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Abstract. This research uses the Responses Surface
Method (RSM) approach to make and optimize
environmentally friendly bricks using a PET and epoxy
resin mixture. The main input factors for the mixture are
PET particles and epoxy resin as adhesive materials,
while compressive strength is the primary response of the
sustainable brick produced. RSM-based Central
Composite Design (CCD) was used to assess the influence
of PET particle variables (1-5mm) and epoxy resin ratio
(30-50%) on the compressive strength response. The
accuracy of the mathematical model created by CCD was
tested using ANOVA. The RSM evaluation results show
that the empirical findings suit linear and quadratic
models for cost response and compressive strength. A
coefficient of determination greater than 0.85 for all
reactions indicates that the model can explain response
variability. The optimization results show that the input
variables PET particle and epoxy resin ratio have an
average optimum value of 40% epoxy resin, each with a
PET size of 3 mm. This optimal combination produces a
maximum compressive strength of 13.37 MPa. The study
and application of a mixture of PET particles and epoxy
resin in making sustainable bricks has shown that these
materials have great potential to increase the compressive
strength of sustainable bricks.
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1. Introduction

Currently, environmental problems, especially waste,
are one of the urgent problems to be solved worldwide [1],
[2], [3]. Population growth and economic development are
directly proportional to the increase in waste, resulting in
significant waste generation. This increase in waste
creates various challenges for the environment. This
increase in waste occurs not only in developed countries
but also in developing countries. One of the main
challenges related to this increase in waste is the problem
of effective waste management. Utilizing waste efficiently
reduces the amount of waste in the environment [4], [5].

The use of PET (Polyethylene Terephthalate) has now
increased significantly. PET is widely used to make
beverage bottles, cosmetics, food, and other products [6],
[7]. This is because PET is light, solid, and easy to
recycle. Appropriate handling is needed to handle PET
waste to prevent environmental pollution. Recycling is
one of the best ways to reduce the negative impact of
increasing PET waste. This recycling process can reduce
the amount of waste that currently ends up in landfills.

PET plastic waste is used to create brick composites or
permeable bricks [8]. Apart from that, the use of PET is an
innovation in reducing the amount of plastic waste and
reusing it in development. Making permeable bricks using
PET has the potential to be a sustainable solution in waste
management. The construction industry generally uses
large quantities of clay bricks in most buildings [9]. The
use of bricks in building construction requires a lot of
clay, which will have an impact on land degradation.
Based on data from one brick Micro, Small, and Medium
Enterprises (MSMES) in West Java, it is stated that the
demand for bricks reaches 6000 per day. If this number is
multiplied by the number of brick MSMEs in Indonesia, it
can undoubtedly exceed 1,000,000 bricks produced daily.
To reduce this problem, it is necessary to substitute brick
making with another material. PET plastic can be used as
a substitute for making bricks. PET substitution is one
way of reusing PET waste to protect existing natural
resources. This permeable brick has several advantages
that can reduce the effects of heat, absorb noise, and
increase anti-skid performance [10]. Plastic waste has the
potential to be utilized as an ingredient in brick
production, with Polyethylene Terephthalate (PET), Low
Density Polyethylene (LDPE), and High Density
Polyethylene (HDPE) being the commonly employed
types for this purpose [11], [12], [13], [14], [15].

When making bricks, a binding agent, such as water, is
also needed to bond the clay. One of alternative to using
adhesive is epoxy resin. Epoxy resin is a polymer that has
excellent tensile strength. The use of epoxy resin in
buildings has become a topic of research. Epoxy resin,
known initially as a strong and long-lasting adhesive, is
now widely used in various building and construction
applications. Epoxy resin has high strength, weather
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resistance, and flexibility, making it an alternative

building material.

Post-use polymer waste is the main component of solid
waste, creating a substantial environmental burden
because it is not easily damaged. Plastic waste can pollute
the environment because of carbon bonds; primary and
secondary carbon are in the plastic packaging. Therefore,
it is necessary to turn plastic waste into new products that
can be useful. High-Density Polyethylene (HDPE), Low-
Density Polyethylene (LDPE), and Polyethylene (PET) are
the materials most widely used for plastic packaging and
plastic bottles. One method to decrease the community's
waste is by recycling plastic materials. In China, Most
PET bottle waste is recycled into fiber using a deposit
refund system (DRS), which has great potential to reduce
greenhouse gas emissions and significant pollutants [16].

