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Highlights

e CA and CS addition increases the porosity and modifies the pore size distribution.
e 1 wt% CS by weight of cement leads to better hydration of the CA-based mortars.
e CS addition reduces the amount of interconnected capillary pores.

e 1 wt% CS reduces the shrinkage of CA-based mortars.

e 10 MK _SP achieves optimal workability, shrinkage and mechanical performance.

Abstract

The purpose of this study is to investigate the properties of cellulose acetate-based mortars with
the addition of calcium stearate (CS), superplasticizer (SP) and metakaolin (MK). Previous
research has shown that cellulose acetate (CA) fibers from industrial cigarette butts (CB) treatment
can be incorporated into standard mortars at a rate of 1.3 wt%. CS was added in various proportions
by weight (0.5, 1, 1.5 wt%), and their influence on cement hydration and microstructure was
studied using various investigative techniques. The addition of CS was found to be beneficial in
reducing the amount of water absorbed by CA, despite the significant absorption of these fibers.
Furthermore, a CS rate of 1 wt% decreased CA-based mortar shrinkage. Additionally, 1 wt% CS
improved by 18% the compressive strength of CA-based mortars manufactured with SP compared
to the reference CA-mortar. CA fibers and CS seem to modify mortar microstructure by creating a
plurimodal pore size distribution and reducing capillary pores. The CS addition, however, resulted
in more cracks and reduced workability due to the weakening of the bond between the cement paste
components. MK-mortars showed a slight 15% reduction in compressive strength and 13%
reduction in bending strength; along with a 20% increase in shrinkage. By incorporating CA fibers
as an additive along with CS or MK, CA-based mortars can improve some properties, including
shrinkage and mechanical strength. Further, this approach offers a potential solution to CB
pollution by reducing the environmental impact of this waste.
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Mortar; damp proofing material; microstructure; biosourced materials; mechanical properties
1. Introduction

Climate change, CO2 emissions and natural resources depletion pose significant challenges
to the construction industry. The World Business Council for Sustainable Development (WBSCD)
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reported that global temperatures have already surged by over 1°C. This significant rise is mostly
attributed to the increase in CO, concentrations in the atmosphere [1]. Global waste production is
projected to increase by 70% by 2050 if no urgent action is taken [2]. In France, nearly 240 million
tonnes of waste were generated in the construction industry in 2018 [3]. Worldwide, over 40% of
waste production is inadequately managed, with incineration and landfilling being the most
common disposal methods [4]. The construction sector worldwide accounts for over 36% of the
total energy consumption and contributes to 40% of CO. emissions [5]. In France, this sector
consumes more than 30% of natural resources [6].

The use of alternative materials in construction has become a necessity to preserve nature
and humanity. Many countries are tackling this challenge, especially France, as its construction
sector consumes 43% of energy and contributes to 23% of greenhouse gas emissions [7]. Thus, this
has led researchers to develop environmentally friendly and sustainable building materials. These
innovations enable energy savings, waste recycling, and compliance with environmental
requirements.

Numerous studies have investigated the influence of natural or recycled fibers within the
cementitious matrix. Fibers have been shown to improve various properties of existing construction
materials. Natural fibers and bio-based materials showed significant properties that enhance their
suitability as construction materials in several aspects. These include acoustic absorption and
thermal insulation [8], [9], [10], [11], [12], fire prevention [13], carbon storage [14], and tensile
strength [15]. For instance, in [16], the incorporation of diss fibers in the cement matrix led to
lighter composites with improved thermal insulation. With a 30% fiber content, thermal
conductivity was reduced by 76% compared to the reference. Moreover, this addition enhanced
composites toughness under flexion and compression, improving post-failure behavior.

Cigarette butts (CB) are an example of waste requiring recycling. Worldwide, CB are the

most common litter waste found in the environment [17]. Global cigarette production was
estimated at 5.7 trillion cigarettes in 2016 [18]. According to [19] cigarette production will reach
9 trillion by 2025. As for cigarette smoke, it contains more than 7 000 toxic compounds. Cigarette
filters retain these substances, including approximately 4000 toxic chemicals such as nicotine [20].
However, cigarette filters can be found thrown on the ground and beaches. Due to rainfall and
various weather conditions, CB are carried to drainage systems and eventually reaches the ocean
[21]. One thrown cigarette can contaminate more than 1000 litres of water. Once nicotine is entirely
leached into the water, its concentration can surpass the European Union limit for tobacco waste
[22].
This waste threatens several ecosystems due to its toxic compounds and biodegradability resistance
[22]. Cigarette filters are usually composed of 97 wt% of cellulose acetate (CA), a modified natural
polymer with low biodegradability, approximately 7.5-14 years [22], [23]. In addition to the limited
collection of this waste, most of it is incorrectly eliminated. Landfilling and incineration are not
the most appropriate methods for handling cigarette butts. These methods are expensive, not
durable and can leak contaminants into groundwater and the atmosphere [24], [25].

To strengthen international governmental policies aimed at decreasing cigarettes use [26],
[27], researchers have developed different methods for recycling CB waste in recent years. These
methods focus on transforming waste into recycled materials. CB has been valorised in various



fields, including building materials, biological wastewater treatment, paper production, activated
carbon, and sound absorbers [24]. Encouraging results have been achieved.

In the building materials field, the study in [28] confirmed that CB addition increased
concrete block ductility but decreased compressive strength. In another study [29], the authors used
CB to improve clay bricks thermal and energy performance. The addition of 1 wt% of CB reduced
thermal conductivity by 15% and saved energy up to 8% compared to reference bricks.

Multiple studies were conducted to explore the incorporation of CB in clay bricks, with
incorporation rates ranging from 0 wt% to 10 wt% [30], [31], [32]. The authors observed a decrease
in density, thermal conductivity, compressive strength, along with an increase in porosity, as the
incorporation rate in clay bricks increased. Additionally, research focused on replacing coarse
aggregates in stone mastic asphalt with bitumen-encapsulated cigarettes (1, 2 and 3 wt%) [33].
CB were incorporated at various rates, including 0%, 0.5%, 1%, 1.5%, 2% and 2.5% based on
plaster weight in gypsum composites for building applications [34]. The optimal mechanical results
were achieved with a 2.5 wt% addition. Both compressive and bending strengths presented a
gradual increase compared to the reference. Although no significant difference was observed in
acoustic absorption, these compounds can be applied in various construction applications that
require good mechanical strength.

Only few recent studies have been published on the incorporation of recycled CA into
concrete, mortars or geopolymers demonstrating the originality of this work.

In [35], encapsulated cellulose acetate microfibers were incorporated at various rates (ranging from
0 to 1.5%) in geopolymer mixes. The addition of CA fibers to the mixes resulted in a gradual
reduction in mix workability. This reduction was attributed to the porous texture, rough surface,
low density, and hydrophilic nature of CA microfibers. Furthermore, the incorporation of 1.5 wt%
of CA led to a significant decrease in compressive strength, approximately 41% lower than the
reference. This reduction was associated with pore formation and CA agglomeration. Moreover,
the flexural strength increased by up to 4% with 0.8 wt% content. Additionally, a decrease in
density and an increase in porosity and water absorption were noted. As a result, the addition of
CA contributed to enhancing geopolymers thermal insulation.

Another study [36] investigated the mechanical and durability performance of different concrete
mixes with CA. Different volume fractions of CA (0.5%, 1%, 1.5%, and 2.5%) were incorporated
into recycled concrete mixes with recycled coarse and fine aggregates (RCA & RFA). The optimal
CA rate was 1.5% for all mechanical performances. An increase in the CA rate in RCA or RFA led
to a decrease in concrete’s short-term durability, as indicated by increased sorptivity, porosity, and
chloride penetration.

