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ABSTRACT

This paper investigates increasing polymer addition into ordinary cement mortar (OCM) composites. The main
areas of study include material fabrication, workability, mechanical properties, durability, microstructure, and
application of OCM composite materials. This paper introduces the application of PMCM and discusses the
prospects and challenges of PMCM composite materials. In this work, we examine the impact of waste Ethylene
Vinyl Acetate (EVA) and Polyethylene Terephthalate (PET) on cement-based mortar's mechanical characteristics
and workability. Variations of 0.2%, 0.5%, 0.8%, 1.1%, and 1.4% of the PET polymer are employed in place of
sand. In the meanwhile, variants of 2%, 4%, 6%, 8%, and 10% of the EVA polymer are used as Portland cement
substitutes. Immersion techniques were used to create the polymer mortar for 7, 14, 21, and 28 days. The study's
findings show that when the amount of polymer in a mortar increases, its compressive strength falls. The polymer
mortar's compressive strength value, however, revealed the best outcomes after 28 days of immersion. The results
of XRF characterization data, SiO, and CaO are the most common components in polymer mortar. Calcite, quartz,
corundum, and hematite are the most prevalent phases. Results of SEM-EDS analysis display the polymer mortar's
shape as well as the elements that were found, which include O, C, Ca, Si, Al, Fe, S, and Mg. Results from the
FTIR characterization show wavelengths in the polymer mortar that correspond to the presence of functional
groups such C-0, Si-O-8Si, Si-0O, and O-H.
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INTRODUCTION

Over the past 170 years, mortar and concrete made with Portland cement have become popular
construction materials.! Due to its popularity in the construction industry worldwide, mortar poses
several environmental issues. One of them is the emission of greenhouse gases produced from the
production of Portland cement, which is the raw material in mortar production, reaching 1.35 billion
tons per year.” Furthermore, cement mortar still has several weaknesses, such as slow hardening, low
tensile strength, significant drying shrinkage, and low resistance to chemicals. To address these issues,
efforts can be made to modify mortar with polymers. This has been developed in several advanced
countries. Polymer-modified mortar and concrete are considered promising construction options due to
a good balance between performance impact and cost.! Of the 25 million tons of plastic produced in
Europe annually, only 30% is recycled, while the rest is either incinerated or disposed of in landfills.
Globally, it has been estimated that 86% of all plastic packaging is never collected or recycled.?
Recycling waste is the best way to achieve sustainable plastic processing due to its environmental
compatibility and economic benefits.* There are several types of plastic waste commonly found, such
as High-Density Polyethylene (HDPE), Low-Density Polyethylene (LDPE), Linear Low-Density
Polyethylene (LLDPE), nylon 6, Polystyrene (PS), Poly-Propylene (PP), Polyethylene Terephthalate
(PET), and Polyvinyl Chloride (PVC).?
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Polyethylene Terephthalate (PET) is one of the most found thermoplastic polyesters on the market, in
the form of bottles and food packaging. An economical way to recycle the polymer type Polyethylene
Terephthalate (PET) is by using it as a substitute material in the construction industry, by using it as an
aggregate mixed with cement.® As a result, PET used as aggregate in mortar and concrete formulations
can enhance the sustainability of this waste with numerous positive impacts, such as reduced natural
resource usage, waste consumption, environmental protection, and energy savings.” Besides PET, there
are other polymers that can be used as substitute materials in mortar, such as Ethylene Vinyl Acetate
(EVA). EVA is one of the polymers that enhance flexibility and bending strength®, and the bonding
strength of cement concrete.” Several researchers have used polymers in mortar mixtures. Abed et al.,
(2021) conducted a study by adding polyethylene terephthalate (PET) as a substitute for fine aggregate
or sand in mortar.'® The results of the compressive strength and flexural strength tests showed a decrease
in the values of compressive strength and flexural strength starting with the addition of 15% PET. In
the study conducted by Yeon et al., (2019), Ethylene Vinyl Acetate (EVA) in powder form was used as
a substitution material.'! The test results of the specimens indicated that at a curing age of 28 days, the
compressive strength ranged from 32.92 MPa to 43.50 MPa, and the flexural strength ranged from 12.73
MPa to 14.49 MPa. The research results indicate that mortar modified with EVA polymer exhibits a
high level of strength development, making the material advantageous for use in three-dimensional
additive construction.
This work was carried out to investigate the effects on mechanical and physical characteristics of
polymer mortar by combining cement and sand substitute materials, particularly EVA and PET
polymers, based on prior investigations.

