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Abstract

Decarbonizing the construction industry is an important step towards achieving the net-zero goals for many countries. New
technologies and materials are extensively investigated and proposed to meet sustainability guidelines imposed by govern-
ments. This research develops a novel mix of sustainable pozzolanic cementitious composite ordinary Portland cement (OPC)
with ground granulated blast-furnace slag (GGBS)) reinforced with date palm fibre (DPF) to evaluate the effect of varying
DPF loading contents (1, 2, and 3 wt.%) and lengths (10, 20, 30, and 40 mm) on the mechanical (compressive and flexural
strength) and physical properties (water absorption) of the produced composite. The effect of curing conditions and DPF
surface modification on the mechanical and physical properties was also explored. The results showed that the utilization of
DPF as a reinforcement for GGBS/OPC improves the flexural and compressive strength of the composites, which represents
a sustainable alternative to synthetic reinforcements for construction applications. Optimal results were demonstrated at the
inclusion of 20-mm alkali-treated DPF at a loading content of 1 wt.% showing an enhancement in strength by 57.12% and
30.97% of flexural and compressive strength, respectively, at 28 days of ageing in a water bath.

Keywords Agricultural biomass waste - Date palm fibres - Fibre-reinforced mortars - Sustainable composites - Mechanical
and physical properties

1 Introduction

Decarbonizing the construction industry is an impor-
tant step towards achieving the net-zero goals set forth
by numerous governments worldwide. The construction
industry is responsible for manufacturing large amounts
of materials that produces greenhouse gases (GHGs)
during their manufacturing stage causing depletion of
the ozone layer [1, 2]. Thus, it is crucial for this indus-
try to improve their sustainable image to cope with the
global environmental legislations. OPC mortars and their
composites are the most produced and utilized construc-
tion materials due to their wide availability and low cost
[3]. However, conventional concrete and OPC cementi-
tious materials are characterised by quasi-brittle features
as they are low in strength when subjected to tension
and have poor resistance to crack opening [4—6]. Fibre
reinforcements are commonly used to overcome those

Statement of novelty To our knowledge, this is the first
experimental investigation that evaluates DPF loading content,
length, and characteristics on the mechanical and physical
properties of developing sustainable cementitious composites
from waste materials by substituting 50 wt.% of OPC with
GGBS. Several parameters are investigated to develop a theory
of correlations and highlight the unexplored principles between
DPF length and loading content. The outcome results of this
research indicate that the developed technologies could be
industrialised for utilization of agricultural biomass waste,
which complies with the waste management scheme for non-
structural applications within various industries. Also, previous
research attempts to use DPF in cementitious composites failed
to provide any remarkable enhancements, and to the best of the
authors’ knowledge, this is the first successful attempt to result in
significant performance enhancement.
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drawbacks as well as to enhance the tensile strength and
improving the durability properties, i.e. thermal shock
and fatigue resistance [3, 7-11].

@ Springer


http://orcid.org/0000-0002-6609-3110
http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-022-02759-9&domain=pdf

6888

Biomass Conversion and Biorefinery (2024) 14:6887-6902

Various fibres, natural and synthetic, have been used to
restrict the crack growth within concrete and OPC cementi-
tious materials. However, there is an increasing interest in
utilizing natural fibres (NF), such as bamboo, jute, flax, coir,
and sisal as reinforcement for concrete and OPC mortars.
Due to their desirable characteristics including abundancy,
low cost, good mechanical properties, non-hazardous, low
density, ease of processing, and low environmental impact
[12—14]. Selecting the most suitable NF depends on regional
availability and its developed processing technology. This
is to effectively and economically utilise NF to eventu-
ally produce low-cost fibre-reinforced composites with
enhanced properties [10]. In the Middle East and North
Africa (MENA) region, date palm agriculture residues and
biomass are widely available, yielding more than 2.8 mil-
lion tons annually [15, 16]. This waste is either incinerated
or deposited into landfills, causing serious environmental
pollution as well as destroying important soil microorgan-
isms [15, 17]. Thus, redirecting those agriculture residues
from the waste stream to the value stream is a top priority
for many countries in the MENA region [18].

However, regardless of the advantageous effect of NF
reinforcement on the performance of concrete and OPC
mortars, a critical deficiency exists in the transition zone of
the fibre-reinforced cementitious mortars and the interfacial
bonding within the composite. This is due to the surface
chemistry, hydrophilicity of NF, and the negative effect of
moisture diffusion between the fibre and the mortar. Because
of this weak zone between fibre and the paste in fibre-rein-
forced mortars and especially in hybrid fibre-reinforced con-
cretes, it is necessary to apply materials that reduce porosity
and consolidate this transition zone [4, 19-21]. Therefore,
NF treatment is required to modify the surface and increase
the interfacial bonding to achieve a dense transition zone
within the composite. Several DPF surface modifications,
physically and chemically, have been reported by many
researchers, and the most common and effective treatment
is achieved with aqueous sodium hydroxide (NaOH) solu-
tion [15, 16].

