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Abstract

Gypsum-based composites are widely used in construction for their rapid setting and fire
resistance; however, their low mechanical strength and limited durability in humid con-
ditions restrict their use in highly humid indoor environments. In this study, gypsum-
based composites were developed with a partial volumetric replacement of up to 17.5%
using pre-consumer coconut fiber waste (an agro-industrial by-product) as a reinforcing
material. The experimental program was structured in four stages. First, the hygrothermal
behavior of commercial gypsum composites containing coconut fiber was assessed
through accelerated aging tests, including water-oven cycles and humid chamber-air cy-
cles. Second, the Building Circularity Index (BCI) was estimated at life cycle stage C3
(waste treatment), considering the separation and recovery of gypsum and coconut fibers
at the end of life (EoL) of a panel made from gypsum and coconut fibers. Third, three
series of composites incorporating pre-consumer recycled gypsum (an industrial by-prod-
uct) as a binder and coconut fiber, with substitutions of 5%, 10%, and 15%, were produced
and mechanically characterized. Finally, a comparative Life Cycle Assessment (LCA) was
carried out on two laboratory-scale panels: a gypsum panel and a recycled gypsum panel,
both reinforced with coconut fibers. The results show that coconut fibers act as a hygro-
thermal stabilizer within the gypsum matrix. Following accelerated aging cycles, all for-
mulations maintained flexural strengths greater than 1 MPa and compressive strengths
greater than 2 MPa, despite maximum losses of 34.7% and 41.8%, respectively. Mean-
while, the series containing recycled gypsum showed a reduction in compressive strength
of up to 74.4%, with only the mix containing 5% fiber meeting the minimum regulatory
requirements. The circularity analysis showed a recovery potential of 50.34% for gypsum
and 44.99% for coconut fiber at EoL, with a maximum BCI of 13.70%. Finally, the LCA
confirmed a reduction in Global Warming Potential of up to 80% in panels made with
recycled gypsum. In conclusion, this research suggests the technical potential of commer-
cial gypsum reinforced with coconut fiber, whereas for recycled gypsum matrices, only
the 5% fiber formulation is identified as technically viable lightweight building compo-
nents.

Keywords: gypsum-based composites; circular economy; Life Cycle Assessment (LCA);
durability test; coconut fiber
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1. Introduction

The current climate change context highlights the need to strengthen the link be-
tween environmental protection and resource efficiency. The available scientific evidence
suggests that, due to the long-term presence of carbon dioxide in the atmosphere [1],
transforming production and consumption patterns to reduce these emissions progres-
sively is essential for moving towards more sustainable development models.

In this framework, the construction industry is undergoing a profound transfor-
mation as part of the transition toward a low-carbon economy resilient to climate change
[2]. Globally, the building stock accounts for a notable share of energy consumption and
greenhouse gas (GHG) emissions, representing at least 34% of global energy-related car-
bon emissions by 2023 [3]. In the European Union (EU) alone, buildings account for ap-
proximately 40% of final energy consumption and 36% of CO2 emissions associated with
heating and cooling activities [4,5].

Regulatory strategies have focused on reducing operational emissions from heating,
cooling, ventilation, and lighting. However, the progressive improvement in energy effi-
ciency has increased the relative weight of embodied carbon—that is, carbon associated
with material production, construction processes, maintenance, renovation, and end-of-
life. It is estimated that by 2050, embodied carbon could account for more than 50% of a
building’s total carbon footprint [4].

In response to this scenario, the EU has established an ambitious regulatory frame-
work through the European Green Deal [6] and the Circular Economy Action Plan [7] to
achieve climate neutrality by 2050 [6]. Within this framework, Directive (EU) 2024/1275
[5] on the energy performance of buildings marks a regulatory milestone by requiring, for
the first time, the accounting of Global Warming Potential (GWP) throughout the entire
life cycle of buildings. This indicator must be included in energy performance certificates
starting in 2028 for new buildings with a usable floor area exceeding 1000 m?, and starting
in 2030 for all new construction. The directive also promotes the deep renovation of the
existing building stock, the phasing out of incentives for fossil fuel-based systems starting
in 2025, and encourages the circular and efficient use of resources [5].

Complementarily, Regulation (EU) 2024/3110 [2] introduces harmonized criteria for
the marketing of construction products, incorporating environmental assessment meth-
odologies based on the UNE-EN 15804:2012+A2:2020 standard [8], the promotion of cir-
cularity through reuse and the use of secondary raw materials, and the creation of digital
passports to ensure environmental traceability [2]. In this context, Environmental Product
Declarations (EPDs), regulated by this standard [2], are key tools for transparently meas-
uring and communicating environmental impacts throughout the life cycle of construc-
tion materials [3,9,10].

In Spain, the Technical Building Code (CTE) has focused on reducing operational
energy consumption through the Basic Document on Energy Saving (DB-HE) [11], which
regulates parameters such as non-renewable primary energy consumption, total energy
consumption, and the characteristics of the building envelope. However, there is still no
specific regulatory framework for quantifying the carbon footprint of buildings, although
such a framework is expected to be implemented before 2027 [4]. Additionally, at the na-
tional level, the Climate Change and Energy Transition Act (2021) [4] establishes the basis
for integrating sustainability criteria into public procurement and incentivizes the use of
low-environmental-impact materials.

In this context, international regulations promoting circularity have been reinforced
by global frameworks such as the United Nations Sustainable Development Goal 12 [12]
and Directive 2008/98/EC on waste [13], which establishes the European legal framework
for waste management. Both have been adopted at the national level through policy doc-
uments such as the Spanish Circular Economy Strategy “Espafia Circular 2030” [14],
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which sets clear goals, including reducing waste generation and increasing the use of re-
cycled materials by 30% by 2030.

Among the most important materials for circular construction is gypsum, a mineral
material widely used for its rapid setting, whiteness, strength, fire resistance, and ease of
use, which has led to its increasing use in the production of prefabricated building com-
ponents. However, gypsum has technical limitations that restrict its use: its low mechan-
ical strength relative to other structural materials and its poor moisture resistance make it
difficult to use in outdoor spaces and under demanding environmental conditions [15].
To improve its performance, various solutions have been explored, including the incor-
poration of secondary materials or industrial byproducts. In this context, various studies
have documented the use of recycled fibers as natural reinforcements, including coconut
fiber [16], date palm fiber [17], abaca fiber [18], and hemp [19], thereby improving the
material’s physical, mechanical, and hygrothermal properties. These strategies not only
enhance the mechanical and functional performance of gypsum but also promote more
sustainable resource management, in line with the principles of circularity in construction.

Table 1 presents studies investigating the durability of gypsum composites incorpo-
rating various secondary raw materials [20-23]. In particular, studies based on lignocellu-
losic waste have demonstrated that these composites are not only technically viable but
also exhibit durable performance suitable for protected indoor and outdoor applications
[21]. Taken together, these results confirm the suitability of the reinforced composites
from both a technical and functional standpoint.

Table 1. Summary of material compositions, cycling conditions, and evaluated properties after wa-

ter-stove and wet-chamber cycles of gypsum composites with secondary materials.

Reference  Virgin Materials Recycled Materials No. of Cy- Properties Analyzed (*)
cles A B cC D
Water-Stove Cycles
[20] Gypsum type A; Plastic cable waste (<3 mm) 2 - . . .
Water
[21] E-35 plaster; Rice husk residue; 1 . . . .
Water Rice husk ash
Wet Chamber Cycles
[22] E-35 plaster; Expanded polystyrene (EPS) 10 - . . .
Water;
Universal solvent  ELT textile fiber - - - .
[23] E-35 plaster; ELT rubber aggregate (0-0.8 mm) 5 . - . .
Water; ELT rubber aggregate (0-0.8 mm); . - . .
Universal solvent  Expanded polystyrene (EPS)
[20] Type A gypsum; Plastic cable waste (<3 mm) 1 . . . .
Water
[21] E-35 plaster; Rice husk residue; 1 . . . .
Water Rice husk ash

(*) A: change in mass; B: change in surface hardness; C: change in flexural strength; D: change in

Compressive strength.

Construction waste management has made the recycling of gypsum panels an in-
creasingly important source of reusable materials, as gypsum is highly recyclable [24], a
key factor in its sustainability. It is estimated that between 10% and 12% of the panels used
in construction and renovation are discarded as scrap or waste [24], generating thousands
of tons annually from demolition, manufacturing, and installation processes. In Spain,
construction accounted for 46.9% of the waste generated in 2023, with mineral waste—
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including gypsum —being the largest fraction (49,000 tons), originating mainly from con-
struction activities (42,000 tons) [25].

Recent studies have observed that recycled gypsum composites with recycled addi-
tions allow part of the material to be reused in new panels without notably compromising
their properties [26-29]. Table 2 presents various studies that incorporate different types
of recycled materials. However, their use typically results in more porous matrices, with
a consequent reduction in density. In mechanical terms, these materials exhibit reduced
surface hardness, flexural strength, and compressive strength compared to commercial
gypsum, attributable to lower cohesion between the dihydrate crystals and the presence
of impurities [20,21]. Despite this, the environmental benefits are considerable, notably
reductions in CO:z emissions and natural resource consumption [20]. Taken together, these
results highlight the potential of these strategies to enable multiple reuse cycles, contrib-
uting to the circular economy and mitigating environmental impacts.