This paper presents a sequel to the previous original work regarding the potential
valorisation of industrially pre-depolluted CA fibers in cementitious mortars [37]. The CA used is
a product of MéGQO! Company. While CA fibers have been previously used as a partial sand
replacement in cementitious mortars, in this study, they are used as reinforcement at a rate of 1.3
wt% of sand.

In the preliminary study, the current authors found that CA fibers had significant water
absorption. To address this issue and reduce CA water absorption, a literature review was
conducted on water-repellent materials applicable to cementitious materials. It was found that
calcium stearate (CS), a damp proofing material, is used as an additive in slag, mortars, concrete



and geopolymers. CS is inexpensive hydrophobic material, is derived from stearic acid, a fatty acid
generally considered safe, so does not emit harmful substances [38], [39], [40]. According to [41],
CS decreased water absorption, decreased pore connectivity by reducing microstructure defects,
and changed the pore size distribution by forming a hydrophobic film. In this research, a 4% rate
is recommended for slag. When using CS in concrete mixes, the authors of [42] noticed a 42%
reduction in free shrinkage for various water/cement ratios, along with a decrease in workability
and compressive strength. In another study [43], several mortars were manufactured with different
hydrophobic compounds as admixtures. The authors used a water/cement ratio of 0.8 and a water-
repellent admixture content of 1 wt% of cement. The CS mortars had mechanical properties very
close to those of the reference mortar. CS appeared to be a suitable, inexpensive damp-proofing
material with water-repellent properties.

Therefore, in this study, CS has been added by mixing it manually with CA at the rates of 0.5, 1
and 1.5 wt% of cement. CA could be hydrophobized after being coated with CS.

Furthermore, in [37], the addition of CA fibers to the mortar composition showed a negative
effect on compressive strength, with the latter decreasing by 22% when 1.3 wt% of sand was
replaced by CA. Metakaolin (MK) can address this issue. MK has been widely used in mortar and
concrete formulations as a filler or pozzolanic material. It has been found that MK can enhance
durability, mechanical properties, and improve pore structure [44], [45], [46], [47]. For instance,
in [44], cement is substituted with MK within the range of 5% to 20%. It is observed that
metakaolin has no significant impact on shrinkage. Also, it is assumed that the pozzolanic reaction
may modify pore dimensions while maintaining constant total water absorption. The optimal MK
addition is between 10% and 15%. When incorporating metakaolin at a 10% rate, along with 10%
silica fume and 6% coconut fibers, the authors in [48] achieved significantly improved mechanical
and physical properties in the studied mortars. In comparison to the reference mix, the optimal
formulation resulted in a 28.3% increase in compressive strength at 28 days.

This paper aims to investigate the effects of CS at rates of 0.5, 1 and 1.5 wt%, as well as

MK at a rate of 10 wt% (following [44], [45], [46], [47], [48]), on the macroscopic and microscopic
properties of mortars with the addition of 1.3 wt% of CA. The purpose of including three different
CS rates is to determine the most effective rate for ensuring optimal coverage of CA fibers, and
evaluate their impact on CA-based mortars. The selection of 1.3% CA follows previous research
where it was identified as the optimal rate. These additives were introduced into mortars with and
without a superplasticizer (SP) at a rate of 3%. This rate was also determined in the earlier study
by the authors, based on workability results of the CA-based mortars.
Thermogravimetric (TGA), mercury intrusion porosimeter (MIP) and scanning electron
microscope (SEM) analyses were conducted to identify the effects of these additions on the paste
and the hydration process, as well as to characterize pore size and distribution. The microscopic
results were correlated with the test results of fresh mortars (workability) and hardened mortars,
including shrinkage, mechanical strength and density. The results of this research could contribute
to reducing the harmful ecological impact of discarded cigarette butts.

2. Materials and methods
2.1 As-received materials

2.1.1 Sand, cement, superplasticizer



The materials used in this study are those described in the preceding article by the authors.
These materials include:

- Sand: Standard sand in accordance with CEN EN 196-1 [49], ISO 679 [50], sourced from ‘Societe

nouvelle du littoral’. The sand characteristics are cited in Table 1, and its particle size distribution
is presented in Fig. 1.

Table 1. Sand properties.

Apparent density (kg/m®) 2640
Bulk density (kg/m®) 1620
Fineness modulus 2627

Loss on ignition (LOI) at 950°C 0.16

Water absorption (%) 0.20

Al203 (%) 0.25

Fe203 (%) 0.06

P20s (%) 0.00

TiOz (%) 0.02

SiO2 (%) 98.69
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Fig. 1 Particle size distribution of the used sand.

- Cement: CEM 152.5 N CE CP2 NF in accordance with NF EN 196-1 [49]. The sand-to-cement
ratio is established at 3. The cement’s composition, as provided by the manufacturer is detailed in
Table 2 (note that this was inaccurately stated in [37]). The compound composition was determined
using the Bogue equation, as shown in Table 3.

Table 2. Cement composition.

Components wt (%)
CaO 62.79
SiO; 20.38

AL203 430
Fe20s 3.80
MgO 1.25




SO3 3.46
S Traces
K20 0.73
Na.O 0.35
Chlorides 0.04
MnO 0.05
LOI (loss on 2.04
ignition)
Insoluble 0.54
Y 99.97
Free lime 1.39
LSF (Lime
saturatio(n factor) 0.97
SR (Silica ratio) 2.51
AR (Alumina ratio) 1.13

Table 3. Anhydrous cement composition calculated by Bogue method based on the information

given in Table 2.
Components | Mass content based on Bogue equation
(%)
CsS 57.05
CaS 14.99
CsA 7.91
CsAF 8.9

- Superplasticizer (SP): SikaViscoCrete Tempo 653 superplasticizer in accordance with EN 934-
2 was employed. SP is specifically designed to improve mixtures workability.

2.1.2 CA fibers

CA fibers, illustrated in (Fig. 2), are a product of MéGO! Company, which employs a
partially autonomous depollution process to recycle CB. According to the supplier, the current
annual availability of CA fibers for MéGO! company is 20 tons, with a progressively increasing
quantity each year.

Upon collection of the butts, the used filters undergo careful sorting to eliminate all
unwanted waste. At this stage, the tobacco is separated for composting. The company imposes
strict protocols to ensure the efficiency of the sorting process. Following this step, the butts are
ground and then depolluted using a washing technique in which the main solvent is rainwater,
without the addition of any chemicals. The water is then recycled in a closed circuit. This phase
guarantees the cleaning of the butts and the removal of harmful substances. Finally, the fibers are
dried and ground once more.

The studied CA fibers have been examined by several tests to determine their
environmental impact. First, CB, which contain polar molecules, were treated with water. Water,
being a polar solvent, is used to remove contaminants from the cigarette butts. This pre-treatment



step likely aids in separating unwanted substances from the butts, making them more suitable for
recycling.

Then the CA obtained after this process were tested by SGS (Société Générale de Surveillance) to
ensure that they comply with quality, safety, health, and environmental regulations. The performed
tests include SVHC (Substances of Very High Concern) and Annex XV I both identified under the
European Union's REACH (Registration, Evaluation, Authorisation, and Restriction of Chemicals)
regulation, and POP (Persistent Organic Pollutants) regulations.

The reports have shown that i) the tested SVHC levels, ii) the organotins, cadmium and PAH
(Polycyclic Aromatic Hydrocarbons) quantities as per Annex XVII regulations, and iii) the results
of POP tests all remain within acceptable limits, not exceeding the established guidelines. Using
ICP-AES method, complementary mineralogical analysis was conducted on CA leaches indicating
non-significant percentages for Al, Fe, Mn, P, and Ti, with low percentages of Mg, Si, Ca, K, and
Na.

