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ABSTRACT 
As a form of white pollution, polyethene terephthalate (PET) waste imposes a significant burden on the environment and 
stabilizing weak soils can be considered one of the geotechnical solutions to recycle this waste. Bis(hydroxyethyl) 
terephthalate (BHET) is the main product produced by the glycolysis of PET waste. In this study, BHET polymer was 
dissolved in sodium hydroxide (NaOH) solutions to produce three different concentrations of BHET (5, 10, 20 g/L) to 
produce disodium terephthalate salt (Na2TP) and ethylene glycol (EG). The prepared solutions were mixed with Sand 
Bentonite Mixture (SBM) to enhance their physical and mechanical characteristics for landfill application. The maximum 
dry density values of the compacted SBM are increased whereas, optimum moisture content values are decreased with 
BHET-NaOH solution treatment. The values of unconfined compressive strength and elastic stiffness increased due to 
denser soil arrangement and enhancement in stress transfer due to Na2TP crystals at particle contact points.  The 
Scanning electron microscopy revealed Na2TP crystals precipitated and coated on Sand as well as clay surfaces. The 
weight percentage obtained from Energy-dispersive X-ray spectroscopy supports the close resemblance of Na2TP crystals 
and Na-bentonite. The findings of this paper are extremely important and serve as a foundation for the applications of PET 
waste in large-scale geotechnical projects.   
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1. INTRODUCTION 
 

A modern life without plastics seems unimaginable, 
however, has raised serious challenges regarding urban 
littering and safe disposal. Out of various plastic materials 
produced, polyethene terephthalate (PET) has excellent 
thermal and mechanical properties and it has diverse 
applications in textiles, food packing, soft drinks bottles, 
and the manufacture of X-ray films (Ji 2013). It should be 
pointed out that PET has been widely accepted in the 
manufacture of packaging for the food industry because it 
does not have any side effects on the human organism 
(Karayannidis and Achilias 2007). Ironically, its intrinsic 
properties of being non-biodegradable have increased its 
substantial volume fraction in the waste stream. As a result, 
they tend to accumulate, rather than decompose in landfills 
(Barnes et al. 2009). The utilization of various types of 
waste such as construction and demolition wastes, wood 
ash, paper mill ash and textile waste etc., is studied for soil 
stabilization and has been increasingly considered 
potential to minimize pollution while also providing 
economic advantages (Nath et al. 2018; Cherian and 
Siddiqua 2021; Rahman et al. 2022; Cherian et al. 2022). 
Through different mechanisms, these waste materials 
have been reported to sustain excessive soil deformation 
when exposed to overpowering external forces due to 
overlying structures. Therefore, utilization of the PET 
waste, which is available in a huge quantity is a probable 
solution to geotechnical engineering problems and also 
contributes to solid-waste management.  

For enhancing the strength and stability of soils, several 
researchers have used physical recycling of PET bottles or 
bags in the form of fibres, chips, strips, sheets, or fine. The 
mechanisms improving the stability of the soils involve 

intergranular voids reinforcement and interlocking (Babu 
and Chowksey 2012; Louzada et al. 2019). According to 
studies, PET reinforcing improves unconfined compressive 
and tensile strength, increases triaxial compression, 
increases direct shear strength, improves California 
Bearing Ratio, and reduces compressibility properties 
(Consoli et al. 2002; Babu and Chowksey 2012; 
Subramaniaprasad et al. 2014; Peddaiah et al. 2018; 
Louzada et al. 2019). Undoubtedly, physical recycling of 
PET waste can be a more cost-effective and 
straightforward approach to soil stabilisation. However, 
increases in shredded PET waste content and aspect ratio 
above a specific proportion generate fibre pockets by 
tangling together, which reduces the interlocking ability of 
the soil particles. As a result, non-homogeneous mixing 
and problems in specimen preparation occur, reducing the 
strength of the specimen (Babu and Chowkey 2012; 
Peddaiah et al. 2018). Importantly, shredded PET waste 
does not cause any cementation with soil particles due to 
its chemical inertness and low specific surface area 
(Louzada et al. 2019). Alternatively, chemical recycling of 
PET waste in a more reactive form might be considered as 
a solution to the challenge of large-scale PET waste usage 
for soil stabilization. 

