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Abstract: Polyvinyl chloride (PVC) releases hydrochloric acid (HCI) during its thermal degradation,
and hydrochloric acid can react with hydration products of alkali-activated binders. According to this
characteristic of PVC and the temperature change that occurs during the development of a geothermal
well, the PVC was added into slag/fly ash binder to develop self-degradable materials. The thermal
degradation properties of PVC, compressive strength, hydration products, and microstructure of
binders at different stages were tested, in order to study the degradation mechanism of the material.
It was found that 20% PVC reduced the compressive strength, decreasing the level of binder from
13.95% to 76.63%. The mechanism of PVC promoting the material degradation mainly includes the
following: (1) the thermal degradation of PVC increases the number of multiple damage pores in
the material, at a high temperature; (2) HCI generated by the PVC thermal degradation reacts with
the binder gels, and breaks them into particles; and (3) HCI also reacts with other substances in the
binder, including CaCO3; and NaOH in the pore solution.
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1. Introduction

According to the development process of geothermal wells, the temporary sealing material
(TSM) should provide sufficient strength to seal the fractured formations for drilling operations, but
degrade later on to open the sealed fractures for hydraulic-stimulation or the production process [1,2].
In order to develop this material, sodium carboxymethyl cellulose has been introduced into sodium
silicate-activated slag/fly ash cementitious materials [1,3-5]. In addition, poly-lactic acid and starch,
as self-degradable additives, have been introduced into the materials to improve the rheological and
degradation properties in our previous studies [2,6]. All of the developed materials can self-degrade to
certain degrees. However, the degradation products of these additives are CO,, H,O, and CH3COOH,
etc. They have relatively weaker effects on binders when compared to the mineral acids, such as
hydrochloric acid (HCl), sulfuric acid (H»SO,), and hydrofluoric acid (HF).

Hydrochloric acid has been widely used in the operation of acid fracturing and releasing stuck
cement. At present, the most widely used acid fluid in the acid fracturing operation is composed
of 15%—-28% hydrochloric acid + corrosion inhibitor + surface active agent [7,8]. The acid solution
has been used to acidize and remove the cement, which blocks stuck drilling tools, thus solving the
accident of cement sticking during operation [9]. The mechanism underlying this is the reaction
that occurs between HCl and cement, producing soluble salts. Polyvinyl chloride (PVC) molecules
easily decompose in an aerobic environment, especially at a high temperature, with a large amount of
HCl being released [10]. Therefore, it should be able to be applied as a self-degradable additive to
manufacture TSM for geothermal wells.
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PVC shows excellent corrosion resistance and mechanical properties at room temperature, and
thus its products are widely used in construction, chemical, electrical, and other industries. As the
second largest general plastic, its annual amount of waste is very huge [11-15]. In early 2018, China’s
plastic limit order was implemented for ten years, but the effect was not obvious. The white pollution
is still serious. At present, about 3 million tons of plastic are produced every year in the world, but only
20% of these waste plastics are recycled or incinerated, and most are dumped in landfills or discarded
into the sea, causing the ubiquitous pollution of plastic waste [16].

On the one hand, the TSM should effectively seal the formation cracks during the drilling process
at about 85 °C, according to the variety rule of temperature in the geothermal wells [5]. Although there
have been a few cases of slag/fly ash binder (SFB) being used in geothermal wells, its characteristic of a
high thermal stability [17-19] could meet the high-temperature resistance requirements of geothermal
wells. The SFB’s strength increased with the heat-curing temperature rose, when the temperature was
below 90 °C [20], indicating that the binders are applicable for the 85 °C geothermal environment [2,21].
Additionally, the cement containing slag also exhibited a better compressive strength and water
permeability than the Portland cement [22].

On the other hand, the TSM should degrade after the drilling, when the wellbore temperature
rises to 200-300 °C, or even higher [5]. When the thermal degradation of PVC generates HCl to acidize
binder at an elevated temperature, the material should degrade. If this method of developing TSM is
practical, it will not only promote the development of the TSM for geothermal wells, but also recycle
some waste plastics to reduce the environmental pollution at the same time.