The fibers were dried at 60°C until mass variation less than 0.1% over 24 h, following the
recommendation of RILEM TC-236 BBBM [51], to determine their physical parameters. These
parameters include:

i) Bulk density, both without and with compaction, measuring 39 + 3 kg/m3and 65 + 2 kg/m?,
respectively;

ii) Total porosity, which stands at 97 + 1%;

iii) Water absorption after 1 minute of immersion (IRA), recorded at 500 + 146%.

Additional information regarding the fiber properties can be found in [37] as the same batch have
been used. It is noted that the supplier has indicated that batches may vary depending on the flows
of cigarettes received and the fact that the material is not homogeneous.

Several studies have been conducted on two different batches of fibers with a one-year difference
between their reception, assessing their properties through density, FTIR, TGA, water absorption,
initial water content tests, and SEM observations. The findings indicate that their properties are
similar.

The cost of CA fibers is low since they are generated from waste collected from MéGO!
clients. The primary cost is associated with the depollution process of the fibers within the closed
circuit.



Fig. 2. Cellulose acetate (CA) fibers as provided.

2.1.3. CS powder

Calcium stearate (CS) is a white, water-insoluble powder, as shown in Fig. 3a. It is a
product from the Thermo Fisher Scientific brand. It has a molecular weight of 607.03 g/mol. CS
particles exhibit an irregular, plate-like shape with angular edges. Table 4 summarizes the essential
physical and chemical properties of CS, while Fig. 3b displays a scanning electron microscopy

image of this material.

Table 4. Physical and chemical properties of calcium stearate.

Appearance White to off-white powder
Solubility Water insoluble
Melting point (°C) 145 - 160
Stocking temperature Room temperature
Chemical formula Cs6H70Ca04
Molar mass (g/mol) 607.03

Titration complexometric (%)

6.4t0 7.5 (Ca)

Loss on drying (%)

<6 (105 °C, 3 hrs)

Ash (%)

9%1010.5




Fig. 3. Calcium stearate (CS): (a) Physical aspect, (b) SEM.

2.1.4. Metakaolin

The metakaolin (MK) used is a high-reactivity metakaolin pozzolan known as ‘Metamax’.
It is produced through the thermal activation of high-purity Kaolin clay within a specific
temperature range. It is manufactured by ‘BASF Corporation Company, USA’. Its composition is
in accordance with ‘2012 OSHA Hazard Communication Standard; 29 CFR Part 1910.1200°
regulation. Table 5 presents the physical and chemical properties of the metakaolin used.

Table 5. Physical and chemical properties of metakaolin

Melting point (°C) 1300
Solubility in water Insoluble
Free moisture (%) 0.5
pH 6
Median particle size (um) 1.3
Specific gravity (g/cm?®) 2.50
Bulk density (kg/m®) 320

2.2 Sample preparation and manufacturing

After conducting preliminary tests using CA fibers as a sand replacement, the initial study
by the present authors [37] determined the optimal rate of 1.3 wt% of CA with 3 wt% of SP.
In this paper, CA fibers are used as an addition at the same rate as previously determined, of 1.3
wit% of sand. At this rate, no fiber agglomeration is observed. Also, CA was added to investigate
its potential in reinforcing the mortar and reducing its shrinkage without having a significant impact
on the microstructure.
SP was employed at a rate of 3 wt% of cement. The water/cement ratio was fixed at 0.5. CS was
added at different rates: 0.5, 1 and 1.5 wt% of cement. These three rates were selected to identify



the optimal addition rate. Additionally, a mixture was studied using 10% by weight of cement of
MK as an additive, following [44], [45], [46], [47], [48].

It is important to mention that SP rate was fixed according to the authors’ preliminary work,
and it remained constant across all formulation without considering the consistency of the mixes.
The main goal was to examine the influence of CA fibers and other additives on mortar properties,
with a fixed water/cement ratio in all mixes, thus avoiding the introduction of another new variable.
The studied formulations are presented in Table 6.

Table 6. The studied formulations.

Description N° Designation Components
1 Rf O Sand (S), Cement (C), Water (W)
| References 2 Rf 0_SP S,C, W, 3%SP
3 Rf S,C,W,13%CA
4 Rf SP S,C,W,1.3%CA, 3% SP
_ ) 5 0.5 CS S,C,W,1.3%CA,05%CS
- '\\,"V:t’;]e;u‘;"gg CS s 1.CS S,C, W, 1.3%CA, 1% CS
7 15 CS S,C,W,13%CA,15%CS
) ) 8 0.5 CS_SP S,C,W,13%CA,05%CS, 3% SP
- Mv:l)l(tehs g"’F:th CS g 1.CS SP S, C,W, 13 %CA, 1% CS, 3 % SP
10 15 CS SP S,C,W,13%CA,1.5%CS, 3% SP
IV — Mix with MK | 11 10_MK_SP S, C, W, 1.3% CA, 3% SP, 10% MK

First, and independently from the mix, CS was manually mixed with CA fibers for 2 minutes
(Fig. 4). This process enables the coating of fibers with CS, resulting in a reduction of CA water
absorption. SEM observations were conducted on 1.3 wt% CA covered with 1 wt% CS. Fig. 5
illustrates that CS can adhere to the fiber surfaces and coat a significant portion of them, yet it
incompletely covers the totality of CA.
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Fig. 4 CA and CS (a) before mixing and (b) after mixing.

Fig. 5 SEM of 1.3 wt% CA coated with 1 wt% CS.

A specified mortar mixing protocol was established based on the literature review, preliminary
tests and workability results. At first, cement, water and sand are mixed at low speed (100 rpm) in
the mixer for 1 minute. Afterward, the mortar is removed from the bowl surface and gathered in
the center for about 30 seconds. If the formulation includes superplasticiser (SP), it is added at this
point. Next, CA fibers coated with CS, prepared beforehand, are gradually introduced into the
mixer for 20 seconds to prevent mass loss of CA and CS, given their volatile nature. Then, all
components are mixed together for 1 minute at high speed (300 rpm), and the mortar is scraped
from the bowl surface. Finally, the mortar undergoes an additional 1 minute mixing at high speed
(300 rpm). The resulting mixture is used to produce 4x4x16 cm?®samples as shown in Fig. 6a . For
the mechanical and microstructural tests, the specimens were stored in a temperature-controlled
water tank at a fixed temperature of 20 °C after demolding (Fig. 6b).

Fig. 6 The studied CA-based mortars (a) after manufacturing and (b) stored in a water tank.

2.3 Experimental methods of characterization
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2.3.1 Microstructural characterization

After crushing the mortars, the samples are dried at 60°C until their relative mass variation
is less than 0.05% then sieved at 315 um. Thermogravimetric analyses (TGA) are then conducted
on the particles passing the sieve to determine the chemical composition of the mortars.
TGA is athermal analysis plotting mass variation against temperature. This analysis was performed
using the Netzsch STA 449 Fx Jupiter® analyser under a nitrogen atmosphere to maintain inert
conditions. The recorded data include i) the temperature range from 25 to 1250°C, ii) a heating rate
of 10 k/ min, and iii) information regarding sample mass loss.
The derivative DTG enables the identification of specific temperature values associated with
significant mass losses.

The materials and the mortar’s microstructure were examined through a series of tests,
including Microstructural Porosity by Mercury Injection (MIP) and Scanning Electron Microscope
(SEM) analysis.

