepared by adding either 
binders or blending water hyacinth stem with other construction materials. During the preparation of the 
samples, various factors including sample thickness, average particle size of water hyacinth stem in the samples, 
degree of compaction, and type of binder used were taken into consideration. Particleboards manually com-
pacted prepared with water hyacinth stem particles size range of 1–2 mm and a 14 mm thickness showed the 
lowest thermal conductivity coefficient and highest value of the weighted absorption coefficient. Additionally, 
composites prepared with water hyacinth stem particles mixed with gypsum reached lower thermal conductivity 
and higher sound absorption coefficient values than those observed for cement-based composites obtained under 
the same preparation conditions. The values found in this study and those published in the literature for other 
types of biomass materials suggest that water hyacinth stem has significant potential for use, either alone or in 
combination with other materials, as a thermal and acoustic conditioning material.   

1. Introduction 

Due to the growing concerns surrounding climate change and envi-
ronmental sustainability, the construction industry is actively seeking 
alternative materials and methods to mitigate its environmental impact. 
As of late, biomass-based materials have resurfaced as a prospective 
replacement for conventional construction materials, specifically for 
thermal insulation and acoustic use (both for sound absorption or 
insulation) (Rabbat et al., 2022; Liuzzi et al., 2017; Liu et al., 2017; 
Aladejana et al., 2020; Yadav and Agarwal, 2021). Using biomass-based 
materials for insulation has several advantages, including their renew-
able and sustainable nature. This offers a low-carbon alternative to 
traditional insulation materials. Additionally, these materials can be 
recycled and are biodegradable, which can promote circular economies 
and minimize waste. The literature suggests that biomass-based mate-
rials have remarkable thermal and acoustic properties that can 
contribute to a healthy and comfortable indoor environment. One of the 

most common types of biomass-based building materials is cellulose 
insulation (Arenas and Crocker, 2010), (Arenas and Asdrubali, 2019). 
Other types of insulation materials include hempcrete (Dhakal et al., 
2017), straw bale (Marques et al., 2020), and cork (Almeida et al., 
2019), (Maderuelo-Sanz et al., 2014). These materials are renewable, 
sustainable, and have good insulation properties; besides, their disposal 
is a threat that could help social development in rural areas. Research 
and development in this area are ongoing, with a focus on improving the 
performance and durability of these materials, as well as developing 
new materials from bio-waste products (Zach et al., 2016; Lee et al., 
2022; Hassan et al.,2020; Teixeira et al., 2019; Son et al., 2017; He et al., 
2023). 

Eichhornia crassipes, also known as Water Hyacinth (WH) or 
“camalote”, is an aquatic plant native to South America and is considered 
an invasive alien species of concern by both the Spanish and EU au-
thorities (MITECO, 2019). WH has spread beyond its native range, pri-
marily to tropical or subtropical regions (Capdevila-Argüelles et al., 
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González), albachaveszapata@gmail.com (A. Chaves-Zapata), beatrizlc@unex.es (B. Ledesma).  

Contents lists available at ScienceDirect 

Journal of Cleaner Production 

journal homepage: www.elsevier.com/locate/jclepro 

https://doi.org/10.1016/j.jclepro.2023.138903 
Received 9 June 2023; Received in revised form 26 August 2023; Accepted 15 September 2023   

mailto:maraom@unex.es
mailto:sroman@unex.es
mailto:valentin@unex.es
mailto:celiamg@unex.es
mailto:albachaveszapata@gmail.com
mailto:beatrizlc@unex.es
www.sciencedirect.com/science/journal/09596526
https://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2023.138903
https://doi.org/10.1016/j.jclepro.2023.138903
https://doi.org/10.1016/j.jclepro.2023.138903
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2023.138903&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Cleaner Production 425 (2023) 138903

2

2011). The first known occurrence in Europe was in 1939, in the Sado 
River basin of Portugal (Téllez et al., 2008). In Spain, the first docu-
mented cases of WH appeared in 1989, forming small, localized pop-
ulations that disappeared when the ponds or wetlands dried up (Téllez 
et al., 2008). The middle course of the Guadiana River in the southwest 
of the Iberian Peninsula has suffered a significant damage from the rapid 
expansion of WH. In autumn 2004, the weed was detected in the course 
of this river, and although it regressed during the winter, there was a 
strong regeneration of the fragments that remained on the banks in April 
2005 (Téllez et al., 2008). In 2016, a strategy was approved to control 
and eradicate the presence of WH in the Guadiana basin, with the aim of 
establishing future action plans to improve its management (MITECO, 
2021). The Hydrographic Confederation of the Guadiana River announced 
in December 2020 (Hydrographic Confederation of the Guadiana, 2020) 
that they had completed the cleaning of 185 km of WH in the Guadiana 
River through a “Shock Plan” initiated in 2018. Monitoring and early 
warning work are ongoing to ensure the definitive eradication of this 
invasive species in the coming years (Hydrographic Confederation of the 
Guadiana, 2020). Efforts are currently in progress to explore effective 
ways for managing this weed (Amalina et al., 2022), and to find po-
tential applications to give it an added value. Regarding its uses, some 
positive aspects of this biomass are its high growth rate, potential source 
of phytochemicals (ammonia, nitrate, nitrite and phosphate) or stem 
porosity (Shao-Hua et al., 2017). The main applications of this plant 
include: paper manufacturing (Islam et al., 2021), animal feed (Indu-
lekha et al., 2019), ethanol production (Singh and Bishnoi, 2013), biogas 
generation (Zimmels et al., 2006), compost production (Islam et al., 
2021), effluent treatment (Amalina et al., 2022), (Lin et al., 2020), taro 
production (Talkah, 2015), carbonaceous materials such as activated 
carbon (Boonpoke, 2015), hydrochar (Román et al., 2020) or biochar 
(Yin et al., 2022), biomedical applications (Taqi et al., 2019), furniture 
manufacturing and fuel for the energy sector (Rezania et al., 2015). 

