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ylation of terephthaloyl chloride:
a dual versatile route to para-dichlorobenzene in
liquid and gas phases

Antoine Beuque, *a Marc-Olivier Simon,b Emmanuel Marx,b Jérémie Zaffran, c

Pierre de Frémont, c Sergio Mastroiannib and Stéphane Jeolb

Recent advances in innovative recycling technologies enable the efficient recovery of high-quality monomers

like terephthalic acid (TPA) from polyethylene terephthalate (PET) waste. Building on these advancements,

Syensqo aims to produce sustainable high-performance polymers, such as Ryton® polyphenylene sulfide

(PPS), using TPA as a starting material. To address this alternative, the double decarbonylation of

terephthaloyl chloride (TdCl), derived from TPA, to produce para-dichlorobenzene (p-DCB), a key monomer

of PPS, was evaluated. Two types of processes were assessed: liquid and gas phase decarbonylation. Both

approaches achieved a similar turnover frequency of ∼30 h−1 in p-DCB. In the liquid phase, the Wilkinson

catalyst RhCl(PPh3)3 allows the transformation of TdCl into p-DCB with a maximum yield of 90% obtained

under inert and solvent-free conditions in 4 hours at 220 °C. However, this route was hindered by the

formation of regulated by-products, raising environmental concerns. In the gas-phase reaction, Pd-based

catalysts were used, achieving up to 95% yield to p-DCB in 1 hour at 360 °C, with a total weight hourly

space velocity (WHSV) of 25 h−1. Switching the catalyst support from alumina to carbon significantly

enhanced the catalytic activity by promoting the formation of an active carbide phase and reducing catalyst

deactivation. Finally, a full manufacturing cost (FMC) assessment from TPA to p-DCB, covering variable

costs, fixed costs, and its environmental footprint, is reported.
Sustainability spotlight

This research is a collaboration between the industrial stakes of Syensqo and the academic expertise of the CNRS. The study explores alternative pathways,
derived from terephthalic acid, to produce para-dichlorobenzene, a key monomer of polyphenylene sulde, used in industrial applications. By optimizing
experimental conditions, reducing energy consumption, and minimizing chemical waste and impurities, this work directly contributes to the UN Sustainable
Development Goals (SDGs). It aligns synergically with SDG 8 (decent work and economic growth) and SDG 9 (industry, innovation, and infrastructure) by
fostering sustainable economic growth through open innovation and collaboration for industrial interests. This research advances more innovative and
environmentally conscious industrial solutions, contributing to a greener and more sustainable future for the chemical industry.
1. Introduction

The steady accumulation of plastic waste constitutes a signi-
cant environmental threat to ecosystems across the globe. Each
year, more than 350 million tons of plastic are produced,
generating more than 240 million tons of waste. Of this total,
only 16% of wastes are recycled, while the rest is incinerated
(25%), unmanaged (19%) or accumulated in landll (40%).1,2
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Polyethylene terephthalate (PET), widely used in packaging,
textiles, and beverage containers, represents approximately
10% of global synthetic plastic production.3,4 Estimates indicate
that PET plastics require several hundred years to fully degrade
in the environment through microbial activity, releasing toxic
volatile aromatic compounds (benzene, toluene, etc.). In this
context, recycling technologies have gained prominence to
address this substantial fraction of untreated waste.5–7

While mechanical recycling remains the most widely used
method for PET recovery, it faces major challenges including
the necessity for clean and uncontaminated feedstock. Thermal
and mechanical molecular degradation of polymer chains
during processing could also occur. Consequently, the quality
of recycled materials decreases with each recycling cycle, oen
reducing the performance in key properties, thus restricting the
potential applications of recycled PET.2–8
RSC Sustainability
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Fig. 1 Prior reports and our work on liquid and gas phase decarbonylation of aroyl chloride.
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To address this limitation, the use of controlled polymer
chain cleavage via chemical and biological post-treatments has
emerged as a promising solution, leveraging the presence of
labile ester bonds in PET.9,10 By depolymerizing PET into its
monomeric building blocks without causing molecular degra-
dation, this approach enables the reuse of the polymer with
minimal loss in quality.6,11

Various companies are developing pioneering processes to
recycle post-consumer PET waste into high-purity monomers.
Notable technologies include methanolysis (Loop Industries12

and Eastman Chemical13), glycolysis (Ioniqa Technologies14),
alkaline hydrolysis with UV activation (DePoly15), and enzyme-
based recycling (Carbios16).

Collectively, these technologies are expected to process
hundreds of millions of tons of post-consumer PET waste
annually, positioning TPA as an emerging, highly functional,
and valuable building block for a wide range of industrial
applications.

