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Abstract. This paper reports a study on producing admixtures from chitosan (Ch) obtained from
shrimp shell treatment. The admixtures (Ch-g-AA) were based on chitosan (Ch) and acrylic acid
(AA) in the following composition ratios: 65/35, 50/50, and 35/65. The grafted copolymers were
synthesized using grafting polymerization and potassium persulphate as the initiator. This study
investigated the properties of mortars in the presence of grafted copolymers, including setting time,
workability, water absorption, and compressive strength. The results showed that grafted
copolymers premixed with mortar mixes improved the properties of the mortar. However,
increasing the AA ratio in the grafted copolymer decreased the W/C ratio, setting time, and water
absorption, whereas the fluidity and compressive strength increased.

Keywords: Acrylic acid; Chitosan; Copolymer; Grafted; Mortar

1. Introduction

At present, research in the field of admixtures for construction materials based on
polymeric compounds has gained increasing significance and attention (Ariffin et al.,, 2015;
Ke, 2019). These compounds are used in various spheres as additives because they impart
unique properties, including workability, compressive strength, durability, water/cement
ratio, water absorption, and porosity (Mignon et al., 2016). Thus, polymers have become
more monolithic regarding impermeability, frost resistance, and tensile strength. In
addition, bending has increased in cement pastes, mortars, and concretes. Several
researchers have investigated the effects of different polymers, including acrylic,
polyurethane, epoxy, and chitosan, on the physicomechanical properties of cement pastes,
mortars, and concretes (Negim et al., 2013; Bezerra, 2016; Bekbayeva, 2020a; 2020b).
Chitosan (CS) is a polysaccharide composed of randomly distributed deacetylated (3-(1-4)-
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linked D-glucosamine) and acetylated units based on D-glucosamine (Pillai et al.,, 2009;
Bezerraetal, 2011; Lasheras-Zubiate et al., 2011; Vysvaril and Ziilavsk}'l, 2017). Polymeric
resins are chosen according to mortar type based on several factors, including functional
groups, polymer types, molar ratio, pH, viscosity, and polymer dosage (Ukrainczyk and
Rogina, 2013; Govin et al., 2016; Wuju et al, 2020). The presence of amino groups in
chitosan enables its use in many applications, including bio cement, dental bio cement, and
additives to cement-based materials. The effects of chitosan and chitosan derivatives on the
properties of cements and mortars have been reported. For example, Lasheras-Zubiate et
al. (2012) studied the effects of the addition of two nonionic chitosan derivatives
(hydroxypropyl and hydroxyethyl chitosan) and one ionic derivative (carboxymethyl
chitosan) on the properties of cement mortar. lonic chitosan derivatives were more
effective than nonionic derivatives, acted as good thickeners, and reduced the workability
of cement mortar because of the delay in the hydration of cement particles. Ustinova and
Nikiforova (2016) investigated the effects of hydroxypropyl chitosan on cementitious
materials and found that viscosity and water retention values increased. However, when
used in lime mortars, it showed the same results but with lower efficiency (ZiZlavsky et al,,
2019). Yulia and Tamara (2016) reported that chitosan added to cement did not reduce the
cement’s strength compared with a synthetic polymer additive based on
polyethylhydrosiloxan. In addition, the amount of chitosan (0.6-1.0% based on cement
mass) increased the resistance of the cement compositions to alternate freezing and
thawing. Bezerra et al. (2011) reported that the utilization of chitosan as an admixture in
cement paste reduced porosity, increased viscosity, and improved strength, whereas the
addition of chitosan had an adverse impact on the properties of the cement. Shenghua et al.
(2014) reported that chitosan modified by amidation and sulfonation through a reaction
with maleic anhydride had a high water-reducing ratio, fluidity, and compressive strength
at a low water/cement ratio. With the addition of latex and chitosan to concrete,
compressive and tensile strengths decreased by 14% and 24%, respectively, compared
with the control (Ulisses et al,, 2011). The primary mechanism of the action of polymer
additives in cement systems is that they form a polymer film on the surface of the grains of
cement, sand, and capillaries, which promotes the adhesion of sand to cement particles
(Negim etal., 2013; Santos etal., 2018; Muntohar et al., 2020). Thus, polymers have become
more monolithic regarding impermeability, frost resistance, tensile strength, and bending
increases in cement paste, mortar, and concrete. Bekbayeva et al. (2020a) modified
chitosan by grafting with acrylic acid in different ratios to clarify the effects of three
different composition ratios of chitosan-g-acrylic acid, P[Ch-g-AA], on the physical and
mechanical properties of cement pastes. They found that as the AA ratios in the grafted
copolymer increased, the water-to-cement (WC) ratio, setting time, and water absorption
decreased. In contrast, compressive strength sharply increased at almost all hydration ages.
Their work was further extended to investigate the effects of modified chitosan on the
properties of mortar, which is the subject of the present investigation.