The internal structure of Water Hyacinth Stems (WHS) is very porous 
and complex, with interconnected holes of different sizes (Salas-Ruiz 
et al., 2019). Due to its low density and porous structure, several studies 
have shown that WHS has the capacity to act as a thermal insulator 
(Salas-Ruiz et al., 2019; Philip and Rakendu, 2020a; Mendoza and Co, 
2019; Sharma et al., 2021; Van Nguyen et al., 2021; Jaktorn and Jia-
jitsawat, 2014; Bhuvaneshwari and Sangeetha, 2017; David et al., 2022; 
Sruti et al., 2021; Hankhuntod et al., 2022; Niyasom and Tangboriboon, 
2021; Zhao and Li, 2022). Nevertheless, these studies exhibit hetero-
geneous methodologies and outcomes, or employ distinct sections of the 
plant. For instance, Philip and Rakendu (2020b) investigated the ther-
mal performance of panels composed of water hyacinth petioles 
(average diameter of 2.36 mm) blended with cement at a specific ratio 
(60/100% by weight) (Philip and Rakendu, 2020b). They observed that 
the incorporation of this biomass resulted in a significant decrease in the 
density and thermal conductivity of the panels, yielding thermal con-
ductivity values of 0.0765 W/mK for the moulded sample, in compari-
son to the value of pure cement, which was 0.7 W/mK. Mendoza and Co 
(2019) studied the behaviour of two invasive plants: an aquatic one 
(WH) and a terrestrial one (imperata), both characterized by their low 
density, they conclude that a composite consisting of equal parts WH 
and cogon (50:50 ratio) proved to be the most effective panel in terms of 
heat insulation. Sharma et al. (2021) studied mixtures of WH fibres (2 
mm) and concrete, resulting in decreases in the thermal conductivity 
values up to 0.045 W/mK. 

While there are studies demonstrating the thermal insulation capa-
bilities of WHS, there is limited research on its acoustic performance. In 
the studies on the acoustic properties of WHS, the focus has mostly been 
on developing polymeric or ceramic matrix composite materials using 
the plant as a filler or reinforcement. In contrast, there is a dearth of 
studies that delve into the potential of WHS as an acoustic absorber used 
alone or combined with building materials such as gypsum and cement. 
Some studies have examined the use of woven WHS particles mixed with 
polymeric materials or clays as acoustic absorbers (Cayanan et al., 2019; 

El-Wakil et al., 2021; Elvaswer, 2015; Rohman et al., 2022; Setyowati 
et al., 2018, 2021; Sukhawipat et al., 2021, 2022). Setyowati et al. 
observed that composites with higher amounts of WHS showed better 
acoustic absorption (Setyowati et al., 2021). El-Wakil et al. found that an 
increase in WHS content in a composite material consisting of WHS and 
styrene-butadiene rubber (SBR) led to greater sound absorption at low 
frequencies (El-Wakil et al., 2021). Another study reported that 
combining 50 wt% of WH fibres with abaca plant and bamboo in com-
posites improved their acoustic performance (Cayanan et al., 2019). 
Sukhawipat et al. concluded that WH fibres significantly improved the 
acoustic absorption coefficient of polyurethane foam composites, espe-
cially at low frequencies, with larger particle size showing better per-
formance (Sukhawipat et al., 2021), (Sukhawipat et al., 2022). A study 
by Rohman et al. (2022) analysed a carpet made of woven WH fibres and 
found it to be effective in sound reduction at certain frequencies, sug-
gesting that WH is a suitable sound-absorbing material. While Sharma 
et al. (2021) and Salas-Ruiz and Barbero-Barrera (2019) have looked at 
mechanical, hygroscopic, and thermal properties, there is a lack of 
research that has systematically explored the modification of various 
properties such as particle size, biomass ratio, applied load, and type of 
binder used, for the same material. Therefore, further research in this 
area is necessary to gain a better understanding of the potential of WH as 
an acoustic absorber in building materials. 

This study aims to evaluate the thermal and acoustic behaviour of 
WHS as a material for its potential use in the construction sector. 
Different materials were prepared using WHS as the primary compo-
nent, and their properties were analysed. Several variables were 
considered during the preparation of these materials, such as the type of 
binder used, the particle size of the WHS, and the degree of compaction 
of the samples. The thermal and acoustic behaviour of the materials 
were evaluated, along with their physical characteristics, to determine 
their suitability for use alone or in combination with other building 
materials. 