EXPERIMENTAL
Materials
In this study, the materials used include Portland cement, sand, Ethylene Vinyl Acetate (EVA) polymer,
and Polyethylene Terephthalate (PET) polymer. These materials will undergo several characterizations,
including chemical composition analysis, constituent phase identification, morphological
characterization, and analysis of functional groups formed within the materials.

Methods

The parameters used in this experiment are shown in Table-1. Portland cement, sand, EVA, and PET
are weighed according to the composition in Table-1. Then water is added, mixed, and cast into cubes
measuring 5x5%5 ¢cm3. The specimens are left to stand for 24 h and then submerged for 7, 14, 21, and
28 days. The polymer mortar is then removed from the water, and testing is conducted on its mechanical
and physical properties, including compressive strength, porosity, absorption, and density. Polymer
mortar is also characterized using XRF, XRD, SEM-EDS, and FTIR. The compressive strength testing
was conducted using a universal testing machine, type HT-2402. The chemical content analysis was
performed using X-Ray Fluorescence with PanAnalytical Type Minipal 4 equipment, and phase
structure analysis was conducted using X-Ray Diffraction with PanAnalytical Type Expertpro
equipment. The morphology of the polymer mortar was obtained using Scanning Electron Microscopy
Quattro S. Additionally, the functional groups formed were analyzed using Fourier Transform Infrared
(FTIR) analysis with Bruker Type Invenio equipment.

Table-1 : Composition of Polymer Mortar

Sampel Code Composition of material (%)
Cement EVA Sand PET Total
EVA/PET 20,0 0,0 80,00 0,00 100
2EVA/0,2PET 19,6 0,4 79,84 0,16 100
4EVA/0,5PET 19,2 0,8 79,60 0,40 100
6EVA/0,8PET 18,8 1,2 79,36 0,64 100
8EVA/1,1PET 18,4 1,6 79,12 0,88 100
10EVA/1 4PET 18,0 2,0 78,88 1,12 100
RESULTS AND DISCUSSION

Mechanical and Physical Tests

Figure-1(a) shows the graph of the compressive strength test results of polymer mortar after immersion.
The results indicate that increasing the addition of EVA and PET polymers leads to a decrease in
compressive strength values. This is proportional to the density values displayed in Fig.-1(b) The
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decrease in density values in the polymer mortar may be due to the low density of the added polymer
materials.'? The values of absorption and porosity increase as shown in Fig.-1(c) and (d). This increase
may occur because the shape of the polymer used as aggregate (PET) differs from sand.'> Hence, it will
form pores that increase the values of porosity and absorption in the polymer mortar.

Chemical Composition

Based on Table-1, there is an increase in the level of silica (SiO;) found in boiler crust ash. Unextracted
boiler crust ash has a silica (SiO2) content of 38% and after extraction, the silica content is 96.1%. Based
on the data obtained, it is known that through the silica extraction process using the sol gel method can
increase the purity of silica compounds contained in boiler crust ash.
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Fig.-1: (a) Compressive Strength, (b) Density, (c) Absorpstion, (d) Porosity

The high silica content indicates a relatively high level of purity in the extraction process. Portland
cement has CaO compound as the highest content, amounting to 77.82%. Based on SNI 15-7064-2004,
the CaO compound content that can be used as a building mixture is more than 45% and SOs3 less than
4%. The results of XRF characterization prove that the compound content in Portland cement raw
materials can be used in this research as a raw material for making polymer mortar. SiO; is the most
abundant compound in sand, accounting for 63.61%. Meanwhile, for EVA and PET polymers, after
observation, the dominant content found is Ca. The complete chemical contents of the raw materials
can be seen in Table-2 and Table-3. Based on Table-4, it can be observed that when the polymer mortar
has been immersed, the dominant compounds formed are Calcium Oxide (CaO) and Silicon Dioxide
(S102). The characterization results of these samples follow the XRF analysis of raw materials such as
Portland cement, sand, EVA, and PET.

