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ARTICLE INFO ABSTRACT

Editor: Javier Marugan PVC remains one of the most challenging wastes for environmental activists and industrial recyclers because its

decomposition products cause severe corrosion to equipment and our planet. The current study was designed to

Keywords: systematically investigate PVC dechlorination using the well-known Response Surface Methodology (RSM) to
pVC mature the process chemistry and assess the corrosion rate in the common SS-316 alloy. Undercover non-
Dechlorination

catalytic experiments, Cl removal, reactor wall corrosion rate, and H/C molar ratio of the products made the
Waste treatment most argument to comprehend the chemistry and find the optimum operating condition. Based on data collected
Corrosion from different analytic techniques, like FESEM, SEM-EDX, TG, FT-IR, CHN, and AAS, it was found that water
DOE drove Cl removal through a combination of Sy2 and Elimination pathways where the in-situ production of hy-
drochloric acid at high Severity Factor (SF) resulted in a desirably high dechlorination rate of 89.42%. However,
significant metal leakage into the aqueous phase, e.g., 278.01 mg of Fe, in the Aqueous Phase (AP) necessitated
the valorization of different approaches, including multistage dechlorination and application of various hetero
and homogeneous catalysts, dealing with chloride and metal salts inside the reaction chamber. Among the so-
lutions applied, the dual-stage and Ni-assisted dechlorination showed promising performances receptively with a

Plastic chemical recycling

corrosion rate as low as 0.034 g and the highest Cl removal efficiency of 96.18%.

1. Introduction

To avoid squandering the money, energy, and time invested in
plastics manufacturing and to mitigate the negative effects of its waste
on the environment, human beings would have no choice but to care
restrictively about the fate of these polymeric materials [1]. Among the
well-known 6 R rule options, recycling may be the most promising, at
least from a technological standpoint, because returning polymeric
waste material to industrial plants can effectively prevent energy
leakage. Although the need for plastic recycling is undeniable, selecting
the appropriate recycling technology turned out to be critical [2].

Polyvinyl chloride (PVC), with its unique properties such as high
stability in different environments and the ability to exhibit a wide range
of plastic-elastic properties when mixed with plasticizers and additives,
has a high demand and accounts for 12% of total plastic production [3].
At the molecular level, PVC has a linear head-to-tail structure formed via
free radical addition polymerization with typical number-average mo-
lecular masses of 50000-120000 g mol™. However, the release of
chlorine-containing organics upon its degradation has caused PVC to be
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a threat to both living entities and facilities[4].

To deal with PVC wastes, the most mature technologies to date are
mechanochemical recycling, pyrolysis, and low-temperature catalytic
dechlorination in the presence of metal oxides; however, almost all these
techniques suffer from a couple of common drawbacks, including the
formation of chlorinated solids, the release of HCI in the reaction me-
dium, and formation of chlorinated liquid products which frequently
require further fining [5,6]. Many research groups have concentrated
their efforts on chlorine removal from recycling chambers to address and
overcome these challenges [3,7-9]. Using the adsorption capacity of HCI
scavengers, many attempted to entrap the chlorides released during the
recycling process [10]. This path, however, has been abandoned due to
its high complexity and, in most cases, very low efficiency in practice. In
terms of dechlorination, PVC in the (thermo)chemical process follows
one of the post-hydrotreatment or pre-hydrodechlorination pathways.

The most significant disadvantage of the former approach is the
negative impact of an acidic environment on the conversion rate, as PVC
degradation at elevated temperatures commonly results in 10-20% coke
formation [3]. Previous research demonstrated that PVC is the only
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halogenated polymer that undergoes pronounced charring reactions
rather than liquefaction reactions due to acidic conditions [11]. Some
discovered a solution by neutralizing the reaction medium with alkali
agents [12]. However, no significant differences in oil and solid yields
were obtained, with the main difference measured in gas and Aqueous
Phase (AP) yields. These ongoing challenges have finally given new-
comers, particularly those equipped with a pre-dechlorination step, the
opportunity to play a key role in the technology [13].

HTL processing of PVC at low temperatures and pressure has
demonstrated great promise in recovering solid residues with much
lower chlorine content, making PVC further conversion in incineration
or other thermochemical plants more efficient [14-16]. However,
reactor corrosion remains a critical barrier in the process of industrial-
ization. Is-situ formation of hot concentrated hydrochloric acid, because
of Cl migration to the AP, exacerbates reactor wall corrosion mainly
through promoting the flaking of the reactor’s dense oxide layer [17].
Even though all the contributions have been made up to date by utili-
zation of high corrosion resistance alloy materials of 316 L[18] and
Inconel 625[19], the only outcome has been limited to a significant
increase in the overall cost.

To overcome the low reaction rate in water, which is said to be 150
times slower than dechlorination in PEG (a polar aprotic solvent that
drives the reaction via the E2 mechanism), as well as to increase process
safety, researchers have been considering the use of various homoge-
neous/heterogeneous catalysts [20,21]. NaOH, KOH, and CaCOs are
some of the most common homogenous catalysts used to improve
dechlorination efficiency and mitigate the corrosiveness of the reaction
medium. Previous studies show that base catalysts can only marginally
accelerate dechlorination because of their negative impact on polymer
surface reactivity after a while of contact [22]. Regarding heterogeneous
catalysts, the initial research focused on Pd-based catalysts supported
primarily on well-known substrates such as Alumina[22]. Later, to
replace the overpriced Pd particles, some catalysts based on Fe/Ni and
copper were developed, with Ni being the most effective in the
dechlorination of PVC liquid phase under mild conditions, such that
after a significant reaction time (more than 5 h), all the chlorine is
transferred into the aqueous product [23-25].