2. Materials and methods 

2.1. Materials 

Water Hyacinth Stems (WHS) were used as primary feedstock for the 
production of porous materials, either alone or in conjunction with other 
construction materials. The collection and particle sizing process of 
WHS is shown in Figure S1 (see the supplementary material). To obtain 
WHS particles, a large quantity of fresh WH plants were initially gath-
ered from the shores of the Guadiana River in Extremadura region 
(Badajoz, southwest Spain) and subsequently stored in 5 L plastic drums. 
Therefore, the WHS were manually separated from the leaves and roots, 
and air-dried, spread on a large surface, at room temperature for one 
week. Later, the WHS were placed in an electric oven at 100 ◦C until they 
were completely dry. The dried WHS were hand-cut and crushed with a 
glass blender (Jata®). Finally, sieving (CISA® shaker) allowed obtaining 
different ranges of particle sizes (ps) taking as a reference other works 
already published (Salas-Ruiz et al., 2019), (Salas-Ruiz and 
Barbero-Barrera, 2019), (Korjenic et al., 2011). Figure S1 (see supple-
mentary material) displays images of WHS with different diameter 
(particle size: ps) ranges: ps < 0.5 mm (named A), 0.5 mm < ps < 1 mm 
(named B), and 1 mm < ps < 2 mm (named C). 

Besides, various porous materials based on WHS were obtained using 
other feedstock. On the one hand, for particleboards preparation, 
binders such as soluble glue [SUPERtite® wood adhesive] and soluble 
corn starch (Sigma-Aldrich®) were used to enhance the bond between 
particles in the samples prepared with WHS alone. On the other hand, 
for the composite samples, various construction materials were mixed 
with WHS to prepare composite materials, including Longips controlled 
setting gypsum (type B1, Placo Saint-Gobain®), epoxy resin (Fantasy 
Craft®), and cement (LafargeHolcim®). 
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2.2. Samples preparation 

2.2.1. WHS particleboards preparation 
Once dried, the WHS particles were mixed with water in a 1:1 wt 

ratio until a homogeneous mixture was achieved. This ratio was fixed 
after different preliminary tests. The resulting mixture was then com-
pacted manually or using a hydraulic press (mod. FTX12001, Big Red 
Jacks®) under controlled load in a cylindrical mould. Two different 
types of moulds were used: i) a cylindrical aluminium mould (60 mm 
diameter) for producing samples that fit into the C-Therm TCi analyser, 
used to determine the thermal conductivity, and ii) a polylactic acid 
(PLA) cylindrical mould (29 diameter) mm for making samples that fit 
into the impedance tube, used to determine the sound absorption coef-
ficient. Although Salas et al. (Salas-Ruiz et al., 2019) have recently 
demonstrated that it is possible to manufacture self-supporting 
WHS-based panels without an artificial polymer matrix, in this work, 
for comparative purposes, WHS particles were also mixed with water 
dissolved glue (G) and corn starch (ST) to enhance the bond between the 
particles. To achieve this, G (or ST) was first dissolved in water, and then 
the WHS particles were added. The weight ratio of water, binder (either 
ST or G) and WHS was 1:0.2:1. The general nomenclature used for these 
samples was WHS-W-X-Y-Z, where W represents the average particle 
size of WHS used (designated, as previously mentioned, as A for ps < 0.5 
mm, B for 0.5 < ps < 1 mm, or C for 1 < ps < 2 mm), X denotes the load 
applied during sample compaction (M for manual compaction, 1 for 
controlled compaction at 1 t, or 2 for controlled compaction at 2 t), Y 
indicates the presence of a binder (ST for corn starch, G for glue and 
none for no binder), if any, and Z denotes the thickness of the sample in 
millimetres. For example, sample WHS-B-M-ST-14 is the sample pre-
pared with WHS particles with an average size between 0.5 and 1 mm, 
manually compacted, mixed with corn starch and a thickness of 14 mm. 
Table S1 (see supplementary material) lists all samples prepared and the 
preparation conditions used in this series. As an example, Fig. 1 includes 
photographs of samples prepared a pressure of 1 t using WHS of different 
ranges of particle sizes. 

2.2.2. Composite samples preparation 
Three WHS-based composites were prepared by combining WHS 

particles with other building materials, namely gypsum plaster (GP), 
cement (C), and epoxy resin (ER). 

Specifically, GP and C based composites were both prepared using 
weight ratios of WHS to matrix of 1:10 and 1:1. Thus, WHS particles 
were first mixed with powdered matrices, followed by the addition of a 
certain amount of water. The weight ratio of WHS to water was 1:1 in 
both cases. The homogeneous mixture was poured into a 60 mm 
diameter aluminium ring mould and allowed to dry for at least 2 h until 
it could easily be removed from the mould. Afterwards, the samples 
were dried overnight in an electric oven at 100 ◦C to ensure complete 

moisture loss. Finally, the samples were stored in hermetic bags for 
further analysis. Samples were named as WHS-W-X (Y), where W rep-
resents the average particle size of WHS used, X denotes C for cement or 
GP for gypsum plaster, and Y denotes weight ratios of WHS to matrix of 
1:10 and 1:1. The thickness of the samples was fix at 14 mm. Up to three 
replicates of each sample were prepared. 

For preparing epoxy resin-based composites, a mixture of epoxy and 
hardener was first prepared following the manufacturer’s guidelines, 
with a weight ratio of 100:45. This mixture was carefully dispensed over 
the WHS particles in the mould to ensure even distribution of the epoxy 
throughout the WHS particles. In this case, only a ratio WHS to matrix of 
1:10 was employed. The mixture was stirred well to ensure uniform 
mixing and left to harden for 48 h. Samples were named as WHS-W-ER. 
The thickness of the samples was set also at 14 mm. 

After thermal characterization, the samples were cut and sanded to 
the dimensions necessary for acoustic characterization, using a crown 
drill with 30 mm diameter teeth. 

2.3. Characterization of raw material 

Proximate analysis (% wt./wt.) of WHS was carried out following the 
technical specifications CEN/TS 1474–2, CEN/TS 15148 and CEN/TS 
14775 for moisture (M), volatile matter (VM) and ash (A), respectively. 
Fixed carbon was determined by difference (100-M-VM-A). 