Several chemical recycling processes have been 
documented, depending on the depolymerization agents 
and reaction environments, such as methanolysis, 
glycolysis, hydrolysis, and aminolysis (Karayannidis and 
Achilias 2007). Out of various other chemical 
depolymerization processes, methanolysis and glycolysis 
have reached commercial maturity (Karanyannidis et al. 
2002). Dimethyl terephthalate (DMT), the main product of 
methanolysis has high production costs and safety issues 
during production (Karpati et al. 2019). Whereas, 



 

 

bis(hydroxyethyl) terephthalate (BHET), the main product 
of glycolysis can be easily integrated into a conventional 
PET production plant (Karanyannidis et al. 2002). Because 
of its low production cost, non-toxic nature, and hydrophilic 
characteristics, BHET is the most suitable PET-recycling 
polymer (Karpati et al. 2019; Simsek 2020). There has 
been little research on BHET in civil engineering 
applications. Recently, the utilization of depolymerized 
PET in form of Bis (2-Hydroxyethyl) terephthalate (BHET) 
polymer has been explored for its application in soil 
stabilization (Al-Taie et al. 2020), concrete (Simsek 2020) 
and, asphalt (Zhang et al. 2021). From the perspective of 
geotechnical engineering, these findings suggest that 
BHET can increase the water retention properties of soil by 
forming hydrogen bonds through hydroxyl groups (Simsek 
2020). Simultaneously, BHET polymers can interact 
electrostatically with low to highly charged minerals such 
as asphalt or soil particles. (Zang et al. 2021). As a result, 
it can enhance the mechanical characteristics of the soil by 
promoting surface coating and particle aggregation (Al-
Taie et al. 2019).   

Although very few, these researches uncover the huge 
possibilities to use PET waste in large-scale geotechnical 
projects. Owing to the non-toxicity and low biodegradability 
of BHET, it is necessary to develop more knowledge 
related to its utilization in soil stabilization. A Sand 
Bentonite Mixture (SBM) is usually compacted as a sealing 
material for the application of nuclear waste repository or 
landfill liners (Siddiqua et al. 2011a, 2011b, 2014). For 
example, a landfill liner requires to have low hydraulic 
conductivity (k<10-7 cm/sec). Additionally, SBM must be 
compacted to have enough strength against overburden 
pressure from traffic and waste to be used as cover and 
liner application, respectively. Hence, we explore the novel 
applicability of amending BHET polymer in Sand Bentonite 
Mixture (SBM) to enhance its physical and mechanical 
characteristics for landfill application. The experimental 
program involved exploring the influence of BHET polymer 
in solution form by wet mixing strategy. For this, BHET 
polymer was dissolved in sodium hydroxide (NaOH) 
solutions at room temperature to produce disodium 
terephthalate salt (Na2TP) and ethylene glycol (EG). To 
understand the influence of physical properties, 
compaction tests were conducted on BHET-NaOH solution 
mixed SBM. The effect of BHET polymer on mechanical 
properties was evaluated using unconfined compressive 
strength tests. To understand the bonding mechanism of 

BHET-NaOH solution with sand and bentonite, the 
microstructure of samples was analyzed using Scanning 
electron microscopy whereas elemental analysis of it was 
conducted using Energy-dispersive X-ray spectroscopy. 

 
2. MATERIALS 
 
2.1 Soils 
 
To prepare the SBM, the silica sand and Na bentonite clay 
are obtained from a local supplier in British Columbia, 
Canada. An amount of (20-30) % bentonite clay is 
recommended to be used in the mix for the construction of 
cover and liners such that it occupies the pore space of the 
sand skeleton (Daniel and Koerner 1993; Komine 2004; 
Rahardjo et al. 2007). The particle size distribution of both 
sand and bentonite is presented in Fig. 2 (a). The particle 
size distribution of the sand was completed using sieve 
analysis following ASTM D6913 (2017). The particle size 
distribution of the bentonite was performed as per ASTM 
D7928 (2021). The soil classification, main characteristics 
and test standards are presented in Table 1. 
 