Even though severe corrosion of the reactor wall caused by the
presence of HCl at high temperatures and pressure has called into
question the validity of Hydrothermal Dechlorination (HTDC), experts
continue to capitalize on the lack of any chlorinated organic compounds
in the product stream as its main advantage [3]. Developing inexpensive
corrosion-resistant materials might take a long time in material society;
meanwhile, maturing process chemistry, with a great emphasis on
corrosion mechanism, could be an important shortcut to a practical
solution. Throughout the literature, one can hardly find a noticeable
work paying well to the reactor wall corrosion from a process point of
view, especially concerning PVC dechlorination. To this, the current
study on HTDC of PVC stands out in the literature because it provides the
scientific community with significant experimental and statistical in-
formation about how chlorine is removed from the polymeric chain. For
the first time, we harnessed the Response Surface Methodology (RSM)
not merely to optimize operating conditions for maximum dechlorina-
tion efficiency but to study the extent of corrosion that happens to the
reactor wall through screening the role of Temperature (T), Reaction
Time (RT), and water content in HTDC process. The current experi-
mental strategy culminated in catalytic HTDC, in which various types of
catalysts and approaches, ranging from homogeneous to heterogeneous
catalysts, as well as multistage hydrothermal treatment, were used to go
beyond the degree of dechlorination achieved under non-catalytic con-
ditions. All these investigations were carried out undercover various
analytic techniques, including Elemental analysis (CHN), Scanning
Electron Microscopy (SEM), Fourier transform infrared (FTIR) spec-
troscopy, Atomic Absorption Spectroscopy (AAS), X-Ray diffraction
(XRD), Electrochemical Chloride measurement, and Thermogravimetric
analysis (TG).
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2. Material and methods
2.1. Materials and reagents

The PVC used in this study was purchased from Sigma Aldrich as
virgin polymer powder with no additives and was directly used in the
HTDC process. The elemental and SEM-EDX analyses measured its Cl
content as high as 61.19 wt%. Besides, concentrated Nitric Acid (70%),
Polyvinyl Alcohol (PVA) (with a molecular weight of 89000-98000 and
purity of >99%), and Silver Nitrate (AgNOs3) (0.1 M, with a purity of
>99.9%) were all provided from Sigma Aldrich for Chloride measure-
ment. Deionized water was the only liquid chemical used throughout the
experimental outline as either a reaction medium or a solvent, and it was
readily available.

In catalytic experiments, homogenous catalysts, like Potassium
Carbonate (K2COs, with a purity of >99.0%) and Nickel Nitrate Hexa-
hydrate (Ni(NO3)26 H20, with a purity of > 98.5%), were used as they
were collected from the vendor (Sigma-Aldrich). On the other hand, the
heterogeneous catalyst, TiO, (anatase, with a purity of >99%), went
through a couple of preparation steps, as will be described in Section 2.3 .

2.2. HTDC process: from theory to practice

2.2.1. Control parameters and DOE/RSM procedure

The traditional, time-consuming, and inefficient One-Factor-At-A-
Time method was to be replaced in this study with an optimized
experimental design based on the DOE/RSM methodology using Stat-
Design Ease’s Expert application, version 10.0.4.0. The D-optimal
criteria were used to investigate the interactions of the parameters
influencing the dechlorination process. The tool minimizes the variance
associated with the estimates of the specified model coefficients and
provides optimal operating conditions with the fewest independent runs
[26].

While the literature contains many valuable studies on the impor-
tance of Temperature (T) and Residence Time (RT) on the dechlorina-
tion of PVC, the effect of PVC concentration is yet to be understood [20,
27-29]. In practice, all these parameters went through three distinct
levels where 20 randomized runs, designed by DOE software, were
carried out to track the impact of each parameter and uncover any
hidden interactions. Table 1 represents the main control factors, Tem-
perature (factor A), Reaction Time (factor B), and Water/PVC ratio
(factor C), and their corresponding discrete levels.

One advantage of using DOE is its ability to identify important terms
in the model through analysis of variance (ANOVA). This feature also
assists the user in determining the significance of a regression model
based on the Fischer (F) test and probability (P) values. For a model to be
significant, the highest possible F value must accompany a P value of less
than 0.0500. Furthermore, P values greater than 0.1000 render the
model terms insignificant. However, these two are not the only in-
dicators of a significant model term, and it needs a reasonable R? (fairly
close to One) to be reliable [26,30,31].

In the present work, the linear, 2FI, and quadratic models were
fetched to the experimental data, including the Cl removal rate, Fe
measurement, and Hydrogen/ carbon ratio (H/C molar ratio), and the
best model was chosen so that P, F, and R? values agreed well. It should

Table 1

Main Control factors influencing y-alumina co-precipitation process along to.
Process Controlled Lower-Upper Unit Symbol
variables Factor levels
Temperature A 200-250 °C T
Reaction Time B 15-60 Minute RT

(min)

Water/PVC C 2-15 ratio W/PVC

ratio
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be noted that the final regression equations only included significant
actual factors.

2.2.2. HDTC experiments in practice

Table 2 shows the 20 randomized alternative runs, given by the DOE
software, for non-catalytic HTDC of PVC (see Tables SM.4 and SM.5 in
Supplementary Material File (SMF)). The experiments were carried out
in two Swagelok micro-batch reactors made of SS-316 material, ac-
cording to the randomized test orders that had been determined. To
ensure the results’ reproducibility, we repeated the experiments in
duplicate, with the mean of the two independent experiments used as
the main data. The full description of a real experiment is available in
SMF under section SM.1.

Furthermore, because of the complex nature of the reaction network
in the presence of subcritical water, a Severity Factor (SF) was thought
to be critical in properly exploring the impact of operating parameters.
HTDC of PVC is widely assumed to occur in an acidic environment, and
such combined SF can be calculated using the following equation, which
includes the pH term [32]:

(T—100)
logSF = log (RT.e s ) —pH (€D)

In this equation, RT is the reaction time in minutes, and T stands for
the HTDC temperature in °c.!

2.3. Heterogenous catalyst preparation

The TiO, powder supplied by the vendor was first dried at 120 °C in
an oven overnight to remove any moisture content trapped inside. Then
the appropriate amount was weighed and calcined in the furnace at
400 °C for 4 h with a temperature ramp of 1 °C.min"* under airflow.

2.4. Analytical techniques

2.4.1. Elemental analysis

C and H content of the solid samples were measured using a Perki-
nElmer CHN instrument (PerkinElmer 2400 Series II, USA) following the
ASTM D5291-16 procedure [33]. Although the presence of Cl in the
samples has made direct or differential oxygen measurements impos-
sible, joint analysis of the samples with the SEM-EDX instrument enables
practical oxygen measurement.