Table 2. Summary of recycled gypsum studies: gypsum sources and evaluated properties of the

composites.
Refer- Virgin Materi- Recycled Mate- Source of Gypsum Properties Analyzed (*)
ence als rials A C D E A G H I J A L M
[26] TypeBl1gyp- Recycled gyp- Waste generated from the = L
sum; Water;  sum plaster- manufacture of gypsum
Ethyl acetate board; boards
Recycled EPS so-
lution
[27] Gypsum E3-5; Recycled gyp- Recycled gypsum obtained = - . .
Water sum; Recycled from test specimens prepared
rubber aggre- by the author, SERIES 1 (gyp-
gates from ELT sum E-35 and ELT granulate
(between 1.0 and and powder) and SERIES 2
2.5 mm) (recycled gypsum from SE-
Recycled gyp-  RIES 1 and ELT granulate
sum; Recycled and powder)
rubber aggre-
gates from ELT
(<0.8 mm)
[28] TypeBlgyp- Recycled gyp- Recycled gypsum obtained = L L D R
sum; LS-class sum with con- from test specimens prepared
graphene nan- centrations of by the author, based on gyp-
ofibers; Dis-  LS-class gra-  sum type Bl and graphene
tilled water ~ phene nano- nanofibers LS class
fibers
[29] Organosilicon Recycled plaster Recycled plaster obtained = = e
waterproofing from commercial plaster pro-
agent, Water cessed by the author

(*) A: X-ray diffraction (XRD); B: thermogravimetric analysis (TGA); C: bulk density; D: surface
hardness; E: flexural strength; F: compressive strength; G: thermal conductivity; H: scanning elec-
tron microscopy (SEM); I: void content; J: immersion absorption coefficient; K: environmental im-

pact; L: water absorption; M: water absorption rate.

However, despite advances in the literature, most existing studies focus primarily on
characterising mechanical behaviour in the initial state [15], whilst the analysis of perfor-
mance under service conditions—particularly in scenarios involving exposure to mois-
ture—the assessment of environmental impact and end-of-life management are usually
treated as separate lines of inquiry, without a methodological approach that allows these
dimensions to be integrated into the overall evaluation of the material.

https://doi.org/10.3390/buildings16153082


https://doi.org/10.3390/buildings16153082

Buildings 2026, 16, 3082

5 of 30

In this context, this study investigates composites based on commercial and recycled
gypsum, reinforced with recycled coconut fiber (both pre-consumer wastes), from a cir-
cular-economy perspective aimed at decarbonizing the construction sector. The study is
structured around two lines of research: (i) the incorporation of coconut fiber as a rein-
forcing agent in gypsum composites to improve their hygrothermal properties and (ii) the
recycling of gypsum reinforced with coconut fiber to produce a new composite intended
for use in internal partitions.

Within this framework, the role of coconut fiber as a reinforcing material in gypsum
matrices is analyzed, focusing on its ability to modify the material’s behavior under damp
conditions. The focus is on assessing the extent to which this reinforcement helps stabilize
the matrix, reducing physical degradation and mass loss, whilst the use of recycled gyp-
sum helps reduce the material’s environmental impact without compromising its tech-
nical functionality.

The experimental assessment is structured around three complementary areas: (i) in-
service behavior under humid conditions, (ii) the environmental impact quantified using
Life Cycle Assessment (LCA), and (iii) the material’s circularity potential at the end of its
useful life [30].

Based on this approach, the study analyses the effect of incorporating coconut fiber
reinforcement into gypsum and recycled gypsum binders. This enables a comprehensive
assessment of the material, allowing for the identification of more sustainable construction
strategies underpinned by technical evidence.

2. Materials and Methods
2.1. Materials

This study utilized primary raw materials, such as commercial gypsum and tap wa-
ter, and recycled materials, including pre-consumer coconut fiber from the agro-industrial
sector and pre-consumer recycled gypsum from the industrial sector.

2.1.1. Primary Raw Materials.

Commercial gypsum: IBERYOLA E-35 gypsum, used as the primary binder in this
study, is a high-purity, high-quality material supplied by Saint-Gobain Placo Ibérica S.A.
(Madrid, Spain) [31]. It is obtained by calcining natural gypsum (CaSO4+2H20), a process
that produces a binder consisting mainly of calcium sulfate hemihydrate (CaSOs+%2H20)
[16,22]. Designated as binder B1 in accordance with standard UNE-EN 13279-1:2009 [32].
It has a purity index > 80%, a particle size distribution ranging from 0 to 0.2 mm, a pH >
6, a thermal conductivity of 0.30 W/m-K, and a water vapor diffusion factor (i) of 6. Ac-
cording to fire reaction regulations, it meets the Euroclass A1 classification established in
Regulation (EU) No. 305/2011 [33]. In terms of its mechanical properties, it exhibits a flex-
ural strength > 1 N/mm? and compressive strength > 2 N/mm?, with a workability time of
13-22 min and a water/powder ratio of 1-1.5 L/kg [31]. It is widely used in the construction
sector for manufacturing moldings, slabs, and prefabricated panels, as well as for orna-
mental and finishing applications. Hereinafter, this material will simply be referred to as
“gypsum”.

Water: Drinking water is supplied by Canal de Isabel II (Madrid, Spain), which com-
plies with the requirements outlined in Directive (EU) 2020/2184 and Council Directive
98/83/EC [34], ensuring its suitability for both human consumption and use in laboratory
testing [16,19]. It has a pH ranging from 7.1-8.9 (u), a total hardness of 10-50 (mg/L
COsCa), a chloride content of 10-21 (mg/L), total organic carbon of 1.6-2.5 (mg/L), lead
and cadmium concentrations < 2.5 (ug/L), absence of Escherichia coli (0.0 (CFU/100 mL)),
and turbidity of 0.3 (NTU).

https://doi.org/10.3390/buildings16153082


https://doi.org/10.3390/buildings16153082

Buildings 2026, 16, 3082

6 of 30

2.1.2. Recycled Materials

Coconut fiber: The coconut fiber used in this research is a pre-consumer recycled ma-
terial of agro-industrial origin. Coconut fiber for use in the agro-industry is obtained from
the mesocarp of the husk of the fruit of Cocos nucifera L., a perennial species cultivated
in tropical regions and widely available [35]. Its production involves a specific manufac-
turing process comprising several stages: first, de-hulling, where the coconut husk is
crushed to separate the fiber from the residual dust; next, fiber shredding, designed to
separate the fibers that are tangled together; followed by screening, which allows the
shredded fiber to be oriented and shaped; and finally, fiber cleaning, using centrifugal
forces to remove shavings, epicarp debris, stems, and husk dust [36]. In terms of mechan-
ical properties, it exhibits a tensile strength of 165222 MPa, a Young’s modulus of =3.8
GPa, and an elongation at break of ~40%. Physically, their density ranges from 100 to 140
kg/m3, and their thermal conductivity is 0.043-0.045 W/m°-C [37]. Their organic composi-
tion consists of 27-36 wt% cellulose, 17-23 wt% hemicellulose, and 3742 wt% lignin.

The coconut fibers used come from the offcuts generated during the industrial man-
ufacture of organic blankets and rolls. Due to their short length, these offcuts cannot be
reintroduced into the original production process, so they were used as a reinforcing ma-
terial. These fibers were cut manually to a minimum length of 10 mm, a value consistent
with the typical size of commercial fibers used in reinforced gypsum precast products,
such as glass or polypropylene fibers. From this batch, 100 fibers were selected and meas-
ured individually, yielding an average length of 2.45 cm. The percentage distribution of
lengths was determined as 6% (1.0-1.5 cm), 32% (1.5-2.0 cm), 20% (2.0-2.5 cm), 24% (2.5~
3.0 cm), 8% (3.0-3.5 cm), 6% (3.5-4.0 cm), and 4% (4.0-4.5 cm) [16].

Recycled gypsum from plasterboards: This secondary material is obtained from
waste generated during the production of plasterboards at the industrial plant [26]. These
boards are composed mainly of calcium sulfate dihydrate (CaSO4+2H20), a material with
high recycling potential due to the reversibility of its chemical reactions, which allows the
original material to be recovered through grinding and thermal heating processes [26].

The processing of this waste involves several stages. Initially, the paper adhered to
the boards was removed [26,38]. Subsequently, the waste is crushed using a jaw crusher
and ground in ball mills to reduce the particle size [28]. The resulting powder is screened
using a vibrating screen to ensure a particle size of less than 0.2 mm [26].

The recycling process continues with thermal treatment of the powder in an oven at
180 °C for 24 h [26,38,39], a transformation that converts calcium sulfate dihydrate into
calcium sulfate hemihydrate, as corroborated by several authors and detailed in Table 3.
After heat treatment, the material is stabilized by allowing it to rest for 24 h.

Compared to commercial gypsum, recycled gypsum has a finer particle size, a char-
acteristic associated with accelerated setting times [38,40,41], which can negatively affect
mixture workability [26,40].

Table 3. Summary of recycled gypsum studies: thermal treatment conditions applied during recy-

cling processes.

Reference Source of Recycled Gypsum Temperature (°C)
100 140 150 100 180
Time (h)
[42] Gypsum Plasterboard Waste (GPW) from the waste powder produced dur- 6 3 3
ing the plasterboard cutting process. 24 6 6
Flue Gas Desulphurization (FGD). 6 3 3
24 6 6
[43] Flue Gas Desulphurization (FGD gypsum). 6 3
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24 6
Gypsum waste from plasterboard production (GPW) from the powder gen- 6 3
erated during the plasterboard cutting process at a manufacturing plant. 24 6
[39] Gypsum plasterboard sheets (12.5 mm) waste from cutting or losses during 24
the drywall ceiling installation process.
[44] GPW generated by local construction sites. 1
[38] Standard 12.5 mm thick gypsum plasterboard sheets from cutting or waste 24
generated during the construction of walls and lining using drywall.
[45] Gypsum waste collected from civil construction projects. 05 05 05
1.0 1.0 1.0
15 15 15
20 20 20
25 25 25
35 35 35
[26] Waste material produced during the production of gypsum plasterboard in 24
the factory.
[29] Recycled gypsum obtained from specimens made with commercial gypsum 3
by the author.

