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Abstract

This study investigates the development of high-strength biofiber cement boards with
enhanced thermal insulation properties by utilizing recycled biofibers derived from cement
packaging bags, combined with a water-based adhesive to enhance the curing efficiency
of Portland cement through a cementation–curing process. This approach reduces waste
from cement packaging and other biofiber residues through recycling, thereby promoting
environmental sustainability. Moreover, it does not require the use of additional chemicals
for the disposal or treatment of fiber waste, nor does it require the incineration of biofiber
waste. Recycled biofiber from cement bags, composed primarily of cellulose (60 wt%),
lignin (15 wt%), and hemicellulose (10 wt%), serves as a reinforcing phase, while the
cement and adhesive mixture functions as a strong binding matrix. The fabrication of com-
posite materials using undamaged cement bag fibers preserves fiber integrity and enables
a well-ordered one-dimensional (1D) fiber alignment, which promotes more effective rein-
forcement than two-dimensional (2D) or three-dimensional (3D) orientations, in accordance
with the rule of mixtures. In addition, the incorporation of a water-based PVAc adhesive
accelerates the curing rate of the cement phase, promoting the formation of a strong inter-
connected network structure, and facilitates a more complete curing process. The physical,
mechanical, chemical, and thermal properties of the biofiber cement boards were evaluated
in accordance with relevant industrial standards, including TISI 878:2023, BS 874, ASTM
C1185, ASTM D570, ASTM C518, ISO 8301, and JIS A1412. The results indicate that an
optimal cement mortar to water-based adhesive ratio of 1:2, combined with an increased
number of biofiber sheet layers, significantly enhances material performance, particu-
larly in Formulas (7)–(9). Among these, Formula (9) exhibits the lowest water absorption
(0.0835 ± 0.0102%), the highest tensile strength (19.489 ± 0.670 MPa), the highest flexu-
ral strength (20.867 ± 2.505 MPa), the highest Young’s modulus (5735.068 ± 387.032 MPa),
and low thermal conductivity (0.152 W/m.K). The resulting boards demonstrate strong
bonding ability, enhanced resistance to fire, moisture, and weathering, and a longer service
life compared to lower cement-to-adhesive ratios (1:1 and 1:0). These findings demonstrate
the potential of recycled biofiber composites, combined with water-based adhesives, as sus-
tainable alternative materials for thermal insulation and structural applications, including
ceilings and walls in building construction.

Keywords: structural composites; biofiber cement boards; Portland cement; thermal
insulation materials
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1. Introduction
The rapid expansion of infrastructure and urbanization has significantly increased

global cement demand, particularly in the residential, commercial, and transportation
sectors. This growth has led to increased consumption of cement packaging, especially
multi-layer paper bags, due to their strength, low cost, and recyclability. However, cement
is highly sensitive to moisture, and premature exposure can initiate hydration reactions,
reducing performance. Therefore, developing sustainable and moisture-resistant packaging
remains a key challenge in the construction industry [1–3].

Cement production contributes approximately 7–8% of global CO2 emissions, empha-
sizing the need for sustainable material solutions. At the same time, large quantities of
waste cement packaging and paper-based materials are generated and often disposed of
through landfilling or incineration. These wastes consist mainly of lignocellulosic biofibers
such as cellulose, lignin, and hemicellulose, which can be recycled into value-added materi-
als. Recycling reduces energy consumption, greenhouse gas emissions, and landfill waste,
as illustrated in Figure 1 [4–7].

Figure 1. Steps in biofiber manufacturing for industrial use.

Recent studies have demonstrated that recycled lignocellulosic materials can be uti-
lized in construction materials such as insulation panels, lightweight boards, and com-
posites with favorable mechanical and thermal properties [8–11]. In addition, cellulose-
based materials have been widely applied in energy storage, sensors, and smart materials,
demonstrating their versatility [12–16]. Biofiber-reinforced cement composites have gained
increasing attention due to their sustainability and enhanced performance [17–20].

Natural fibers exhibit low density, high specific strength, and hierarchical structures,
making them suitable for reinforcement in cement composites [21–23]. However, their
durability in alkaline cement environments remains a challenge due to fiber degradation,
requiring optimized design strategies [24–26].
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Various construction materials such as cement, glass, gypsum, polymers, and
fiber composites exhibit different thermal and mechanical properties, as summarized
in Table 1 [10]. Cement-based materials are widely used due to their high compressive
strength but suffer from brittleness and low tensile strength. To overcome these limitations,
fiber reinforcement and polymer modification have been introduced [27–29].

Table 1. Standard values for thermal conductivity and physical and mechanical properties of building
materials [2,30–36].

Building Materials

Thermal
Conductivity,

at 300 K
(W/m.K)

Bulk Density
(g/cm3)

Compressive
Strength

(MPa)

Bending
Strength

(MPa)

Tensile
Strength

(MPa)

Young’s
Modulus of

Elasticity
(MPa)