2.4.2. Surface chemistry and morphology

The nature of chemical functional groups found on the surface of
solid residues was investigated using an FT-IR spectrometer (BRUKER,
USA) in the 400-4000 cm™! range. Furthermore, deploying an SEM
device (SEM equipped with an Energy Dispersive Spectrometer (EDS)
with a germanium detector, Oxford Instrument, England), the surface
morphology and elemental distribution of the solid samples were
investigated.

2.4.3. Chloride measurement

Because the reaction takes place in aqueous conditions and it is
assumed that almost all of the removed Cl is transferred into the aqueous
phase, titration with AgCl was thought to be the best option for
measuring chloride removal. As a result, the chloride measurement was
performed with the Carl Fischer instrument equipped with an AgCl 62
RG electrode, all manufactured by Xylem, UK. Appropriate amounts of
HNO3 (4.0 M) and PVA (0.5 M) were added to the analyte to free all the
chloride ions before the mixture was titrated with AgNO3 (0.1 M).

The following equation was used to calculate the Cl removal rate per
unit mass of chlorine in the feed material:

1 The values of the operating conditions were rounded up to be practically
applicable on the experimental setup.
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(Clyrotucr — Clyye)
pve

Cl% = x 100 (2)
In this equation, C1% shows the chlorine removal rate from PVC, and
Cl;, i could either be PVC or Product, stands for the Chlorine content of
the material under investigation.
The procedure for measuring chloride with the Xylem product is
documented on the manufacturer’s website [34].

2.4.4. Bulk characterization

Thermogravimetric (TG) analysis was carried out using TGA/
SDTA851e microbalance instrument (Mettler Toledo, Switzerland) to
track the thermal behavior of dechlorinated solid products. In practice,
the temperature was ramped up to 1000 °C with a rate of 5 °C.min"?,
while the dry air passed through the sample at a flow rate of 50 ml.
min~. The chamber gas was changed to O, for ash analysis when the
temperature reached 600 °C. X-ray diffraction of corrosion products was
recorded using a PW1840 diffractometer with monochromatized Cu/K
radiation (Philips, Netherlands).

2.4.5. Corrosion measurement

Atomic Absorption Spectroscopy (AAS) was used to measure the Fe,
Ni, Mo, and Cr contents in the aqueous products following procedures
mentioned in [35]. The measured values accurately represent the in-
tensity of corrosion to the reactor material (SS-316) that occurs during
the HTDC process. Appropriate cathodic lamps with electromagnetic
radiation wavelengths of 246.3, 303.8, 313.3, and 429.0 nm, respec-
tively, corresponding to Fe, Ni, Mo, and Cr elements, were used for this
measurement. A PinAAcle 900 F instrument (PerkinElmer 2400 Series
II, USA) was used for the measurement.

3. Results and discussion

While almost all tables and figures with data from the ANOVA ana-
lyses are included in SMF (Figures SM.1-3 and Table SM.1-3), Table 3
summarizes how significant the fitted models are and how much each
operating parameter affects chlorine removal from PVC as well as metal
deterioration from SS-316 alloy. Such evaluation is founded upon the Cl
removal rate, Fe-Ni-Cr concentration in AP, and H/C molar ratio in the
solid products (Fig. 1-2). The following sections are devoted to inter-
preting the obtained results and optimizing optimum operating condi-
tions for maximum Cl removal with the least corrosion impact.

3.1. Cl Removal

Given the P-value of less than 0.0001, adjusted R? of 0.9853,” and F
value of 142.71, ANOVA analyses imply the significance of the quadratic
model for Cl removal under the HTDC reaction condition. In line with
the literature, Temperature and RT are the most important parameters
affecting the process in the presence of water [13,14,28]. However, with
a P value higher than the threshold (0.1000),° the W/PVC ratio coun-
terintuitively turns out to be insignificant in the fitted Quadratic model,
a critical finding that can challenge all the presumptions on the role of
water in this process [36-38]. Furthermore, Fig. 1A clearly shows that T
has a greater impact on the Cl removal rate than RT, implying a higher
dechlorination efficiency (Red region) as a result of doing HTDC at
moderate temperatures but longer RT.

3.2. H/C molar ratio
The information revealed by CHN analyses enlightens what happens

to the elemental distribution in the chain structure when PVC is

2 To be significant, a model’s "Adjusted R-Squared" should be maximized.
3 The mentioned value is not shown in Table 2. Vide Tables SI.1-3 in SIF.
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Table 2

Experimental outline of non-catalytic dechlorination of PVC and their corresponding results.
Exp.No RXN Metadata RXN Data Fe (mg) in AP Chloride Removal H/C molar ratio

SF W/PVC T (0 RT (min) (%) in AP

1 HTDC_NC_02 2.02 13 210 24 1.23 1.26 1.24
2 HTDC_NC_05 2.82 7 210 24 2.5 1.53 1.72
3 HTDC_NC_11 4.15 10 225 37.5 28.21 12.63 1.28
4 HTDC_NC_12 4.05 5 225 37.5 43.54 9.31 1.45
5 HTDC_NC_06 3.29 7 210 51 3.46 2.38 1.68
6 HTDC_NC_17 3.99 13 210 51 3.45 2.17 1.61
7 HTDC_NC_14 4.15 10 225 37.5 27.41 13.21 1.34
8 HTDC_NC_16 4.15 15 225 37.5 15.89 9.01 1.56
9 HTDC_NC_04 4.15 10 225 37.5 20.20 8.64 1.43
10 HTDC_NC_09 4.15 10 225 37.5 51.15 11.76 1.25
11 HTDC_NC_08 3.35 10 225 15 9.74 5.47 1.52
12 HTDC_NC_15 4.45 10 225 60 185.14 54.97 1.55
13 HTDC_NC_18 4.15 10 225 37.5 17.48 9.78 1.75
14 HTDC_NC_19 4.15 10 225 37.5 26.28 11.71 1.46
15 HTDCNC_13 2.41 10 200 37.5 1.28 0.92 1.33
16 HTDC_NC_03 4.15 13 240 51 244.93 79.10 1.46
17 HTDC_NC_10 4.90 7 240 51 222.11 78.20 1.55
18 HTDC_NC_07 4.72 7 240 24 229.53 82.87 1.46
19 HTDC_NC_20 4.70 13 240 24 191.83 69.75 1.46
20 HTDC_NC_01 4.99 10 250 37.5 278.01 89.42 1.42

