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Abstract

In this work, alkali-activated composites using electric arc furnace slag (50 wt%) and biomass bottom ash (50 wt%) were
manufactured, adding olive-pruning fibres as reinforcement. The objective of adding fibres is to improve the flexural strength
of composites, as well as to prevent the expansion of cracks as a result of shrinkage. For this reason, composites reinforced
with olive-pruning fibres (0.5-2 wt%) untreated and treated with three different solutions to improve matrix—fibre adhesion
were manufactured. Treatments developed over fibres were a 10 wt% Na,SiO; solution, 3 wt% CacCl, solution and 5 wt%
NaOH solution. Mechanical properties, physical properties, thermal properties and the microstructure of composites by
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and scanning electron microscopy (SEM) were
studied to demonstrate the improvement. Alkaline treatment degraded fibre surface, increasing the matrix—fibre adhesion,
and as a consequence, flexural strength increased up to 20% at 90 days of curing. Optimal results were obtained with com-
posites reinforced with 1 wt% of olive-pruning fibre treated by a 10 wt% Na,SiO; solution. Higher quantity of olive-pruning
fibre leads to local agglomeration, which weakens the matrix—fibre adhesion. The effect on the compressive strength is less
evident, since the addition of fibres produces an admissible decrease (between 0 and 9% using 0.5 or 1 wt% of fibres), except
in composites that use olive pruning treated with 10 wt% Na,SiO; solution, where values remain stable, similar or better
to control paste. A greater ductility of the matrix in all composites was observed. Furthermore, the alkali-activated cement
matrix was bonded to olive-pruning fibre better than untreated fibre, as it is shown in SEM images. Thus, the results showed
that olive-pruning fibres could be used as reinforcement in the manufacturing of alkali-activated materials when they are
treated with alkali solutions.
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1 Introduction

Alkali-activated materials have been extensively studied.
It has been demonstrated that it is possible to produce
green cement from different sources of wastes or natural
minerals [1]. Natural minerals such as clays or zeolites
[2], as well as industrial by-products, metallurgical wastes
(slags) and ashes from biomass (fly or bottom), have been
used [3, 4]. These materials have developed good com-
pressive strength, but not so good flexural strength [5]. For
this reason, several studies have emerged analysing differ-
ent ways to reinforce the mechanical properties of these
materials. These works are focused on the reinforcement
of cements or alkali-activated cements with fibres. The
reinforcement with fibres improve the flexural strength,
toughness and impact resistance, as well as provide greater
acoustic and thermal insulation capacity [6], since fibres
help to counteract effects produced by the appearance of
cracks in the matrix [7]. Fibres can be from synthetic or
natural origin [8].

Synthetic fibres are man-made and they have been used
in other composites. There are different types of synthetic
fibres: inorganic, organic and steel fibres [9]. Due to
the increased interest in creating more environmentally
friendly materials, natural fibres are being studied [10].
Natural fibres can be classified as animal, mineral and
plant fibres [11], and these last like non-wood or wood
fibres [12], depending on the composition and their origin.
In fact, chemical composition of plant fibres affects their
physical and mechanical properties, which are composed
of lignin, cellulose, hemicellulose and other substances
[8]. Plant fibres are economic and renewable and they have
great availability and low energy consumption in their pro-
duction, and for this reason they are being considered to
replace synthetic fibres available in the market [13].

Natural fibres can be used in treated or untreated form.
In treated form, fibres can improve the behaviour front
tensile strength, shrinkage effects, ductility, among others.
If an alkali treatment is carried out on fibres, they could
resist alkaline hydrolysis due to the alkali environment
of alkali-activated cements [8, 14]. There are different
treatment forms developed over fibres, of which the most
known are as follows:

e Hornification: this process consists of wet and dry
cycles, obtaining fibres with more stability and lower
water absorption capacity [12, 15];

e Mercerization: this process includes immersing fibres
in an alkaline solution (Ca(OH),, NaOH or a combi-
nation of NaOH and silane) for a set time, improving
adhesion between fibre and matrix and as a conse-
quence mechanical properties [8, 16, 17];
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¢ Silane treatment: this process involves immersing fibres
in a silane solution, modifying fibre surfaces to obtain
better mechanical strength and lower water absorption
capacity [18, 19];

e Hydrothermal treatment: here, fibres are immersed in
boiling water, thus its crystallinity is increased [20].

e Acetylation treatment: this treatment produces a chemical
reaction introducing acetyl function group into natural
fibres and it is usually carried out after other treatments
such as mercerization [21]. Here, hydrophobic fibres are
achieved, reducing mineralization [20].

e Other chemical surface treatments: benzoylation and per-
oxide. They improve the adherence between fibres and
matrix and they reduce the hydrophilicity [22].

e Mechanical refining treatment: it usually develops after
alkali treatment [23].

e Physical methods: Stretching, plasma treatment or elec-
tric discharge modifies fibre surfaces, but they do not
change chemical compositions, changing the properties
of fibres [24].

e Or a combination between them [18].

