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Abstract—The idea of sustainable and circular utilization of difficult to decompose plastics is pursued to add
value to other products. New epoxy mortars suitable for construction repair made from epoxy oligomer,
amine and modified PET waste hardeners mixed with sand were prepared. Three types of carboxyl termi-
nated PET (CTPET) were used as co-hardeners, along with an amine, to prepare new combination linkage
epoxy mortars. Investigation of the viscoelastic properties revealed that the CTPETs influenced the storage
modulus at glassy state and the rubbery plateau, indicative of interfacial adhesion between the epoxy matrix
and sand aggregates. Additionally, the damping behavior and glassy temperature were increased with the
addition of CTPET. Moreover, the combination linkage of ester groups from the CTPET likely contribute to
the enhancement of compressive strength and flexural strength in the epoxy mortar. The results of absorption
and f lexural change after immersion in solution, as well as the interfacial f lexural bonding strength with ordi-
nary cement-based material were also investigated.
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INTRODUCTION
Mortar is a building material that can be used in

many applications, such as plastering coatings, grouts,
sealants, and repair materials. In addition to the gen-
eral mortar, nowadays mortars with special ingredi-
ents, known as modified mortars, are available. These
special mortars are mixed with polymers to improve
some of their properties. For example, elastomers can
be added to provide a more f lexible mortar. On the
other hand, mixing with an epoxy resin results in a
stronger mortar. In addition to mechanical properties,
the current use of mortars necessitates consideration
of the surrounding environment, particularly in cases
where they are exposes to high humidity conditions.
This can arise from their application in areas with
underground water or in coastal structures that are
subjected to seawater immersion. The changes in the
structural properties of the mortar after contact with
the solution need to be considered during construc-
tion. Among the commercial polymers, epoxy resins
are now extensively used because they enable the
design of goods with desired features due to their
exceptional qualities for enhancing strength, adhe-
sion, durability, and water and chemical resistance.

Generally, the common epoxy materials are brittle
which is an undesirable property for construction
materials. The increase in the chain length and the
change of chemical structure of the epoxy oligomers,
both synthetic [1–3] and bio-based [4, 5] or the use of
curing agents [1, 2] may improve the toughness prop-
erties of the epoxy polymer, due to the change in
crosslink density and the mobility of the network
structure.

According to the global waste situation, in 2021 the
world had approximately 2.22 billion tons of waste,
which is expected to increase to 2.59 billion tons by
2030. One of the popular plastics to be recycled is PET
(e.g. PET bottles) due to its toughness and great
chemical resistance. The recycling methods can be
divided into 3 types: (i) primary recycling (pre-con-
sumer scrap), which is the upcycling process of the
waste, (ii) secondary recycling or physical/mechanical
reprocessing, and (iii) tertiary reprocessing or chemi-
cal reprocessing, which uses a chemical process to
transform the plastic waste back to its original form by
using chemical processes.

Currently, there are two types of recycled PET used
in combination with mortars. Firstly, secondary recy-
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cling is used in which PET is melted at high tempera-
tures before being mixed with sand at a specified ratio.
It was found that the melting temperature affected the
compressive strength of the specimens [6]. Alterna-
tively, combining ground PET with mortar has been
shown to reduce compressive strength and flexural
strength but increase splitting tensile strength. The
combination with PET also helps mortars to achieve
improved insulation properties [7]. The tertiary recy-
cling method is used to reduce the molecular weight of
PET molecules by glycolysis with glycol to achieve
hydroxyl terminated PET oligomer. Epoxy resins
made from hydroxyl terminated PET, amine hardener,
and sand showed higher compressive strengths and
flexural strengths than those made using PET
obtained from secondary recycling [8, 9]. However,
hydroxyl terminated PET cannot be used to cure
epoxy oligomers.

