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Abstract

:

This study was designed to evaluate the physical and mechanical properties of cement-bonded composite made from oil palm (Elaeisguineensis) empty fruit bunch (OPEFB) fibres. The production variables investigated were pre-treatment of fibres with water at varying temperatures (cold, 60 °C and 100 °C), five chemical additive (NaOH) concentrations (2%, 4%, 6%, 8%, and 10%), OPEFB fibres ash content at three cement replacement levels (10%, 20%, and 30%) and three fibre contents (5%, 10%, and 15%) by weight of cement. The composites were tested for modulus of elasticity (MOE), modulus of rupture (MOR), internal bonding strength (IBS), compressive strength, density, thickness swelling (TS), and water absorption (WA). The pre-treatment of fibre with water at a temperature of 60 °C and a NaOH concentration of 8% significantly enhanced and modified the performance of the composites. It increased MOE (from 5.5 to 8.9 GPa) and MOR (from 3.6 to 7.3 MPa), and decreased WA (from 26.2 to 12.8%) and TS (from 2.5 to 0.5%). The results revealed that pre-treatment of fibres, partially replacing cement with OPEFB fibre ash and fibre contents had a marked influence on the properties of the composite board produced (p < 0.05). It was concluded that pre-treatment of OPEFB fibres, when optimised, enhanced the sorption resistance and some mechanical properties of the cement composite.
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1. Introduction


One of the most abundant agricultural wastes in Nigeria is the by-product of oil palm processing factories, which is oil palm empty fruit bunch (OPEFB) fibre. The OPEFB consists of a bunch of fibres readily available at low cost [1]. OPEFB fibres are extracted by a retting process from empty fruit bunch. The fibres can also be converted to useful products such as fuel, fertilizer, and mulching materials. However, OPEFB fibre presents considerable emission problems when used as fuel [2]. A natural fibre–cement composite has been used extensively in construction materials and processes such as insulating, cladding, noise barriers, and house building [3]. The use of agricultural residues is preferable to virgin natural fibres due to environmental concerns. Most agricultural wastes are low-cost, lightweight, biodegradable, and environmentally friendly, and are obtained from renewable sources [4].



Plant fibres are of biological and lignocellulosic origin which are composed of chemical constituents (lignin, tannins resins, salts, silica, waxes, and ash) and polysaccharides (soluble sugar, starches, cellulose, and hemicelluloses), some of which impair the reaction between the woody element and inorganic cement binder as well as affect cement curing and setting time [5]. Also, the inherent susceptibility of cellulosic fibres to moisture expansion is one of the obstacles of a natural fibre reinforced composite. The presence of high amounts of hydroxyl-groups, mainly in the amorphous regions of hemicelluloses in the cell wall of the natural fibre will lead to relatively high moisture sorption, dimensional instability, and rotting. As a consequence, composite properties incorporating natural fibres are affected negatively [6]. This study is therefore designed to evaluate the effects of OPEFB fibre pre-treatments, OPEFB fibre–cement ratios and partial cement substitution by OPEFB fibre ash on the composite properties.




2. Materials and Methods


2.1. Collection and Preparation of Materials


The materials used were oil palm empty fruits bunch (Figure 1 and Figure 2), normal Portland cement (OPC-53 grade), sodium hydroxide and clean river sand with a maximum size particle of 2 mm. In all cases the cement sand ratio was 1:3. Potable water was used for mixing and the amount used was computed from Papadopoulous’ equation [7].


Wt = 0.6Ct + (0.3 + MC) W



(1)




where Wt = weight of water (g), Ct = weight of cement (g), MC = moisture content of fibre (%), W = dry weight of the fibres (g).



2.1.1. Oil Palm Empty Fruit Bunch Collection and Preparation


Oil palm empty fruit bunch was collected from an oil palm processing factory in Okitipupa, Ondo State, Nigeria as shown in Figure 1. The bunch was air-dried at ambient temperature in the Department of Wood Products Engineering, University of Ibadan, for two weeks to attain 8.0% moisture content. The bunch was manually separated and cut into fibres of 15 to 20 mm in length (Figure 2). Some processing and pre-treatment options were considered to achieve viable utilization of the fibres in inorganic-based composites.