Numerous studies have been conducted on both treated
and untreated natural fibres. For instance, Souza et al. [8]
utilized sisal fibres treated with varying percentages of
NaOH, followed by washing with water or acetic acid. The
results demonstrated that the NaOH treatment enhanced
the tensile strength of the fibres, as a consequence of the
reduction in their hemicellulose and lignin composition. Li
et al. [25] treated bamboo fibres with NaOH, enhancing the
toughness and flexural strength of the reinforced cements.
Banjo et al. [26] employed combined alkali treatments with
microwaves on bamboo fibres, improving fibre behaviour
when microwaves were applied along with a merceriza-
tion treatment. Dhasindrakrishna et al. [27] treated hemp
fibres with alkali, which enhanced mechanical properties
even at temperatures of 100 and 200 °C, but did not achieve
improvement after exposure to 400 and 800 °C. Fei et al.
[28] used water glass to modify the surface of bamboo fibres,
which enhanced fibre—matrix interaction and the flexural
strength of the composites.

In this study, electric arc furnace slag (EAFS) and bio-
mass bottom ash (BBA) have been used as precursors,
according to previous results [29]. EAFS is made up of
Si0,, CaO and Fe,0; [30], for steel-making process. The
chemical composition of BBA depends on the origin of bio-
mass. Ashes used in the present study are obtained from
a biomass power plant that manufactures biomass from
olive and forest pruning. The novelty of the study lies in
the use of olive-pruning fibres as reinforcement of natural
fibres, not previously studied as reinforcement, untreated
and subjected to different chemical treatments of alkaline
activation cements based on 50 wt% EAFS-50 wt% BBA.
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Olive-pruning fibres were treated with different solutions:
10 wt% Na,Si05, 3 wt% CaCl, and 5 wt% NaOH. The effect
of reinforcement of the fibres in the binder matrix to increase
the flexural strength and ductility has been studied, studying
the effect on the physical, mechanical and thermal properties
caused by the reinforcement in the matrix of the alkali-acti-
vated cement as a function of the wt% of fibre incorporated
(0.5-2 wt%) and the chemical treatment used.

2 Materials and methods
2.1 Raw materials

Precursors used were supplied by Siderdrgica Sevillana
S.A., located in Alcald de Guadaira (Sevilla, Spain) in the
case of slags, and biomass bottom ashes were provided by
Aldebaran Energia del Guadalquivir, sited in Anddjar (Jaén,
Spain). Electric arc furnace slag (EAFS) was obtained from
the process of refining in steel production using an electric
arc furnace. Biomass bottom ash (BBA) is a waste obtained
from a power plant which uses olive and forest pruning and
olive pomace to produce electricity from thermal energy.

Both raw materials were crushed in a ball mill until a
particle size of less than 0.1 mm was obtained. The particle
size distribution is shown in Fig. 1, and it was determined by
laser diffractometer. Both materials had similar size distribu-
tion. They present a homogeneous particle distribution and
the main particle size (ds;) for both precursors was 21.8 pm
and 29.9 pm, for EAFS and BBA, respectively.

The chemical composition of raw materials obtained by
X-ray fluorescence (XRF) is shown in Table 1. The XRF

results show that the main components of BBA are SiO,
(46.10%), Al,05 (12.04%) and CaO (19.65%). In the case
of EAFS, the percentage of major component is 30.89%
of CaO and 24.16% of Fe,0,, with significant quantity of
Si0, (17.29%) and Al,05 (10.71%).

SEM was performed to investigate the morphologi-
cal properties and microstructure of precursors (Fig. 2).
Both raw materials exhibited a heterogeneous particle
size distribution. The slag particles were rough, present-
ing slightly rounded particles and angular particles, while
the ashes contained spherical glassy particles, as well as
angular particles and a small amount of unburnt carbon
(dispersed porous particles).

2.2 Fibre as reinforcement

Fibres used as reinforcement were obtained from olive
pruning (Fig. 3). They were crushed until obtaining the
range retained on the sieve between 0.125 and 0.250 mm.
Three chemical treatments were performed on the fibres to
improve the mechanical properties of binders. Treatments
consisted of immersing fibres in a chemical solution for
60 min under rapid stirring, with a relation of 1/50 (fibre/
solution). Then they were drained and cleaned with dis-
tilled water up to neutral pH. Fibres were dried in an oven.
They were stored in closed containers until manufacture
day. The treatment solutions used were: 10 wt% Na,SiO;,
3 wt% CaCl, and 5 wt% NaOH (process known as merceri-
zation) in distilled water. These solutions are considered
economical modifiers by other authors [28].

Fibres were added in different proportions to reinforce
binders: 0.5 wt%, 1 wt% and 2 wt%. The binders were
designed as X-Y, except control paste that it was designed
as Control, where X is the treatment developed on the
fibres and Y is the content of fibres in the binder, being
UT = untreatment, Si = fibres treated with 10 wt% sodium
silicate solution, C=3 wt% calcium chloride solution and
M =mercerization (e.g. C-1, binders with 1 wt% of fibre
treatment with 3 wt% CacCl,).