The main research approaches are as follows: (1) firstly, the thermal degradation property of
PVC is tested to decide on the applicable temperature of the TSM; (2) secondly, the compressive
strength of the PVC-modified binders is tested after different treatment stages, to determine the optimal
content of PVC; and finally, (3) the molecular structure of PVC, pore structure, hydration products, and
microstructure of binders are tested to investigate the self-degradation mechanism.

2. Materials and Methods

2.1. Materials

The sources of SFB and the chemical compositions of slag and fly ash were the same as in
our previous study (Table 2) [2]. The PVC was obtained from Xingwang Plastic Material Co., Ltd.
(Dongguan, China). The slag, fly ash, and PVC’s particle size distributions were determined by a
Malvern laser particle size analyzer, as shown in Figure 1a. The X-ray powder diffraction spectrometry
(XRD) was carried out on slag and fly ash, the results are shown in Figure 1b. The main peaks in
the XRD patterns of slag and fly ash are Calcite due to the carbonation. Additionally, there are small
amounts of amorphous SiO; in both slag and fly ash. Besides that, there are amorphous humps in the
slag and fly ash’s patterns, indicating that they are mainly composed of glass phase material [23]. The
mix proportions of all mortars are shown in Table 1. The mixing procedure, the prepared conditions
and processes, and the size of specimens, as well as the treatment of filtrate-treated PVC, are also the
same as previously reported [2].
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Figure 1. Particle size distribution (a) of slag, fly ash, and polyvinyl chloride (PVC) and X-ray powder

diffraction spectrometry (XRD) patterns of slag and fly ash (b).

Table 1. Mix proportions of all mortars.

Mix ID w/s Ratio PVC (%) Slag (%) Fly Ash (%)
Control 0.6 - 80 20
PVC5 0.6 5 76 19
PVC10 0.6 10 72 18
PVC15 0.6 15 68 17
PVC20 0.6 20 64 16
PVC30 0.6 30 56 14

2.2. Measurements

The thermal degradation property of PVC was studied by Thermogravimetric Analysis (TGA).
XRD was utilized to identify the crystalline phases of the specimens. Fourier Transform Infrared
(FTIR) Spectrometry was used to investigate the molecular structures of PVC and binder gels. The
experimental conditions and sample preparation were also the same as in the previous report [2].
The micro-pore structure of the specimens was explored by mercury intrusion porosimetry (MIP
AutoPore-IV9500, Micromeritics, USA) testing, with a contact angle of 130° and range of 0.003-369 pum.
Scanning Electron Microscopy (SEM JSM-7401F, JEOL Ltd., Japan) and Energy Dispersive Spectroscopy
(EDS GENESIS, EDAX, USA) analyses were performed to investigate the microstructures and chemical
compositions of the 300 °C-heated Control and PVC20, at an accelerating voltage of 5 kV.

3. Results and Discussion

3.1. TGA

As shown in Figure 2a, the thermal degradation of PVC raw materials at room temperature
~600 °C is divided into two stages: 210-370 °C and 370-550 °C, with the weight loss rates of 62.41% and
26.93%, respectively. The positions of the maximum weight loss rate in the two stages are 304 °C and
466 °C, respectively, with corresponding peak values of 1.17 and 0.45 %/°C. The thermal degradation
rate of the first stage is faster and the weight loss rate is higher than that of the second stage. The major
chemical reaction of the first stage is the dechlorination reaction of PVC, with the main degradation
product of HCI and a small amount of Cl, [24-28].
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Figure 2. The thermogravimetry/differential thermal gravity (TG-DTG) curves of original polyvinyl
chloride (PVC) (a) and filtrate-treated PVC (b).

Figure 2b shows the TG-DTG curves of filtrate-treated PVC. The thermal degradation of filtrate-treated
PVC also presents two stages: 230-390 °C and 390-550 °C, with the weight loss rates of 54.87% and
24.96%, respectively. The peak values of the weight loss rate in the two stages are 299 °C and 467 °C, with
corresponding peak values of 1.51 and 0.34%/°C. The first-stage weight loss of PVC decreases by 7.54%
and the peak temperature is also reduced by 4 °C; however, the peak value increases by 0.34%/°C. The
major degradation stage of PVC is still the first stage, in which the dechlorination reaction took place.
Considering that the peak temperatures of PVC’s thermal weight loss rate are around 300 °C, PVC was
used to develop the self-degradable TSM for 300 °C geothermal wells.

