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ARTICLE INFO ABSTRACT

Keywords: In this study, the chlorine mitigation from waste polyvinyl chloride (WPVC) during high temperature co-
Acidic hydrochar hydrothermal treatment (co-HTT) and the properties of the generated solid products were assessed. WPVC
Dechlorination

was co-fed with acidic hydrochar (AHC), which was produced via hydrothermal carbonization of pineapple
waste in the presence of citric acid water solution. High temperature co-HTT experiments were performed at
300-350 °C, 0.25-4 h of reaction time, and 0-20 wt% AHC loading. Co-HTT solid products (co-HTT_SP) were
characterized via proximate analysis, ultimate analyses, combustion analysis, and ash analysis. The results show
that the addition of 5% AHC enhances the dechlorination efficiency (DE) of WPVC from 89.35% to 97.66% at
325 °C and 0.5 h. The highest DE, reaching 99.46%, was achieved at 350 °C and 1 h in the presence of 5 wt%
AHC. Furthermore, loading 5% AHC improved the higher heat value (HHV) of the solid products from 23.09 to
31.25 MJ/kg at 325 °C and 0.5 h. The maximum HHV (34.77 MJ/kg) of a solid product was achieved at 350 °C,
4 h, in the presence of 5 wt% of AHC. The co-HTT solids shown low slagging indices, fouling indices, alkali
indices, and medium chlorine contents. These findings support the viability of WPVC conversion into clean solid

Hydrothermal treatment
Slagging and fouling indices
Solid fuel

Waste plastic

fuel via co-HTT.

1. Introduction

Polyvinyl chloride (PVC) is one of the most widely utilized thermo-
plastics in terms of global polymer usage (Sadat-Shojai and Bakh-
shandeh 2011). PVC has become a ubiquitous polymer as a result of its
cheap cost and great performance, as well as the vast variety of products
that may be created from varied processing conditions and procedures
(Garcia et al. 2006; Yarahmadi, Jakubowicz, and Martinsson 2003;
Braun 2001). Even though PVC products have a long useful life and
there is a significant lag between PVC production and disposal, which
results in a net accumulation of waste PVC (WPVC) (Slapak, van Kas-
teren, and Drinkenburg 1999; M. K. Patel et al. 1998; M. Patel et al.
2000). In fact, the disposal of WPVC has already become a public
concern (Nakamura et al. 2009; Garcia et al. 2007; Burat, Giiney, and
Olgac Kangal 2009; Braun 2002). WPVC disposal in landfill or inciner-
ation of WPVC face some major challenges. For example, the leaching of
phthalate and heavy metals like lead, cadmium, and tin, which are
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components of stabilizers, may be problematic in landfilling (Sato et al.
1998). The incineration produces hazardous pollutants and a large
quantity of hydrochloric acid, which induce corrosion in the furnace and
release trace quantities of other hazardous gases, resulting in serious
environmental issues (Sato et al. 1998). To overcome these issues, a
sustainable WPVC disposal system is required.

Hydrothermal treatment (HTT) has recently been presented as a
viable approach for the dechlorination of PVC (Yoshioka et al. 2008; X.
Ma et al. 2015; Poerschmann et al. 2015). HTT refers to the process of
treating materials in water at a certain temperature and pressure in
order to maintain the water in either a subcritical or supercritical con-
dition in order to degrade organic compounds (Bermejo and Cocero
2006; Kritzer and Dinjus 2001; Lavric et al. 2005). HTT is a process
which involves reactions in homogeneous media, has the benefit of
quick response rate (Yu et al., 2016a), and has been successfully
employed in the process of resource recovery as well as the treatment of
hazardous wastes like PVC (Benavente, Fullana, and Berge 2017; Yu
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et al., 2016b). For instance, Endo and Emori (Yoshioka et al. 2008)
carried out research on the high-temperature decomposition of PVC at
high pressure, and they observed that the DE approached to 100% at
300 °C at 19.3 MPa. According to Lu et al. (J. Lu, Ma, and Gao 2002), the
DE was 95% at 240 °C after a two hours treatment in an alkaline envi-
ronment, and reached 100% after 15 h at the same temperature. Ac-
cording to Takeshita et al. (Takeshita et al. 2004), during the HTT DE of
WPVC, the chlorine was mostly released as HCl, which was dissolved in
water. HTT of WPVC carried out at temperatures between 180 and 260
°C have shown an increasing rate of dechlorination with increasing
temperatures (Zhao et al., 2018a). Solid product from HTT of chlori-
nated organic wastes was shown to have a very low sorption potential,
especially for polar organic contaminants, providing strong evidence
that it is environmentally beneficial (Zhao et al., 2018a). To improve the
dechlorination and degradation of PVC waste, different additives,
including NaOH (Zhao et al., 2018b), CoHsOH (Xiu et al., 2020a), NH3
(Xiu et al., 2020b), and urine (Xiu et al. 2023) were introduced. The
inclusion of NaOH and NHj increased the efficiency of PVC dechlori-
nation to 95% and 98.7% at a temperature of 300 °C, respectively (Xiu
et al., 2020a; Xiu et al., 2020b). In general, HTT of WPVC with higher
HTT temperature and modified pH resulted in higher DE.
Co-treatment of plastic and biomass has been generating tremendous
interest recently, as it poses significant advances compared to stand-
alone treatment (Uzoejinwa et al. 2018; Wu et al. 2017; Hongthong et al.
2020). Because the temperature ranges of thermal breakdown for plastic
and biomass overlap, thermochemical co-processing is conceivable
(Jakab, Varhegyi, and Faix 2000). For instance, Zhou et al. (Zhou et al.
2015) observed that pyrolysis of biomass with PVC boosted char output
as well as CO and CO3 production. PVC-derived intermediates were also
observed to improve char output during the co-pyrolysis of PVC and
other plastic wastes (Yu et al., 2016a). Co-pyrolyzing PVC and biomass
has been proven to minimize HCl emissions when compared to pyro-
lyzing PVC alone (Braden and Bai 2018). Synergistic effects were
observed between PVC and sawdust during co-pyrolysis in another study
(Sgrum, Grenli, and Hustad 2001). Under pyrolytic conditions, HCl
produced from the PVC appeared to act as an acid catalyst, boosting
biomass dehydration (S¢rum, Grgnli, and Hustad 2001). Nevertheless,
the residual Cl atoms end up as organic chlorides in the liquid and solid
products (Zhou et al. 2015; Kuramochi et al. 2008). Chloride-
contaminated liquid phase (pyrolysis-oil), and solid phase (char) can
pose serious complications in application (Zhou et al. 2015; Kuramochi
et al. 2008). Although co-pyrolysis is common in literature, co-HTT is
still scarce. It was reported recently that the solid phase generated by co-
HTT of PVC and lignin might be used as a non-toxic solid fuel because
HCI is water soluble (Shen 2016). However, when PVC is co-converted
with other organic components like cellulose, dehydrochlorination is
less successful, according to their findings (Shen 2016). It has been re-
ported that adding liquid acid as catalyst can improve the co-HTT of PVC
in terms of chlorine removal from PVC and the production of a solid
residue with higher HHV (X. Lu et al. 2020; Wei et al. 2022). However,
in many industrial chemical processes, solid acids are preferable over
liquid acid catalysts due to their advantages of strong acidity, ease of
separation, minimal corrosion potential, and superior recyclability (Liu
and Liu 2020; Chen et al. 2019; Corma 1997). In terms of environmental
responsibility, the production of solid acid catalysts from renewable
biomass has major strategic repercussions to consider (Liu and Liu
2020). Our group, recently successfully produced an AHC from pine-
apple using HTT within the presence of citric acid (Volpe et al. 2021).
This research aimed to examine the influence of mentioned AHC on
the dechlorination of WPVC through the co-HTT. Experiments were
conducted to determine the influence of reaction temperature, reaction
time, and AHC loading on DE. Ultimate analysis, proximate analysis,
higher heating value, chemical alteration, chlorine migration, and ash
properties were studied for the Co-HTT solid products (co-HTT_SP). The
present study reports an innovative approach shading light in the
capability of AHC toward dechlorination of WPVC opening a way of
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producing an environmentally safe solid fuel from WPVC by co-HTT.
2. Material and methods
2.1. Material