WHS elemental composition was determined in dry basis with an 
elementary analyser (Eurovector EA 3000), based on to the norm CEN/ 
TS 15104 (for determining the content of C, H and N) and CEN/TS 
15289 (for S). Oxygen (O) content was determined by difference using 
the following Equation (1): 

O%= 100% − (%C+%N +%H +%S) (1) 

The apparent density (ρapp) of WHS particles with varying size ranges 
was determined using the helium pycnometry technique, employing a 
stereopycnometer model SPY-D160-E (Quantachrome). To ensure ac-
curacy, these measurements were conducted in triplicate using a cali-
brated cell (20 cm3) and high-purity helium (99.99%) regulated to 20 
psi. 

The thermogravimetric behaviour under inert atmosphere was 
studied by a thermobalance (TGA/DTG) (STA 449 F3 Jupiter–Netzsch) 
using a flow rate of 100 mL min− 1 of argon and a heating rate of 
20 ◦C⋅min− 1 from 30 ◦C to 800 ◦C. 

2.4. Particleboards and composites characterisation 

2.4.1. Density and porosity measurements 
To determine the mass density (ρ) of WHS-based particleboards and 

composites at room temperature, measurements were taken by weighing 
and measuring all dimensions using a Vernier Calliper with a resolution 

Fig. 1. Images of WHS-based particleboards moulded at 1 t and different WHS particle size (series: WHS-W-1-14).  
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of 0.05 mm, allowing for the calculation of sample volume. The mass of 
each sample was obtained using a digital balance with a resolution of 
0.01 g. At least five measurements were taken for each sample to ensure 
accuracy. 

The total porosity (φ) of prepared samples can be estimated through 
the mass density of the samples (ρ) and the apparent density of WHS 
particles (ρapp) using Equation (2) (Soltani et al., 2020): 

φ= 1 −
ρ

ρapp
(2)  

2.4.2. Thermal conductivity measurements 
Thermal conductivity (λ) of samples was determined using the 

Modified Transient Plane Source (MTPS) method, which conforms to the 
standards ASTM E1225-20 (ASTM and “ASTM E1225-20, 2020) and 
ASTM D 7984:2021 (ASTM and “ASTM D7984-16, 2021). This method 
has been utilized in other similar studies (Hassan et al.), (Sruti et al., 
2021), (Nguyen et al., 2018), (Nguyen et al., 2017). A TCi Thermal 
Conductivity Analyser from C-Therm Technologies was used for the 
experiment. A conductive thermal resin (Wakefield®) was used as the 
contact agent to facilitate the test. To ensure appropriate sensor-sample 
contact, a resin weight of 500 g was placed on the top of the sample. A 
reference standard of PYREX® glass was employed. The methodology 
entailed the application of a 1 s current pulse to the sensor’s heating 
element with a frequency of 100 Hz and a current of 37 mA, followed by 
a cooling period of 60 s. 

2.4.3. Normal-incidence sound absorption coefficient measurements 
The normal incidence Sound Absorption Coefficient (α) of the sam-

ples was determined using an impedance tube method in accordance 
with the ISO 10534–2:1998 standard (ISO, 1998). An Impedance Tube 
Kit (Type 4206, Hottinger Brüel & Kjaer Ibérica, Nærum, Denmark), 
equipped with two quarter-inch condenser microphones (Type 4187, 
Hottinger Brüel & Kjaer Ibérica, Nærum, Denmark) with a length of 900 
mm and a diameter of tube of 29 mm was used to evaluate α at fre-
quencies under 6400 Hz. The evaluation was conducted horizontally. To 
facilitate the comparison between different samples, the α values were 
averaged over the eighteen one-third octave bands between 100 and 
5000 Hz. With these one-third octave values, the six octave bands values 
(125, 250, 500, 1000, 2000, and 4000 Hz) were calculated. The Noise 
Reduction Coefficient (NRC) for a given sample was determined by 
taking the weighted average of its sound absorption coefficients at 
octave band centre frequencies of 250, 500, 1000, and 2000 Hz using the 
ASTM C423-22 standard (ASTM and “ASTM C423-22, 2022). The NRC 
value was calculated using Equation (3): 

NRC =
α250 + α500 + α1000 + α2000

4
(3) 

The Weighted Sound Absorption Coefficient, represented as αw, was 
also determined in accordance with the ISO 11654:1997 standard (ISO 
and “ISO 11654:1997, 1997), which provides a single number rating for 
sound absorption. This standard describes absorption classes ranging 
from A to E. 

3. Results and discussions 

3.1. Raw material characterization 

Table 1 lists the proximate and elemental analyses of the different 
parts of the WH plant; while the first analysis has been done as the 
feedstock is gathered (fresh), the elemental analysis is presented in dry 
basis. As it can be observed, the WHS stands out for its high moisture 
content, what makes its ageing very fast and justifies the need of proper 
disposal, to avoid contamination problems. 