3.2. Compressive Strength

As shown in Figure 3, the 85 °C-cured, 300 °C-heated, 2 h-immersed, and 24 h-immersed
compressive strength of the control are 17.56, 18.10, 15.66, and 15.11 MPa, and the PVC20’s are 15.79,
9.53, 5.61, and 3.69 MPa, respectively. The 300 °C-heated compressive strength of the Control increases
slightly after being heated, when compared with the 85 °C-cured specimen. The phenomenon is
consistent with ealier findings [17,29], which pointed out that a high temperature caused the cracks in
specimens to disappear and the microstructure to become more compact, due to excessive shrinkage.
Additionally, we consider that the further hydration of binder before the free water was lost completely
during the heating also contributed to the strength increment, as the specimens were cured for a short
time (4 days) in our study. The strength of SFB without PVC can remain above 15.0 MPa after 300 °C
heating and water immersion, indicating that the SFB has a good high-temperature resistance, and
is thus suitable as sealing material for high-temperature geothermal wells. Furthermore, although
the 85 °C-cured compressive strength of binder decreases slightly with the increase of PVC content,
the strength of PVC20 is greater than 14.80 MPa.

(a) I 5 Esd PY Pl
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Figure 3. Compressive strength of samples with different polyvinyl chloride (PVC) contents after
different periods (a) and image of water-immersed PVC30 (b).
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When compared with the 85 °C-cured specimens, the compressive strength of the 300 °C-heated
Control increases slightly; on the contrary, the cement with PVC decreases. The compressive strength
decreasing level of the Control is only 13.95% after 24 h water-immersion. The level increases with the
increasing of PVC content, and reaches 76.63% when the PVC content is 20%. The maximum PVC
content in this paper is 20%, in order to avoid PVC thermal degradation generating excessive HCI,
which is harmful to down-hole environments. The 20% PVC is selected as the optimal content. It is
worth noting that when the PVC content reaches 30%, the 300 °C-heated specimens immediately break
into fragments and powder upon making contact with water. Figure 3b shows the image of PVC30
after the water-immersion and 2 h of rest.

In our previous studies [2,6,30,31], the self-degradation mechanism of the TSM has been much
discussed. It was considered that the heat shock on the hot binders when exposed to water, the
dissolution of the solid substance in the dry hot samples, the leaching behavior of soluble ions, and the
high heat generated in exothermic reactions all contributed to the self-degradation. However, this
paper focuses on the process of PVC promoting the material degradation, and thus the function of the
PVC thermal degradation acidizing binder is the emphasis.

3.3. MIP Results

The differential pore volume and cumulative pore volume of the 300 °C-heated Control and
PVC20 are shown in Figure 4. The total pore volume of the Control and PVC20 are 0.3413 mL/g and
0.5093 mL/g, respectively. The result of the differential curve of pore volume shows that there are
three characteristic peaks for the Control, at 7.5 nm, 28.9 nm, and 1063.1 nm, while PVC20 has four
characteristic peaks at 21.8 nm, 1005.0 nm, 2009.8 nm, and 7742.3 nm.
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Figure 4. The differential pore volume (a) and cumulative pore volume (b) of the 300 °C-heated Control
and PVC20.
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According to the influence of different sizes of holes on the cement strength, the holes in cement
can be classified as non-hazardous pores (<20 nm), less harmful pores (20-50 nm), harmful pores
(50-100 nm), and multiple harmful pores (>200 nm) [32]. There are two characteristic peaks of the
Control at <50 nm, and only one peak of multiple harmful pores at >200 nm. However, there are three
peaks of multiple harmful pores at >200 nm in PVC20. Moreover, the pore volume of >200 nm in the
Control is 0.1419 mL/g, but the pore volume in PVC20 is 0.3886 mL/g, indicating that the addition
of PVC increases the volume of multiple harmful pores of binder, but has a smaller impact on the
other parts.

3.4. XRD

As shown in Figure 5a, the addition of both 10% and 20% PVC has little effect on the peak positions
in XRD patterns of 85 °C-cured binder. There is an amorphous hump between 20 = 20-38° in each
of the XRD patterns of Figure 5a, with the most obvious diffraction peak of Calcite 26 = 29.4°. This
phenomenon indicates that PVC does not affect the composition of the hydration products.
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Figure 5. X-ray powder diffraction spectrometry (XRD) patterns of the Control, PVC10, and PVC20
after the 85 °C-curing (a) and 300 °C-heating (b) steps.