The chemical composition of untreated and treated
fibres was determined according to Padilla-Gascén et al.
[31], who followed a modified process from Sluiter et al.
[32]. Two extractions were carried out before, first with
water and then ethanol, for extractives, by Soxhlet method.
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Fig. 1 Particle size distribution of precursors
Table 1 Chemical composition Sio, ALO, Ca0O
of raw materials
BBA 46.10 12.04
EAFS 17.29 10.71

19.65 4.78 4.59 0.78 0.09 3.71 0.41 5.58
30.89

24.16 0.03 0.16 5.68 2.63 0.28 5.39
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Fig.2 Precursors’ SEM micrographs

(b)

Fig.3 Fibre images: a fibres untreated, b fibres treated with calcium chloride solution, ¢ fibres treated by mercerization, d fibres treated with

sodium silicate solution

2.3 Binder manufacturing

The proportion used in the manufacturing of binders was
50 wt% BBA and 50 wt% EAFS. This composition was
obtained as the best proportion in previous works [29].
Fibres were added to the mixture of precursors.

The alkaline activator used was a mix of 50 wt% KOH
(8 M) and 50 wt% K,SiO;. This activator was set following
the results of previous works. KOH with 85% of purity was
used and K,Si0; was supplied with a composition by weight
as follows: 7.5-8.7% K,0, 19.5-21.8% SiO, and 69.5-73%
H,0. The Ms (Si0,/K,0) obtained was 0.89 and the liquid/
binder ratio used was 0.6 for all specimens.

Binders were manufactured following the same sequence.
Precursors and fibres were mixed in a planetary mixer for
90 s; subsequently, the activator solution was poured and the
materials were mixed for 90 s. Then, the walls were drained
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with a scraper and the paste was mixed for 30 s more. After
this process, the activated pastes were poured into two types
of moulds: steel prismatic moulds (60X 10X 10 mm) and
plastic cylindrical moulds (¢ 55 mm). Moulds with fresh
pastes were put on a flow table for 60 hits. The moulds were
saved in a climatic chamber at 20 °C and 90% RH for 24 h
and then they were demoulded. After that, they were stored
in the climatic chamber at the same conditions until test day.
The physical and mechanical properties were obtained at
1, 7, 28 and 90 days of curing. The mechanical properties
were obtained following UNE-EN 1015-11:2000/A1:2007
[33] and physical properties according to UNE-EN 1015-10
[34]. Prismatic samples were tested for this purpose. Ther-
mal conductivity was determined at 28 days of curing, using
a heat flow metre machine according to ISO 8302 [35] over
cylindrical samples. A flow test was carried out over fresh
composites following ASTM C-1437 standard [36].
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Besides, all fibres and specimens were analysed by
ATR-FTIR, and the selected samples were explored by XRD
and scanning electron microscopy—energy-dispersive X-ray
spectroscopy (SEM-EDS).

3 Results and discussion
3.1 Workability of fresh pastes

The workability results of fresh pastes are shown in Fig. 4.
These values were determined by comparison with the con-
trol sample, which obtained a spread diameter of 81.75 mm.
The workability of samples incorporating fibres decreased
with the increase in the quantity of added fibres. The
decrease was minor or barely noticeable when 0.5 wt% of
any fibre was added. The loss of fluidity in the mixture is
attributed to the rough surface of the fibres, increasing inter-
nal resistance and friction [37].

However, as the percentage of fibres increased, the
behaviour varied depending on the type of fibre used, with

Fig.4 Spreading diameters of 84
fresh composites
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a greater loss of workability observed for fibres treated with
silicate and NaOH. The reason is the rougher surface of
fibres treated with these solutions, which negatively affects
the workability of composites in their fresh state compared
to the other fibres [38, 39].

3.2 Mechanical properties

The effect of olive pomace fibre as reinforcement on the
flexural strength of alkali-activated cements for different
fibre contents is presented in Fig. 5. The results show that
olive pruning before and after treatment does not always
improve flexural strength compared with control alkali-
activated cements: 2.6 and 3.4 after 28 and 90 days of cur-
ing. However, treated fibres improve flexural strength with
respect to untreated fibres. This is because the treatment
improves adhesion and fibres can bond more tightly with the
matrix of alkali-activated cements [40—42]. The best value
was obtained using 1 wt% of fibre treatment with Na,SiO;,
3.9 MPa and 4.2 MPa at 28 days and 90 days of curing,
respectively, which represents an improvement of 20.1% at

Samples

Control UT-0.5 UT-1

UT-2 Si-0.5  Si-1 Si-2
Samples

C-05 C-1 C2 M-05 M-1 M2
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90 days of curing, with respect to control paste, and more
than 20% with respect to untreated fibre pastes. This value
is not far from that obtained in the literature at 28 days[10].
Si-0.5 obtained great values, near to Si-1. Other satisfac-
tory results were obtained for C-1, C-2 and M-1, with best
values than control pastes. The rest of specimens developed
better strength than that of control pastes at 90 days of cur-
ing, except UT-1, Si-2 and C-0.5. The treatment allows
a higher transfer of the matrix to fibres, which improves
flexural strength. Optimal values of flexural strength were
obtained when 1 wt% of treatment fibres was added. Thus,
this fibre content allows the optimal transfer of tensions from
matrix to olive fibres, which leads to an improvement in
flexural strength. These results are according to literature,
where optimal amount varies between 0.5 and 2 wt% [43,
44]. Possibly, when increasing fibre content, the matrices
and fibres are mixed unequally, producing a local agglom-
eration, which degrades interfacial adhesion and weakens
the union between the matrices and fibres. In addition, these
agglomerations can act as tension concentrators and reduce
the flexural strength [45, 46].