Also, the high-alkali environment of OPC might damage
the NF structure by dissolving the lignin and hemicellulose
phases, thus weakening the fibre structure which could be
a potential obstacle in promoting natural fibre-reinforced
composites (NFRC). To reduce the high-alkali environment
of OPC and achieve a better transition zone between the
binder and NF, pozzolanic materials could be employed,
which can also enhance the mechanical properties of the
mortar and reduce porosity in the transition zones. Poz-
zolanic materials from waste include fly ash (FA), ground
granulated blast-furnace slag (GGBS), waste brick clay
powder (WBCP), and waste ceramic (WC) which enhance
OPC having almost similar chemical composition but lower
content of calcium oxide (CaO) [22]. On the other hand,
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using pozzolanic materials will help improve the sustain-
ability image of cement industry which produces the world’s
second most used material after water. OPC production is
energy-extensive where significant amount of CO, is pro-
duced. It is estimated that producing 1 ton of OPC emits
approximately 0.9 tons of CO,. Thus, substituting OPC par-
tially with GGBS will reduce the negative environmental
impact of OPC and the waste of GGBS, hence improving
the durability and quality of the composites developed [10].
Furthermore, several researchers have reported many mix
designs and properties involving waste cementitious materi-
als that can be considered for developing hybrid composites
along with natural fibre reinforcements [15, 23-33].

Previous research on DPF-reinforced cementitious com-
posites did not investigate the effect of the fibre size and
loading ratio on both flexural and compressive strength of
the final composites. In addition, none of the previous work
studied the effect of DPF processing conditions nor the effect
of substituting OPC with a pozzolanic material. Further-
more, the reported literature demonstrated that the utiliza-
tion of DPF reinforcement in cementitious composites failed
to enhance the composites mechanical properties. Kriker
et al. (2005) reported that the inclusion of 2 and 3 vol.%
of DPF as reinforcement to cement decreased the flexural
and compressive strength by 2.67% and 6.45%, respectively
[34]. Moreover, Tioua et al. (2017) have reported that the
utilization of DPF by 0.1 and 0.2 vol.% as reinforcement to
cement reduced the compressive strength by 3.15% [35].
Furthermore, Raut and Gomez (2016) investigated sev-
eral DPF loadings (0.5, 1.0, 1.5 wt.%) where the optimum
results showed only 3.23% enhancement in flexural strength
yet 17.39% decrease in compressive strength for the same
sample [36].

Thus, the purpose of this study is to identify the opti-
mum DPF geometry that can be utilized as a reinforcement
and partially substitute OPC with pozzolanic materials that
include waste, to achieve good mechanical properties thus
accomplishing a significant sustainable approach. Also, this
research investigation aims to provide a significant contri-
bution towards valorising the most abundant agricultural
biomass waste, DPF, in the MENA region and reducing the
amount of OPC used by substituting it with waste mate-
rial (GGBS) through developing sustainable hybrid com-
posites with enhanced mechanical properties to be used
in the construction industry. Various cementitious mixes
were designed to investigate the effect of using GGBS for
replacing 50 wt.% of OPC and reinforcing the cementitious
mortars with DPF with varying lengths (10, 20, 30, and
40 mm) and loading contents of (1, 2, 3 wt.%). An evalua-
tion of the investigated parameters on the mechanical (i.e.
the compressive and the flexural strengths) and physical (i.e.
water absorption) properties of the developed cementitious
mortars are evaluated in this experimental study. Also, the
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effect of alkali surface treatment of DPF and effect of curing
conditions on the mechanical and physical properties of the
developed composite are investigated.

2 Materials and methods
2.1 Raw materials

DPF surrounding the date palm tree (DPT) stems which
is known as the mesh or sheath were utilized as shown
in Fig. 1. For this study, DPF were obtained from Val-
orizen Research and Innovation Centre in Egypt. DPF
were removed from the date palm stems, washed, and
cleaned from dust and dirt. The physical and mechani-
cal properties of DPF and the chemical composition of
DPF utilised in this study are shown in Tables 1 and 2
respectively. Rugby Premium Portland-Limestone Cement
(Class 32,5 R), complying with BS EN 197-1, and sharp
sand with 2-mm nominal maximum grain size, used as
fine aggregate, were purchased from Crescent Building
Supplies, UK. GGBS (type II addition) complying with
BS EN 15167-1:2006 Annex ZA [37] was obtained from
LKAB, UK. Furthermore, sodium hydroxide with 98%
purity and molecular weight (Mw) of 40.00 and acetic
acid with purity of 99% and Mw of 60.05 were purchased
from Sigma Aldrich LTD Dorset, UK, and were used as
received without any purification for chemical treatment
of DPF. Super plasticizer was obtained from a local sup-
plier where the properties are shown in Table 3.

Blaine fineness and specific gravity density of both
OPC and GGBS used for this research were tested in com-
pliance to BS EN 196-6:2018 [38], and the results are
shown in Table 4. GGBS possess lower gravity density
and finest particles compared to OPC as shown in Table 4,
and they both meet the physical requirements according
to BS EN 196-6. Moreover, the chemical compositions
of both OPC and GGBS were obtained through energy-
dispersive X-ray (EDX) incorporated within a scanning
electron microscope (SEM) in terms of oxides as shown
in Table 5. This was carried out to ensure that GGBS can
be used as a pozzolanic material according to the BS,

Fig. 1 DPF leaf sheath after
cleaning (left) and DPF cut into
different length (right)

where the contentment of MgO, CaO, and SiO, sum up
to 85.85% by mass and their ratio by mass, (MgO + CaQ)/
(Si0,), is 1.56 which satisfy the specified requirements in
BS EN 15167. Furthermore, the chemical composition of
sand is shown in Table 6.