Gypsum waste powder

(dihydrate)

2.2. Composites Preparation

In this study, two series of composites were produced: (i) composites made of com-
mercial gypsum and recycled coconut fibers; (ii) composites made of recycled gypsum
and recycled coconut fibers, whose manufacturing processes are illustrated in Figure 1.
The proportions used for each type of composite are presented in Tables 4 and 5.

In this research, the primary control parameter was the fresh-state workability
(standard consistency) rather than a fixed W/B ratio. The w/b ratio for each composite was
determined experimentally through trial and error, in accordance with the strict guide-
lines of the UNE-EN 13279-2:2014 standard [46]. In this regard, an optimal value of 0.7
was identified for commercial gypsum. The preparation of the first series of composites
involved progressively replacing gypsum and water with the coconut fiber, up to a max-
imum of 17.5% by volume, in increments of 2.5%. A higher fiber content leads to excessive
agglomeration, making mixing difficult. The nomenclature of the specimens is established
as “P0.7,” indicating the W/B ratio, followed by the percentage of coconut fiber “%CEF.”

+ + >

Gypsum powder Coconut fibre Water Gypsum composites

(a)

> + + .20

Heating Recycled gypsum powder Recycled coconut fibre Water Gypsum composites
(24 h - 180°C) (hemihydrate)

(b)

Figure 1. Preparation of composites. (a) Commercial gypsum composites reinforced with coconut

fibers. (b) Recycled gypsum composites reinforced with coconut fibers.
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Table 4. Mix proportions used to prepare commercial gypsum composites reinforced with coconut
fiber [16].

Sample Commercial Gypsum (g) Water (g) Coconut Fiber (g)
P0.7-REF 1000 700.0 -
P0.7-2.5CF 975 682.5 2.8
P0.7-5.0CF 950 665.0 5.6
P0.7-7.5CF 925 647.5 8.3
P0.7-10.0CF 900 630.0 11.1
P0.7-12.5CF 875 612.5 13.9
P0.7-15.0CF 850 595.0 16.7
P0.7-17.5CF 825 577.5 19.4
For the recycled gypsum and coconut fiber composites, the W/B ratio was set at 0.90,
in accordance with the UNE-EN 13279-2:2014 standard [46]. The nomenclature for the
specimens was established as “RP0.9,” indicating the W/B ratio, followed by the percent-
age of coconut fiber “%CF.”
Table 5. Mix proportions used to prepare recycled gypsum composites reinforced with coconut fi-
ber.
Sample Recycled Gypsum (g) Water (g) Coconut Fiber (g)
RP0.9-5.0CF 950 855.0 5.6
RP0.9-10.0CF 900 810.0 11.1
RP0.9-15.0CF 850 765.0 16.7

L °
° ®
« ©® .
Plaster + Coconut
fiber
peo’
T e e

QO 0 & & ¢

Sprinkle over the Time of stand by Manual mixing (30 Time of stand by Manual mixing (30
mixing water (30 s) (60 s) s) (30 s) s)

Sample preparation was carried out in accordance with standard UNE-EN 13279-
2:2014 [46], following a protocol that ensured the homogeneity and reproducibility of the
mixtures. Initially, the dry components—commercial gypsum or recycled gypsum and
coconut fiber—were dry-mixed to achieve uniform distribution, after which the mixture
was sprinkled over the mixing water for 30 s and allowed to rest for another 60 s before
an initial 30 s of mixing. Subsequently, a further 30-s rest was incorporated, followed by
a final mixing of equal duration. The mixture was poured into the mold, and air bubbles
were removed by lifting the mold approximately 10 mm and dropping it 5 times (see Fig-
ure 2).

Figure 2. Procedure for preparing the composites.

The resulting mixtures were poured into standard molds to produce test specimens
for characterization tests, which, after setting, were kept under controlled laboratory con-
ditions (23 + 2 °C and 50 + 5% RH) for 7 days. Finally, the specimens were oven-dried at
40 + 2 °C for 24 h until a constant mass was reached.
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2.3. Experimental Program

The experimental program developed in this research (Figure 3) is divided into three
blocks: (i) analysis of the durability of commercial gypsum composites with coconut fiber;
(ii) characterization of recycled gypsum composites with coconut fibers through the phys-
icochemical characterization of recycled gypsum powder and the subsequent physicome-
chanical characterization of the resulting composites; and (iii) environmental assessment
of the manufactured composites, analyzing recyclability and LCA.

Gypsum
+ - Wet-chamber cycles
Coconut

fibre = :
" . : Bulk Density
F UNE-EN 102042:2023

Water

Superficial hardness
UNE-EN 102042:2023

Dynamic elastic modulus (MOEus)

UNE-EN ISO 12680-1:2007

Flexural strength
UNE-EN 13279-2:2014

Compressive strength
UNE-EN 13279-2:2014

*Y Mechanical Performance Coefficient

Recycled
gypsum 16 x 16 x 4 cm
+
Coconut
fibre _. .
. Panel 100 x 100 x 1.25 cm

— N

X-ray Difraction (XRD)

Scanning Electron Microscope (SEM)

Fem———————==]

Building Circularity Index (BCI)

Life Cycle Assessment (ACV)
ISO 14040 / 1SO 14044

Figure 3. Experimental design of the research, including the durability stages, physical-mechanical
characterization, and environmental assessment. Standardized tests were conducted according to
UNE-EN 102042:2023 [47], UNE EN ISO 12680-1:2007 [48], UNE-EN 13279-2:2014 [46], and envi-
ronmental assessments followed ISO 14040 [49] and ISO 14044 [50].

2.3.1. Durability of Gypsum Composites with Coconut Fibers

e  Water-oven cycles: This is a non-standardized test designed by del Rio Merino [51],
which allows for the analysis of the physical stability and mechanical performance
of the composites after exposure to controlled cycles. For each dosage, three stand-
ardized prismatic test specimens measuring 4 x 4 x 16 cm were prepared for the con-
trol group (not subjected to cycling), and another three test specimens were prepared
for the group subjected to accelerated aging. For each formulation, standardized pris-
matic specimens measuring 4 x 4 x 16 cm were prepared, forming a control group
without treatment and another group subjected to three 48-h cycles. The cycles con-
sisted of 24 h of immersion in water, followed by 24 h of drying in an oven at 40 + 2
°C and 50 + 1% relative humidity. Upon completion of the cycles, the samples were
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evaluated and compared with the control group to determine total mass loss, surface
hardness, flexural strength, and compressive strength.

e  Wet-dry cycles: This is an accelerated aging test in which, for each dosage, three
standardized prismatic test specimens measuring 4 x 4 x 16 cm were prepared for the
control group (not subjected to cycling) and another three for the group subjected to
aging. The test specimens were subjected to 40 cycles [51]. Each cycle included a 24-
h phase at 90 + 5% relative humidity and 20 + 2 °C, followed by a 24-h phase at 55 +
5% relative humidity and 18 + 2 °C. In each series, three specimens were tested per
batch. Upon completion of the cycles, the properties of total mass loss, density, sur-
face hardness, flexural strength, and compressive strength were evaluated and com-
pared with a control series.

2.3.2. X-Ray Diffraction (XRD)

XRD-based mineralogical characterization was used to identify the crystalline phases
and mineral composition of gypsum in both the commercial and the recycled gypsum [26—
28,42,43]. This analysis evaluates the efficiency of recycling by verifying the conversion of
calcium sulfate dihydrate (CaSOs+2H:20) into the hemihydrate phase (CaSOs2H-0),
which constitutes the desired binder, as well as anhydrite forms (CaSOsIIl and CaSQO.lI),
and impurities that may influence its properties, such as calcite (CaCO:s), quartz (S5iO),
dolomite (CaMg(COs)2), alkali feldspars, and phyllosilicates [26-28,41,42]. For analysis,
the samples were ground and subsequently sieved to obtain a fine powder with a particle
size of less than 0.2 mm.

2.3.3. Physical-Mechanical Characterization

e  Bulk density: Density was determined in accordance with UNE 102042:2023 [47] as
the ratio of the dry mass to the volume of the specimens, using prismatic test speci-
mens of standardized dimensions (4 x 4 x 16 cm). The dry mass was measured using
an electronic balance (Europe 3000 RH, Gibertini, Novate Milanese, Italy) with a pre-
cision of + 0.01 g, and the dimensions were recorded with a digital caliper with a
precision of + 0.01 mm, thereby allowing the specimen’s total volume to be calcu-
lated. Density was recorded as the average value of three specimens for each formu-
lation evaluated.

e  Surface hardness: Surface hardness was determined in accordance with the UNE
102042:2023 standard [47]. Three standardized prismatic specimens measuring 4 x 4
x 16 cm were used for each batch. Measurements were taken with a Shore C durom-
eter (Baxlo Precisions, Barcelona, Spain) on two parallel longitudinal faces of each
specimen, with five measurements per face and a minimum distance of 2 cm from
the edges and between measurement points. The final result was obtained by aver-
aging all measurements.

e  Dynamic Modulus of Elasticity (MOEus): This test was used to analyze the influence
of coconut fiber incorporation on the elasticity of composites made with recycled
gypsum, following the specifications of the UNE-EN ISO 12680-1:2007 standard [48].
Three standardized prismatic specimens measuring 4 x 4 x 16 cm were used for each
batch. Measurements were taken using an Ibertest Ultrasonic Tester E46 (Ibertest,
Madrid, Spain) (220 V, 50 Hz) along the longitudinal axis of the specimens. Vaseline
was applied to the interface to optimize coupling between the probes and the speci-
men surface.

e  Flexural strength: The test was conducted in accordance with the specifications of
standard UNE-EN 13279-2:2014 [46], using standardized prismatic specimens meas-
uring 4 x 4 x 16 cm, and was performed on an Ibertest AUTOTEST 200-10SW univer-
sal hydraulic press (Ibertest, Madrid, Spain) with a maximum capacity of 10 kN. For
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each formulation, three specimens were evaluated, and the strength was calculated
as the average of the obtained values.

e Compressive strength: This test was conducted in accordance with the UNE-EN
13279-2:2014 [46] standard, using the two halves resulting from the flexural test. The
equipment used was an AUTOTEST 200-10SW universal hydraulic press from
Ibertest. For each mix, six specimens were tested by applying an axial load at a con-
stant rate of 20 N/s, and the final result was recorded as the average compressive
strength obtained.

e Mechanical Performance Coefficient (MPC): In order to gain a deeper understanding
of the technical efficiency of the developed mixtures and to standardize the impact
of variations in the matrix and the water-to-binder ratio, the MPC was determined.
This analysis is based on the concept of the “appropriate lightweighting coefficient”
originally proposed by del Rio Merino [51] and adapted in recent studies on the op-
timization of lightweight plasters [52], which establish that the strength of plaster
depends primarily on its porosity and, therefore, on its density.

