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Abstract: The use of untreated natural fibers to reinforce cementitious composites improves their
environmental friendliness, resulting in a more sustainable material. Moreover, the influence of
the untreated natural fibers on the hydration process of Portland cement composites presents some
uncertainties. According to the literature, the most usual tests to analyze the degree of hydration
of cement composites are the differential thermal and thermogravimetric analyses (TGA/dTGA).
Several authors propose to analyze data methods to establish the degree of hydration of cement
composites. This paper presents the TGA/dTGA test carried out on mortar samples with and without
fibers at age 2, 3, 7, 14, and 28 days. The degree of hydration was calculated according to Bhatty’s
method. To characterize the raw materials, the quantitative chemical was determined using scanning
electron microscopy and energy dispersive X-ray spectroscopy (SEM–EDX). The main findings of
this study were that the presence of untreated natural hemp fibers in the OPC composites increased
the hydration degree by 9%. The presence of fibers affected the formation of several components.
Thus, their presence increased the formation of monosulphate, reduced portlandite, did not affect
ettringite, and increased the formation of calcite, thereby improving the sustainable footprint due to
the increased CO2 fixation.

Keywords: hydration of cement; natural fiber; fiber-reinforced cement composite; DTA–TG;
SEM–EDX

1. Introduction

In the last few years, with the aim of using sustainable materials, a great deal of
research has been carried out on eco-friendly materials. Cement composites are commonly
used building materials that are used as mortar or concrete [1]. Attributed to their ex-
cellent compressive strength, low cost, long service life, and relatively low maintenance
requirements, cement composites have been used for 2000 years. The main drawbacks
of cement composites are their low tensile strength. To overcome this shortcoming, the
cement composites have traditionally been reinforced with steel bars or steel, mineral, or
plastic fibers. The natural fiber obtained from recycled plant resources has a hydrophilic
nature, low cost, is environmentally friendly, and is biocompatible. These properties make
it an ideal candidate for cement-based composites [2–4]. Moreover, the use of natural fibers
reduces the carbon footprint in relation to cement composites reinforced with metal or plas-
tic fibers [5,6]. Due to the requirements for the sustainable development of environmentally
friendly building materials, particular interest has been given to the use of natural fibers as
reinforcement for cementitious materials [7,8].

It is well known that natural fiber consists of three main components: cellulose,
hemicellulose, and lignin [9–12]. Cellulose, the main structural component in natural fiber,
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has a hemi-crystal phase, while hemicellulose and lignin have amorphous phases and
binding phases for cellulose [9,13,14]. The mechanical properties of the natural fiber are
excellent due to their low density, but when they are exposed to alkaline pore solutions
and the mineral-rich environment of the cement matrix, the natural fiber degrades. This
significantly affects the bond between the fiber and the cement composite matrix, decreasing
its reinforced capacity [15].

To mitigate this degradation, the natural fibers are pre-treated using hornification,
sodium silicate, potassium silicate, silane coating, among the others [2,15–18]. Nevertheless,
several authors have proposed a matrix of ordinary Portland cement (OPC) free of calcium
hydroxide (CH). For this purpose, the OPC is partially replaced with several materials
such as metakaolin [19–22], crushed calcined clay bricks [19,20], ground granulated blast
furnace slag [22–24], and the results are promising. In this case, partial Porland cement
replacement materials initially improve the mechanical properties and the durability of the
natural fiber reinforcement cement composites (NFRCCs). Although the above referenced
studies do not specifically focus on the study of the hydration of cementitious composites,
they do modify the hydration process of cement by changing the behavior of natural fibers.
Moreover, the use of natural fibers is suitable to increase the level of hydration in cement
composites [25]. As stated in [26], the natural fibers have a high water-adsorption capacity
that reduces the free water available for the curing process and delays the hardening of
the NFRCCs. The authors of [27] analyzed the effect of the water/binder (W/B) ratio with
different dosages of coconut fiber, and they concluded that a low W/B ratio reduces the
water absorption of the samples due to the reduction of their porosity. Despite previous
research, the effect of fibers in enhancing cement hydration presents uncertainties.