On the other hand, the demand for construction and
building materials is increasing along with the increasing
population worldwide. One of the raw materials used for
building materials is brick. The increase in brick
production in the world occurred in several regions, such
as China, India, Canada, and Indonesia [17], [18]. An
increase in brickmaking will cause a reduction in natural
resources of fertile clay that are only for use in brick
production in the world. Adding natural materials to
buildings will cause rapid depletion of natural resources.
In addition, approximately 7% of total global energy is
consumed in extracting, processing, and handling raw
materials used for making concrete [19]. Therefore, using
various wastes to produce bricks is vital for a sustainable
product.

Mixing plastic waste with clay to make bricks is an
alternative to recycling plastic waste. The utilization of
plastic waste in construction has sparked a recent
movement toward achieving sustainability. In addition,
adding plastic to the concrete mixture can improve the
product's characteristics [20], [21], [22], [23], [24]. One
way to recycle plastic waste is by making eco-bricks. This
eco-brick is an innovative form of recycling plastic waste
into building materials.

In materials, epoxy is used as an adhesive between one
brick and another [25]. Apart from being an adhesive,
epoxy is also used as a substitute for some binders with
glycolate obtained from Poly (ethylene terephthalate)
waste [26]. In research, [27] epoxy resin can be used to
improve the manufacture of Portland cement. In other
research, epoxy resin was used as a material derived from
PET bottle waste [15], [28]. Plastic waste can be used as a
binding material for brick-making mixtures. This plastic
waste can increase compressive strength and durability
[29], [30], [31]. The results of the porosity test show an
increase in the percentage of porosity, so the addition of
PET produces a more porous surface than HDPE and
LDPE. PET is more porous than HDPE and LDPE [32].

The use of sustainable brick has been widely done this is
because sustainable brick is easy to produce and has a
relatively good and strong compressive strength. The

compressive strength of bricks is one of the most
important parameters in construction and building material
applications. This research is focused on producing
suggestions for predicting compressive strength results in
making permeable bricks using the Response Surface
Method (RSM) approach. This RSM is one part of the
Design of Experiment (DoE), which is widely used for
optimization in the industry [33], [34], [35], [36]. The
procedures in RSM include designing experiments,
developing mathematical models, measuring optimal
experimental parameters, and showing interconnected
parameters [37]. RSM can also describe the influence of
interactions between variables with 3D images [38]. This
research can be used to select the characteristics of
experimental specimens based on maximum compressive
strength. The variable parameters in this study are ratio
(%) and PET size (mm).

2. Research Method
2.1. Materials

The material chosen and used in this research was
PET-based beverage bottles cut into small pieces.
Meanwhile, the clay is sourced from areas with local brick
producers. For the binder, epoxy resin is used, which is
found in chemical companies, as shown in Fig 1. This
research was carried out using more than 85% epoxy
resin, bisphenol a diglycidyl ether (E-44 and E-51),
produced using bisphenol A (BPA) and epichlorohydrin
(ECH). In this experiment, hardener was used as a mixing
ingredient for epoxy resin. A hardener is usually used to
cure epoxy resin. Epoxy resin will cause a reaction if
combined with hardener. The result of this reaction is a
strong, durable, and often stiff material. The epoxy resin
hardener in the experiment was 1:1. The hardener acted as
a catalyst, starting the cross-linking reaction between the
epoxy resin molecules.

™ Esnmy Reain A - Epoxy Hardens! o
Vi voughiy Epoxy Rosin & EPC”

XY RESIN
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Fig 1. Epoxy Resin Material

2.2. Experimental Design

The mix design in this research was carried out using
Central Composite Design (CCD). Central Composite
Design (CCD) is one of the experimental design parts of
Response Surface Methodology (RSM) [39]. The CCD
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method can evaluate the number of experiments
determining response optimization and variables. This
CCD method has three points: factorial, axial points (star
points), and central points [40]. Based of Design Expert
experimental manufacturing using CCD resulted in 9
processes. Mix design with nine experiments with two
factors: ratio (%) and size (mm). The variables determined
for this experiment are shown in Table 1.

Table 1 The Level of Factors

Ratio Size Particles
(X1; Epoxy resin) (X2, mm)
10 (minimal) 1 (minimal)
50 (maximal) 5 (maximal)

The manufacture of experimental materials is carried
out by mixing epoxy resin and hardener in a ratio of 50:
50 and then mixed with clay and PET particles so cure the
sustainable brick. The schematic of preparation steps can
be seen in Fig 2.

