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Polyvinyl chloride (PVC), the third most-produced plastic,
is widely used globally. In 2025, the global production of PVC
amounted to 60 million Mt, with projections indicating a
growth to nearly 65.2 Mt by 2034.14,15 PVC is the primary
source of organochloride compounds in pyrolysis oil and
contributes up to 65% of the chlorine in municipal waste.16 For
inorganic chlorine sources in pyrolysis oil, sodium chloride
(NaCl) and potassium chloride (KCl) are common examples.
These inorganic chlorides can originate from various environ-
mental and industrial contaminants in the feedstock material.
Chlorinated compounds in pyrolysis can cause serious
operational failures such as corrosion, catalyst poisoning, and
emission of PBCs (polychlorinated biphenyls) and dioxins to
the environment.17 The permissible chlorine content is flexible,
based on the criteria of individual refineries, the specific
processing unit where the oil is fed, and the degree of blending
with chlorine-free feedstocks in cofeeding scenarios. A
commonly accepted range is between 10 and 50 ppm.18 For
instance, the petrochemical industry threshold is 10 ppm.19

However, steam cracking units impose a more stringent
specification, requiring chlorine levels as low as 3 ppm in the
naphtha feed.6,20

Chlorine elimination strategies vary depending on whether
they are employed before, during, or after pyrolysis. While the
first two approaches can effectively remove a significant
portion of chlorine from waste plastics, they fall short of
complete elimination. For instance, prepyrolysis techniques
involve washing with hot water or alkali solutions, yet the
resulting pyrolysis oil often retains a notable chlorine content
exceeding 150 ppm. Dechlorination by catalysts, sorbents, or
nucleophilic substitution is typically employed during pyrolysis
to mitigate the chlorine presence. However, even in two-step
pyrolysis, a portion of the chlorine remains in the pyrolysis oil
as various organochloride species.21,22 Furthermore, studies
have demonstrated that the dechlorination of PVC in mixed
plastic pyrolysis is adversely affected by the presence of other
plastics, suggesting that a more effective strategy would be to
pyrolyze PVC separately to avoid interference and achieve
better chlorine removal.17 Gao et al. investigated the pyrolysis
of pure PVC and its copyrolysis with PE, PP, PS, and PET,
demonstrating that HCl released from PVC can undergo
secondary reactions with radicals generated from the
coprocessed polymers, thereby shifting chlorine toward
organochlorinated compounds in the liquid phase. Con-
sequently, the chlorine distribution in the oil increased from
6.89% (pure PVC) to 8.86%, 11.98%, and 25.99% during
copyrolysis with PS, PE, and PET, respectively.23 The
remaining organochloride compounds in the pyrolysis oil can
still have a considerable negative impact on downstream
processing. Notably, some approaches, such as corrosion
inhibitors, are ineffective, merely shifting the issue to
downstream processes.24 As a result, postdechlorination of
pyrolysis oil remains an essential step.25 Examples of
postdechlorination methods investigated include hydrodech-
lorination (HDC)26 and adsorptive dechlorination.22

HDC is a green and one of the most extensively researched
methods, as it suppresses the formation of toxic byproducts
such as greenhouse gases and dioxins in a reducing
environment, while requiring milder conditions than thermal
or incineration methods.27−29 HDC involves catalytically
converting organochloride compounds into HCl in the
presence of hydrogen (eq 1) or hydrogen donors.30

y yX (Cl) H X (H) (HCl)y y2
F+ + (1)

In this general reaction, X represents either an aromatic or
an aliphatic hydrocarbon, and � denotes the number of
chlorine atoms.

Metal catalysts significantly reduce the operating temper-
ature, providing a lower-energy pathway for this reaction. This
method uses transition metals, including noble metals (Ru, Rh,
Pd, Ir, Pt, and Au) and non-noble metals (Ni, Mo, and W), as
catalysts.31−34 Palladium (Pd) and platinum (Pt) are the most
extensively studied metals for their exceptional catalytic
performance. Pd demonstrates greater activity than Pt,
attributed to its unique electronic structure and the higher
concentration of electron-deficient species on the catalyst
surface.35,36 Given that Pd is a noble metal of limited
availability and high costs, the imperative arises to engineer
highly active catalysts with minimal metal loadings for
industrial applications.37 However, the catalytic activity is not
solely dependent on the active phase; the interaction between
the metal and support also plays a crucial role. Higher surface
area of the supports results in better dispersion and smaller
particle size of the active phase, which is beneficial for catalytic
activity.38 In contrast, larger Pd particles are more prone to
leaching.39 Supported Pd catalysts often experience deactiva-
tion during catalytic HDC processes.40 Additionally, the
support dictates the oxidation state of Pd by modifying its
electronic environment and interactions; both Pd0 and Pd2+

participate in the HDC reaction, each playing a distinct, yet
complementary role. Pd0 facilitates the chemisorption and
dissociation of H2, forming Pd−H species, while Pd2+ sites
enable the dissociative chemisorption of chlorinated com-
pounds (R-Cl). The efficiency of the HDC process, however, is
highly dependent on the Pd2+/Pd0 ratio, with studies indicating
that optimal activity is achieved at approximately a 1/1
ratio.41−43 This balance between the two oxidation states
enables synergistic interactions, thereby maximizing the overall
catalytic performance.

Carbon has been extensively used as a catalyst support in
many industrial applications, mainly for hydrogenation (HYD)
and HDC, due to its ability to provide better metal dispersion,
affordability, inertness, low deactivation, and high surface
area.44,45 Yuan and Keane39 investigated the interaction
between produced HCl and the catalyst in the HDC reaction
of chlorophenols using 1 wt %Pd/C. It was reported that while
adding NaOH mitigated HCl poisoning, it also caused the Pd/
C catalyst to lose HDC activity due to reduced surface area
and Pd leaching. In contrast, ZrO2 is highly stable in acidic
environments and is considered to be the most stable support
for liquid-phase HDC reactions. At the same time, its larger
pore sizes can facilitate the diffusion of bulky compounds.46

Besides, Fan et al.47 demonstrated that Pd/C exhibits superior
catalytic activity compared to Pd/ZrO2 in the HDC of 1,2,4,5-
tetrachlorobenzene, attributed to its higher surface area and
better metal dispersion. Nevertheless, these investigations were
limited to model chlorinated compounds, while the present
study considers a more representative and complex PVC-
derived pyrolysis oil.