Table 1. Main characteristics of the SBM 
 

Characteristics Values Standards 

Classification 
(UCSC) 

SC D2487-17 

Sand (%) 75 D6913-17 
Clay (%) 25 D7928-21 

Liquid limit (%) 85.0 D4318-17 
Plastic limit (%) 25.1 D4318-17 
Specific gravity 2.67 D854-14 

 
 
2.2 Polymer 
 
Bis (2-Hydroxyethyl) terephthalate (BHET) polymer used in 
this study to enhance the property of SBM was supplied by 
Sigma Aldrich. The molecular structure of the BHET 
molecule (Fig. 1) contains one six-membered ring, two 
aromatic esters, two hydroxyl groups and two primary 
alcohols, consequently, it has a molecular formula of 
C12H14O6. It has a specific gravity and molecular weight of 
1.316 g/cm3 and 254.24 g/mol, respectively.

 

 
 

Figure 1. Breakdown of Bis (2-hydroxyl terephthalate) monomers (BHET) to Di-sodium terephthalate (Na2TP) using 
NaOH Hydrolysis 

 



 

 

3. METHODOLOGY 
 
3.1 BHET-NaOH solution preparation  
 
Previous research has shown that BHET polymer can be 
mixed with geomaterials in dry form and subsequently, 

water is added to it (Dean et al.2017).  On the other hand, 
in the wet-mixing method, a BHET solution can be 
prepared by combining a predetermined amount of BHET 
polymer with water, and  

 
Figure 2. (a) Grain size distribution of sand and bentonite (b) Compaction curves (c) Increase in MDD with BHET-NaOH 

solution (d) Decrease in OMC with BHET-NaOH solution 
 
then the solution is uniformly mixed with soil (Latifi et 
al.2016). A wet mixing method can be considered 
comparatively more advantageous than a dry form as it can 
be easily applied in the field through spray tankers to obtain 
a homogenous soil mixture. However, BHET powder has a 
lower solubility in water when compared to methanol and 
ethanol solvents (Yao et al. 2021). Since water is more 
easily accessible and economical to use than other polar 
solvents, the BHET polymer was dissolved using alkaline 
hydrolysis in sodium hydroxide (NaOH) solutions. Fig 1 
show that the ester linkages in BHET are broken by the 
nucleophilic attack of hydroxide ions, resulting in the 
production of the disodium terephthalate salt (Na2TP) and 
ethylene glycol (EG), both of which are soluble in the 
aqueous phase (Palme et al. 2017). Therefore, three 
different concentrations of BHET (5, 10, and 20 g/L) were 
dissolved in the proportional amount of NaOH solution and 
were centrifuged for 24 hours at 400 rotations per minute. 

All solutions were prepared using deionized water and 
carried out at room temperature (25±2℃). 
 
3.2 Specimen preparation and Compaction tests 
 
Compaction tests were evaluated at the standard proctor 
energy by following the guideline given in ASTM D698 
(2021), to obtain the maximum dry density (MDD) and its 
corresponding optimum moisture content (OMC), which 
were used to prepare the test specimens of BHET-NaOH 
solution treated SBM. For this, a predetermined amount of 
oven-dried sand and the bentonite in above mention ratio 
(75:25) and the desired concentration of BHET-NaOH 
solution were thoroughly mixed with a target amount of 
molding moisture content to obtain a lump-free 
homogeneous paste. Then, the mixed paste was kept in 
closed plastic bags for 12 h in a desiccator to ensure even 
distribution of moisture throughout the soil mix. Afterwards, 



 

 

the moist sample was poured into the standard compaction 
mold and was compacted in three equal layers with the 
help of a plunger. Several SBM were prepared with varying 
concentrations of BHET-NaOH solution and target 
moisture content to determine the MDD and its 
corresponding OMC values. In order the understand the 

effect of improvement in SBM properties, a control solution 
containing only di-ionized water was also prepared and is 
represented as 0 g/L of BHET-NaOH solution. 
Consequently, the test samples for Unconfined 
Compressive Strength (UCS) were prepared following the  

 
 

Figure 3. (a) Stress-strain plot of UCS for BHET-NaOH solution treated SBM (b) Increase in UCS values with BHET-
NaOH solution (c) Increase in Elastic Modulus (E50) with BHET-NaOH solution (d) Change in failure strain (%) with 

BHET-NaOH solution 
similar procedure as discussed above as per the obtained 
OMC and MDD values corresponding to control and each 
BHET-NaOH concentration. After the preparation of the 
UCS specimen, the test specimens were extruded with a 
hydraulic jack and were carefully placed inside a plastic 
bag and cured for 14 days at room temperature in a 
humidity chamber. 
 