2.2 Sample preparation

The mix proportion ratio used for the cementitious mortars
was 1:1.5 binder:sand by weight which was optimized pre-
viously by Ghaffar et al. (2020) [40], with water-to-binder
(w/c) ratio being 0.45 based on several optimisation cycles
of mix workability. The binders used for making the mortars
consisted of OPC and GGBS which were mixed at 50%:50%
by weight. The DPF-reinforced cementitious mortars had
varying loading content and length of DPF. DPF were added
at a loading content of 1, 2, and 3 wt.% of binder. The length
of investigated DPF were 10, 20, 30, and 40 mm. Composite
samples were prepared with alkali treated and untreated DPF
to investigate the effect of treatment on the final mechanical
properties.

2.2.1 Chemical treatment of DPFs

DPFs were treated chemically by immersing the fibres in
6% of aqueous solution of NaOH for 3 h then immersed
for 5 min in a solution of aqueous acetic acid to neutralize,
based on recommendations from the previous studies [15].
Afterwards, DPFs are washed well with water and placed
in an oven at 60 °C for 24 h to ensure no moisture is left in
the fibres.

2.2.2 Composite fabrication

Mixtures of binder, sand, water and DPFs’ were mixed to
prepare the fresh mortar using Kenwood mixer (KVL8300S).
Initially, the binder, sand and DPF were dry mixed for
2 min, then water was added and mixed for another 2.5 min
to ensure that the mixture was homogenously mixed.
Afterwards, the fresh mortar was casted into prismatic
40 x40 x 160 mm? polystyrene moulds and left to cure at
room temperature. After 24 h, the samples were demoulded,
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Table 1 Mechanical and physical properties of DPF [15]

Table 3 Superplasticizer properties

Property Values Unit Density (g/cm?) pH ClI™ ion content
Tensile strength 58-309 MPa 1.02-1.06 7.2-9.2 <0.1%
Young’s modulus 2.0-7.5 GPa

Elongation at break 5.0-19.0 %

Average density 0.19-1.09 glem? curing conditions were tested after 7 and 28 days of ageing.
Length 0.61-300 mm Water-cured samples were taken out of the water bath on
Diameter 100-1,000 um the testing day and wiped with a towel before testing. The
Specific modulus 7.00 ) reported results were the average of three cubic specimens
Thermal conductivity 0.083 W/m K with the error reported as average deviation from the mean.

labelled, and either subjected to water curing conditions
in water bath at temperature (20 +2) °C according to BS
EN 12390-2 or air-curing conditions which were kept in a
temperature-controlled room at temperature of (20+2) °C,
according to BS EN 12390-2 for two ageing durations, 7
and 28 days. All samples were prepared of 350 g OPC, 350 g
GGBS, 1050 g sand, and 315 g water. Water to cement ratio
(w/c) is 0.45. The experimental design is summarised in the
experimental flow chart shown in Fig. 2.

2.3 Testing methods and conditions
2.3.1 Flexural strength

The flexural strength, 3-point bending test, of the developed
samples was conducted according to BS EN 196-1:2016 [18]
using a universal testing machine (Instron 5566, with a load
cell of 50 kN applying a constant load at a rate of 50 kN/min).
The prismatic samples developed under different curing condi-
tions were tested after 7 and 28 days of ageing. Water-cured
samples were taken out of the water bath on the testing day
and wiped with a towel before testing. The reported results
were the average of three prismatic specimens with the error
reported as average deviation from the mean.

2.3.2 Compressive strength

The compressive strength of the developed samples was
assessed according to BS EN 196-1:2016 [18] using
a universal testing machine (Instron 5960, with a load
cell of 150 kN applying a constant load at a rate of 144
kN/min). The prismatic samples developed for different

Table 2 Chemical composition of DPF obtained from DPT mesh [39]

Chemical Cellulose Hemicel- Lignin Ash Other

composition lulose

(%)

Untreated 37.30 11.70 33.53 3.77 13.70
(+1.86)  (x£2.26) (£3.37) (+094) (x1.25)

@ Springer

2.3.3 Water absorption

Water absorption test of the developed samples were deter-
mined according to BS EN 772-21:2011 [41]. Samples were
dried in an oven at 105 °C for 24 h before immersing them in a
water tank. The samples were weighed directly after removing
them from the oven and at the interval of 30 min, 1 h, 2 h, 4 h,
8h, 12 h, 24 h, 48 h, and 72 h. Water absorption (W, ) calcula-
tion was done using Eq. (1) where W, is the water absorption
of the sample tested, M, is the mass of the sample when satu-
rated, and M, is mass of the sample when dried and removed
from the oven before immersion in water bath.

Mw - Md
WA(%) = Td x 100 €))]

2.3.4 Scanning electron microscopy (SEM)

Scanning electron microscope (SEM), Zeiss Supra 35 VP field
emission, was used to examine the effects of DPF treatment on
the surface morphology. DPF were placed on a carbon tape,
on a sample holder which was coated with a thin layer of gold
film using Edwards S 150B sputter coater to provide electrical
conductivity. Following coating, samples were observed and
operated at 10 kV using the secondary electron mode with
images captured digitally.

2.3.5 Optical microscopy
The produced DPFs’ composite samples were examined
using laboratory Stereo zoom microscope Optika Italy model

SZN-6 with Parfocal achromatic zoom 0.67—4.5 x. Image
analyses were carried out on the cross-section of the samples.

Table 4 Blaine fineness and gravity density of OPC and GGBS

Binder OPC GGBS Sand
Blaine fineness (m*/Kg) 449 521 -

Fineness modulus - - 243
Gravity density 2.93 2.89 2.66
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Tab.|e5 Chemical Composition CaO 5102 Ale; FeO T102 Mgo K20 Nazo SO’;
(oxides) of OPC and GGBS . .
(Wt.%) OPC 7091  15.28 3.16 2.07 - 0.77 0.89 0.54 5.36

GGBS 45.44 33.60 10.43 - 0.58 6.81 0.33 0.38 2.64

Microstructure analyses were carried out to ensure the homo-
geneous mixture between the DPFs and the OPC/GGBS
binder and to study the interfacial bonding between DPF and
the matrix system.