As shown in Figure 5b, after the 300 °C-heating, the most obvious peak of the Control is still
the diffraction peak of Calcite 20 = 29.4°, due to the carbonization. However, the CaCOj diffraction
peak’s intensity declines with the appearance of NaCl diffraction peaks in the XRD patterns of 300
°C-heated binders with PVC. The intensity of CaCOj3 diffraction peaks decreases as the PVC content
increases; on the contrary, the NaCl’s increases. When the PVC content reaches 20%, the diffraction
peak intensity of NaCl is relatively higher when compared to PVC10. Meanwhile, the peak intensities
of CaCQOs diffraction peaks in XRD patterns of 300 °C-heated PVC20 almost disappear.

The function of the generation of NaCl has been analyzed as follows. Firstly, polyvinyl chloride is
mainly composed of C, H, O, and Cl elements, thus its thermal degradation cannot produce NaCl.
Secondly, both the patterns of the 85 °C-cured and 300 °C-heated Control do not show NaCl diffraction
peaks, indicating that the generation of NaCl in 300 °C-heated PVC10 and PVC20 directly relates to the
addition of PVC. Finally, there is no NaCl diffraction peak in 85 °C-cured PVC10 and PVC20, indicating
that the chemical reaction between PVC and SFB cannot generate NaCl at 85 °C. In summary, the
products of PVC thermal degradation react with the substances in binders to generate NaCl at 300 °C.

By comparing 85 °C-cured and 300 °C-heated PVC20, it can be found that the diffraction peaks of
CaCOj change from sharp and obvious multi-peaks to only two diffraction peaks with a low intensity,
indicating that CaCO3 was consumed in large quantities during the heating process. The diffraction peak
intensity of CaCOj3 decreases with the increasing PVC content, proving that the thermal degradation
of PVC generates a large amount of HCl, which could react with CaCO3, as follows:

2HCl+CaCO3—CaCly+H,0+CO, 1)
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CaCl, did not show obvious diffraction peaks in the XRD patterns of 300 °C-heated PVC10 and
PVC20. The reason for this might be that, as a commonly used desiccant, CaCl, has an extremely strong
moisture absorption property and is easily deliquescent when exposed to air. During the process of
being ground into powder and subjected to an XRD test, CaCl, in the binder is deliquescent, and thus
could not show significant diffraction peaks in the patterns. Besides that, the 300 °C-heated PVC20
specimens became noticeably wet after being cooled in the air for a period of time.

It is worth noting that a few kinds of crystal products could be found in all samples. We believe that
binder gels are the main hydration products. Similar results were reported by the 75 wt.% slag/25 wt.%
fly ash sample cured for 14 days in paper [33] and sample GFMON10 cured for 3 days in paper [34].
However, different results were obtained by paper [35] and [36]. The main reasons for this phenomenon
are the different curing conditions and times, the slag/fly ash ratio, and the chemical composition of
original materials, etc.

The EDS test was conducted on the 300 °C-heated Control to analyze the gel composition of SFBs.
The statistical results of EDS are shown in Table 2, and the ternary representations (a) referred to in
paper [34,35] and the plots of the Al/Si ratio versus Ca/Si ratio (b) and Na/Si ratio versus Ca/Si ratio (c)
referred to in paper [37] are shown in Figure 6. The hydration products of the Control assessed by
Figure 6 are likely to be C-(N)-A-S-H or C-N-A-S-H. Both C-(N)-A-S-H and C-N-A-S-H gel might be
hybrid-type phases of the N-A-S-H gel and the C-A-S-H gel [34]. However, paper [34] also reported
that the SFBs displayed the co-existence of clearly distinguishable C-A-S-H and N-A-5-H gels, at an
earlier age. As the curing time of all samples in this paper is no longer than 6 days, we consider that
the binder gels should be composed of C-A-S-H and N-A-5-H gels.

Table 2. The statistical results of the Energy Dispersive Spectroscopy (EDS) test of the 300
°C-heated Control.