PVC plumbing as a WPVC was purchased from a local supplier. A
high-grade nitrogen gas (99.9%) was provided from NexAir LLC. (Mel-
bourne, FL, USA). The AHC that had been produced as a result of our
most recent work (Volpe et al. 2021) was used in this investigation. AHC
was produced by performing HTC on pineapple waste in the presence of
citric acid at 220 °C for 1 h. AHC had a total acidic group concentration
of 1587.9 mol/g.

Nitric acid with a concentration of 65% and hydrogen peroxide with
a 30% concentration, both of the Suprapur grade (Fisher Scientific,
Waltham, MA, USA) were used to dissolve WPVC and solid co-HTT
products to evaluate for DE. The Milli-Q water purification device
(Millipore, Bedford, MA, USA) was utilized to produce deionized and
distilled water (DDW), which had the potential of producing 18 MV cm
specific resistivity.

2.2. Co-hydrothermal treatment

The co-HTT tests were performed utilizinga Parr Hast-C batch
reactor with a capacity of 100 mL (Model: 4560, Moline, IL, USA). Hast-
C was used to prevent corrosion during co-HTT (Ghalandari et al.,
2022b). The reactor was heated using a ceramic electrical heater at a
rate of 5 °C/min. For each test, 4.0 + 0.1 g of powdered WPVC (size: 1.0

+ 0.5 mm) and a certain quantity of AHC, and a certain volume of

deionized (DI) water were added into the vessel of the reactor to obtain a
mass ratio of 1:10 of solid (WPVC + AHC) to DI water. Three separate
purges with nitrogen gas were performed on the reactor in order to
remove oxygen from the headspace. The co-HTT tests were conducted at
three temperatures (300, 325, 350 °C), five reaction times (0.25, 0.5, 1,
2 and 4 h), and six AHC loadings ratio (2, 3, 4, 5, 10, and 20 wt%). At the
end of the co-HTT reaction, a cold-water bath was used to quickly cool
down the reactor to ambient temperature, and a fume hood was used to
vent the gaseous byproducts. Solid and liquid phases were recovered via
vacuum filtration of the HTT slurry. Solid residue was washed with DI
water after phase separation to remove from the solid residue the
mother liquors. To determine the solid yield (SY), the following equation
was utilized (Tahmid et al., 2021b):

Mass of dried solid after co — HTT

Mass of dried feedstock )

SY (wi%) = ( ) x 100%

All tests were replicated to reduce the test errors and the standard
deviation of the data was reported. As the emphasis of this work was on
the yield and quality of the solid product, the aqueous and gaseous
phases were not studied further.

2.3. Characterization of the solid products

2.3.1. Higher heating value (HHV)

The ASTM D240 procedure was used to calculate the HHV of the
sample utilizing an IKA C 200 bomb calorimeter (Stauffen, Baden-
Wiirttemberg, Germany). Before doing the analysis, 0.5 g of the sample
was dried at 105 °C for 12 h. In order to determine the ash content of the
solid sample, the ASTM D 1102 method was used. The experimental
procedure involved heating a dry sample weighing between 0.5 and 2.0
g in a muffle furnace at a temperature of 575 °C for a duration of 6 h. To
ensure accuracy, each experiment was repeated three times. The
resulting ash from each experiment was collected and stored in a ziplock
bag for subsequent analysis using Energy dispersive X-ray (EDX). The
HHV results were presented on a dry free basis. The following equation
was utilized to determine the energy yield, EY (%):
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HHYV of dried solid product

HHYV of dried Feedstock 2

EY (%) = SY (wt%) x

2.3.2. Ultimate analysis

Quantification of nitrogen, hydrogen, carbon, and sulfur content of
co-HTT _SP was accomplished using a CHNS analyzer (Thermo FLASH
EA 1112 Series). The analysis was conducted in accordance with ASTM
D5373. Vanadium pentaoxide was utilized as a conditioner, and 2, 5-Bis
(5-tert-butyl-benzoxazol-2-yl) thiophene was utilized as a calibration
standard (Ghalandari et al., 2022a). Each sample was burned at 950 °C
in oxygen (the carrier gas was helium). A difference approach was used
to obtain the oxygen concentration. It should be noted that nitrogen,
hydrogen, carbon, and sulfur content of AHC was obtained in the pre-
vious study (Volpe et al. 2021).