3 Results and discussion

3.1 Mechanical strength of OPC/GGBS-reinforced
DPF composite

3.1.1 Effect of untreated DPF length and loading content
on the flexural strength

The flexural test was conducted to assess the effect of
untreated DPF length and content on final untreated OPC/
GGBS-reinforced DPF composite. Results revealed that
the highest flexural strength at 7 and 28 days curing was
recorded for 1% DPF loading content. Results also showed
that there is a significant increase in the flexural strength
at 28 days of curing for all DPF length at DPF loading of
1% and 2%. It can be stated that the effect of DPF length
is neglected for DPF loading 2 wt.%. An increase in DPF
length, beyond 20 mm, and increase in loading content,
more than 2 wt.%, had corresponding reductions in the
flexural strength at 7 days of curing, suggesting that the
prevalence of fibre agglomeration is effective on mechani-
cal properties after this loading content as shown in Fig. 3.
DPF have an inherent tendency to agglomerate within the
cementitious matrix courtesy of the formation of hydro-
gen bonding of hydroxyl groups [19, 20]. These hydrogen
bonds consequently lead to a reduction in the dispersion
of the fibres within the matrix and, hence, magnify poor
matrix-fibre interaction [21-23]. The fibre agglomeration
is also detrimental as it restricts matrix impregnation and,
thus, results in more porosity which is negatively pro-
portional to mechanical properties; thus, lower flexural
strength is shown by the longer fibres [24].

Table 6 Chemical composition (oxides) of sand (wt.%)

Oxides SO, o) CaCo, cr-

(%) 0.22 0.31 1.58 0.18

Short DPF, 10 mm, might not provide enough length
for optimal stress transfer within the matrix system. Hav-
ing discussed the apparent justification to state that 20-mm
DPF-reinforced samples performed better than their counter-
part, it is important to highlight that the optimum results can
only be witnessed at the fibre’s critical length. If the fibre’s
length falls on the shorter side of the spectrum, 10 mm, the
fibres will be unable to carry significant load and will expe-
rience failure prior to the fibre fracture load. However, the
difference is not significant when compared to 20-mm DPF
which may be an attribute that shorter fibre has better dis-
persion within the matrix and produced better interfacial
bonding and less voids when compared to longer fibre, 30
and 40 mm, but also did not meet the critical length to pro-
vide the optimum stress transfer phenomena. Furthermore,
if the fibre is of enough length and not too short, the tensile
stress is zero at the fibre ends and a maximum tensile stress
value can be observed at the midpoint of the fibre upon the
application of load [25]. This sufficient length is the critical
length, and due to the zero-shear stress at the midpoint, there
is an apparent variation in shear stresses when comparing
the midpoint and the fibre end. This results in a ‘shear effect’
causing a build-up of tensile stress in the fibre allowing it to
confidently tolerate the tensile load that is transferred from
the matrix to the fibre through the fibre/matrix interface [42].
Consequently, as the aspect ratio decreases below the critical
ratio, assuming a constant diameter of DPF with decreas-
ing lengths, the end effects mentioned above become more
significant and hence reduce the stiffness and efficiency of
the fibres in reinforcing the composite [27]. Alternatively,
fibres that fall on the longer side of the spectrum, 30 mm
and 40 mm, can also be deemed to be unsatisfactory in
terms of producing enhanced mechanical properties due to
the agglomeration of the fibres mentioned previously com-
bined with other occurrences, such as fibre curling and fibre
bending leading to inefficient and ineffective stress transfer
[28, 29].

Furthermore, another crucial influential factor to the
flexural strength of the developed composites is that of
the extent of DPF loading content, DPF volume fraction,
within the composite samples. The critical fibre loading
content that provided the best results was accounted to 1%
DPF loading. The remaining two DPF loading content, i.e.

@ Springer



6892

Biomass Conversion and Biorefinery (2024) 14:6887-6902

Fig.2 Flow chart of the fab-
rication process including the

Cementitious composite
reinforced DPF

experimental design Cement
. DPF
maitrix
OPCI/GGBS Length = 10 Length = 20 Length = 30 Length = 40
mm mm mm mm
| Wt 1% | ‘ WL 2% ‘ ‘ Wt 3% |
Mechanical
Testing
Test
]
Physical Microstructure
Testing Analysis

2 and 3 wt.%, for the same fibre length (20 mm), demon-
strated best corresponding flexural strengths having 21.11%
and 9.89% enhancement, respectively, at 28 days of curing.
Additionally, this phenomenon can be better understood
by considering the effect that the DPF loading content has
on the workability of the mortar mixture, which is affected
negatively when the loading of the DPF into the mortar mix-
ture increases. The addition of DPF interrupts the mineral
skeleton of the cementitious matrix, hence generating voids
within the matrix and leading to an increase in the porosity.
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Thus, porosity and strength have an indirect proportional
relationship, a higher level of porosity has lower correspond-
ing strengths; as was experienced also by Alatshan and his
colleagues [30]. Also, as discussed previously, the agglom-
eration of DPF within the matrix, which is a common occur-
rence with longer fibres, is also reflected to mortars with
larger concentration of fibres, if not on a larger scale; i.e.
higher fibre contents are more susceptible to agglomeration
than longer lengths. Hence, a combination of the two would
hypothetically provide a sample with very weak results, a
hypothesis which was solidified in this experiment as the
samples that were characterised by the longer length at the
highest loading concentration, i.e. 40 mm in 3 wt.% load-
ing concentration, displayed the lowest flexural strength,
a decrease of 37.80%, when compared to the optimal mix
(20 mm at 1 wt.% content) after 28 days of curing.