3.3 Unconfined Compressive Strength (UCS) tests  
 
A series of Unconfined Compressive Strength (UCS) tests 
were performed as per ASTM D2166 (2020). The 
specimens for UCS were prepared by compacting both 
control and BHET-NaOH mixed SBM to form soil cylinders 
of 3.8 cm in diameter and 7.6 cm in height. Three replicates 
of each sample type were prepared and tested under a 
constant strain rate of 1 mm/min to guarantee the reliability 
of the results. The stress-strain data were recorded using 
an automatic data-acquisition system. 

 

3.4 Scanning electron microscopy (SEM) and Energy-
dispersive X-ray spectroscopy (EDX) 

 
A small amount of soil was collected from the control and 
BHET-NaOH solution-treated SBM samples to examine 
using Scanning electron microscopy (SEM) as well as 
Energy-dispersive X-ray spectroscopy (EDX). Dried soil 
samples were mounted on aluminium stubs and sputtered 
with platinum and palladium coating (10nm) using 
Cressington sputter coaters. After coating, the samples 
were imaged under Tescan Mira 3 XMU Scanning Electron 
Microscope. An Oxford Instruments X-Max EDS (Energy 
Dispersive Spectrometer) detector is used to determine 
elemental compositions in the percentage range. 
 
4. RESULTS AND DISCUSSIONS 
 
4.1 Compaction characteristics 
 



 

 

Typical compaction curves corresponding to standard 
proctor energy levels are presented in Fig. 2 (b). It can be 
observed from Fig. 2 (b) that the maximum dry density 
(MDD) of the compacted SBM has been increased as a 
result of the BHET-NaOH solution addition. Moreover, as 
the BHET-NaOH treatment is increased, compaction 

 curves have flattened demonstrating a gradual change in 
density with moisture content. In other words, this indicates  
 
 
 

 
 

Figure 4. (a) SEM images of untreated SBM (b) Na2TP crystals precipitated on the sand grains (c) Na2TP crystals 
nucleation on bentonite surface (d) Na2TP crystals coats to the surface of clay fabrics 

 
that using a higher concentration of BHET-NaOH solution 
treatment the targeted MDD can be achieved over a wider 
range of molding moisture content. The MDD of the treated 
SBM increased significantly from 1.64 to 1.65, 1.66, and 
1.69 g/cm3 after an increase from 0 to 5, 10, and 20 g/L of 
BHET-NaOH solution respectively, as shown in Fig. 2 (c). 
Simultaneously, Fig. 2 (d) illustrates that the optimum water 
content (OMC) of BHET-treated SBM, decreased from 18 

to 17.2, 16.8 and 16 % due to the addition of 0 to 5, 10, and 
20 g/L of BHET-NaOH solution, respectively. The increase 
in MDD of control SBM involves wetting of bentonite 
particles that coat around the sand grains and act as 
lubricants to facilitate a denser state of packing (Ghadr and 
Assadi-Langroudi 2018). BHET-NaOH solution contains an 
aqueous phase of disodium terephthalate salt (Na2TP) and 
ethylene glycol (EG) that is viscous and imparts a 



 

 

lubricating effect between sand grains. Additional Na2TP 
salts are absorbed on the bentonite surface through cation 
exchange which further allows sand grains to re-adjust and 
achieve a denser state. Thus, the MDD values of the 
compacted SBM are increased whereas, OMC values are 
decreased with BHET-NaOH solution treatment. In a 
similar study, Georgess et al. (2017) also reported a 
consistent increase in MDD with the increase in 
Polyacrylamide (PAM) polymer solution for silty to clayey 
sands due to the lubrication effect. Al-Taie et al. (2019) 
observed that the dry mixing of BHET polymer to sand 
increased MDD and reduced OMC. However, this 
behaviour was explained because of the reduction in 
specific gravity of the soil with BHET powder addition. 
 