The novelty of this work lies in conceptually addressing PVC
presorting as one of the strategies to reduce chlorine content in
pyrolysis oil, while experimentally studying the HDC of PVC
using virgin PVC as a controlled model system. Although
literature data on the composition of pure PVC pyrolysis oil
are scarce, this study provides an in-depth characterization of
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the PVC pyrolysis oil using comprehensive GC × GC analysis
before and after HDC. Direct catalytic HDC of the PVC-
derived pyrolysis oil is subsequently performed without any
prior purification or pretreatment, thereby addressing realistic
process conditions. The influence of catalyst support properties
on HDC performance is evaluated through a comparative
study of Pd supported on C and ZrO2. The findings provide
valuable insights into optimizing the catalyst performance for
efficient HDC, contributing to the development of sustainable
processes for recycling chlorinated waste streams.

2. MATERIALS AND METHODS

2.1. Chemicals
The virgin PVC (Sigma-Aldrich, Mw ∼ 43,000, Mn ∼ 22,000), with
an elemental composition of C: 38.4 wt %, H: 4.8 wt %, and Cl: 56.8
wt %, was used as the feedstock for pyrolysis in this study. 1%Pd/C
and 5%Pd/C catalysts were obtained from Sigma-Aldrich. PdCl2
(99%), Zirconium(IV) oxide (5 �m 99%), and Na2CO3 (99.5%)
were sourced from Sigma-Aldrich and used for synthesizing the Pd/
ZrO2 catalyst. Decalin (decahydronaphthalene, 98%, Acros Organics)
and NaOH (>99%, Sigma-Aldrich) were used for HDC experiments.
Details of the chemicals used for the model compounds are provided
in the Supporting Information. All chemicals were utilized without
further purification.
2.2. Catalyst Synthesis (Pd/ZrO2)
5 g of ZrO2 support was added to 50 mL of distilled water, followed
by the addition of the PdCl2 solution. To synthesize � wt % Pd/ZrO2
(where � = 0.5 and 1), varying amounts of PdCl2 were added. The pH
of the solution was gradually raised to 10.5 by adding a 1.0 M
Na2CO3 solution under vigorous stirring for 3 h. After filtration, the
paste was washed with deionized water to neutralize. The formed
paste underwent drying overnight at 100 °C, after which the resulting
powder was pelletized and sieved (250−500 �m). Finally, the material
was calcined at 300 °C in an airflow (50 mL/min) for 4 h, followed by
reduction at 300 °C in a H2 flow (50 mL/min) for 4 h.
2.3. Catalyst Characterization
A hydrogen temperature-programmed desorption (H2-TPD) experi-
ment was conducted to determine the catalysts’ metal dispersion. In
this procedure, an accurate amount of catalyst (e.g., 100 mg) was
placed in a U-shaped quartz reactor with a 6 mm internal diameter
and reduced at 300 °C in pure H2 for 2 h. After the sample was cooled
to 25 °C under an Ar flow of 30 mL/min, the catalyst was saturated
by introducing pure H2 at the same temperature for 1 h. The sample

was then purged with Ar at 30 mL/min for 2 h to eliminate any
physisorbed hydrogen. Finally, the TPD measurement was carried out
at a flow rate of 30 mL/min of Ar, with the temperature ramped at 10
°C/min to a maximum of 700 °C. The calculation of chemisorbed
hydrogen was based on analysis of the H2/Ar fragments detected by a
mass spectrometer (MS). Dispersion (�) and mean particle size (� Pd)
were calculated using eqs 2 and 3,48 respectively

D
N

N
(%) 100%S

T

= ×
(2)

d
D

1.12
100%Pd = × (3)

where � S (determined from H2-TPD) represents the total number of
metal atoms on the surface, and � T denotes the total number of metal
atoms (including both surface and bulk atoms).

Nitrogen adsorption−desorption at −196 °C was conducted using
an Automatic Volumetric Sorption Analyzer (Autosorb-1, Quantach-
rome) to assess the surface area via the BET method, as well as pore
volume and pore size distribution using the BJH method. Before
analysis, the samples were outgassed at 250 °C for 16 h under a
vacuum of 1.33 × 10−1 Pa.

SEM imaging was performed by using a JEOL JSM-IT500
microscope to explore the morphological characteristics. EDS spectra
and mapping were obtained using an Oxford Instruments X-act
detector. The samples were embedded in resin, ground, polished, and
then gold-coated. The analysis was carried out at an accelerating
voltage of 20 kV.

The crystallographic phases of the catalysts were examined by using
X-ray diffraction (XRD) on a Bruker D8 ADVANCE diffractometer.
XRD patterns were obtained utilizing Cu K� radiation (� = 0.15406
nm) over a 2� range of 10° to 80°. The scanning was performed at a
rate of 0.5 s/point with a step size of 0.02°.

X-ray photoelectron spectroscopy (XPS) was conducted using a
Kratos Analytical AXIS UltraDLD system equipped with a
monochromatic aluminum X-ray source (�� = 1486.6 eV) under
ultrahigh vacuum conditions (∼10−9 Torr). Wide-scan spectra were
collected at a pass energy of 160 eV, while high-resolution (HR)
spectra of specific regions were acquired at 20 eV pass energy, with
0.1 eV step size and an X-ray power of 150 W. The C 1s peak at 284.6
± 0.2 eV, attributed to surface contamination (C−C bonds), was used
for charge correction. Data analysis included Shirley background
subtraction, with peak fitting performed using Gaussian (70%) and
Lorentzian (30%) functions. Elemental quantification was based on
relative sensitivity factors from the Vision 2.2.10 software database.