As part of its sustainability ambition, Syensqo is committed
to advancing the circular economy. This is ensured by
increasing its share of circular products and solutions in the
portfolio by 2030.17 Syensqo commercializes a high-
performance polymer from para-dichlorobenzene (p-DCB) for
RSC Sustainability
automotives and electronic applications—polyphenylene
sulde (PPS) Ryton® polymer.18

p-DCB is produced directly from chlorination of benzene
with a strong Lewis acid (FeCl3, AlCl3, .).8 This fossil-based
route involves numerous toxic chemicals, produces lot of
chemical wastes and requires further steps to separate the
isomers and purify the nal p-DCB.19

In this context, our approach focuses on developing more
sustainable synthesis pathways for p-DCB, enabling the
production PPS polymer in response to the growing demand for
sustainability. Specically, given the anticipated increased
availability of recycled terephthalic acid, the conversion of TPA
to p-DCB emerges as a particularly attractive approach.

To consider this alternative route to p-DCB, terephthaloyl
chloride (TdCl) derived from TPA was rst obtained. Subse-
quently, TdCl underwent two sequential decarbonylation steps
to yield p-DCB, releasing two moles of carbon monoxide (CO).
This double decarbonylation was identied as the key challenge
in the overall process and therefore constituted the primary
focus of our investigation. In our study, we assessed its feasi-
bility by using two different strategies: liquid phase and gas
phase reactions (Fig. 1).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The liquid phase decarbonylation of aroyl chlorides was re-
ported in the early 1960's by Blum et al. using the well-known
Wilkinson's catalyst, the rhodium(I) complex RhCl(PPh3)3.
They reported the monodecarbonylation of TdCl to 4-chloro-
benzoyl chloride (4-CBCl) with a notable yield of 79% under dry
and inert conditions, along with the formation of 5% of p-DCB.
The resulting intermediate 4-CBCl could be further converted to
p-DCB with a 79% yield using the same catalyst in a separate,
second step (Fig. 1), requiring a longer reaction time.20–23

Two decades later, the only example of heterogeneous
decarbonylation of aroyl chloride in the gas phase was reported
by Verbicky et al. Using a highly loaded palladium catalyst
(5 wt% on carbon), the decarbonylation of 4-CBCl in the gas
phase afforded an excellent 98% yield of p-DCB at 360 °C. It is
worth mentioning that the nature of the para-group drastically
impacts the catalytic activity with no evident correlation. As an
example, the decarbonylation of the nitrobenzoyl chloride
afforded only 7% of its chloro product under the same condi-
tions (Fig. 1).24

The routes previously reported only showed a limited scope
for aroyl chloride conversion to chlorobenzene derivatives,
solely focusing on the feasibility of the reaction using chloro-
benzoyl chloride derivatives as substrates. Furthermore, for the
liquid-phase reactions, critical procedural details like the
gradual and repeated addition of catalyst, multiple cycles of
reux heating, and distillation are intricately described.
Regarding the gas phase, essential parameters like the weight
hourly space velocity (WHSV) and gas feed composition are also
not reported (Fig. 1). Notably, these studies addressed only the
mono-decarbonylation of aroyl chlorides, leaving the double
decarbonylation unexamined. This lack of clear understanding
and the unexplored range of substrates prompted us to start
this study.

To address these missing points, we conducted a compre-
hensive study on the feasibility of the double decarbonylation of
terephthaloyl chloride, exploring both liquid and gas phase
catalysis.

First, the liquid phase decarbonylation of TdCl was investi-
gated in a simple one-pot reaction. Catalyst screening was
conducted to identify the most active catalyst. Then, the
experimental conditions of the reaction were optimized by
evaluating the impact of several experimental parameters,
including the catalyst amount and reaction time.

In the second part of this study, the gas-phase deca-
rbonylation of TdCl was carried out using two Pd-based cata-
lysts with different supports (alumina and carbon) at various
contact times. A subsequent kinetic study was realized,
revealing catalyst deactivation for both types of supports.
Characterization of the recovered spent catalysts provided
further insight into the possible in situ generation of the active
palladium phase and the mechanisms of catalyst deactivation.

2. Experimental
2.1. Liquid phase decarbonylation of TdCl

2.1.1. Materials. All purchased reagents were used without
additional purication unless otherwise indicated.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Terephthaloyl dichloride (purity > 99%) and the Wilkinson
catalyst, tris(triphenylphosphine)rhodium(I) chloride (purity >
99%), RhCl(PPh3)3, were purchased from Tokyo Chemical
Industry Co., Ltd.

Bis[tris(2-methylphenyl)phosphine]palladium(0) (purity >
97%), Pd[P(o-tol)3]2 (product number: 711071); tri-
s(dibenzylideneacetone)dipalladium(0) (purity > 97%), Pd2dba3
(product number: 328774); 2-(dicyclohexylphosphino)3,6-di-
methoxy-20,40,60-triisopropyl-1,10-biphenyl (purity > 98%),
BrettPhos (product number: 718742); 4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene (purity > 97%),
Xantphos (product number: 526460); and bis(1,5-cyclo-
octadiene)diiridium(I) dichloride (purity > 97%), [Ir(cod)Cl]2
(product number: 683094); rhodium on carbon, extent of
labeling: 5 wt% loading (product number: 206164), were
purchased from Sigma-Aldrich Co. LLC.