The objective of this work was to create a high-per-
formance epoxy mortar by incorporating a waste PET
co-hardener and minimizing the usage of commercial
amine hardener. Consequently, co-hardener with
bond linkages beyond just amino groups was expected
to impact the behavior of the epoxy mortar. To explore
this, various ratios of amine and CTPETs, as well as
different types of modified PET, were investigated.
The resulting epoxy mortars were characterized of
their viscoelastic behavior, physical properties, and
mechanical properties. Additionally, the investigation
extended studying the mechanical change before and
after immersion in solutions, as well as examining the
bonding strength between epoxy mortar and ordinary
Portland cement (OPC).

EXPERIMENTAL

Materials

Epoxy mortar M103 (Part A: Diglycidyl ether of
bisphenol A, DGEBA, 95%; EPOTEC YD 128 and
Part B: amine-amide based hardener in the ratio of
75:25) was supplied by Richtech Paint Co., LTD.
Three types of carboxyl terminated PET (CTPET)
hardener: 1) CTPET glycolyzed with ethylene glycol
(EG) and glycerol (GL) called P-EG, 2) CTPET gly-
colyzed with ethylene glycol (EG) and trimethylol
propane (THMP) called P-ET, and 3) CTPET glyco-
lyzed with trimethylol propane (THMP) called P-T
were prepared using mole ratio of PET and glycol of
1 : 2 followed by ring opening reaction of the interme-
diate with phthalic anhydride (PA), were prepared in
Polymer Laboratory, Naresuan University and called
P-EG-PA, P-ET-PA and P-T-PA [10]. The weight
average molecular weight of P-EG-PA, P-ET-PA,
and P-T-PA, measured by GPC, are 733, 913, and
1.148 g/mol. Meanwhile, the Tg, midpoint values of
P-EG-PA, P-ET-PA, and P-T-PA, measured by
DSC, are –31, –20, and –25°C, respectively. The
chemical structures of the CTPET species are shown
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in Scheme 1. N,N-dimethylbenzylamine, which was
used as catalyst, was purchased from Carlo Erba
Reagents. The aggregate was made from commercial
sand of grade 0.15–0.30 mm selected by sieve sized 50
and 100 mesh.

Epoxy Mortar

Epoxy mortar specimens were prepared in a clean
container. The CTPET hardener was added in the
required amount to the epoxy oligomer to give the
desired weight ratio (Table 1). The mixture was stirred
with a mechanical stirrer for about 15 min. and then
the tertiary amine catalyst was added in a ratio of
0.25% by weight of CTPET. After stirring for 15 min,
the required amounts of Part B hardener and sand
were added in the mixture. The mixture was stirred for
about 3 min. before pouring into a mold. Normally, all
formulations of epoxy mortars can polymerize at room
temperature. However, in order for the experimental
results not to have any deviations due to preparation
conditions, the mixtures were cured at 120°C for 2 h
and then left at 35°C for 7 days before testing.

Scheme 2 presents the possible cure reaction
mechanisms involving epoxy oligomer, amine, and
CTPET hardener. In this study, the curing process is
assumed to proceed via four curing reactions: (1) the
reaction between the primary amine group and the
epoxy oligomer’s oxirane ring, resulting in the forma-
tion of a tertiary amine network [2], (2) the reaction
between the carboxylic acid and the oxirane ring, lead-
ing to the formation of a ester network and a hydroxyl
functional group [11, 12], (3) the reaction between the
carboxylic acid and the hydroxyl group, forming a
polyester network [13, 14], and (4) the reaction
between the carboxylic acid and the primary amine
group, resulting in the formation of an amide linkage
[11].

Characterization Methods

The molecular weight of the CTPET was investi-
gated by gel permeation chromatography system
(GPC, Tosoh, Japan) equipped with Tskgel
G3000HXL and G2000HYL column, as well as
refractometric detector. HPLC grade THF was used as
the solvent, with a carrier solvent f low rate of
1 mL/min. The calibration was performed using poly-
styrene standards.