Table 3

Fitting model and ANOVA analyses’ results in terms of process variables.
Target Fitted Model/P- Significant Terms/P-values R? Equation
parameter Value
Cl Removal Quadratic/ A/< 0.0001, B< 0.0001, AB/0.0003, A%/< 0.0001 0.9923 1 — 40089 — 0.304 — 0.062B + 0.071AB +

< 0.0001 Cl removal(%)
0.17A2
Fe Corrosion Quadratic/ A/< 0.0001, B< 0.0001, AB/< 0.0001, A>/< 0.0001,B%/  0.9907 ‘ 1 — 41641 — 7.65A — 1.64B + 1.70AB +
< 0.0001 < 0.0440 Fe in AP(mg)
3.15A2 — 0.43B2
H/C Molar Linear/< 0.0001 A/< 0.0001, B< 0.0001 0.9400 H
Ratio ‘/Emalar ratio = + 1.21 — 0.064A — 0.026B

Design-Expert® Sofware
Factor Coding: Actual

g: Act

Clremoval (%)
Ixuul
0918414
XI = A: Tenpenature
Q= B:RT

Actual Factor
C: Water/PVC ratio = 10

A

B: RT (Minute)

60

48.75

2625

210

2175

Cl removal (%)

225

A: Temperature (C)

2325

240

Design-Expert® Sofware
Factor Coding: Actual

Ongnl e Fe in AP (ppm)

XI = A: Temperature
X2=B:RT

Actual Factor
C: Water/PVC ratio = 10

B

B: RT (Minute)

210 2175 225 2325 240

A: Temperature (C)

Fig. 1. Contour diagrams representing the impact of T vs. RT on; left) Cl removal from PVC and right) Fe detachment from reactor wall.

subjected to the HTDC treatment. The H/C molar ratio could also be of
high importance since it is considered an indication of the unsaturation
degree along the length of the carbonaceous backbone. Table SM.4 in

SMF includes all figures regarding the CHN analyses.

Considering ANOVA analysis results (vide Table SM.3 and

Figure SM.3 in SMF), the H/C molar ratio of the solid product changes
linearly with the T and RT as the only significant factors. A P value of less
than 0.0001, Adjusted R? 0f 0.9400, and Lack of Fit P-value of 0.2883 all
made the Linear model best fit the experimental data in the case of H/C
molar ratio.
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Design-Expert® Sofiware
Factor Coding: Actual
Original Scale

H/C

I1.75149
123648
X1 =A: Tenperature
X2 =B:RT

Actual Factor
C: Water/PVC ratio =10

H/C molar ratio

A: Temperature (C)
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240" 20 B: RT (Minute)

Fig. 2. 3D plot representing the impact of T vs. RT on the H/C molar ratio of solid products.

Throughout the literature, a high H/C molar ratio in hydrochars
usually accompanies a high degree of Cl removal to uniquely feature the
benefits of dechlorination in an aqueous environment [22]. Scientists
reason the enhanced H/C atomic ratio for the nucleophilic substitution
of Cl with OH groups where water plays the dual role of solvent and
nucleophile at the same time. Water is considered a weak oxidative
agent at room temperature, but as its temperature and pressure rise, it
gains more oxidizing strength. Accordingly, water is expected to act as a
moderate nucleophile in the HTDC environment driving dechlorination
via the OH substitution (Sy2) mechanism proposed by a multitude of
researchers [24,36,38]. However, in stark contrast, CHN results show a
merely opposite trend in the solid samples of the HTDC test in the pre-
sent work, which prompted us to reconsider the mechanism through
which water takes part in the HTDC of PVC (see Section 3.4 ).

3.3. Impact of process severity

The most important findings from SEM-EDX analyses are summa-
rized and illustrated in terms of the well-known van Krevelen diagrams
in Fig. 3. This Figure unveils the significant impact of process severity on
the dechlorination of PVC. A change in reaction severity from mild to the
severe condition has significantly decreased H/C and Cl/C molar ratios.
On the other hand, O/C and H/C molar ratios behave conversely, where
an increase in severity has brought about a higher O/C molar ratio at the
expense of a higher unsaturation degree.

From the surface chemistry viewpoint, Fig. 4 provides FT-IR spectra
of two dechlorinated samples under two different reaction conditions,
while patterns of all other samples can be found in Figure SM.4 in SMF.
FT-IR spectra depicted in Fig. 4 look so similar that almost no difference
could be observed in the shape and intensity of the peaks as the reaction
severity changes; however, a closer examination reveals tiny differences
at 1400-1700 cm ™.

Having reviewed the literature, we attributed peaks in
600-800 cm™! to the stretching mode of C-Cl bonds [39,40]. These
peaks appear equally strong in spectra derived from HTDC_NC_01 and
13 samples, indicating a similar extent of dechlorination over the surface
of PVC samples even under different HTDC operating conditions. This

surface chemistry similarity may be related to the leveling effect of
hot-compressed water, as will be discussed later by SEM-EDX results.

Aside from C-Cl bonds, the spectra in Fig. 4 nearly follow the pattern
of PVC (vide Figure SM.4 in SMF) wherein C=C, C-O, and C-H bonds
stretch/vibrate around their corresponding wavelengths (For more in-
formation on all notable peaks and their functional groups, refer to
Table SM.6 in SMF) [41,42]. More intriguingly, there is a difference in
peak intensity observed at wavelengths ranging from 1500 to
1600 cm L. To our knowledge, these peaks primarily belong to C=C
aromatic vibrations, which do not exist in the spectrum of virgin PVC
[43], proposing the formation of a new part in the solid products under
severe operating conditions.

As compelling evidence, TG analyses provided outstanding infor-
mation on how HTDC severity impacts the thermal robustness of virgin
PVC (vide Figures SM.5-9 and Table SM.4).

