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Received: 15 November 2020 / Accepted: 5 February 2021 / Published online: 22 February 2021

� The Author(s) 2021

Abstract There is a growing interest in developing

cement bonded lignocellulosic fiber (LF) composites

with enhanced mechanical performances. This study

assessed the possibility of developing composite

panels with 12 mm thickness and around 1200 kg/

m3 nominal densities from ordinary Portland cements

(OPC) and mixed LFs from seven different woody

plants found in Hungary. Once the mixed LFs were

sieved and found fine (0–0.6 mm) and medium

(0.6–0.8 mm) length fibers. The optimum ratio for

LF, OPC, water glass (Na2SiO3), and cement stone

was found to be 1:3.5:0.7:0.07. The semi-dry process,

which is a comparatively cheaper and less labor

intensive technology, was used for producing the

composites. After 28 days of curing, the composite

panels were characterized for mechanical, physical,

thermal, and morphological properties. A scanning

electron microscopy (SEM) test was conducted to

observe the fiber orientation in the matrix before and

after the bending test, which showed the clear

presence of the fibers in the composites. The FTIR

(Fourier transform infrared spectroscopy) was con-

ducted to investigate the presence of chemical com-

pounds of LF in the composite panels. Different

physical (water absorption and thickness swelling)

characteristics of the composite panels were investi-

gated. Furthermore, mechanical properties (flexural

properties and internal bonding strength) of the

composite panels were also found to be satisfactory.

The flexural modulus and internal bonding strengths of

composite panel 2 is higher than other three boards,

although the flexural strength is a little lower than

composite panel 1. The thermogravimetric analysis

and differential thermogravimetry also indicated bet-

ter thermal stability of composite panels which could

be used as potential insulation panel for buildings.
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Introduction

Composite materials possess excellent potential for

construction and building applications, particularly in

environmental and economic perspectives. The need

to replace hazardous materials with environment-

friendly products is a growing concern around the

world. Natural fiber-based composites have become

popular for their superior sustainable features, with

plants being the main sources of LFs (Ferreira et al.

2017; Hasan et al. 2020b, c, 2021b; Kumar et al. 2018;

Phomrak and Phisalaphong 2020; Sood and Dwivedi

2018). Cellulose, hemicellulose, and lignin are the

main chemical components of LFs (Hasan et al.

2020a; Mahmud et al. 2021). Scientists have begun to

focus on cement bonded natural fiber-based compos-

ites for their feasible characteristics. However, some

challenges concerning the compatibility issues

between natural fiber and cement continue to linger

(Bilcati et al. 2018; Li et al. 2020; Marques et al.

2016). The cements are not easily compatible with the

fibers because of the presence of some inhibitory

materials such as tannin, sugar, starch, phenols,

hydroxylated carboxylic acid, and so on (Fan et al.

2012; Hasan et al. 2021a). Consequently, researchers

are attempting new methods and technologies to

improve compatibility (Arifuzzaman and Kim 2015;

Quiroga et al. 2016). Fiber pretreatment and the use of

better compatible additives have received much

attention in this regard. Nevertheless, viable fiber

treatment methods are still limited, and the addition of

this method could incur an extra production cost

during the composite manufacturing process. Hence,

one of the prime objectives of this research was to

produce cement bonded fiber boards through the use of

more compatible additives rather than through any

additional fiber pretreatment. Therefore, Na2SiO3 was

used as an additive in fiber board manufacturing.

Using chemical admixtures like Na2SiO3, aluminum

silicate (Al2(SO4)3), calcium chloride (CaCl2), and
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magnesium chloride (MgCl2) accelerates the curing

process of wood particles/fibers and cement-based

composites (Alpár and Rácz 2009; Tichi et al. 2019).

For this reason, the current investigation attempted to

develop wood-based LF cement composites using

different proportions (weight-based) of Na2SiO3.