Hardner

+ &5 —

PET particles Sustainable brick

Epoxy resin Clay

Fig 2. Schematic diagram for sustainable bricks preparation steps

2.3. Measurement of Compression Test

Compressive strength measurements were performed
using ASTM C109-11 standards with a sample cube
measuring 100x100x100 mm. The test was carried out
after the drying process for seven days and continued with
the burning process. Compression tests are carried out
using a universal testing machine. Sample of a sustainable
brick shape combined with PET and epoxy can see in Fig
3.

Fig 3. Sample of Sustainable Brick

2.4. Response Surface Method (SRM)

The Response Surface Method (RSM) is efficient for
determining the relationship between parameters and
response while estimating the influence of the ratio and
size of PET particles [41],[42]. This RSM also includes
optimization aspects by obtaining optimum compressive
strength values. There are three main stages in developing

the RSM model: collecting experimental data from the
desired response, building the RSM model and validating
its accuracy, and finally, optimizing the parameters used
to meet the desired response variables [43]. This research
optimizes the combined results of factors to minimize or
maximize the desired output. Equation (1) describes a
linear function:

v= Bo+IEiBxi+ I B’ + L IRy +e (1)

According to the equations, Y represents the response,
Bo is a constant, Bi, Bi, and i are coefficients of linear
influence and double interactions, X;,X; are the independent
factors, and ¢ is the error.

2.5. Optimization and Validation Procedures

The optimization aims to obtain optimal values for two
independent parameters to produce the desired response
variable. Visualization of the response model using
graphical optimization shows the influence of epoxy resin
ratio and PET particle size on the compressive strength of
porous brick. The overall goal of this numerical
optimization is to maximize the compressive strength.
Verification of experimental data and predicted values was
carried out to evaluate the efficiency and suitability of the
predicted RSM model.

3. Results and Discussion

The influence of independent parameters in ratio
(epoxy : clay) and PET size on compressive strength has
been assessed. Computations of polynomial coefficients
from experimental data predicted both response variables.
ANOVA (Analysis of Variance) is characterized as a
linear model. The resulting regression equation for all
response surface methods can be illustrated in Equation 2:

y (compression) = 15.22 + 3.42X; — 1.46X, 2)
Table 2 Coefficient Estimate of The Model

95%  95%

Coefficient Standard

Factor : df cl cl VIF
Estimate Error Low  High
Intercept __ 15.22 1 09246 1296 17.48
A-Ratio 342 1 04811 224 460  1.0000
(x1)
B(')fge -1.46 1 09523  -1.82 08722 1.0000

This research created nine sets of data points using the
RSM model. The set point design in this study includes
two variables and one response. In planning the
experiment, use the design expert application 11. Design-
Expert is a software that provides a statistical method
approach quickly developed by the state. Initially
introduced in 1996, this software aids in executing
experimental designs, including the determination of the
most effective formula for a dosage form. Apart from
optimization, this software can also interpret the factors in
the experiment [44]. This software is divided into three
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research direction options depending on the design of the
experiment to be carried out. There are screening,
characterization, and optimization options [45]. The entire
set of experimental data and predicted experiments after
the compression test can be seen in Table 3 below:

Table 3 Experimental Results

Response Compression

Run Factors Test (MPa) .
Residual
Order 1 2 Experiment Predicted
(Ratio)  (Size)
1 10 1 10.42 12.16 -1.74
2 10 25 8.20 10.34 -2.14
3 10 5 17.47 19.00 -1.53
4 30 1 17.67 17.18 0.43
5 30 25 3.88 6.41 -2.53
6 30 5 5.68 3.50 2.18
7 50 1 7.33 5.32 2.01
8 50 25 13.81 13.26 0.55
9 50 5 22.86 20.10 2.77

This study considered the epoxy resin ratio and the
PET intermediate particles' size to develop the RSM
model. Ratio and particle size are helpful factors for
optimizing polymer concrete aggregate [46], [47]. The
response seen from this research is the compression test,
which is one of the primary responses that is widely used
to determine the relationship between factors in research
related to materials [23], [38], [48], [49]. After collecting
the experimental data, a polynomial model is calculated
for the existing responses. Analysis of variance
(ANOVA), primarily used to determine P-value and F-
value, was performed to verify the adequacy of the model.
F-value and P-value are essential parameters in evaluating
the significance of the model. The results of the ANOVA
model are presented in Table 4.