2.3.3. Proximate analysis

Fixed carbon (FC) and the volatile matter (VM) of the solid samples
were determined by Perkin Elmer’s TGA 4000 thermogravimetric
analyzer (Waltham, MA, USA). The analysis method was derived from
literature (Islam et al. 2021). In order to prevent any kind of oxidation
process and purge the VM at the same time, the analysis was conducted
with a constant flow of nitrogen gas (40 mL/min). The sample was
initially heated to 110 °C at a rate of 20 °C/min, and then it was
maintained in an isothermal condition for 5 min. In the second step, the
sample was heated at a rate of 20 °C/min to 900 °C, and then it was
maintained in an isothermal environment for 10 min. The VM was de-
termined based on the amount of mass lost between 110 and 900 °C. In
the end, a difference of VM and ash was used to calculate the FC.

2.3.4. Energy dispersive X-ray

The semi-quantitative inorganic analysis of ash samples was deter-
mined with the use of an energy dispersive X-ray (EDX) analyzer (Octane
plus, EDAX, USA). All samples were given a coating of gold using vac-
uum sputtering equipment called a Denton Vacuum Desk III (Moores-
town, NJ, USA). Slagging, fouling, alkali, and ratio-slag indexes, and Cl
content were calculated based on Table 1 (Tortosa Masia et al. 2007).
The correlations have the form B/A, where B represents compounds with
a low melting point (CaO + Cry03 + FesO3 + Mo0O3 + WO,) and A
represents compounds with a higher melting point (SiOz + TiOz +
Ni3O4 + AlxO3).

2.3.5. XRD analysis of WPVC and co-HTT_SP

The X-ray powder diffraction technique was used to examine the
level of crystallinity in the samples of WPVC and co-HTT_SP ash. This
analysis was carried out using a Bruker AXS X-ray diffraction system (D2
Phaser SSD160) made in Karlsruhe, Germany. The X-ray emission

Table 1
Slagging, fouling, alkali, and ratio-slag indexes, and Cl content, definition and
their limits (Reza et al. 2013).

Index Expression Limit
Slagging Is=(B/A) x S9¢ =% of  Is < 0.6 (I is low slagging inclination)Ig
index S in dry fuel = 0.6—2.0 (I is medium)Ig =
2.0—2.6 (Is is high)ls > 2.6 (I is
extremely high)
Fouling Iz = (B/A) x (NayO + Ir < 0.6 (Ir is low fouling inclination)
index K20) 0.6 < Ir < 40 (I is medium)Ig > 40 (I is

high)

0.17 < I < 0.34 (I, is slagging/fouling
probablel, > 0.34 (I, is slagging/
fouling is certain)

Alkali index Io = (Na0 + K30) in

kg/GJ

Slag Iy = (SiO5 x 100)/(SiO, Iy > 72 (Iy is low slagging inclination65
viscosity + MgO + CaO + Fey03) < Iy < 72 (Iy is moderate)ly < 65 (Iy is
index high)

Chlorine Cl (wt%) Cl < 0.2—0.3 (Cl is low slagging

content inclination)0.2 < Cl < 0.3 (Cl is
medium)0.3 < Cl < 0.5 (Cl is high)Cl >

0.5 (Cl is extremely high)
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parameters were configured with an operating voltage of 30 kV and a
current of 10 mA. A copper tube with a wavelength of 1.54184 A... was
employed. Data collection was performed within an angular range of 5
to 80° (20) under normal atmospheric pressure.

2.3.6. Fourier-transform infrared spectroscopy

Thermo Scientific’s attenuated total reflector (Nicolet iS5) was uti-
lized to identify the functional groups present in the solid samples
(Madison, WI, USA). Resolution was set to 4 cm’l, data accumulation
was set to 64, and the wavenumber range was set to 400-4000 cm ™!
(Banivaheb et al. 2022).

2.3.7. Chlorine content measurement

A Dionex Aquion IC (ion chromatography) system (Thermo Scienti-
fic) was utilized to determine the chlorine content in the (dissolved)
solid product and the aqueous phase. The digestion method (Pettersson
and Olsson 1998) was used to prepare the liquid sample from the solid
product to inject into IC. Nitric acid (2 mL) and solid product (10 mg)
was first added to a chemical volumetric flask for digestion. The mixture
was heated on the electrical heater for 60 min at 80 °C. After that, it was
let to reach ambient temperature. The mass loss that occurred in this
digestion process was noted. 2 mL of hydrogen peroxide was added in
the next step. After an additional 60 min of the heating mixture at 80 °C,
it was let to cool down to room temperature. After that, the mixture was
diluted with DI water to prepare the sample to inject into IC in order to
determine the chlorine content in the solid product. To determine the
chlorine content in the aqueous phase, the aqueous phase was diluted
with DI water for injection in IC. For the purpose of calculating DE, the
following equation was utilized:

7C1—C2

100
c

DE (%) 3

where C; and C, indicate the chlorine mass of the feedstock and solid
product (in a dry mass basis), respectively.