3.1.2 Effect of untreated DPF length and loading content
on the compressive strength

As aforementioned, the utilization of the critical fibre length
and loading content of DPF is crucial in ensuring that the
produced composites are of desirable properties. Figure 4
shows that the utilisation of 20 mm at 1 wt.% loading content
DPF yielded the optimal results, with compressive strengths
depicting enhancements of 4.90% when comparing to the
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unreinforced control samples after 28 days of curing. This
is in opposition to the rest of the research outcomes obtained
on the compressive strength of DPF composites investigated
by other researchers, which showed that DPF utilization
decreases the compressive strength when used as a reinforce-
ment in developing cementitious composites [7, 31-34].
This may be attributed by utilizing different DPF character-
istics, length and loading contents, that are not similar to the
characteristics utilized in this research investigation.

This reinforces what insinuates previously that a shorter
fibre usage, 20 mm, but no lower than the critical length has
better composite strength due to a reduction in fibre agglom-
erations, which would have occurred with longer fibres, 30
and 40 mm. The agglomerations would result in decreased
fibre-matrix bonding, resulting in a reduction in the interfacial
bond strength within the overall composite as shown for the
longer fibres at a higher loading content, 30 mm at 3 wt.% and
40 mm at 3 wt.% [13, 34-37]. Furthermore, it can be stated
that the optimum granular composition was superior for the
20-mm fibres as opposed to the various other lengths as the
20 mm can better enclose larger granulates leading to reduced
porosities and hence higher compressive values [38]. Also,
having short DPF, 10 mm, has not provided enough reinforce-
ment, and may not sufficiently reinforce the composite and
weaken the internal structure of the composite.

Another vital characteristic of the cementitious samples
that significantly impacts the compressive strength is the
fibre content where the results are found to be in agreement
with several researchers who investigated compressive
strength of cementitious matrices reinforced with NF [7, 13,
31, 34, 39]. It can be observed that a negative correlation
between the fibre content and compressive strength is estab-
lished. This is justified by the fact that the optimum result
obtained courtesy of this experimental study was character-
ised by a 1 wt.% fibre loading, depicting a maximum value
of 4.90% enhancements in the compressive strength of the
mortars when comparing against the unreinforced samples,

CTRL. However, greater than 1 wt.% DPF loading exhibited
negative impact on the compressive strength of the compos-
ites. This can be due to several factors: preliminary cracks in
the sample tested as it is a residual sample from the flexural
tested sample; the hydrophilic nature of DPF, leading to a
weak interfacial bonding with the cement matrix thus reduc-
ing the overall strength of the sample.

Moreover, the effect of the fibre content on the work-
ability of the mortar mixture could negatively affect the
compressive strength due to the void formation phenomena
discussed in Section 3.1.1. Additionally, another vital factor
is the agglomeration of fibres within the matrix which is a
common occurrence with longer fibres, 30 and 40 mm, is
also reflected to mortars with larger concentration of fibres,
if not on a larger scale; i.e. higher fibre contents are more
susceptible to agglomeration than longer lengths. Hence, a
combination of the two would hypothetically provide a sam-
ple with very weak results, a hypothesis which was solidified
in this experiment as the samples that were characterised
by the longer length in the largest tested concentration, i.e.
40 mm in 3 wt.% loading concentration, displayed the low-
est compressive strength, a decrease of 23.52%, and 19.77%
when compared after 28 days of curing to the optimal mix
and the unreinforced mix, CTRL, respectively.

3.1.3 Effect of alkali surface modification on the flexural
and compressive strength

The application of surface modification of DPF has been
reported by many researchers to increase the interfacial
bonding between DPF and the matrix system, producing
DPFRCC with improved mechanical properties [15, 23,
40, 41, 43]. This theoretical approach was solidified in
this investigation study as the alkali-treated DPF depicted
higher mechanical properties when compared to untreated
DPF-reinforced samples. Figure 5 demonstrates the effect of
surface modification of DPF on the flexural strength of the
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composite. The flexural strength showed 74.75% and 57.12%
improvements opposed to the control samples, CTRL, at
7 and 28 days of ageing in a water bath, respectively, for
20-mm DPF length at 1 wt.% DPF loading content. Alter-
natively, the best results produced by the untreated DPF
samples demonstrated 52.43% and 30.47% improvements
as opposed to the control samples at 7 and 28 days of age-
ing in a water bath, respectively. This shows an increase of
21.41% in strength for using the treated DPF compared to
the untreated DPF for 20 mm DPF at 1 wt.% DPF loading
content at 28 days, respectively, of curing in a water bath.
Moreover, it has been also evaluated that the addition of
various DPF had an enhancement on all samples produced.
Thus, surface modification increases the interfacial bonding
between the DPF and the cement matrix which will reduce
the agglomerations occurring within the sample which will
enhance the mechanical properties.