Among others, one of the most widely used fibers is hemp due to its low environmental
impact, since fertilizer doses used in its cultivation are lower than those of other fibers, and
hemp does not require pesticides. In addition, it contributes favorably to the greenhouse
effect due to its “carbon-negative” behavior [28,29]. Others research [30,31] focuses on the
use of hemp as a substitute for aggregate to reduce the consumption of mineral aggregate
and to mitigate their effect on greenhouse gas emissions.

According to the literature, the most relevant products from the hydration of the OPC
are calcium silicate hydrate (C-S-H) and portlandite (calcium hydroxide CH) [32,33].

In order to analyze the hydration of the OPC, a differential thermal and thermogravi-
metric analysis (DTA-TG) is one of the most effective tests proposed [34–36]. Thus, the
reactions that occur in OPC with increasing temperature have been described in the litera-
ture [32]. To determine the degree of hydration from the thermal analysis tests, the most
widely used methods are those proposed by Bhatty [37]. The author proposed four phases
based on the loss of water from cement hydrates. The first refers to evaporative free water
loss. The second, called the dehydration phase (Ldh), corresponds to the decomposition of
gypsum and ettringite, as well as to the loss of the water from the carboalumination and
C-S-H hydrates. The third phase relates to the dihydroxylation of portlandite (Ldx). Finally,
the last phase refers to the decarbonation of calcium carbonate (Ldc) [32,38].

Based on Bhatty’s method, several authors presented different ways to achieve more
accurate results. Thus, Pane et al. [39] added a new value depending on the type of
mineral used to replace a portion of the Portland cement. The authors proposed a different
range of degrees for Ldh, Ldx, and Ldc. Monteagudo et al. [34] used a mixed equation
proposed by Bhatty and Pane et al. and proposed another range of degrees for the water
loss. Mounanga [40] added the values of the mass loss recorded between 600 and 800 ◦C,
the device’s drift, the meaning of the mass variation of the empty crucible subjected to
an elevated temperature causing a weight increase, and finally, the ignition loss of the
anhydrous cement mass. Finally, Ref. [41] proposed a more accurate method to compute
calcium hydroxide [Ca(OH)2], taking into account the carbonation that occurs during the
preparation of the specimens.

The limits of these phases differ according to the different models proposed in the liter-
ature. Table 1 shows the Ldh, Ldx, and Ldc range values recorded by the different authors.
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Table 1. Ldh, Ldx, and Ldc range values from the literature.

Authors
Range Values

Ldh Ldx Ldc

Bhatty [37] 105–440 ◦C 440–580 ◦C 580–1000 ◦C
Pane et al. [39] 140–440 ◦C 440–520 ◦C 520–1100 ◦C

Monteagudo et al. [34] 105–430 ◦C 430–530 ◦C 530–1100 ◦C

Moreover, the main weight loss phases in natural fibers consisted of the loss of water
through evaporation that occurred in the 40–110 ◦C range, the weight loss that occurred
through hemicellulose decomposition, as well as a major part of lignin in the 270–380 ◦C
range. The higher temperature presented the bigger loss of weight due to the degradation
of lignin and cellulose [15,42–44].

Although the literature indicates the positive effect of natural fibers on cement hydra-
tion [25], there are few studies on this matter. The goal of this study is to understand the
influence of natural fibers, in this case hemp without pre-treatment, in the hydration of
NFRCCs using a qualitative analysis. For this purpose, several samples of OPC mortar
with and without natural hemp fibers were tested. The fibers were not treated to maximize
the fibers’ water retention and its effect in the hydration process. Different tests were
carried out to characterize the mortar samples: scanning electron microscopy and energy
dispersive X-ray spectroscopy (SEM–EDX), X-ray diffraction (XRD), and TGA/dTGA. For
the characterization of cement, sand, and fibers, SEM–EDX was carried out. Moreover, due
to its ease of computing values and its sufficient level of accuracy for this study, Bhatty’s
method [37] was used to compute the degree of hydration. The main conclusion of this
study was that the natural untreated hemp fibers increased the hydration degree of the
samples by 9%. Moreover, the formation of ettringite was not affected by the fibers, but
the formation of monosulphate clearly increased. Moreover, the presence of the fibers
reduced, in general, the formation of portlandite. Finally, the higher formation of calcite
in the samples with fibers confirmed its behavior as a CO2 collector and reduced the
carbon footprint.