Regarding the influence of curing time, comparing val-
ues at 7 days and 28 days of curing, it is possible to see
an improvement in flexural strength. However, the increase
of curing time up to 90 days did not significantly increase
flexural strength. This is due to the greater amount of
C—(A)-S—H gel and geopolymeric K—(A)-S—H gel or hybrid

Fig.6 Stress—strain curves of 10
control composites and rein-
forced composites

Stress (MPa)

0 0.02
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(C,K)-A-S—H gel formed during alkali activation process,
producing an increase in flexural strength for composite
reinforcement with treated and untreated fibres. As a result
of the lower adhesion of untreated fibres, their improve-
ment was less evident. Therefore, the addition of adequate
amounts of olive-pruning fibres treated in alkaline medium
can slightly improve the tenacity of alkali-activated cements.

In compressive strength test, the matrix is more impor-
tant than fibre reinforcements; for this reason, the effects of
reinforcement are less evident. In Fig. 6, the stress—strain
curves of control composite and those containing 1 wt% of
fibres are shown. The stress—strain curves show a high slope
line and a lineal shape due to the capacity of matrix and the
transfer of stress from matrix to fibres, and it depends on the
reinforcement properties and the matrix adhesion. Compos-
ites reinforced with fibres show similar compressive strength
values to those of control paste, although a higher ductility
is observed when fibres are introduced.

The compressive strength results are shown in Fig. 7.
The values decrease when the amount of fibres is increased,
between 0 and 9% using 0.5 or 1 wt% of fibres. When com-
posites were tested for compressive strength, the strength
was developed by matrix of alkali-activated cement. In gen-
eral, the addition of fibres increases the porosity of compos-
ites and maximum stress with respect to matrix can decrease.
As mentioned in Sect. 3.8, samples with a higher fibre con-
tent (2 wt%) develop fissures that will impact compressive

0.04 0.06 0.08 0.1 0.12 0.14
Strain (mm/mm)



Archives of Civil and Mechanical Engineering (2024) 24:84

Page70f20 84

Fig.7 Compressive strength as 14 -

a function of reinforcement used mid =7d
and curing time 12 4
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strength. On the contrary, close to the fracture point, fibres
have a union effect that increases the ductility of composite,
increasing the deformation values. Best values at 90 days
were obtained by Si-0.5 (12.32 MPa) and Si-1 (11.43 MPa),
improving values with respect to control paste, between 7.8
and 16.1%.

C-0.5 (10.44 MPa) and M-1 (10.63 MPa) equalized the
compressive strength values of control paste (10.6 MPa).
In the case of untreated fibres, composites did not increase
compressive strength results, obtaining same UT-0.5 and
UT-1 values (9.6 MPa). The improvement in compressive
strength, compared to the control paste, is attributed to the
good dispersion of the fibres throughout the matrix [43, 44].
This helps in increasing matrix/fibre interaction. In fact, best
results are obtained when fibres are treated.

The loss of compressive strength in Si or M specimens
with respect to composites with less amount of fibres can
be considered admissible, because they obtained higher or
similar values than those of control composites. Besides, all
composites obtained best F/C ratio (flexural-to-compressive
ratio, Fig. 8) compared with control composites, with Si-1
being the best specimen, which confirms that the optimal

Fig. 8 Flexural/compressive

28d m90d

. i i
i I i I ! { I i
uT-2 Si-0.5 Si-1  Si-2 C-05 C-1 C-2 M-05 M-1 M-2
Samples

composites were pastes with 1 wt% of fibres treated with
sodium silicate. F/C ratio is related with better crack resist-
ance [14]. In addition, 1 wt. % of fibres was the optimal
amount of fibres to adding in composites improving F/C
ratio in front to control composites. A higher or lower per-
centage led to a lower increase in mechanical strength [14].

3.3 Physical properties

The physical properties are presented in Fig. 9. Bulk density
decreased when the amount of fibres increased. The loss of
bulk density can be attributed to the lower density of fibres.
In addition, the decrease in bulk density is affected because
the fibres are agglomerated during the mixing process and
occupy spaces full of water that are emptied in the curing
process, becoming porous in the matrix [47]. Furthermore,
the increase of fibre content caused an increase in the viscos-
ity of the matrix (see Sect. 3.1), which favoured the intro-
duction of residual air bubbles in the mixture and during the
pouring of the paste into moulds. These bubbles gave rise to
a greater amount of microvoids and less dispersion of fibres.

F/C ratio respect to Control paste

ratio with respect to control 25% A
paste, as a function of reinforce- . m]d =7d m28d m90d
ment used and curing time 20% 1
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Fig.9 Physical properties: a
bulk density, b apparent poros-
ity and ¢ water absorption
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For these reasons, at 28 days, the highest value of bulk
density was found for control paste. If the values were com-
pared at early ages, the trend is different. Probably due to
excess of humidity of composites in fresh state, later geo-
polymerization and alkali activated processes, and the
interaction of the fibres in these processes. Nevertheless,
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all samples decreased within the 5% margin established
in the literature [48], with the exception of UT-2 (10.0%
decreased) and C-2 (5.1% decreased). The greater the
amount of fibres added, the greater the loss of bulk density,
because the agglomeration of fibres produces intergranular
pores that have negative effects on mechanical properties
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[49]. Thus, samples with 2% of fibres have the lowest densi-
ties. However, it was observed that samples reinforced with
untreated fibres obtained lower bulk densities than those of
treated fibres. This is consistent with other studies [50]. This
shows that the treatment of fibres helps in obtaining a lower
decrease in bulk density, as discussed in the microstructural
analysis (Sect. 3.8).