Table-2: Chemical composition of cement and sand
Compounds (%wt) Si0, | CaO | ALbOs | FexO3 | KO | TiO; | SO3 | SrO | P,Os | ZrO,
Portland Cement 9,49 | 77,82 | 291 594 11,29 1042 | 1,59 | 0,29 - -
Sand 63,61 | 1,73 | 17,12 | 6,39 | 8,97 | 0,87 - - 0,64 | 0,20
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Table-3: Chemical composition of polymer

Compounds (%wt) Ca Si Sb Fe Er K Ti | Mn | Sc Ni | Mg | Al

EVA 74,76 | 7,81 - 1,63 - - 1,47 - - - 13,6 | 0,34
PET 57,61 - 14,58 | 11,59 | 8,28 | 4,69 | 2,1 {043 ]043 (029 | - -
Table-4: Chemical composition of polymer mortar
Oxide Compounds (%wt) | SiO; | CaO | AlL,O; | FexO3; | KO | TiO; | MgO | MnO | SrO | SOs | BaO
7 Days 33,6 [ 3596 | 119 8,89 | 7,56 | 889 | 0,14 | 0,13 | 0,2 | 04 | 0,12
14 Days 30,3 | 38,65 | 11,35 95 1701 95 1,19 | 0,11 | 0,25 | 0,35 0,14
21 Days 21,7 [ 50,73 | 7,86 | 12,53 | 2,21 | 1,278 | 1,77 | 0,22 | 0,36 - -
28 Days 22,3 14797 | 8,18 | 13,68 | 2,48 | 1,35 | 1,62 | 0,22 | 0,36 - -
XRD Analysis

Based on XRD analysis in Fig.-2, the characterization results of the raw materials exhibit diffraction
patterns that can be classified into crystalline phases, marked by sharp phases with high intensity. In
Fig.-2(a), the diffractogram of Portland cement shows the presence of the calcite (CaCO3) phase, which
has a rhombohedral crystal structure and represents the highest peak on the Portland cement
diffractogram at 26=29.406°. Furthermore, for the hematite (Fe,O3) phase with a rhombohedral crystal
structure, the highest intensity is at 20=33.115°. Meanwhile, the quartz (SiO) phase with a hexagonal
crystal structure has the highest intensity at 20=26.652°. Based on this, it can be observed that all
detected minerals show sharp peaks and good intensity, indicating the crystalline nature of each mineral
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Fig. 1-. XRD of raw material (a) Portland Cement Fig. 3-. XRD of Polymer Mortar (a) 7 Days; (b) 14
(b) Sand; (c) EVA; dan (d) PET Days; (c) 21 Days; and (d) 28 Days

Meanwhile, the diffractogram of sand can be seen in Fig.-2(b), which shows that the quartz (SiO») phase
has a hexagonal crystal structure and represents the peak with the highest intensity in the sand
diffractogram at 20=26.640°. Furthermore, for the corundum (Al»O;) phase with a rhombohedral crystal
structure, the highest intensity is at 26=43.363°. The Al,O3; compound plays a significant role in the
hardening process.'® Another formed phase is hematite (Fe2O3) with a thombohedral crystal structure,
having the highest intensity at 20=33.115°. Meanwhile, the calcite (CaCO3) phase has the highest
intensity at 260=29.406° with a rhombohedral structure. In Fig.-2(c), the X-ray diffractogram of PET
polymer derived from waste, specifically beverage bottles, is shown. The diffractogram displays a broad
peak for the Polyethylene Terephthalate (PET) sample. This indicates that the material has an
amorphous structure.'® The diffractogram shows its highest hump at a diffraction angle (20) of 25.277°.
This may be due to the rapid cooling rate during the PET sheet formation process. Consequently, the
long molecular chains do not have sufficient time to rearrange into a crystalline phase at low
temperatures.!” Figure-2(d) shows the diffractogram of EVA. The calcite (CaCOs) phase formed has a
rhombohedral crystal structure and represents the highest peak in the sand diffractogram at 26=29.406°.
For the quartz (SiO7) phase with a hexagonal crystal structure, the highest intensity is at 26=26.640°.
Meanwhile, the hematite (Fe2O3) phase has its highest intensity at 26=33.115°. Polyethylene is a semi-
crystalline polymer, and the addition of VAA groups reduces its degree of crystallinity. The higher the
VA group content, the lower the degree of crystallinity of the copolymer, and the copolymer becomes
completely amorphous if the VA content exceeds 50%°. In Fig.-3(a), the diffractogram of polymer
mortar with a soaking time of 21 days can be seen. The formation of the calcite (CaCO3) phase, which
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has a rhombohedral structure, shows the highest intensity at 260=29.406°. For the quartz (SiO») phase
with a hexagonal crystal structure, the highest intensity is at 20=26.640°. The hexagonal crystal
structure is composed of a tetrahedral arrangement formed between silicon and oxygen atoms that
crystallize. The quartz phase influences the mechanical properties of the mortar due to the ability of
quartz particles to create crack resistance.!* Another phase that forms is corundum (Al,Os) with a
rhombohedral structure, showing the highest intensity at 26=43.363°. Meanwhile, the hematite (Fe»03)
phase with a thombohedral crystal structure has the highest intensity at 26=33.115°.