2. Materials and Methods
2.1. Materials

According to [45], the samples were manufactured using Portland Cement CEM I/42.5
N-SR 5, Uniland brand. The sand was a granitic, crushed, washed aggregate with 0/2
granulometric fraction (AF-0/2-T-G-L) according to [46]. The cement to sand ratio (C:S)
was 1:3. Normally, the water: cement ratio for a concrete and mortar elements ranges
between 0.45 and 0.55 if additives are not used. The minimum stochiometric water: cement
ratio is 0.23, in terms of the hydration process [47], so the remaining water was used to
improve the workability of the conglomerate. Thus, to analyze the effect of the fibers in the
hydration process of the cement, this study used a potable water to cement ratio (W/C)
of 0.33.

The function of the fiber is to partially replace the aggregates, so the fiber size ranged
from 0.5 to 2 mm. The fiber was supplied in blankets that were manually cut. To unify the
size of the fibers, they were sieved with a rotary and vibrating machine using 0.5- and 2-mm
sieves from the UNE 7050 series. According to the literature [30,48], the most common
weight rate of fiber versus Portland cement weight ranges between 0.5 and 3%, and 1% is a
very frequent rate.

Table 2 shows the quantitative chemical composition of Portland cement, sand, and
fibers, and this was determined through scanning electron microscopy and energy disper-
sive X-ray spectroscopy (SEM–EDX) using a scanning electron microscope (SEM) (ZEISS
DSM 960 A, 20 kV, resolution 25–4 nm, image resolution 2048 × 2048 pixels) and energy
dispersive X-ray spectrometer (EDX) (Bruker X-Flash 5010), and a silicon drift detector
(SDD) refrigerated by Peltier, with a resolution≥ 129 eV Kα Mn. (Bruker, GmbH, Germany).



Sustainability 2023, 15, 9388 4 of 17

To analyze the samples, they were soaked in a dilution of acetone to stop hydration, water
exchange, and to avoid carbonation of the samples.

Table 2. Elemental chemical composition of Portland cement, sand, and fibers in the % of weight.

Element
Average %

Cement Sand Fiber

C 4.00 15.34 65.99
O 48.34 47.74 32.34

Mg 0.66 1.73 -
Al 1.36 7.18 -
Si 5.47 13.75 -
Ca 35.38 0.26 1.20
K 0.83 3.75 0.47

Na 0.26 0.20 -
S 0.45 - -
Fl 0.80 - -
Cl - 0.01 0.01
Fe 2.46 8.69 -
Ti - 0.67 -

Mn - 0.10 -
Ni - 0.60 -

Although this was a semi-quantitative analysis, since the reading of the composition
of the samples was superficial, it was useful to have an approximation of the composi-
tion of the raw materials used in the manufacturing of the mortar. Table 2 presents the
average values obtained from the analysis of four points in the sample of Portland cement
(Figure 1a), and three points in the sand samples (Figure 2a). Figure 1b shows the EDX
plot of the Portland cement sample corresponding to point object 2. As can be seen, the
main components of the cement used were O, Ca, Si, and C at a rate of 48.34%, 35.38%,
5.47%, and 4%, respectively. It was a cement with a high percentage of Ca and low Al
content (1.36%) as it was a sulphate-resistant cement in which the amount of C3A must be
less than or equal to 5% [49,50]. For the sand, Figure 2b shows the EDX plot of the sample
corresponding to point object 3. In this case, the major components were O, C, Si, and Fe at
a rate of 47.74%, 15.34%, 13.75%, and 8.69%, respectively. It was a silica sand appropriate
for the manufacturing of mortar.

For the fiber, due to its greater uniformity, all samples (Figure 3a) were analyzed. As
hemp fiber is an organic material, it is mainly composed of C, O, and Ca at a rate of 65.99%,
32.34%, and 1.20%, respectively. As in any organic material, carbon was the main element.
Figure 3b shows the EDX plot of the untreated hemp fiber.
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2.2. Test Methods

To analyze the degree of hydration, different tests were carried out on the samples with
and without fibers at age 2, 3, 7, 14, and 28 days and manufactured according to [45]. The
size of the mortar samples was 30 × 30 mm2 and 3 mm thick. The manufacturing process
of the specimens was carried out in a planetary mixer, following these steps: (1) water and
Portland cement were introduced and mixed for 30 s. (2) Sand and fiber were added and
mixed for 30 s. more. (3) As indicated in the standard, the planetary mixer was stopped for
30 s. (4) To improve the homogeneity of the mortar, the material adhering to the walls of
the planetary mixer was recovered and mixed for 60 s. All materials were added dry.