The glass transition temperature of the starting
CTPETs was measured using a Mettler Toledo model
DSC 3+ STARe system, a Differential Scanning Calo-
rimeter (DSC). All samples were subjected to a tem-
perature scan from –50 to 150°C at a heating rate of
10 K/min, with a constant nitrogen flow rate of
20 mL/min. Subsequently, the temperature was
reduced to –50°C at the same of 10 K/min. Finally,
the second heating scan was performed using the same
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Scheme 1.
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temperature range and heating rate. Report on Tg,midpoint
from second heating.

Dynamic properties of the epoxy mortar products
were analyzed using the TA Instruments model DMA
850. The measurement was carried out in the dual-
cantilever mode by varying the temperature from 0°C
to 150°C with an increment of 3 K/min. at frequencies
of 1 Hz under N2 atmosphere. Storage modulus E ',
damping factor (tan δ), and crosslink density (νR)
PO

Table 1. Formulation of epoxy mortar mixtures

Code. Part A: epoxy 
oligomer, wt % Part B P-EG

EA 2 1 –
EA-EG0.25 2 0.75 0.
EA-EG0.50 2 0.50 0.
EA-EG0.75 2 0.25 0.
EA-ET0.25 2 0.75 –
EA-ET0.50 2 0.50 –
EA-ET0.75 2 0.25 –
EA-T0.25 2 0.75 –
EA-T0.50 2 0.50 –
EA-T0.75 2 0.25 –
determined at elastic modulus in the rubbery state
(Tg +30°C) and were calculated using the following
equation [13–15]:

(1)

Compressive and three-point f lexural tests were
measured using an Instron Universal Tester (Model
5965 series). The testing procedure has been modified

r
R

'
  .

3
E
RT

v =
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Hardener, wt %
Sand, wt %

-PA P-ET-PA P-T-PA

– – 5
25 – – 5
50 – – 5
75 – – 5

0.25 – 5
0.50 – 5
0.75 – 5

– 0.25 5
– 0.50 5
– 0.75 5
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Scheme 2.
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from ASTM C109 and ASTM C293 [16]. The cross-
head speed was 1 mm/min. The specimens used in the
compressive strength tests had dimensions of 40 ×
40 × 40 mm3, while the specimens used in the f lexural
strength tests had dimensions of 40 × 40 × 160 mm3.
The reported results represent the average data
obtained from 6 specimens in each testing condition.

Water absorption and chemical resistance of epoxy
mortar samples were recorded as the change of mass
(Absorption) and flexural strength of the specimens
exposed to various conditions. The specimens with
dimensions of 40 × 40 × 160 mm3 were immersed in a
given solution at RT for 7 days. The solutions were
10% w/v of H2SO4, NaOH, and NaCl [17, 18]. The
average of data for 3 specimens exposed to each condi-
tion is reported. Absorption and flexural change after
immersion were calculated using the following equa-
tions:

(2)

where W1 and W2 are the weights of the specimen
before and after immersion in the reagent.

(3)

where F1 and F2 are the f lexural strength values of the
specimen before and after immersion in the reagent.

( ) ( )−= ×2 1

1

Absorption  %   100,
W W

W

( ) ( )−= ×2 1

1

Flexural strength change  %   100,
F F

F
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The effect of the CTPETs co-hardener on the f lex-
ural bonding strength between the commercial Port-
land cement mortar substrate and epoxy mortar was
investigated. The ordinary Portland cement (OPC)
used in this study was manufactured by Thai Pride
Cement Co., LTD, Thailand and its specific gravity
was 3.15. The fine aggregate was river sand. Mortar
substrates were prepared with a mass proportion of
cementitious binder : sand : water of 1 : 3 : 0.5 by
weight. The Mortar substrates with the dimension of
40 × 40 × 160 mm were cast and kept at 35°C covered
by wet cloth and plastic sheet for 24 h. After that, mor-
tar samples were demolded and kept in the control
room (temperature 28°C, relative humidity 50% RH)
for 27 days [19]. In order to maintain the same surface
roughness for the interface bonding performance tests,
each mortar substrate sample was cut in half along the
length (denoted as Cement, CO as shown in Scheme 1)
and the substrate surface was then carefully ground
and polished. The substrate mortar was placed into the
molds before casting of the epoxy mortars into the
vacant part of mold to obtain the combined speci-
mens. In this study, seven types of co-hardeners (EA,
EA-EG0.25, EA-EG0.50, EA-ET0.25, EA-ET0.50,
EA-T0.25, and EA-T0.50) were used to study the
interface bonding performance between the normal
OPC mortar substrate (CO) and the epoxy mortar
repair material. All samples were kept at 35°C for
7 days before the interfacial f lexural bond strength was
measured. In addition to the polymer mortar, a test
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Fig. 1. The geometry, dimension, and photograph of the f lexural bonding specimens.