Every recipe uses the same proportion, which was

developed and derived in line with industrial wood

cement particle board production, albeit using a

different semi-dry technology. On the other hand,

Na2SiO3 was used for Scots pine and poplar wood

particles with cement and different additives (Na2-

SiO3, CaCl2, and calcium formate) to develop wood

cement composites (Alpár and Rácz 2009). However,

the aforementioned report was limited to two different

types of wood that had different proportions, but kept

the additives (like water glass) and cement constant.

To that the end, the current study aimed to investigate

the performances of different proportions of LF and

cements.

The LFs were collected from different species of

mixed wood (beech, Turkey oak, pines, hornbeams,

poplar, oak, and some other species) from a local

Hungarian company. Researchers have previously

developed some wood cement composites using the

above mentioned types of wood, either individually or

by mixing a few types together (Amiandamhen et al.

2016; Ashori et al. 2012; Kostić et al. 2018; Na et al.

2014; Papadopoulos 2008); nevertheless, the mixing

of more than six woody plant-based composites has

not yet been studied with sodium silicate and OPC.

Beech was the highest proportion of the mixed plant

LFs used in previous research. Within these plants,

poplar (second highest constituent plant of LF) could

significantly enhance the mechanical properties in

mixed fiber cement composite panels (Ashori et al.

2011). Pine is another major constituent (20%) of the

LF materials, offering the potential to produce lighter

weight panels (Amiandamhen et al. 2016). Thus,

poplar and pine combined with other plant fibers could

increase the mechanical strength and efficiency of

composites. In addition, many studies have investi-

gated the properties and optimum compatibility ratio

of LF/cement boards without fiber treatment in the

interest of reducing extra-processes, chemicals, and

energy consumption. In general, cementitious materi-

als possess poor tenacity, which leads to composite

cracking/fracture when force is applied (Soroushian

et al. 2012; Wei and Meyer 2015); however; this

problem could be overcome through the use of LFs as

prominent raw materials in the composites. Although

they are shorter in size, LFs also increase impact

strength, tensile strength, and flexural rigidity in

cement bonded composites (Pereira et al. 2020). LFs

also coordinate the reduction of board density (Karade

and Aggarwal 2011). In general, fiber-cement boards

are produced via the wet (Hatchek) process (Akhavan

et al. 2017; Ranachowski and Schabowicz 2017), but

in this research, the experimental boards were made

through the semi-dry process similar to the production

processes of cement-bonded particleboards (Ezerskiy

et al. 2018b). Although the semi-dry process is widely

used for cement bonded particle board production

(Ezerskiy et al. 2018a; Takats and Takats 2012)

(Simatupang and Geimer 1990), natural fibers have

not been implemented to produce cement bonded fiber

composites. Compared to the traditional fiber/cement

composite production, the semidry process is a much

cheaper technology, one requiring less capital and

labor investment than the spray dewatering technique

(Evans et al. 1981).

In recent decades, researchers have reported some

findings for investigations into the alternative manu-

facturing methods for cement bonded LF composites.

The current study focused on using the raw LF

material without making any additional surface mod-

ifications before composite formation by utilizing the

semi-dry method. The current work also aimed to

investigate the optimum proportions of fiber cement

for composite panel manufacturing. The flexural and

internal bonding strength was performed to assess the

mechanical performances of the composites. The

thickness swelling and water absorption tests were

also conducted for the assessment of stability against

water. The TGA, DTG, FTIR, and sieving tests were

also performed on manufactured composite panels.

Materials and methods

Materials

The LF from mixed woody plant species (Fagus

sylvatica, Quercus cerris, Pinus spp., Carpinus betu-

lus, Populus spp., Quercus robur, and others) with

different percentages (Table 1) was collected from

Kronospan–MOFA Hungary Ltd., Hungary. The

morphology and images of the LF and cements are
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shown Fig. 1. The constituents for the LFs rank as

follows: beech ranks as the highest constituent with

30%; pine and poplar are 20% each; hornbeam is 15%;

oak is 5%; Turkey oak is 2%; and other types of woods

are 8%. The pH value of Turkey oak is 4.9, whereas

other hardwoods (like quercus) have 3.3–3.9. Accord-

ingly, 8% of other hardwoods were added to produce

the LFs to prevent increased acidity in the fibers,

which may interrupt the hydration process between the

fiber and cement. Conversely, when water is mixed

with cement, it becomes alkaline (pH 9.0 and more),

so the addition of more oak could help to reduce pH.