4.2 Unconfined Compressive Strength (UCS) 
 
The stress versus strain curves obtained from the 
unconfined compressive strength (UCS) test for different 
BHET-NaOH solution treated specimens prepared to 
correspond to MDD and OMC are presented in Fig. 3(a). It 
can be observed from the stress-strain curve increased 
with an increase in BHET-NaOH solution showing a linear 
elastic response. The variations in average and standard 
deviation in the values UCS of BHET-NaOH treated SBM 
are shown in Fig. 3(b). Fig. 3(b) illustrates that the UCS 
values, increased from 142 to 158, 186, and 220 kPa due 
to the addition of 0 to 5, 10, and 20 g/L of BHET-NaOH 
solution, respectively. In other words, the ratio of treated to 
untreated values of UCS was 1.1, 1.3, and 1.5 times with 
the inclusion of 5, 10, and 20 g/L of BHET-NaOH solution, 
respectively. Similar to UCS, the values of Elastic Modulus 
(E50) as shown in Fig. 3(c), also increased from 4.4, 4.9, 
5.8, and 6.8 MPa, with the increase in BHET-NaOH 
solution of 0 to 5, 10, and 20 g/L, respectively. In other 
words, the ratio of treated to untreated values of E50 was 
1.1, 1.3, and 1.5 times with the inclusion of 5, 10, and 20 
g/L of BHET-NaOH solution, respectively. Similarly, Fig. 
3(d) illustrates that the failure strain (%) of BHET-NaOH 
solution treated SBM, changed from 3.6 to 2.7, 2.9 and 3.0 
% due to the addition of 0 to 5, 10, and 20 g/L of BHET-
NaOH solution, respectively. The increase in both UCS and 
elastic stiffness (E50) is mainly attributed to BHET-NaOH 
solution which enabled sand granules to re-adjust and 
reach a denser condition to facilitate sand grain's contact 
points. Further, it can be expected that Na2TP salts are 
precipitated in crystalline form and get nucleated on both 
sand and clay surface. Hence, the presence of Na2TP salts 
occupies the intergranular voids, resulting in more particle 
interaction bonds. The bentonite embedded in void spaces 

develops a surface roughening effect due to Na2TP 
crystals nucleation which improved the shear strength of 
SBM. It can be noted from Fig 3 (d) that the failure strain 
(%) of treated SBM, first decreased from 3.6 to 2.7 for 5 g/L 
and then increased from 2.7 to 2.9 for 10 g/L. This 
behaviour can be due lower amount of Na2TP crystals 
nucleated on the bentonite surface with 5 g/L of BHET-
NaOH solution treatment. Al-Taie et al. (2019) studied the 
utilization of BHET polymers to stabilize poorly graded 
sand through one-dimensional consolidation and direct 
shear tests. They observed an increase in the internal 
friction angle from 35° to 41.2° and a reduction in one-
dimensional compression with an increase in BHET 
content from 0 to 2%. They reported that BHET caused soil 
aggregation, coating of sand surfaces and pore-filling effect 
which provided resistance to soil particles in compression 
and shearing. However, in the present study, the increase 
in UCS was mainly due achieved due to the denser 
arrangement of soil and enhancement in stress transfer 
due to Na2TP crystals at particle contact points.  To 
support the above explanation, microstructure analysis 
was further conducted. 
 
4.3 Scanning electron microscopy (SEM) 
 
Scanning electron microscopy (SEM) was used to examine 
the microstructure of samples obtained from untreated and 
polymer-enhanced SBM, as shown in Fig. 4. Unlike 
polymer-treated soils, Fig. 4 (a) shows an untreated soil 
with a clean surface of bentonite which allowed less 
resistance to shearing. Fig. 4 (b) depicts the formation of 
Na2TP crystals precipitated on the sand grains thereby 
inducing inter-particle friction and resulting in improved  
mechanical behaviour. The geometric crystal structure is 
confirmed by SEM results reported in Li et al. (2018). 4 (c) 
illustrates the Na2TP crystals nucleation on bentonite 
surface through cation exchange making its surface rough 
and resulting in increased shearing interactions. It can be 
also observed from Fig. 4 (d) that Na2TP crystals coat the 
surface of clay fabrics which induced roughing effect 
resulting in increased frictional resistance against shearing 
load. Based on the observation made on the microstructure 
of the BHET-NaOH solution treated SBM, it can be 
concluded that the combination of sand-bentonite and 
BHET-NaOH solution provides a load transfer mechanism 
to improve the UCS and elastic stiffness (E50) for the liner 
and cover system of a landfill. 
 