The apparent porosity and the water absorption are related
properties. Both increase with the incorporation of fibres
to the matrix. This behaviour is due to two reasons: fibre
structure causes great absorption capacity (2.5 times their
weight) and fibres create new pore structure in the matrix
[48]. Fibres may tend to clump together during mixing,
creating water-filled spaces that later become voids. There-
fore, higher fibre content can increase the potential for fibre
clumping, leading to an undesirable non-uniform micro-
structure [51]. Best apparent porosity and water absorption
values were obtained for control paste and the worst values
were obtained for UT-2.

3.4 Thermal conductivity

Thermal conductivity results at 28 days of curing are pre-
sented in Fig. 10. Thermal conductivity decreases with addi-
tion of fibres according to bulk density data [47, 52]. Control
paste exhibited the highest value of thermal conductivity
(0.80 W/mK). The decrease in conductivity values is asso-
ciated with the presence of pores in the matrix. This is due
to the low conductivity of air (0.026 W/mK) present in the
pores [53].

Fig. 10 Thermal conductivity at
28 days of curing

08 I

07

06 : I
0.5

0.4

03

02

0.1

Thermal conductivity (W/mK)

0.0

Control UT-0.5 UT-1 UT-2 Si-0.5 Si-1 Si-2

As mentioned before, the porosity increases with the
addition of fibres; thus, there is a higher air content, caus-
ing a decrease in the conductivity data. Depending on treat-
ment used, the decrease was greater or less. Thus, higher
decrease is found in samples reinforced with untreated fibres
and fibres treated with NaOH (values between 0.54 and
0.70 W/mK and 0.53 and 0.67 W/mK, respectively), while
fibres treated with CaCl, did not have significant changes
(0.72-0.75 W/mK).

3.5 Fibre constituents

Fibre constituent result are shown in Table 2. The results
reveal that untreated fibres contain a large amount of extracts
(38.19 wt%), which are eliminated after treatments. In addi-
tion, treatments modified the composition of lignocellulosic
material (cellulose, hemicellulose, lignin and others). The
cellulosic content increased on applying any treatment,
with the treatment with sodium silicate exhibiting the high-
est cellulosic content. This value agrees with the highest
compressive strength sample. Alkaline treatments produced
an increase in the tensile strength of the fibre, increasing
the strength of the composite [54]. Non-cellulosic con-
tent decreased when fibres were treated by mercerization
or with a sodium silicate solution. However, the hemicel-
lulose content decreased when fibres were treated with a
CaCl, solution, but their lignin content increased consider-
ably. The lignin rise in these fibres could cause less geo-
polymerization, because according to other authors, this rise
has a negative effect [55]. The removal of non-cellulosic
content improved the matrix—fibre interaction, improving

| | | | |
C-05 C1 C2 M-05 M-1 M-2

Samples

Table 2 Lignocellulosic

o Treatment Cellulose Hemicellulose Lignin Others Moisture
composition of raw and treated
olive-pruning fibres UT (without extractives) 23.45 24.93 36.19 5.44 9.99
10% Na,SiO; 35.40 17.24 30.57 9.54 4.99
3% CaCl, 26.19 3.94 53.02 10.13 6.72
5% NaOH 34.15 17.37 34.65 8.84 7.24

Values are expressed as a percentage of dry weight
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mechanical properties [56]. Besides, there is another advan-
tage when removing non-cellulosic compounds: the degra-
dation over time of fibres in the matrix decrease, due to less
content, because the amount that can be dissolved in the
interstitial water decreases [48].

3.6 Functional group analysis
3.6.1 Raw materials

The manufactured raw materials and binders were analysed
by attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) using a Bruker Vertex 70 equip-
ment. Raw materials’ spectrograms are shown in Fig. 11.
EAFS shows 1433, 972, 882, 672 and 512 cm™" as the
main bands, and for BBA 1383, 969, 858 and 442 cm™! are
the principal bands. Centred bands at 3577 and 2833 cm™!
are characteristic of the presence of O—H and C-H groups,
respectively [57]. 1433 and 882 cm™! for EAFS and 1383
and 858 cm™! centred peaks are associated with CO;~2
bond groups [29]. Bands centred at 972 and 969 cm™!, for
EAFS and BBA, respectively, are attributed to the asym-
metric stretching vibration of Si—O-Si or Si-O-Al bonds

Fig. 11 ATR-FTIR spectra of
precursors

EAFS

(tetrahedral Si or Al) [58]. This difference between wave-
number is due to the different chemical composition, accord-
ing to the XRF results, where ashes have high SiO, content.
Two bands at 784 and 699 cm™' in BBA are attributed
to the presence of quartz [59], as shown in the XRF. For
EAFS, centred bands at 672 and 512 cm™! are assigned to
Si—O vibrations [60]. The band centred at 442 cm™! in BBA
is characteristic to the bending vibration of O-Si-O [61].