As stated in [51], the samples were kept in a humid chamber at 20± 3 ◦C with 65 ± 5%
relative humidity after demolding (1 to 3 days) until the day of testing.

The thermogravimetric analysis (TGA) was carried out according to [52] with a
TGA/DSC 1 instrument from METTLER TOLEDO, with a balance resolution of 0.1 µg
and a temperature accuracy of ±0.5 ◦C. The method consisted of a heating rate of 30 ◦C to
1000 ◦C, 20 ◦C/min under an atmosphere of synthetic air with a purge of 40 mL/mm, and
using crucibles of alumina with a capacity of 150 µL.

Once the TGA test was performed and the corresponding values were obtained,
Bhatty’s [37] method was applied to determine the degree of hydration of the mortar. The
method proposes Equations (1) and (2) for calculating the chemically bound water and the
degree of hydration, respectively.

WB = Ldh + Ldx + 0.41 (Ldc) (1)

α =
WB

0.24
× 100 (2)

where WB, Ldh, Ldx, Ldc, and α are the chemically bound water, mass loss in dehydration
(105–440 ◦C), dihydroxylation (440–580 ◦C), and decarbonation (580–1000 ◦C) phases and
the hydration degree, all values are expressed in percentage.

Equation (1) expresses the chemically bound water (WB) calculation from the relative
mass losses of Ldh, Ldx, and Ldc. Bhatty proposed a constant value of 0.41 derived
from the carbonated portlandite. This factor is the result of a division of the molecular
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weights of H2O and CO2 (18/44). Equations (3) and (4) show the reactions that take place
during the carbonation of calcium hydroxide (CH) and the posterior decomposition of
the carbonates. Molecular weights were added under different molecules involved in the
carbonation process.

Ca (OH)2 + CO2 → CaCO3 + H2O
74 44 100 18

(3)

CaCO3 → CaO + CO2
100 56 44

(4)

The value of 0.24 in Equation (2) represents the maximum chemically bound water
necessary to hydrate a cement particle that has lost its wholeness (WB∞), which can range
between 0.23 and 0.25 [53]. Thus, the degree of hydration is directly proportional to the
chemically bound water.

The chemical composition of the mortar samples was determined using X-ray diffrac-
tion (XRD) with a Bruker D8 Advance powder diffractometer with Bragg–Brentano Theta-
2Theta geometry and copper K-alpha radiation (λ = 1.5406 Ǻ) from a ceramic X-ray tube. A
secondary graphite monochromator was used and the angle range scanned was 4 to 50◦

2 θ with a step size of 0.05◦ and a scan step of 13, 15, 10, and 6 s.
The quantitative chemical composition of the mortar samples was carried out us-

ing scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM–EDX).
The specimen preparation and test procedure were the same as those described in the
previous section.

3. Results and Discussion
3.1. Differential Thermal and Thermogravimetric Analysis (TGA/dTGA)

Table 3 shows the weight losses, chemically bound water, and hydration degree after
analyzing the TG heating curve of the samples with (MF) and without (M) fibers.

Table 3. Relative values from the TGA test on mortar: weight losses, chemically bound water, and
hydration degree (Bhatty’s method: Tref. 105 ◦C).

Specimen Curing Time
(Days)

Weight Losses % Chemically
Bound Water

Hydration
Degree

Ldh Ldx Ldc Ltotal (WB) % (α) %

M2 2 8.0287 1.6333 5.2408 14.9028 11.8107 49.21
M3 3 8.3771 1.9306 5.0795 15.3872 12.3903 51.63
M7 7 8.5237 1.9035 4.6927 15.1199 12.3512 51.46
M14 14 8.4500 2.0200 5.4432 15.9132 12.7017 52.92
M28 28 8.0277 2.1218 5.4292 15.5787 12.3755 51.56
MF2 2 8.3505 1.5965 5.4428 15.3898 12.1785 50.74
MF3 3 9.0348 1.8011 5.2054 16.0413 12.9701 54.04
MF7 7 9.3561 2.0033 5.4003 16.7597 13.5735 56.56