 



 

 

 
 

Figure. 5 SEM image of Na2TP crystals coated on the surface of clay fabrics (inset) and EDX elemental peaks 

 

4.4 Energy-dispersive X-ray spectroscopy (EDX) 
 
The SEM image-assisted Energy-dispersive X-ray 
spectroscopy (EDX) enables a close examination of the 
chemical composition of polymer-treated soil specimens. 
The elemental peaks presented in Fig. 5 revealed the 
presence of Carbon (C), Oxygen (O), and Silicon (Si) as 
major elements as well as Aluminum (Al), Sodium (Na), 
Iron (Fe), and Calcium (Ca) as minor elements. The 
existence of Na2TP crystals (C8H4Na2O4) in the EDX 
spectrum 20 is confirmed by the presence of C, Na and O. 
Additionally, the occupancy of bentonite around the 
crystals is confirmed by the presence of Si, O, Fe, Al and 
Na elements (Tabiatnejad et al. 2016). The weight % 
presented in Table 2 closely resembles the weight of 
Na2TP crystals and Na-bentonite. Further, an Xray-
Diffraction (XRD) test is required to reconfirm the 
precipitation of Na2TP crystals. 
 
Table 2. Weight % of elements obtained from EDX analysis 
 

Spectrum 20 

Element 
Weight 

% 

Weight 
% Std. 
Dev. 

C 30.02 2.12 

O 45.83 1.4 

Na 1.49 0.07 

Mg 0.81 0.04 

Al 5.12 0.16 

Si 12.75 0.39 

S 0.47 0.03 

Ca 1.96 0.07 

Fe 1.54 0.06 

Total: 100  
 
 
5. SUMMARY AND CONCLUSIONS 
 
Based on the study of BHET polymer amended SBM, the 
following conclusions can be drawn: 
 
1. The viscous aqueous phase of disodium 

terephthalate salt (Na2TP) and ethylene glycol (EG) 
in the BHET-NaOH solution provides lubrication 
between sand grains. Through cation exchange, 
additional Na2TP salts are absorbed on the bentonite 
surface, allowing sand grains to re-adjust and acquire 
a denser condition at lower molding moisture content. 

2. Na2TP salts precipitate in crystalline form and 
nucleate on the surface of both sand and clay. As a 
result of the presence of Na2TP salts in the 
intergranular voids, more particle contact bonds are 
formed. Because of the nucleation of Na2TP crystals, 
the bentonite contained in void spaces generates a 



 

 

surface roughening effect, which improves the shear 
strength of SBM. 

3. Microstructural observation of the soil using SEM 
provided a better insight into the binding mechanism 
of BHET-NaOH solution and SBM. For example, 
Na2TP crystals precipitated on the sand grains; 
Na2TP crystals nucleation and coating on bentonite 
surface. 

4. The presence of Carbon (C), Oxygen (O), and Silicon 
(Si) as main elements, as well as Aluminum (Al), 
Sodium (Na), Iron (Fe), and Calcium (Ca) as minor 
elements, is confirmed by image-assisted energy-
dispersive X-ray spectroscopy (EDX). The weight % 
closely resembles the weight of Na2TP crystals and 
Na-bentonite. 

 
Based on the findings of this investigation, it can be stated 
that a mechanism of interaction exists between sand-
bentonite and BHET-NaOH solution. Owing to its non-
toxicity, low biodegradability and ease of availability, BHET 
polymer can be globally adopted in sustainable 
stabilization of sand-bentonite mixtures. Given the 
potential uses of BHET polymer to increase the shear 
strength of soils, there is still much to be explored. 
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