Figure 1. Schematic of the semibatch pyrolysis reactor.
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2.4. PVC Pyrolysis
The pyrolysis oil was produced by placing 200 g of PVC in a
semibatch reactor (SS304, 600 mL) without a catalyst, with a
continuous flow of nitrogen as the carrier gas (500 mL/min). The
pyrolysis process consisted of two steps: first, the reactor was heated
to 350 °C for 1 h and then heated to 550 °C for an additional 1 h,
with both temperature ramps set at 10 °C/min. The resulting
products were directed through two in-line scrubbers containing
NaOH to neutralize the HCl produced during pyrolysis, where the
pyrolysis oil condensed and floated in the first scrubber. The
condensate was then decanted to separate it from the water. To
ensure a representative sample, the oil from each experiment was
mixed with the oil from other experiments and stored in an airtight
container at room temperature. Figure 1 shows a schematic of the
pyrolysis reactor.

The two-stage pyrolysis was designed to follow the intrinsic two-
step thermal degradation of PVC.49 The first stage at 350 °C for 1 h
promotes controlled dechlorination from the polymer backbone prior
to significant chain scission. The second stage at 550 °C for 1 h
facilitates the decomposition of the partially dechlorinated residue and
the formation of pyrolysis products.

2.5. Hydrodechlorination
HDC of PVC-derived pyrolysis oil and chlorinated model compounds
was conducted in a 3 mL batch reactor. For a typical reaction, a
respective amount of catalyst (5 mol % metal relative to the chlorine
content) and 1000 mg of PVC pyrolysis oil (or 100 mg of chlorinated
model compounds (100 mM)) were added to a 1/1 (v/v) mixture of
water and decalin. For the HDC of PVC pyrolysis oil, the
corresponding catalyst weights to achieve 5 mol % metal are
approximately 4.75 mg for 1%Pd/C, 0.95 mg for 5%Pd/C, and 9.5
mg for 0.5% Pd/ZrO2. NaOH in the aqueous solution was 1.2 times
higher than chlorine in the feed, ensuring neutralization of the HCl. In
experiments without solvent, decalin was added only for dilution (to
improve separation from the aqueous phase) after the reaction. The
reactor was then sealed, flushed three times with N2 and H2, and
pressurized with 10 bar of H2. Subsequently, it was placed in a
thermostated heating block (50−150 °C) and stirred at 500 rpm.
After the reaction, the reactor was immediately quenched by
immersion in an ice-water bath for 15 min, and H2 was released.
The catalyst was then separated using a syringe filter or centrifuging
the solution at 4000 rpm for 5−10 min. Next, the pyrolysis oil was
decanted to separate it from the aqueous solution for detailed

postreaction characterizations. Figure 2 illustrates the schematic of the
batch reactor for HDC. To test the catalyst reusability, the catalysts
were separated by centrifugation, washed with ethanol, and dried
overnight at 100 °C after each cycle.

The effects of catalyst loading, reaction time, temperature, and
catalyst recyclability on HDC were first investigated using
chlorobenzene over Pd catalysts supported on carbon and ZrO2 at
10 bar of H2. Subsequently, the study was extended to other
chlorinated model compounds, including 1-chlorohexane, 1-chlor-
oheptane, 1-chlorodecane, 1-chloronaphthalene, 1,2-dichlorobenzene,
and 2,4-dichlorotoluene, to evaluate catalyst performance across a
range of representative chlorinated compounds.

2.6. Analytics
PVC pyrolysis oil, before and after HDC, was analyzed by using two-
dimensional gas chromatography (GC × GC) coupled to a flame
ionization detector (FID) and an atomic emission detector (AED).
The sample of PVC oil in decalin was spiked with two internal
standards: (i) phenol for quantification of hydrocarbon using FID
utilizing an effective carbon number approach and (ii) 3-
chlorothiophene employed for chlorine quantification using AED.
Detectors were connected in parallel with a split ratio of 1:15 between
FID and AED, respectively. The configuration and detailed condition
of GC × GC-FID/AED measurements are presented in Table S1. In
this study, a comprehensive GC × GC-AED methodology was
applied, allowing us to trace the reactivity of individual chlorine-
containing compounds.50 The samples from model compound
reactions were analyzed by using one-dimensional GC-FID.

The HDC performance and turnover frequency (TOF), as defined
in eqs 4 and 5, are calculated using the following formulas
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where � in
Cl and � out

Cl are the moles of chlorine before and after the HDC
process, respectively; � Pd is the moles of Pd on the surface of the
catalyst calculated based on dispersion, and 	 is the reaction time (h).

Figure 2. Schematic representation of the HDC experiments.
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3. RESULTS
3.1. Catalyst Characterization
The BET and H2-TPD characterization of Pd catalysts is
shown in Table 1. The BET surface area and pore size
measurements reveal significant differences between the
carbon (C) and zirconia (ZrO2) supports. The C-supported
samples (1%Pd/C and 5%Pd/C) exhibit much higher surface
areas, with values of 942 m2/g and 851 m2/g, with average
pore sizes of 2.7 and 2.9 nm, respectively. In contrast, the
zirconia-supported samples (0.5%Pd/ZrO2 and 1%Pd/ZrO2)
have considerably lower surface areas, 52 m2/g and 53 m2/g,

but significantly larger pore sizes of 17.3 and 17.1 nm,
indicating the impact of different supports on textural
properties. The N2 adsorption−desorption isotherms of the
catalysts, along with the BJH pore size distribution, are shown
in Figure S1.