Figure S2a (see supplementary material) compares thermal degra-
dation analysis (TGA) of the different parts of a WH plant and Figure S2b 
(see supplementary material) depicts TGA degradation patterns for WHS 
particles with different sizes. In general, it can be observed that at 
temperatures below 150 ◦C, there is a slight mass loss mainly due to 
moisture release from material drying. Within the temperature range 
between 200 and 600 ◦C, there is a significant mass loss, possibly due to 
the release of CO2 and CH4 following the decomposition of hemi-
celluloses (190–320 ◦C), cellulose (280–400 ◦C), and lignin 
(320–450 ◦C) (Boutaieb et al., 2021). Subsequently, the mass loss 
occurring at temperatures between 450 and 600 ◦C could be related to 
the release of CO2 and water chemically bonded (Chornet and Overend, 
1985). Finally, between 600 ◦C and approximately 900 ◦C, the rate of 
mass loss slows down, which may be related to the degradation of more 
resistant species containing carbon (COx, CxHy, and tars) and the 
oxidation of carbon until a constant weight is reached (Chornet and 
Overend, 1985). Different thermal degradation curves (see Figure S2a) 
are observed depending on the analysed plant part. Roots showed lower 
moisture content and higher mineral content, which resulted in lower 
degradation and loss of mass as temperature increases compared to 
stems and leaves. This observation coincides with the analysis shown in 
Table 1. 

On the other hand, thermograms show that the grinding and sieving 
process of WHS has a significant effect on thermal degradation, which 
intensifies for particle sizes larger than 0.5 mm (see Figure S2b). These 
differences can be mainly associated with effects related to a lower 
resistance to mass and energy transfer for smaller particles or to dif-
ferences in composition (as when the precursor is not homogeneous, 
sieving can lead to separation of fractions with different composition). 

The apparent density (ρapp) values determined for the dry WHS were: 
1.411 g/cm3 for series A (ps: < 0.5 mm), 1.733 g/cm3 for series B (0.5 
mm < ps < 1 mm) and 1.193 g/cm3 for series C (1 mm < ps < 2 mm). 
The reason why WHS with larger particles exhibited the lowest ρapp 

could be attributed to the fact that these particles contain a greater 
proportion of stem pulp, which is less dense compared to the stem bark 
(Salas-Ruiz et al., 2019). 

3.2. Particleboards characterization 

Based on Fig. 2a and Table S1 (see supplementary material) the 
average density values ranged from 0.241 to 0.749 g/cm3. No clear 
relationship is observed between particle size and sample mass density, 
although depending on the compaction, a more intense influence of 
particle size on density was found. In this way, within each series, an 
increase in the level of compaction resulted in an increase in sample 
mass density but, the smaller particle sizes (series A) exhibited a greater 
increase in density at 2 t of compaction, as compared to the analogous 

Table 1 
Proximate and elemental analysis of main parts of the WH plant (ps: 0.5–1 mm).   

Proximate analysis (wt.%) Elemental analysis (wt.%) 

Ash Moisture Volatiles Fixed carbon C H O N S 

Roots (WHR) 5.18 88.40 6.09 0.33 34.39 4.26 59.41 1.50 0.45 
Stems (WHS) 0.37 95.92 3.55 0.16 36.55 5.52 55.50 2.31 0.12 
Leaves (WHL) 1.07 88.90 9.60 0.44 41.14 4.93 49.63 4.16 0.15  
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sample obtained at lower loads. Similarly, particles of medium size 
(series B) exhibited an increase in density at 1 t of compaction, greater 
than the observed in the other sizes. 

The average thermal conductivity values ranged from 0.156 to 0.300 
W/mK as shown in Fig. 2b. There was no clear correlation observed 
between thermal conductivity and particle size. Ferrández-García et al. 
reported a similar results for particleboards made from palm tree 
pruning (Ferrández-García et al., 2018). In line with the literature, it 
would be expected that thermal conductivity would increase with 
increasing compaction pressure during moulding (or density) (Sal-
as-Ruiz and Barbero-Barrera, 2019), (Nguyen et al., 2017), (Xu et al., 
2004). This trend was not observed in our results, except for larger 
particles subjected to a 2 t load. This deviation from the expected trend 
could be due to the moisture content present in the samples. Despite 
thorough drying of all samples after preparation, it is conceivable that 
specimens featuring greater porosity and reduced compaction pressures 
may exhibit heightened capacity for water retention from the sur-
roundings prior to thermal analysis. Actually, studies have confirmed 
this relationship between thermal conductivity and moisture content in 
samples (Nguyen et al., 2018), (Nguyen et al., 2017). Another factor that 
could be taken into consideration stands on the fact that the interparticle 
void between particles (and thus, the amount of air, which is a signifi-
cant thermal insulator when it is confined) is also modified as a result of 
pressing. 

The reduction in heat transfer that can be achieved through the in-
clusion of WH will result in a decrease in energy consumption and could 
help the transition to NZB (Near to Zero Consumption) in buildings, in line 
with international strategies such as the European Green Deal (“Council 
Directive, 2010, 2021). This has been previously simulated in unpub-
lished case studies by the authors. Energy savings are not the only 

benefit of incorporating biomass into building materials; the economi-
cally and energy-intensive process of producing typical building mate-
rials such as gypsum or cement must also be taken into account. WH will 
not only reduce the energy consumption of dwellings, but also reduce 
the need for these non-renewable resources, contributing to a more 
decarbonised society. 

On other hand, data depicted in Fig. 3a demonstrate that Noise 
Reduction Coefficient (NRC) increased as the particle size range of WHS 
increased, independently of the compaction level employed during 
moulding. It can be stated that, except for series A, there is a trend of 
decreasing absorption as the degree of compaction increases. Therefore, 
type C samples (1–2 mm) exhibited superior noise absorption capability 
compared to the other series. This finding was also observed by 
Ferrández-García et al. (Ferrandez-García et al., 2020), that reported 
that larger particle sizes of biomass (Arundo donax L.) resulted in 
greater sound absorption coefficients. Additionally, the sound absorp-
tion coefficient (α) versus frequency curves for the three series of sam-
ples revealed significant variations in the maximum absorption 
frequencies achieved (see Fig. 3b–d). As can be seen, for series B and C, 
the manual sample preparation leads to broad absorption spectra in the 
medium-high frequencies, while the introduction of compaction in the 
sample preparation leads to much more selective absorption behaviour, 
with absorption peaks around 1250–2000 Hz. 