Triphenylphosphine (purity > 99%), PPh3Cl2 (product
number: L02502), was purchased from Thermo Fisher
Scientic Inc.

Due to the potential air-sensitivity of the purchased chem-
icals, they were stored inside the glovebox under an argon gas
atmosphere aer their purchase.

2.1.2. Experimental setup. The liquid phase catalytic
experiment was carried out in a reux setup under a N2 inert
atmosphere. A small round bottom ask of 5 mL volume was
connected to a condenser and placed in an oil bath for heating.
The outlet of the condenser comprised a valve directly con-
nected to an oil trap followed by a CO detector to monitor online
the CO production and take all the precautions necessary with
this toxic gas (Fig. S1). All experiments were performed neat.

2.1.3. Liquid phase catalytic reaction. The round bottom
ask was loaded with 1 g of TdCl, the desired amount of catalyst
(0.05–2 mol%) and the ligand (0–2 mol%) and placed inside
a glovebox. A small stirrer was also added. It was sealed and
transferred to the experimental setup. The liquid phase reaction
was carried out under solvent-free conditions. The setup was
initially purged with N2 using a Schlenk line connected to the
top of the condenser. The valve was opened. Aer purging the
system, the N2 ow was kept constant, and the round bottom
ask was quickly connected to the setup, making sure the joints
were sealed correctly and the valve was closed. Then, the outlet
of the condenser was connected to the oil trap and CO-detector,
and the valve was opened.

The reaction temperature was set at 220 °C, and the stirring
rate was set to 1000 rpm for 7 hours. TdCl melted around 80 °C.
Bubbling in the oil trap was observed around 200 °C, indicating
the release of CO. When no more CO was generated, the reac-
tion was considered complete. The setup was then cooled down
to room temperature and open to air. The crude reaction
mixture was dissolved in 25 mL of dichloromethane (DCM)
prior to GC analysis (CS25). Then, the solution was further
diluted by a factor of 50 in DCM prior to LC analysis (CD50).
2.2. Gas phase decarbonylation of TdCl

2.2.1. Materials. Prior to the reaction, 5 wt% Pd/Al2O3

purchased from Johnson Matthey (A302099-5) was compacted
RSC Sustainability
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under 3 tons of strain using a hydraulic press, crushed, and
sieved to obtain particles with an homogeneous distribution of
size (0.4–0.8 mm). 3.3 wt% Pd/C purchased from Johnson
Matthey as small extrudates (Ø = 1 mm × l = 3 mm) was
directly used.

2.2.2. Experimental setup. Due to the high melting point
(83 °C) and boiling point (259 °C) of TdCl, the gas phase deca-
rbonylation of TdCl faces initial technical challenges. To
remediate this issue, an Effi Microactivity FR 200 reactor from
Micromeritics was slightly modied by adding a bubbler inside
the hotbox, upstream of the reactor, to melt TdCl and bubble N2

through it to generate and transport its vapor (Fig. S2).
Preliminary calibration curves at different temperatures of

the hotbox were calculated for TdCl. Upon heating the hotbox at
200 °C under a N2 ow of 100 mL min−1, the average mass ow
of TdCl was 366 mg h−1 with a standard deviation of ∼10%
(Table S1).

Prior to the catalytic test, the thermal stability of the starting
material (TdCl) and intermediate (4-CBCl) was assessed using
differential scanning calorimetry (DSC) analysis under an inert
atmosphere up to 400 °C. No exothermic peaks were observed,
indicating thermally stable reagents (Fig. S3).

2.2.3. Gas phase catalytic reaction. A stainless-steel reactor
column with an inner diameter of 1 cm was loaded with the
required amount of catalyst (50–300 mg). A stainless-steel
bubbler was also loaded with 4 g of TdCl inside the glovebox
and transferred to the Effimicroactivity system. A nitrogen ow
of 100 mL min−1 at 1 atm was set to keep the catalyst and
substrate under an inter atmosphere.

The hotbox was heated at 200 °C, the reactor to the desired
reaction temperature (360 °C) and the external line at 250 °C.
When thermal equilibrium was reached, the N2-ow was op-
ened and set to 100 mL min−1 at 1 atm. A pressure gauge was
installed at the reactor inlet to monitor the pressure system
online. The total weight hourly space velocity (WHSV) was
between 25 h−1 and 150 h−1.

Aer 1 hour of reaction, the heating of the hotbox, reactor,
and external lines was stopped, and the hotbox was opened to
favor the rapid quenching of the reaction (5 min to reach 30 °C)
inside the boiler (below the melting point of TdCl). The
collection system can be disassembled for analysis of reaction
products collected in the Schlenk. The spent catalyst was also
recovered for analysis.