The MPC allows for a standardized evaluation of the contribution of coconut fiber
reinforcement relative to the material’s mass, facilitating an objective technical compari-
son between the different formulations in the recycled gypsum series (5%, 10%, and 15%
fiber) produced in this study and the equivalent formulations in the commercial gypsum
series (5%, 10%, and 15% fiber), the results of which were previously reported by the au-
thors [16]. The coefficient was calculated for flexural strength (Kflex) and compressive
strength (Kcomp) using Equations (1) and (2):

oflex
Kflex = 1)
agcomp
Kcomp = , (2)

where oflex is the flexural strength (MPa), ocomp is the compressive strength (MPa)
and p is the bulk density (g/cm?). This parameter serves as an indicator of structural effi-
ciency, identifying formulations that indicate a favorable trend in the strength-to-weight
ratio for use in lightweight construction systems.

e  Scanning Electron Microscopy (SEM): Analysis using SEM allowed us to examine the
morphology and internal structure of the composites made from recycled gypsum,
evaluating aspects such as coconut fiber integration into the matrix, crystal arrange-
ment, and pore distribution. A Jeol JSM-820 microscope (Jeol, Tokyo, Japan), oper-
ated at 20 kV and equipped with an X-ray energy-dispersive analysis system (EDX,
Oxford Instruments, Abingdon, UK), was used for observation. Before analysis, the
specimens were coated with a thin gold film using a Cressington 108 metallizer
(Cressington Scientific Instruments, Watford, UK) to ensure adequate electron beam
conductivity.

2.3.4. Environmental Assessment

e  Building Circularity Index (BCI): The BCI is a metric that quantifies the circularity
potential of a building, construction system, or building material throughout its life
cycle as a percentage [30,53,54]. The BCI methodology is based on calculating the
average percentage of Materials Recovered and Materials Returned by mass, as given
by Equation (3).

BCI = Materials Recovered - 0.5 + Material Returned - 0.5 3)
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“Materials Recovered” refers to the input phase and represents the proportion of ma-
terials entering the system from circular or reusable sources. On the other hand, Materials
Returned refer to the output phase and quantify the proportion of materials that, at the
end of their life cycle, can be reincorporated into other production cycles. Materials are
classified and assigned predetermined weighting factors at both the source and the end
of their useful life (Table 6).

Table 6. Weighting factor for recovered materials and returned materials [30,43,54].

Material Weighting Factor

New material from renewable sources, circular. 1
Recovered Recycled material with lower emissions than an equivalent new material; circu- 1
(material recov- lar.
ery) Materials reused from another project, with little or no additional emissions. 1

New material, not circular.

Preparation of materials for later reuse, reducing future emissions. 1
Returned ?rocessing of nTateriaIs in a closed-loop system (maintaining the original qual- 1

ity of the material)
(recovery of used X ; . : :
materials) Open-.lool;.) m.aterlal processing (producing a lower-quality material) 0.5

Materials incinerated to generate energy. 0.5

Materials sent to landfills (may not fully disintegrate or decompose). 0

Input phase (Materials Recovered):
Materials Recovered = Ren + Rec + Reu + Vigin (3a)

Total,,;

1-Ren+1-Rec+ 1-Reu+ 0.Vigin
Ren + Rec + Reu + Virgin

Materials Recovered =

where Ren = input of renewable material; Rec = input of recycled material; Reu = input
of reused material; Virgin = input of virgin material; Total,,; = total input of materials
(renewable, recycled, reused, and virgin).

The BCI calculation is limited to the flow of technical and biological materials that
constitute the mass of the finished product. Under this approach, the mixing water used
in manufacturing is defined as a process flow that does not constitute the physical mass
recoverable from the panel at the end of its useful life. Therefore, the water consumed is
classified as a complementary impact indicator, whose assessment is independent and
specific, such as the calculation of the water footprint [55,56].

In the end-of-life phase (Material Returned):

. OReu + ORec + Dow + Er
Material Returned = (3b)
Total,,,

1-OReu + 1-0ORec + 0.5-Dow + 0.5-Er

Material Ret d=
ateriat keturne ORue + ORec + Dow + Er + Dis

where OReu = output material for reuse; ORec = output material for recycling; Dow =
output material for “downcycling” (lower-quality recycling); Er =output material for en-
ergy recovery; Total,,, =total output (materials for reuse, recycling, “downcycling,” and
energy recovery); and Dis =materials disposed of.

The analysis was conducted to determine the amount of gypsum and coconut fiber
that could be recovered at the end of the panel’s life cycle and reintroduced into the man-
ufacturing process. The expected service life of an interior panel made of gypsum under
standard conditions is estimated at 27 years [57]; at the end of this cycle, part of the panel
is recycled (gypsum, coconut fibers), and the remaining materials are disposed of through
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waste management. The case study is based on a panel measuring 120 x 250 x 1.25 cm. The

complete list of material quantities used to manufacture this panel is presented in Table

7.

Table 7. Quantities of materials used to manufacture the 120 x 250 x 1.25 cm panel.

Sample Gypsum (g) Water (g) Coconut Fiber (g)
P0.7-REF 43,750.00 30,625.00 0.00
P0.7-2.5CF 42,656.25 29,859.38 122.50
P0.7-5.0CF 41,562.50 29,093.75 245.00
P0.7-7.5CF 40,468.75 28,328.13 363.13
P0.7-10.0CF 39,375.00 27,562.50 485.63
P0.7-12.5CF 38,281.25 26,796.88 608.13
P0.7-15.0CF 37,187.50 26,031.25 730.63
P0.7-17.5CF 36,093.75 25,265.63 848.75

Life Cycle Assessment (LCA): This is a standardized methodology used to compre-
hensively evaluate the environmental impact of a product or service, following ISO
14040 and ISO 14044 standards [49,50]. In this study, the objective of the LCA was to
study and compare three different proportions of recycled coconut fiber in compo-
sites with commercial gypsum and recycled gypsum. Furthermore, a “cradle-to-
gate” approach was employed, using the cut-off principle [8,49], according to which
recycled materials enter the system with zero environmental impact, and only the
impacts associated with processing and transportation operations carried out within
the system’s boundaries are accounted for. In the scenario studied, coconut fiber
waste is generated during the industrial processing of products made from these fi-
bers (organic mats and rolls) and cannot be reintroduced into the production process
due to its short length. Meanwhile, gypsum waste is generated during gypsum board
production and is recycled at the same factory. In this regard, for recycled gypsum,
crushing and grinding, thermal treatment, and screening were considered; for ob-
taining recycled coconut fibers, the impacts of cutting and transport were considered.
Regarding transport logistics, the model was based on a gypsum factory located in
Madrid (Spain) and the average distance to domestic coconut fiber product manufac-
turers in Spain. It is important to highlight that this study utilizes waste fibers gener-
ated as a by-product during the manufacturing of coconut fiber boards. Since the
international transport and raw material importation are fully allocated to the pri-
mary commercial products, these waste fibers enter our system boundary with zero
initial burden at the Spanish manufacturing sites, in accordance with the cut-off allo-
cation approach. The Spanish energy mix was used to meet electricity consumption
loads (regarding the energy consumption involved in panel manufacturing, as well
as the recycling process for recycled materials). The defined functional unit is 1 m? of
12.5-mm-thick board intended for lightweight partitions. Table 8 presents the life-
cycle inventory (LCI) of inputs to the system for each component analyzed. The
sources of the data for raw materials were drawn from existing EPDs of Spanish com-
panies (in the case of commercial gypsum) [58], in accordance with the standard
EN15804:2012 [8], and the remaining materials were obtained from the Ecoinvent
v3.10 database using SimaPro software version 9.5 (PRé Sustainability, Amersfoort,
The Netherlands) [59]. The methodology used to determine the potential environ-
mental impacts was CML-IA baseline v3.10 [60], and the following categories were
analyzed: Global Warming Potential (GWP); Abiotic Depletion Potential of Fossil
Fuels (ADP_ff); Ozone Depletion Potential (ODP); Acidification Potential (AP); Eu-
trophication Potential (EP); and Tropospheric Ozone Formation Potential (POCP).
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Table 8. Formulations of panels subjected to life cycle assessment.