Concentration (at%) Molar Ratios
Position
Al Si Ca Na Ca/Si Al/Si Na/Si
1 3.89 12.54 11.37 2.46 0.91 0.31 0.20
2 3.64 13.14 7.97 3.05 0.61 0.28 0.23
3 2.14 12.52 7.50 2.81 0.60 0.17 0.22
4 3.61 16.74 797 4.06 0.48 0.22 0.24
5 2.77 14.50 7.51 2.77 0.52 0.19 0.19
6 4.69 22.13 10.44 4.37 0.47 0.21 0.20
7 2.96 18.44 7.59 5.46 0.41 0.16 0.30
8 3.60 21.04 7.27 5.68 0.35 0.17 0.27
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Figure 6. Energy Dispersive Spectroscopy (EDS) analysis of the reaction products of the Control:
(a) Ternary representations; (b) Al/Si ratio versus Ca/Si ratio; and (c) Na/Si ratio versus Ca/Si ratio.

3.5. FT-IR

3.5.1. PVC

Figure 7 shows the FTIR spectra of the original (PVC), 85 °C filtrate-treated (PVC-85) and
300 °C-heated (PVC-300) PVC. It is found that the difference between the FTIR spectra of PVC and
PVC-85is not significant, indicating that the filtrate-treatment does not change much in PVC’s molecular
structure. The strongest bands of PVC-300 at 1100 cm ™! assigned to the C-C skeletal stretching vibration,
indicating that the carbon is the main solid product of the PVC’s thermal degradation. Meanwhile,
there are two bands at 1585 cm™! and 1720 cm™! assigned to COO~, suggesting the existence of
carboxylate in the PVC’s solid degradation product.

17200
1333:C-H

PVC-300

29]0; C-H 1436: C-H 690: C-Cl1

' 1100: C-C

Transmittance (%)

T T T T T T T T T T - T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm’l)

Figure 7. The Fourier Transform Infrared (FTIR) spectra of the original, 85 °C filtrate-treated, and
300 °C-heated PVC.
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As shown in the FTIR spectra of PVC and PVC-85, the bands around 1333 cm ™! and 1250 cm ™! can
be attributed to the bending vibration of -CH- in -CHCl-, the band at 1436 cm™! can be attributed to
the deformation vibration of -CH,- in -CH,-(CHCI)-, and the band at 690 cm™! can be attributed to the
stretching vibration of C-Cl. All of the bands above belong to the characteristic peaks of PVC [14]. The
bands at 2910 cm™! can be assigned to the stretching vibration peak of CH in -CH,-. All of these bands
weaken or even disappear in PVC-300, indicating that the groups of CH and C-Cl were consumed
during the 5 h heating process [38]. This phenomenon also verifies that the dechlorination reaction
happens during the thermal degradation of PVC, generating HCI.

3.5.2. SFB

Figure 8 shows the FTIR spectra of the 85 °C-cured (a) and 300 °C-heated (b) samples of the
Control and PVC20. As shown in Figure 8a, the difference between the FTIR spectra of the 85 °C-cured
Control and PVC20 is not obvious, indicating that PVC does not affect the composition of the hydration
products of binder at 85 °C. However, there is a significant difference between the two spectra in
Figure 8b, where the band of PVC20 at 1432 cm™! significantly reduces and the bands at 873 cm™!
disappear. Both of the two bands attributed to the O-C-O stretching vibration correspond to the CaCO3
in the binder, which is consistent with the characteristic peak of CaCOj3 appearing in the XRD results.

300C I

1026:T-0-Si

PVC20 @

PVC20

26-T-0-S;
Control 1026:T-O-Si

873:-OH

Transmittance (%)
Transmittance (%)
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Figure 8. The Fourier Transform Infrared (FTIR) spectra of the Control and PVC20 after 85 °C-curing
(a) and 300 °C-heating (b) processes.

The bands at 3443 cm™! and 1630 cm™! are assigned to -OH stretching vibration and H-O-H
bending vibration, respectively, suggesting that there was chemically bound water in the samples.
The band at 1630 cm™! in 300 °C-heated PVC20 is significantly stronger than that of the Control and
85 °C-cured PVC20. The reason for this is that HCI generated by the thermal degradation of PVC
reacts with the binder to produce CaCl,, which is hygroscopic. When the heated PVC20 powders were
exposed to air, water was quickly bound by CaCl, in the form of dihydrate to hexahydrate, resulting in
stronger bands. Meanwhile, the bands at 1432 cm™! and 873 cm™! that correspond to CaCO3 show
a significant decrease in the 300 °C-heated PVC20, verifying that CaCO3 in PVC20 was consumed
during the heating.