Cellulose and lignin are the major constituents of LFs,

as provided in Table 1. Compared to the other woody

plants, poplar contains the highest cellulose

(52.4–54%). Among the types of wood, oak contains

the highest content with 34.9%, while hornbeam

contains the lowest, with only 0.5%. However, woody

plants also contain pentosans, hexosans, ash, extrac-

tives, sugar, acetyl group, and hemicellulose in

variable amounts. Chemical compositions of wood-

based fibers are vital for the compatibility of the fiber

cement composites. The presence of higher extractives

impede fiber cement compatibility (Na et al. 2014), but

the selected species for LFs exhibit 0.5–3.2% extrac-

tives, with the exception of oak, which exhibits 5.1%.

The fiber for the investigation did not receive any

additional pretreatment and was used in the same state

as it was received. The OPC CEM I 42.5, which was

used as cement materials, was collected from a local

Hungarian manufacturer. Na2SiO3 was purchased

from Sigma Aldrich, Hungary.

Methods

The LFs were spread out on a table at ambient

conditions (temperature 20 �C and relative humidity

65%) for 24 h to reach equilibrium with the environ-

mental atmosphere. Once this was achieved, the

moisture contents of the LFs were measured with a

Kern ULB 50-3 N (KERN AND SOHN GmbH,

Balingen, Germany) through the gravimetric method.

The LF granules (less than 1 g) were evenly sprayed

over the balance pan of the analyzer to ensure accurate

moisture content measurements. The drying temper-

ature was 105 ± 0.3 �C with no changes in mass and

balance measurement accuracy (0.001 g). The test

method EN 322:1993 was employed for this charac-

terization. The average moisture content of the fiberT
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was 7 ± 0.3% (for 5 random tests). The sieve analysis

was performed by a sieve analyzer before composite

production (Fig. 2) for 50 g of the fibers with six

different sieves. Sieving time was 15 min. The fibers

were distributed within 0 and 800 lm ranges. Four

cement bonded LF boards (CBFB) were prepared by

varying the OPC proportions (2.6%, 3.5%, 3.7%, and

4%) through a pressing machine as shown in Table 2

[G. Siempelkamp GmbH and Co. KG., (Krefeld,

Germany)]. The proportion of fibers remained fixed by

1% (although it changed with the varying of cement

percentages), whereas the Na2SiO3 was varied for

different boards by 0.052, 0.07, 0.074, and 0.08%,

respectively as shown in Table 2. The recipes were

proportions derived from the industrial wood cement

particle boards. Although the recipes are proportional,

the mentioned proportions were measured in weight

(g) for individual composite panels. The used water

proportion was 50% for mixing in terms of total dry

matter content. In addition, the quantity of water was

calculated based on board density and dimension

along with the moisture content of LFs and

Fig. 1 A1 Physical images of LFs; A2 SEM morphology of LFs; B1 Physical images of OPC; B2 SEM morphology of LFs

Fig. 2 Size distribution of lignocellulosic fibers

Table 2 Recipe for CBFB production

Chemical/

Materials

Recipe

1

Recipe

2

Recipe

3

Recipe

4

LF 1 1 1 1

Cement 2.6 3.5 3.7 4

Water glass 0.052 0.07 0.074 0.08

Cement stone 0.52 0.7 0.74 0.8
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Na2SiO3.The assumed (nominal) densities of the four

fiber boards were 1300 kg/m3 each.