Furthermore, Fig. 6 demonstrates the effect of surface
modification of DPF on the compressive strength of the
composite. Better interfacial bonding was indicated as the
results between the untreated and treated showed enhance-
ment in strength. Comparing the optimal mix, 20 mm at 1
wt.% content, to the CTRL mix design, results showed that
the untreated DPF enhanced the compressive strength by
4.90% at 28 days of curing. Meanwhile, comparing the same
mix design but using treated DPF to the CTRL samples,
results showed that the compressive strength increased by
30.97% at 28 days of curing, respectively. Thus, this shows
an increase in enhancement of the compressive strength of
the mortar for the optimal mix design by 24.86% when com-
pared to the untreated sample. Moreover, the decrease in
strength for high loading content, 3 wt.%, and long DPF, 30
and 40 mm, was due to the agglomeration of the fibres as
mentioned in Section 3.1.2 and demonstrated in Fig. 14a,
high fibre volume showing agglomerations, where the high-
est decrease in compressive strength was accounted for the
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composites reinforced with 40 mm treated DPF at 3 wt.%
loading content which showed a decrease by 6.90% and
9.20% at 7 and 28 days of curing, respectively, when com-
pared to CTRL.

The enhancement in the mechanical strength, both flex-
ural and compressive, upon the usage of treated DPF is
ascribable to the fact that, alkali surface modification leads
to the removal of extraneous components, such as inorganic
compounds that could potentially have a detrimental effect
on the formation of cement-cement and fibre-cement bonds.
The alkali treatment also facilitates the removal of fibre
constituents such as wax, hemicellulose, pectin, lignin, and
fat, hence exposing the cellulose underneath and forming a
more porous topography, which will increase the exposed
surface area of DPF where the cement paste will impregnate
through the DPF for better interfacial bonding (Fig. 7). Fur-
thermore, considering that the stress is transferred from the
matrix system to the fibre at the interface, the existence of
enough interface bonding is crucial for achieving the maxi-
mum stress transfer, thus attaining an ideal reinforcement.
Hence, surface modification is an effective precursor that
permits enhanced fibre wettability, which forms better inter-
facial bonding strength and thereby enhancing the mechani-
cal properties of the composites, as was experienced in this
research and by previous papers [7, 44, 45].

Furthermore, appertaining to previous discussions, the
promising samples in this experimental study exhibited
enhanced characteristics due to a good rate of dispersion
achieved chemically, where the -OH groups are replaced
by more hydrophobic organic moieties that promote an
increase in the affinity between the fibre and the matrix,
thus decreasing the amount of hydrogen bonding and in
turn an increase in dispersity, while the opposite occurred
for the weaker samples. Therefore, as the untreated sam-
ples are weaker in comparison to the treated, it can be
seen that the former exhibits less ideal rates of disper-
sions primarily due to the agglomeration resulting from
the formation of hydrogen bonding of the hydroxyl groups
[46]. To enhance the dispersity of DPF for functionalising,
surface modifications are necessary, and hence, the NaOH
treatment used in this research proved to be effective.

3.1.4 Effect of curing condition on the flexural
and compressive strength

During the primary stages of developing the composites,
the cementitious matrix is subjected to hardening process,
the hydration process, which corresponds to the strength
gain due to the exothermic chemical reactions between
the cementitious binder, OPC, and water. Figures 8 and 9
demonstrate the effect of curing conditions of untreated and
treated DPF reinforcements on the flexural strength of the
composite developed, respectively. The flexural strength of



Biomass Conversion and Biorefinery (2024) 14:6887-6902 6895

Fig.7 A Untreated DPF 500X,
B 6% NaOH for 3 h treated DPF
1000 x

Fig.8 Flexural strength of
different curing conditions for
OPC/GGBS-reinforced with
untreated DPF

Fig.9 Flexural strength of
different curing conditions for
OPC/GGBS-reinforced with
treated DPF
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the optimal mix, 20 mm at 1 wt.% content, showed 65.11%
enhancement when cured in water bath than in air, and
20.42% for the treated compared to untreated DPF compos-
ites, respectively, after 28 days of curing. Figures 9 and 10
demonstrate the effect of curing conditions of untreated and
treated DPF reinforcements on the compressive strength of
the composite developed, respectively. The compressive
strength of the optimal mix showed 155.84% enhancement
when cured in water bath compared that in air, and 24.86%
for treated compared to untreated DPF composites, respec-
tively, after 28 days of curing.

Based on the mechanical results achieved, and as shown
in Figs. 8,9, 10, and 11, there is a great difference between
the strengths of the composites developed during the dif-
ferent type of curing conditions. This can be evaluated
quantitatively which shows a flexural strength increase of
68.9% from 7.06 to 11.91 MPa when comparing the treated
composites with highest flexural strength cured under air
conditions and water bath, respectively, after 28 days of cur-
ing. Additionally, a remarkable difference was noticed for
samples tested to evaluate their compressive strength which
showed increase of 162.6% from 17.41 MPa to 45.71 MPa
when comparing the treated with highest compressive
strength cured under air conditions and water bath, respec-
tively, after 28 days of curing.