CO

0.25

Load

0.25 0.250.5 0.5 0.5CN

Epoxy mortarCement, CO40 mm

40 mm
80 mm 80 mm

100 mm

160 mm CO:CN CO:EA CO:EA-EG CO:EA-ET CO:EA-T
specimen comprised from the OPC mortar (CN) as the
repair material and the cement mortar substrate (CO)
was also prepared for comparison purposes. The inter-
facial f lexural bond strength test was performed and
the results were expressed as the average of 4 values
obtained from different test specimens. The dimen-
sions and the photograph of the corresponding sam-
ples are shown in Fig. 1.

RESULTS AND DISCUSSION

Dynamic Mechanical Analysis

Viscoelastic properties of the epoxy mortar made
using a co-hardener composed of an amine and
CTPET depend upon many factors such as the cure
behavior interactions between the epoxide and the
amine, the epoxide and the CTPET and so on, type
and number of functionalities of the CTPET, ratio of
co-hardener, and nature of cured epoxy/aggregate
interfaces.

Storage modulus E ' reflects the elastic behavior of
the epoxy mortar. The  and  values describe the
glassy state and the rubbery plateau and are deter-

g'E r'E
PO

Table 2. DMA analysis of epoxy mortars made with various a

Codes
Storage modulus, MPa

(tanδ
glassy region rubbery region

EA 21919.8 149.2 0.
EA-EG0.25 25681.3 158.8 0.
EA-EG0.50 24861.5 121.4 0.
EA-EG0.75 16268.2 56.4 0.
EA-ET0.25 30800.2 193.9 0.
EA-ET0.50 27473.4 148.8 0.
EA-ET0.75 17609.5 89.3 0.
EA-T0.25 26546.4 201.8 0.
EA-T0.50 23842.8 178.8 0.
EA-T0.75 20362.7 92.3 0.
mined at 0°C and Tg +30°C. It can be seen that the 
of the epoxy mortar prepared with commercial amine
is 21.9 GPa. The incorporation of com.amine :
CTPETs in the ratio of 0.75 : 0.25 increases the 
(Fig. 2 and Table 2) values. The  value presents the
elastic energy stored during one cycle of oscillation or
load-carrying capacities, which relates to the stiffness
of the polymer chain and interfacial adhesion between
the epoxy matrix and aggregates [15, 20, 21]. The
results might be due to the presence of aromatic parts
in the backbone of modified PET, which increase the
rigidity of the epoxy mortar more than only the amine
hardener alone. It was also seen that EA-ET0.25 gave
the greatest  value followed by EA-T0.25 (with 4
COOH groups) and EA-EG0.25 (with 2–3 COOH
groups). Adding excessive amounts of long chain
CTPET in weight ratio of 0.75 (75%) can lead to the
generation of long distances between the active sites
leading to a looser network structure. This will result
in a decrease in the  value.