2. Materials and Methods

2.1. Materials

Chitosan (88% deacetylation) (Ch) was purchased from R & M Marketing, UK. Acrylic
acid (AA), glacial acetic acid, potassium persulphate 98% (KPS), isopropanol alcohol, N, N-
dimethylformamide (DMF), barium chloride, and sulfuric acid were purchased from Sigma-
Aldrich. All chemicals were used without further purification. Portland cement (PC)
(Portland cement clinker PCC, wt.% and gypsum (G, 4 wt.%) was used in this study. The PC
conformed to EN 197-1 (2011). The mineralogical composition of the PC sample was CsS,
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58.79%; B- C2S, 17.68%; C3A, 8.08%; C4AF, 9.72%, as shown in Table 1. Sand (0.21-0.53
nm) was used as a fine aggregate free from organic or clay-like materials, which was in
compliance with class M of BS 882 (2016).

Table 1 Chemical composition of Portland cement, mass %

Oxides Si0;  ALO3  Fe;03  Ca0  MgO SOs  Na:0 K0 LO.I
Materials

PCC 2148 603 422 6429 068 039 021 011 132

G 058 014 011  30.08 013 4536 007 009 2216

2.2. Synthesis and Characterization of Grafted Copolymers

Graft copolymers based on chitosan (Ch) and acrylic acid (AA) were synthesized with
various ratios of AA: M1: (65: 35); M2: (50: 50); and M3: (35: 65). Potassium persulphate
(KPS) was the initiator, and acetic acid solution (1% v/v) was the solvent at 60°C for 3 h.
The preparation of grafted copolymers and methods of analysis (FT-IR, TGA, DSC, and SEM)
have been reported by Bekbayeva et al. (2020a). The various compositions of monomers in
the grafted copolymers and the main properties of the obtained grafted copolymers are
presented in Table 2. The chemical structure of the modified chitosan is shown in Figure 1.

Table 2 Properties of P(Ch-g-AA) (Bekbayeva et al.,, 2020a)

No. Ch AA Ty (°C)2 IDTmax (°C)P Appearance
M1 35 65 77.23 230

M2 50 50 93.91 230 Liquid
M3 65 35 104.3 320

aDetermined from DSC curves
bDetermined from the derivative of TGA
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Figure 1 Chemical structure of P(Ch-g-AA)

2.3. Mixing and Testing

Mortar specimens of 70 mm?3 were prepared in three groups. The control mix (MO0)
consisted of Portland cement (PC), sand, and water. In mixes M1-M3, the prepared
admixtures (grafted copolymer) were added, and the addition rate was 2% by the weight
of the cement. The proportion of cement to sand was 1:3 (by weight), the water/cement
ratio (W/C) was 0.525, and no admixtures (i.e.,, grafted copolymer) were added. The
cement-to-sand ratio was kept constant. However, the water-to-cement ratio was changed
so that the same consistency was achieved. Further details about the mixes are shown in
Table 3. The effects of grafted copolymers at different composition ratios of Ch and AA on
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the W/C ratio of mortar mixes are shown in Figure 2. The W/C ratio of mortar was reduced
from 0.525 to 0.44, and the AA in the grafted copolymer ratio increased from 35% to 65%.