Brick 0.70 2.50–2.80 126 2.15 1.50–2.88 11,000

Plastered clay brick 0.81 1.75 3.5 3.63 0.72 56,000

Red brick 0.50 1.70 10.29 0.015 2.80 14,000

Cement 1.01 1.90 11.50–17.50 5.50 2.0–5.0 10,000–30,000

Concrete-cast dense 1.40 2.24–2.40 0.30–40.00 1.50–3.20 2–5 50,000

Concrete-cast light 0.40 1.12–1.92 17.00 4.20 2.0 30,000

Glass 1.05 2.20 1000 45–120 7.0 70,000

Single glass
window 0.65 2.50 4.14 26.90 1000 69,000

Mineral wool 0.38 1.20–1.40 0.0029 13 26–50 830–1200

Mortar 0.80 1.90 11.50–17.50 1.03 1.70 2200

Plaster (Gypsum) 0.46 1.30 3–75 4.50 4.50 2989

Plasterboard
(Gypsum) 0.16 0.60 4–8 2–4 1–2 4350

Polystyrene foam 0.032 1.05 039–10.9 0.075–3.00 31.0–41.4 1140–1550

Polyurethane foam 0.025 0.05–0.96 0.15–0.22 0.95–1.75 0.02–1900 15–152

Stone (Limestone) 1.30 1.19–1.49 13.8–255 1–10 5–25 55.1–82.7

Stone (Granite) 1.70–4.00 2.46–2.80 96.5–310 15–25 7–25 92.7

Timber (Softwood) 0.14 0.40–0.60 30–60 75 70–140 4141–6474

Timber
(Hardwood) 0.14–0.17 0.61–0.67 10.89 151.20 51–120 11,000–13,000

Woodfiber board 0.11 0.25 1.20 50–250 15.2–20.7 4000

Fiberglass 0.05 2.10 90.38 10.36 4800 72,000

Tile (Ceramics) 1.30 2.38–2.45 125–250 0.24 45–73 51,000

Asphalt 0.70 2.20–2.40 3.6 0.031 0.69 2110

Steel 47.60 7.80–7.90 250–400 370–520 400–550 190,000–21,5000

Marble 1.30 2.60–2.90 32.7–210 12–20 7–20 60,000

Rubber 0.92–1.05 0.93 0.063 10–30 25 3

Cement hydration plays a critical role in mechanical performance. The reaction can be
expressed as

Cement + H2O → C-S-H + Ca(OH)2 + Heat (1)

Cement is a widely used binding material in construction due to its adhesive and
cohesive properties. As illustrated in Figure 2a, the cohesive structure of hardened cement
contributes to its strength, influencing the storage modulus and loss modulus during the
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accelerated curing process, as shown in Figure 2b. When cement is mixed with water, it
forms a hardened matrix through hydration reactions. The curing process contributes to
the development of physical (e.g., appearance, color, density, setting time, and shrinkage),
mechanical (e.g., compressive, tensile, and flexural strength), and thermal (e.g., conduc-
tivity) properties. However, using cement alone can result in excessive rigidity with low
tensile strength. To improve flexibility and tensile performance, polymers are often incor-
porated. There are many types of water-based adhesives, such as polyvinyl alcohol (PVA,
[−CH2−CH(OH)−]n); polyvinyl acetate (PVAc, [−CH2−CH(OCOCH3)−]n), commonly
known as “white glue”; starch- or dextrin-based adhesives ((C6H10O5)n); and acrylic water-
based adhesives ([−CH2−CH(COOC2H5)−]n). When water reacts with cement through
hydration, several products are formed: calcium silicate hydrate (C-S-H gel), calcium
hydroxide (Ca(OH)2, or portlandite) from silicate hydration, and ettringite or monosulfate
from aluminate reactions. For example, combining cement with water-based adhesives or
polyvinyl alcohol (PVA) enhances adhesion and tensile properties. Previous studies have
reported that incorporating PVA at appropriate polymer–cement ratios can significantly
improve the mechanical performance and durability of cement-based composites. Optimal
performance is typically achieved at relatively low PVA contents, generally in the range of
0.5–3% by weight of cement, depending on the application and composite design [30,31].

(a). (b). 

Figure 2. (a) The cohesive structure of hardened cement contributes to its strength, influencing the
storage modulus and loss modulus during the accelerated curing process. (b) The time-dependent
evolution of the storage modulus (G′) and the loss modulus (G′′) during the curing reaction.

Curing involves the formation of a three-dimensional polymeric network, which
enhances durability and performance. Water-based epoxy adhesives are accelerated by the
heat generated during cement hydration, eliminating the need for external stimuli such
as UV radiation. This dual-curing mechanism transforms the liquid solution into a solid
product [32,33]. To achieve complete setting of the water-based adhesive, it is generally
necessary to increase the process temperature after gelation. Changes in viscosity and the
extent of the curing reaction can be effectively monitored by measuring the elastic moduli,
namely the storage modulus (G′) and the loss modulus (G′′). As shown in Figure 2b, the
evolution of G′ and G′′ over time provides insight into the curing process. During the initial
(induction) stage, both moduli increase with a noticeable change in slope. At a certain
point, G′ and G′′ intersect, after which their increase rates decrease and eventually reach a
plateau, indicating completion of the reaction. The degree of curing (α) increases from 0
at the onset of the reaction to 1 upon completion. The slope of the curve varies over time,
reaching a maximum approximately midway through the reaction. Accordingly, the curing
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behavior can be effectively characterized using G′ and G′′, as illustrated in Figure 2 [32,33].
The degree of curing (α) is defined in Equation (2).

During the initial (induction) stage, both moduli increase, accompanied by a noticeable
change in slope. At a certain point, G′ and G′′ intersect, after which their rates of increase
diminish and eventually reach a plateau, indicating completion of the reaction.

α =
G′(t)− G′

min
G′max − G′

min
(2)

During crosslinking, an exothermic reaction takes place, and the crosslinking rate is
directly proportional to the heat released during the process. The greater the number of
bonds formed, the more heat is released. Once the reaction is complete, no additional heat
is generated. The degree of curing (α) can be expressed as

α =
Q

QT
=

∫ s
0

.
Qdt∫ s f

0

.
Qdt

(3)

where Q represents the heat released up to a specific time s,
.

Q s is the instantaneous rate of
heat release, and QT is the total amount of heat released when the reaction is complete at
time in s f .