The spider diagram in Fig. 5 shows that an increase in SF deliberately
enhances the toughness of the solid product, so a higher amount of solid
product withstands thermal treatment at a temperature higher than
350 °C. The fact that almost all organic chlorine is to be removed up to
300 °C can justify the lower weight loss in hydrochars remaining from
dechlorination with high SF [38]. A high severity in HTDC of PVC, on
the other hand, appears to result in a solid product almost concentrated
in a highly stable network. The recent observation supports the above
argument about forming an aromatic part in solid products under severe
operating conditions.

3.4. HTDC mechanism

As a rule, it is assumed that PVC decomposes in two steps during
hydrothermal treatment, beginning with dechlorination at T < 280 °C
and ending with complete degradation of the dechlorinated polyene into
low molecular-mass compounds at T > 300 °C [38]. Literature spots
OH-nucleophilic substitution as the main chemical pathway for
detaching Cl from PVC backbone at temperatures lower than 450 °C and
high-water densities [10,22] since water can act as a powerful nucleo-
phile under hot-compressed conditions. However, having put all infor-
mation acquired from characterization analyses together, we propose a
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Fig. 3. van Krevelen diagrams of virgin PVC and solid products of HTDC process, A) Cl/C versus H/C and B) O/C versus H/C molar ratios. (Based on the data

collected from CHN and SEM-EDX analyses).

dual functionality for water in the HTDC process as the severity of HTDC
changes.

As shown in Fig. 3, the formation of a product with a slightly
decreased Cl/C ratio (Fig. 3 A) and a considerable shift in H/C and O/C
ratios (Fig. 3B) at temperatures as low as 200-210 °C indicates partial
substitution of Chlorine atoms with OH groups. This could happen to a
restriction of the Sy2 mechanism at low process severity (pathway I in
Schemel).

On the other hand, doing HTDC in severe mode leads to more

efficient Cl removal through replacing Chlorine with OH nucleophiles
(Sn2) followed by dehydration reaction (E1), where a slight increase in
the SF from 4.70 to 4.72 when doing HTDC at 240 °C has led to a sig-
nificant decrease in the O/C molar ratio (Fig. 3B).

Such Elimination could help the formation of polyenes through
dehydration of the partially hydroxylated intermediates (Product D)
when the reaction severity increases and medium acidity escalates.
Others have also reported a similar observation where they found that
HCI accelerates algae dehydration by decreasing the hydrogen content
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in the final product [8]. It must be noted that performing HTDC of PVC
at high temperatures, e.g., 250 °C for a considerable RT, could also drive
the reaction through a fast E2 mechanism (Pathway III in Scheme 1);
however, the extent of such reaction will be limited due to the presence
of water.

3.5. Reactor wall corrosion

The presence of chlorine in the depolymerization/decomposition
products causes severe corrosion to the downstream units and makes
PVC one of the most difficult plastic wastes to deal with. It worsens when
the chlorine leaks into an aqueous solution, forming hydrochloric acid.
Thus, HTDC of PVC or any other Cl- containing organic moieties [24,25]
inevitably involves corrosion, so the condition of the reactor wall must
be monitored as precisely as the chlorine removal rate.

To investigate the extent of reactor corrosion in the HTDC process,

we subjected all aqueous samples to AAS using the procedure described
in Section 2.4.5. It must be noted that the reactor wall was rinsed several
times after each experiment to collect any little chloride salts attached to
the reactor wall. Iron, among the other metals, had the highest con-
centration in the AP of non-catalytic experiments. Hence, it served as the
corrosion indicator when screening the corrosiveness of the process
using DOE software. Other metals found in SS-316 alloy compositions,
such as Ni and Cr, have also been thoroughly investigated. However,
Molybdenum concentration in AP turned out to be under the AAS in-
strument’s detection limit, i.e., less than 0.5 ppm.

Table 2 shows the experimental results for the measured milligrams
of Fe in the AP (vide Table SM.2 and Figure SM.2 in SMF for ANOVA
results). Throughout the ANOVA results, there is a good consistency and
high accuracy among the experimental data where a P value of 0.0001,
Adjusted R? of 0.9907, and a Lack of Fit of 0.4901 reinforce the fitted
Quadratic Model. Statistics provided by RSM also argue that T and RT
play key roles in the leakage of Fe molecules into the AP, and their
interaction has a significant impact.

With respect to Fig. 1B, Fe leakage into AP is not almost visible at
temperatures as low as 200 °C, whereas it increases significantly at
250 °C (278.0 mg). This is most likely attributed to the thermal degra-
dation of PVC at this temperature region, as shown by TG results (Fig. 5).
A similar trend could also be observed when tracking RT impact, where
the Fe concentration in the liquid phase at all process temperatures
increased with increasing time. Such impacts could be better understood
by replacing SF for Temperature and RT, which involves pH as the third
factor (see Section 2.2.2 for more information). Among metals in SS-316
alloy, Fig. 6A demonstrates that Iron had the highest contribution to the
reactor wall corrosion products in the AP and, interestingly, cracked into
the AP in a pattern like dechlorination. Therefore, the extent of Fe
corrosion seems to be related to Cl removal, with the higher the
dechlorination efficiency, the greater the Fe corrosion and consequently
higher H; evolution via the following reaction (also see Fig. 6B):

M€<3) + Hcl(“q)ﬁMEClzw) + Hzm 3
Where Me stands for metals, including Fe, Ni, and Cr.

In manufacturing high-alloy steel, experts formulate the final prod-
uct to form an initial, thin, and protective oxide layer upon exposing
highly corrosive conditions [44]. In the case of Chromium, previous
studies show that it forms an initial oxide layer of CryO3 that will not
react with HCI due to its high thermodynamic stability. However, HCL
can crack into this layer and react with metals deep inside the reactor
wall to form metal chlorides. Fig. 7 demonstrates SEM-EDX images and
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mappings corresponding to the reactor wall material (SS-316 alloy),
displaying the distribution of Ni, Mo, Fe, Cr, Cl, and oxygen elements
over the interior surface (Colorful elemental mapping in Fig. 7) and
across the wall thickness of the reactor (Fig. 7D). In line with the pub-
lished data [44], our findings spot CryOs as the main compound
covering the outer surface of SS-316 directly exposed to the HTDC
environment. Fig. 7D well shows Iron depletion in the inner layers of the
reactor due to higher corrosion rates upon direct exposure to HTDC
medium.