2.3.8. Combustion test

Perkin Elmer’s TGA 4000 thermogravimetric analyzer (Waltham,
MA, USA) was used to conduct the combustion test. A crucible was filled
with 5-10 mg of the sample, while a 40 mL/min of air flow was
continuously blown through it. The temperature rose from 30 to 900 °C
in three stages: steady at 35 °C for 10 min, rising to 110 °C and main-
taining it for 5 min, and finally increasing to 900 °C at a rate of 20 °C/
min. The initial weight loss temperature, denoted by T;, the burnout
temperature, denoted by T¢, the maximum burning rate, denoted by
DTGmax, and the average burning rate, denoted by DTGpean, are the
characteristic parameters of the combustion test. The comprehensive
combustion index, denoted by the letter S, was calculated using
following equation (D. Zhao et al. 2016; G. Wang et al. 2015; 2016):

DTGmax X DTGmean

S =
T2 x Ty

4

3. Results and discussions
3.1. Role of AHC on dechlorination of WPVC

The chlorine content in the solid phase and aqueous phase as well as
the pH of the aqueous phase are presented in Table S1. Based on the
results, the chlorine content of WPVC reduces significantly after co-HTT.
According the literature, most of chlorine of PVC goes to aqueous phase
from solid phase through HTT, and chlorine does not go to the gas phase
(Poerschmann et al. 2015; Takeshita et al. 2004). As shown in Table S1,
a small fraction of chlorine is lost during sample collection in addition to
measurement errors (P. Zhao et al. 2017). It can be seen in Table S1, the
chlorine content of WPVC decreases from 552.5 (g/kg) to 3.0 (g/kg) for
solid product at 350 °C, 1 h (in presence of 5% AHC). It should be noted
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that adding AHC has a dilution effect for chlorine content of solid
samples since the AHC has no chlorine content. The pH of aqueous phase
is low (between 1.34 and 2.01) thus giving substantial indication that
the main mechanism pathway was the dehydrodechlorination followed
by dehydration with the release of HCI.

The DE of WPVC is shown in Fig. 1a. The findings demonstrate that
AHC loading has a substantial influence on DE. This behavior is
consistent with previously published investigations on HTT dechlori-
nation (Shen 2016). Fig. 1a shows that adding AHC from 0 to 5 wt% (at
0.5 h and 325 °C) dramatically enhances the DE from 89.35 to 97.66%. It
might be the result of synergy between the complex lignocellulosic
components and chlorinated feedstock (Y. Zhao et al. 2022). After that,
increasing AHC loading ratio from 5 to 20 wt% has no influence on
WPVC dechlorination in the co-HTT. This finding suggests that the ideal
AHC loading ratio is 5 wt%.

Fig. 1a also illustrates that the co-HTT temperature has a substantial
impact on chlorine removal, as the DE rises dramatically from 89.38% at
300 °C to 98.67% at 350 °C (at 0.5 h and in the presence of 5 wt% of
AHQ). It demonstrates that the co-HTT removes the majority of chlorine
from WPVC; nevertheless, a small quantity of chlorine still remained in
the solid product. These organic chlorine atoms that are still present may
be carbon atoms with sp-hybridized in olefinic and aromatic structures
that are resistant to the nucleophilic substitution process that is carried
out by hydroxyl ions (Poerschmann et al. 2015). While DE of PVC py-
rolysis at 300 °C for 3 h was measured to be 90% (Ma et al., 2002), the
DE for co-HTT of PVC at the same temperature but with a significantly
shorter residence time of 1 h is also approximately 90% (Fig. 1a). This
highlights the notable benefit of co-HTT, as it achieves comparable DE to
pyrolysis while requiring a substantially shorter residence time. As can
be seen in Fig. 1a, by adding 5 wt% AHC at the same temperature (325
°C) the DE increases from 89.35 to 97.66%, and by increasing temper-
ature from 300 to 350 °C (at 0.5 h) in the presence of 5 wt% AHC, the DE
increases from 89.38 to 98.67%. Also, the residence time could play a
role, in fact, the highest DE (99.46%) was achieved at 5% of AHC
loading, 350 °C, and 1 h residence time.

As demonstrated in Fig. 1a, by raising the reaction time from 0.25 to
1 h at 350 °C, the DE increases from 93.58 to 99.46%, which however
declines to 97.26% after 4 h. This finding is consistent with earlier
HTT dechlorination research that has been reported in the literature (Y.
Zhao et al. 2022; Li et al. 2017). This may be attributed to the carbon-
ization and formation of pores at longer reaction time, which increases
the adsorption capacity of co-HTT_SP. Hence, a portion of dissolved
chlorine in the water might be adsorbed onto the solid product, resulting
in a decrease in DE (Y. Zhao et al. 2022).