Polymer-modified cement systems have been widely used to improve adhesion and
flexibility. Water-based PVAc adhesives enhance bonding through hydrogen bonding and
van der Waals forces, forming a three-dimensional network structure (see Figure 3) [34–37].

Figure 3. Mechanism of accelerated curing induced by the incorporation of PVAc into Portland cement.

The mechanical performance of fiber composites strongly depends on fiber orientation:

Ec = KVf E f + VmEm (4)

For 1D alignment, K ≈ 1, while for 2D and 3D random orientation, K = 3
8 and K = 1

5 ,
respectively, resulting in reduced reinforcement efficiency [38–40]. Therefore, maintaining
fiber alignment is crucial. Additionally, porous fiber structures improve acoustic and
thermal insulation due to energy absorption mechanisms [41,42].

In this study, recycled cement packaging bags were used as biofiber reinforcement
without mechanical grinding to preserve one-dimensional fiber alignment and maximize
reinforcement efficiency. A multilayer stacked configuration, as illustrated in Figure 4, was
employed in combination with a cement–PVAc matrix to form a structural composite. The
developed biofiber cement board exhibits improved mechanical strength, reduced density,
and enhanced thermal insulation properties. The performance of the samples prepared was
evaluated through comparison with standard construction material data, as summarized
in Table 1.
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Figure 4. Model of sample preparation.

2. Experimental Section
2.1. Materials

The primary raw materials consisted of 800 sheets of biofibers prepared from locally
sourced cement packaging, each cut to dimensions of 7 × 30 cm. A water-based, starch-
cellulosic adhesive was supplied by Nan Mee Co., Ltd. (Bangkok, Thailand). The water-
based PVAc adhesive, composed of 90–95% deionized water and 6–11% polyvinyl acetate
(PVAc, [−CH2−CH(OCOCH3)−]n), is clear and colorless, with a pH of 5–8 and a specific
gravity of 1.00–1.06. Portland cement was procured from Jorakay Co., Ltd. (Bangkok,
Thailand). Its specifications are as follows: residue on 325-mesh screen ≈ 24%, maximum
autoclave expansion 1%, minimum initial setting time 90 min, standard compressive
strength 20–30 MPa at 7 days and 65 MPa at 28 days, air content in mortar 8–19% vol, and
minimum water retention value 70%.

2.2. Instruments

A paper cutter (model: V-Virgin TS 125/115; manufacturer information unavailable)
with a power rating of 540 W and a maximum rotational speed of 12,000 rpm was used to
cut the cement packaging sheets.

Non-destructive testing (NDT) was conducted to inspect and evaluate the prepared
samples using visual testing (VT). Visual observation, the first assessment method ap-
plied, was used to detect cracks, shrinkage, surface quality, and application feasibility in
accordance with TISI 878-2023 [43] and BS EN 196-1:2016 [44] standards.

The bulk density of the raw materials was calculated using D = M
V where D is the

bulk density (g/cm3), M is the sample mass (g), and V is the sample volume (cm3), derived
from dimensional measurements.

An optical microscope (OM) (modelBX51M, Olympus Corporation, Tokyo, Japan) was
used to analyze the microstructure of the biofiber cement boards from specimens prepared
as rectangular plates measuring 7 × 30 cm, stacked in 72, 84, and 96 layers. The microscope
employed visible light and optical lenses to generate magnified images. A 10× eyepiece
was used to inspect surface defects, such as cracks, shrinkage, and warping, in the prepared
specimens, as shown in Figures 5 and 6.
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Figure 5. Biofiber cement boards after UTM testing: (a) longitudinal sections of samples
(Formulas (1)–(3)); (b) transverse sections of samples (Formulas (4)–(6)); (c) longitudinal sections
of samples (Formulas (7)–(9)); (d) transverse sections of samples (Formulas (7)–(9)).

A Universal Testing Machine (UTM) (model H50KS, Hounsfield, Tinius Olsen, Hor-
sham, PA, USA) was used to evaluate the mechanical properties of the biofiber cement
boards, including stress–strain behavior and Young’s modulus. The tests were conducted
using a 500 N load cell, with a crosshead speed of 50 mm/min and a preload of 1 N. A
maximum strain limit of 25% was set as the machine control parameter.

A three-point bending test was performed in accordance with TISI 878-2023 [43] and
ASTM C1185 [45] to determine flexural strength (modulus of rupture, MOR), flexural
modulus (MOE), flexural stress, and flexural strain. The specimens were prepared as
rectangular bars with a width of 5 cm. The span length was defined as 16 times the
specimen thickness, but not less than 150 mm, with an additional allowance to ensure that
both ends extended approximately 25 mm beyond the supports. The loading apparatus
was capable of measuring force with a resolution of 5 N or 5% of the maximum applied
load. The loading nose had a semicircular contact surface with a radius of approximately
10 mm and a length not less than the specimen width. The supports had a circular or
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semicircular cross-section with a radius of approximately 10 mm. Deflection was measured
using a device with a resolution of at least 0.1 mm. The load was applied at the midpoint
of the specimen at a constant rate, and the time to failure was controlled within 30–120 s.

Figure 6. Dimensions and optimal biofiber cement boards after UTM testing: (a) longitudinal sections
of samples (Formulas (7)–(9)) and (b) transverse sections of samples (Formulas (7)–(9)).

For a rectangular cross-section of flexural strength (MOR):

σf =
3FL
2bd2 (5)

Calculation of the flexural strain (ϵf):

ϵ f =
6Dd
L2 (6)

Calculation of flexural modulus (MOE, Ef):

E f =
L3m
4bd3 (7)
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where σf, ϵf, Ef, F, L, b, d, D, m, R according to σf = modulus of rupture (MPa); ϵf = strain
on the outer surface, (mm/mm); Ef = flexural modulus of elasticity (MPa); F = load at a
specific point on the load–deflection curve (N); L = support span (mm); b = width of test
beam (mm); d = depth/thickness of test beam (mm); D = maximum deflection at beam
center (mm); m = initial slope of the load–deflection curve (N/mm); and R = radius of
specimen (mm).