In addition, the diffractogram of polymer mortar with a soaking time of 28 days is shown in Fig.-3(b).
The formation of the calcite (CaCOs3) phase, with a rhombohedral structure, has the highest intensity at
20=29.406°. For the quartz (SiO) phase with a hexagonal crystal structure, the highest intensity is at
26=26.640°. Nergis et al. (2020) stated that the SiO> compound influences the mechanical properties of
amaterial.'®> Another phase that forms is corundum (A1,O3) with a thombohedral structure, showing the
highest intensity at 26=43.363° and playing an important role in the mortar hardening process.
Meanwhile, the hematite (Fe2O3) phase with a rhombohedral crystal structure has the highest intensity
at 20=33.115°. The characterization results with XRD align with the testing results using XRF, which
state that the elements Ca, Si, Al, and Fe are the elements with the highest levels contained in the
polymer mortar composition of 2% EVA and 0.2% PET, with CaO being the most dominant.

SEM-EDS Analysis

Figure-4 shows the morphology of raw materials with a magnification of 5000x. In Fig.-4(a), the
dominant distribution of Ca and Si elements is observed in Portland cement material, with percentages
0f29.34% and 4.51%, respectively. Figure-4(b) illustrates that Si and Al elements dominate the content
of the sand material. As for EVA and PET polymers, the most dominant elements are Ca and Si. This
aligns with the XRF results obtained from the raw materials.

Fig. 4-. The results of SEM-EDS analysis show the Morphological Shapes and the Chemical Element
Distribution Mapping of (a) (b) Portland Cement; (c) (d) Sand; (e) (f) EVA; and (g) (h) PET

The results of the SEM-EDS analysis on polymer mortar are shown in Fig.-5. The EDS results for each
sample indicate that Ca and Si elements are the most dominant content in the polymer mortar. The
polymer used as a substitute material in the mortar affects the pores in the formation of Calcium Silicate
Hydrate (C-S-H).!® The formation of Calcium Silicate Hydrate (C-S-H) occurs when a chemical
reaction takes place between silica (Si) and calcium hydroxide Ca(OH),, reacting with water. Therefore,
the longer the immersion time, the greater the influence on the C-S-H compound, which can provide
strength and mechanical stability to the mortar.!® This can be observed in Fig.-5, which shows that the
pores in the polymer mortar decrease with increasing immersion time, resulting in the formation of
more optimal bonds between cement and water.'® In polymer mortar with a 28-day immersion time, the
formation of ettringite (Aft) has also been observed, which appears as needle-like structures growing
among some C-S-H.
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Fig. 5-. The results of SEM-EDS analysis show the Morphological Shapes and the Chemical Element
Distribution Mapping of Polymer Mortar: (a) (b) 7 Days; (c) (d) 14 Days; (e) (f) 21 Days; and (g) (h)
28 Days