Regarding Pd dispersion, the C-supported catalysts show
higher values, with 32.7% for 1%Pd/C and 34.4% for 5%Pd/C,
indicating smaller Pd particle sizes of 3.4 and 3.3 nm,
respectively. On the other hand, the zirconia-supported
samples exhibit lower dispersions of 26.1% for 0.5%Pd/ZrO2
and 21.1% for 1%Pd/ZrO2, resulting in moderately larger Pd

Table 1. BET Surface Area, Pore Size, Pd Dispersion, and Particle Size of Pd Catalysts Supported on Carbon (C) and Zirconia
(ZrO2)

sample BET (m2/g) pore size (nm) 
 meso (cm3/g) 
 micro (cm3/g) 
 macro (cm3/g) Pd dispersion� (%) Pd particle size� (nm)

1%Pd/C 942 2.7 0.309 0.367 0 32.7 3.4
5%Pd/C 851 2.9 0.283 0.331 0 34.4 3.3
0.5%Pd/ZrO2 52 17.3 0.203 0.017 0.015 26.1 4.3
1%Pd/ZrO2 53 17.1 0.268 0.019 0.018 21.1 5.3

� Calculated from H2 chemisorption.

Figure 3. SEM/EDS mapping of (A) 1%Pd/C, (B) 5%Pd/C (C), 0.5%Pd/ZrO2, and (D) 1%Pd/ZrO2. Correspondence of colors and elements:
Pd (red), C (cyan), Zr (yellow), and O (green).
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particle sizes of 4.3 and 5.3 nm. This trend suggests that the
nature of the support plays a key role in determining the
dispersion and particle size of Pd. The H2-TPD profiles are
presented in Figure S2.

Figure 3 presents the EDS mapping results for both the
commercial Pd/C and homemade Pd/ZrO2 catalysts, illustrat-
ing the spatial distribution of the individual elements Pd, C, Zr,
and O. The EDS maps indicate a uniform distribution of Pd on
the ZrO2 support at both 0.5 and 1 wt % loadings, similar to
commercial Pd/C catalysts. Nevertheless, for Pd/C samples,
some minor agglomerated Pd particles are observed. For
instance, both 1%Pd/C and 1%Pd/ZrO2 (Figure 3, parts A and
D, respectively) showed a predominantly homogeneous
distribution. Despite the same Pd loading, small clusters
were visible in the 1%Pd/C catalyst. For the 5%Pd/C catalyst,
increasing the loading resulted in a slightly higher number of
clusters. In summary, EDS mapping demonstrated that the
distribution of Pd metal varies with loading and support
material, thereby affecting the Pd homogeneity.

The XRD patterns of Pd supported on ZrO2 and carbon are
discussed and shown in Figure S3 of Supporting Information.

To examine the oxidation state and surface composition of
Pd in 5%Pd/C and 0.5%Pd/ZrO2, XPS analysis was
performed, and the resulting spectra are presented in Figures
S4−S6. The binding energy peaks at 336.9 eV (3d5/2) and
342.3 eV (3d3/2) are attributed to Pd2+ ions, while the peaks at
335.9 eV (3d5/2) and 340.9 eV (3d3/2) correspond to Pd0. The
Pd2+/Pd0 ratios are 0.46 and 0.42 for the 1%Pd/C and 5%Pd/
C catalysts, respectively, and 1.0 for the 0.5%Pd/ZrO2 catalyst,
revealing subtle differences in the electronic structure and
surface composition of the two catalysts. Higher concen-
trations of cationic Pd species are observed in the XPS spectra
of the 0.5%Pd/ZrO2 catalyst, likely arising from the strong
interaction between metallic Pd and support, which promotes
electron transfer from Pd to ZrO2.
3.2. Pyrolysis Oil Characterization

Pyrolysis of PVC resulted in three main products, consisting of
73.1 wt % gas, 10.5 wt % oil, and 16.4 wt % char. The high gas

yield is mainly due to the chlorine content of PVC (56.8 wt %
Cl), which is released during pyrolysis primarily as HCl. The
pyrolysis oil was analyzed using comprehensive two-dimen-
sional GC × GC-FID. The results revealed the carbon
distribution of hydrocarbons ranged from C6 to C25. This
distribution was derived by plotting the wt % of carbon-
containing compounds in the PVC oil with their carbon
number or the equivalent boiling point of normal paraffins (C-
NP). Figure 4a illustrates the C-NP distribution of the PVC
pyrolysis oil. The summation of wt % for the oil fraction (up to
C20) was 58.2%, with the remainder consisting of heavy
compounds. The presence of these heavy compounds, termed
tar, appears to contribute to the waxy texture observed in the
pyrolysis oil dissolved in methyl 	-butyl ether, as shown in
Figure 4b, which illustrates a solid-like product that remains in
the solid phase at room temperature.

This complex mixture contained several thousand compo-
nents grouped into 100 groups based on the hydrocarbon type
and carbon number. The oil consisted predominantly of
aromatics, low levels of naphthenes, and negligible amounts of
olefins and paraffins. The group-type composition of the
pyrolysis oil used in the HDC experiments is summarized in
Table 2, while Figure 5 shows the GC × GC-FID
chromatogram.

Figure 4. PVC pyrolysis oil: (a) carbon number distribution (C-NP plot) produced through two-step thermal pyrolysis at 350 °C (1 h) and 550 °C
(1 h) and (b) dissolved in methyl 	-butyl ether.

Table 2. Composition of the PVC Pyrolysis Oils

hydrocarbons wt %

paraffins 2.2
iso-paraffins 0.5
olefins 1.7
naphthenes 3.6
monoaromatics 10.4
naphthalenes 9.8
naphthenoaromatics 18.0
triaromatics 6.3
PAH 5.7
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Figure 5. GC × GC-FID chromatogram of the PVC pyrolysis oil.