The removal of chlorine from WPVC might be accomplished via
elimination and substitution reactions. The elimination process begins
with the creation of thermally unstable free radicals and chloroallylic
compounds, followed by the removal of HCl to produce polyenes (Shen
2016). After that, the allyl chlorine atom on the C-atom would separate
into —Cl and —H to generate two double bonds. In this manner, the
zipper mechanism completes the dehydrochlorination process by acti-
vating successive chlorine molecules (Poerschmann et al. 2015; D. Ma
et al. 2019), which is corroborated by the 1620 cm ™! transmittance band
showed in Fig. 1b. This peak becomes evident after co-HTT, coinciding
with an increase in the strength of C—C stretching vibrations. There are
typically two ways that the substitution occurs. The first, which is sup-
ported by FTIR results (Fig. 1b), is that —H and —Cl are substituted with
two —OH on a carbon to produce unstable intermediates, which is then
followed by a dehydration process to produce —C—=0 and H,O (P. Zhao
etal. 2017). The peaks detected at around 1740 cm ™! are ascribed to the
C=O stretching vibration, which is clearly enhanced in co-HTT_SP.
Furthermore, two other peaks changeare occurring into the co-
HTT_SP: the drop in the aliphatic C—Cl stretching vibration peak at
around 717 cm™! indicates that a portion of chlorine is removed; in
contrast, the bands at 1015 cm ™!, due to the vibration of C—OH groups
connected to alkyl groups, become more prevalent. The difference
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between these two peaks might indicate that the —Cl is immediately
substituted with —OH through the second above mentioned pathway. In
polymers, hydroxyl groups take the place of chlorine atoms to yield
intermediates such as polyols, diols, and alcohols that might undergo
reactions to form aromatic compounds and low molecular weight mol-
ecules with O—functionalization (Poerschmann et al. 2015; Huang et al.
2019). As indicated before, the removal of HCI and the replacement of
—Cl might form soluble inorganic chlorine, resulting in the elimination
of chlorine from WPVC. There are two ways in which the breakdown of
lignocellulosic components might accelerate the dechlorination process.
First, the breakdown of cellulose, hemicellulose, and lignin might supply
an abundance of free —OH bonds (Tekin, Karagoz, and Bektas 2014),
hence facilitating the replacement of —Cl in chlorinated polymers (Yao
and Ma 2018). Second, the tiny free cellulosic pieces in the solution may
inhibit the agglomeration of plastics and promote the homogeneity of
mixes by adhering to the surface of molten polymers (D. Ma et al. 2019).
High co-HTT process temperature could, in contrast, produce consid-
erable amounts of oxygenated compounds like furans and furfurals
which could eventually undergo condensation onto unreacted PVC
decreasing DE (Yao and Ma 2018). In the case of AHC, produced at 250
°C, the hemicellulose and cellulose fraction are virtually absent thus
drastically reducing the production of condensing species while still
providing free OH groups by decomposition non soluble lignin fraction
into polyphenols (Volpe et al. 2020). Thus, the WPVC DE might be
governed by the amount of free OH groups produced by HTT decom-
position but limited by the formation of oxygenated organic species that
condensing could increase WPVC agglomeration thus decreasing its
wettability and reactivity. WPVC morphology and porosity drastically
influence its wettability and thus influence the DE (D. Ma et al. 2021).
The above mentioned two contrasting effects could explain why the
addition of small amounts of AHC could promote DE but increased
amounts of AHC could lead to WPVC agglomeration phenomena
depressing the efficiency of reaction. A proposed reaction mechanism of
co-HTT of WPVC is presented in Fig. 1c based on above explanation. It
appears that the reusability of AHC is not possible because one portion of
it degrades during the co-HTT process. The remaining part, which is
mixed with WPVC char, might have different properties compared to
raw AHC.

3.2. Physicochemical properties of Co-HTT solid residues

To assess the influence of AHC on the co-HTT of WPVC, AHC load-
ings ranging from 0 to 20 wt% (at 325 °C and 0.5 h) were used in co-HTT
experiments. The solid yield under a variety of co-HTT conditions is
shown in Table 2. In the first, HTT experiment as a control run, WPVC
(AHC loading = 0 wt%) was loaded and the reaction temperature and
time were 325 °C and 0.5 h, respectively. It can be seen in Table 2, SY for
the control run is 71.47 wt%. When 5 wt% of AHC was added during co-
HTT at 325 °C and 0.5 h SY drastically reduced from 71.47 to 49.75 wt
%. A recent study revealed that loading coal can improve the solid yield
in the co-hydrothermal process of WPVC (P. Zhao et al. 2020). The
synergistic interaction of complex components of WPVC and AHC may
expedite the breakdown of feedstock, which may be one of the primary
causes of the decrease in solid output (Y. Zhao et al. 2022). Zhang et al.
(Zhang, Zhang, and Li 2019) reported that the synergistic interaction
might accelerate the decomposition of PVC and pinewood.

To determine the impact of reaction temperature on SY, a number of
high temperature co-HTT experiments were carried out at 0.5 h witha 5
wt% AHC loading. Table 2 demonstrates that the co-HTT temperature
has a substantial influence on SY, as the yield declines from 59.75 wt%
at 300 °C to 44.17 wt% at 350 °C. Zhao et al. (P. Zhao et al. 2020) also
showed that a rise in temperature can reduce the solid yield during the
co-hydrothermal carbonization of coal and PVC. The findings indicate
that the kinetics of the reaction at 300 °C is sluggish, and this temper-
ature is inadequate to break the polymer chains of PVC into shorter
lengths. However, high temperature co-HTT could overcome this
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Table 2
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Solid yield, proximate and ultimate analysis of AHC, WPVC, and co-HTT_SP at different process conditions.

Sample Solid yield (wt Proximate analysis” Ultimate analysis®
%) VM (wt%) FC’ (wt Ash (wt%) C (wt%) H (wt%) S (wt%) 0O (wt%)  Cl (wt%)
%)

AHC - 56.28 + 43.19 0.53 + 65.47 + 4.78 + BD 29.22 BD
2.56 0.13 4.25 0.88

WPVC - 84.10 + 10.25 5.65 + 34.69 + 4.18 + 0.42 + - 55.25 +
1.48 0.24 1.34 1.65 0.03 3.35

AHC-325°C-0.5h 70.25 £+ 1.56 40.25 + 59.00 0.75 + 75.35 £ 6.23 + BD 18.42 0.0
1.85 0.11 3.21 0.35

WPVC + 0% AHC-325°C—-0.5h 71.47 £ 1.72 55.98 + 35.12 8.90 + 62.85 + 5.94 + 0.21 + 7.20 149 £ 0.5
2.35 0.99 3.98 0.52 0.05

WPVC + 2% AHC-325 °C-0.5 h 64.67 + 3.87 49.64 + 42.11 8.25 + 67.21 £ 5.78 + 0.15 &+ 6.28 1233+ 1.5
1.52 2.45 2.52 0.35 0.05

WPVC + 3% AHC-325 °C-0.5 h 58.21 + 4.59 49.12 + 42.55 8.33 + 68.46 + 6.38 + 0.25 + 6.34 10.24 £ 0.9
1.65 1.28 4.25 1.20 0.08