2.1.1.1. Pre-Treatment of the Oil Palm Empty Fruit Bunch Fibres with Potable Water at Varying Temperature


For cold water treatment, the fibres were soaked in potable cold water for two weeks at ambient temperature as shown in Figure 3. The water was replaced with fresh potable water daily to facilitate better removal of the soluble extractives. The fibres were subsequently rinsed with clean water until all extrudes were removed, air-dried for one week in laboratory under room temperature and pressure, and batched. For hot water treatment, the fibres were soaked in water at different water temperatures of 60 °C and 100 °C for two hours. The water was decanted, and the fibres were rinsed and air-dried until the moisture of 12% was attained [8].




2.1.1.2. Pre-Treatment of Oil Palm Empty Fruit Bunch Fibres with Sodium Hydroxide Solution


The fibres were soaked in sodium hydroxide solution at five different concentrations of 2%, 4%, 6%, 8%, and 10% by weight of water for 24 h at a relative humidity of 65 ± 1% and a temperature of 20 ± 3 °C. Thereafter the fibres were rinsed thoroughly with potable water until the extrudes were removed, air-dried, and batched.




2.1.1.3. Ashing the Oil Palm Fibres for Partial Replacement of Cement


The OPEFB fibre was ashed in a muffle furnace at a temperature of 500 °C in a laboratory until milky white colour was achieved indicating there was no un-burnt carbon present. The ash was ground and sieved through a 600 µM sieve. It was then used to partially replace cement at four levels of substitutions which were 0% (control), 10%, 20% and 30% by weight of cement.






2.2. Methods


The Fibre–Cement Composite Production


The OPEFB fibre–cement composite was produced by dry-mixing the fibres, cement, and sand in a plastic container until a homogenous mixture was achieved. An estimated quantity of water [7] was added and the entire contents were mixed until an acceptable level of uniformity was achieved. The slurry was poured on a plastic sheet in a flat mould (500 mm × 300 mm× 6 mm) on table vibrator (Figure 4) and spread to cover the entire area and properly levelled. This was then vibrated for 60 s. It was then ‘moist cured’ for 24 h and then later cured in water for a total of 28 days. Five replicate samples of each property test were produced. Cubes of 150 × 150 ×150 mm were however produced for compressive strength tests. The cement/sand ratio was 1:3 for all samples. The experimental conditions for the production of oil palm empty fruit bunch fibres–cement composite boards are shown in Table 1.





2.3. Composite Tests and Test Procedure


Physical properties (WA and TS) of the composites were carried out in accordance to the established procedure stipulated in [9] and density determination was based on [10]. The mechanical properties comprising internal bonding strength (IBS), modulus of rupture (MOR), and modulus of elasticity (MOE) were determined using an OKH-600 digital display universal testing machine in accordance with [10]. Samples for the flexural tests are shown in Figure 5. The compressive strengths for 150 mm × 150 mm × 150 mm specimens (Figure 6) were determined using a compressive testing machine model ADR Touch 2000 (ELE International) at a speed of 13.5 KN/s (Figure 7). Five replicates of each test were produced. All property tests results were subjected to analysis of variance at 5% level of significance.





3. Results and Discussion


3.1. Water Absorption (WA) and Thickness Swelling (TS)


The water absorption and thickness swelling of the oil palm OPEFB fibre composite are shown in Table 2 while the estimations of WA and TS per percentage of OPEFB fibres are shown in Table 3. The WA and TS of the untreated fibres ranged from 8.8 to 16.4% and 1.4 to 1.9%, respectively, after 2 h water immersion and 23.4 to 26.2% and 1.9 to 2.5%, respectively, after being soaked in water for 24 h. The high sorption properties (WA and TS) observed show that composites produced with untreated fibres are unsuitable for outdoor applications. The values of WA and TS obtained for treated fibres ranged from 4.8 to 6.2% and 0.2 to 0.7%, respectively, for 2 h water immersion and 13.9 to 17.9% and 0.3 to 0.9%, respectively, after water soaking for 24 h. It was generally observed that WA and TS decreased when temperature of water used for the pre-treatment increased. This could be attributed to higher removal of lignin, pectin, and hemicelluloses contents in OPEFB fibres which act as inhibiting substances to fibre–matrix bonding. The treated fibres values are comparable with those of [5,11,12]. The WA values agreed favourably with the findings of [11,13,14] on natural fibre reinforced cement composite. It was generally observed that the boards with treated fibres were dimensionally stable due to low WA and TS, hence they are suitable for interior and exterior applications. Duncan’s multiple tests revealed that pre-treatments of the fibres significantly (p < 0.05) influenced water absorption.