Figure 6. HDC performance of Pd catalysts supported on C and ZrO2 at 10 bar H2, under varying reaction conditions: (a) catalyst loadings (Pd/
Cl, mol %), (b) reaction time (	, h), (c) temperature (�, °C), and (d) reusability. Chlorobenzene concentration = 100 mM.
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The main hydrocarbons found in the pyrolysis oil were
aromatics, with naphthenoaromatic compounds, such as
tetralins and indanes, being the most abundant. Monoar-
omatics, including benzene, toluene, ethylbenzene, and
propylbenzene, were the second most dominant group. In
addition to these compounds, triaromatics and naphthalene
derivatives were identified in the pyrolysis oil. Polycyclic
aromatic hydrocarbons (PAHs) with four or more condensed
rings were also traced, notably as a sharp peak at C19 (Figure
5).

Given the preceding outcomes, the significant aromatic
(mono-, di-, and tri) content poses no critical issues for the
potential use of pyrolysis oils as chemical feedstocks for
refineries, as these facilities typically incorporate blending
operations for highly aromatic fractions. Consistently, a low
concentration of unsaturated aliphatic compounds (olefins) in
pyrolysis oil is desirable, as their high reactivity, due to the
double bond, makes them prone to oxidation and polymer-
ization into rubbery substances.51

Finally, the individual organic chlorinated compounds and
their total concentration in the PVC pyrolysis oil were
determined by using GC × GC-AED. The main chlorinated
hydrocarbons were 1,2-dichlorobenzene (230 ppm) and
chlorobenzene (26 ppm). Remarkably, these two compounds
together contribute to 81% of the total chlorine content in the
oil, which is measured at 316 ppm. The results indicate that
the chlorine content of virgin PVC, originally at 56.8 wt %, was
drastically reduced to 316 ppm during the two-stage thermal
pyrolysis process. Nevertheless, this remaining concentration
exceeds industry thresholds, highlighting the critical need for
postpyrolysis treatments, such as HDC.

3.3. Hydrodechlorination

3.3.1. Model Compound. The impact of catalyst loading,
reaction time, temperature, and catalyst reusability on HDC
over Pd catalysts supported on C and ZrO2 at 10 bar of H2 was
investigated and is presented in Figure 6. Chlorobenzene (100
mM) was selected as a model compound, as it is one of the
two primary chlorinated compounds present in the pyrolysis
oil of PVC-containing feedstocks.52 Figure 6a illustrates the
HDC as catalyst loading increases from 0.5% to 7.5% Pd/Cl
(mol %) at the mild conditions of 50 °C and 1 h. All catalysts
demonstrated increased HDC efficiency with rising catalyst
loading, peaking at 5% Pd/Cl (mol %). Beyond this point, the
HDC efficiency stabilized. Notably, the order of HDC
efficiency was found to be 5%Pd/C > 1%Pd/C > 0.5%Pd/
ZrO2 > 1%Pd/ZrO2, which aligns with the observed Pd
dispersion presented in Table 1.53

Moreover, the reaction time was evaluated for its effect on
the HDC reaction, varying from 15 min to 3 h, with a focus on
the performance of the catalysts 5%Pd/C and 0.5%Pd/ZrO2.
Initially, both catalysts exhibited low HDC (<20%) efficiency
at 15 min; however, their efficiency improved with longer
reaction times. In every time interval, 5%Pd/C consistently
demonstrated HDC efficiency higher than that of 0.5%Pd/
ZrO2, although the gap between the two catalysts began
narrowing after 2 h (Figure 6b).

Furthermore, the impact of temperature was investigated
across a range from room temperature (25 °C) to 150 °C for
the catalysts 5%Pd/C and 0.5%Pd/ZrO2 (Figure 6c). At room
temperature, 0.5%Pd/ZrO2 exhibited very low catalytic activity
(9%), while 5%Pd/C demonstrated a 40% HDC efficiency,
which was attributed to its higher Pd dispersion. However, as
the temperature increased to 150 °C, the higher cationic Pd
(Pd2+) content in the 0.5%Pd/ZrO2 catalyst (as detected by

Table 3. Catalytic HDC of Organochlorides over Pd Supported on C and ZrO2 (5% Pd/Cl (mol)) at 100 �C, 1 h, and 10 bar
H2
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XPS) became more dominant in driving the HDC process,
surpassing the impact of higher Pd dispersion in 5%Pd/C. The
two catalysts may differ in their reaction and adsorption kinetic
constants. At 150 °C, the surface of 0.5%Pd/ZrO2, which is
rich in Pd2+, is likely to facilitate the adsorption of more
chlorinated species than that of Pd/C, thus enhancing the rate
of the sequential reaction with adsorbed hydrogen atoms on
Pd0. This led to narrowing the performance gap and ultimately
reaching comparable HDC efficiency.

Catalyst deactivation remains a significant challenge,
especially given the high cost of precious-metal catalysts.
While Pd supported on C initially demonstrated relatively
higher HDC activity than Pd/ZrO2, after five cycles of reuse at
50 °C for 1 h (5% Pd/Cl (mol %)), the performance gap
between the two catalysts significantly narrowed (Figure 6d).
Initially, the HDC efficiency was 62% for 5%Pd/C, 51% for 1%
Pd/C, and 40% for 0.5%Pd/ZrO2. However, after five cycles,
these values declined to 25%, 23%, and 23%, respectively.
Although all three catalysts decreased, 0.5%Pd/ZrO2 exhibited
greater stability, with a smaller drop in efficiency from its initial
value than 5%Pd/C and 1%Pd/C. Moreover, it has been noted
that catalysts with a higher Pd0 content than Pd�+ (i.e., a lower
Pd2+/Pd0 ratio) tend to undergo a more rapid decline in
performance,43 which aligns with the XPS results (see Section
3.1). This can be ascribed to stronger Pd−ZrO2 interactions,
resulting from sufficient oxygen on the ZrO2 surface, which
made the Pd/ZrO2 catalyst more stable than Pd/C catalysts, as
indicated by the Pd2+/Pd0 ratio. This convergence highlights
the greater stability and resistance of the ZrO2-supported
catalysts. It has also been reported that ZrO2 exhibits greater
stability in the HDC reaction.54 Overall, it has been reported
that deactivation of Pd catalysts in HDC reactions can result
from surface chloride accumulation, metal particle growth, or
partial leaching, reducing the number of active sites and
catalytic performance.40,55