Thermal conductivity was measured using a heat flow meter (HFM 446 Lambda,
NETZSCH-Gerätebau GmbH, Selb, Germany) in accordance with ASTM C518. The speci-
mens were prepared as flat plates with dimensions of 200 mm × 200 mm and a thickness of
xx mm. The surfaces were made smooth and parallel to ensure proper contact with the hot
and cold plates. All measurements were conducted under steady-state conditions. The tests
were performed over a temperature range of 20–50 ◦C, with the upper plate maintained at
a lower temperature than the lower plate. Thermal conductivity was calculated based on
Fourier’s law using the measured heat flow through the specimen.

Thermal Conductivity
(

W
m.K

)
=

(Q.L)
A.∆T

(8)

where K = thermal conductivity (W/m.K); Q = steady-state heat flux through the specimen
(W); L = thickness of the specimen (m); A = cross-sectional area of the specimen (m2); and
∆T = temperature difference between the hot and cold plates (K or ◦C).

Water absorption and its effects on swelling or shrinkage were evaluated at room
temperature (27 ◦C) according to ASTM D570 and ASTM D5890-11. Water absorption was
calculated using

Water Absorption (%) =
(W2 − W1)

W1
× 100 (9)

where W1 is the initial dry weight, and W2 is the weight after 24 h immersion.
Specimens were cut using a silicon carbide saw or equivalent equipment. Rectangular

samples with parallel sides perpendicular to the forming surface were prepared, with a
minimum volume of 25 cm3. Loose particles were removed using compressed air. Mass
was recorded to an accuracy of ±0.05 g using a weighing scale with ±0.01% precision.
Samples were immersed in water at (20 ± 2) ◦C for at least 24 h. Successive mass readings at
2 h intervals were taken until variation was below 0.5%. After immersion, surface moisture
was wiped off, and the saturated mass was recorded. Specimens were then oven-dried
at (105 ± 5) ◦C using a forced-circulation oven until consecutive mass readings at 2 h
intervals showed a decrease below 0.5%. Samples were cooled in a desiccator to ambient
temperature, and dry mass was recorded.

2.3. Preparation of Multilayer Structural Composite Prototypes of Biofiber Cement Boards

The characteristics of the raw materials used to produce the biofiber cement boards
are presented in Table 2. Prototype biofiber cement blocks, illustrated in Figure 4, were
fabricated using cement packaging sheets, a water-based adhesive, and Portland cement. The
samples were produced through casting and pressing based on the formulations listed in
Table 3. The ratios of water, Portland cement, and water-based adhesive were 1:1:0, 1:1:1,
and 1:1:2, respectively, combined with 72, 84, and 96 cement packaging sheets arranged in
a stacked configuration, forming laminated structural composite materials. A total of nine
formulations were developed and designated as Formula (x–y–z), where x denotes the number
of biofiber cement packaging sheets, y represents the percentage of cement by volume, and z
represents the percentage of water-based adhesive by volume. Each formulation consisted of
five specimens, resulting in a total of 45 samples. The prototype samples were prepared in
both bar and block shapes with uniform dimensions of 7.0 cm in width and 30.0 cm in length.

https://doi.org/10.3390/jcs10050219
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The thickness of each specimen depended on the number of biofiber packaging sheets used
in each formulation. The samples were fabricated by sequentially stacking the layers and
applying manual pressure using hand uniaxial pressing. The placement time for each layer
was controlled within 1–3 min and kept consistent across all layers. One limitation of this
study is the layer-by-layer assembly of cement packaging sheets in a stacked configuration,
which requires careful control to ensure uniform and orderly arrangement.

Table 2. Characteristics of raw materials for biofiber cement board production.

Characteristics Biofiber Sheets Water-Based PVAc Adhesive Portland Cement

Weight (g/m2) 210–420 - -

Thickness (mm) 0.20–0.40 - -

Bulk density (g/cm3) 0.61–0.65 1.05–1.10 1.40–1.70

True density (g/cm3) 1.55–1.60 1.18–1.20 3.14–3.20

Moisture (%) 7.5–9.0 58 -

Ash content (%) 0–12 3.0–4.5 0.52–1.00

Brightness (ISO), (%) 62–65 - -

Opacifier (%) 90–94 48 >96

Tensile strength (MPa) 45–60 >17 1.70

Compressive strength
2 days (MPa) - 10–15 26.60

Compressive strength
7 days (MPa) - - 40.80

Compressive strength
28 days (MPa) - - 55.80

Color 83.7 L*, −0.450 a*, 5.10 b* Colorless, odorless liquid Gray color, fine solid powder

Consistency (%) - High viscosity
(20–80 poise) 17–30

Solubility Insoluble in water Water soluble Standard water requirement 27%

pH 7.45–7.79 5–8 12.50–13.50

Water content (%) - 90–95 -

Polyvinyl acetate (%) - 6–11 -

“-” indicates not measured. L* refers to perceptual light, while a* and b* represent the four unique colors perceived
by human vision: red, green, blue, and yellow.