The main band between 800 and 1300 cm ™! in the PVC20 spectrum shifts to a higher wave-number
after the 300 °C-heating, when compared to the Control. The main bands correspond to the Si-O
bond in the hydrated gel products. This peak consists of five overlapping peaks, which represent the
different tetrahedral structures SiQ" (n = 0~4, the number of bridge oxygen atoms in each tetrahedral
unit). Moreover, the main peak is also affected by the adjacent absorption peaks. Therefore, the bands
of Control-300 and PVC20-300 in the range of 400 to 1850 cm™! were subjected to a peak-fitting process
using the software Peakfit [39]. The results are as follows.

Figures 9a and 10a show the deconvolution fitting results of the 300 °C-heated Control and
PVC20'’s spectra in the range of 400-1850 cm~!. The green solid lines show the fitting results, and
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the red dotted line shows the test result. Both of the fitting results display 15 peaks. As mentioned
before, the most obvious difference between the two 300 °C-heated spectra is the bands at 1432 cm™!
and 873 cm™! assigned to O-C-O in CaCOs. The heights of the absorption peak at 1432 cm™! of the
Control and PVC20 are 28.08 and 21.50, and the heights of the peak at 873 cm™! are 9.88 and 1.88, again
verifying that the addition of PVC leads to the consumption of CaCOj3 during the heating.

Control-300 =-=--FTIR spectrum
Deconvolution results ﬂ"‘"’(’o =-=--FTIR spectrum

Deconvolution results

400 600 800 1000 1200 1400 1600 1800 3:’0 10‘00 1200

Wavenumbers (cm™) Wavenumbers (em)
Figure 9. The deconvolution fitting results of the 300 °C-heated Control’s spectrum in the ranges of
4001850 cm ™! (a) and 740-1350 cm ™ (b).

PVC20-300 —-=--FTIR spectrum

. PVC20-300 =-=--FTIR spectrum
Deconvolution results s
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920
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1321
2 : 573 112 ‘\

T T T T T
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Wavenumbers (cm™) ‘Wavenumbers (cm™)

Figure 10. The deconvolution fitting results of 300 °C-heated PVC20’s spectrum in the ranges of
400-1850 cm™! (a) and 740-1350 cm™? (b).

Figures 9b and 10b show the deconvolution fitting results of the 300 °C-heated Control and
PVC20’s spectra in the range of 740-1350 cm™!. In this range, there are six peaks of the result for the
Control, at 817, 873, 990, 1044, 1129, and 1309 cm™!, with the peak heights of 21.62, 9.88, 66.75, 2.18,
57.30, and 4.69, respectively. There are seven peaks of the result for PVC20, at 793, 873, 920, 1079, 1121,
1207, and 1321 cm™!, with the heights of 10.73, 1.89, 44.43, 66.21, 2.48, 22.96, and 15.12, respectively.

The peak at 1129 cm~! with a height of 57.30 among the Control’s fitting results is assigned to the
Si-O asymmetrical stretching vibration band of SiQ®. The peak at 990 cm~! with a height of 66.75 is
assigned to the Si-O vibration band of the Si-O-Na structure of SiQ? in the hydrated product’s N-A-S-H
gel [40]. In the spectrum of PVC20, the height of the peaks at 1079 cm™! and 920 cm~! assigned to Si-O
in SiQ? and the Si-O-Na structure of SiQ? are 66.21 and 44.43, respectively. This phenomenon suggests
that both of the main bands of the Control and PVC20 are the absorption peaks of Si-O in SiQ? and
SiQ?, and the tetrahedral structural units in the gel products are mainly composed of these two types,
after the 300 °C-heating process. However, the relative heights of these two peaks are different as
the peak height of the SiQ? of Control is larger than that of PVC20, and the height of the SiQ? of the
Control is lower than that of PVC20, indicating that the addition of PVC led to the consumption of the
Si-O-Na of SiQ?, but promoted the generation of SiQ® in the hydration products, during the heating.
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Combined with the NaCl in the products of 300 °C-heated PVC20, it could be suggested that
HCl generated by the thermal degradation reacts with the Si-O-Na structure of N-A-S-H gel. Besides
that, the peak around 1207 cm~! appears in the PVC20’s spectrum with the height of 22.96. This band
corresponds to the tetrahedral structural unit of SiQ*. This unit is formed by the reaction between HCl
and hydrated calcium silicate gels, and is generally considered to be a sign of SiO, formation. The
relative height of bands at 465 cm™~! assigned to the bending vibration of O-Si-O [34] also increases
from 48.81 to 80.11 in PVC20, when compared with the Control, also suggesting the increase of SiQ*
tetrahedral structural units in PVC20.