The measured LFs, OPC, water, and additives were

mixed properly to prevent the formation of any fiber/

cement lumps. In this regard, the LFs were put into a

steel drum and continuously stirred with an electric

mixer while OPC was gradually poured on them. The

mixed LFs and OPCs were mixed for an additional

2 min to ensure uniform mixing. Later, the mixed

Na2SiO3 and water solution was also gradually poured

into the drum. The stirring was continued constantly

during the entire mixing process. Finally, the stirring

was continued for additional 2 min to ensure homo-

geneous mixing of fiber, cement, Na2SiO3, and water.

Hence, slurry was formed. After the mixture was

prepared, it was mixed manually and poured uni-

formly into a 400 9 400 mm2 wooden frame and

pressed by another wooden lid once the fiber/cement

mat had formed. After that, 12 9 12 mm2 steel rods

were placed around the pressed LF/cement matrix to

produce the boards with expected thickness during the

pressing. This was then covered by a polybag, covered

by another steel plate, and transferred to the pressing

machine. The applied specific pressure in the pressing

machine was 8.2 MPa, which was maintained for

24 h. Finally, the board was taken out from the

machine and cured for 28 days to ensure better curing

of the cements. The same procedure was followed for

the remaining three cement boards. six fiber boards

were produced for each individual recipe. All four

composites were also tested six times for each

individual test. The Instron 4208 (Instron Corporation,

USA) testing machine was used to investigate the

results of flexural properties and internal bonding

strengths of the produced LF/cement composites.

Testing standard EN 319 was applied for the internal

bonding strength analysis. The speed of crosshead

movement during the internal bonding strength was

0.8 mm/min. The standard adopted for flexural

strength was EN 310 and crosshead movement speed

was 5.0 mm/min. The FTIR characterization was

performed by FT/IR-6300 model (Jasco, Tokyo,

Japan). The SEM, Hitachi, S 3400 N was utilized for

studying the surface morphology of the LF/cement

composites at accelerating voltage of 15 kV. The

thermal stability of the LF, cement, and associated

composites were measured using Themys thermal

analyzer (TGA, Setaram Instrumentation (Kep

Technologies), France) within 25–800 �C temperature

under nitrogen atmosphere at 10 �C/min.

Physical properties determination of LF/cement

boards

Physical properties (water absorbency and thickness

swelling) of fiber cement composite were tested after

2 h and 24 h of water immersion. The main objective

of this test was to investigate the weight gain after

water immersion. It is necessary to measure the test

specimens after water immersion while the constitut-

ing polymers of the composites are saturated. So, 24 h

of ultimate immersion was performed for the physical

tests. The thickness swelling (TS) test was conducted

according to the EN 317 procedure and the water

absorption test was performed as per Hungarian

standards (MSZ 13,336–4:13,379). However, this

water absorption test is nearly the same as EN 317

with the exception of the measurement of weight of the

composite samples before and after the immersion into

water. The sample dimensions were 50 9 50 mm2.

The water absorption of composite samples was

calculated as per Eq. (2). The weights of the samples

(six to each) of all the four boards were measured

(50 9 50 mm2) with an electric balance (Bizerba, SL–

2100 M, Italy). Sample thicknesses were also mea-

sured at the same time using Mitutoyo 543-551D

equipment (Mitutoyo Europe GmbH, Neuss, Ger-

many). All the four boards were then submerged into

distilled water for 2 h. After that, board samples were

removed from the water, and weight and thickness

values were measured. The boards were then

immersed into the water for another 22 h (altogether

24 h). Finally, thickness and water absorbance were

measured again. The specimens were placed in an

oven dryer for 24 h at high temperature (105 �C). The

weight of each sample was measured before and after

drying for the calculation of moisture content (EN 322

standard) as shown in Eq. (1).

Moisture content timeð Þ ¼ Mw � Md

Md

� 100 ð1Þ

where Mw is the weight of the wet sample, Md is the

weight of dry samples. Time interval is 2 h and 24 h.