This approach provides a sustainable solution for recycling construction waste and
developing high-performance lightweight building materials [46,47]. The resulting compos-
ites were comprehensively characterized. Physical properties, including appearance, bulk
density, water absorption, and dimensions, were evaluated using non-destructive testing
(NDT). Surface appearance was assessed by visual inspection, dimensions were measured
using a vernier caliper, and water absorption was determined through immersion testing.
Additional physical characterization was performed using optical microscopy (OM) and
quantitative analysis. Mechanical properties, including tensile strength, Young’s modulus,
and bending strength, were evaluated using a Universal Testing Machine (UTM) under a
three-point bending configuration. Thermal conductivity was measured using a heat flow
method. An overview of the test methods for physical, mechanical, and thermal properties,
all conducted in accordance with relevant standard procedures, is provided in Table 4. All
experimental results are reported in this study.
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Table 3. Sample preparation (mean ± standard deviation, n = 5).

Sample

Ratio
(Water–Portland

Cement–Water-Based
PVAc Adhesive)

(%Vol.)

Sample Weight
(g)

Thickness
(mm)

Biofiber Cement
Packaging Bags

(Layers)

Portland
Cement
(% Vol.)

Water-Based
PVAc Adhesive

(mL)

Water
(mL)

Formula (1)
(72-200-0) 1:1:0 130.37 ± 0.10 10.61 72 200 0 200

Formula (2)
(84-200-0) 1:1:0 175.10 ± 0.10 15.04 84 200 0 200

Formula (3)
(96-200-0) 1:1:0 202.82 ± 0.10 15.99 96 200 0 200

Formula (4)
(72-200-200) 1:1:1 111.93 ± 0.14 10.03 72 200 200 200

Formula (5)
(84-200-200) 1:1:1 137.40 ± 0.13 12.23 84 200 200 200

Formula (6)
(96-200-200) 1:1:1 196.14 ± 0.13 14.71 96 200 200 200

Formula (7)
(72-200-400) 1:1:2 78.35 ± 0.14 5.78 72 200 400 200

Formula (8)
(84-200-400) 1:1:2 134.98 ± 0.14 11.14 84 200 400 200

Formula (9)
(96-200-400) 1:1:2 190.12 ± 0.14 12.84 96 200 400 200

Density of cement is 1.44 g/cm3 (ρ = 1.44 g/cm3). Formulas (1)–(3) were used as reference samples. In
Formula (x-y-z), x represents the number of biofiber sheets, y is the percentage of cement by volume, and z
represents the percentage of water-based PVAc adhesive by volume.

Table 4. Characterization of biofiber cement boards.

Characterization Measurement Standard Method Testing

Physical Properties

Appearance
Dimension
Thickness

Bulk density
Swelling

ASTM D570 [48], BS EN196-1:2016
[44]., and

ASTM D5890-11 [49]

Nondestructive testing (NDT)
Vernier Caliper

Calculation

Mechanical Properties

Flexural Strength (MOR)
Tensile Strength

Young’s Modulus (MOE)
Compressive Strength

TISI 878-2023 [43]
ASTM C1185

UTM and 3-Point Bending
Tests

Thermal Properties Thermal conductivity ASTM C518 [50], ISO-8301 [51], and
JIS-A1412 [52]

heat flow meter (EKO),
(HC-074-200)

The curing age of all test specimens was consistently 7 days. Five specimens were prepared for each formulation.
The test results are reported as mean values with corresponding standard deviations for each formulation.

The combination of cement and biofiber sheets accelerates curing through an exother-
mic thermochemical reaction. Curing involves retaining sufficient moisture in the cement
within an appropriate temperature range to promote hydration during the early stages.
Hydration is the chemical reaction between water and cement that produces compounds
responsible for the setting and hardening of the material. During curing, the heat re-
leased by the exothermic reaction also accelerates the curing of the water-based adhesive,
thereby enhancing the strength and toughness of the biofiber cement boards. Formulations
with higher adhesive content demonstrated improved bonding strength due to increased
ionic chemical bonds and covalent interactions between the adhesive and cement layers
compared to those containing little or no adhesive.

https://doi.org/10.3390/jcs10050219

https://doi.org/10.3390/jcs10050219


J. Compos. Sci. 2026, 10, 219 12 of 21

3. Results and Discussion
3.1. Characteristics and Physical Properties of Biofiber Cement Boards

The physical properties of the biofiber cement boards—including appearance, dimen-
sions, thickness, bulk density, and water absorption percentage—were evaluated using the
standard methods listed in Table 4, and the bulk density results are presented in Table 5.
Visual observation of the physical characteristics of the specimens was conducted using
non-destructive testing (NDT), while defects were examined using an optical microscope,
as shown in Figures 5 and 6.

Table 5. Measurement of the bulk density of the biofiber cement boards.

Sample Ratio of Portland Cement
to Water-Based Adhesive

Thickness (cm)
(avg ± S.D.)

Length
(cm)

(avg ± S.D.)

Width
(cm)

(avg ± S.D.)

Bulk Density
(g/cm3)

(avg ± S.D.)

Formula (1)
(72-200-0) 1:0 1.06 ± 0.29 22.00 ± 4.93 7.00 ± 0.00 1.109 ± 0.185

Formula (2)
(84-200-0) 1:0 1.51 ± 0.20 30.00 ± 2.03 7.00 ± 0.01 1.191 ± 0.127

Formula (3)
(96-200-0) 1:0 1.60 ± 0.15 31.00 ± 3.80 7.00 ± 0.10 1.316 ± 0.120

Formula (4)
(72-200-200) 1:1 1.01 ± 0.23 21.00 ± 4.00 7.00 ± 0.01 1.158 ± 0.137

Formula (5)
(84-200-200) 1:1 1.22 ± 0.15 25.00 ± 3.89 7.00 ± 0.03 1.113 ± 0.160

Formula (6)
(96-200-200) 1:1 1.47 ± 0.21 29.00 ± 4.20 7.00 ± 0.20 1.312 ± 0.158

Formula (7)
(72-200-400) 1:2 0.58 ± 0.34 14.50 ± 5.40 7.00 ± 0.20 1.110 ± 0.108

Formula (8)
(84-200-400) 1:2 1.11 ± 0.29 23.00 ± 4.80 7.00 ± 0.03 1.142 ± 0.141

Formula (9)
(96-200-400) 1:2 1.21 ± 0.24 24.50 ± 4.35 7.00 ± 0.04 1.300 ± 0.135

Density of cement is 1.44 g/cm3 (ρ = 1.44 g/cm3). Formulas (1)–(3) were used as reference samples. In
Formula (x-y-z), x represents the number of biofiber sheets, y is the percentage of cement by volume (% vol.), and
z is the percentage of water-based PVAc adhesive by volume (% vol).