The  values increase in the sequence EA-
EG0.25, EA-ET0.25, and EA-T0.25. This could be

g'E

g'E

g'E

g'E

g'E

r'E
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mounts and types of CTPET

)max Tg, °C
Crosslink 
density,

10–3 mol/cm3

ΔT at 
tanδ > 0.3, °C

44 46 17.1 22 (36 to 58)
50 49 18.2 38 (35 to 73)
50 42 13.9 45 (23 to 68)
91 49 6.8 43 (28 to 71)
49 52 22.2 42 (38 to 80)
52 45 17.1 41 (29 to 70)
88 48 10.7 41 (30 to 71)
47 64 23.2 40 (40 to 80)
63 61 20.8 37 (39 to 76)
72 52 11.1 45 (25 to 70)
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Fig. 2. DMA thermograms of epoxy mortars made with various amounts and types of CTPET: (a) (1) EA, (2) EA-EG0.25,
(3) EA-EG0.50, (4) EA-EG0.75, (b) (1) EA, (2) EA-ET0.25, (3) EA-ET0.50, (4) EA-ET0.75, (c) (1) EA, (2) EA-T0.25,
(3) EA-T0.50, (4) EA-T0.75.
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explained by assuming that  depends on the cross-
link density [15]. The increasing functionality of the
curing agents results in increasing crosslink density.
However, excessive crosslink content might affect the
elastic load-carrying capacities of the material in the
rubbery state. This causes EA-ET0.25, although it has
lower content of crosslinking than EA-T0.25, to have
greater  at Tg values. EA-EG0.25 with the lowest
COOH content exhibited the least number of cross-
links and the lowest  value in comparison with the
other CTPETs.

Although the combination of CTPETs and amine
hardeners increases the crosslink density and rigidity
of polymer chains in comparison with the amine only
hardener, the longer chain length of CTPETs, in com-

r'E

r'E

r'E
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parison with commercial amine, and lower activity of
the carboxylic acid leads to lower density of epoxy
mortar made with increasing CTPET ratios (0.5 and
0.75 parts). This resulted in decreased load-carrying
capacity at Tg ( ) for mortars made with these ratios
of CTPETs.

The maximum tanδ (tanδmax) can be related to
interfacial adhesion between the epoxy matrix and
aggregate and damping properties of the material.
Good damping performance materials that help to
reduce noise and vibration should exhibit a high loss
factor (tanδ > 0.3) over the working temperature [15,
22, 23]. However, higher peak of loss tangent rep-
resents lower interfacial adhesion between the epoxy
matrix and aggregate [20, 21]. In addition, the tem-
perature at the maximum value of tan δ is commonly

r'E
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Fig. 3. Compressive strength and f lexural strength of epoxy mortars made with various amounts and types of CTPET: (1) 0.25,
(2) 0.50, (3) 0.75 wt %.

20
30

Compressive strength, MPa

EA EA-EG EA-ET EA-T

40
50
60

90
80
70

10
0

1 (a)2 3

10
15

Flexural strength, MPa

EA EA-EG EA-ET EA-T

20
25
30

45
40
35

5
0

1 (b)2 3
identified as Tg of the polymer. The increase in Tg was
attributed to the strong interactions between the epoxy
matrix and aggregate that prohibit crosslink mobility
of the epoxy polymer [15]. Thus, the effectiveness of
the composite can be represented by low tan δ as well
as high Tg values.

Epoxy mortars are commonly used for the durable
floors of industrial sites and for energy damping
floors. The acceptable energy damping can be charac-
terized by tanδ > 0.3 and high epoxy-sand interaction
(high Tg). EA showed tanδmax of 0.44 which corre-
sponds to high damping properties. The incorporation
of the three CTPETs resulted in higher tanδmax and
also in a wider working temperature range ΔTs). The
mixture of CTPETs and amine with a ratio of 0.25 :
0.75 exhibited tanδmax in the range of 0.47–0.50 and
the highest Tg in comparison with other ratios of the
co-hardener. EA-T0.25 exhibited minimum tanδ
(0.47) and maximum Tg (64.45°C) values associated
with the highest interaction between the epoxy and
sand components and energy damping of the sample.
Decreases in Tg values were observed in EA-ET0.25
and EA-EG0.25.