WPVC + 4% AHC-325 °C-0.5 h 52.51 + 2.83 46.10 + 45.89 8.01 + 70.23 + 5.92 + 0.31 + 6.18 9.35 + 0.6
2.22 1.79 0.89 0.75 0.02

WPVC + 5% AHC-325 °C-0.5 h 49.75 £ 4.9 44.90 = 47.50 6.60 & 74.29 £ 6.21 + 0.22 &+ 7.97 471 £ 0.2
3.52 3.25 1.42 1.12 0.04

WPVC + 10% AHC-325°C-0.5h 50.95 + 1.05 43.70 = 50.09 5.21 + 74.56 + 5.97 + 0.11 + 8.48 5.67 £1.2
0.89 0.95 2.25 0.35 0.02

WPVC + 20% AHC-325°C-0.5h 51.49 £+ 2.70 42.28 + 52.06 4.66 + 75.28 £ 5.26 + 0.15 + 8.64 6.01 £0.3
3.23 1.02 1.88 0.54 0.03

WPVC + 5% AHC-300 °C-0.5 h 59.75 + 2.97 60.70 + 33.13 6.17 + 62.61 + 5.08 + 0.08 + 8.29 17.77 £ 3.2
1.78 0.56 2.52 1.85 0.02

WPVC + 5% AHC-350 °C-0.5 h 44.17 £+ 1.40 45.80 + 45.09 9.11 + 77.07 £ 7.11 £ 0.26 + 5.44 1.01 + 0.5
1.95 1.52 1.35 1.52 0.01

WPVC + 5% AHC-350 °C-0.25 h 59.35 + 4.34 57.20 = 35.75 7.05 + 70.82 + 6.71 £ 0.21 + 4.39 10.82 + 2.1
0.35 4.21 0.95 0.22 0.01

WPVC + 5% AHC-350 °C-1 h 42.72 £ 1.29 44.30 + 46.38 7.32 + 78.89 + 7.25 + 0.09 + 3.18 3.27 £0.25
2.65 2.38 3.32 0.12 0.01

WPVC + 5% AHC-350 °C-2 h 46.40 £+ 1.60 42.20 + 49.77 6.03 + 79.93 £ 7.26 + 0.16 + 3.15 4.53 £ 0.76
1.25 0.87 2.85 0.05 0.04

WPVC + 5% AHC-350 °C-4 h 48.80 +£7.21 42.30 + 49.27 6.13 + 80.02 + 7.15 + 0.14 + 2.95 4.61 = 0.98
1.30 0.55 1.95 1.23 0.02

9BD: Below detection limit.
2 Dry basis.
b FC (Wt%) = 100 — VM (wt%) — Ash (wt%).
€ 0 (Wt%) = 100 — C (Wt%) — H (wt%) — N (Wt%) — S (wt%) — Cl (wt%).

sluggish kinetics. Moreover, large intermediate monomers are formed
during condensation, cyclization, and cross-linking processes as the co-
HTT temperature continues to rise. At the same time, aromatization and
polymerization occur, which resulted in the formation of a condensed
carbon network (B. Patel et al. 2016). By prolonging the reaction time
from 0.25 to 1 h, SY reduces from 59.35 to 42.72 wt%, as shown in
Table 2; nevertheless, it decreases further after 1 h. Similar finding were
observed by Zou et al. (Zou et al. 2009) for the variation of SY with
reaction time. The reason might be due to the competition between
hydrolysis and repolymerization. The feedstock is initially broken down
and turned into monomers, and when the reaction time is prolonged,
these monomers may subsequently rearrange to generate solid residues
via condensation, cyclization, and polymerization (Zou et al. 2009).
Proximate and ultimate analyses were conducted on the solid sam-
ples to determine the change in fixed carbon/volatile content and
elemental composition, respectively, and the results have been pre-
sented in Table 2. By comparing the VM of feedstock and co-HTT_SP, it is
clear that co-HTT decreases the VM significantly. The VM of the co-
HTT_SP decrease from 55.98 to 49.64 wt% by loading only 2 wt% of
AHC. The VM further decreases from 49.64 to 42.28 wt% by loading
additional AHC. When the co-HTT temperature is raised from 300 to
350 °C, the VM of co-HTT_SP reduces from 60.7 to 45.8 wt%, and it
reduces from 57.2 to 42.3 wt% when the reaction time is increased from
0.25 to 4 h. Zhao et al. showed when the temperature increases, the VM
content of WPVC decreases (Zou et al. 2009). By comparing the FC of
feedstock co-HTT SP, it can conclude that the co-HTT leads to an
opposite trend of FC compared to VM as the FC of co-HTT _SP increases
up to 52.19 wt% when 20 wt% AHC was added at 325 °C and 0.5 h. Yao
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and Ma also demonstrated that the FC of co-HTT_SP increases by loading
biomass (bamboo) and increasing temperature during co-HTT of WPVC
(Yao and Ma 2018).

The ultimate analysis that co-HTT_SP have a greater concentration of
carbon and hydrogen in comparison to WPVC. When AHC loading in-
creases from 0 to 20 wt%, the concentration of solid products rises from
62.85 to 75.28 wt% and the oxygen concentration increased from 7.20
to 8.64 wt%. The increase in co-HTT temperature (from 300 to 350 °C)
results in a considerable (14.46 wt%) increase in carbon content, and
decrease of oxygen content by about 2.85 wt% (Garlapalli et al., 2016).
Moreover, hydrogen content of co-HTT_SP ranging from 5.08 to 7.26 wt
%. It should be noted that the sulfur contents remained negligible, and
the nitrogen content was below detection limit of the CHNS analyzer
(0.5 wt%). Literature reported similar findings for sulfur, hydrogen, and
nitrogen contents (Yao and Ma 2018). According to the Van Krevelen
diagram (Fig. 2a), loading AHC causes a reduction in the H/C atomic
ratio. The addition of AHC (adding more carbon without significant
hydrogen addition) and the decomposition of PVC (releasing hydrogen-
rich species) causes a reduction in the H/C atomic ratio. An increase in
temperature causes a decrease in the O/C atomic ratio and an increase in
the H/C atomic ratio. Increasing the temperature during HTT of PVC
causes a decrease in the O/C atomic ratio due to the release of oxygen-
containing compounds and the production of additional carbonaceous
material. Simultaneously, the H/C atomic ratio increases because the
thermal decomposition of PVC generates hydrogen-rich species,
increasing the hydrogen content in the system. Furthermore, increasing
the reaction time decreases the O/C and H/C atomic ratios. The reason
might be due to the generation of carbonaceous material and the
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Fig. 2. (2a) Van Krevelen diagram of co-HTT_SP produced at various co-HTT conditions (purple arrow: effect of increasing AHC loading ratio, green arrow: effect of
increasing reaction time, red arrow: effect of increasing reaction temperature); (2b) Higher heating value (HHV) and energy yield (EY) of AHC, WPVC, and co-
HTT_SP produced at various co-HTT conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