The ratio of Portland cement to water-based adhesive significantly affected the appear-
ance, dimensions, and thickness of both the longitudinal and transverse sections of the
samples. Among all samples, Formulas (7)–(9) demonstrated the most desirable appear-
ance and physical properties (in terms of bulk density and water absorption), with no signs
of warping or shrinkage. As the number of cement packaging sheets increased, the bulk
density also increased. However, when the number of cement packaging sheets was held
constant, increasing the ratio of Portland cement to water-based PVAc adhesive resulted in a
decrease in bulk density, as shown in Table 5 and Figure 7a. This behavior occurs because
the water content in the PVAc adhesive participates in cement hydration, while the hydroxyl
groups in PVAc chemically and physically interact with hydration products such as C–S–
H and Ca(OH)2. Additionally, PVAc chains form a polymer–cement composite network,
which lowers bulk density while simultaneously enhancing chemical bonding, mechanical
strength, and durability. Formulas (7)–(9) exhibited the lowest bulk densities, measured at
1.034 ± 0.108, 1.090 ± 0.120, and 1.300 ± 0.135 g/cm3, respectively. These values fall within
the standard bulk density range for building materials, as illustrated in Table 1. All ob-
served physical characteristics and performance values comply with industrial standards
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TISI 878:2023 [43] and BS EN 196-1:2016 [44], as summarized in Tables 6 and 7. Water ab-
sorption percentage also decreased progressively, with Formulas (7)–(9) showing particularly
low values of 0.1239 ± 0.0202%, 0.1044 ± 0.0200%, and 0.0835 ± 0.0102%, respectively. These
formulations displayed smooth surfaces with no visible warping or shrinkage.

Table 6. Industrial standards TISI No. 878:2023 and BS 874.

No. Determined Standards Standard Values

1. Bulk Density 1.100–1.300 g/cm3

2. Humidity 9.00–15.00%

3. Thermal Conductivity Less than 0.155 W/m.K

4. Swelling upon Immersion in Water Less than 2.00%

5. Flexural Strength or Bending Strength Not less than 9 MPa

6. Young’s Modulus of Elasticity Not less than 3000 MPa

7. Tensile Stress Not less than 0.5 MPa
TISI stands for the Thai Industrial Standards Institute, as specified in TISI 878:2023 for cement-bonded
particleboards: high density. BS 874 refers to the British Standard for methods of determining thermal
insulating properties.

Table 7. Physical properties and water absorption of biofiber cement boards.

Sample Ratio of Portland Cement
and Water Glue

Water Absorption Percentage
(%)

Physical Properties
(Appearance)

Formula (1)
(72-200-0) 1:0 0.1811 ± 0.0185

Good appearance in the longitudinal area
but swollen and warped in the

cross-sectional area.

Formula (2)
(84-200-0) 1:0 0.1697 ± 0.0180

Good appearance in the longitudinal area,
but the cross-sectional area is prone to

swelling and warping.

Formula (3)
(96-200-0) 1:0 0.1450 ± 0.0093

Good appearance in the longitudinal area,
but the cross-sectional area is prone to easy

swelling and warping.

Formula (4)
(72-200-200) 1:1 0.1786 ± 0.0203

Good appearance in the longitudinal area,
but the cross-sectional area is slightly

swollen and warped.

Formula (5)
(84-200-200) 1:1 0.1518 ± 0.0200

Good appearance in the longitudinal area,
but the cross-sectional area is slightly

swollen and warping.

Formula (6)
(96-200-200) 1:1 0.1388 ± 0.0104

Good appearance in the longitudinal area,
but the cross-sectional area is slightly

swollen and warped.

Formula (7)
(72-200-400) 1:2 0.1239 ± 0.0202

Both longitudinally and transversely, the
appearance was good: smooth plate, with no

warping or shrinkage.

Formula (8)
(84-200-400) 1:2 0.1044 ± 0.0200

Both longitudinally and transversely, the
appearance was good, with a smooth plate,

no warping, and no shrinkage.

Formula (9)
(96-200-400) 1:2 0.0835 ± 0.0102

Both longitudinally and transversely, the
appearance was good, with a smooth plate,

no warping, and no shrinkage.

Density of cement is 1.44 g/cm3 (ρ = 1.44 g/cm3). Formulas (1)–(3) were used as reference samples. In
Formula (x-y-z), x represents the number of biofiber sheets, y is the percentage of cement by volume (% vol.), and
z is the percentage of water-based PVAc adhesive by volume (% vol).
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Figure 7. Physical properties of biofiber cement boards: (a) bulk density and (b) water absorp-
tion percentage.

All observed physical characteristics and performance values comply with industrial
standards TISI 878:2023 and BS EN 196-1:2016, as summarized in Table 6.