The following Eq. (2) was used to measure the

water absorbency of the samples.

Where, Ww is the weight of wet sample, Wd is the

weight of dry samples, and time (t) is same with
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moisture content such as 2 h and 24 h period of

intervals.

Water absorbance timeð Þ ¼ Ww � Wd

Wd

� 100 ð2Þ

The thickness swelling of LF/cement composite was

measured by using the bellow Eq. (3):

Thickness swelling timeð Þ ¼ Tw � Td

Td

� 100 ð3Þ

where Tw is the thickness of the wet sample, Td is the

thickness of the dry samples, and time is same with the

water absorbance such as 2 h and 24 h intervals.

Mechanical properties determination of LF/cement

boards (EN 310)

The mechanical properties for LF/cement composites

were measured in terms of flexural strength, flexural

modulus, and internal bonding strength. The 290 9 50

mm2 samples were placed in the Instron machine to

test flexural properties. The load was applied perpen-

dicularly at the center of the samples by maintaining a

constant speed until breaking occurred. The internal

bonding strength of the CBFB boards was also

measured using the same Instron machine, albeit with

a different design as per standard. The modulus of

rupture for the fiber cement composite board was

calculated based on the Eq. (4).

Modulus of rupture ¼ 3

2

Fl

bt2
ð4Þ

where F = maximum force/load in N, L = span length

in mm, b = width of specimens in mm, t = thickness

of specimens in mm, a = deflection.

On the other hand, the modulus of elasticity is

calculated as per the Eq. (5).

Modulus of elasticity; Em ¼
l31 � ðF2 � F1Þ

4 � b� t3 � a2 � a1ð Þ
ð5Þ

l1 = span of support [mm], b = width of specimen

[mm], t = thickness of specimen [mm], F2–F1 = in-

crease of load in N on the straight section of the load–

deflection curve. F1 at 10% of (Fmax), F2 at 40% of

(Fmax). a2–a1 = increase of deflection of the test pieces

measured at the center of the test sample in connection

with the increase in load (F2–F1).

Results and discussion

Density is an important parameter to determine the

mechanical properties of fiber cement composites. The

composites with higher density (greater or equal to

1300 kg/m3) provide higher mechanical strength

(Antwi-Boasiako et al. 2018). Although the nominal

densities of the composite panels were 1300 kg/m3,

the current study discovered the following actual

densities: 1225.37, 1376.24, 1209.25, and 1262.75 kg/

m3, respectively (Fig. 3). The variation from nominal

density may have been influenced by the manual

mixing, compression, homogeneous distribution prob-

lems (LF, cement, water, and other chemical ingredi-

ents), and manual cutting of the test pieces. However,

all of the boards still provided densities higher than

1200 kg/m3. On the other hand, higher densities also

reflect higher bonding between the fiber and cements

in the matrix system (Zhou and Kamdem 2002).

CBFB2 exhibits the highest density, so the highest

internal bonding strength (0.16 MPa) is also observed

for this board when compared to CBFB1, CBFB3, and

CBFB4. The lower mechanical characteristics of

CBFB3 may be associated with the lower density

(1209.25 kg/m3) as well.

The flexural properties (bending strength and

flexural modulus) of LF/cement composites are

displayed in Fig. 4. The flexural characteristics of all

the four boards are significantly different. CBFB1 and

CBFB2 display comparatively higher flexural perfor-

mances than CBFB3 and CBFB4. However, CBFB1

shows the highest bending strength (2.993 MPa) and

Fig. 3 Nominal and actual densities of the produced LF/cement

boards
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CBFB2 exhibits highest flexural modulus

(4601.4 MPa) compared to the rest of the boards.