MF14 14 9.6306 2.0985 5.7764 17.5055 14.0974 58.74
MF28 28 8.7187 1.9361 6.4663 17.1211 13.3060 55.44

The degree of hydration showed slightly lower values than expected [54]. Moreover,
the hydration values of the samples at 28 days were lower than those obtained at 14 days.
These decreases could be associated with the presence of fine aggregate. This fact does
not substantially modify the qualitative analysis sought in this study, but it would require
future studies to minimize its effect.

To better analyze the values presented in Table 3, Figure 4 shows the difference in
the weight loss (Wloss) computed as the value of the weight loss of the sample with fibers
minus the value of the same sample but without fibers, and divided by the weight loss of
the sample with fibers expressed in percentage for Ldh, Ldx, Ldc, and Ltotal over time.
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As observed in Figure 4 and Table 3, the degree of hydration was higher in the mortar
with fibers.
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From the values for Ltotal, it could be observed that the value for the fiber samples
was higher than for the samples without fiber. This value increased to a value of around
9% at 7 days, and from here, it remained constant. In the dehydration phase (Ldh), the
difference in weight loss increased until it reached 12% at 14 days, and decreased to a
value of 8% at 28 days. These hydration increases in the samples with fibers agree with the
literature [25]. In this phase, the fiber decomposed from 110 to 380 ◦C, with approximately
96% disappearing and the rest becoming ash [44], but it was not possible to attribute all
of the difference in weight loss at this point because the fiber represented 0.25% of the
total weight of the samples. Moreover, the formation of ettringite, produced at early ages,
remained similar in both with and without fiber samples. The hemp fibers, due to their
composition (Table 2), promoted the formation of a greater quantity of monosulphate
through a reaction between ettringite, C3A, and water. When the gypsum was consumed,
monosulphate was formed (at advanced ages) and the amount of ettringite decreased.
When the hemp fiber was added, it provided a major retention of water, an additional
amount of Ca, and a small amount of Al, which together with the C and O from the fiber
accelerated carbonation, promoting the formation of a greater amount of monosulphate,
although it was not detected in the XRD. Thus, the greater weight loss for the fiber samples
in this phase could be associated with an increase in the production of monosulphate.

In the dihydroxylation phase (Ldx), a lower level of hydrated products, in this case
portlandite, was observed in the samples with fibers during the first 3 days. This behavior
could be attributed to the chemical composition, porosity, and hydrophilicity of the fibers
that delay the hydration of the mortar. The existing literature confirms this fact because the
porosity and hydrophilicity of fibers produces a buffer effect that regulates the moisture
within the mortar [26,55]. For this reason, it was observed in the thermogravimetric curves
and in the diffractograms that there was a lower portlandite content in the mortar with
fibers at early ages. Then after 7 days, the portlandite content increased in all samples
and was very similar but always slightly lower in the mortar with fibers. Therefore, the
fibers acted as regulators in the curing of the mortar, producing a slower hydration in the
early ages.