The effects of additives levels on OPEFB fibre cement bonded composites are shown in Figure 8 and Figure 9. These revealed a gradual decrease in WA and TS as NaOH levels increased (from 0 to 10%). The higher the NaOH levels, the lower the WA and TS of the composite. The decrease in the WA and TS comparable to the increase in NaOH levels ranged from 10.2 to 4.4% and 1.6 to 0.2% for 2 h, respectively, and 25.9 to 12.0% and 2.3 to 0.3% for 24 h, respectively as shown in Figure 9 and Figure 10. Significant differences (p < 0.05) were observed between additives levels and dimensionality stability of the composites. The values of WA and TS for OPEFB fibres pre-treated with 8% NaOH are shown in Table 2. The values were significantly lower than the untreated and water treated composites. The reasons for this observation could be that the alkaline treatment (NaOH) modified the surface of OPEFB fibres, thereby increasing the surface roughness and hence improving the dimensional stability of the composites.




3.2. Density of Composites


The densities of the composites produced with different NaOH concentration treatments are shown in Table 4. The oven dry densities ranged from 1550 to 1694kgm−3. The densities increased with an increase in NaOH concentration until 8% concentration was reached with a significant reduction in density. This could be due to a higher concentration of NaOH resulting in excess delignification, weaker, or damaged fibres. According to [15], alkali treatment led to the dissolution of the lignin layer on the OPEFB fibre and better orientation and packing of the molecules. Most samples have a density below 1680 kgm−3 which is categorized by ASTM C90 as lightweight concrete blocks. The densities of the composite with different ash contents are shown Table 5. The mean oven dry density values ranged between 1678 and 1997 kgm−3, while the control value was 2311 kgm−3. There was an observable decrease in the density of the composite as ash content increased and the differences were significant (p < 0.05), as shown in Table 6. Hence, the higher the ash content, the lighter the composite produced. Bulk densities increased as the days of curing increase. This is in line with [8,16]. As ash content increased, the compressive strength reduced. However, compressive strength increased with an increase in curing days. Compressive strength generally increased with curing period and decreased with increased amount of ash. The control still had the highest compressive strength at 28 days.




3.3. The Mechanical Properties


The mechanical properties tested were modulus of rupture (MOR), modulus of elasticity (MOE), internal bonding strength (IBS) and compressive strength. Figure 10 shows the MOR for untreated and treated OPEFB fibre–cement composite. The same trend was observed for MOE and IBS. It was observed that the untreated fibre–cement composite had the lowest MOR, MOE, and IBS of 3.6 MPa, 5.5 GPa, and 0.33 MPa, respectively, which connotes weak compatibility between the fibre and the matrix. This was probably due to the presence of inhibiting substances such as pectin and waxy substances which prevented the hydroxyl groups from forming interfacial adhesion with the matrices [15]. Treatment of fibres with water enhanced the strength properties, however the highest increment in MOR, MOE, and IBS was achieved by pre-treatment of fibre with a solution of 8% NaOH. The MOR of the composites ranged between 3.6 MPa for the untreated composite to 7.3 MPa when treated with 8% NaOH concentration to an increment of more than 100%. The MOE increased from 4.4 GPa for the untreated OPEFB fibre to 8.9 GPa for 8% NaOH treated fibre. Generally, MOR and MOE increased with an increase in NaOH concentration, probably due to the influence of NaOH on cellulosic fibril, the degree of polymerization, and the extraction of lignin and hemi-cellulosic compounds [15]. According to [17] another possible reasons for this kind of behaviour may be due to the modification of the fibre by decreasing the spiral angle and increasing in the molecular orientation, thereby introducing randomness in the orientation of the crystallites due to non-cellulosic matter resulting in the improvement of fiber–matrix bonding. This observation was also in line with the report of [11,12,18] that increments in chemical additive concentration and cement content improved the bonding between lignocellulosic particles and cement. This was also in agreement with the findings of [19,20,21]. However, a negative trend was observed when the fibre was pre-treated with NaOH concentration of more than eight percent. The values of MOR and MOE decreased significantly, by 48% and 62%, respectively, whereas the effect on IBS was not significant. This could also be due to higher concentration of NaOH resulting in excess delignification, weaker, or damaged fibres. Table 6 shows the influence of fibre contents on the mechanical properties of the composites. It was observed that MOR and MOE increased as fibre content increased. However, at higher fibre addition (7.5% by weight of cement) there was a significant decrease in the MOR and MOE which may be due to fibre entanglement and agglomeration. The compressive strength decreased with an increase in fibre content, probably due to less efficient packing of the fibres and matrix that caused the void volume to increase, followed by a decrease in density and lower compressive strength as shown in Table 7. The values were in line with compressive strength for plain concrete as shown in Table 8.