Similar to the liquid phase reaction, the crude reaction
mixture was dissolved in 25 mL of DCM prior to GC analysis
(CS25). Then, the solution was further diluted by a factor of 50
in DCM prior to LC analysis (CD50).
2.3. Product identication and quantication

In this study, a dual analytic method, gas/liquid chromatog-
raphy (GC/LC), was used. A GC was coupled with a ame ioni-
zation detector (FID) and a mass spectrometer (MS) detector.
The dissolved crude sample in 25 mL of DCM (CS25) was
analyzed using an Agilent 7890B GC equipped with an Agilent
CP7727: CP-Wax 58 FFAP CB capillary column of 30 m ×

0.25 mm × 0.25 mm dimensions. An optimized temperature
RSC Sustainability
program allowed the baseline separation of all compounds: the
column temperature was stable at 40 °C during 5 min. Then, it
was increased from 40 °C to 250 °C at a rate of 10 °C min−1, and
kept constant for 5 min.

In parallel, the diluted sample (CD50) was analyzed with an
Agilent 1260 LC innity instrument equipped with a C18
column of 5 mm × 4.6 × 250 mm dimensions. The LC was also
equipped with an evaporative light scattering detector (ELSD),
a mass spectrometer (MS) detector and an ultraviolet-diode
array detector (UV-DAD) to quantify the high boiling point
chemicals.

The mobile phase constituted a mixture of water with 0.1%
volume of formic acid and acetonitrile. The gradient was kept at
100% water for 1 min. Then, acetonitrile was added progres-
sively to reach a mixture of 70/30 (v/v) water/acetonitrile at
26 min. This concentration was maintained for 1 min. Aer-
ward, the concentration of water was decreased to 0% in 3 min.
This analytical method is performed at a constant temperature
of 40 °C. The analyses were conducted simultaneously using
a DAD (used for quantication) and a MS detector. The MS
permitted the verication of peaks identied by retention time
with the DAD and the identication of by-products.

The molar yield of the products and the conversion of TdCl
were calculated using calibration curves. Calibration curves
were constructed for each main component. Calibration curves
for TdCl and 4-CBCl were measured on the LC-UV-DAD. Cali-
bration curves for p-DCB, ClB and PCB-15 were measured on the
GC-FID (Fig. S4).

The turnover number (TON) and turnover frequency (TOF) of
p-DCB were calculated according to the following equations:

TON ¼ molðp-DCBÞ
mol of catalyst

(1)

TOF
�
h�1� ¼ TON

reaction time
(2)

2.4. Characterization of the spent catalysts

Coke amount was quantied with a SDT Q600 at a ow rate of
100 mL min−1 air up to 800 °C. Aer loading the thermogravi-
metric cell, the sample was rst kept for 30 min in a dry air
stream at room temperature. Then, it was heated with a rate of
2 °Cmin−1. Once the nal temperature was reached, the plateau
was held for 10 min.

Powder X-ray diffractograms were collected with an X'Pert3

Malvern Panalytical X-ray diffractometer with Cu Ka radiation
(l = 0.15418 nm), within a 2q range between 10° and 90°. The
scan rate was xed at 0.0167° s−1.

Dichloromethane (DCM) extraction of the spent catalyst was
performed at room temperature under stirring for 24 h in 50mL
of DCM in a closed ask. Aer ltration, LC analysis was per-
formed using the methodology described previously.

X-ray uorescence (XRF) data were recorded with a Malvern
Panalytical ZETIUM XRF elemental analyzer. The data were
analyzed using Omnian application, which is the standard-free
method for semiquantication.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00888c


Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 8
:2

4:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.5. Density functional theory calculations
(gas phase reaction)

Our calculations were carried out using the VASP 5.4 package
within the periodic density functional theory (DFT) framework,
employing the Perdew–Burke–Ernzerhof (PBE) exchange–
correlation functional and a plane-wave energy cutoff of 500 eV.
Gamma-centered k-point meshes were used, with a 5 × 5 × 1
grid for slab calculations and a 30 × 30 × 30 grid for bulk
calculations, following the Monkhorst–Pack scheme. The elec-
tronic convergence criterion was set to 10−6 eV for wavefunction
optimization, and the force convergence threshold for ionic
relaxation was 0.05 eV. All calculations were performed at 0 K,
without zero-point energy (ZPE) or entropy corrections. Pd,
Al2O3 (gamma phase), and C (graphite phase) surfaces were
constructed along the (111), (110), and (001) facet orientations,
respectively, based on DFT pre-optimized bulk structures
sourced from the American Crystallographic Database. Each
slab model has a thickness of approximately 6–8 Å, a unit cell
area between∼7× 7 Å2 and∼8× 8 Å2, and a vacuum spacing of
at least 15 Å along the z-axis to prevent interaction between
virtually replicated images. Only one surface type was simulated
for Pd and C, and one pristine surface was considered for Al2O3.
Additionally, for Al2O3 and C, all layers were allowed to relax,
whereas for Pd, the two bottom layers were frozen in a bulk-like
geometry. An isolated Cl atom was adsorbed onto each surface,
maintaining aminimal and consistent coverage in all cases. The
adsorption energy of Cl (Eads(Cl)) was computed according to
eqn (1), with the previously selected technical parameters
ensuring convergence within 0.05 eV. Structural coordinates for
all three surfaces are available in the SI.