Finally, in the decarbonation phase (Ldc), the effect of carbonation in the mortar was
complete at 14 days for a sample without fibers, while carbonation in the fiber samples
continued to increase. This point could be attributed to the saturation of the samples
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without fibers at 14 days due to the small amount of mixing water, while in the samples
with fiber, the water was still passing through. The combination of the last statements could
point to the idea that for the fiber samples, the hydration process was ongoing The TGA
and dTGA curves (Figure 5) clearly show the peaks corresponding to the three phases of the
cement hydration process at different ages with the formation of ettringite, monosulphate,
and C(A)SH gels in the first phase, portlandite in the second, and calcite in the third [56]. As
can be seen, after 7 days, the process of decomposition of ettringite and the appearance of
monosulphate began, both in the samples with and without fibers, which became evident
at 14 days with a peak at 130 ◦C. Ettringite was the first hydrate to form due to the high
sulfate/aluminate ratio of the cement. As already mentioned in the composition of the
cement, a sulphate resistant cement with a low percentage of aluminum was used so that
monocarboaluminate and hemicarboaluminate did not appear in the curves. Ettringite
became unstable when the amount of aluminate increased again upon dissolution, and
reacted with tricalcium aluminate to form monosulphate [56,57]. When carbonation occurs,
the aluminate phases AFm and ettringite decompose to form gypsum, calcium carbonate,
and alumina gel [58]. At 28 days, it could be observed that in the samples with fibers, the
monosulphate peak was higher than that of ettringite, while in the samples without fibers,
they were at the same level. This behavior is in agreement with the existing literature [59],
since a strong delaying effect in cement hydration was detected at a peak of 145 ◦C, which
was attributed to the formation of gypsum (monosulphate) when yellow dextrin, one
oligosaccharide of similar composition to the fibers, was added.
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An anomaly was observed in the total weight loss and in the degree of hydration of
the mortar without fibers at 7 days, as the result was lower than that obtained at 3 days
(Table 3). This anomaly in the sample without fibers at 7 days was clearly observed in the
dTGA curve (Figure 5a), where only the peaks corresponding to ettringite, portlandite,
and calcite appeared, while the rest of the curves showed a multiplicity peak, especially
between the formation process of portlandite and calcite and during the formation of calcite.
This behavior can be attributed to the higher compactness of the 7 day mortar sample.

The weight losses observed between 540 and 760 ◦C could be attributed to the carbon
present in the samples. This carbon produced greater weight losses in the samples with
fibers since the carbon appeared in greater proportion. This proportion of carbon corre-
sponded to the remaining carbon from the hemp fibers that was not completely eliminated
during the first decomposition of the hemp fibers at a temperature of approximately 330
to 400 ◦C [44]. It was observed that the most important peak appeared in the samples
with fibers at 28 days and at a temperature of 670 ◦C. The rest of the peaks were less
representative, and this was also the case for the samples without fibers. The amount
of silicon in the sample could increase the decomposition temperature (oxidation) of the
carbon [60].

The broad undulation observed in the dTGA curve of the samples without fiber
(Figure 5a) between about 560 ◦C and 770 ◦C was attributed to the CO2 release that
occurred gradually between the dehydration of calcium hydroxide (portlandite) and the
onset of the carbonation of calcium carbonate (calcite) through the action of silicon oxide.
This reaction could produce calcium chondrite (around 775 ◦C) and a compound similar to
belite (γ-C2S) called kilchoanite (around 685 ◦C) [61]. This undulation was also observed
in the samples with fibers, but not as uniform due to the attenuating intervention of the
chemical compounds of the hemp. The peaks of 885 and 870 ◦C in the samples without
and with fibers, respectively (Figure 5a,b), were in correspondence with the decomposition
of an anhydride carbo-silicate [61].
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The endothermic peak that corresponded to a temperature of 600 ◦C produced an
increase in weight as it was a metallic element, and could be attributed to the oxidation
of Ti from the sand (Figure 2b). The existing literature fixes this peak at about 557 ◦C [62].
This peak only appeared in the sample with fibers at 7 days due to a concentration of Ti. As
can be observed in the dTGA curves, this element did not appear in the rest of the samples.

3.2. X-ray Diffraction (XRD)

The XRD patterns of M and MF samples at 2, 3, 7, 14, and 28 days are shown in Figure 6.
The main hydration products of Portland cement mortar were ettringite, monosulphate
(Ms), portlandite, quartz, and some poorly crystallized C(A)SH. At the early ages, an impor-
tant amount of ettringite appeared and reacted with C3A to form the stable monosulphate
phase. The addition of natural fibers in the Portland cement mortar could accelerate the
transformation of ettringite, but in this study, Ms could not be detected in the XRD patterns
(10.2 2θ), as shown in Figure 6. As mentioned, when analyzing the TGA/dTGA curves,
ettringite started to decrease slightly due to its transformation into monosulphate after
7 days and the important change occurred after 14 days. This decrease at later ages was
related to the type of cement used, since the sulphate resistant cement had a low amount of
aluminum oxide and delayed the formation of monosulphate [56,57].