FTIR Analysis

FTIR characterization was conducted to determine the functional groups present in the raw materials
and samples with the highest compressive strength based on their immersion time. Based on the graph
in Fig.-6(a), functional groups and wavelength lengths of the raw cement materials can be observed. At
a wavelength of 3400 cm’!, there is an O-H bond, indicating a slight increase in water content. At
wavelengths from 900 to 1000 cm™, strong asymmetric bending represents the formation of C-S-H in
the mortar.?’ Figure-6(a) can indicate the functional groups of the sand raw material. At wavelengths of
999 cm-1 and 911 cm-1, Si-O bands are formed. At wavelengths of 759, 694, 645, and 530 cm™, Si-O-
Si bands are formed.?! Based on the graph in Fig.-6(b), it shows the results of FTIR analysis on the
EVA polymer. The analysis results in the graph indicating wavelengths of 3365, 1730, and 605 ¢cm!
represent C=0 functional group bonds. C-H functional groups are formed at wavelengths of 2933 and
2862 cm’!. At wavelengths of 1230, 1093, and 1018 ¢cm!, there are C-O functional groups. CH; bonds
are formed at a wavelength of 1371 cm™. Wavelengths of 1430 and 728 cm™ indicate the formation of
CH, bands, showing the presence of absorption in ethylene groups.? Figure-6(c) shows the results of
the FTIR analysis of the PET polymer. The graph of aliphatic C-H stretching exhibits a small peak at a
wavelength of 2969 ¢cm™ and undergoes a similar peak bending at a wavelength of 972 cm™. The
stretching band of the C=0 ester group is located at a wavelength of 1714 cm™!. Wavelengths of 1242
and 1091 cm-1 show two intense bands for the stretching of C-O-C in ester groups. The C=C functional
group is indicated at 1407 cm™!. At a wavelength of 1016 cm’!, there is an absorption band caused by
C-H bond bending. C-H bonds are indicated at a wavelength of 723 cm™.?* An Analysis of functional
groups was also conducted on the polymer mortar resulting from immersion. Based on Fig.-7, the
wavelength and functional groups formed in the polymer mortar can be observed. The analysis results
in the graph in Fig.-7(a) show that the polymer mortar with a 7-day immersion time exhibits
wavelengths of 3693, 3694, and 3618 cm’!, indicating stretching in the O-H band, which signifies the
presence of adsorbed water molecules from the C-S-H phase. At a wavelength of 1645 cm™, there is a
bond of the C=C functional group. The bond of the C=H functional group is indicated at wavelengths
of 1416 and 1414 cm™ 242

Based on the study conducted by Yu et al., (1999), they investigated the structure of C-S-H formed at
wavelengths between 980 to 1080 cm™.?¢ Figure-(b) shows strong asymmetric bending indicating the
formation of C-S-H in the polymer mortar, as evidenced by the wavelengths of 1003 and 1000 cm™,
which indicate stretching in the Si-O band.* At wavelengths of 911 and 908 cm™, there are Si-O
functional group bonds. At wavelengths of 871 and 875 ¢cm’!, there are C-H functional group bonds. At
wavelengths of 531 and 530 cm™, there are Si-O functional group bonds.?**>*"2° Figure-7(c) shows the
wave numbers of the polymer mortar with a 21-day immersion time. Based on the analysis conducted,
the formation of Calcium Silicate Hydrate (C-S-H) can be observed in the Si-O-Si band at a wavelength
of 968 cm!. Another functional group formed is Si-O at a wavelength of 530 cm™..
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For wavelengths of 1643 and 3388 cm™, the O-H functional group is formed, indicating the presence
of water molecules. The C-O band formed at wavelengths of 1413 ¢cm™ and 873 cm! represents the
carbonate phase. Based on the graph in Fig.-7(d), the wavelengths formed in the polymer mortar with
a 28-day immersion time can be observed. The Si-O-Si band can be marked as the formation of Calcium
Silicate Hydrate (C-S-H) at a wavelength of 960 cm™'. Another functional group formed is Si-O at a
wavelength of 528 cm™. At wavelengths of 1645 ¢cm™ and 3398 c¢m!, the O-H functional group is
formed, indicating the presence of water molecules adsorbed from the C-S-H phase. The C-O band at
wavelengths of 1413 cm™ and 871 cm! signifies the presence of the carbonate phase in the polymer
mortar.’?*%
CONCLUSION

The compressive strength values decrease with the increasing addition of EVA and PET polymers. The
most optimal test results in the study are found in the polymer mortar with 0.2% PET and 2% EVA
substitution (sample code 0.2 PET/2 EVA). After 28 days of immersion, it has the lowest absorption
and porosity values of 2,65% and 5,56%, respectively, and the highest density and compressive strength
values of 2,10 g/cm® and 16,03 MPa. The highest compressive strength value in the 0,2 PET/2 EVA
sample code indicates that the polymer mortar in this study meets the requirements of SNI 03-6882-
2002, as the mortar value exceeds 12,5 MPa, classifying it as type S mortar. The mortar contains
dominant compounds of SiO,, CaO, Fe,0s, and Al,O;, with formed phases including calcite, quartz,
corundum, and hematite. SEM-EDS characterization of the polymer mortar indicates the most dominant
distribution of Ca and Si elements. Additionally, FTIR characterization shows several wavelengths
indicating the presence of functional groups C-O, Si-O-Si, Si-O, and O-H in the polymer mortar. The
formation of Si-O-Si signifies strong asymmetric bending, indicating the formation of Calcium Silicate
Hydrate (C-S-H).
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