3.6.2 Fibre analysis

The FTIR spectra of untreated and treated olive-pruning
fibres are presented in Fig. 12. Fibres analysed show a
wide absorption band at 3000-3500 cm™! assigned to
cellulose and moisture of fibres, O—H stretching vibra-
tion [54, 62, 63]. At 2920 and 2852 cm~! are presented
tow bands associated with cellulose and hemicellulose,
C-H stretching vibration [56, 64]. Hemicellulose is also
detected at 1733 cm™!, C=0 group vibration [26, 41, 63,
65, 66]. At 1615 cm™! appears a band correspondent to the
moisture of fibres [41, 56], although other authors attrib-
ute this peak to the presence of lignin [26, 67]. The band
centred at 1506 cm™! is attributed to lignin [41], and the

882

Absorbence (a.u.)

BBA

4000 3600 3200

Fig. 12 FTIR spectra of olive-
pruning fibres untreated and
treated with different solutions
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compound is also attributed to peaks centred at 1420, 1368
and 1320 cm™!, according to Shahril et al. [68]. The peak
centred at 1235 cm™! is associated with lignin and hemi-
cellulose compounds [56]. Cellulose is also attributed to
peak centred at 1156 cm™! [68]. The intense peak found at
1020 cm™! is associated with cellulose [26, 63].

The infrared spectra of untreated and treated olive-
pruning fibres (Fig. 12) reveal typical vibrational modes
of natural fibre constituents such as cellulose, hemicellu-
lose and lignin. These spectra show differences between
them, presenting changes in intensities and wavenumbers.
These changes are a consequence of chemical changes on
the surface of fibres. The most significant changes are
concentrated in specific areas of the spectra: 950-1800
and 2800-3000 cm™!, according to other authors [56].
The band observed around 3400 cm™' represents the -OH
stretching vibration in the aromatic and aliphatic struc-
ture of the cellulosic fraction [69, 70]. The spectrum of
the untreated fibre is characterized by the presence of two
intense peaks at 2920 and 2850 cm™'. These bands cor-
respond to vibrations of the C—H asymmetric single bond
in methylene groups [71], characteristic of lignocellulosic
materials. These bands have less intensity after the mer-
cerization process or when they are treated with silicate,
which could be due to the release of hemicellulose from
the fibres [56, 67]. The same behaviour is observed in
the band centred at 1733 cm™', assigned to the vibration
of non-aromatic carboxylic groups [72], which decreases
its intensity with treatments. Applying a CaCl, solution
to fibres, this band practically disappears. This behaviour
is also due to the elimination of hemicellulose from the
fibres, which is in agreement with other authors [67]. The
bands centred at 1615 cm™! are attributed to vibrations
of C=C bonds of lignin, while those centred at 1506 and
1420 cm™! are associated with aromatic skeletons, phe-
nolic groups, which are attributed to asymmetric vibra-
tions and deformations of the C—H group [73]. The band
centred at 1250 cm™! is associated with the vibration of
the COO bonds of the acetyl groups of the hemicellulose
[74]. All these bands (1615, 1506, 1420 and 1250 cm_l)
suffer a drop after the treatments, which shows the elim-
ination of hemicellulose and lignin, since the structure
of this compound is of a phenolic polymer [67]. Other
characteristic bands of cellulosic components are found at
1320 and 1156 cm™! associated with cellulosic alcoholic
groups and the C—O-C stretching vibration of glycosidic
rings, respectively [41, 75]. As for the intense band cen-
tred at 1020 cm™, it is attributed to the symmetric defor-
mation of alkyl ethers and C-O-C ethers present [76],
and its intensity decreases when fibres are subjected to the
mercerization treatment, which shows that this treatment
also releases part of the fibre cellulose. This behaviour
can have negative aspects in the development of higher

strength. Around 700-500 cm™!, other bands appear,
which are associated with in-plane and out-of-plane defor-
mation vibrations of the aromatic ring [77].

After comparing the spectra of the untreated and treated
fibres, it is determined that alkaline treatments (merceriza-
tion and sodium silicate treatment) are the ones that gener-
ate the greatest degradation on the surface of fibres, being
higher in the treatment carried out with NaOH. Alkaline
treatments manage to dissolve the lignin and hemicellulose
of fibres, degrading the surface of the fibres and favouring
fibre—matrix interaction, in addition to reducing the nega-
tive effects of the chemical nature of non-cellulosic com-
pounds that can hinder matrix reactions in alkaline-activated
cements [63]. This improvement in the union between both
materials led to the development of greater mechanical
resistance, as presented in the corresponding section. In
addition, the residual sodium silicate from this treatment
could contribute to a higher production of C—S—H gel [63].

3.6.3 Composite sample analysis

Binder manufactured: control paste and composites with
fibres show similar FTIR spectra (Fig. 13). Besides, these
spectra are similar to the FTIR spectra of BBA. Centred
bands at 2900 and 1610 cm™" as a consequence of hydra-
tion products are assigned to the stretching vibration modes
of H-OH groups and the bending vibration O-H groups,
respectively [78]. The band centred at 2900 cm~! moves
to higher values when fibres were treated with silicate.
Bands assigned to CO3‘2 groups of CaCO; and MgCO;,
(1380-1469 cm™') [79] remain centred in the same posi-
tion, varying their intensities, with greater absorption for
control samples and M-1 and Sil-1-treated samples, which
indicates a higher degree of carbonation of the specimens.
Bands associated with Si—-O-T bonds, centred at 950 cm ™!
[80], suffer the same trend, where the highest absorptions
were obtained for compositions M-1, Sil-1 and Sil-0.5.
With respect to the control paste, there is a displacement in
this band due to the addition of fibres. The displacement is
caused by the overlap of the peak corresponding to cellulose
in the treated and untreated fibres. Therefore, the displace-
ment is less when fibres treated by mercerization are added,
since this peak is less intense in this case.