Eads(Cl) = E(slab_Cl) − [E(slab) + 1/2E(Cl2(g))], (3)

where E(slab_Cl) is the energy of the slab with the Cl adsorbate,
E(slab) is the energy of the bare slab, and E(Cl2(g)) is the energy
of chlorine in the gas phase.
3. Results and discussion
3.1. Liquid phase decarbonylation of terephthaloyl chloride

3.1.1. Catalyst screening. The potential active catalysts for
the decarbonylation of terephthaloyl chloride in the liquid
phase was selected based on active catalysts previously reported
for decarbonylation reactions involving chloroaromatic deriva-
tives (Table S2): decarbonylation of chloro-aldehyde (79%
yield),25 decarbonylative cyanation of 4-chlorobenzoyl (96%
yield),26 decarbonylative cross-coupling of p-nitrobenzoyl (82%
yield),27 decarbonylative nucleophilic halogenation of 4-
chlorobenzoyl (85% yield),28,29 etc. The selected catalysts were
then evaluated for the double decarbonylation of TdCl to p-DCB
in the liquid phase.

The catalytic performance of the selected catalysts is
summarized in Table 1. Two main products were identied: the
mono-decarbonylated intermediate, 4-chlorobenzoyl chloride
(4-CBCl), and the di-decarbonylated product, para-dichloro-
benzene (p-DCB).
© 2026 The Author(s). Published by the Royal Society of Chemistry
As shown in Table 1, the previously reported RhCl(PPh3)3
complex (Wilkinson's catalyst, Table 1 – entry 1) was denitely
the most active catalyst. It achieved 74% yield in p-DCB with
100% of TdCl conversion.

All the other catalysts showed no catalytic activity toward p-
DCB, and the TdCl conversion was lower than 50% (Table 1 –

entries 2–5). These catalysts (Ir, Ni, and Pd) were only active to
produce a limited amount of mono-decarbonylated interme-
diate (4-CBCl). They appeared to lack the catalytic activity
required to promote the second decarbonylation step leading to
p-DCB.

Given that the Wilkinson catalyst demonstrated the highest
activity for p-DCB formation, a comparative experiment was
conducted using rhodium supported on charcoal (Rh/C) in the
liquid phase (Table 1 – entry 6), maintaining the same molar
substrate/metal ratio. In this case, the catalytic activity was
markedly diminished, with only 30% conversion of TdCl, and
merely trace amounts of p-DCB were detected. The heteroge-
neous Rh-based catalyst in the liquid phase produced ca. 9% of
the intermediate (30% selectivity). Similar to the Ir-, Ni-, and Pd-
based catalysts, Rh/C was insufficiently active to facilitate the
second decarbonylation step.

Based on the catalyst screening results, the Wilkinson cata-
lyst, originally reported in the 1960s for the mono-
decarbonylation of 4-CBCl to p-DCB, also exhibited the high-
est catalytic activity for the double decarbonylation of TdCl to p-
DCB. Hence, this catalyst was selected for further investigation
of the double decarbonylation reaction in the liquid phase.

3.1.2. Impact of the Wilkinson catalyst amount. Fig. 2
shows the product distribution and the calculated TON as
a function of catalyst loading aer 7 hours of reaction. The
catalyst loading was adjusted from 0.05 mol% to 2 mol%.

First, aer 7 hours of reaction, the TdCl conversion exceeded
95% when the catalyst loading was higher than 0.1 mol%. In
contrast, at a very low catalytic amount (0.05 mol%), the TdCl
conversion decreased to 86%.

From Fig. 2, it can be seen that adding a higher catalyst
amount will gradually enhance the selectivity toward p-DCB. At
low catalyst loadings (<0.05 mol%), considerable formation of
the mono-decarbonylated intermediate, 4-chlorobenzoyl chlo-
ride (4-CBCl), is observed, with its selectivity reaching 93%. In
the meantime, the yield of para-dichlorobenzene (p-DCB)
remains limited at 5.2%. By increasing the catalyst amount
from 0.05 mol% to 0.25 mol%, a signicant increase in the p-
DCB yield, from 5.2% to 58%, is observed. This is accompanied
by a decrease in 4-CBCl selectivity, from 92% to 40%. Further
increasing the catalyst loading to the range of 0.5–1 mol%
results in stabilization of the product distribution, with a p-DCB
yield of approximately 90% and a 4-CBCl yield between 5% and
8%. Surprisingly, at a higher catalyst loading of 2 mol%, a slight
decline in catalytic performance is observed, as evidenced by
a decrease in the p-DCB yield to 74% and an increase in 4-CBCl
selectivity.