The C2S and C3S detected at 32–33◦ 2θ in the XRD patterns gradually decreased with
time, as can be shown in the loss of peak intensity [63]. The highest peak appeared at
14 days, both in the samples with and without fibers (Figure 6). This behavior demonstrates
that Portland cement continued to hydrate and generate C(A)SH and portlandite (18.08 and
34.08◦ 2θ). Focusing on the content of non-hydrated C2S-C3S products, it can be observed,
as shown in the TGA/dTGA curves, that there was a greater amount (higher peaks) in the
samples without fibers, which indicated a higher degree of hydration in these samples.
This pattern was very clear after 7 days, since at two days, the amount of non-hydrated
products was similar, as observed through a thermogravimetric analysis. Especially for
the samples with fibers, the peak intensity of portlandite decreased with age (Figure 6b)
because the fibers retained water. Thus, the amount of portlandite was lower than in the
samples without fibers at all ages (Figure 6).

As for the calcite formation, it can be observed in Figure 6 that it continued to grow
up to 14 days in both types of samples. It can be observed that it appeared in a greater
quantity in the samples without fibers until 14 days, where the tendency was reversed, and
in the samples with fibers, the production of calcite increased as higher peaks appeared.
The increase in calcite production in the samples with fibers could be attributed to the
composition of fibers, in which the main components were carbon, oxygen, and calcium.
This led to an increase in the formation of calcite (CO3Ca), contributing to an increase in
carbon dioxide sequestration, reducing the environmental impact of the mortar with fibers
compared to the one without fibers [64]. This increment in calcite production could indicate
a higher degree of hydration in the mortar with fibers in this phase but as it had a reduced
incidence on the degree of hydration (see Equation (1)), this did not manifest itself in the
total loss of water, and had a slight effect on the final degree of hydration.

The high quartz content in all of the mortar samples, as shown in the diffractograms
(Figure 6), is due to the use of a silica-rich sand.
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3.3. SEM–EDX

The morphologies of the hydration products at different ages were evaluated using
an SEM–EDX analysis. The apparition of ettringite was detected at the early ages since
the cement used had a low percentage of C3A. This ettringite gradually disappeared over
time to become monosulphate. Although this transformation did not appear clearly in the
XRD, it could be perfectly observed in the thermogravimetric analysis (Figure 5) and was
corroborated by the images obtained through SEM. Figure 7a–d shows the formation of
ettringite at 2, 3, 7, and 14 days, respectively. In Figure 7c,d, the needle-shaped crystals
of ettringite are considerably reduced and new crystalline forms appear, which could be
attributed to the AFm phase by the reaction of the ettringite with the anhydrous aluminates
due to the decrease in the concentration of sulfates in the solution.
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Figure 8 presents the SEM images of the formation of another main component in
mortar: portlandite. In order to visualize this element, it was necessary to take photographs
at high magnification due to its crystalline structure, because the portlandite can crystalize
in hexagonal or cubic form and is sometimes difficult to locate as it has a laminar structure.
These portlandite crystals are so thin that they are only a few tenths of a micrometer wide,
hence the difficulty in locating them using SEM. At this age, the portlandite presented a
good crystalline development with perfectly delimited edges [65].
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Figure 8. SEM images of portlandite at 28 days, ×10,000 in a mortar without fibers.

Figure 9 shows the hydration halo of the belite (C2S) at different ages, which indicated
whether it was more or less hydrated. A reaction halo was observed that started on
the external part of the C2S and moved inwards as its hydration state progressed. The
difference in hydration observed across the halo for belite particles at the same age was
attributed to the higher water avidity of some grains and selective hydration leading to the
faster hydration of some of them [65].



Sustainability 2023, 15, 9388 14 of 17

Sustainability 2023, 15, x FOR PEER REVIEW 14 of 17 
 

 

    
(a) (b) (c) (d) 

Figure 9. SEM images of belite (C2S) at different ages in the samples with fibers: (a) 7 days, ×5000; 
(b) 14 days, ×5000; and samples without fibers: (c) 7 days, ×5000; (d) 14 days, ×2000. 

The hydration halo could be observed in the formation of belite in the samples with 
and without fibers at the age of 7 days (Figure 9a,c), which indicated the principle of hy-
dration of this compound. Moreover, after 14 days, the halo had practically disappeared 
(Figure 9b,d), suggesting that belite was completely hydrated in agreement with the ex-
isting literature [65]. As can be seen in Figure 9d, the hydration of belite varied from one 
particle to another in mortar of similar age. The upper particle was in process of hydration 
while the lower particle was fully hydrated. The difference in hydration observed across 
the halo for belite particles at the same age is attributable to the higher water avidity of 
some grains and selective hydration leading to the faster hydration of some of them. 