The FTIR spectra for samples reinforced with 1% of
sodium silicate as a function of curing time are shown in
Fig. 14. The band associated with OH- bonds changes the
position from 2870 to 3130 cm™!, as curing time increases.
This displacement to higher wavenumber is attributed to
growth hydration products [80]. In addition, centred band
at 1617 cm™! increased the intensity with curing time, indi-
cating more hydration products formed [81].

Alkali-activated cements reinforced with untreated fibres
and treated fibres using different solutions show similar
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Fig. 13 FTIR spectra of control 1380
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FTIR spectra to control paste. This indicates that the alkali
activation matrix did not change significantly with the addi-
tion of olive-pruning fibres compared to control binder.
Therefore, the combination of olive-pruning fibres with
alkali-activated binder matrix could be mainly of a physical
nature.

3.7 XRD analysis

The crystalline phases of precursors and composites were
analysed by XRD. Diffractograms of precursors are shown
in Fig. 15. Mainly merwinite (CaMg(SiO,),) and gehlenite
(Ca,Al;S10,) were found in EAFS, with traces of wuestite

@ Springer

Wavenumber (cm!)

(FeO) and magnetite (FeO,). In the case of BBA, quartz
(Si0,) was the main crystalline phase detected, with less
quantities of calcite (CaCO,), fairchildite (K,Ca(COs;),),
lime (CaO) and potassium aluminosilicates (KAISiO,).

In Fig. 16, diffractograms of control paste and alkali-
activated composites with 1 wt% of olive-pruning fibres
untreated and treated with different solutions at 28 days
of curing are shown. As just it was determined in previ-
ous works, diffractograms show a halo between 20 and 40°
which indicates geopolymeric gel formation and no reac-
tive phases in precursors such as quartz and calcite [29]. An
increase of diffraction peak centred at 2-theta of 29.35° can
be observed, associated with calcite. This peak increases in
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control paste and composites with fibres, indicating a car-
bonation of the matrix.

No significant changes are seen when fibres are added as
reinforcement, and new crystalline phases are not formed,
which means that fibres do not contribute to changes in the
matrix structure.

3.8 Microstructural analysis
Micrographs of the control samples and composites rein-

forced with olive-pruning fibres after 28 days of curing are
shown in Fig. 17. The control sample presents a compact

appearance, due to the formation of the C—(A)-S-H gel
(spectrum 1) together with the formation of geopolymeric
gel (C,K)—(A)-S—H (spectrum 2). In addition, some unre-
acted particles (spectrum 3), as well as the appearance of
microcracks produced by the evaporation of water in the
geopolymeric reactions during the curing time, are observed
[29]. The matrix of the manufactured alkaline-activated
cements does not show significant changes in its micro-
structure when fibres are added (Fig. 18). Fibre-reinforced
cements also present microcracks, which are less abundant
when lower fibre contents are used, with Sil-0.5 (Fig. 18f),
since the fibres can be better distributed. With higher fibre
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=

Fig. 17 Matrix details in control sample at 28 days of curing

content, greater agglomerations are produced, reducing
workability and worse fibre distribution, causing the appear-
ance of larger cracks in the matrix [82].

Fibres added for reinforcement can break, stretch or
pull out of the matrix under applied loads [82]. It can be
observed from all the samples that how the fibres break or
pull out of the matrix. In the case of pull-out, more energy
is spent in the development of cracks, that is the fibres
absorb that energy, with which composites have a more
ductile behaviour [82]. This detachment leaves traces in the
matrix, as a sign of the adhesion between fibre and matrix,
hence the ability to dissipate energy and increase its fracture
toughness [83]. The detachment can occur with or without
matrix material deposition. In the case of containing adhered
material from the matrix, it suggests a good union between
fibre and matrix [18]. This was observed in the fibres treated
with NaOH, while in untreated fibres, this deposit is barely
noticeable in the pulled-out fibres, a sign of less adherence.
In the case of the fibres treated with CaCl, and silicate, no
pull-out fibres were observed, but it can be seen how the
fibres are tightly wrapped by the matrix, indicating a high
degree of adhesion between the fibre and matrix. This behav-
iour is also observed in fibre-reinforced composites treated
with NaOH, with which for these specimens pull-out fibres
were found with a tight bond with the matrix.

The good adhesion of the fibre with the matrix is due to
the contact surface of the fibres, as well as to the precipita-
tion of the alkaline cement in the exposed cavities of the

@ Springer

fibre and the union between the cellulose chain of treated
fibres and calcium-based hydration products from alkali-
activated cements [25]. Moisture absorbed in the fibres
is released into the matrix over time, which can lead to
increased matrix hydration, leading to higher gel content
[11]. This release of moisture produces a contraction of
the fibre, leaving voids between the fibre and the matrix,
which can be partially filled with the hydration products
[11]. This behaviour is due to the cellulose hydroxyl that
increases the absorption capacity of the fibres, and accord-
ing to some authors, it could be used as a method of inter-
nal repair in cementitious materials, helping to reduce
crack propagation during curing time [13].