Individually, CBFB2 provides better performance

properties compared to all other boards. Conversely,

CBFB3 and CBFB4 exhibit lower values for bending

strength (0.91 and 0.909 MPa, respectively) and

flexural modulus (1099.3 and 950 MPa, respectively),

which may be due to the increased volume of cement

content in the composites after achieving the optimum

level for CBFB2. It seems that the LFs are more

compatible with the cement from recipe 2 where the

ratio of LF, cement, water glass, and cement stone was

1:3.5:0.07:0.7. Another research study reported sim-

ilar results for untreated kraft softwood (Blankenhorn

et al. 2001) reinforced composites. Yet another study

also revealed flexural strengths within 0.91–2.46 MPa

for medium density fiberboard production

(Małaszkiewicz and Sztukowska 2018).

The mean values of internal bonding strengths of

different LF/cement composites are shown in Fig. 5.

The internal bonding strengths ranged from 0.01 to

0.16 MPa. Composite panels CBFB1, CBFB3, and

CBFB4 exhibited exceptionally poor internal bonding

strengths compared to CBFB2. A similar outcome was

also reported by other researchers in the production of

wood and cement fiberboards (Małaszkiewicz and

Sztukowska 2018). CBFB2 has exhibited the highest

internal bonding strength (0.16 MPa) compared to the

other three composite panels. This may be due to the

higher fiber cement compatibility at that proportion.

The lower values of internal bonding strength reveal

that the bond is weaker between the fiber, cement, and

sodium silicate in the composite system. The de-

bonding in the fiber matrix interface is responsible for

poor internal bonding strengths, which was reported

for kenaf fiber incorporated with cement (Basher

2013). Moreover, the reason behind the lower internal

bond of CBFB3 and CBFB4 may be due to the

addition of more cement, which increased the particle

volume, but reduced the total composite volume.

Additionally, the fiber-to-cement interaction may also

affect the increased volume of cement. Consequently,

the fiber and cement could not interact properly to

create a strong bond in the composite systems

(Ghofrani et al. 2015). However, the pretreatment of

Fig. 4 Flexural characteristics of LF/cement composites: a Bending strength and b Flexural modulus

Fig. 5 Internal bonding strength of LF/cement composites
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fiber surfaces using suitable technology (like mercer-

ization, silane, and so on) could enhance this property

(de Klerk et al. 2020; Onuaguluchi and Banthia 2016).

The moisture content of the LF/cement composite

is shown in Fig. 6. With the exception of CBFB2, the

other panels—CBFB1, CBFB3, and CBFB4—all

demonstrated increasing trends of moisture content.

The highest moisture content appeared in CBFB4

(7.7%) and the lowest in CBFB2 (6.1%). Boards 1 and

3 exhibited moisture contents of 6.7% and 7.3%,

respectively. Other scientists have reported similar

moisture content trends (Asasutjarit et al. 2007) too.

Water absorption is another important parameter

for fiber cement composite panels as it may affect

dimensional stability and mechanical performance.

Although the water absorption test was conducted as

per MSZ 13,336–4:13,379 standard, it is similar with

the international standards. The water absorbency of

the composite panels varied significantly. However,

all the boards exhibited a similar increasing trend for

the changes in water absorbency with the increase of

cement percentages (which means the decrease of

fiber proportion) in the matrix. The water absorbencies

found in the current work were within 17.2–21.2%

after 2 h of water immersion. These increased to

22–27.06% respectively after 24 h of immersion, as

shown in Fig. 7. Although fiber percentage in the

matrix system remained the same, it decreased grad-

ually with the increase of cement percentage as its a

proportion from CBFB1 to CBFB4. These results are

compatible with other research studies (Basher 2013;

Ghofrani et al. 2015). As reported in the FTIR curve

(Fig. 10), wood fibers contain hydrophilic compounds

(cellulose and hemicellulose). Hence, there is a

hydrogen bond created for the interaction between

the hydroxyl group of the LF and water molecules. In

addition, the water molecules are diffused into the

interface of fiber and cement (Ghofrani et al. 2015).