3.2. Mechanical and Thermal Properties of Biofiber Cement Boards

The mechanical properties, including bending strength, Young’s modulus, and tensile
strength, were measured and are summarized in Table 8 and Figures 8 and 9. The results
show a consistent upward trend across all three properties. As the ratio of Portland cement
to water-based adhesive increased from 1:0 to 1:1 to 1:2, tensile strength, bending strength,
and Young’s modulus also increased proportionally. Additionally, increasing the number of
biofiber cement packaging sheets further contributed to the improvement of these proper-
ties, as shown in Table 8. Among all compositions, Formulas (7)–(9) exhibited the highest
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performance, with tensile strengths of 15.085 ± 0.560, 17.890 ± 0.350, and 19.489 ± 0.670 MPa,
bending strengths of 15.650 ± 2.609, 18.258 ± 2.555, and 20.867 ± 2.505 MPa, and moduli of
elasticity of 4301.500 ± 185.650, 5018.000 ± 211.230, and 5735.068 ± 387.032 MPa, respectively
(Figure 9). These results indicate that incorporating cement together with a small pro-
portion of water-based PVAc adhesive into laminated recycled cement packaging sheets
produces composites with high compressive and tensile strength suitable for industrial and
construction applications. When comparing the mechanical properties of biofiber cement
board composites derived from recycled cement packaging bags with the addition of a
water-based adhesive at a Portland cement to water-based PVAc adhesive ratio of 1:2, the
tensile and bending strengths are approximately 4–10 times higher than those of conven-
tional materials such as cement, glass, mortar, PU foam, asphalt, marble, plasterboard,
brick, red brick, and concrete, as shown in Table 1. In addition, the thermal conductivity of
the prepared samples is approximately 3–10 times lower than that of other conventional
insulating materials.

Figure 8. Mechanical properties of biofiber cement boards: (a) bending strength and (b) Young’s modulus.
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Figure 9. Rela. onship between tensile stress and strain of biofiber cement boards: (a) Formulas (1)–(3);
(b) Formulas (4)–(6); and (c) Formulas (7)–(9).

https://doi.org/10.3390/jcs10050219

https://doi.org/10.3390/jcs10050219


J. Compos. Sci. 2026, 10, 219 17 of 21

Table 8. Mechanical and thermal properties of biofiber cement boards.

Sample Tensile Strength
(MPa)

Tensile Strain
(%)

Bending Strength
(MPa)

Young’s Modulus of
Elasticity

(MPa)

Thermal
Conductivity

(W/m.K)

Formula (1)
(72-200-0) 3.485 ± 0.245 >10 3.528 ± 0.588 281.500 ± 25.310 N/A

Formula (2)
(84-200-0) 4.180 ± 0.165 >10 4.116 ± 0.050 328.417 ± 15.890 N/A

Formula (3)
(96-200-0) 4.756 ± 0.152 >10 4.704 ± 0.350 384.000 ± 51.311 N/A

Formula (4)
(72-200-200) 6.350 ± 0.285 >10 6.340 ± 1.007 1401.000 ± 100.501 N/A

Formula (5)
(84-200-200) 6.950 ± 0.115 >10 7.397 ± 1.058 1635.000 ± 233.501 N/A

Formula (6)
(96-200-200) 8.056 ± 0.220 >10 8.453 ± 1.057 1868.500 ± 150.650 N/A

Formula (7)
(72-200-400) 15.085 ± 0.560 >10 15.650 ± 2.609 4301.500 ± 185.650 0.149

Formula (8)
(84-200-400) 17.890 ± 0.350 >10 18.258 ± 2.555 5018.000 ± 211.230 0.150

Formula (9)
(96-200-400) 19.489 ± 0.670 >10 20.867 ± 2.505 5735.068 ± 387.032 0.152

Tensile strength of reference Portland cement: 1.7 MPa, compressive strength of reference Portland cement:
47.21 MPa, flexural strength of reference Portland cement: 6.51 MPa, thermal conductivity of reference Portland
cement (dry state): 1.79 W/m.K, and bulk density of reference mortar cement: 2.07 g/cm3.

During cement hydration, water reacts with cement in an exothermic process that leads
to hardening. The addition of PVAc improves workability and adhesion by interacting with
cement while simultaneously adhering to the recycled cement packaging fibers. During
curing, the PVAc polymer forms a film that bonds with the cement matrix, reinforcing the
microstructure and enhancing internal cohesion. As a result, the mechanical performance
of the biofiber cement boards is significantly improved. These findings are consistent with
previous studies: Wong et al. reported improved mechanical strength after incorporating
burnt newspaper ash particles into cement [47]. They found that the average peak compres-
sive strength of the optimally treated concrete cylinders reached 40.39 MPa and 44.06 MPa,
representing increases of 1.74% and 7.75% compared to the control specimens at curing
ages of 56 and 90 days, respectively. This improvement is further supported by the low
average water absorption values of 2.77% and 2.01% for the optimally treated samples at
56 and 90 days, respectively. In addition, Rajput et al. produced building materials from
recycled paper mill waste with 10 wt% Portland cement [9]. They reported that bricks con-
taining 1–5% CW and 10% cement in PCW exhibited compressive strengths in the range of
21–23 MPa (with approximately 30% shrinkage), which are significantly higher than those
of conventional clay bricks and meet the requirements for indoor structural applications.
Notably, these bricks undergo gradual deformation under pressure without exhibiting sud-
den brittle failure. Similarly, Sales et al. demonstrated that fiberboard panels produced from
reclaimed paper bags (both fiber and pulp forms) and bonded with urea–formaldehyde
thermosetting resin exhibited improved flexural strength and elastic modulus [46]. They
concluded that discarded cement bags made of Kraft paper are a promising material for
indoor construction applications. The flexural performance, evaluated in terms of modulus
of elasticity (MOE) and modulus of rupture (MOR), showed strong results, with mean
values of 465.5 N/mm2 (MOE) and 16.3 N/mm2 (MOR) for 15% urea–formaldehyde resin
and 1299.8 N/mm2 (MOE) and 24.9 N/mm2 (MOR) for 30% urea–formaldehyde resin.
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Furthermore, Ardanuy et al. confirmed that cellulose fiber reinforcement enhances the
mechanical, physical, and durability properties of cement composites [18]. They noted that
cellulose cement composites are typically manufactured as thin panels, for which the most
appropriate mechanical testing method is the four-point bending configuration. Significant
advancements in mechanical performance and durability have been achieved over the past
decade. However, future challenges remain in further improving these properties without
increasing production costs, while also promoting environmentally friendly technologies.