Table 4 ANOVA Analysis Results

P- <0.05
Sum of Mean value

Source Squares df Square Frvave  Pruae Signi;icant

Model 293.91 2 146.95 26.46  0.0011 Significant
A-PET 13.02 1 13.02 2.34 0.1766 -
B-Ratio 280.89 1 280.89 50.57  0.0004
Residual 33.33 6 5.55 - -

Cor
Total 327.24 8

The adequacy of this model is carried out to describe
the actual phenomenon accurately. Residuals were
evaluated using the ANOVA value hypothesis for the
satisfaction model. Standard deviation is calculated based
on empirical values using standard residuals. The
relationship between values and external residuals is
shown in Fig 4, Based on Fig 4, it shows a linear
relationship between residuals and expected probability.
Each residual approaches the fit line associated with the
model so that the model is normally distributed so that it
can predict empirical observations. Specific optimization
studies show that a good model should have a normal
distribution [50], [51], [52].

Normal Plot of Residuals
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Externally Studentized Residuals
Fig 4. Expected Probability vs External Residual Plot

In Fig 5, the predicted and actual values are in
agreement. This can be seen in the data points scattered
near the line, and the model can estimate the value
accurately. The diagnostic residual vs projected graph
shows no outliers in the mode. The data points are
scattered near the line, indicating that the model estimates
the values correctly. Hassan, Mohammad Zaki, et al. [53]
show that higher proximity of data points to the reference
line indicates high accuracy.

Predicted vs. Actual

25

20 .

Predicted

0 5 10 15 20 25

Actual

Fig 5. Predicted vs Actual Values

Fig 6 depicts residuals and estimated data points, which
shows that residuals experiencing stunting have a random
distribution in a specific range around the zero point. This
indicates a lack of indicative patterns to confirm constant
variance. The residual vs. predicted diagnostic graph also
shows that the model has no outliers. [54] Sinkhonde's
work was used to conclude that an ideal residual graph
indicates that the model has no outliers.
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Residuals vs. Predicted
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Fig 6. Residual vs Predictable Values

The contour graph also illustrates the interaction
between size and ratio variables on the compression test
response. The graph shows that the greater the
compressive strength response value, the smaller the value
of the size variable and the greater the value of the ratio
variable. Fig 7 shows that larger PET particles have lower
compressive properties. Therefore, eco-friendly bricks
must be made with tiny particles for greater compressive
strength. Increasing the epoxy resin content is associated
with a higher ratio, increasing the compressive strength.
The job of epoxy resin is to create a better bond between
PET particles [55].

Uji Tekan
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Fig 7. 3D Response Surface Plot of Compressive Strength Response

The optimization strategies recommended by the DOE
software are tabulated in Table 5. Based on Table 5,
factors are optimized to obtain maximum compressive
strength. The optimization target was set to be in the range
for PET particles' ratio and size parameters. Meanwhile,
the response parameter is compressive strength at the
maximum setting. Based on the optimization results in Fig
8, it was found that the chosen solution was 40% ratio and
3 mm for the PET particle size. The optimum compressive
strength is 13.37 MPa. The desirability results also

approach the unity value of one, which means that all the
factors analyzed are entirely significant.

Table 5. Optimization Results of RSM on Sustainable Brick

Parameters Goals Level Optimization
Lower  Upper Result
Ratio in Range 30 50 40
Size in Range 1 5 3
Compressive —\y-imize 3.8 22.8 13.37
Strength
3 40
P g
T~ T~ B
1 5 30 50
APET =3 B:RESIN = 40
133728
e
1 ) Svson Yol
3.8825 228632
Uji Tekan = 15.2188

Fig 8. Optimization Result in Ramps Graphical View

The desirability results in histogram display in the Fig 9.
The histogram indicates that each factor and response is
individual. Combining all aspects with the recommended
solution of 40% ratio and particle size of 3 mm can
produce maximum values, thus showing the interaction
between factors.

Desirability

APET 1

B:RESIN 0.999999

0.805488

Uji Tekan

Combined 0.930436

T T T T
0.000 0.250 0500 0.750 1.000

Solution 1 out of 1
Fig 9. Optimization Result in Histogram Graphical View
4. Conclusions

The response surface method using central composite
design has been proven to be a reliable tool for modeling,
analyzing, and optimizing interactive effects to obtain a
formulation that produces a product with the desired
properties. Research shows that the use of epoxy resin has
a more significant role. Parameters for optimal process
capability regarding compressive strength are achieved
with a composition of 40% epoxy resin with a PET size of
3 mm. In addition, the R2 value is close to one (1.00),
which adequately represents the proposed linear
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regression model in predicting the optimal interaction
parameters for the compressive strength response. This
research also shows that CCD are an economical way to
collect optimal values for mechanical behavior over short
periods. The suggestions for further research are to include
modifications to the epoxy resin that are more
environmentally friendly and to calculate the temperature
when burning the bricks.
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