Thickness swelling is another important physical

property that ensures the dimensional stability of fiber

cement composites. Thickness swelling provides

directions similar to water absorbency. With the

exception of board 2, thickness swelling values varied

significantly for different boards in similar directions

Fig. 6 Moisture content of LF/cement composites

Fig. 7 Physical properties of LF/cement composites: a Water absorption and b Thickness swelling
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(increasing trend from board 1 to board 4) (Fig. 7B);

however, after 2 h of water immersion, thickness

demonstrated an increasing trend. This increasing

trend applied after 24 h as well, which is illustrated in

Fig. 7B. However, after 2 h of water immersion,

thickness swelling was lowest for the CBFB2 (2.8%)

and highest for CBFB4 (7.4%). This value was

enhanced to 8.9% for CBFB1, but CBFB2 still

remained the lowest (3.5%) after 24 h of immersion.

Other studies have reported similar results (Asasutjarit

et al. 2007; Ghofrani et al. 2015; Soroushian and

Hassan 2012).

The SEM micrographs of LF cement composites

were investigated to assess morphology. The images

(Fig. 8A–D) show the profile of LF and cement in the

matrix system. The appearance of the fibers (pink

arrows) could be easily observed in all the composites.

However, the fibers are more explicitly apparent in

CBFB1 and CBFB3 compared to CBFB2 and CBFB4.

The fiber materials started to disappear in the matrix

system with the increase in cement concentration,

which is why the presence of fibers is difficult to

observe in CBFB4 compared to CBFB1, CBFB2, and

CBFB3. The fibers in CBFB2, appeared closer to the

cement, which helps explain why the internal bonding

strength of this board is seemingly higher compared to

rest of the boards. It seems the fibers are more

compatible with the cement for recipe 2 (LF:ce-

ment:water glass:cement stone = 1:3.5:0.07:0.7) than

it is with the other recipes. However, all the SEM

images clearly demonstrate the uniform distribution of

LFs throughout the matrix, which was also reported by

other studies (Kochova et al. 2020a; Tichi et al. 2019).

On the other hand, the delay of cracking occurred for

the uniformly overlapped LF/cement in the matrix

structure (Tichi et al. 2019). The cracked LF/cement

surface in the matrix appeared as illustrated in

Fig. 9a–d. The LFs were pulled out and fractured

from the matrix when the stress was applied to the

composites, a phenomenon that is also noticed on the

Fig. 8 SEM profiles of a CBFB1; b CBFB2; c CBFB3; d CBFB4
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micrograph images. The similar trend was also

reported by He et al. (2020).

The FTIR study (4000–500 cm-1 wavelength and

50–100% transmittance) clearly proves the existence

of cellulosic fibers in the produced composite panels

(Fig. 10). The peaks at 3394–3609 cm-1 indicate the

stretching vibrations of C–H and O–H into the LF. The

peaks within the 800–1600 cm-1 range are attributed

to the cellulosic structure of LF. The bands at

1416 cm-1 are associated with the crystalline area of

Fig. 9 SEM micrographs of fractured a CBFB1; b CBFB2; c CBFB3; d CBFB4 LF/cement composites

Fig. 10 FTIR spectra of LFs/cement composites (4000–500 cm-1)

123

Cellulose (2021) 28:3631–3645 3641



cellulosic fibers and the amorphous region is ascribed

by the peaks at 873 cm-1 (Hospodarova et al. 2018).

Moreover, the peaks within 1104–1600 cm-1 corre-

spond to the presence of hemicellulose and lignin

(Kochova et al. 2020b). The control LF shows the

presence of different chemical constituents of cellu-

lose, hemicellulose, and lignin (Fig. 10). However, the

reinforcement of LFs with OPC and Na2SiO3 could

not affect the structure of the fibers in composite

panels (Fig. 10). All the composite panels (CBFB1,

CBFB2, CBFB3, and CBFB4) reflect the presence of

LFs in their matrix system.