4. Conclusions


Oil palm empty fruit bunch fibre–cement composites were produced. The physical and mechanical properties were investigated as functions of OPEFB fibres pre-treatment in water at different temperatures, as well as in a solution containing sodium hydroxide at different concentrations. The fibres were also ashed and used as partial replacement of cement in the composite. The results obtained showed that:

	(1)

	
Pre-treatment of fibre with water at temperature of 60 °C, as well as a treatment in 8% NaOH concentration, increased MOE from 5.5 to 8.9 GPa and MOR from 3.6 to 7.3 MPa, and decreased WA from 26.2 to 12.8% and TS from 2.5 to 0.5%.




	(2)

	
There were also significant differences in WA and TS values when untreated and pre-treated OPEFB fibres were used for cement composite production. Low values of WA and TS obtained for the pre-treated fibres indicated that the composites produced were dimensionally stable and could be used for both interior and exterior applications.




	(3)

	
Density and compressive strength decreased as fibre contents increased. The fibre–cement composites can be used to produce lightweight blocks of densities less than 1680 kgm−3




	(4)

	
The concrete class of the sample made with oil palm empty fruit bunch fibre was reinforced concrete with light weight aggregates, in accordance with [21] as shown in Table 8.
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Figure 1. Oil palm empty fruit bunch fibres. 
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Figure 2. Processed oil palm empty fruit bunch fibres. 
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Figure 3. Oil palm empty fruit bunch fibres soaked in water. 
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Figure 4. Compaction and vibrating the composite. 
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Figure 5. Samples for flexural tests. 
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Figure 6. Samples for compressive strength tests. 
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Figure 7. Compressive strength tests. 
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Figure 8. Effect of NaOH levels (%) on water absorption (WA) of OPEFB fibre–cement bonded composites. 
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Figure 9. Effect of NaOH levels (%) on thickness swelling (TS) of OPEFB fibre–cement bonded composites. 
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Figure 10. Modulus of rupture (MOR) of untreated and pre-treated OPEFB fibre–cement composite. 
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Table 1. Production Variables and Specifications.
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	Production Variables
	Specifications





	1. Pre-treatment of fibres with water
	Cold, 60 °C, and 100 °C



	2. Chemical additives (NaOH)
	2%, 4%, 6%, 8% and 10%



	3. Ash–cement content
	10%, 20% and 30%



	4. Fibre–cement content
	5%, 10% and 15%
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Table 2. Effects of pre-treatment and fibre contents on composite properties.
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Fibre Treatment

	
Fibre Content (%) per Cement Weight

	
Water Absorption (%)

	
Thickness Swelling (%)




	
2 h

	
24 h

	
2 h

	
24 h






	
Untreated fibre

	
2.5

	
8.8

	
23.4

	
1.4

	
1.9




	
5

	
10.2

	
25.9

	
1.6

	
2.3




	
7.5

	
16.4

	
26.2

	
1.9

	
2.5




	
Cold water

	
2.5

	
5.5

	
14.6

	
0.3

	
0.4




	
5

	
5.8

	
16.1

	
0.5

	
0.6




	
7.5

	
6.2

	
17.9

	
0.7

	
0.9




	
Water treated @ 60 °C

	
2.5

	
5.3

	
14.2

	
0.3

	
0.3




	
5

	
5.7

	
14.9

	
0.4

	
0.4




	
7.5

	
5.6

	
16.2

	
0.5

	
0.6




	
Water treated @ 100 °C

	
2.5

	
4.8

	
13.9

	
0.2

	
0.3




	
5

	
5.1

	
14.7

	
0.3

	
0.4




	
7.5

	
5.2

	
15.4

	
0.5

	
0.6




	
NaOH (8%)