Mercury Intrusion Porosimetry (MIP) is employed to determine the pore size distribution
and open porosity of the samples. The Micrometrics Autopore 1V 9520 Porosimeter serves as the
testing device for this purpose. The MIP test includes two phases. At first, air is evacuated from
the penetrometer, allowing mercury to fill it under a small pressure of 0.1 MPa. Then, pressure is
gradually increased to allow mercury infiltration into smaller pores. The second phase consists of
immersing the sample in a hydraulic fluid under high pressure, approximately 414 MPa.

A scanning Electron Microscope (SEM) observations are conducted on CS, CA coated with
CS and the mortar samples. The FEI Quanta 400 scanning electron microscope is utilized in the
SE mode. These observations are qualitative and help illustrating the microstructural morphology
of the tested samples.

2.3.2 Macrostructural characterization

The workability test is performed using Abrams cone, according to NF EN 12350-2 [52].
In this test, fresh mortar is poured into the cone in three layers, with each layer corresponding to
approximately one-third of the cone’s height. Each layer is compacted with 25 uniformly
distributed strokes across the cross-section, using a compacting rod. The top layer’s surface is
leveled by rolling the compacting rod over it. After removing the cone vertically, the slump is
determined by calculating the difference between the cone’s height and that of the highest point of
the specimen.

To determine shrinkage, samples are subjected to controlled conditions according to NF P
15-433 [53], with a relative humidity of 50% and a temperature of 20 °C. These conditions allow
control of the main factors influencing shrinkage. During this test, mortar length is measured over
time using a Mitutoyo-Controlab micrometer. The mass variation of the samples is also monitored
over time.

The mechanical properties of the mortars are established at 28 days according to NF EN
196-1 [49] through three-point bending and compression tests. The tests are conducted using a
Controls Pilot4 hydraulic press, with load rates set at 50 N/s for bending and 2400 N/s for
compression.
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Three different samples were tested for each formulation, and for each of them, a standard deviation
was calculated.

The WAPT test is conducted according to the standard method NF P18-459 [54]. This

method is detailed in [55], [56]. Generally, WAPT consists of two stages:

1) Air removal from the pores is achieved through partial vacuum (at 30 mbar) for 1
hour;

i) Under the 30 mbar of vacuum pressure, water is introduced to the containers holding
the samples for 44 h. This process forces water to penetrate the connected pores
with diameters larger than 100 nm.

Afterward, the samples are dried at 60°C until their relative mass variation is less than 0.05%.
Importantly, this temperature does not impact the microstructure [56].

The dry density of mortars is determined by dividing the mortar mass by its volume. This
evaluation was conducted at 28 days, using a calliper with 0.01 mm precision to measure
dimensions and a scale accurate to 0.01 g.

3. Results and discussion

3.1. Microstructural properties

3.1.1 Thermogravimetric analysis (TGA)

Thermogravimetric tests were conducted on the mortars at 28 days, focusing on the core
part of the mortar. In Fig. 7 (a-b), the mass losses of different phases in the TGA curves and their
derivative (DTG) are represented. The peak occurring between 30 and 200 °C represents the
decomposition of C-S-H, ettringite, and mostly the loss of free-water [57]. Just below 200 °C, a
peak confirms the presence of monosulfoaluminates (AFm). The peak in the range of 450 and 550
°C corresponds to the dihydroxylation of Portlandite: Ca(OH)2 [58]. The third peak, between 650
and 820 °C, stands for the decarbonization of calcite CaCOa.

In the mixes without SP (Table 7 & Fig. 7a), the reference mortar without CA (Rf_0)
exhibits the lowest amount of free water at 3.87%, while the reference with CA (Rf) has the highest
free water content at 9.02%. This can be explained by the presence of CA in the mix, which will
lead, over time, to the release of a significant amount of free water absorbed by CA during
manufacturing.

An increase in the CS content from 0.5%, to 1%, to 1.5%, results in gradual decreases in the peaks
of free water, ettringite and C—S—H, reducing from 5.17%, to 4.95%, to 4.85%.

When comparing the mass variation of free water between the mixes without SP and its equivalent
with SP, it is noticed that the addition of SP has a notable effect on the quantity of free water, as
shown in (Table 7), and in Fig. 7a (without SP) and Fig. 7b (with SP). The addition of SP generally
reduces the amount of free water; except for 0.5 CS, it increased from 5.17% to 5.85%. The mass
variation of free water is 9.02% for the reference mortar without SP (Rf). In contrast, for the
reference with SP (Rf_SP), the mass variation equals 6.6%. This observation aligns with the
findings in [59]. The authors in [60] explained that the presence of a SP improves the dispersion of
cement particles, leading to better hydration and, consequently reducing the amount of free water.
In the mixes with both SP and CS (Table 7 & Fig. 7b), the mix 1_CS_SP shows the lowest peak
of free water at 4.32%. This result shows that a CS content of 1% optimally covers a significant
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portion of the fibers, reducing water absorption by CA. These findings indicate that fibers continue
to absorb water during mortar fabrication, even with a CS coating. However, the amount of
absorbed water is lower than in mixes without CS but with CA (Rf and Rf_SP). A study [61]
demonstrated that CS addition reduces free water content, possibly because stearate groups react
with C—S—H, forming a lighter, wax-like compound compared to C—S—H particles [59].

The mass loss of Portlandite Ca(OH): increases from 1.32% for the reference (Rf_0) to
1.75% and 1.77% respectively, for the CA reference mixes without (Fig. 7a) and with SP (Fig.
7b).
The difference in mass variation of Portlandite Ca(OH)2 indicates that CA fibers enhance cement
hydration. This improvement can be attributed to water release from CA fibers [37].
However, when CS is added, CA fibers effect on improving hydration decreases. As shown in
(Table 7 & Fig. 7 (a-b)), Portlandite mass variation decreases below 1.75% for mixes without SP
(Rf) and 1.77% for mixes with SP (Rf_SP). This decrease is due to CS hydrophobic character,
which decreases water absorption by CA fibers. After the addition of CS, and according to
Portlandite mass variation , the optimal values are as follows: for the mixes without SP, 1.69% for
1 CS, and for the mixes with SP, 1.77% for 0.5_CS_SP.
The lowest value is observed in the mix with metakaolin equal at 0.96%. This decrease in mass
loss is attributed to the consumption of produced portlandite by metakaolin over time [62]. When
kaolin is heated to a temperature between 650 — 900 °C, a percentage of its mass is lost as bound
hydroxyl ions (OH") [63]. At this temperature, the kaolin structure, composed of alumina and silica
layers, is destroyed, creating a highly chemically reactive phase [64].
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Fig. 7. TGA of mixes (a) without SP and (b) with SP

Table 7. Mass variation of Ettringite, Free water, C-S-H and Ca(OH): at 28 day, obtained by TGA

test.
Nomination Mass variation of Ettringite, | Mass variation Portlandite
Free water and C-S-H (%) Ca(OH)2 (%0)

Rf 0 -3.87 -1.32

Rf -9.02 -1.75

0.5 CS -5.17 -1.49

1 CS -4.95 -1.69

15 CS -4.85 -1.62

Rf_SP -6.60 -1.77

0.5 CS_SP -5.85 -1.77

1 CS SP -4.32 -1.40

15 CS _SP -4.78 -1.66

10_MK_SP -5.31 -0.96

3.1.2 Mercury Intrusion Porosimeter analyses (MIP)

MIP tests were performed on ten mortar samples, with and without the addition of SP. This
analysis aimed to determine their porous characteristics, including distribution, size, volume and
changes in total porosity inducted by the incorporation of CA fibers, CS and MK. These results
were then compared to those of the reference mortars. In previous research by the authors, it was
observed that incorporating CA into the cementitious matrix resulted in similar microstructural
properties for the surface, core and intermediate parts of the mortar. Therefore, the microstructure
analysis was focused on the core section of the mortar.