The curves for TGA and DTG analysis of all the

CBFB boards are illustrated in Fig. 11. When the

naturally originated cellulosic fibers are embedded

with OPC, and exposed to the porous solutions three

polymeric components (lignin, hemicellulose, and

lignin) might be hydrolyzed from surface of the fiber

to the middle and degrades successively (Wei and

Meyer 2015). The mass loss at 350 �C for pure OPC is

related with the dehydration of calcium hydroxide

(Zheng et al. 2001). The initial peaks observed around

100 �C are associated with the dehydration of mois-

ture present in the LF, cement, and composited panels.

However, LF/cement showed significant weight loss

between 270 and 350 �C where the magnitude is

positively related with the fiber content. The second

peaks around 330 �C for LF and composite panels are

related with the decomposition of fibers. However, the

peaks near 400 �C for CBFB1 and CBFB2 and around

503 �C for CBFB3 and CBFB4 composite panels

express the dehydration of calcium hydroxide

(Ca(OH)2). The dehydration of Ca(OH)2 within

420–500 �C is more evident when the volume of

wood in the composites is lower (Wang et al. 2016).

The higher porosity of LF-cement particles accelerates

the constant diffusions of decreased Ca(OH)2 and CO2

easily for C–S–H decalcifications (Pizzol et al. 2014;

Suazo et al. 2020). Portlandite can convert with the

decomposition products of organic fibres (like plant

fibers), for example into Ca(CO)3. In this regard,

CBFB3 and CBFB4 composites (containing less LFs)

exhibit more evident peaks than CBFB1 and CBFB2;

however, the weight loss around 700–800 �C is

associated with the breakdown of calcium carbonate

(CaCO3) through decarbonization. A similar phe-

nomenon for cement bonded particle boards from

different species of woods (spruce and poplar) was

also expressed by previous researchers (Yel et al.

2020). However, the DTG curves (Fig. 11B) exhibit

some peaks around 120–200 �C, which are associated

with the thermal decompositions of CSH (hydrated

calcium silicate). The peaks around 362–382 �C
indicate the decomposition of LFs both from the

control and the composited matrix system. In addition,

the peaks around 380 and 480 �C signal the dehydra-

tion of Ca(OH)2 (Lima et al. 2016). However, the

thermal decomposition of Portlandites is indicated by

the peaks around 480 �C. A similar phenomenon for

cement bonded particleboards production from balsa

Fig. 11 Thermal analysis of LF/cement composites: a TGA and b DTG
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has been reported by other researchers (Cabral et al.

2018).

Conclusions

Interest in using natural fiber reinforced biocomposites

in place of synthetic material-based composites to

ensure an economical and environmentally sustain-

able option for the building and construction sector has

been increasing steadily. Cellulose, lignin, and hemi-

cellulose are the main chemical ingredients of any

natural fibers/plants. From this perspective, the phys-

ical, morphological, mechanical, and thermal features

of LF/cement composites have been investigated. The

LFs were derived from seven different woody plants

(beech, Turkey oak, pines, hornbeam, oaks, poplars,

and other wood species), which were used in the

production of cement bonded composites. As the

variation in characteristics of LFs could generate

incompatibility problems with the cement, different

concentrations of OPCs were used with the LFs to

discover the optimum ratio of LF/cement composites.

The recipe for composite panel 2 was the most

compatible compared to the other boards. The mor-

phological and mechanical properties of developed

composites found interesting. Another promising

finding of this research is that all the developed

composites provided the presence and characteristics

of LFs, which is further confirmed by the SEM

morphology and FTIR analysis (although a slight

deformation from control LF is observed after rein-

forcing with cements). The thermal characterizations

also prove the better stability of the composites in

terms of thermal degradations along with accelerated

carbonations after 28 days curing. The current work

also discovered that the inclusion of more LFs

facilitated the increase in mechanical performances,

whereas the addition of more OPC into the proportions

after 3.5 decreased mechanical features. Though some

significant results for flexural and physical properties

were found, further research to enhance fiber cement

compatibility by modifying the surface of natural

fibers and by using more compatible additives could

be conducted.
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