This finding is supported by XRD results, where we analyzed the
greenish corrosion product after scratching out of the reactor at the end
of each reaction set. Fig. 8 depicts the corresponding diffractogram with
phases symbolized schematically. Literature ascribes diffractions
located at 23.1°, 26.1, 28.0°, and 30.9° to hematite (Fe;O3, JCPDS card
No: 79-0007) [45], Cry03 (JCPDS no. 38-1479) [46], and magnetite
(Fe304, JCPDS card 00-003-0863) [47] phases. The absence of metal
chlorides in the XRD pattern could most likely be due to their hygro-
scopic nature, a feature that prevents metal chlorides from forming
crystalline structures.

Likewise, metallic Ni existed in the corrosion product as the peaks at
20, 44.4, and 51.6 suggest [48]. These two peaks could also have
resulted from the presence of metallic Iron (JCPDS card No.
01-087-0721) [49] and Cry03; however, the existence of metallic Iron
may be ruled out due to its tendency toward oxidation upon exposure to
the highly oxidative hot-hydrochloric acid solution. One may assume
that Nickel is prone to form oxides similarly; however, the peak at 51.6°
reveals either the total or at least a proportion of Ni atoms remaining in
the metallic phase. As a piece of compelling evidence, Schmid et al. [44]
declined the formation of Nickel Chloride from metallic Ni existing in
SS-316 alloy due to the positive Gibbs free energy for its chlorination.

Such findings help us readdress some previous observations where a
few studies spotted Nickel chloride as the reason behind the green color
of the AP collected from HTDC of PVC in stainless steel reactors [50].
The significantly higher contribution of Fe to the corrosion products and
the high stability of metallic Ni in the reaction product implies that it
might have been FeCl; salt that dominated the AP color as it dissolved in
water in green color.

The above findings, combined with the knowledge available in the
literature [44], drove us to propose the following corrosion mechanism
for SS-316 alloy when exposed to the HTDC process, as shown sche-
matically in Fig. 9.

In practice, it seems that hot-compressed HCI solution reacts with
metals existing in the texture of SS-316 to produce corresponding metal
chloride following Eq. 3. However, their reactivity upon exposure to
such a corrosive medium in the presence of water made a difference in
Fe, Ni, and Cr corrosion rates.

Previous thermodynamic calculations show that metal chloride for-
mation is unlikely as the reaction escalates. In a study, Schmid et al. [44]
argued that higher temperatures could lower the thermodynamic barrier
for CrCl; reaction with water to form Cr,O3 via the following reaction:

4

The same might happen to FeCl, via Eqgs. 5 and 6, but one must
consider that these reactions’ highly positive Gibbs free energy restricts
their extensive occurrence at T < 800 °C [44].

3H;0) + CrCly () —>CryO3(y) + 2HCl o) + Ha g

4H20(1) + 3FeCl, (s) —Fe;04 (s) + 6HC1(,,q> + H, (2) (5)

3H20(1) + ZFECIQ(S)—)F€203 (s) + 4HC1(,,,,) + Hz(g) (6)

The protective CrpO3 layer turned out to be porous, allowing HCI
molecules to penetrate and reach metals deposited in the sublayer of SS-
316 alloy. This has made Chromium atoms mainly remain on the surface
of the reactor wall as oxidic CryO3 as the process severity escalates,
while Fe leaked to the AP in the form of chlorides. Consequently, Fe
shows a higher corrosion rate in AP despite having a lower position than
Cr in the reactivity series of metals.

3.6. Mass transfer limitation in HTDC of PVC

Having reviewed the literature, one can find similar studies in which
the authors argued the formation of polyene on the outer surface of solid
products at higher temperatures and pressure that would impede
dehydrochlorination because of the shielding effect [51]. The following
discussion aims to clarify any potential impact of aromatization on mass
transfer across PVC grains in terms of Cl removal. As a result, solid
products were subjected to SEM-EDX analyses to investigate the radial
distribution of elements along the intersection of PVC grains. The results
of such studies are depicted in Fig. 10.

Fig. 10 depicts SEM-EDX results corresponding to HTDC_NC_04 and
13 samples, where radial distribution graphs clearly show the fluctua-
tion in Cl concentration across grains on a micrometer scale. In line with
previous studies [22,51], testaments provided here confirm a better
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Fig. 6. The extent of SS-316 corrosion, Cl removal from PVC, and Gas production versus HTDC severity.

diffusion of water molecules through the so-called polyene shields as the
reaction environment approaches the critical point. Such improved
water molecule diffusion, combined with its increased oxidative/de-
hydrating activity, must have resulted in increased Cl removal, primarily
via the substitution-elimination pathway, as shown in Scheme 1 (I and II
pathways). Likewise, as the severity increases, HCl molecules have a
greater opportunity to accelerate the E1 elimination of remaining Cl
molecules in the PVC backbone and wear away the reactor wall via the
corrosion mechanism depicted in Fig. 9.

3.7. CCD optimization

So far in this study, it has become apparent that implementing high T
and RT would result in the greatest dechlorination while potentially
promoting reactor wall corrosion. This observation prompted us to
impose a few constraints to make the optimum solutions provided by the
CCD tool more realistic (see Table SM.7 in SMF).

Table 4 depicts the predicted optimal operating conditions for
achieving the highest possible Cl removal while keeping reactor corro-
sion to a minimum. This table also includes the calculated and actual
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results obtained from CCD optimization and running the experiment
under optimal operating conditions. The high consistency of actual re-
sults with the RSM predicted ones, with an error of less than 5.0%,
validates the model fitted for all Cl removal, Fe in AP, and H/C molar
ratio responses.