From Figure S3 (see supplementary material), which represents NRC 
versus porosity and density of samples with increasing compression 
pressure, it is evident that, except for sample WHS-A-M-14, there is an 
inverse relationship between the degree of compaction and NRC. As can 
be observed, this trend occurred similarly for all samples regardless of 
the particle size of the WHS employed. This decrease in acoustic ab-
sorption is clearly related to a decrease in the porosity of the sample 
(joined to an increase in density). 

Fig. 4a compares thermal and NRC values of samples prepared 
without and with binder (corn starch and glue). Data indicate that 
sample with no binder reached the lowest thermal conductivity value 
and the highest NRC value. The addition of binder would be associated 
with the improvement of the stiffness of the samples (Son et al., 2017), 
(Mati-Baouche et al., 2016), however it decreases the sound absorption 
probably due to a lower porosity. The values of the thermal conductivity 
coefficient were higher in the case of samples with the addition of binder 
than in the case of no binder. Fig. 4b shows the sound absorption co-
efficient curves for samples prepared without and with binder (corn 
starch and glue). From the curves, it can be seen that the sample without 
binder (WHS–B-M-14) reached higher sound absorption, especially in 
the frequency range between 1 and 5 kHz while at frequencies below 
1000 Hz, similar sound absorption coefficient values are obtained for all 
three materials. At the frequency of 2 kHz, the maximum value reached 
by WHS-B-M-14 was 0.76. If we compare the acoustic performance of 
WHS-B-M-G-14 and WHS-B-M-ST-14 at the same frequency, it is 
observed that the latter has reached higher absorption values than the 
former, these being 0.33 and 0.51, respectively. 

Fig. 4c compares experimental results for the sound absorption co-
efficient versus frequency of samples WHS-B-M and WHS-A-1 with 
different thickness. For WHS-A-1, three different thickness were used (3 
mm, 11 mm and 14 mm) and for WHS-B-M, only two different thickness 
were used (14 mm and 7 mm). In both cases, the thickness of the sample 
had a large effect on the sharpness of the peaks. Generally, the thicker 
sample, the lower the frequency of the maximum value of absorption 
and the peaks generally also become broader. This is explained on the 
basis that as thickness increases, the materials can absorb lower fre-
quencies because the maximum values of the vibration velocity of these 
frequencies are embedded in the material. Other authors have also re-
ported a decrease in the value of the frequency of the maximum of the 
absorption coefficient when increasing thickness (Gómez Escobar et al., 
2021). Nevertheless, the increase in the thickness of the samples implies 
a higher acoustical absorption of the sample as is summarized with the 
NRC and αw in Table S2. 

Fig. 2. Bar chart representing mass density (ρ, g/cm3) (a) and thermal con-
ductivity coefficient (λ, W/mK) (b) of WHS-based particleboards prepared at 
different levels of compaction and WHS particle sizes. 
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3.3. Composite samples characterization 

Fig. 4d compares the variation with the frequency of sound absorp-
tion coefficient curves for all WHS-based composites. The sound ab-
sorption levels of the cement-based samples reached maximum values of 
0.72 at 2500 Hz when using a WHS:cement ratio of 1:10 and 0.63 at 
2100 Hz for a ratio of 1:1. Gypsum-based samples displayed substantial 
sound absorption at lower frequencies, particularly with an increase in 
biomass content. In this case, a maximum coefficient value of 0.75 was 
recorded for WHS-B-GP (1:1) at 4000 Hz. Generally, it is noted that an 
increased ratio of WHS is associated with enhanced sound absorption at 
higher frequencies. Moreover, a reduced proportion of both cement and 
gypsum leads to a slight increase in absorption within the medium fre-
quency range. Consequently, the proportion of WHS can be adjusted 
depending on the intended application of the sample. Conversely, the 
low porosity of the cured epoxy resin matrix resulted in a low sound 
absorption coefficient across the low and mid-frequency range. The 
porous internal structure of the WHS particles embedded in the cured 
resin appeared to aid in sound energy dissipation at frequencies above 
2000 Hz, with a coefficient value of 0.6 noted at 4100 Hz. A comparable 
pattern was recently detected in composite materials fabricated using 
epoxy resin in combination with sisal and palm tree fibres (Dhandapani 
and Megalingam, 2022). Furthermore, Hassan et al. also assessed the 
acoustic characteristics of composite materials composed of natural fi-
bres and epoxy resin (Hassan et al.). This study revealed that the highest 
noise reduction coefficient (NRC) values were observed for composite 
materials with 20% fibre content. The authors of the present work have 
not found any previous research that investigated the acoustic perfor-
mance of WHS-based composite materials mixed with cement, gypsum, 
or epoxy resin. There are several studies that have been published 
exploring polymeric matrices or clays, yielding varying results. Table 2 
provides a summary of the key findings reported in these publications. 
From the information displayed, significant differences can be observed 
in the values of thermal and acoustic properties of the samples 
depending on the starting material and the measuring equipment used. 