The SEM images of untreated and treated fibres are
shown in Fig. 19. The surface differences between
untreated and treated fibres are significant. The untreated
fibres have a smooth surface, while the treated ones have
a rougher surface. The roughness of the fibres can be
increased by removing wax and other impurities present
in the raw fibre, thus creating a rough surface with voids,
which increases the contact area between the matrix and
the fibre [8, 13]. Treatments used in this study on olive-
pruning fibres managed to eliminate these impurities,
but also removed part of the lignin and hemicellulose
from the fibres (as shown in the FTIR analysis), achiev-
ing greater wear on the surface, making it more open and
rough, thereby increasing the contact area [16, 25, 66].
This higher surface roughness means better fibre—matrix
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Fig. 18 Backscattered SEM images of composites manufactured: a
control paste, b reinforced with 1 wt% untreated fibres, ¢ reinforced
with 1 wt% fibres treated by CaCl, solution, d reinforced with 1 wt%

interaction. By increasing the friction between both com-
ponents, the ability to resist shear and bending forces is
increased [41, 84]. In addition, treatments on the fibres
can improve the crystallinity of the cellulose and shorten
the spacing between the cellulose chains, improving the

fibres treated by mercerization method, e and f reinforced with 1 and
0.5 wt% fibres treated by sodium silicate solution, respectively

strength of the fibre [24]. For all this, there is an increase
in mechanical strength.

SEM images also reveal the existence of cavities with
different shapes and sizes inside the fibres. In treated
fibres, it becomes more evident due to degradation of the
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«Fig. 19 General SEM images (100X), longitudinal (250%) and
cross-Sect. (500X) of untreated and treated olive-pruning fibres: a
untreated fibres, b fibres treated with CaCl, solution, ¢ fibres treated
by mercerization process, and d fibres treated with sodium silicate
solution

outermost surface of the fibre. These internal cavities con-
tribute to the increase in the water absorption of the matrix
[11], as already determined in the physical properties of
the composites.

The EDS analysis developed over treated and untreated
fibre surfaces (Table 3) shows that C/O ratio decreases on
applying treatments. This indicates the disappearance of
lignin and cellulose in fibres. In addition, the presence of
Ca, Na and Si deposits was detected, which are from treat-
ment solutions, in the fibre surfaces [62].

4 Conclusion

In the present study, the technological properties of alkali-
activated cement composites based on electric arc furnace
and biomass bottom ash reinforcement with alkali-treated
and -untreated olive-pruning fibres (0.5-2 wt%) were
checked. The fibres were subjected to three different
treatments: 10 wt% Na,SiO; solution, 3 wt% CaCl, solu-
tion and 5 wt% NaOH solution with the primary aim of
improving the flexural strength and toughness of the manu-
factured material. Experimental results showed that the
flexural strength of composites improved (up to 20%) and
promoted a less fragile failure, due to the ability to transfer
stress from matrix to fibres. The improvement in flexural
strength is mainly due to the degradation of fibre surface,
achieving better fibre—matrix adhesion. All treatments

used in this research degraded the surface of fibres,
removing much of lignin, cellulose and hemicellulose to
a greater or lesser extent. In addition, the moisture present
in fibres can react with residual activating solution and
they can fill spaces in the matrix or between matrix and
fibre, and thus improve the properties of composites. The
optimal percentage for reinforcement obtained was 1 wt%.
The best treatment option for fibres was using a solution of
10 wt% Na,SiO;. In the case of fibres treated with sodium
silicate, the residual treatment solution deposited on fibre
surface helped to produce a denser and stronger matrix.
Although a solution of 5% NaOH (mercerization) or 3 wt%
CaCl, also obtained good results. Composites reinforce-
ment improved values of control paste in a 20.1% and 20%
for untreated fibres, when 1% of fibres were used.

Thermal conductivity using fibres as reinforcement in
binders decreased with the amount of fibres and has a better
thermal insulation capacity. The best results were obtained
for composites with 2 wt% of untreated fibres and merceri-
zation-treated fibres in accordance with its higher apparent
porosity.

In summary, the results indicate that olive-pruning fibres
can be a reinforcement for binders manufactured from elec-
tric arc furnace and biomass bottom ash. Employing opti-
mal treatment and using optimal amount, composites with
higher flexural strength, ductility and insulation capacity
can be obtained, presenting similar compressive strength
and physical properties (bulk density, apparent porosity and
water absorption) as the control cement. The mechanical
strength results indicate that the composites present adequate
values to be used as non-structural materials, according to
the properties of isolated materials.

Table 3 EDS analysis of

. Treatment C (0] Ca Na Si C/O
untreated and treated olive-
pruning fibre surfaces UT 68.58 29.07 0.84 - - 236
65.36 31.7 0.68 - - 2.06
10% Na,SiO, 49.52 29.61 1.83 0.42 1.41 1.67
61.22 36.39 0.71 0.97 0.71 1.68
3% CaCl, 5143 40.43 8.15 - - 1.27
53.74 41.23 7.42 - - 1.30
5% NaOH 51 42.64 3.31 2.84 - 1.20
54.1 39.08 3.75 2.81 - 1.38
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