In Fig. 8, the pore volume is plotted against the pore size diameter for mixes without SP (Fig. 8a),
and with SP (Fig. 8b). The pore sizes range from 3.6 nm to 430 pum and are classified into three
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categories: i) gel pores (3.6 nmand 10 nm), ii) capillary pores (10 nm and 1 um) and iii) macropores
(1 pm and 430 pm). In the case of the reference mortar Rf_0, two major peaks are observed, and
the pore size distribution tends toward a bimodal distribution centred between 35 — 175 nm.
However, for Rf and Rf_SP, after the addition of CA, pore diameters become more dispersed and
heterogeneous, leading to a plurimodal pore size distribution.

A decrease in capillary pore volume (with a peak between 30 and 300 nm) is observed, decreasing
from 0.1 mL/g for Rf_0 to values below 0.04 mL/g for all other mixes. This finding shows a decline
in the number of connected pores within the capillary pore size range. The authors in [65] attribute
this reduction to the addition of CS. In the authors’ earlier findings, it was observed that an increase
in sand replacement by CA in mortars led to a gradual decrease in pore volume within the 30 to
300 nm range. Thus, in this study, the reduction in connected pores is also associated with the
addition of CA fibers.

Fig. 9 illustrates the variation in porosity volume in three different pore size ranges [66]: gel pores
(1 nm — 10 nm), capillary pores (10 nm — 1 pm), and macropores (>1 pm). The quantity of pores
with a diameter greater than 1 um and less than 10 nm tends to increase (Fig. 9). As concluded in
[37], this change may be attributed to the creation of a transition zone between CA and cement
paste. When comparing the impact of CA and CS, it is evident that CS has a secondary effect on
the microstructure. The total porosity of the mortars exhibits a slight variation ranging from 14.5%
to 17.4%. This variation can be attributed to the morphology of CA fibres, which can agglomerate
within the mixture [37]. Among the mixes without SP (Fig. 9a), 1.5 CS exhibits the lowest
porosity, equal to 14.5%, closely approaching the Rf value of 14.6%. The total porosity of these
mixes progressively decreases as the CS content increases from 0.5 to 1 to 1.5%. When CS is
added, the total porosity of the mortars becomes higher than the references without SP which are
Rf 0 and Rf, except for 1.5_CS. In the case of mixes with SP, the lowest total porosity is recorded
for 1 _CS_SP, equal to 14.6%. The total porosity of 0.5 CS _SP and 1.5 _CS_SP is higher than the
references Rf 0 and Rf _SP. The difference observed in porosity variation when adding CS
indicates that CS alters the pores characteristics [61]. When comparing mixes with the same CS
rate, the ones with SP (Fig. 9a) exhibit slightly greater porosity than those without SP (Fig. 9b),
except for 1% CS (1_CS_SP). Adding CS in the presence of SP slightly increases the quantity of
pores with a diameter less than 1 um (gel pores + capillary pores), compared to mixes without SP.
Additionally, it has been found in [61] that when the CS rate exceeds 1%, pore formation is
promoted. Therefore, it can be concluded that in the presence of SP, CS has the potential to impact
the microstructure by slightly increasing the total porosity.

When comparing the pore volume within each pore category in Fig. 9(a-b), it can be
deduced that the addition of CA alone leads to a decrease in the number of capillary pores (with a
diameter ranging from 10 nm to 1 um) compared to the reference Rf_0. The addition of CA results
in the transformation of some capillary pores into smaller pores: micropores (with a diameter less
than 10 nm) and larger pores: macropores (with a diameter exceeding 1 um). In [37], the presence
of a transition interfacial zone around the fibres in the cement matrix may explain the variation in
pore categories. Furthermore, the addition of CS in the presence of CA tends to reduce capillary
pore values when compared to Rf 0. Similar findings were reported when CS was added to
concrete mixes in [59] and [67]. This reduction is attributed to the formation of a wax-like
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compound resulting from the reaction between CS and portlandite, which persists within the
capillary pores in the form of a hydrophobic layer on the pore walls during the hydration process
[68]. Therefore, the diameter of capillary pores decreases with the addition of CS.

In reference to the metakaolin mix, Fig. 9b illustrates that 10_MK_SP exhibits the lowest

quantity of capillary pores (44.1%) and the highest proportions of gel pores and macropores,
respectively 28.9% and 27%, compared to the other mixes. The addition of metakaolin in
10_MK_SP refines its pore microstructure compared with the other mixes [69], [70], [71].
In [72], it was shown that pore size significantly influences mortars mechanical strength . A direct
correlation between pore size and mechanical strength was obtained. Additionally, findings in [61]
reveal that larger pores have a more harmful effect on mechanical strength, as they tend to promote
crack formation. Section 3.2 will address the impact of CA and CS on mortars at the macroscopic
scale.
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Fig. 8. Pore size distribution of mixes (a) without SP, (b) with SP.
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Fig. 9. Variation of the pores volume of mortars in different pore range for mixes (a) without SP

and (b) with SP in terms of porosity.

3.1.3 Scanning electron microscope (SEM)

Microstructural analyses were conducted on mortars containing SP. The images in Fig. 10
represent microscopic observations of the following samples: (a) Rf_SP, (b) 10_MK_SP, (c, d)
0.5 CS_SP, (e, f) 1. CS_SPand (g, h) 1.5_CS_SP.
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In Fig. 10b, metakaolin plays a key role in pore filling, leading to the development of a
finer microstructure compared to Rf_SP (Fig. 10a). When comparing the microstructure of the CS-
mixes to that of Rf SP (Fig. 10 a), CS agglomerates are detected (Fig. 10e). These CS
agglomerates contribute to a tendency of reducing some capillary pores (Fig. 10c), as previously
observed in MIP tests. Due to its fibrous and fluffy texture, resembling cotton fibers, CA displays
a cottony appearance, leading to the incomplete coverage of CA fibers by CS (Fig. 10d).
Furthermore, as the quantity of CS increases, the presence of agglomerates formed by CA and CS
becomes apparent, as observed in Fig. 10h when compared to 0.5_CS_SP illustrated in Fig. 10c.
In Fig. 10g, there is a notable rise in the quantity of free CS particles, those not adhering to CA
fibres, corresponding to the increased CS content compared to Fig. 10(c-e), contributing to the
increase in small pores. This observation indicates that free CS particles will create more small
pores, that tend to merge, and create larger voids making the mix less compact. It is pertinent to
note that a similar finding was reported in [61].

It can be seen that CS weakens the bond between the cement paste components, resulting
in the formation of a transition zone between CA fibers and the cement paste, as illustrated in Fig.
10f. This leads to an increase in the number of voids and pores, which support the findings from
previous MIP results on mortars with SP. In the literature, it has been observed that the addition of
CS in mixes leads to the development of an interfacial transition zone (ITZ) [65]. As previously
mentioned in [67], [73], the obtained results indicate that CS negatively impacts the microstructure
in the presence of SP. In the mixes containing CS (Fig. 10c-h), the transition zone between CA
fibers and the cementitious matrix appears larger than the transition zone between CA fibers and
the cementitious matrix in the reference mix, Rf _SP (Fig. 10a). When CS is added, the bond
between sand aggregates and the cement paste appears weakened.

Furthermore, CS incorporation results in cracks formation in both the cement paste and the 1TZ
(Fig. 10f), as observed in [73].
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Fig. 10. SEM micrographs of mortars with SP.