The remarkable difference between the effect of cur-
ing conditions on the treated and untreated DPF com-
posites starts with discussing the interfacial bonding
between the DPF and the OPC binder. During air curing
condition and using untreated DPF, there may be a weak
interfacial bonding between the DPF and the matrix,
and insufficient water for the hydration of the binder
as the DPF may absorb water due to its hydrophilic
nature during the mixing preparation, hence lowering

the amount of water available to enhance the hydration
process of OPC. Moreover, understanding the theo-
retical phenomena of hydration and its process when
investigating the cementitious binder can be discussed
on a microscopic level where the capillary porosity of
cementitious composites that is defined as the exist-
ence of capillary pores varying from 2.5 to 50 nm in
an adequately hardened cement paste (HCP) [42]. The
hydration process begins an exothermic reaction once
the capillary pores in the sample are filled with water.
Due to the heat produced by the hydration process, the
sample temperature increases which consequently lead
the water from the capillary pores to evaporate, initiat-
ing dryness. The occurrence of dryness in the absence
of enough water for further hydration of the cement will
develop a dehydrated gel, which forms an interruptive
barrier from transforming into calcium silicate minerals
such as C;S which contributes to the early strength gain
in the samples [47]. Moreover, another issue caused by
the evaporation of water from the capillary pores is the
loss of volume which is originally present in the cement
paste which creates voids, thus establishing the direct
proportionally between the void generation and the rate
of evaporation [48]. This in turn signifies higher levels
of porosity which have corresponding strength reduc-
tions experienced by the specimens. As evaporation
is experienced more by air-cured samples as opposed
to the water cured, the latter is less porous and hence
allows for enhanced mechanical properties. Thus, it can
be deduced that it is crucial to limit the rate of water
loss from a cementitious mixture. This is accomplished
by curing methods where the fundamental purpose is
to sustain saturation in the mortar by keeping it either
fully saturated, i.e. moist, or saturated and surface-dry
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Fig. 11 Compressive strength
of different curing conditions
for OPC/GGBS-reinforced with
treated DPF
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(SSD); until the capillary pores in the cement paste are
filled by the hydration reaction products [42]. This is
essential as the occupation of the spaces results in a
lower capillary porosity and a relating strength increase.
The water curing method performs the above objectives
of preventing the water evaporation whilst maintaining
appropriate relative humidity in a more efficient and
effective manner as opposed to air curing. The reason
behind the domineering stance of water curing over air
curing is courtesy of the increased availability of water
experienced by the specimens in the water bath which in
turn provokes a higher rate water ingress into the cement
cores that is required for hydration to occur, a stark con-
trast to the samples left out in the chamber. Moreover,
the fact that despite the higher rates of water loss in the
DPF-reinforced mortars, the water-cured samples still
depicted increases in the mechanical properties when
compared to the CTRL, is an occurrence that can be
attributed to a possibility that the water absorbed by the
fibres is available and utilised later for further cement
hydration [49].

3.2 Physical properties of OPC/GGBS-reinforced
DPF composite

The hydrous characteristics of DPFRCC is of utmost
importance when considering the durability and water
resistance properties of the composite. This was experi-
mentally investigated to the conditions mentioned in Sec-
tion 2.3.3. However, due to the large set of data, the water
absorption % will be demonstrated for the results of 48 h,
at maximum water absorption occurred, and no change in
water uptake was noticed. The parameters investigated in

wt.%
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this experimental study, i.e. DPF loading content, DPF
length, DPF alkali treatment, and curing conditions, which
will be discussed in accordance to their water resistance
properties. Hence, several sets of data were acquired which
facilitated in evaluating the performance of the samples
with respect to water absorption. The graphical representa-
tion of the data can be referred to Figs. 12 and 13. Based
on the results, it is noticed that the addition of DPF as a
reinforcement increases the water absorption of the com-
posites significantly, with a maximum increase of 17.31%
accounted for untreated air-cured design mix (40 mm at
3 wt.% content) when compared to CTRL samples. This
finding can be related to the extreme hygroscopic character
of DPF which greatly affects the water absorption charac-
teristics of cementitious composites. Several researchers
have reported their investigation of the effect DPF on the
water absorption of their reinforced composites. However,
different approaches and materials were used. Chikhi
et al. (2013) observed that DPF water absorption capac-
ity directly influences the water absorption rate [50]. Ben-
mansour and his colleagues reported that water absorption
levels for individual date palm fibres can reach up to 241%
and that DPF depicts large capacities of water absorption
with sorption levels as high as three times the dry weight
[51]. This can be attributed to the porous structure of DPF
resulting in a hydrophilic material. These high levels of
hygroscopicity can be deemed as a hindrance to the effec-
tive development of cementitious composites in industry
since it consequently leads to shrinkage and swelling phe-
nomena, making it susceptible to damage. The fibres con-
taining — OH groups are able to combine easily with water,
resulting in swelling, plasticising, and degradation [52]. As
a result, it needs to be contained as much as possible by

@ Springer



6898

Biomass Conversion and Biorefinery (2024) 14:6887-6902

manipulating several factors that are discussed further in
this research work.

3.2.1 Effect of untreated DPF length and loading content
on water absorption of composite

The effect of DPF physical characteristic, length, and the
loading content added to the mortar mix are discussed in
this section. The water absorption of DPFRCC carried sig-
nificantly in regards to DPF length. The demonstration of the
results are done based on the worst and best samples of each
length (in terms of their mechanical strengths) are plotted
to understand the differences in the water absorption values
more holistically.