Panel Commercial Gypsum Recycled Gypsum Water Coconut Fiber

(kg) (kg) (kg) (kg)

P0.7-REF 14.58 - 10.21 -
P0.7-5.0CF 13.85 - 9.70 0.08
P0.7-10.0CF 13.13 - 9.19 0.16
P0.7-15.0CF 12.40 - 8.68 0.24
RP0.9-5.0CF - 13.85 12.47 0.08
RP0.9-10.0CF - 13.13 11.81 0.16
RP0.9-15.0CF - 12.40 11.16 0.24

3. Results and Discussion
3.1. Durability
3.1.1. Water-Oven Cycles

The gypsum composites with coconut fibers were subjected to three successive cycles

of water immersion and oven drying, and weight changes, surface hardness, flexural

strength, and compressive strength were evaluated relative to the reference specimens

that were not subjected to the test. The data on mass variation are presented in Table 9. At

the same time, the evolution of the flexural and compressive strength of the composites

before and after the water-oven cycles is shown in Figure 4, with error bars based on the

standard deviation.

The reference mixture (P0.7-REF) exhibited a mass loss of 5.4%. This behavior is con-

sistent with the findings reported by Leiva [21], whose reference mixture showed a 6.8%

decrease. In contrast, the fiber-reinforced mixtures showed greater stability, with notably

smaller mass variations, similar to those observed in specimens reinforced with other

agroindustrial recycled materials [21]. Furthermore, it was observed that the 2.5%, 12.5%,

and 17.5% dosages showed a slight increase in mass after the cycles, attributable to the

hygroscopic nature of coconut fiber, which retains water within its structure. A similar

behavior was observed in specimens with whole rice husks [21], where a moderate in-

crease in mass (1.1 g) was recorded. These results indicate that lignocellulosic reinforce-

ments, by swelling and contracting during cycles, can absorb some of the remaining water

and slightly alter the final mass without compromising the integrity of the composite.

Consequently, the incorporation of natural fiber acts as a hygrothermal stabilizer, mitigat-

ing degradation effects, reducing net mass loss, and enhancing material durability.

Surface hardness tests showed a consistent decrease across all formulations, with re-
ductions ranging from 1.8% (P0.7-17.5CF) to 16.6% (P0.7-10.0CF), corresponding to de-
creases of 8 to 14 Shore C units. This behavior is consistent with the results reported for

composites reinforced with plastic waste [20], which showed reductions of approximately

5-8 Shore C units compared to the reference.

About flexural strength, all formulations met the minimum standard of 1 MPa spec-
ified in UNE-EN 13279-2:2014 [46]. The reference specimen showed a 27.4% reduction,
while losses in the coconut fiber series varied with dosage. The recorded data suggest that

mixtures with low fiber content (2.5-12.5%) tended to exhibit smaller reductions than the

reference. In comparison, the formulation with the highest fiber content (15.0%) exhibited

more pronounced decreases, suggesting that high fiber proportions may induce excessive

porosity and loss of matrix cohesion. Atypically, specimen P0.7-17.5CF experienced an

increase from 3.25 to 5.04 MPa; this post-cycle strength increase has been previously re-

ported in gypsum composites with plant fiber additions [21], where increases in flexural

strength were recorded following water-oven cycles. In general, the observed strength

losses were lower than those reported for composites reinforced with plastic [20] and
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plant [21] waste, indicating that incorporating this type of lignocellulosic fiber improves
post-cycle mechanical stability.

An apparent behavior was observed in compressive strength, with test specimens
showing moderate decreases comparable to those of the control group. The fiber-free
specimen showed a decrease of 21.7%, while the mixtures with fiber content between 2.5%
and 12.5% exhibited losses ranging from 18.5% to 27.7%, lower than those observed in
plastic-reinforced composites [20] and within the range of plant-based composites [21].
The specimen with 15% coconut fiber showed the greatest decrease in the entire series
(41.8%), while, atypically, the P0.7-17.5CF specimen recorded an increase of 10.5%. De-
spite these variations, all specimens maintained values above the minimum standard of 2
MPa specified in UNE-EN 13279-2:2014 [46], demonstrating the fiber’s stabilizing contri-
bution.

Table 9. Weight variation.

Mass (g)
Series P0.7 P0.7-25CF  P0.7-5.0CF  P0.7-7.5CF P0.7-10.0CF P0.7-12.5CF P0.7-15.0CF P0.7-17.5CF
No cycles 280.07 £9.95 269.69 +10.02 267.43 +6.20 266.54 +7.31 265.80+7.27 265.69 £8.99 265.45+6.29 252.88 +7.03
With cycles 265.08 +3.73 270.56 £2.41 269.40+2.75 270.94+290 269.73+2.05 269.76 +3.19 263.49+1.65 263.58 +1.78
Variation (%) -5.4 +0.3 +0.7 +1.7 +1.5 +1.5 -0.7 +4.2
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B Flexural Strength (Ref) 3.61 375 4.00 415 4.16 419 435 3.25
8 Flexural Strength (Cycles) 262 3.15 3.09 3.08 3.09 3.39 2.84 5.04
B Compressive Strength (Ref) 6.83 8.16 8.50 8.68 8.71 8.77 8.58 5.58
s Compressive Strength (Cycles) 535 6.65 6.24 6.89 6.44 6.34 4.99 5.05
—#—5uperficial Hardness (Ref) 71.22 77.80 77.82 80.50 81.55 82.12 81.55 75.63
Superficial Hardness (Cycles) 63.57 69.57 66.73 67.60 68.03 69.67 68.30 74.27

Figure 4. Results of the mechanical test of gypsum specimens with and without water-oven cycles
[51].

3.1.2. Wet-Drying Cycles

To evaluate the effect of accelerated aging, a regimen of 40 successive wet—dry cycles
was applied to gypsum composites with coconut fiber. After the process, the values for
mass, surface hardness, and mechanical strength were compared with those of the refer-
ence specimens not subjected to the cycles. The results obtained show, on the one hand,
the evolution of mass (Table 10) and, on the other, the variations in hardness and mechan-
ical behavior under bending and compression (Figure 5).
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The reference sample showed a 2.4% decrease in mass. In contrast, the mixtures with
coconut fiber showed moderate increases, ranging from 1.1% to 2.0% (P0.7-15.0CF to P0.7-
5.0CF), and a more pronounced increase of 12.5% in the formulation with the highest fiber
content (P0.7-17.5CF). In comparison, composites made with plastic cable waste reported
increases of up to 2.6% [20], while materials reinforced with rice husks showed increases
of 3.0% [21], indicating greater hygrothermal stability of the coconut fiber mixtures under
humidity cycles.

Reductions in surface hardness in the fiber-containing formulations ranged from
7.8% (P0.7-2.5CF) to 3.0% (P0.7-15.0CF), showing a decreasing trend as the fiber content
increased. All specimens maintained values above 70 Shore C units. Similar losses have
been observed in gypsum composites reinforced with ELT textile fibers [22] and plastic
cable waste [20], while materials with recycled EPS solution exhibited notably greater re-
ductions, reaching up to 18.2% [22]. In particular, the specimen with the highest fiber con-
tent (17.5%) showed a 6.8% increase; similar behavior was observed in composites with
added rice husks [21].

In terms of flexural strength, all formulations exceeded the minimum standard value
of 1 MPa [46]. The reinforced mixtures exhibited decreases ranging from 4.9% (P0.7-2.5CF)
to —=16.4% (P0.7-12.5CF). The formulation with 12.5% coconut fiber recorded the greatest
loss, although this was lower than that observed in rice husk composites (-20.9%) [21].
The mixture with 17.5% coconut fiber showed a 10.4% increase, attributable to fiber-reor-
ganization phenomena induced during pouring into the mold. These results confirm that
coconut fiber not only mitigates strength loss but, at high levels, can even improve it after
accelerated aging.

Regarding compressive strength, all formulations far exceeded the minimum re-
quirement of UNE-EN 13279-2:2014 (=2 MPa) [46]. Mixtures with low coconut fiber con-
centrations (2.5% to 7.5%) showed increases of up to 6.1%, while formulations with me-
dium fiber contents (10.0% to 15.0%) exhibited average reductions of 6.5%. These de-
creases were considerably lower than those observed in composites with plastic waste
[20], where reductions reached up to 29.2%, or in materials with rice husks [21], with re-
ductions ranging from 1.6% to 64.2%. Similarly, composites reinforced with recycled EPS
and textile fibers [22] or ELT rubber [23] exhibited losses ranging from 29.2% to 38.8% [22]
and from 8.9% to 30.5% [23], respectively. This behavior indicates that up to 7.5% coconut
fiber addition could notably stabilize compressive strength against moisture cycles.
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Figure 5. Results of the mechanical tests on gypsum specimens with and without wet-dry cycles
[51].

Table 10. Weight variation.

Mass (g)

Series P0.7

P0.7-25CF  P0.7-5.0CF  P0.7-7.5CF P0.7-10.0CF P0.7-12.5CF P0.7-15.0CF P0.7-17.5CF

No cycles 280.07 £9.95 269.69 +10.02 267.43 +6.20 266.54 +7.31 265.80+7.27 265.69 +8.99 265.45+6.29 252.88+7.03

With cycles 27324 +2.33

266.82 £2.32 272.66+0.66 2703784 271.06 +47 270.09+1.49 268.27 +0.97 265.40 +4.81

Variation (%) 2.4

-1.1 +2.0 +1.4 +2.0 +1.7 +1.1 +5.0

3.2. Physicochemical Characterization of Recycled Gypsum Powder

To evaluate the suitability of recycled gypsum for composite production, a physico-
chemical characterization was performed using X-ray diffraction (XRD). This study iden-
tified the crystalline phases present in the recycled powder after heat treatment, verifying
the chemical transformation of calcium sulfate dihydrate (CaSO4+2H20) into the hemihy-
drate phase (CaSO+2H20), which is necessary to ensure its binding capacity and struc-
tural performance.