removal of oxygen-containing compounds. Increasing the reaction time
alone does not inherently decrease the H/C atomic ratio. It is possible
that other factors or reactions occurring during the extended reaction
time may influence the H/C atomic ratio, but it cannot be generalized as
a direct relationship.

XRD analysis of WPVC ash and co-HTT _SP ashes were carried out to
investigate the crystallinity of the samples. WPVC ash XRD spectrum
(Fig. S1) shows a high amorphous degree when compared to the to the
crystallinity of the ash of co-HTT_SP obtained 325 °C,0.5 h, 0 wt% AHC
(Fig. S2) and the ash sample of co-HTT_SP 325 °C,0.5 h, 5 wt% AHC (Fig.
S3). Both these two samples show very similar composition with crystal
compounds mainly resembly those of Orthopyroxenes, Polyhalites and
Clinozoisites.

3.3. Fuel and combustion properties of co-HTT solids

Fig. 2b shows that the HHV of solid products increases significantly
from 23.06 to 32.52 MJ/kg by increasing AHC loading from 0 to 20 wt%.
However, EY fluctuated from 80.66 to 75.61% by adding AHC. As a
result of the increase in co-HTT temperature from 300 to 325 °C, the
HHYV increases significantly from 25.89 to 31.33 MJ/kg, and it increases
slightly from 31.33 to 32.87 MJ/kg by raising the temperature from 325
to 350 °C. The impact of temperature on EY is completely different from
the impact of it on HHV. The results show that EY decreases from 75.61
to 70.97% when the temperature rises from 300 to 350 °C. The reaction
time has a constructive influence on the HHV since it increases from
29.03 to 34.77 MJ/kg by raising it from 0.25 to 4 h. The co-HTT of
WPVC increases the carbon and hydrogen content mostly owing to the
dehydrochlorination process (Yao and Ma 2018). Because of the high
carbon and hydrogen content, the solid product obtained from WPVC (in
the presence of 5 wt% AHC) has an HHV of about 34.77 MJ/kg at 350 °C
and 4 h. Although the EY reduces from 84.21 to 68.88% by raising the
reaction time from 0.25 to 1 h, it rises from 68.88% to 82.93% when the
reaction time is raised from 1 to 4 h.

TGA was used to evaluate the combustion properties of raw materials
(WPVC and AHC). Fig. 3a displays the TG and DTG curves for AHC.
Based on the DTG curve, the combustion occurs at 317-656 °C due to the
low quantity of volatile chemicals in AHC. The DTG curve of WPVC
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combustion could be separated into two sections. The initial peak is
strong (between 276 and 398 °C) corresponding to the dehydrochlori-
nation process, with a weight loss of 55.6%. The second peak is weak
(between 442 and 518 °C), with a weight loss of 16.1 wt%, and is
associated with the burning of volatiles and fixed carbon.

The combustion properties of co-HTT_SP were evaluated, and Fig. 3
(a-c) depicts their TG and DTG curves. Inferred from the TG curves, the
burning process consists of one step, which is less than that of WPVC,
indicating that co-HTT enhanced the feedstock’s homogeneity. This is
because of the less amount of CH—CI bonds in the solid products; hence,
the combustion of the dehydrochlorination process is not significant to
show a peak. The only exception is for the co-HTT solid with 20 wt%
AHC (at 325 °C and 0.5 h). It can be seen in the DTG curve, there are two
peaks for this solid product. The first peak could be related to AHC since
the combustion process for it occurs before the WPVC char, and the
second peak could be related to the combustion of WPVC char.

In order to determine the effects of different parameters on the
combustion behavior of AHC, WPVC, and co-HTT SP, the TG-DTG
method was utilized, and the finding are presented in Table 3. Based
on the results, WPVC has a lower T; when compared to that one of AHC.
The reason could be that WPVC contains a large concentration of C—Cl
bonds with low bond energy that can be broken at low temperatures (Q.
Wang et al. 2018). The co-HTT increased the T; of WPVC by removing
chlorine, forming a carbon chain, and increasing the coalification degree
(Lin et al. 2020; Ning et al. 2020). The reaction temperature and time
are critical factors in determining the fuel characteristics of solid prod-
ucts. T of solid products remains dropping with increasing reaction time
and temperature demonstrating the higher reaction temperatures and
longer residence times enhance solid residues reactivity. In contrast, the
Tt of solid products rises as reaction temperature and time increase,
demonstrating that higher temperature or time might push combustion
to the high-temperature zone (Lin et al. 2016).