Τhe two-dimensional GC × GC-FID analysis (Section 2.2)
revealed that PVC pyrolysis oil is predominantly composed of
aromatics and a smaller proportion of aliphatic compounds.
The HDC behavior of Pd catalysts supported on C and ZrO2
using chlorobenzene as the model compound was discussed
earlier. To further assess the catalytic efficiency of a variety of
chlorinated compounds, 1,2-dichlorobenzene, 1-chlorodecane,
1-chlorohexane, 1-chloroheptane, 2,4-dichlorotoluene, and 1-
chloronaphthalene were selected, and the results are presented
in Table 3. These compounds represent both aliphatic and
aromatic chlorinated hydrocarbons.

The results indicate that Pd supported on C outperforms Pd
supported on ZrO2 with regard to HDC activity. Generally,
Pd/C has been shown to exhibit higher specific HDC activity
in liquid-phase reactions than Pd on oxide supports, primarily
because carbon’s superior adsorption capacity.56 Moreover,
based on the data presented in Table 3, it is evident that
aliphatic chlorinated compounds are easier to dechlorinate
than aromatic ones. In particular, cycloalkanes and aromatic
chlorinated hydrocarbons pose greater challenges for dechlori-
nation than aliphatic chlorinated hydrocarbons, primarily due
to their greater steric hindrance.25,57

3.3.2. PVC Pyrolysis Oil. In Section 3.2, the total chlorine
concentration in PVC pyrolysis oil was determined to be 316
ppm using GC × GC-AED. Therefore, the HDC reaction of
PVC pyrolysis oil was conducted using 1%Pd/C, 5%Pd/C, and
0.5%Pd/ZrO2 catalysts, all of which had demonstrated high

HDC (%) in the previous section on chlorinated model
compounds.

First, the impact of varying catalyst loading, expressed as mol
% of the active phase Pd, was investigated compared to the mol
% of chlorine in the oil, with reactions conducted at 100 °C for
3 h. Under these conditions, catalysts with a Pd/Cl (mol %)
ratio of 5, 1%Pd/C and 5%Pd/C, exhibited HDC values of
71% and 75%, respectively, whereas 0.5%Pd/ZrO2 demon-
strated a lower HDC of 49% (Table 4). A further increase to

7.5 mol % resulted in all catalysts achieving a similar HDC of
around 80−84%. Notably, while 0.5%Pd/ZrO2 initially showed
a lower HDC rate, its performance improved with increased
catalyst loading, eventually reaching the same level as the other
catalysts.

Additionally, the effect of reaction time was studied over a
range of 1 to 10 h (Figure 7a). Initially, with a reaction time of
1 h at 100 °C and a Pd/Cl mol % ratio of 5, the 5%Pd/C
catalyst showed the highest HDC efficiency at 67%, followed
by 1%Pd/C at 53% and 0.5%Pd/ZrO2 at 32%. This can be
attributed to the high surface area of the carbon support and
better dispersion of 5%Pd/C (Table 1). After 3 h under the
same conditions, the HDC values increased slightly, reaching
43% for 0.5%Pd/ZrO2, 68% for 1%Pd/C, and 73% for 5%Pd/
C. Notably, by extending the reaction time to 5 h, 0.5%Pd/
ZrO2 surpassed both C-supported catalysts, reaching an HDC
of 83%, while 1%Pd/C and 5%Pd/C showed slight improve-
ments with values of 69% and 77%, respectively. This
improvement emphasizes the time-dependent nature of the
HDC process and underscores the varying catalytic perform-
ances of the different Pd loadings on their respective supports.
Extending the reaction time to 10 h revealed no further
improvements in HDC (%), indicating that the process
reached a plateau after 5 h.

The influence of temperature on HDC performance was
investigated in the temperature range of 50 to 150 °C. At 50
°C, the 5%Pd/C catalyst exhibited a higher HDC efficiency
than the 0.5%Pd/ZrO2 catalyst, with HDC values of 59% and
34%, respectively. When the reaction temperature was set to
100 °C, the HDC efficiency for the 5%Pd/C catalyst improved
to 73%, while for the 0.5%Pd/ZrO2 catalyst, it increased to
43%. As the temperature increased from 100 to 150 °C, the
HDC efficiency improved for both 0.5%Pd/ZrO2 and 5%Pd/
C, reaching similar values of around 80%. For both catalysts,
the HDC of chlorobenzene as the model compound (Figure
6c) and the PVC pyrolysis oil (Figure 7b) followed the same
trend.

Finally, the effect of solvent exclusion on chlorine removal
was studied (Table 5). The results indicate that the HDC of
reactions conducted without decalin as a solvent was

Table 4. HDC Performance of 1%Pd/C, 5%Pd/C, and 0.5%
Pd/ZrO2 Catalysts at 100 �C, 3 h, and 10 bar H2, under
Varying Catalyst Loadings (Pd/Cl, mol %)�

catalyst Pd/Cl (mol %) HDC (%)

0.5%Pd/ZrO2 5 49
1%Pd/C 5 71
5%Pd/C 5 75
0.5%Pd/ZrO2 7.5 84
1%Pd/C 7.5 82
5%Pd/C 7.5 80

� PVC pyrolysis oil chlorine content = 316 ppm.
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consistently higher across all of the tested catalysts. This
improvement can be attributed to the increased partial
pressure of chlorinated compounds in the absence of the
solvent, which enhances the reaction rate of dechlorination.
This high HDC efficiency was mostly pronounced in 0.5%Pd/
ZrO2, while Pd/C catalysts only slightly improved. The results
suggest that excluding the solvent can achieve outcomes similar
to those obtained in longer reaction times or higher
temperatures, while also avoiding the additional cost associated
with solvent separation.