Deducing from Fig. 12, which represents the water
absorption of untreated DPF composites cured in a water
tank, it can certainly be concluded that at both 7 and
28 days of ageing, the optimal short-fibre composite,
10 mm at 1 wt.% content, depicted a lower rate of water
absorption 9.84% and 7.03% at 7 and 28 days of curing.
This shows a reduction of 3.76% and 3.69% when com-
paring against the strongest composite, 20 mm at 1 wt.%
content, and increase of 28.63% and 56.22% in water
absorption when compared to the CTRL composites for
the same curing durations at 7 and 28 days, respectively.
In addition to this, the weakest short-fibre samples por-
trayed reductions of 17.17% and 17.20% when comparing
against the highest water absorption composites, 40 mm
at 3 wt.% content samples at 7 and 28 days, respectively.
The underlying reason behind this can be understood by
referring to the idea of fibre dispersion and subsequent
void generation. As discussed previously in Section 3.1.1,
the incorporation of longer fibres led to poor fibre dis-
persion which resulted in the forming larger number
of voids as opposed to the shorter fibres. These voids
represent potential sites for water accumulation which
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Fig. 12 Water absorption of water cured OPC/GGBS reinforced with
untreated DPF
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consequently leads to more availability of water in the
composite and hence, a larger rate of water absorption.
As these voids are more omnipresent in the composites
with longer fibres, the reason behind the higher absorp-
tion rates exhibited by the identified composites can be
justified, i.e. with the phenomenon of high fibre hydro-
philicity. Furthermore, the variation in the fibre/ matrix
adhesion in the ITZ, a factor that is worse with longer
fibres as discussed in Section 3.1.3. The microstructure
of the cement paste in the ITZ is different to that of the
remainder of the cement paste. The underlying reason
behind this is that during the mixing stage, cement parti-
cles experience the inability to be packed near the larger
agglomerated ‘fibre clusters’. This means that the amount
of cement present for the purposes of filling the voids is
lower. Consequently, this leads to a larger porosity in the
cement paste in the ITZ as opposed to the cement paste
that exists further away from the ITZ. As a higher rate of
porosity dictates higher water contents in the composite,
the rate of water absorption is also higher.

3.2.2 Effect of DPF surface modification on water
absorption of composite

The primary purpose of surface treatment of DPF is to
reduce the hydrophilic character of the fibres and pro-
vide a better surface topography by removing surface
impurities to enhance the interfacial bonding between
the fibre and the cementitious binder. This section will
discuss the water-cured samples as they opposed bet-
ter mechanical properties. Moreover, the hydrophilicity
nature of DPF disturbs the rheological behaviour of the
mortar in the fresh state which influences the mechani-
cal and physical properties in the hardened state. Sev-
eral investigations have evaluated that surface-modified
fibre have exhibited lower water absorption in mortars
as opposed by untreated which enables more water
absorbed by the cement paste/binder to enhance the
hydration process [53—56]. This ideology was also pre-
sented and experienced in this experimental study as
shown in Fig. 13. Comparing the most water absorbed
untreated and treated composites, 40 mm at 3 wt.%
content, at 7 and 28 days shows 20.73% and 31.63%
decrease in water absorption, respectively. This can be
described as the high hydrophilicity nature of untreated
DPF which has a direct positive correlation with water
absorption have been reduced with surface modifi-
cation which decreased its hydrophilicity leading to
enhanced water resistance properties. Also, surface
modification of DPF produces a protective layer on
the interfacial zone which obstruct the penetration of
water molecules into the cell walls of DPF preventing
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thickness swelling of the DPF [57]. Moreover, referring
to the main drawback of utilizing DPF and other NF
in industrial applications due to their weak interfacial
bonding leading to low resistance to moisture, hence
affecting the durability of the composite on the long
term. Thus, these drawbacks and concerns are avoided
by reducing the moisture absorption of the composite
which is promoted by a successful surface modification
of the fibre.

3.3 Microstructure analysis

Figure 14 presents the optical microscopy images of a
cross-sectional view of OPC/GGBS-reinforced DPF com-
posite. Samples (20 mm at 3 wt.% content, 40 mm at
2 wt.% content, and 40 mm at 3 wt.%) were randomly
allocated for the optical analysis. Figure 14a shows that
at DPF loading content of 3 wt.% indicated the fibre
agglomerations and breakage and voids are present which
may due to DPF pull-out. Figure 14b shows treated OPC/
GGBS-reinforced DPF mortars have enhanced fibre dis-
tribution and no visual voids due to better interfacial
bonding between the fibre and binder, thus providing
enhanced mechanical and physical properties. However,
few DPF agglomerations can be noticed in the micro-
structure. Figure 14c shows that at high fibre loading
content and long fibre inclusions, the non-homogenous
dispersion of fibres and agglomerations has occurred
within the composite which leads to a decrease in the
properties.

H Treated 7d

m Untreated 28d mTreated 28 d

4 Conclusions

Date palm biomass often suffer from a lack of recognition
of their value and hence regarded as agriculture waste.
However, valorising DPF in reinforcing cementitious
mortars could produce a low-cost sustainable construc-
tion and building material from an underutilized resource.
The results of the study show that:

e The addition of treated DPF with 20-mm length and 1
wt.% content resulted in up to 75% increase in flexural
strength after 7 days of curing in water bath. Similarly,
the compressive strength was enhanced by 31% using the
same mix design after 28 days of curing ion water bath.

e The alkaline surface treatment of DPF enhanced the
interfacial bonding between the DPF and the binder
matrix system. Hence, the fibres must undergo treat-
ment prior to the mixing stages to achieve enhanced
properties.

e Effect of curing conditions has a major impact on the
hydration of the binder to produce a HCP with enhanced
strength.

e Treated DPFRCC had lower water absorption rates in
comparison to untreated DPFRCC for both water and air
curing conditions.

e The increase in DPF wt.% resulted in higher rate of water
absorption; moreover, air-cured samples had significantly
higher absorption than water-cured samples. Moisture
absorption of air-cured samples may reach up to 17% for
untreated DPFRCC after 28 days.
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Fig. 14 OPC/GGBS-reinforced
DPF composite microstructure ( a)
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