	
2.5

	
4.4

	
11.4

	
0.2

	
0.3




	
5

	
4.5

	
12.3

	
0.3

	
0.4




	
7.5

	
4.5

	
12.8

	
0.3

	
0.5
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Table 3. Estimation of water absorption (WA) and thickness swelling (TS) per % of oil palm empty fruit bunch (OPEFB) fibres in the cement composites.
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Fibre Treatment

	
Fibre Content (%) per Cement Weight

	
WA per % of Fibre at 2 h

	
WA per % of Fibre at 24 h

	
TS per % of Fibre at 2 h

	
TS per % of Fibre at 24 h






	
Untreated fibre

	
2.5

	
3.5

	
9.4

	
0.56

	
0.76




	
5

	
2.0

	
5.2

	
0.32

	
0.46




	
7.5

	
2.2

	
3.5

	
0.25

	
0.33




	
Cold water

	
2.5

	
2.2

	
5.8

	
0.12

	
0.16




	
5

	
1.2

	
3.2

	
0.10

	
0.12




	
7.5

	
0.8

	
2.4

	
0.09

	
0.12




	
Water treated @ 60 °C

	
2.5

	
2.1

	
5.7

	
0.12

	
0.12




	
5

	
1.1

	
3.0

	
0.08

	
0.08




	
7.5

	
0.7

	
2.2

	
0.07

	
0.08




	
Water treated @ 100 °C

	
2.5

	
1.9

	
5.6

	
0.08

	
0.12




	
5

	
1.0

	
2.9

	
0.06

	
0.08




	
7.5

	
0.7

	
2.1

	
0.07

	
0.08




	
NaOH (8%)

	
2.5

	
1.8

	
4.6

	
0.08

	
0.12




	
5

	
0.9

	
2.5

	
0.06

	
0.08




	
7.5

	
0.6

	
1.7

	
0.04

	
0.07
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Table 4. Effects of chemical treatments at different levels of NaOH concentration on composites properties.
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	NaOH Content (%)
	Density kgm−3
	MOR (MPa)
	MOE (GPa)
	IBS (MPa)





	0
	1550
	3.6
	5.5
	0.33



	2
	1575
	3.9
	6.2
	0.35



	4
	1580
	4.5
	6.3
	0.37



	6
	1654
	5.1
	7.7
	0.37



	8
	1694
	7.3
	8.9
	0.40



	10
	1683
	3.8
	4.1
	0.33
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Table 5. Influence of oil palm empty fruit bunch ash on the bulk density of the composite.
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Percentage of Ash (%)

	
Mean Oven Dry Density (kgm−3)




	
7 days

	
14 days

	
28 days






	
0

	
2216

	
2297

	
2311




	
5

	
1750

	
1882

	
1997




	
10

	
1732

	
1827

	
1895




	
15

	
1691

	
1791

	
1803




	
20

	
1680

	
1688

	
1756




	
25

	
1654

	
1678

	
1704




	
30

	
1628

	
1649

	
1678
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Table 6. Influence of fibres contents on mechanical properties of the composite.
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	Percentage of Fibre (%)
	Compressive Strength (MPa N/mm2)
	MOR (MPa)
	MOE (GPa)





	0 (Plain)
	15.02
	3.5
	5.5



	2.5
	13.26
	3.7
	5.8



	5.0
	12.65
	4.9
	6.5



	7.5
	10.98
	4.1
	3.4
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Table 7. Effects of ash contents on the compressive strength of ash–cement composite boards.
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Percentage of Ash (%)

	
Mean Compressive Strength (N/mm2)




	
7 days

	
14 days

	
28 days






	
0

	
11.58

	
13.36

	
15.22




	
5

	
10.26

	
10.54

	
10.89




	
10

	
8.45

	
8.89

	
9.46




	
15

	
7.97

	
8.16

	
8.63




	
20

	
6.54

	
72

	
7.42




	
25

	
6.10

	
6.44

	
6.85




	
30

	
5.40

	
5.94

	
6.63
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Table 8. Recommended grade of concrete [21].
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Grade

	
Compressive Strength

	
Concrete Class






	
7

	
5

	
Plain concrete




	
10

	
10




	
15

	
15

	
Reinforced concrete with light weight aggregate




	
20

	
20

	
Reinforced Concrete with dense aggregate




	
25

	
25
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