To assess the combustion performance of a solid product as a solid
fuel, the comprehensive combustibility index (S) was determined. A
high S value correlates with the rate of mass loss and indicates a more
intense combustion response. However, a high mass loss rate may result
in an unsteady flame and significant heat loss (Jiang et al. 2016). As a
consequence of the formation of hydrogen chloride, the high
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Fig. 3. TG-DTG curves for AHC, WPVC, and co-HTT_SP produced at various co-HTT conditions; (3a) effect of loading AHC; (3b) effect of reaction temperature, (3c)

effect of reaction time.

combustibility S index of WPVC may result in an unstable flame. Chlo-
rine content of WPVC decreases during co-HTT; therefore, the detri-
mental impact of formation of hydrogen chloride on flame would be
mitigated (Y. Zhao et al. 2022). Table 3 shows that the combustion
performance of co-HTT_SP improves by increasing reaction temperature
and time. The S index value of co-HTT_SP increases from 1.06 (x 10 to
1.41 (x10°) with increasing temperature from 300 to 350 °C, and by
increasing reaction residence time from 0.25 h to 4 h, the S index value
increases from 0.98 (x10°) to 1.82 (x10™). This finding may be con-
nected to the development of pores at high temperatures and the
combustion-favorable extended reaction time (Y. Zhao et al. 2022).
When the S index is greater, the combustion is more intense, and the
solid product will burn up more quickly (Lin et al. 2015).

3.4. Slagging and fouling indices of co-HTT solids

Table 4 displays the grades of the fouling index (I), slagging index
(Is), slag viscosity index (Iy), alkali index (I5), and chlorine content for
WPVC and co-HTT_SP, based on the EDX analysis result reported in the
supplementary material (Table S2). Based on the literature (Tortosa
Masia et al. 2007; Reza et al. 2013; Pronobis 2005), given the
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composition of ash samples, several correlations are employed to
examine the slagging/fouling propensity. It can be seen in Table 4, Ig
value of WPVC is extremely high. Is value is improved during the co-HTT
from extremely high to low. The only exception is for solid product at
300 °C and 0.5 h where the Ig value is medium. It shows that the higher
co-HTT temperature can improve the Ig value of co-HTT_SP. The I and
I values for WPVC and co-HTT_SP are low due to the absence of alkali
elements (K20 and Nay0). Iy value of WPVC is high, and the value of this
index is high for all co-HTT SP indicating the co-HTT cannot improve
this index. The reason could be the low content of SiO and the high
content of CaO in ash. The ash chlorine content decreases after the co-
HTT significantly from 10.25 wt% for WPVC to less than 0.05 % for
co-HTT _SP. The ash chlorine content for five of the ash samples pro-
duced is low, but for the remaining ash samples is medium. Thus, the
results show that the co-HTT could make an appropriate solid fuel from
WPVC. Furthermore, the Iy value and chlorine content of co-HTT_SP are
higher than the hydrochar produced from biomass like switch grass,
corn Stover, miscanthus, and rice hull (Reza et al. 2013).
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Fig. 3. (continued).

4. Conclusions

The present study investigates chlorine migration from the solid
residues produced during the co-HTT of waste PVC in the presence of an
AHGC, and the fuel properties of the co HTT solid products (co-HTT_SP).
The results clearly demonstrate that presence of AHC significantly
improved the DE. Chlorine migration benefited from the rising co-HTT
temperature. DE initially rose as co-HTT duration increases from 0.25
to 1 h, then decreased as co-HTT time increased from 1 to 4 h. At 350 °C,
1 h, in the presence of 5 wt% AHC, gave the highest DE of 99.46%.
Moreover, the co-HTT enhanced the HHV of the co-HTT _SP significantly.
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In terms of combustion, co-HTT SP demonstrated higher ignition tem-
perature and lower burnout temperature along with a moderate
comprehensive combustion index compared to WPVC. Furthermore, the
ash of some co-HTT_SP had a low slagging index, fouling index, alkali
index, and low/medium chlorine content. These results indicate that the
co-HTT considerably enhanced the chlorine removal and combustion
properties of WPVC open up the way of an environmentally suitable
energy valorization of solid residues obtained via WPVC thermal

treatments.
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The combustion characteristic parameters of AHC, WPVC, and co-HTT_SP produced at various co-HTT conditions.

Sample T (°C) T (°C) T (°C) DTGmax(min/%) DTGmean(%/min) S (10°. min=2 C?)
AHC 317.5 555.1 656.5 -0.61 -0.15 1.41
WPVC 276.5 315.1 774.3 -2.42 -0.17 7.06
WPVC + 0% AHC-325 °C-0.5 h 312.4 495.2 637.1 -0.54 -0.11 0.97
WPVC + 2% AHC-325 °C —0.5 h 320.9 475.3 614.9 -0.77 -0.17 2.05
WPVC + 3% AHC-325 °C-0.5 h 3226 535.4 718.5 -0.68 -0.18 1.68
WPVC + 4% AHC-325 °C-0.5 h 323.5 535.2 666.5 -0.61 -0.14 1.20
WPVC + 5% AHC-325 °C-0.5 h 326.2 515.3 684.4 -0.92 -0.13 1.58
WPVC + 10% AHC-325 °C-0.5 h 334.3 535.2 695.6 -0.45 -0.12 0.68
WPVC + 20% AHC-325 °C-0.5 h 341.1 515.0 730.4 -0.57 -0.18 1.23
WPVC + 5% AHC-300 °C-0.5 h 335.6 555.1 680.1 —0.59 -0.14 1.06
WPVC + 5% AHC-350 °C-0.5 h 316.4 535.8 712.0 -0.64 -0.16 1.41
WPVC + 5% AHC-350 °C-0.25 h 348.2 515.7 677.3 -0.57 -0.14 0.98
WPVC + 5% AHC-350 °C-1 h 324.2 535.8 711.9 -0.62 -0.17 1.37
WPVC + 5% AHC-350 °C-2 h 317.2 535.3 715.1 -0.64 -0.18 1.58
WPVC + 5% AHC-350 °C-4 h 303.0 555.2 732.7 -0.65 -0.19 1.82

# T;, the ignition temperature.
b T¢ the burnout temperature.

¢ T, the temperature according to DTGpax.
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Table 4
Slagging, fouling, alkali, and ratio-slag indices, and Cl content of co-HTT_SP ash.
Sample Is Ir Ia Iy Cl
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