The changes in the tetrahedral structural units of the acid-attacked cement have been discussed
by researchers. Gutberlet [41] found that the HCl attack resulted in decalcification of C-A-S-H gel, and
thus led to polycondensation reactions and growth of the average gel chain length. Chen [42] reported
that the static immersing reaction of HCI and cement formed SiO, crystal, which was indicated by
its typical diffraction peak of 20 = 26.26° in the XRD pattern. In this paper, there is no obvious SiO,
diffraction peak in the XRD spectrum of 300 °C-heated PVC20, but the absorption peak of the SiQ*
tetrahedral structural unit appears in the FTIR spectrum, suggesting that SiO, might be generated in
this process, but in an amorphous state.

Because HCI consumes the Si-O-Na structure of SiQ? in the N-A-S-H gel, and the acid attack causes
a polycondensation reaction in the gel product, these two functions make the degree of polymerization
of gel increase [41]. The SiQ3 and SiQ* tetrahedral structural units increase and the characteristic
peak’s main band between 800 and 1300 cm~! shifts to the higher wave-numbers. The reaction might
be simplified as follows:

O-Al-0-Si-[O---Na+Na---O|-Si -0~ Al- O+ 2HCl - H,O + 2NaCl+
O-Al-0-Si-0-Si-O-Al-0

Moreover, the decalcification and polycondensation of C-A-S-H should also take place at the same
time, as follows:

O-Al-0-Si-|0---Ca---O|-Si- O - Al - O + 2HCl — H,0 + CaCl,+
O-Al-0-Si-0-Si-O-Al-0O

In the heating process, the thermal degradation of PVC caused HCI to react with the binder gels,
resulting in the increment of SiQ® and SiQ* tetrahedral structural units and generation of NaCl and
CaCl,. In addition, study [43] about the composition of the pore solution of alkali-activated material
showed that the main ingredient of alkali in the material is NaOH, which is different from that in
Portland cement of Ca(OH);. The HCI formed by the degradation of PVC also reacted with the NaOH
in the pore solution and produced part of NaCl.

3.6. Microstructure

3.6.1. Polarizing Microscope

As shown in Figure 11, there are a few big holes formed by the air introduced during stirring, and
some small holes as the PVC particles were detached from the sample. Additionally, the white PVC
particles display no obvious color or shape change in the 85 °C-cured PVC20. As shown in Figure 12,
the white PVC particles disappeared and the pores in the binder increased with some small light-grey
fragments after heating at 300 °C for 24 hours. The increment of the pores is consistent with the MIP
results in Figure 4. This indicates that the thermal degradation of PVC resulted in the looser structures
of binder, and thus the lower strength. Besides that, after heating and immersion in water, the pores
formed in the 300 °C-heated material were broken. The dissolution, leaching behavior, and high in-situ
exothermic energy also contributed to this self-degradation process, and those processes have been
discussed in our previous studies [2,6].
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Figure 11. Images observed by a polarizing microscope of 85 °C-cured PVC20, with the scale of 1 mm
(a) and 200 pum (b).

Figure 12. Images observed by a polarizing microscope of 300 °C-heated PVC20, with the scale of
1 mm (a) and 200 um (b).