Table 3 Admixtures used in mortar mixes

Mix Admixtures
P(Ch/AA)

MO --

M1 65/ 35

M2 50/ 50

M3 35/ 65

06 ;
0.5 -

o 04 4
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£ 02 -
01 4

0

0(00/00) M1(B5/35) M2(50/50) M3(35/65)
P[Ch-g-AA]

fC rati

Figure 2 W/C ratio of mortar premixed with grafted copolymer P(Ch-g-AA)

The cement and sand were intermixed until homogeneity was achieved. Then the
surfactants or prepared latexes were added to the mixing water, which was then added
gradually to the cement/sand mixture to determine the water consistency (ASTM C 187,
2016) and setting time using a Vicat apparatus (ASTM C191,2019). A workability test using
a flow table was conducted according to BS EN 12350-5 (2019). The resulting mortar was
placed directly into 70 mm?3 stainless steel molds. The molds were manually agitated for 2
min and then placed on a vibrator for another 2 min. The molds were kept in a humidity
chamber at 100% R.H. and a constant room temperature overnight and then demolded and
cured under water until testing. The testing, which included compressive strength (ASTM
€109/ C109M-164a, 2016) and water absorption (BS 1881-122, 2011), was conducted at 3,
7,and 28 days.

3. Results and Discussion

3.1. Grafted Copolymer’s Structure

The IR spectra of chitosan and grafted chitosan with acrylic acid are shown in Figure 3.
The O-H bending, C-H stretch, N-H bend, C-N stretch, and the C-O-C bridge were at 1,050
cm1, 2922 cm, 1,635 cm', 1,384 cm!, and 1,111 cm! of pure chitosan (Ch), respectively
(Pradeep et al,, 2012; Ghosh et al,, 2014; Khalil et al., 2015; Li et al., 2020). Additionally, a
strong peak at 3,436 cm™! could be attributed to the O-H stretch, the extension vibration of
N-H, and interhydrogen bonds of the polysaccharide, as shown in Figure 3a. The IR spectra
of P(Ch-g-AA) showed new absorption peaks that appeared at 1,565 cm-1, and 1,544 cm!
corresponded to C = O and N-H due to the acrylic acid grafted onto the chitosan, as shown
in Figure 3b.Peaks at 1,219 cm! and 1,264 cm-! corresponded to the C-O stretch of the AA.
A strong peak at 3,500 cm-! was attributed to the O-H stretch vibration of the AA, N-H
vibration, and intermolecular H-bonds. Peaks at 1,459 cm'1 and 1,433 cm'! indicated an OH
bend of the AA, which further confirmed the grafted polymerization process (Kusrini et al.,
2015), as shown in Figure 4. The properties of P(Ch-g-AA) were investigated by Bekbayeva
etal. (2020a).
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Figure 4 Scheme of the mechanism of AA grafted onto Ch
3.2. Setting Time

Figure 5 shows the evolution setting times (initial and final) of the mortar versus the
various composition ratios of Ch and AA in the copolymers. The results showed that the
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setting times of mortar premixed with copolymer were retarded. The reason is that the type
and content of the carboxylic acid group influenced the retarding side effect on the mortar
mixes (Guo et al. 2018; Fang, 2018). However, by increasing the AA ratio in the grafted
copolymer, the initial and final setting times of mortar decreased.

4502 o initial wFinal
400 Einmal mFna

350
300 A
250
200
150 4
100 4
50 4
0

0(00/00) 1(65/35) 2(50/50) 3(35/65)
P[Ch-g AA]

Setting time, min.

Figure 5 Setting time of mortar premixed with grafted copolymer P(Ch-g-AA)

3.3. Workability

Figure 6 displays mortar workability in the presence of a 2% grafted copolymer. The
fluidity of the mortar increased with the addition of the grafted copolymer. The branched
backbone in the structure of the grafted copolymer had a steric hindrance effect that
improved the dispersion of the cement (Fang, 2018). As the ratio of AA increased, the
workability of the mortar increased. The mortar mix containing 65/35 P(Ch-g-AA) showed
the highest workability (250 mm), while the mortar containing 35/65 P(Ch-g-AA) showed
the highest workability (208 mm).

300 -
250 -

200 -
150
100
50 4
0

MO(00/00)  M1(65/35) M2(50/50) M3(35/65)
P[Ch-g-AA]
Figure 6 Workability of mortar premixed with grafted copolymer P(Ch-g-AA)

Flow, mm

Generally, the factors that affect mortar workability include the amount of cement, the
shape of fine and coarse aggregates, the admixture, and the W/C ratio (Juntao et al,, 2017).
In this study, the workability of the mortar mixed with the grafted polymer was measured
as a function of the W/C ratio, as illustrated in Figure 7. The workability of the mortar
premixed with the grafted copolymer increased as the W/C ratio decreased. However, the
increase in workability (250 mm) was relatively greater at M3 with a lower W/C ratio
(0.443).