3.2. Macrostructural properties

3.2.1 Workability

Fig. 11a & Fig. 11b illustrate the workability of the mixes. The reference mix, Rf_0,
demonstrated a slump of 11.1 mm, as expected for a standard mortar. In the mixes produced without
SP (Fig. 11a), the workability dropped by 91% upon the addition of CA fibers. As confirmed in
authors’ previous study, when fibers are incorporated at a rate exceeding 0.2 wt%, it results in dry
mixes due to the absorption of water by CA. With the introduction of CS, the workability of the
mixes dropped to zero. According to [42] regarding concrete fresh properties, CS incorporation
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increases the air content, leading to a decrease in workability. This is attributed to the formation of
a hydrophobic layer. The addition of SP (Fig. 11b) was therefore essential to enhance the mixes
workability . The highest workability was achieved in the reference mix Rf_0_SP, where the SP
increased workability to 143.5 mm. SP generates a repulsive force between particles that prevents
agglomeration [74].

Workability gradually decreases with increasing CS content. As CS content increases from
0.5 wt% to 1.5 wt% of cement, the workability of the mixes decreases from 23 mm to 5 mm. In
[67], the authors observed a direct correlation between the workability reduction and the
incorporation of CS at certain w/c ratios. Their findings indicate that CS influences air content
more significantly at w/c ratios 0.35 and 0.45.

When manually mixing 0.5 CS wt% along with CA fibers, it became apparent through
microscopic observations in Fig. 5 & Fig. 10b, that this amount of CS is insufficient to adequately
cover the entire surface of the CA fibers, thereby failing to completely reduce their water
absorption. Consequently, when increasing CS content from 0.5 to 1%, workability decreased. This
increase in CS coverage resulted in a reduced water absorption by the fibers, leading to a decrease
in workability, approaching it to the reference Rf_0. The decrease in slump associated with the
addition of CS can also be attributed to the irregular shape of CS particles [73]. This irregularity of
CS particles is demonstrated in Fig. 3b. As a result, increasing the CS content reduce workability.
Additionally, CA fibers have a cotton-like appearance due to agglomerations, preventing CS high
dispersion. This emphasizes the challenge of ensuring that all fibers are adequately coated, as
demonstrated in the SEM observation in Fig. 5.

In the case of the 10 MK_SP mix, a slump of 19 mm is obtained, which is a higher value
than that of the reference Rf 0. As mentioned in [63], MK is known for its ability to enhance
concrete workability through a chemical reaction with cement hydrates, resulting in an improved
microstructure. In Fig. 9b, it can be observed a modified microstructure in the 10 MK_SP mix.
This mortar has the highest content of pore gels and macropores, while having the lowest capillary
pores content.

It was assumed that the optimal formulation is the one that yield workability results similar
to Rf_0. For the mixes without SP, an optimal formulation cannot be found because all the obtained
mixes were dry, lacked cohesion, and had zero slump. However, for the mixes with SP, optimal
results were achieved for 1_CS_SP and for the mix containing metakaolin 10 MK_SP.
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3.2.2 Total shrinkage

Three samples were manufactured for each mix to measure the average total shrinkage and
its standard deviation. As demonstrated in the previous work by the authors, CA fibers are highly
absorbent, leading to variations in the total shrinkage of mortars. CS is added to reduce CA water
absorption, as found in TGA results (Fig. 7b). Fig. 12a & Fig. 12b illustrate two steps: i) a first
step marked by significant shrinkage variation, indicating water evaporation and the cement
hydration process, and ii) a second step with a gradual increase in shrinkage but with smaller slopes.
The observed shrinkage can result from both chemical shrinkage during the advanced stage of
hydration and drying shrinkage due to gradual water loss over time. However, this drying shrinkage
occurs at a slower rate than during the initial drying period caused by the presence of less free-
water [75], [76]. According to [75], the water absorbed by cellulose fibers continues to evaporate
even after the initial drying period, mainly due to the progressive release of water from both the
internal pores and the fiber surface.

In the mixes without SP (Fig. 12a), the addition of CA and CS leads to increased shrinkage
compared to Rf_0. The total shrinkage varies from -550 to -930 um/m. When the fibers alone (Rf)
were added, shrinkage increased by 47% compared to Rf_0, reaching -831 pm/m. When comparing
the mixes containing CA, there was no significant difference observed between Rf and 0.5_CS.
1.5_CS has the highest shrinkage among all mixes without SP, reaching -927 pum/m. The lowest
shrinkage value among the mixes with CS is achieved with 1_CS, reaching -677 pum/m. This value
represents the optimal result compared to Rf 0. According to [59], it was found that dosages
exceeding 1% CS resulted in increased shrinkage. It can be concluded that without SP, a 1% CS
decreases CA mortars shrinkage. However, it is imperative to note that the value remains higher
than that of the reference mortar without CA, which is Rf_0.

In the case of mixes with SP (Fig. 12b), Rf _0_SP has a significant total shrinkage of
approximately -1100 pum/m. This can be attributed to the enhanced fluidity of the mix resulting
from the high SP dosage. As mentioned in [77], [78], [79], [80], the addition of SP in mortar and
concrete mixes is associated with a shrinkage increase. Given that CA fibers absorb an important
quantity of water, it can be deduced that the shrinkage of Rf_0_SP is higher than that of Rf _SP[37].
The water content in the mix decreases leading to a reduction in shrinkage. This observation is also
noticed in the mass variation of water in TGA tests, as shown in Fig. 7b, when comparing Rf 0
and Rf_SP. When CA and CS are introduced, the total shrinkage decreases as follows: Rf _SP,
1.5 CS SP and 1 _CS _SP have nearly identical values ranging from -800 to -850 pm/m.
0.5_CS_SP displays the lowest shrinkage among the mixes with CS, with a 13% reduction
compared to Rf_SP. As is well known, CS reacts with cement and water to create a hydrophobic,
wax-like compound. As indicated in [59], the reduction in shrinkage comes from the wax-like
compound having a more stable volume during cement hydration than C-S-H. 10_MK_SP achieves
optimal results with lower shrinkage values. Furthermore, results in [44], reveal that the addition
of metakaolin in various proportions does not have a significant impact on total shrinkage.
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Fig. 12. Total shrinkage of mortars (a) without SP, (b) with SP.

3.2.3 Compression and bending strengths, and water porosity

Fig. 13 presents the compressive and bending strengths and water porosity at 28 days for
the manufactured mortars, without SP (Fig. 13a) and with SP (Fig. 13b), considering different mix
designs.

In Fig. 13a, despite the very close porosities of Rf_0 and Rf, which are 19.31 + 0.11% and
19.18 + 1.09%, respectively, Rf 0 has the highest compressive strength of 44.03 £ 0.91 MPa.
However, upon adding CA fibers, the compressive strength decreases by 39.5%, reaching 26.64 +
1.37 MPa for Rf. After the addition of CS in the mixes, both 0.5_CS and 1.5_CS have nearly the
same compressive strengths, around 25 MPa. In contrast, 1_CS has the highest compressive
strength among the CS-based mixes, reaching 27.36 + 1.45 MPa. Mechanical strength decrease is
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attributed to dry mixes and lack of cohesion. CA absorbs a portion of cement paste setting water.
Meanwhile, the porosity of mixes with CS gradually decreases as CS content increases. These
results align with the previous results from TGA tests: among the CS-containing mixes, 1_CS is
identified as the optimal value in terms of mass variation of portlandite (Fig. 7). Similarly, the
optimal shrinkage result is achieved with 1_CS (Fig. 12). The bending strength across all the mixes
shows a minor variation, ranging from 4 to 5 MPa, except for the reference mortar, which has a
bending strength of 7.45 + 0.2 MPa.