Fig. 5 depicts a comparison between the thermal conductivity and 
NRC values of composite materials based on WHS. Table 3 provides a 
summary of the physical, thermal, and acoustic properties of the samples 
including the variability of the measurements. It is evident from the data 
that the amount of WHS in the sample significantly influenced the 
properties of the final sample. Specifically, as the WHS content 
increased, the density of the sample decreased and its porosity 
increased, which translates into better thermal and acoustic perfor-
mance due to the reduction of the thermal conductivity and the increase 
of the NRC. A structure that is more open facilitates greater dissipation 
of energy from incident sound waves, owing to frictional losses within 
the porous material, and typically exhibits superior sound-absorbing 
properties. There are also other factors than can influence the acoustic 
performance such as tortuosity, sample thickness, density, degree of 
compaction, surface impedance or the placement of the sound-absorbing 
material in the impedance tube (Koizumi et al., 2002; Samsudin et al., 
2016; Seddeq, 2009). In particular, sample WHS-B-ER exhibited the 
lowest thermal conductivity within the 1:10 ratio WHS:matrix series, 
but also the lowest NRC value. This sample may be suitable for thermal 
insulation applications due to its low thermal conductivity and high 
mechanical consistency. This is unlikely to provide significant benefits 
for acoustic room conditioning purposes. In contrast, samples WHS-B-C 
(1:1) prepared with a 50% weight ratio of WHS in cement or gypsum 
matrix exhibited higher NRC values, and their thermal conductivities 
were lower than 0.4 W/mK. Based on the data obtained, the WHS-B-GP 
(1:1) sample exhibited the lowest thermal conductivity and the highest 
NRC value. 

Beyond the benefit of providing a sustainable way for the disposal of 
a waste and supporting Circular Economy, including biomass wastes in 
construction materials has economical and environmental advantages 
related to the amount of finite non-renewable resources that is saved. In 

Fig. 3. Bar chart representing NRC (a) and curves of sound absorption coeffi-
cient versus frequency of WHS-based particleboards prepared at different levels 
of compaction and WHS particle size: series A (b), B (c) and C (d). 
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a previous work, the authors made an estimation about the economical 
saving that could be attained in a case-study considering a family house 
(Chaves-Zapata et al., 2022). Our results suggested that including water 
hyacinth panels could guarantee same heat flux loads in the house (U =
0.41 W/m2 K) saving insulating material. In particular, for a 188 m2 

house, it was determined that a width of 1 cm of gypsum and 2 cm of 
mineral wool could be saved, what involved saving of 4.85 euro/m2 

(total amount of economical saving: 851 euros). 

4. Conclusions 

The study findings provide several key conclusions. Firstly, thermal 
degradation of different WH plant parts (roots, stems, and leaves) 
showed variations in moisture content and mineral content, leading to 
differences in degradation and mass loss at increasing temperatures. 
Roots exhibited lower moisture and higher mineral content, resulting in 
lower degradation compared to stems and leaves. Additionally, the 
grinding and sieving process of WHS affected thermal degradation, 
especially for particle sizes larger than 0.5 mm. These differences can be 
attributed to reduced resistance to mass and energy transfer for smaller 

Fig. 4. Thermal Conductivity Coefficient and NRC (a) and curves of sound absorption coefficient versus frequency (b) for binderless and with binder WHS-based 
particleboards [ST = corn starch; G = glue]. c) curves of sound absorption coefficient versus frequency for particleboards at different samples thickness; d) 
curves of sound absorption coefficient versus frequency for WHS-based composites [C = cement; ER = epoxy resin; GP: gypsum plaster]. 
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particles or variations in composition due to sieving. 
On the other hand, the conductivity of particleboards prepared solely 

with WHS did not exhibit a clear trend with increasing particle size, 
although a slight increase in conductivity was observed when samples 
were compacted at 2 t and the particle size of WHS increased. 

Conversely, the acoustic performance of the samples was significantly 
affected by particle size, degree of compaction, and sample thickness. 

The samples exhibited acoustical behaviour similar to a porous 
absorber, with higher absorption at high frequencies. NRC values 
increased as the particle size of WHS increased, resulting in increased 
porosity and decreased density. Increased compaction led to lower 
sound absorption coefficients, especially at low and medium fre-
quencies. Increasing sample thickness improved overall absorption, 
particularly at medium frequencies, and shifted the frequency of 
maximum absorption to lower frequencies. Samples with a thickness of 
14 mm and without compaction demonstrated the best acoustical 
behaviour, with absorption coefficients over 0.5 for frequencies above 
1000 Hz. Thus, WHS-B-M-14 and WHS-C-M-14, prepared with manual 
compaction and WHS particle sizes of 0.5–1 mm and 1–2 mm, respec-
tively, exhibited the highest NRC and αw values. 

The incorporation of an additional binder in the particleboards 
prepared solely with WHS, aimed at enhancing particle adhesion, 
resulted in a notable decrease in acoustic performance, especially at low 
and medium frequencies, accompanied by increased thermal conduc-
tivity. The strength of the binder exacerbated this decline, although a 
slight improvement in the acoustic absorption coefficient was observed 
at frequencies below 500 Hz. Therefore, based on this study, the 

Table 2 
Literature review on WHS-based composites for thermal and sound adsorption 
applications.  