In addition, it can be seen from Fig. 2 that the tanδ
values of epoxy mortars made using amine hardener
and amine/CTPET hardener showed single tanδ
peak, which indicates good compatibility between the
epoxy matrix and aggregate [21, 24]. Although a single
peak was observed, the incorporation of CTPETs
caused broader tanδ peak indicating development of
heterogeneity in the reaction of different hardeners
[24]. Regarding the temperature range leading to good
damping properties (tanδ > 0.3), the amine hardener
only caused the maximum damping behavior in the
range of 36–58°C. The incorporation of 25% of a
CTPET co-hardener resulted in a broader ΔT at
tanδ > 0.3 (Table 2). This result might be due to the
interpenetration network formed between the epoxy
oligomer and the amine and epoxy oligomer and
CTPETs leading to broader damping properties at
PO
higher temperatures. A higher content of a CTPET co-
hardener (especially in 75%) resulted in higher tanδmax
and narrower ΔT. The increase in tanδmax is associated
with decreased interaction between the epoxy matrix
and sand. It could clearly be seen that EA-EG0.75,
which contains 2–3 COOH groups exhibited the
greatest tanδmax corresponding to the lowest interac-
tion between the epoxy and sand.

Mechanical Properties
Figure 3 shows the compressive and flexural

strength of epoxy mortars prepared using different
types of co-hardener. The compressive strength of the
epoxy mortar with part B hardener (EA) is 52 MPa.
Blending a CTPET co-hardener with the epoxy mor-
tar up to a content of 50% causes a further increase in
compressive strength. The highest compressive
strength obtained with EA-T0.25 co-hardener is
81 MPa. This could be due to the highest crosslink
density, four functionalities, and hidden structure
with the spatial engagement of ethyl and aromatic
groups in the backbone, which increase the rigidity
and compressive strength of the epoxy mortar [1].
EA-ET0.25 exhibits crosslink density similar to
EA-T0.25, however it’s three functionalities and flex-
ible ethylene oxide cause lower Tg and strength values.
On the other hand, the EA-EG0.25 resulted in the
lowest strength among the co-hardeners containing
25% of CTPETs. The low strength of EA-EG0.25 may
be due to the lowest crosslink density and increased
steric hindrance in the backbone of the molecule in
comparison with the ET and T structures. However, a
looser nature of the CTPET network and decrease of
the interfacial adhesion between the epoxy and aggregate
particles will be reduced once the CTPET ratio is raised
over 50% [1, 21].

Flexural strength of neat epoxy mortar (EA) is
29 MPa as shown in Fig. 3. The partial replacement of
part B hardener with 25% of a CTPET as a co-hard-
ener causes a further increase in f lexural strength. The
LYMER SCIENCE, SERIES A  Vol. 65  No. 5  2023
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Fig. 4. Chemical absorption of epoxy mortars made with various amounts and types of CTPET: (a) EA-EG, (b) EA-ET, (c) EA-T.
(1) 0, (2) 0.25, (3) 0.50, (4) 0.75 wt %. 
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EA-T0.25 mixture results in the highest f lexural
strength, which was found to be 38 MPa (up to 28%).
In the case of the EA-ET0.25 samples, the increase in
flexural strength of epoxy mortars reaches up to 21%
in comparison to the EA mixture while it is about 9%
for the EA-EG0.25 mixture. The improvement in
flexural strength of the epoxy mortar with 25% of
CTPET co-hardener may be due to the increased
crosslink density and interfacial adhesion between the
epoxy and aggregate [1]. However, the f lexural
strength of the epoxy mortar is less than that of the
control specimens (EA) when more than 50% of part
B hardener is replaced with a CTPET co-hardener and
it decreases with increasing CTPET co-hardener con-
tent. In addition, in comparison with the control, the
flexural strain increased from 1% to 2–6% with
increasing content of CTPETs up to 50%, which was
attributed to increased energy absorption by the
CTPETs [25]. However, further increase in the con-
tent of the CTPETs (75% of CTPETs) results in low
interfacial adhesion between the epoxy and aggregate,
leading to a lower failure strain [1, 20, 24].