The results of the mechanical properties of the mixes with SP are presented in Fig. 13b.
Among all the mixes (except the reference Rf_0), 10_MK_SP has the highest compressive strength.
It is worth noting that metakaolin not only increases the binder quantity due to its addition to the
mix, but also plays a key role in refining the microstructure, as demonstrated in the MIP test in Fig.
13b. When comparing mixes with SP (Fig. 13a), to those without SP (Fig. 13b), It is observed that
the addition of SP leads to an increase in compressive strength and a decrease in porosity. For
example, 0.5 CS and 1_CS show respective compressive strengths and porosities of 24.5 MPa,
19.35% and 27.36 MPa, 18.47%. After the addition of SP, 0.5 CS SP and 1 CS_SP, have
respectively compressive strengths and porosities of 31.03 MPa, 17.26% and 31.2 MPa, 15.66%.
The improvement of workability in the mixes due to SP is consistent with improved mechanical
strength and reduced porosity.

The compressive strength of the mixes containing CS (0.5_ CS SP, 1 CS SP and
1.5 CS_SP) is lower than that of Rf 0 but higher than Rf and Rf_SP. In CS-mixes, CS coats the
fibers, reducing water absorption. This results in more water available for cement hydration and,
consequently, better compressive strength. Among the CS containing mixes, 1 CS SP
demonstrated the highest mechanical strength and the lowest porosity. As observed in SEM images
(Fig. 10c), CS agglomerates can reduce certain pores. Excessive use of CS will reduce the Rc. In
[65], the decrease in Rc was attributed to possible agglomeration of CS, which negatively affected
the mix cohesion.

In the case of mixes with SP (Fig. 13b), bending strength decreases with the addition of
CA and CS when compared to Rf_0, which has a bending strength of 7.45 MPa. It remains at
approximately 5 - 6 MPa for CS mixes. Metakaolin mix provides a slightly higher bending strength
of 6.49 MPa compared to the other mixes. This is because metakaolin serves as a filler, allowing it
to fill the pores, as demonstrated in MIP results (Fig. 8b).

Conflicting results regarding CS impact on mechanical performance can be found in the
literature [67]. A number of articles have shown that the use of CS reduced Rc [59], [61], [65],
[73]. A relation exists between the reduction in Rc and the incorporation of CS. The decline in
mechanical strength is associated with an increase in air content in the fresh state. This effect is
attributed to the hydrophobic change, which in turn affects porosity by increasing it and changing
the pore size distribution [65], [67]. These modifications were observed in the microstructure
experiments. The pore size distribution changed in CS mortars in MIP tests. Higher porosity was
observed in the transition zone between fibers — CS — cement paste (Fig. 10f). While in [59], the
authors established a link between the creation of a hydrophobic layer covering the capillary pores
and the reduction in Rc.
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based mortars at 28 days for the mixes (a) without SP (b) with SP.

3.2.4 Density

Rf_0 has the highest bulk density of 2135.6 + 0.01 kg/m®. CA-based mortars have a porous
cementitious matrix, resulting from the high porosity created by the incorporation of CA in the
mixes. This contributes to a decrease in density. For instance, the densities of both Rf and Rf_SP
(incorporating CA fibers) decreased by 7% compared to Rf 0.

As demonstrated before in SEM observations, CS has the ability to fill some small pores
and form agglomerates, leading to a slight increase in density. According to the literature, when
CS was added at low dosages (1 kg/m? of concrete [67] for example), the density remained nearly
constant, with only a slight decrease as the CS amount increased, as noted in [43], [67], [73]. In
[59], the decrease in density was attributed to the stearate group’s reaction with C—S—H, resulting
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in a wax-like compound assumed to be lighter than C-S—H. Moreover, this decrease in sample
density was insignificant.

Among CA-based mixes without SP (Fig. 14a), the highest bulk density is recorded for
1.5_CS, with a value of 2010.9 + 0.02 kg/m?3, while the lowest bulk density is observed for 1_CS,
measuring 1978 + 0.01 kg/m3. The density has slightly increased compared to Rf (Fig. 14a), except
for 1_CS with a slight decrease.

Among CA-based mixes with SP (Fig. 14b), the highest bulk density is observed for
1_CS_SP, with a value of 2019.2 + 0.02 kg/m3, while the lowest bulk density is recorded for
10_MK_SP, with a value of 1972.5 + 0.05 kg/m?.

A correlation can be established between the bulk density of mixes with SP (Fig. 14b), porosity
and MIP results. For instance, as the CS rate increased from 0.5 wt% to 1 wt% of cement, the
density also increased, leading to a reduction in mortar porosity. In contrast, when 1.5 wt% of CS
was added, the density decreased while the porosity increased. The density slightly surpasses that
of Rf_SP after the addition of CS.

However, the application of CS coating to CA fibers hasn’t significantly impacted the density. The
addition of both CA fibers and CS reduces the density, caused by CA addition.

A correlation can be established between TGA results and bulk density. In [67], the authors
observed that an increased concentration of Ca(OH)2 leads to lower densities in mortars containing
CS. As represented in Fig. 14b, Rf SP and 0.5_CS_SP have identical densities of 1986 kg/m?,
along with matching mass changes for Ca(OH). equal to 1.77%.Furthermore, 1.5 CS_SP
demonstrates a higher density compared to 0.5_CS_SP (2005 + 0.01 kg/m?), with a mass change
of approximately 1.66%. 1 _CS_SP has the highest density among the CS containing mixes of
2019.2 + 0.02 kg/m?, while having the lowest Ca(OH), mass loss among these mixes, equal to
1.4%. Lower densities result from an increase in Ca(OH)2 content because it weakens the bonding
between aggregates and the paste [67].

The density results of the mixes with SP (Fig. 14b) are consistent with the previous porosity
and mechanical strength results. For example, 1_CS_SP has the highest bulk density: 2019.2 + 0.02
kg/m?, the lowest porosity: 15.66% and the greatest compressive strength: 31.2 + 2.23 MPa.
However, it should be noted that bulk density is not the only factor influencing mechanical strength
[67].
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Fig. 14. Bulk density (in grey), Compression (in blue) and porosity (in red) of mortars (a)
without SP and (b) with SP as function of the replacement rate.

3.3 Discussion

Table 8 summarizes the bulk density, mechanical properties, shrinkage and porosity
(WAPT, MIP) for the studied CA-based mortars.

It can be seen that 10_MK_SP has better mechanical properties than other CA-based mixes
with the highest compressive and bending strengths of 37.61 + 1.87 MPa and 6.49 + 0.21 MPa,
respectively. Additionally, it demonstrates the lowest shrinkage of 677 + 75 um/m. Metakaolin has
been observed to refine the microstructure, leading to improved mechanical strengths.
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When comparing the shrinkage of the mixes to that of the reference Rf 0, it appears that the
addition of both CA and CS increases shrinkage. Furthermore, among CA mortars, it was observed
that the addition of less than 1% CS resulted in better shrinkage outcomes. This result can be
attributed to CS particles coating CA fibers, thereby reducing their water absorption.

The reduction in mechanical strength is attributed not only to CA addition but also to the
incorporation of CS. All mixes containing CS (at rates of 0.5%, 1% and 1.5 % rates) have lower
compressive strength and bending strength compared to Rf_0. This decrease is associated to the
creation of a hydrophobic layer that coats the fibers. Additionally, this layer leads to the formation
of CS agglomerates, as observed in SEM images. It tends to increase the air content in the fresh
state. The hydrophobic layer changes the pore distribution and the total porosity. SEM findings
indicate that 1 _CS_SP has the highest compressive strength and the lowest porosity, as CS can
block smaller pores. Furthermore, 1_CS_SP has the highest bulk density, 2019.2 + 0.02 kg/m3,
resulting in better mechanical performance.