3.4. Water Absorption

Figure 8 shows that the absorption rate of water premixed with grafted copolymer
decreased compared with the control mixes at increased curing times of 3-28 days.
Generally, the water absorption by the mortars decreased as the curing time increased from
3 to 28 days. This was attributed to the continual hydration process and consistency of
hydration products, which were deposited into the pores of the hardened cement, thus
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leading to a reduction in water absorption (Kim et al,, 2014; Fang, 2018). The addition of
grafting copolymer to mortar exhibited lower water absorption compared with the control
(MO). This result was attributed to the effect of grafted copolymers on the hydration process
at an early stage, which increased hydration. However, as the AA ratio in the grafted
copolymer increased, the rate of water absorption decreased.
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P(Ch-g-AA)

Figure 7 Relationship between W/C ratio and workability of mortar premixed with grafted
copolymer P(Ch-g-AA)
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Figure 8 Water absorption of mortar in the presence of grafted copolymer P(Ch-g-AA)

3.5. Compressive Strength

The effects of the grafted copolymers on the compressive strength of the mortar mixes
are presented in Figure 9. The results revealed that the compressive strength of mortar
significantly increased as the curing increased from 3-28 days. This result might have been
due to the film polymer formed on the cement surface, which filled the mortar pores and
improved the compressive strength (Negim et al., 2014; 2015; Ke, 2019). As the AA ratio
increased from 35% to 65% in the grafted copolymer, the compressive strength of the
mortar increased from 41.28 MPa to 46.55 Mpa. The reason is that the grafted copolymers
promoted the hydration process and improved the strength of the cement at an early stage.
Significant factors that affect compressive strength mortar include the ratio of water to
cement, the ratio of sand to cement, and the strength class of cement (Moodi et al., 2018).
Moreover, the compressive strength of the mortar premixed with grafted polymer
increased gradually as the W/C ratio decreased, as shown in Figure 10. Mortar with the
W/C ratio of 0.525 gave the lowest compressive strength (39.6 Mpa), whereas mortar
premixed with grafted polymer M3 and a W/ C ratio of 0.443 gave the highest compressive
strength (46.98 Mpa). Typically, the relationship between compressive strength and W/C
ratio is inversely proportional (Moodi etal., 2018; Ke, 2019). A typical relationship between
compressive strength and the absorption rate of water premixed with grafted copolymer at
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28 days of curing is shown in Figure 11. Compressive strength was found to increase as
water absorption decreased at 28 days. In addition, grafted copolymer in the mortar mixes
decreased water absorption from 5.45% MO (00/00) to 3.35% M3 (35/65). The lower the
water absorption, the higher the compressive strength of the mortar mixes (Lukowski et
al,, 2015; Athiyamaan and Ganesh, 2019).
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Figure 9 Compressive strength of mortar in the presence of grafted copolymer P(Ch-g-AA)

48 - - 0.6
§ 46 \ - 0.5
44 —
%0 o
g 0.3 -
£ 40 - §
b 3
; 38 4 0.2
z, 36 0.1
S 3 0

MO(00/00) MI(65/35) M2(50/50) M3(35/65)
P(Ch-g-AA)

Figure 10 Relationship between W/C ratio and compressive strength of mortar premixed with
grafted copolymer P(Ch-g-AA) at 28 days
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Figure 11 Relationship between compressive strength and water absorption of mortar premixed
with grafted copolymer P(Ch-g-AA) at 28 days

4. Conclusions

The properties of mortar containing grafted copolymers were investigated. The grafted
copolymers were based on the different composition ratios of Ch and AA. The results
showed that the W/C ratio decreased as the AA ratio increased in the grafted copolymers.
The compressive strength and workability of mortar premixed with grafted copolymers
increased in the OH, NH, and COOH groups, and branched chains pierced the liquid phase
to disperse the effects of copolymer particles among the cement particles. In addition, the
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setting times (initial and final) were lengthened, while water absorption decreased as the
AA ratio increased in the grafted copolymers.
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