Water Absorption and Chemical Resistance

Permeability of water and solutions are important
factors for induced corrosion of construction materi-
als that affect the strength of building structures. It can
be observed that the weight change after 7 days of
immersion, the absorption of neat epoxy mortar in all
solutions was lower than for mortars made the addi-
POLYMER SCIENCE, SERIES A  Vol. 65  No. 5  2023
tion of a CTPET co-hardener (Fig. 4). The absorption
values increased with the increasing CTPET content
especially in water and basic solutions [18]. The
absorption increases from 0.16% to 0.7–0.9, 1–1.1,
and 1.7–1.8% of water and from 0.14 to 0.65–0.86,
2.0–2.4, and 4.2–4.8% in 10% NaOH with the addi-
tion of 25, 50, and 75% of a CTPET co-hardener,
respectively. This may be because of the looseness of
the structure of the epoxy matrix that was cured with
CTPET [8] and the interactions between the ester
groups of the CTPET and the hydroxyl groups of the
solution.

EG with the least number of functionalities was
found to exhibit the highest solution absorption while
ET and T with 3 and 4 functionalities exhibited similar
absorption, which was less than that of EG. In addi-
tion, epoxy mortars cured with all CTPETs presented
great prevention of the absorption of 10% H2SO4 and
10% NaCl with less than 1% adsorption in both solu-
tions i.e. 0.39–0.82%. While, special amine-CTPET
with 25% gave less than 1% absorption of H2O and
10% NaOH.

Figures 5 and 6 show the f lexural strength and flex-
ural change before and after immersion of epoxy mor-
tar in water and various solutions for 7 days. Water
absorption by neat epoxy mortar (0.14%) was signifi-
cantly lower than for amine-CTPET cured mortars
(0.78–0.98%). However, measurements of f lexural
strength and flexural change, especially for CTPET
content of 25%, showed the same 4–5% decrement in
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Fig. 5. Flexural strength of epoxy mortars (1) before and after immersion in various solutions for 7 days: (2) H2O, (3) 10% H2SO4,
(4) 10% NaOH, (5) 10% NaCl.
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values in comparison with values before immersion for
all samples. In addition, similar trends in the change in
flexural values were observed for different amounts of
functionality present in the CTPETs.

In 10% NaCl solution, the 25% content of CTPETs
enhanced resistance to chloride corrosion. The mixed
mortar specimens showed an increase in f lexural
strength in comparison to the neat epoxy mortar as
seen in Fig. 5. While only T-0.25 showed an increase
in f lexural strength, which presents similar results as
PO
neat epoxy mortar after 10% H2SO4 immersion. How-
ever, when comparing the f lexural change after
immersion in 10% NaOH, the f lexural strength of the
immersed neat epoxy mortar increased, while for
mortars with added content of CTPET it decreased,
especially for CTPETs ratio higher than 50%. This
may be due to the penetration of NaOH potentially
leading to the hydrolysis of ester bonds of the
CTPETs, resulting in the destruction of the cross-
linked structure of the epoxy matrix and deteriorating
flexural properties [18].
LYMER SCIENCE, SERIES A  Vol. 65  No. 5  2023
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Table 3. OM images (5×) at interface of cement-based and repaired material before and after loading