The mixes with SP have higher compressive and bending strengths and lower porosity
compared to the mixes without SP. The use of SP results in improved workability and mechanical
strength, along with reduced porosity. Mortar density increases when the CS rate is raised from
0.5% to 1%. This rise can be attributed to the increased CS content from 0.5 to 1 wt%, resulting in
decreased porosity.

Table 8. Mortar properties for the mixes without/with SP.

Bulk Compressive | Bending Total P?"OS'W Porosity
: . : rom
Formulations | Density strength strength | Shrinkage WAPT from
(kg/m3) (MPa) (MPa) (um/m) (%) MIP (%)

2135.6 + 19.31+

Rf O 0.01 4403+091 | 7.45+£0.2 | 566 + 84 0.11 15.02
1988.6 + 485+ 19.18 £

Rf 0.02 26.64 £ 1.37 0.63 831 + 193 1.09 14.52
2006.1 + 454 + 19.35+

05 CS 0.01 245+2.42 0.95 837+ 52 0.43 16.87
1978 + 5.08 £ 18.47 +

1 CS 0.01 27.36 £ 1.45 0.23 677 £ 30 0.77 15.59
20109 + 4.38 + 17.19+

15 CS 0.02 24.86 £ 1.83 0.10 927 +71 0.42 14.49

Rf 0_SP - - - 1106 £ 219 - -

1986.1 + 535% 19.17 £

Rf_SP 0.02 26.42 +£0.98 0.21 842 + 190 0.19 16.43
1986.2 + 574 £ 17.26 £

0.5 CS_SP 0.01 31.03+1.06 0.14 731 +£299 0.76 17.15
2019.2 + 6.04 £ 15.66 +

1 CS_SP 0.02 31.2+2.23 0.16 802 +24 0.35 14.63
2005.1 + 541+ 16.21 +

15 CS_SP 0.01 28.74 £ 0.94 0.4 852+ 74 191 16.02
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19729 + 6.49 + 1755+
10_MK_SP 0.05 37.61+1.87 0.21 67775 0.37 17.38

To investigate the relationships between the properties of CA-based mortars and the
different rates of additives (SP, MK and CS), a correlation analysis (Table 9) was conducted using
the XLSTAT software integrated within Excel. The Pearson correlation coefficient was calculated
for all variables, ranging from -1 to 1. A coefficient of 1 indicates a perfect positive linear
relationship, -1 indicates a perfect negative linear relationship, and O indicates no linear
relationship. From Table 9, it can be observed that:

- The addition of MK, improves the mechanical properties and the microstructure (MIP results)
of CA-based mortars manufactured with SP, confirming the initial observations and
highlighting the effect of these additives (MK and SP) on the mortar's microstructure and
performance.

- CS has a positive impact on the mortars’ total shrinkage.

- Despite the addition of CS, MK and SP, no significant differences were noticed for the bulk
density.

Table 9. Pearson correlation analysis between the different variables.

Bulk Density | Compression | Bending | Total Shrinkage WAPT Mmip
SP -0.34 0.13 0.31 0.06 -0.59 0.48
MK -0.27 0.42 0.36 -0.31 -0.10 0.49
(& -0.14 -0.43 -0.43 0.48 -0.68 -0.30

Accordingly, the studied mortars could be used for various applications, such as cement
mortars and bricks in masonry structures. In accordance with NF DTU 26.1 [81], the French
standard that defines the requirements for designing and constructing masonry structures with
cement-based mortars, the following conditions must be met: i) the compressive strength should
exceed 12.5 MPa at 28 days ii) The bending strength must be greater than 0.4 MPa at 28 days, iii)
the maximum allowable shrinkage is approximately 0.8 mm/m and iv) the porosity must be
maintained at a value lower than or equal to 30%.

Furthermore, according to NF EN 772-1+A1 [82], bricks must have a minimum compressive
strength of at least 7.5 MPa. According to NF EN 772-13[83], brick porosity should not exceed
23%. Lastly, NF EN 771-1+A1 [84] sets the maximum allowable linear shrinkage for facing bricks
at around 0.6%. It is worth noting that all the studied formulations meet these specified criteria.
Finally, from an environmental perspective, the utilization of cellulose acetate fibers in the
construction sector has the potential to reduce the impact on global warming by decreasing the
carbon footprint of mortars. A study conducted in [85] focused on CO2 emissions in mortar
production using CA fibers derived from cigarette filters. The researchers observed a significant
decrease in environmental impact. For instance, by increasing the CA rate to 1.5 wt%, CO2eq
emissions decreased by 38.27 CO,'kg/1000 m® compared to the reference mortar.

4. Conclusion
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Earlier findings by the authors [37] demonstrated that incorporating cellulose acetate fibers
(CA) into standard mortar at a rate of 1.3% by weight of sand increases porosity and shrinkage
while decreasing the mechanical strength of the mortar. This effect is attributed to the high water
absorption by CA. Therefore, calcium stearate (CS), a damp-proofing admixture, is used to coat
the CA fibers. CS powder is mixed with CA fibers before mixing them with cement, water, sand,
and a superplasticiser at 3wt% of cement, if workability improvement is needed for some mixes.
Then, the macroscopic and microscopic properties of the resulting cementitious mortar mixes are
investigated.
Additionally, to enhance mechanical performance, the impact of adding 10 wt% metakaolin by
weight of cement is examined.

The following results were obtained:

- TGA analysis demonstrates that the addition of CS reduces the water absorption of CA
fibers, with an optimal addition of 1 wt% CS by weight of cement.

- CA and CS additions leads to :

1- Shift the pore size distribution to plurimodal.

2- A tendency toward reducing the amount of connected pores when compared to the CA
reference mortar with SP (Rf_SP).

3- Generate more pores in the cementitious matrix.

4- The formation of agglomerations of these two elements.

- CS does not adhere properly to CA fibers leading to the development of small pores and a
weak bond between cement paste particles.

- CS addition reduces the presence of interconnected capillary pores within the pore size
range of 10 nm and 1 um.

- 1 wt% of CS is considered optimal for reducing mortars total shrinkage in both cases, with
and without superplasticizer. The incorporation of 10 wt% metakaolin (MK) results in the
closest shrinkage value to that of the reference mortar (Rf_0).

- Despite a decrease of the mechanical strength of mortars with admixtures compared to the
reference; the optimal mechanical results (for mixes manufactured with CS) are obtained
with 1 wt% of CS with and without SP (1_CS, 1_CS_SP). 10_MK_SP achieves the best
results with a 15% decrease.

- Coating CA fibers with CS does not significantly impact the mortar dry density.

The results obtained in this study reveal an innovative development in the construction
industry, particularly in masonry structures and brick production. Notably, the produced product
not only meets the allowable values for the precited applications but also showcases a remarkable
opportunity to address environmental concerns by incorporating CA from cigarette butt waste.
Looking to the future, further experimental campaigns are essential to develop the use of CA in
construction, such as:

e Examining air-based curing method in parallel with water-curing method for CA-based
mortars to better align with real-world applications;

e Evaluating CA-based mortars hygrothermal properties;

e Ensuring the durability of CA-based mortars;
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e Conducting additional tests varying the SP content to achieve a targeted consistency across
all mortar mixes.

e Conducting the life cycle analyses to identify the environmental impact of incorporating
CA in the construction sector.
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