The Danish government’s most recent data ensure that the CI con-
centration in the Danish plastic waste stream does not exceed
27,500 ppm [10,52] (for detailed information, vide section SM.2 in
SMF). Following the 1000 ppm limitation many European countries
have put in action for Cl contamination in the final RDFs, the HTDC
process must be capable of removing 96.7% of the chlorine in the
feedstock if it wants to pay a contribution to the technology in the

10

future. While the non-catalytic tests did not report any Cl removal rates
greater than 90%, we approached the goal using a different hypothesis
from catalytic HTDC to doing the same process in dual stages mode.
Ways that follow are intended to improve the rate of Cl removal and, at
the same time, minimize reactor corrosion.

3.8. Catalytic HTDC of PVC

While some homogeneous catalysts, such as Ni?* and K,COs, have
been extensively studied in the literature for PVC dechlorination[9,27],
TiO4 was barely exerted in the HTDC process. TiO5 has shown its po-
tential in the joint recycling of polyvinyl chloride in subcritical water
with coal ash and coal mass where it was used in traces [53].

The most important results obtained from catalytic HTDC of PVC are
represented in Table 5 and Figs. 11-13. In addition, Table SM.8 in SMF
includes all experimental data for the catalytic part.

3.8.1. Elemental analysis

Starting with the Cl removal rate, the exerted catalysts showed
various behavior when exposed to the HTDC environment. While Ni
nearly doubled dechlorination efficiency from 35.49 + 1.06-78.74
+ 3.12%, others acted as negative catalysts, decreasing chlorine
removal efficiency compared to the optimal non-catalytic test
(HTDC_NC_OPT).

In the case of the HCl evolution route, some authors claimed that the
in-situ generated HCl acts as a self-catalyzer for PVC dechlorination. In
contrast, others believed that the generation of HCI restricts the acti-
vation of catalysts and plays an important role in inhibiting the
dechlorination rate [22,54]. The observed inactivity of the KoCO3 and
TiO catalysts in accelerating the Cl removal rate may be due to such pH
damping impact by these materials.

Such distinctive impacts could also be observed from the H/C, O/C,
and Cl/C molar ratios. TiO, and K,COj3 resulted in a similar H/C molar
ratio but a higher Cl/C molar ratio than optimum non-catalytic
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Fig. 10. SEM-EDX results; A and C) HTDC_NC_04, B and D) HTDC_NC_13, and E) Intraparticle distribution of Cl, based on mapping results.

dechlorination (Fig. 11A). This might introduce carbon rejection as the The most intriguing discovery is attributed to the Ni catalysts, where
primary pathway for dechlorination, even though the literature lacks the highest rate of Cl removal accompanies one of the lowest reactor
any concrete agreement regarding the impact of K2CO3 on the dechlo- wall corrosions with the lowest Cl/C and H/C molar ratios. Within the
rination of PVC [9,22,37,55]. catalysis community, Ni-based catalysts are assumed to be highly active
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Table 4
CCD optimization results: predicted vs. actual values.

Optimum Operating Experimental data

condition
T (°C) RT W/PVC Cl Fe in AP H/C
(min) (ratio) removal (g) molar
(%) ratio
Predicted 229.61 38.32 12.85 36.43 0.068 1.41
Actual 230 38 13 35.49 0.072 1.51
+1.06 +0.007 +0.14

in methanation reactions when they encounter waste materials (vide
Table SM.8 in SMF) [56], a feature that HTDC can leverage for increased
Cl removal via Carbon rejection. The high concentration of chloride
ions, caused by severe dechlorination at high temperature and pressure,
should have expectedly led to significant corrosion of Iron. However, the
line chart in Fig. 11B shows a low corrosion rate for Ni-assisted
dechlorination of PVC, which could have happened due to the interac-
tion of Ni?* ions with released Chlorides. Apart from Ni-catalyzed ex-
periments, among the catalytic HTDC, the lowest dechlorination is
associated with the lowest contribution of Fe in corrosion products (see
Table SM.8 in SMF for a detailed concentration of each metal in aqueous
products).

Moreover, reusing partially dechlorinated PVC, HTDC_NC_OPT, as
the feedstock for the second round of chlorine removal yielded a
promising result. The second stage HTDC, denoted as HTDC_NC_RC, has
resulted in a lower H/C and Cl/C molar ratio, a higher O/C molar ratio,
and a slightly reduced dechlorination compared to its counterparts
performed under optimal operating conditions. Such recirculation led to
a moderate Cl removal rate at a low expense of reactor corrosion.

Almost all the approaches used to promote Cl removal under optimal
conditions, except Ni2*-containing solutions, resulted in a significant
corrosion rate, depending on the extent of dechlorination. Since ANOVA
analysis revealed no significant correlation between PVC concentration
and reactor wall corrosion in the non-catalytic optimization, one might
assume that the number of chloride ions, rather than their concentra-
tion, is responsible for Fe leaching out of the reactor wall.

3.8.2. Thermal resistance and mass transfer

Fig. 12 depicts the thermal resistance of solid products from catalytic
tests and virgin PVC in terms of TG and DTG curves, along with statistics
derived from these curves acquired after the deconvolution of DTG
branches. Furthermore, figures in the bar charts are ascribed to the area
of deconvoluted peaks representing the remaining weight percent of the
solid residues in question after exposing them to the temperature-
programmed analysis.

There appears to be a significant difference in the DTG curves, with
virgin PVC having three distinct peaks located in the temporal region of
290-650 °C and others having four peaks within nearly the same range.
We attribute the first peak in the PVC pattern around 292 °C to the
removal of Cl content because its area percentage closely matches the
concentration of Cl in pure PVC. This weight fraction begins to shrink as
the dechlorination proceeds, with the solid residue collected from the
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HTDC_Ni experiment contributing the least.

To our knowledge, PVC dechlorination during the hardly stable first
thermal decomposition region may transform the polymer structure into
a poly-aromatic polymer via radical and double bond formation[22].
Interestingly, our TG findings feature the formation of a recalcitrant new
part in the solid residues detected in the virgin PVC powder. While PVC
lacks such a hard-to-break part, samples collected from experiments
done in the presence of Ni catalyst share the highest fraction among the
catalytic experiments, followed by HTDC_NC_OPT and HTDC_NC_RC.