HYD is the most likely side reaction during HDC, typically
starting at temperatures around 50−100 °C, depending on the
reactivity of the hydrocarbon and factors such as the hydrogen
(H2) pressure and catalyst type. In this study, the pyrolysis oil
is mostly composed of aromatics, which are challenging to
hydrogenate because of steric hindrance. Nevertheless, a slight
HYD was observed.58 HYD is primarily attributed to PAH
hydrogenation. Quantitative GC × GC-FID data indicate that
naphthenoaromatics underwent HYD, as evidenced by a slight
reduction in their concentration and a corresponding increase
in the concentration of naphthenes. To conduct a more in-
depth analysis, specific examples such as C10-naphthalene and
C14-triaromatics were monitored (Figure 8). Their conversion
increased with longer reaction times and followed the order 1%
Pd/C > 5%Pd/C > 0.5%Pd/ZrO2. In the presence of 1%Pd/C
and 5%Pd/C, the conversion of the same di- and triaromatic
compounds reached approximately 80% and 70%, respectively.
In contrast, under similar conditions, their conversion over
0.5%Pd/ZrO2 did not exceed 30%. These quantitative results

are consistent with the qualitative observations, as the color
change shows the same trend. Table 6 illustrates both the
pyrolysis oil and the oil after the HDC reaction over three
catalysts (5% Pd/Cl mol %, 100 °C) at varying reaction times
from 1 to 10 h (Figure 7a). Although the color changed to
bright yellow, the carbon number equivalent of normal
paraffins (C-NP) values remained relatively stable, similar to
those of the PVC pyrolysis oil (Figure 4), since the
temperature was too low to affect the carbon number
distribution (cracking) significantly. The 1%Pd/C and 5%
Pd/C catalysts showed the highest HYD, while the 0.5%Pd/
ZrO2 catalyst exhibited the lowest. It is well established that
metallic Pd (Pd0) serves as the active site for HYD reactions,
owing to its ability to effectively dissociate hydrogen.59 XPS
results indicate lower Pd0 in 0.5%Pd/ZrO2, which explains its
reduced HYD activity. Given the high cost of H2, extensive
HYD is impractical for this aromatic-rich pyrolysis oil.
Therefore, the lower HYD activity of the 0.5%Pd/ZrO2
catalyst offers an advantage, as it promotes selective HDC
rather than excessive HYD.

Figure 7. HDC performance of 0.5%Pd/ZrO2 and Pd/C catalysts at 10 bar H2 under varying reaction conditions: (a) reaction time (	, h) and (b)
temperature (�, °C). PVC pyrolysis oil chlorine content = 316 ppm.

Table 5. Effect of Solvent Exclusion on HDC Performance
and TOF of 0.5%Pd/ZrO2, 1%Pd/C, and 5%Pd/C Catalysts
at 100 �C, 3 h, and 10 bar H2, under Varying Catalyst
Loadings (Pd/Cl, mol %)

catalyst
Pd/Cl

(mol %)

HDC (%)
PVC oil in

decalin

TOF (h−1)
PVC oil in

decalin

HDC
(%)
pure

PVC oil

TOF
(h−1)
pure

PVC oil

0.5%Pd/ZrO2 5 49 11.1 88 22.4
1%Pd/C 5 71 13.9 87 17.7
5%Pd/C 5 75 14.1 81 15.7
0.5%Pd/ZrO2 7.5 84 14.0 89 15.2
1%Pd/C 7.5 82 10.8 83 11.3
5%Pd/C 7.5 80 10.1 82 10.6

Figure 8. Comparison of PVC pyrolysis oil composition after the
HDC reaction [5% Pd/Cl (mol %), 100 °C] using 1%Pd/C, 5%Pd/
C, and 0.5%Pd/ZrO2 catalysts over various reaction times (1 h−10
h).
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4. DISCUSSION
Despite using pure PVC with 56.8 wt % chlorine, this study
demonstrated a significantly lower chlorine content (316 ppm)
in the resulting pyrolysis oil. In contrast, other researchers have
reported much higher chlorine levels, even when using only
small amounts of PVC in mixed plastic waste. For instance,
Lingaiah et al.60 found that pyrolysis of mixed plastic waste
containing 1% PVC resulted in pyrolysis oil with 1894 ppm of
chlorinated compounds. Furthermore, Lopez-Urionabarrene-
chea et al.26 performed both thermal and catalytic pyrolysis
(using ZSM-5) on municipal waste containing 3 wt % PVC,
reporting chlorine concentrations of 8000 ppm and 9000 ppm
in the pyrolysis oils, respectively. Gao et al.23 showed that
during copyrolysis, HCl from PVC reacts with radicals from
other polymers, increasing organochlorine formation in the oil.
As a result, chlorine in the liquid phase rose from 6.89% for
pure PVC to up to 25.99% for PVC + PET. This suggests that
the probability of forming chlorinated compounds in the final
pyrolysis oil increases when PVC is copyrolyzed with other
plastics, likely due to reactions between chlorine radicals (Cl•)
from PVC and the hydrocarbons or carbon radicals (CH•)
produced by the other plastics. Similarly, Li et al. investigated
the pyrolysis behavior and chlorine release of pure PVC,
reporting a final oil fraction containing tars with a chlorine
content of 0.08 wt % (800 ppm).61 As a result, this study
highlights that physically sorting PVC before pyrolysis could
significantly reduce the costs and challenges associated with
postpyrolysis processes, such as HDC, thereby making the
overall process more efficient and cost-effective for handling
mixed plastic waste.62

Two-dimensional gas chromatography (GC × GC) is a
powerful analytical technique for the detailed separation and
characterization of complex mixtures.63 In the study of the
two-stage pyrolysis of pure PVC in a semibatch reactor, GC ×
GC-FID identified a carbon number equivalent of normal
paraffins (C-NP) spanning from C6 to C20. This range
corresponds to a valuable combination of jet fuel (C8−C16)

and diesel (C12−C20).64 The pyrolysis oil is primarily
composed of aromatics, including monoaromatics, diaromatics,
naphthenoaromatics, triaromatics, and PAHs, along with
relatively lower amounts of paraffins and olefins. Moreover,
GC × GC-AED measured the total chlorine content in the
pyrolysis oil at 316 ppm.