Thermal properties WHS-based composites 

Type of Matrix Thermal 
Conductivity, 
W/mK 

Equipment (standard 
test method) 

Reference 

Natural Rubber 
Latex (NRL) 

0.0246–0.0305 Instrumentation not 
given (TISI 876–2532 
standard) 

Jaktorn and 
Jiajitsawat 
(2014) 

Epoxi resin(ER) 0.569 C-Therm/TCi (ASTM E 
1225-13 standard) 

Sruti et al. 
(2021) 

0.058–0.070 KD2 Pro Thermal 
Properties Analyzer 
(standard not given) 

David et al. 
(2022) 

0.295 C-Therm/TCi (ASTM E 
1225-13 standard) 

This work 

Cement (C) 0.045–0.0870 A commercial PHYWE 
Heat Insulation House 
(standard not given) 

Salas-Ruiz et al. 
(2019) 

0.0765 Lab thermal 
conductivity 
measurement 
apparatus (standard 
not given) 

Philip and 
Rakendu 
(2020a) 

0.374–0.513 C-Therm/TCi (ASTM E 
1225-13 standard) 

This work 

Gypsum (GP) 0.179–0.163 Instrumentation not 
given (ASTM E 1225 
standard) 

Hankhuntod 
et al. (2022) 

0.269–0.389 C-Therm/TCi (ASTM E 
1225-13 standard) 

This work 

Acoustical properties WHS-based composites 
Matrix Maximum α Equipment (Standard) Reference 

Clay batter (CB) 
Helmholtz- 
based 
diffuser- 
absorber 

α = 0.90 at 
1000 Hz 

Kundt’s tube with 
impedance tube, two 
microphones, and 
frequency analyser 
(ASTM E1050 and 
ISO10534-2 standards) 

Setyowati et al. 
(2021) 

Polyester resin 
(PR) 
Helmholtz- 
based 
diffuser- 
absorber 

α = 0.20 at 
4000 Hz 

Polyester resin 
(PR) 

α = 0.82 at 
6000 Hz Cayanan et al. 

(2019) 
Styrene 

butadiene 
rubber (SBR) 

α = 0.90 at 500 
Hz El-Wakil et al. 

(2021) 

Polyurethane 
foam (PUF) 

α = 0.92 at 
2000 Hz 

(Sukhawipat 
et al., 2021), ( 
Sukhawipat 
et al., 2022) 

Cement (C)a α = 0.40 at 
1000 Hz 
α = 0.45 at 
4000 Hz 

This work 

Gypsum (GP)a α = 0.16 at 
1000 Hz 
α = 0.76 at 
4000 Hz 

Epoxy resinb 

(ER) 
α = 0.04 at 
1000 Hz 
α = 0.60 at 
4000 Hz  

a WHS:matrix ratio of 1:1. 
b WHS:matrix ratio of 1:10. 

Fig. 5. Variation of thermal conductivity (a) and acoustic parameters (b) with 
composite matrix and WHS:matrix ratio (WHS particle size: B). 

Table 3 
Thermal and acoustic characteristics of WHS-based composites.  

Sample ρ, g/cm3 λ, W/mK NRC αw Class 

B: 0.5 mm < ps < 1 mm 
WHS-B-C 

(1:10) 
0.997 ±
0.018 

0.513 ±
0.064 

0.26 ±
0.06 

0.20 
(H) 

E 

WHS-B-C (1:1) 0.509 ±
0.036 

0.374 ±
0.142 

0.29 ±
0.06 

0.25 
(H) 

E 

WHS-B-GP 
(1:10) 

0.936 ±
0.064 

0.389 ±
0.059 

0.16 ±
0.05 

0.15 
(H) 

E 

WHS-B-GP 
(1:1) 

0.464 ±
0.061 

0.269 ±
0.150 

0.30 ±
0.05 

0.30 D 

WHS-B-ER 
(1:10) 

1.034 ±
0.025 

0.295 ±
0.006 

0.04 ±
0.02 

0.05 
(H) 

–  
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addition of a binder is not recommended for thermal and/or acoustic 
applications. 

Furthermore, the choice of matrix material in WHS-based composites 
significantly impacted both thermal and acoustic performance. The 
sample prepared with epoxy resin (WHS–B-10-ER) exhibited inadequate 
acoustic absorption, resulting in an unclassifiable αw value of 0.05. In 
contrast, the WHS-B-C (1:10) sample with cement matrix showed higher 
sound absorption coefficients, especially at medium and high fre-
quencies, compared to the WHS-B-GP (1:10) sample with gypsum 
plaster. Conversely, the WHS-B-C (1:1) and WHS-B-GP (1:1) samples 
exhibited superior acoustic performance below 1 kHz, receiving a D 
acoustic classification based on their αw values. Thus, modifying the 
WHS ratio allows for control over the frequency range of the sample’s 
use. Additionally, samples with a gypsum plaster matrix demonstrated 
lower thermal conductivity, consistent with reported values for these 
matrices. 

In conclusion, samples solely prepared with WHS demonstrate varied 
thermal and acoustic performance depending on factors such as particle 
size, compaction, and sample thickness. The inclusion of additional 
binders negatively affects acoustic performance but offers potential for 
improving mechanical strength and other thermal properties. The 
choice of matrix material significantly influenced both thermal and 
acoustic performance. These findings provide valuable insights for 
optimizing the design and fabrication of WHS-based composites for 
specific thermal and acoustic requirements. As future goals we propose 
to extend the studies to other parts of the WH, to continue the acoustics 
studies analysing deeper the influence of sample thickness, to analyse 
mechanics properties of samples and to evaluate other weight ratios of 
WHS to matrix. Although no statistical study has been carried out in this 
work, the possibility of conducting one in the future is not ruled out. 
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