Images and charts in Fig. 13 depict the radial distribution of different
elements in solid products obtained from catalytic tests to demonstrate
whether there is a mass transfer limitation across PVC grains as they
undergo HTDC in the presence of various catalysts.

In these diagrams, the Cl distribution still follows a mountain-like
pattern across the grain intersection in both non-catalytic tests,
HTDC_NC_OPT and HTDC_NC_RC. However, the catalytic dechlorina-
tion in the presence of Ni ions resulted in an almost flat distribution.
Previous studies reasoned diffusion-controlled dechlorination of PVC for
such curved patterns, as swelling significantly governs the process rate
[22]. SEM images in Fig. 13 confirm the presence of such swelling in
non-catalytic tests, even in the case of KoCO3 with low dechlorination
efficiency, where the interfaces between two grains are distinguishable.
However, when it comes to Ni, catalytic HTDC produced a porous
network with no discernible interfaces.

3.9. Corrosion assessment according to Industrial standards

The following discussion aims to spot the position of catalytic HTDC
of PVC in a related industry so that its material applicability can be
easily identified. In search of an adequate indicator, we came across
Equipment Service Lifetime, which represents the maximum number of
days a chemical facility can safely operate [57]:

Equipmentwallthickness(mils)

)

EstimatedServiceLifetime = -
Corrosionrate(mpy)

This equation expresses the wall thickness and corrosion rate in mils
(1 mil=0.001 in.) and mpy (mils per year). Because iron makes up the
majority of the SS-316 alloy (see Table SM.9 in SMF), its corrosion rate
was converted to mpy units to calculate the material lifetime (Fig. 14)
[58].

There is no doubt in the scientific community that all concentrations
of HCl can severely attack and destroy Stainless Steel alloys by vanishing
the passive protective layer. However, in hot-compressed solutions, such
as the HTDC medium, the alloys are rapidly attacked with hydrogen
evolution, resulting in a severe corrosion rate of more than 2000 mpy at
temperatures greater than 100 °C where even small amounts of hydro-
chloric acid exist in the aqueous environment[59]. Among the catalytic
approaches used in this study, we observed that the higher the Iron
Corrosion rate, the shorter the estimated lifetime. On the plus side, there
are still K,CO3 and Recirculation experiments with the lowest Iron
corrosion and, as a result, the highest expected operation time. How-
ever, several barriers remain for commercial application because the
minimum Cl removal requirement of 96% must be combined with

Table 5

Elemental and TG analyses results.
RXN Metadata Elemental Distribution Cl removal (%) Fe in AP (g)

C (Wt%) H (wt%) Cl (wt%) O (Wt%) H/C Cl/C 0/C

HTDC_NC_OPT 41.24 + 4.54 5.17 £1.29 39.47 + 5.92 14.12 £+ 2.40 1.51 +£0.14 0.32 £ 0.08 0.26 £+ 0.04 35.49 + 1.06 0.072 + 0.007
HTDC_NC_RC 45.69 + 3.66 5.35 £ 1.07 29.62 + 3.85 19.34 + 4.45 1.41 +£0.20 0.22 £ 0.04 0.32 £ 0.05 32.68 £ 1.31 0.004 + 0.001
HTDC_TiO, 36.92 +1.85 4.64 £ 0.84 41.74 £ 7.51 16.70 £+ 2.00 1.51 £0.17 0.38 £ 0.09 0.34 £0.03 31.78 £ 1.11 0.065 + 0.008
HTDC_K,CO3 39.34 +£5.11 4.94 +£1.04 47.29 +9.93 8.44 +£1.60 1.51 £ 0.26 0.41 £ 0.06 0.16 £ 0.03 22.71 £ 0.34 0.003 + 0.001
HTDC_Ni 58.11 + 2.32 5.10 + 0.97 13.01 + 2.47 23.79 + 5.95 1.05 +0.12 0.08 + 0.01 0.31 £ 0.04 78.74 + 3.12 0.033 + 0.002
HTDC_Ni_60a 65.12 + 6.51 4.65 +1.12 2.34 £0.33 23.89 + 3.82 1.00 £ 0.11 0.01 £ 0.00 0.26 £ 0.03 96.18 + 1.08 0.078 + 0.004

# HTDC_NC_60 refers to HTDC of PVC in the presence of Ni catalyst that was done for an extended RT of 60 min
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significantly low reactor corrosion of 2-5 mpy [60].
4. Conclusion

The current work statistically proved the strongest influences of
Temperature and Reaction Time on HTDC of PVC using RSM-assisted
optimization, so their hidden interaction turned out to be significant
as well. On the other hand, water content remained neutral in all
operational aspects studied, including Cl removal rate, reactor wall
corrosion, and H/C molar ratio. Undercover non-catalytic investigation,
we proposed a mechanism for HTDC of PVC in which the severity of

13

operating conditions was a game-changer. A high reaction severity tends
to drive the Cl removal through an acid-catalyzed elimination route in
which an aromatic network contributes more to the final dechlorinated
product. From a material viewpoint, we discovered that in-situ produced
aqueous solution of HCI tends to wear out Fe and Ni into the aqueous
product while leaving a solid layer concentrated in Cr and Mo oxides on
the inner surface of the reactor wall.

Although Ni-catalyzed HTDC removed more than 96% of the organic
chlorine in PVC, it seemingly moved the Iron corrosion out of an
industrially tolerable level by shortening the estimated service lifetime
of the reactor to less than 80 days. This would be critical for those
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wanting to recover as much HCI as possible from PVC waste while
making the solid waste a potential feedstock for fuel production or
depolymerization plants and meeting the 1% requirement for RDFs in
many developed countries. While chlorine detachment from the PVC
backbone appears to be maturing from a chemistry standpoint if Ni** is
present in sufficient quantities in the reaction medium, recirculation
demonstrated promising results from a corrosion standpoint, with a
moderate Cl removal of 35% accompanied by nearly 650 days of
chemical equipment. More studies are yet to be performed to either
mature the chemistry of the Recirculation approach to improve the Cl
removal rate or to focus on the material perspectives of Ni-assisted
dechlorination to diminish corrosion threat.
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