Code CO:CN CO:EA CO:EA-EG CO:EA-ET CO:EA-T

Before

After

CO

CN

CO

EA

CO

EA-EG-0.25

CO

EA-ET-0.25

CO

EA-T-0.25

CO

CN

CO

EA

CO

EA-EG-0.25

CO

EA-ET-0.25

CO

EA-T-0.25
Interface Bonding Performance

In this study, the interfacial f lexural strength was
used to assess the interface bonding performance
between the prepared epoxy resin and normal OPC
mortar as the substrate material. Table 3 shows the
interface morphology of test samples based on the
optical microscope (OM) images with a 5× magnifi-
cation. The images show that for the studied speci-
mens, there was no visible crack in the interface
between the OPC mortar substrate and the epoxy
mortar before the applying of loads. However, a thin
crack was found near the interface of the OPC mortar
repair material (CN) and the mortar substrate (CO).
This may be due to the shrinkage of these cement mor-
tars. The failure of all composite specimens made with
the epoxy mortar and the substrate occurred within
the mortar substrate near the middle of the specimen,
without debonding or cracks at the interface. The f lex-
ural strength of the OPC mortar specimen (CO), the
OPC mortar substrate bonded with the new cement
mortar (CO:CN) and the mortar substrate/epoxy mor-
tar composites (CO:EA, CO:EA-EG, CO:EA-ET and
CO:EA-T) are presented in Fig. 7. It is obvious that all
composite samples made using the epoxy mortar
repair material displayed higher f lexural strength com-
pared to the CO:CN composite specimen regardless of
different hardener contents. The highest value of
5.7 MPa was observed for the CO:EA-ET0.25 mortar,
followed by 5.5, 4.8, and 4.6 MPa for the CO:EA-
T0.25, CO:EA, and CO:EA-EG0.25 mortars, respec-
tively. It can clearly be seen that in comparison to the
CO and CO:CN specimens, epoxy mortar used in this
study has a strong adhesion with the mortar substrate
POLYMER SCIENCE, SERIES A  Vol. 65  No. 5  2023
and therefore it can be effectively used as the bonding
agent in concrete repair application. Since the failure
mode occurs within the mortar substrate near the
interface region, the higher f lexural bond strength of
the CO:EA-ET0.25 and CO:EA-T0.25 composite spec-
imens compared to the control specimens (CO:EA)
can be mainly due to the improvement of the f lexural
strength of the cement mortar near the interface
region by the infiltration of the polymer film into the
small pores or gaps on the surface of the mortar sub-
strate [26–28]. This polymer film improves the inter-
face between the mortar binder matrix and the fine
aggregate leading to higher f lexural strength of the
cement mortar near the interface. This can indicate
that the high content of carboxylic acid functionalities
of the CTPETs helps to improve the interface bonding
performance of repaired cement better than only 2
acid functionalities of CTPET and the commercial
amine hardener. However, when the amount of
replacement ratio of CTPETs increases to 50%, the
flexural bond strength of composite samples decreases
by values in the range 23–30%. This may be because
of the decrease of crosslink density and interfacial
adhesion behavior between the epoxy, aggregate parti-
cles, and old ordinary cement-based will result in
reduced interfacial f lexural bonding strength of the
repaired material [1].

CONCLUSIONS

This research study investigates the viscoelastic and
mechanical properties of epoxy mortars incorporation
a combination of amine, amide, and ester linkages
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Fig. 7. Interfacial f lexural strength of cement-based and repaired material: (1) 0.25, (2) 0.50 wt %.
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from amine-amide and CTPETs hardeners. The main
conclusions are as follows:

1. The inclusion of a CTPET co-hardener effec-
tively enhances the viscoelastic behavior and mechan-
ical properties of the epoxy mortar. The optimized
epoxy mortar made with 25% P-T-PA co-hardener
exhibited the best enhancement effect, which can be
attributed to the higher concentration of rigid aro-
matic groups and improved interactions between the
epoxy and sand.

2. The addition of CTPET co-hardeners, especially
those with 3 or 4 acid functionalities, in an appropriate
proportion, enhances the interfacial f lexural bonding
performance. However, excessive content of CTPETs
in the epoxy mortar lead to reduced compressive and
flexural strengths, as well as decreased f lexural bond-
ing strength for all CTPETs. This decline may be
attributed to the loss of ester linkage points and
reduced adhesion between the epoxy and aggregate.

3. Epoxy mortar cured with 0.25% P-T-PA co-
hardener demonstrates excellent corrosion resistance
in acid and chloride solution. It exhibits improved
flexural strength compared to its pre-immersion state,
particularly in 10% NaCl, outperforming the neat
epoxy mortar.

4. The presence of ester linkage in epoxy mortar
formulated with a CTPET co-hardener results in
reduced flexural strength after immersion in H2O and
10% NaOH, owing to the hydrolysis of the ester bonds
in the CTPETs.
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