Additionally, two minor by-products are identied: chloro-
benzene (ClB) and 4,4-dichlorobiphenyl (4,4-DClBP). Regardless
of the catalyst loading, the yield of 4,4-DClBP remains consis-
tently around ∼1%. A similar trend is also observed for ClB.
RSC Sustainability
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Table 1 Catalyst screening for the liquid phase decarbonylation of terephthaloyl chloride. Reaction conditions: 220 °C, 7 h, no solvent, 1 atm N2

and the catalyst amount was kept constant at 2 mol%

Entry

Catalytic system Catalytic performance

Catalyst

Ligand

Conversion (%)

Yield (%)

Name Amount (mol%) 4-CBCl p-DCB

1 RhCl(PPh3)3 — — 100 14.5 74.2
2 [IrCl(cod)]2 PPh3 4 30 1.1 0.1
3 Pd[P(o-tol)3]2 BrettPhos 2 46 4 ∼0
4 Pd2(dba)3 Xantphos 4 50 20 0
5 5 wt% Rh/C — — 30 9.1 0.3

Fig. 2 Product distribution and TON obtained as a function of
RhCl(PPh3)3 amount. Experimental conditions: 220 °C, 1 g of TdCl, 1
atm N2, 7 hours, no solvent. The calculated sum of the product yield is
considered as the conversion of TdCl.
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However, with an excess of catalyst amount (2 mol%), an
increased formation of chlorobenzene as a by-product
(3% yield) is quantied.

Due to the stable p-DCB distribution when the catalyst
loading exceeds 0.5 mol%, the p-DCB TON follows a bell-shaped
curve reaching a maximum of 310 for 0.1 mol% (Fig. 2).
However, as mentioned above, the decarbonylation of TdCl is
predominantly limited to the formation of the intermediate at
a low catalyst amount. In this case, the nal process would
require separation and recycling of the intermediate to be
further converted into p-DCB.

These results indicate that higher catalyst loading promotes
the second decarbonylation, which might be the rate-limiting
step of the reaction. Several reports also indicate that the
nature of the para group substituent on the aroyl chloride
signicantly impacts the catalytic performance. As an example,
one can note that the reported decarbonylation of benzoyl
RSC Sustainability
afforded 11% higher yield than the decarbonylation of 4-CBCl
under identical conditions.21,22

Based on these ndings, a catalyst loading of 1 mol% was
selected for further studies.

3.1.3. Kinetic study. To gain deeper insight into the
mechanisms involved in the formation of the desired product,
intermediate and by-products, a detailed kinetic study was
carried out. The reaction was initiated several times under the
exact same conditions and stopped at different reaction times to
quantify the obtained mixture.

During the early stages of the reaction, i.e., before 30 min,
TdCl is converted to the mono-decarbonylated product (4-ClBC)
with 100% selectivity, making this intermediate the primary
product of the reaction. Once its amount reaches an optimal
concentration, it undergoes further conversion into the di-
decarbonylated product, p-DCB. The latter appears aer 1
hour of reaction as the secondary product. Its selectivity
signicantly increases from 9% aer 1 h to 94% aer 4 h of
reaction. Aer 4 hours of reaction, the reaction seems to
stabilize, as the product distribution remains constant (Fig. 3).
Furthermore, the calculated turnover frequency (TOF) for p-
DCB is the highest aer 2 hours of reaction, reaching 30 h−1.

Regarding the formation of by-products, the yield of ClB
increases progressively, reaching 1.5% yield aer 7 hours. In
contrast, the yield of 4,4-DClBP seems to reach a maximum
value of ∼1% aer 4 hours of reaction. The formation of both
undesirable by-products (ClB and 4,4-DClBP) starts aer 2
hours of reaction, coinciding with a p-DCB yield of 77%. This
suggests that these by-products originated from the second
decarbonylation step, i.e., during p-DCB formation, probably via
parallel competitive mechanisms, such as C–H reductive elim-
ination and aryl–aryl C–C coupling, respectively.

From the kinetic study, two main steps were observed. First,
monodecarbonylation of TdCl formed 4-CBCl. The increase of
its concentration will initiate the second decarbonylation to p-
DCB. In more detail, the homogeneous decarbonylation of TdCl
occurs through 4 key fundamental steps: oxidative addition,
isomerization, CO dissociation and reductive elimination, as
proposed by Blum et al. (Fig. S5).22

However, this mechanism is still under debate due to
unclear by-product formation and the challenges associated
with the accurate characterization of the catalyst throughout the
reaction.30–32 As proposed by Ehrenkaufer, the formation of ClB
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Yields of 4-ClBC, p-DCB and TdCl conversion (a) and yields of ClB and 4,4-DClBP (b) as a function of the reaction time. Experimental
conditions: 220 °C, 1 g of TdCl, 1 mol% of RhCl(PPh3)3, 1 atm N2, no solvent.
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may result from the thermal degradation of the catalytic
complex at elevated temperature required for liquid phase
decarbonylation.32 Another suggestion involves the direct
hydrogen transfer from the ligand to the substrate. ClB can be
produced from side reactions between the ligand and the
organocatalytic complex, adding further complexity to the
mechanistic interpretation.