HDC was initially conducted using chlorobenzene as a
model compound, revealing that for both Pd supported on C
and ZrO2, higher catalyst loadings (up to 5% Pd/Cl (mol)),
extended reaction times, and elevated temperatures signifi-
cantly enhance the HDC process. In all cases, Pd/C
consistently exhibited higher HDC efficiency than 0.5%Pd/
ZrO2, due to the higher dispersion (Table 1). Generally, the
ease of HDC of chlorinated compounds is influenced by the
stability of the C−Cl bond, following the order: olefins >
paraffins > naphthenes > aromatics.57 Since pyrolysis oil is a
complex mixture of different hydrocarbon types, predom-
inantly aromatics, various chlorinated compounds were tested
to better understand their reactivity (Table 4).

Due to its complex composition, including long-chain
hydrocarbons, HDC of PVC pyrolysis oil requires longer
reaction times and higher temperatures than model com-
pounds. These components may act as inhibitors, slowing the
process.65 Heat transfer and diffusion limitations further
reduce efficiency compared to simpler model compounds,
which react more predictably under milder conditions.66

Consequently, more energy and time are required to achieve
effective chlorine removal in real pyrolysis oil. PVC pyrolysis
oil underwent HDC reactions using 1%Pd/C, 5%Pd/C, and
0.5%Pd/ZrO2 catalysts. Similar to the model compound, Pd/C
catalysts showed better initial performance due to higher Pd
dispersion (Table 1), while 0.5%Pd/ZrO2 demonstrated the
same or slightly higher performance under more severe
conditions. The HDC activity of 0.5%Pd/ZrO2, which
exhibited a higher TOF of Pd active sites compared to that
of Pd/C, was attributed to the equal proportion of Pd2+ and
Pd0 (Pd2+/Pd0 = 1).

The elimination of decalin as a solvent resulted in a higher
HDC (%) at 100 °C over 3 h. Notably, under these moderate
conditions, HDC (%) remained within the same range as those
observed at increased temperatures or extended reaction times,
such as 150 °C or up to 5 h. Interestingly, although the
performance of both Pd/C catalysts and 0.5%Pd/ZrO2
increased, the exclusion of the solvent resulted in a sharper
enhancement for the 0.5%Pd/ZrO2 catalyst (Table 5).

Finally, for the three catalysts (1%Pd/C, 5%Pd/C, and 0.5%
Pd/ZrO2), the HDC of the PVC pyrolysis oil with an initial
chlorine content of 316 ppm achieved efficiencies in the range
of 82% to 89%. This limitation in achieving complete HDC is
mainly attributed to the complex composition of the real
pyrolysis oil, where heavy components can cause mass transfer
limitations and hinder the accessibility of chlorinated
compounds to the active Pd sites. While these results are
promising, they remain above the levels required by steam
crackers or refineries, which typically demand chlorine
concentrations below 3 and 10 ppm, respectively. Never-
theless, this pyrolysis oil can still be blended with conventional
petrochemical feedstocks or used in applications where this
chlorine level is acceptable, such as industrial or marine fuels,
thereby contributing to the circularity of PVC, the third most
common plastic.

In addition to chlorine-containing plastics, brominated
plastics represent a significant portion of waste from electrical

Table 6. Comparison of PVC Pyrolysis Oil before and after
the HDC Reaction [5% Pd/Cl (mol %), 100 �C] Using 1%
Pd/C, 5%Pd/C, and 0.5%Pd/ZrO2 Catalysts over Different
Reaction Times (1−10 h)
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and electronic equipment.67 Theoretically, the ease of breaking
the carbon−halogen bond varies by halogen, and based on C−
X bond strength, the order is C−I > C−Br > C−Cl > C−F.68

This variation in reactivity suggests that the catalysts employed
in the HDC of chlorinated pyrolysis oils may also be effective
for processing pyrolysis oils rich in bromine.

5. CONCLUSIONS
Two-step thermal pyrolysis of virgin PVC produced an oil with
a hydrocarbon boiling point distribution ranging from C6 to
C20. Despite the high chlorine content of the feed, two-step
thermal pyrolysis effectively removed most chlorine, yielding
oil with 316 ppm of Cl (GC × GC-AED). HDC was initially
conducted on chlorinated model compounds, where 5%Pd/C
and 1%Pd/C demonstrated superior catalytic activity com-
pared to 1%Pd/ZrO2 and 0.5%Pd/ZrO2; nevertheless, they
exhibited lower reusability. The better catalytic activity is most
likely due to the higher Pd dispersion (determined by H2-
TPD). In the case of PVC pyrolysis oil, the catalytic activity
followed a similar trend. Commercial 5%Pd/C and 1%Pd/C
exhibited higher initial HDC efficiency under milder reaction
conditions compared to homemade 0.5%Pd/ZrO2. In contrast,
at higher catalyst loadings (7.5 Pd/Cl mol %), extended
reaction times (5 h), and elevated temperatures (150 °C),
0.5%Pd/ZrO2 narrowed the performance gap and achieved
efficiency comparable to 5%Pd/C and 1%Pd/C. This improve-
ment can be ascribed to the formation of an equal proportion
of metallic (Pd0) and cationic (Pd2+) species, as confirmed by
XPS. The solvent exclusion also led to a similar HDC efficiency
for all three catalysts, maintaining a range of 82−89%. Next to
comparable HDC levels with commercial catalysts, 0.5%Pd/
ZrO2 proved to be more stable, and thanks to a lower extent of
hydrogenation, the PVC oil upgrading could be more cost-
effective.
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