3.6.2. SEM-EDS

The SEM-EDS test was performed on the 300 °C-heated Control and PVC20 to observe the
effect of PVC on the microstructure of the material and study the mechanism of PVC promoting the
self-degradation. As shown in the SEM images of Figures 13 and 14, the microstructure of the Control
is more compact than the fragmentation microstructure of PVC20. This phenomenon is consistent
with the compressive strength and MIP test results. The gel products explicated in the Control are
covered by some granular substances in PVC20. According to the XRD results and FTIR analysis, these
particles should be mainly composed of NaCl and gel products formed by a polycondensation reaction.
The acid attack on the gels resulted in the structure weakening and porosity increasing, and thus led to
a strength decrement and the material’s degradation.

As shown in the EDS spectra of Figures 13 and 14, the average mass fractions of C and O elements
in the Control are 10.05% and 42.12%, respectively, both of which are higher than in PVC20. Meanwhile,
there is little or no Cl element in the Control, but the average mass fraction of the Cl element in PVC20
is 23.36 wt%. Besides the variation of the mass fraction of elements, paper [41] reported that a higher
NBO = mol(O)/[mol(Si + Al)] (non-bridging oxygen atoms) value indicates a lower degradation extent
of the cement immersed in HCL. The average NBO value of the Control is 3.31, but the value of PVC20
is 0.89, indicating the greater degradation level.
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Figure 13. The Scanning Electron Microscopy (SEM) images and Energy Dispersive Spectroscopy (EDS)
data of the 300 °C-heated Control (point 1, 2, and 3).
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Figure 14. The Scanning Electron Microscopy (SEM) images and Energy Dispersive Spectroscopy (EDS)
data of 300 °C-heated PVC20.

The decrease of C was caused by the reaction between HCI produced by PVC and CaCOj3, which
generated CO,. In addition to this reaction, the decrease of the NBO value and O element was
also caused by the polycondensation reaction of acid attacking the gels, as the polycondensation
reaction-generated H,O evaporated at a high temperature. The polycondensation reaction also resulted
in the increment of the chain length of gels, and thus led to the increment of SiQ? and SiQ* structural
units in binder.

Summing up the foregoing, it is considered that the different mechanisms of PVC promoting the
self-degradation of the TSM, when compared to our previous studies, mainly involve the following:
(1) the thermal degradation of PVC at high temperatures increases the volume of multiple harmful
pores in the binder; (2) HCI generated by PVC thermal degradation attacks gelatinous hydration
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products of the binder, breaking them into particles and thus weakening the binder structure; and (3)
HCl also reacts with other constituents in the binder, including NaOH in the pore solution and CaCOs.

4. Conclusions

In this paper, the TSM for geothermal wells has been developed by utilizing the thermal
degradation of PVC that generates HCI at a high temperature. Additionally, the self-degradation
mechanism of this material has been investigated by analyzing the molecular structure of PVC, the
pore structure, the hydration products, and the microstructure of binders. The main conclusions are as
follows:

(a) PVCissuitable for developing the TSM for 300 °C geothermal wells, based on its thermal property.
The compressive strength decreasing level of the binder increases with the increasing PVC
content, and achieves 76.63% as the content reaches 20%, after 24 h water-immersion. Considering
that the excessive HCl is harmful to down-hole environments, the 20% PVC is selected as the
optimal content;

(b) The addition of PVC increases the porosity of the heated binder by mainly increasing the number
of multiple damage pores, and having little influence on the other parts;

(c) The binder gels are composed of C-A-S-H and N-A-S-H gels. In the heating process, HCl attacks
these gels, resulting in the polycondensation reactions. The reactions lead to the decrease of the
average NBO value and the increase of SiQ3 and SiQ* structural units;

(d) The characteristics of the mechanism of PVC promoting the material degradation are mainly as
follows: (1) the thermal degradation of PVC increases the number of multiple damage pores in
the binder, at a high temperature; (2) HCI generated by the PVC thermal degradation attacks the
binder gels, and breaks them into particles; and (3) HCI also reacts with other substances in the
binder, including CaCO3; and NaOH in the pore solution.

The results confirm the feasibility of using the thermal degradation of PVC to develop
self-degradable TSM for geothermal wells. This paper provides a reference for the development
direction of the material, and is helpful for the recycling of waste plastics. Due to its high degradation
temperature, PVC can only be used in high-temperature geothermal wells of 300 °C. Future work
should explore methods for reducing its degradation temperature, for the application in medium-low
temperature geothermal wells.
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