It should be noted that the 4,4-DClBP by-product is part of
the polychlorinated biphenyl (PCBs) family and is also denoted
as PCB-15. This group of chemicals has been banned by the
Stockholm convention in 2001 due to their adverse effects on
the immune system and persistence. The identication and
detection of this compound and the impossibility to totally
avoid its formation prompted the termination of research on
this route, as it constitutes an intractable technological bottle-
neck to scaling up the reaction.
Fig. 4 Product distribution and TON (p-DCB) obtained with Pd/C and
Pd/Al2O3. Experimental conditions: 360 °C, 366 mg h−1 TdCl, 100
mL min−1 N2, 1 hour, WHSV (25–150 h−1). The calculated sum of the
product yield is considered as the conversion of TdCl.
3.2. Gas phase decarbonylation of terephthaloyl chloride

Despite its high catalytic performance, the homogeneous
decarbonylation of TdCl suffers major challenges, including the
formation of traces of PCB-15 and issues related to catalyst
recyclability.33 To overcome these technological bottlenecks, the
gas phase decarbonylation of TdCl was investigated. To the best
of our knowledge, the double decarbonylation of TdCl in the gas
phase with heterogeneous catalysts has not been previously
reported in the literature, including in the reference work by
Verbicky et al.24

Prior to carrying out the catalytic tests, the thermal stability
of both the starting raw material and intermediate was assessed
by differential scanning calorimetry (DSC) under an inert
atmosphere up to 400 °C (Fig. S3). Additionally, to this thermal
analysis, blank experiments at 360 °C indicated no formation of
any products (Table S1). These results demonstrate that TdCl
remains thermally stable up to 400 °C under an inert
atmosphere.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.2.1. Catalyst screening: inuence of the catalyst support.
Two heterogeneous Pd-based catalysts were evaluated: 5 wt%
Pd/Al2O3 and 3.3 wt% Pd/C. Fig. 4 represents the product
distribution and p-DCB turnover number (TON) obtained with
both catalysts at various weight hourly space velocity (WHSV)
values, i.e., the catalyst amount is adjusted.

With 5 wt% Pd/Al2O3, the TdCl conversion reached only
∼30% for WHSV above 75 h−1. At a lower WHSV (25 h−1), i.e.,
higher catalyst loading, the conversion of TdCl increased to
68%. The monodecarbonylated product formed with high
selectivity (>96%), regardless of the WHSV. The remaining
fraction consisted exclusively of p-DCB, with a selectivity lower
than 4%. The TON (p-DCB) remained constant at ∼0.2,
regardless of the WHSV. The ndings indicate that the Pd/Al2O3

catalyst was active to complete the mono-decarbonylation of
TdCl to 4-CBCl, while the subsequent second decarbonylation
step was signicantly limited.
RSC Sustainability
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Fig. 5 Product distribution as a function of time on stream for (a) 5 wt% Pd/Al2O3 and (b) 3.3 wt% Pd/C. Experimental conditions: 360 °C, 366mg
h−1 TdCl, 100 mL min−1 N2, WHSV (75 h−1). The calculated sum of the product yield is considered as the conversion of TdCl.
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Remarkably, changing to a carbon support drastically shied
the reaction towards p-DCB formation. At a WHSV of 75 h−1, the
TdCl conversion improved compared to the alumina support
catalyst, exceeding 50%. p-DCB became the main product with
a selectivity of 64%. By increasing the catalyst amount, i.e.,
lowering the WHSV, complete TdCl conversion was achieved
with a high yield in p-DCB (94%) in 1 hour at 360 °C. The TON
(p-DCB) slightly increased from 32 to 40 as the WHSV was
reduced from 75 h−1 to 25 h−1, representing a 200 times
enhancement compared to the TON (p-DCB) achieved with the
alumina support (Fig. 4).

Additionally, it should also be noted that small amounts of
by-products were also detected with the Pd/C catalyst: chloro-
benzene (∼1%) and trichlorobenzene (TriCl: ∼0.5%). The latter
was formed by trans-chlorination of p-DCB at high
temperatures.34

The best catalytic performance at a WHSV of 25 h−1 was
reproduced four times to assess repeatability.

These results underline the critical inuence of the catalyst
support on the gas-phase decarbonylation of TdCl to p-DCB.
While the alumina support primarily afforded the mono-
decarbonylated intermediate (4-CBCl) as the main product, the
carbon support considerably enhanced the catalytic perfor-
mance, favoring the second decarbonylation step to produce p-
DCB. The highest calculated TON (p-DCB) was 40 over 3.3 wt%
Pd/C, corresponding to a TOF of 30 h−1, similar to the values
calculated during the liquid-phase decarbonylation.