XRD of Commercial Gypsum and Recycled Powder

X-ray diffraction (XRD) analysis was performed using a Siemens Krystalloflex D5000
diffractometer (Siemens AG, Karlsruhe, Germany) equipped with a Cu-Ka radiation
source and a graphite monochromator (A = 0.154056 nm). Prior to analysis, the samples
were ground and sieved through a 0.3 mm mesh sieve. The diffractograms were recorded
over a 20 range from 5° to 60°, using a step size of 0.04° and a counting time of 4 s per
step. The crystalline phases present in the analyzed materials were identified by compar-
ing the obtained diffraction patterns with the reference files available in the International
Center for Diffraction Data Powder Diffraction File database (ICDD PDEF). Figure 6 shows
the diffractograms obtained from commercial gypsum (gypsum sulfate hemihydrate) and
recycled gypsum powder after heat treatment.

As shown in Figure 6, the main crystalline structures identified correspond to cal-
cium sulfate hemihydrate (CaSOs+'2H20) for both commercial and recycled gypsum
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powder, with no peak corresponding to the initial dihydrate mineral (CaSO4+2H20) ob-
served in the recycled material. These results confirm that the applied heat treatment
yields a material suitable for producing gypsum composites similar to those obtained
from virgin raw material [61].

4000 -
Commercial
3500 A gypsum
Recycled
3000 4 plasterboard
CaS0s1/2HO
— 2500 A
=
& JL;JUWL-:.N-—.—
£ 2000 ——
=
g
£ 1500 A
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0 5 10 15 20 25 30 50 55 60

26

Figure 6. Diffractograms of commercial gypsum and recycled gypsum powder.

3.3. Physical and Mechanical Characterization of Specimens Containing Recycled Gypsum

Once XRD confirmed the chemical suitability of the recycled gypsum, prismatic spec-
imens were prepared incorporating coconut fiber at 5.0%, 10.0%, and 15.0%. For these
specimens, the density, surface hardness, dynamic modulus of elasticity (MOEus), flexural
strength, and compressive strength were determined. Additionally, one of the halves from
the specimens tested for flexural strength (15.0%) was analyzed by SEM to examine the
internal morphology and fiber-matrix interactions. The results were compared with those
of the reference specimen (without fiber content), enabling evaluation of the impact of
using recycled gypsum as a binder on the physical and mechanical properties of the com-
posites.

3.3.1. Bulk Density

The density (Table 11) showed a progressive reduction compared to the reference
specimen (1094.01 kg/m?) [16]. The formulations recorded values representing decreases
ranging from 7.9% to 24.2%. The noted pattern coincides with that reported by Zaragoza-
Benzal et al. [26], who documented reductions of up to 26.6% when incorporating recycled
EPS into the recycled gypsum binder.

Table 11. Density variation.

Bulk Density (kg/m?)
Series Reference RP0.9-5.0CF RP0.9-10.0CF RP0.9-15.0CF
Bulk density (kg/m3) 1094.01 + 62.24 1007.68 +4.71 829.69 +1.70 845.31 + 6.43
Variation (%) - -7.9 —24.2 -22.7

3.3.2. Flexural Strength and Dynamic Elastic Modulus

Figure 7 shows the results of the flexural strength and MOEus tests. The flexural
strength of the composites decreased by up to 62.3% (RP0.9-15.0CF) compared to the ref-
erence series, which was made with commercial gypsum and no fibers. Despite this de-
crease, all specimens exceeded the minimum threshold of 1 MPa established by UNE-EN
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13279-2:2014 [46]. The observed pattern is consistent with the results reported for compo-
sites made with recycled EPS [26], where flexural strength decreased by 35.5-54.1% in
specimens with recycled gypsum, despite the incorporation of reinforcement.

Regarding the dynamic modulus of elasticity, the composites with coconut fiber
showed reductions of 39.4%, 6.1%, and 64.2%, reflecting the lower stiffness of the recycled
binder, which is associated with greater porosity and lower matrix compactness.

It is important to acknowledge a limitation regarding the results presented in Figure
7 (and also Figure 8). The reference value corresponds to the commercial gypsum mixture
analyzed in Sections 3.1.1 and 3.1.2, which was prepared with a water-to-binder ratio of
0.7 by mass, rather than 0.9 as used for the recycled gypsum composites. Therefore, these
results should be interpreted with caution, since the mixture design was based on achiev-
ing a consistent plastic and workable mixture, with a flow diameter of 165 + 10 mm, rather
than maintaining a constant water-to-binder ratio across all formulations. A water-to-
binder ratio of 0.7 was found to provide insufficient workability for the recycled gypsum
mixture. Consequently, the differences observed in Figure 7 cannot be attributed exclu-
sively to the incorporation of recycled gypsum or coconut fibers, as they may also be in-
fluenced by the higher water-to-binder ratio. Therefore, it must be explicitly noted that
the observed mechanical variations result from the confounding effects of binder type,
water-to-binder ratio (0.7 vs. 0.9), and fiber content, rather than being solely attributable
to the recycled components.
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‘é’ R I E
) ]
: ;
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REF RP0.3-5.0CF RP0.%-10.0CF RP0.9-15.0CF
‘- Flexural Strength 3.61 2.20 1.15 1.36
‘ Dynamic Elastic Modulus 3830.29 2320.92 1336.19 1371.43

Figure 7. Dynamic modulus of elasticity (MOEus) and flexural strength for the coconut fiber and
recycled gypsum composites [46].
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Figure 8. Shore C hardness and compressive strength test results for the coconut fiber and recycled

gypsum composites [46].

3.3.3. Compressive Strength and Superficial Hardness

Figure 8 presents the results for Shore C surface hardness and compressive strength
of the reference composite and the formulations with recycled gypsum and recycled co-
conut fibers. In general terms, the surface hardness values obtained for the composites
were lower than those obtained for the reference specimen, which reached 71.22 Shore C
units. In the case of the coconut fiber composites, reductions of up to 47.2% were observed
in the RP0.9-15.0CF specimen. This behavior can be attributed to the replacement of the
original binder with recycled gypsum, which has higher porosity, leading to a loss of me-
chanical properties [28]. Similar trends have been reported in specimens containing recy-
cled gypsum and EPS [26], in which surface hardness decreased by 10-30%. As mentioned
in the previous section, these results are influenced by the confounding effects of the in-
creased water demand of the recycled binder.

Concerning compressive strength (Figure 8), the fiber-reinforced specimens showed
reductions ranging from 50.7% to 74.4% relative to the control specimen’s 6.83 MPa. This
performance demonstrates clear discrimination between the mixtures, with only the
RP0.9-5.0CF composite exceeding the minimum standard value of 2 MPa, as specified in
UNE-EN 13279-2:2014 [46]. This trend is consistent with the results of Zaragoza-Benzal et
al. [26], who observed reductions in compressive strength in their composites.

3.3.4. Mechanical Performance Coefficient (MPC)

The use of the MPC is particularly relevant here, as the observed mechanical varia-
tions result from the confounding effects of binder type, water-to-binder ratio (0.7 vs. 0.9)
and fiber content. Table 12 presents the mechanical performance coefficients obtained by
correlating composite strength with bulk density. This analysis allows the results to be
normalized and the structural efficiency to be evaluated comparatively, mitigating the
impact of simultaneous variations in binder type and water-to-binder ratio.

In the commercial gypsum series (P0.7), the reported results suggest that the addition
of fibers tends to progressively increase the material’s efficiency. The Kflex values show
a steady increase from 3.30 to 4.20, while Kcomp shows a notable improvement, rising
from 6.24 in the control sample to values above 8.0 in all reinforced mixtures. This behav-
ior indicates that, in dense, low-porosity matrices, coconut fiber reinforcement consist-
ently contributes to a better strength-to-weight ratio.

In contrast, the behavior observed in the recycled gypsum series (RP0.9) shows a dif-
ferent trend. When normalizing strength against density, the data indicate that the highest

https://doi.org/10.3390/buildings16153082


https://doi.org/10.3390/buildings16153082

Buildings 2026, 16, 3082

21 of 30

relative mechanical performance is observed at the 5% dosage, with values of Kflex =
2.18 and Kcomp = 3.34. Beyond this content, a marked decline in technical efficiency is
observed; for mixtures with 10% fiber, the coefficients drop to 1.39 for flexural strength
and 2.11 for compressive strength, representing a 36.8% reduction in efficiency compared
to the initial dosage. This pattern suggests that the higher intrinsic porosity of the recycled
binder and the increased water demand establish a saturation threshold for the reinforce-
ment’s effective contribution per unit mass of the composite.

When comparing the two series using the del Rio Merino methodology [51], the co-
efficient analysis reveals that the RP0.9-5.0CF mixture represents the equilibrium point at
which the recycled material achieves its most competitive balance. While the benefit of
reinforcement is incremental in commercial gypsum, in recycled gypsum, this parameter
provides a solid technical criterion for suggesting the potential of low-dose reinforcement
for light-frame construction applications with mechanical requirements.

Table 12. MPC for the commercial and recycled series.

. Ratio Coconut Fiber
Binder (w/b) MPC REF 5% 10%  15%
Commercial gypsum 0.7 Kflex 3.30 3.83 4.01 4.20
Recycled gypsum 0.9 - 2.18 1.39 1.61
Commercial gypsum 0.7 Keomp 6.24 8.14 8.39 8.27
Recycled gypsum 0.9 - 3.34 2.11 2.09
3.3.5. SEM

Figure 9 shows SEM images of the recycled gypsum sample with the highest coconut
fiber content (RP0.9-15.0CF). The aim is to gain an in-depth understanding of the micro-
structure of the manufactured composites and to analyze the integration of coconut fiber
into the recycled gypsum matrix. All images were obtained from the inner matrix of the
sample and were selected in the laboratory to ensure maximum representativeness of the
internal structure of the developed composites.