Thermal properties were evaluated using a heat flow meter for samples corresponding
to Formulas (7)–(9), as listed in Table 8. The thermal conductivity values were 0.149, 0.150,
and 0.152 W/m·K, respectively, which fall within the acceptable range for cement-bonded
particleboards specified in TISI 878:2023 and BS EN 196-1:2016 standards (<0.155 W/m·K;
Table 6). The recycled biofiber sheets act as cellulose-based reinforcement that introduces
air-filled pores, which reduce thermal conductivity due to the insulating nature of air.
The PVAc film stabilizes these pores, preventing collapse during curing and resulting in
a lightweight structure with enhanced thermal insulation. Typically, cement alone has
a relatively high thermal conductivity (~1.01 W/m·K), whereas PVAc has a much lower
value (~0.18 W/m·K). Therefore, incorporating PVAc into the cement matrix decreases the
effective thermal conductivity, improving resistance to heat transfer. Furthermore, while
cement hydration releases heat, PVAc partially coats cement grains, slowing hydration
and moderating heat release, thus reducing the risk of thermal cracking. In addition,
PVAc forms bonds with Ca2+ ions and hydrogen bonds with cellulose fibers from the
biofiber cement sheets, creating a polymer–fiber–cement network that retains moisture
and buffers temperature fluctuations. Although PVAc is organic, it becomes encapsulated
within the cement matrix. Cement is inherently fire-resistant, and the PVAc–cellulose
network promotes char formation, which acts as a thermal barrier, slowing heat penetration
and improving fire resistance. Table 9 summarizes the tests conducted on each biofiber
cement board specimen prepared in this study. These tests were carried out to compare the
mechanical, thermal, and physical properties of the biofiber cement boards with relevant
standard requirements, including bulk density, bending strength, Young’s modulus, tensile
strength, water absorption, and thermal conductivity. Overall, formulations 7, 8, and 9
exhibited the most favorable performance and met the standard criteria for biofiber cement
boards and related building materials.

Table 9. Summary of the tests performed on each specimen prepared in this study.

Qualification
Test

Formula (1)
(72-200-0)

Formula (2)
(84-200-0)

Formula (3)
(96-200-0)

Formula (4)
(72-200-200)

Formula (5)
(84-200-200)

Formula (6)
(96-200-200)

Formula (7)
(72-200-400)

Formula (8)
(84-200-400)

Formula (9)
(96-200-400)

Bulk density
√ √ √ √ √ √ √ √ √

Bending
strength x x x x x x

√ √ √

Young’s
modulus x x x x x x

√ √ √

Tensile
strength x x x x x x

√ √ √

Swelling in
water

√ √ √ √ √ √ √ √ √

Thermal
conductivity - - - - - -

√ √ √

Other
physical

properties
and charac-

teristics

x x x x x x
√ √ √

Bulk density:
√

indicates that the value falls within the standard range of 1.100–1.300 g/cm3. Bending strength:
measured using the three-point bending method. A “-” under thermal conductivity indicates that the value was
not measured. “x” indicates that the sample was not tested.

https://doi.org/10.3390/jcs10050219

https://doi.org/10.3390/jcs10050219


J. Compos. Sci. 2026, 10, 219 19 of 21

4. Conclusions
Biofiber cement boards were successfully fabricated as structural composite materials.

The cement packaging biofiber sheets functioned as the reinforcing phase, while Portland
cement and water-based PVAc adhesive served as the matrix phase. Increasing the number
of biofiber sheets led to improvements in the physical, mechanical, and thermal properties
of the boards. Additionally, higher ratios of Portland cement to water-based adhesive
further enhanced these properties. The most suitable formulations identified in this study
were Formulas (7)–(9), which exhibited the following performance ranges:

• Tensile Strength: 15.085 ± 0.560, 17.890 ± 0.350, and 19.489 ± 0.670 MPa, respectively;
• Bending Strength: 15.650 ± 2.609, 18.258 ± 2.555, and 20.867 ± 2.505 MPa, respectively;
• Modulus of Elasticity: 4301.500 ± 185.650, 5018.000 ± 211.230, and 5735.068 ±

387.032 MPa, respectively.

All physical, mechanical, and thermal properties measured were consistent with
and fell within the standard limits specified by ASTM D570, ASTM D5890-11, ASTM
C518, ISO 8301, ASTM C1185, and JIS A1412. The thermal conductivity values of
Formulas (7), (8), and (9)—0.149, 0.150, and 0.152 W/m·K, respectively—also meet the
criteria for insulation materials suitable for decorative applications, ceiling panels, and wall
construction. The addition of a water-based PVAc adhesive improves tensile strength, flex-
ural strength, and heat resistance, while also reducing water absorption. This improvement
is attributed to the ability of the water-based PVAc adhesive to enhance the curing rate
and strengthen the interfacial bonding within the biofiber cement board. Furthermore, the
mechanical strength of the biofiber cement board samples was approximately 4–10 times
higher than that of the reference formulation with the lowest Portland cement-to-water-
based adhesive ratio (1:0).
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