4. Conclusions 
This manuscript analyzed the hydration degree, hydration products, and microstruc-

ture of OPC mortar with and without untreated natural hemp fibers to explore the effect 
of fibers in mortar composite. The main findings are listed below: 

The addition of untreated natural hemp fibers in OPC mortar increased the degree of 
hydration by about 9–9.5% at all ages of samples. 

The fibers increased the formation of monosulphate but not ettringite. Ettringite 
transformed into monosulphate after 7 days and this did not depend on the presence of 
fibers in the OPC mortar. 

In general, the presence of fibers implied a lower portlandite content generating 
C(A)SH in the samples, as could be observed in the XRD pattern. This point could be as-
sociated with water retention in the fibers. 

Finally, the samples with fibers presented a higher level of calcite for every age. This 
point would confirm that the presence of fibers in the cement composites results in a 
higher amount of CO2, improving the sustainable footprint. 

This study was focused to understand, from a qualitative analysis, the influence of 
the untreated natural fibers in the hydration process of the OPC mortar composites. De-
spite these results, the effect of untreated natural hemp fibers on the hydration degree and 
the evolution of the microstructure are still unclear. Further studies will be necessary for 
its understanding. In addition, other parameters, such as the influence of fiber treatments 
to improve durability, fiber type, and characteristics such as length, the optimization of 
the microstructure of fiber cement composite for strength and durability, among others, 
should be analyzed in future lines of research. 

Author Contributions: Conceptualization, M.À.C. and J.L.; methodology, M.À.C.; software, F.J. and 
F.X.E.; validation, M.À.C. and F.J.; formal analysis, E.G., investigation, J.S.; resources, E.G. and J.S.; 
data curation, F.J., F.X.E. and M.À.C.; writing—original draft preparation, M.À.C.; writing—review 
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(b) 14 days, ×5000; and samples without fibers: (c) 7 days, ×5000; (d) 14 days, ×2000.

The hydration halo could be observed in the formation of belite in the samples with
and without fibers at the age of 7 days (Figure 9a,c), which indicated the principle of
hydration of this compound. Moreover, after 14 days, the halo had practically disappeared
(Figure 9b,d), suggesting that belite was completely hydrated in agreement with the existing
literature [65]. As can be seen in Figure 9d, the hydration of belite varied from one particle
to another in mortar of similar age. The upper particle was in process of hydration while
the lower particle was fully hydrated. The difference in hydration observed across the halo
for belite particles at the same age is attributable to the higher water avidity of some grains
and selective hydration leading to the faster hydration of some of them.

4. Conclusions

This manuscript analyzed the hydration degree, hydration products, and microstruc-
ture of OPC mortar with and without untreated natural hemp fibers to explore the effect of
fibers in mortar composite. The main findings are listed below:

The addition of untreated natural hemp fibers in OPC mortar increased the degree of
hydration by about 9–9.5% at all ages of samples.

The fibers increased the formation of monosulphate but not ettringite. Ettringite
transformed into monosulphate after 7 days and this did not depend on the presence of
fibers in the OPC mortar.

In general, the presence of fibers implied a lower portlandite content generating
C(A)SH in the samples, as could be observed in the XRD pattern. This point could be
associated with water retention in the fibers.

Finally, the samples with fibers presented a higher level of calcite for every age. This
point would confirm that the presence of fibers in the cement composites results in a higher
amount of CO2, improving the sustainable footprint.

This study was focused to understand, from a qualitative analysis, the influence of the
untreated natural fibers in the hydration process of the OPC mortar composites. Despite
these results, the effect of untreated natural hemp fibers on the hydration degree and the
evolution of the microstructure are still unclear. Further studies will be necessary for its
understanding. In addition, other parameters, such as the influence of fiber treatments to
improve durability, fiber type, and characteristics such as length, the optimization of the
microstructure of fiber cement composite for strength and durability, among others, should
be analyzed in future lines of research.
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