(a) (b)
Figure 9. SEM images of sample RP0.9-15.0CF. Magnifications (a) x150, (b) x1500.

Figure 9a shows a homogeneous distribution of coconut fiber in the matrix of the
recycled gypsum composite. Likewise, the high internal porosity of these materials is ev-
ident and may be related to the decrease in strength discussed in the previous section [62].
Figure 9b shows the characteristic needle-like morphology generated by the dihydrated
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gypsum crystals (CaSO+2H20), which demonstrates the proper setting of the samples
made with recycled gypsum [39].

Moreover, good integration between the coconut fiber and the matrix is observed,
with no voids at the fiber periphery and crystals present on the surface. This has a benefi-
cial effect on this type of construction material, as it limits fiber slippage failure under
bending stresses, as corroborated in previous studies [63].

3.4. Environmental Assessment
3.4.1. Circularity Calculation

For Equation (3b) (Material Returned) in the BCI calculation for coconut fiber-rein-
forced gypsum composites, it was necessary to quantify the amount of each component
that could be recovered at the end of the panel’s service life. To this end, an experimental
procedure was developed and applied to seven test specimens measuring 40 x 30 x 1.5 cm,
corresponding to formulations with coconut fiber contents ranging from 2.5% to 17.5%, as
detailed in Table 7.

The experimental procedure (Figure 10) consisted of the mechanical separation and
individual weighing of the solid components following the crushing, grinding, and siev-
ing processes. From an initial dry mass of 13,230.00 g of gypsum and 163.38 g of coconut
fibers, 6660.00 g and 73.5 g were recovered, respectively. These results correspond to an
experimental recovery rate of 50.34% for gypsum and 44.99% for coconut fiber.

The recovery values assigned to each dosage are presented in Table 13. These exper-
imental recovery rates are used to calculate the amount of materials classified as “down-
recycling” (Dow), which will be incorporated into Equation (3b).

(b) (©)

Figure 10. Process for recovering material from 40 x 30 x 1.5 cm test specimens. (a) Crushed test

specimens; (b) powder ground in a ball mill; (c) sieving the powder.

Table 13. Initial inventory and quantification of the experimental recovery of solid materials for 40

x 30 x 1.5 cm test specimens.

Recovery
R R
Coconut  Gypsum COf:onut Recovered ecovered ecovezry Potential
Gypsum . . Fiber Coconut  Potential

Sample Fiber = Weighting . . Gypsum . Coconut

(8) o Weighting Fiber Gypsum .

(g (%) o (g i Fiber

(%) (g (%) o

(%)

P0.7-2.5CF 2047.50 5.88 15.48% 3.60% 1030.71 2.65 50.34 44.99
P0.7-5.0CF 1995.00 11.76 15.08% 7.20% 1004.29 5.29 50.34 44.99
P0.7-7.5CF 1942.50 17.43 14.68% 10.67% 977.86 7.84 50.34 44.99
P0.7-10.0CF 1890.00 23.31 14.29% 14.27% 951.43 10.49 50.34 44.99
P0.7-12.5CF 1837.50 29.19 13.89% 17.87% 925.00 13.13 50.34 44.99
P0.7-15.0CF 1785.00 35.07 13.49% 21.47% 898.57 15.78 50.34 44.99
P0.7-17.5CF 1732.50 40.74 13.10% 24.94% 872.14 18.33 50.34 44.99
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Total

13,230.00

163.38 100.00% 100.00% 6660.00 73.50

Experimental recovery rates. The mass allocation per sample is proportional to the initial solid in-

ventory.

Table 14 presents the BCI results for the 120 x 250 x 1.25 cm panels made of gypsum
and reinforced with coconut fibers, whose mix proportions are detailed in Table 7.

In Equation (3a) (Material Recovered), the dry materials incorporated into the system
were quantified based on their origin. In accordance with the criteria established in Table
6, coconut fibers were classified as a renewable material (Ren), as they are an agroindus-
trial byproduct of renewable origin, and were assigned a circularity factor of 1. In contrast,
gypsum, a geological resource, was classified as virgin material Virgin), with a circularity
factor of 0. Therefore, the value of Equation 3.1 will be the ratio of the mass of coconut
fibers incorporated into the panel (Ren) to the total mass of solid materials used in its
manufacture (Total,,;).

Equation (3b) (Material Returned) quantifies the fraction of materials that can be re-
introduced into new production cycles following the deconstruction of the panel. Based
on the experimental mechanical separation tests described above, it was determined that
50.34% of the gypsum and 44.99% of the coconut fibers can be recovered. Both fractions
were classified as downcycling material (Dow) [53] and assigned a weighting factor of
0.5 (Table 6). Thus, the value of Equation 3.2 will be the ratio of the recovered mass (Dow)
to the total output mass (Total,,,), which includes both the recoverable circular fraction
and the non-recoverable waste (Disposed materials).

The results show that the BCI increases progressively as the coconut fiber content
rises, reaching a maximum value of 13.7% for the formulation containing 17.5% fiber. This
increase, although moderate, demonstrates an optimization in the end-of-life manage-
ment of these composites.

The following section presents the calculation procedure for the P0.7-2.5CF series,
which was used as a reference for the other studied formulations.

BCI = Materials Recovered - 0.5 + Material Returned - 0.5

BCI = (

1-Ren+1-Rec+1-Reu+0-Virgin) 0.5 + (1-0Reu+1-0Rec+0.5-Dow+0.5-Er) 0.5

Totaly; Totalmo

BCI = (

Ren + Rec + Reu + Virgin

1-Ren+1-Rec+1-Reu+0-Virgin) 05+ (1-0Reu+1-0Rec+0.5-D0w+0.5-Er) 0.5

OReu + ORec + Dow + ET + Dis

1-Ren+0-Virgin 0.5-Dow
BCI=( — )-0.5+(—,)- 5
Ren + Virgin Dow + Dis
1-122.50g + 0-42656.25 0.5-21528.27
BCI = ( g g ) 0.5+ ( 9 ) 0.5
122.50 g +42656.25 g 21528.27 g + 2125048 g

BCI=12.7%
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Table 14. BCI results for coconut fiber-reinforced gypsum boards (120 x 250 x 1.25 cm).
Sample Input phase (Materials Recovered) In the End-of-Life Phase (Material Returned) BCI
Coconut Gypsum Totalmi Materials Downcy- Downcy- Disposed  Totalwo Material (%)
Fiber (g) (g) Recovered cling cling Materials (g Returned
(g Coconut Gypsum (®
Fiber (g Coconut
(g) Fiber/
Ren Virgin Dow Dow Gypsum
(g) (g) (g) (g)
P0.7- 0.00  43,750.00 43,750.00 0.000 0.000 22,023.75 21,726.25  43,750.00  0.252  0.126
REF
P0.7-2.5CF 12250 42,656.25 42,778.75  0.003 55.11 21,473.16  21,250.48  42,778.75  0.252  0.127
P0.7-5.0CF 245.00 41,562.50 41,807.50  0.006 110.26  20,922.56  20,774.71  41,807.50  0.252  0.129
P0.7-7.5CF 363.13 40,468.75 40,831.88  0.009 163.37 20,371.97  20,296.54  40,831.88  0.251  0.130
P0.7- 485.63 39,375.00 39,860.63  0.012 21849 19,821.38  19,820.77  39,860.63  0.251  0.132
10.0CF
P0.7- 608.13 38,281.25 38,889.38  0.016 273.60 19,270.78  19,345.00  38,889.38  0.251  0.133
12.5CF
P0.7- 730.63 37,187.50 37,918.13  0.019 328.71 18,720.19  18,869.23  37918.13 0251 0.135
15.0CF
P0.7- 848.75 36,093.75 36,942.50  0.023 381.85 18,169.59  18,391.05 3694250 0251 0.137
17.5CF
Ren = renewable material input; Virgin = virgin material input; Total,,; = total material input (re-
newable and virgin); Dow = material output such as “downcycling” (lower-quality recycling); Dis-
posed materials; Total,,, = total output (“downcycles” and disposed materials).
3.4.2. Life Cycle Assessment
Table 15 presents the results of quantifying the impact categories analyzed for com-
posites containing commercial gypsum and recycled gypsum, as well as for the incorpo-
ration of recycled coconut fibers in the manufacture of prefabricated panels.
Table 15. Quantification of the impact categories evaluated in the LCA.
Mixture Module ADP GWP oDP AP POCP EP
(M]) (kg CO2eq) (kgCFC-11eq) (kg SO2¢q) (kg C:Hseq) (kgPOs:eq)
REF Al 3.21 x 10 1.90 x 100 2.33 x107 7.60 x 103 3.65 x 10+ 9.98 x 10+
A2 0.00 x 100 0.00 x 100 0.00 x 100 0.00 x 100 0.00 x 100 0.00 x 100
A3 3.84x101  3.01 %102 5.55 x 10-10 1.27 x 10 5.53 x 106 2.90 x 10
Total 3.25 x 10! 1.93 x 10° 2.34 x 107 7.72 x103 3.71 x 10+ 1.03 x 10-3
P0.7-5.0CF Al 3.08 x 10 1.82 x 100 2.22 x107 7.31 x103 3.51 x 10+ 9.69 x 10+
A2 1.04 x10"  7.44 %103 1.33 x 1010 1.86 x 10~ 1.17 x 10 4.73 x 106
A3 3.66 x 101 2.87 x 102 5.29 x 1010 1.21 x 10 5.28 x 106 2.77 x 10
Total 3.12 x 10 1.86 x 10° 2.23 x 107 7.45 x 103 3.57 x 10+ 1.00 x 10-3
P0.7-10.0CF Al 2.94 x 10! 1.75 x 100 2.11 x 107 7.01 x 103 3.36 x 10+ 9.39 x 10+
A2 1.04 x10"  7.44 %103 1.33 x 1010 1.86 x 10~ 1.17 x 10 4.73 x 106
A3 3.48 x101 273 x102 5.03 x 1010 1.16 x 10 5.02 x 106 2.63 x 10
Total 2.99 x 10 1.78 x 100 2.11 x 107 7.15 %103 3.43 x 104 9.70 x 10+
P0.7-15.0CF Al 2.81 x 10 1.68 x 100 2.00 x 107 6.72 x 103 3.22 x 10 9.09 x 10+
A2 3.09x10"  2.22x102 3.98 x 1010 5.53 x 10 3.48 x 106 1.41 x 10-°
A3 3.30x101  2.59 x 1072 4.77 x 10710 1.10 x 10 4.76 x 106 2.50 x 10
Total 2.87 x 10 1.72 x 100 2.00 x 107 6.89 x 1038 3.30 x 104 9.48 x 10+
RP0.9-5.0CF Al 1.06 x 10t 3.25 x 10! 1.82 x 108 1.14 x 103 6.57 x 10 2.54 x 10+
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A2 1.04 x10'  7.44 <1073 1.33 x 10-10 1.86 x 10> 1.17 x 10-¢ 4.73 x 10-¢
A3 4.09x10" 321 x107? 5.91 x 1010 1.36 x 10 5.89 x 10° 3.09 x 105
Total 1.12 x 10! 3.65 x 101 1.89 x 10-# 1.30 x 103 7.27 x 10 2.90 x 10*
RP0.9-10.0CF Al 1.04 x 10! 3.30 x 101 1.76 x 108 1.17 x 103 6.62 x 10-° 2.62 x 10*
A2 1.04 x10'  7.44 x 1073 1.33 x 10-10 1.86 x 10> 1.17 x 10-¢ 4.73 x 10-¢
A3 3.89x101  3.05x 102 5.62 x 10710 1.29 x 10+ 5.60 x 10-° 294 x 105
Total 1.09 x 10! 3.68 x 101 1.83 x 108 1.32 x 103 7.30 x 10> 2.96 x 10*
RP0.9-15.0CF Al 1.01 x 10t 3.35 x 101 1.71 x 108 1.21 x 103 6.68 x 10~ 2.70 x 10
A2 3.09 x101 222 x102 3.98 x 1010 5.53 x 105 3.48 x 10° 1.41 x 10~
A3 3.69 x 101 2.89 x 102 5.32 x 1010 1.22 x 10 5.31 x 10° 2.79 x 105
Total 1.08 x 10! 3.86 x 101 1.80 x 108 1.38 x 103 7.56 x 10~ 3.12 x 10

In the composites where coconut fiber has been introduced and the amount of gyp-
sum used to manufacture the boards has been reduced, a slight reduction in values is
observed across all impacts as fiber production increases relative to the reference. This
reduction was most pronounced in the ODP category, with reductions of 4.8%, 9.6%, and
14.3% for the P0.7-5.0CF, P0.7-10.0CF, and P0.7-15.0CF composites, respectively. Replac-
ing commercial natural gypsum with recycled gypsum notably improved results across
all categories. Again, the greatest reduction was observed in the ODP category, with re-
ductions of 91.9%, 92.2%, and 92.3% for the RP0.9-5.0CF, RP0.9-10.0CF, and RP0.9-15.0CF
composites, respectively.

Across all composites, the highest environmental impacts are concentrated in the raw
material extraction stage (A1) for every impact category, highlighting its dominant con-
tribution to the production of this type of building material. Overall, environmental im-
pacts decrease as the fiber content increases. However, for the GWP, AP, POCP, and EP
categories, the magnitude of the environmental improvement diminishes in composites
incorporating recycled gypsum as the fiber content increases. Although the RP0.9-15.0CF
composite achieves GWP reductions of approximately 80% relative to the baseline, the
impacts associated with fiber processing and transportation, together with the additional
water required to produce recycled gypsum mixtures, offset part of these environmental
gains. Furthermore, the magnitude of the GWP reduction is highly dependent on the
adoption of the zero-burden assumption. Under alternative allocation approaches, part of
the environmental burdens associated with primary material processing would be as-
signed to recycled materials, thereby reducing the net environmental benefits attributed
to their incorporation. Nevertheless, this approach is widely recognized by the scientific
community and is fully consistent with internationally established standards. On the
other hand, the impact continues to decrease during the production phase as the density
of the composites decreases.

4. Conclusions

This study has explored the technical potential and environmental feasibility of new
gypsum composites that incorporate circular economy principles by using recycled gyp-
sum and recycled coconut fiber. Using a methodology that combines durability testing,
physicochemical characterization, and LCA, it is demonstrated that it is possible to sub-
stantially reduce the environmental footprint of building materials without compromis-
ing the minimum functional requirements mandated by current regulations. The follow-
ing conclusions can be drawn from the experimental campaign:

e  Composites made from commercial gypsum and coconut fibers exhibited moderate
losses in mass, surface hardness, and mechanical strength following accelerated ag-
ing cycles, while consistently remaining above the minimum regulatory values. The
results indicate that incorporating coconut fiber serves as a hygrothermal stabilizer,
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mitigating mass loss and improving retention of mechanical properties after the cy-
cles.

e  The use of recycled gypsum as a binder in coconut fiber composites resulted in re-
ductions in all evaluated properties compared to the commercial reference series.
Density decreased by up to 24.2%, reflecting the lower density of the coconut fibers
and the higher porosity of the recycled matrix. Regarding mechanical properties, de-
creases of up to 47.2% in surface hardness were recorded for the formulation contain-
ing 15% coconut fibers. Similarly, the dynamic elastic modulus decreased by up to
64.2%, reflecting the lower stiffness of the recycled gypsum. Regarding mechanical
performance, although flexural strength decreased by up to 62.4%, all formulations
exceeded the minimum threshold of 1 MPa required by the standard. However, in
the compression test, with decreases of up to 74.4%, only the formulation containing
5.0% fiber (3.37 MPa) met the minimum regulatory requirement. Therefore, it is iden-
tified as the most technically promising recycled gypsum composition of all those
tested, since the use of fiber contents exceeding 5.0% in recycled gypsum matrices
limits their suitability for applications with compressive load requirements.

However, the application of the MPCs (Kflex and Kcomp) made it possible to de-
termine that the material’s behavior is not linear in the recycled series: while in commer-
cial gypsum the efficiency increases proportionally with fiber content, in the recycled se-
ries a point of technical optimization was identified at 5% fiber, beyond which the relative
structural performance decreases.

e The experimental material separation procedure determined that 50.34% of the gyp-
sum and 44.99% of the coconut fibers are recoverable after the recycling of a panel
made from these materials. When these values are incorporated into the BCI calcula-
tion and a weighting factor of 0.5 associated with under-recycling is applied, the in-
dex reaches a maximum of 13.7% for the formulation with the highest coconut fiber
content (P0.7-17.5CF). These results show that, although the physical recovery of ma-
terials is substantial, effective circularity is limited by the loss of material quality after
recycling. However, the incorporation of coconut fibers during the composite manu-
facturing phase helps improve the BCI, reinforcing its potential as a circular economy
strategy applied to lightweight construction systems.

e  The incorporation of recycled coconut fiber into composites with commercial gyp-
sum produces a progressive reduction in environmental impacts across all catego-
ries, primarily due to the decrease in gypsum content. This improvement is most no-
table in ODP, with reductions of up to 14%. On the other hand, replacing natural
gypsum with recycled gypsum yields much more substantial improvements, with
reductions exceeding 90% in ODP and around 80% in GWP compared to the baseline.
It should be noted that the cut-off principle was applied, which directly influenced
the results obtained. Finally, although the increase in fiber continues to reduce im-
pacts in composites with recycled gypsum, factors such as fiber transportation and
higher water consumption limit the potential for a much greater reduction in impact.

Despite the positive results obtained, the research identifies certain limitations that
must be addressed in subsequent phases. The higher porosity and the presence of impu-
rities in recycled gypsum limit its use in elements subject to high mechanical demands.
Likewise, factors such as the increased water demand during the mixing of recycled gyp-
sum can offset some of the environmental benefits achieved in the production phase. An-
other potential limitation relates to the use of a single length of coconut fiber. The aspect
ratio (length/diameter) is critical to understanding the effectiveness of the reinforcement;
thus, longer fibers could have a beneficial effect on flexural strength, although shorter fi-
bers are typically used to prevent phenomena such as shrinkage. In this regard, it is
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proposed to expand the experimental study in the future by using different fiber lengths
and even combining different sizes to determine the optimal percentage and dimensions
based on the desired application. Finally, it should be noted that the observed reductions
in density and mechanical properties should be interpreted as a combined effect of the
recycled matrix, fiber addition, and the water/binder ratio since the individual effects of
recycled gypsum and coconut fiber were not fully decoupled. Regarding the post-cycle
behavior, advanced microstructural analysis is required to confirm these potential effects
and validate the underlying mechanisms.

As future lines of research, it is proposed to evaluate the influence of porosity and
natural fibers in composites made with recycled gypsum, in order to determine the ther-
mal insulation capacity of the panels and their contribution to improving the operational
energy efficiency of buildings. Furthermore, to complete the sustainability assessment, it
would be necessary to develop an LCC that complements the LCA results, allowing for
the evaluation of the long-term financial viability of the building panels and considering
the economic impact of reincorporating end-of-life recovered materials into new produc-
tion cycles, as opposed to the associated costs of disposing of them in landfills.
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