3.2.2. Kinetic study. To further investigate the observed
gap in catalytic behavior, a kinetic study was conducted using
both catalysts. The reaction was carried out for 1 hour. Samples
were collected at 15 minute intervals and consequently analyzed
to gain deeper insight into the mechanism involved in the
reaction.
RSC Sustainability
Fig. 5 shows the product distribution as a function of the
time of stream for the two catalysts. For Pd/Al2O3, the initial
activity (at 15 minutes) decreased by half over the following 15
minutes, dropping from ∼69% to ∼30%. Aer 30 min, the TdCl
conversion remained constant. The selectivity for p-DCB
decreased from 4% at 15 minutes to 1% at 30 minutes. Only
trace amounts were detected aer 30 minutes (Fig. 5a). The rest
of the fraction constituted exclusively of 4-ClBC.

Similar trends were noticed with the Pd/C catalyst. The
initial activity at 15 minutes had been reduced by 30% in the
next 15 minutes, from ∼86% to ∼59%. Then, the TdCl conver-
sion continued to decline gradually, reaching 35% aer 60
minutes of reaction. The p-DCB selectivity also decreased from
79% to 50%, while the selectivity for the intermediate increased
correspondingly (Fig. 5b). For both samples, the loss of catalytic
activity and p-DCB productivity revealed catalyst deactivation.

According to the approach developed by Froment,35 the loss
of catalytic activity is related to different parameters (time on
stream, coke content, etc.) following semi-empirical laws. The

deactivation function, fk ¼ rA
r0A

is dened as the ratio between

reaction rates of the coked and fresh catalysts (eqn (4)) and its
time evolution (eqn (5)). This equation contains a deactivation
parameter at (min−1).36 Such a model does not consider the
experimental conditions.

fk ¼
rA

r0A
(4)

where fk: deactivation function, rA: reaction on the coked
catalyst, and r0A: reaction on the fresh catalyst.

fk(t) = exp(−at × t) (5)

where at: deactivation constant.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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This model was applied on the two Pd-based catalysts. The
tted deactivation constants are at (Pd/Al2O3) = 0.064 min−1

and at (Pd/C)= 0.033 min−1. This suggests that the deactivation
rate was two times faster on alumina compared to the carbon
support. Additionally, with regard to the low production of p-
DCB, the alumina support promotes the loss of catalytic activity.

3.3. Characterization of spent catalysts

To better understand the signicant differences in catalytic
activity and the deactivation mechanisms occurring during the
gas-phase decarbonylation of TdCl, both spent catalysts were
recovered at 1 hour aer quenching the reaction and further
characterized.

First, XRD measurements were performed to evaluate any
structural change of the catalysts during the reaction. Fig. 6
presents the XRD patterns for both catalysts, before and aer 1
hour of reaction. For the fresh and spent 5 wt% Pd/Al2O3,
similar patterns are observed with diffraction peaks at 2q ∼
31.5°, 37.5°, 46.5°, 60.4°, 67.5°, and 85° and attributed to (220),
(311), (400), (511), (440), and (300) planes of the g-Al2O3 phase
(JCPDS card no. 00-029-0063), respectively.37 This indicates that
alumina preserves its crystalline structure. Hence, no irrevers-
ible amorphization of the catalyst support occurs during the
reaction.

Additionally, a small peak at 2q ∼ 40.0°, characteristic of Pd
(111), appears on the fresh catalyst. This suggests the palladium
is not initially well dispersed. Aer the reaction, the intensity of
this peak markedly increases. Furthermore, a peak at 2q∼ 80.0°
corresponding to Pd (311) emerges during the reaction.38 The
emergence and intensication of these two peaks are charac-
teristic of the formation of larger Pd particles on the spent
catalyst, conrming Pd sintering on the alumina support during
the reaction (Fig. 6a).

A similar deactivation behavior was observed during the
decarbonylation of heptanoic acid over Pd/C. Davis et al.
demonstrated that at 300 °C, metal sintering occurs in the
Fig. 6 XRD patterns of the fresh and spent catalysts recovered after 1 h

© 2026 The Author(s). Published by the Royal Society of Chemistry
liquid phase reaction and in the gas phase reaction. Studies
showed that increasing the reactant concentration promote the
Pd sintering.39

Additional peaks at 2q ∼ 18.9°, 20.3°, 28.0°, 40.5°, and 53.0°
were also detected. They are characteristic of the presence of
aluminum hydroxide.40 For the spent 5 wt% Pd/Al2O3 catalyst,
the peaks associated with aluminum hydroxide disappeared.

Notable differences were observed when the catalyst support
was changed. For the fresh Pd/C catalyst, the two broad peaks
centered around 2q = 22° and 2q = 44° are characteristic of the
amorphous carbon support. The peaks identied at 40.1°, 46.6°,
68.1° and 82.4° correspond to the (111), (200), (220) and (311)
crystal plane diffraction peaks of the face-centered cubic
structure of Pd (JCPDS card, le no. 46-1043), respectively.38

Aer 1 hour of reaction, a slight shi of the characteristic
palladium peaks to lower 2q values was observed, suggesting an
increase in the interplanar spacing of the crystal lattice. This
shi may be attributed to a phase transformation by crystal
structure change or from lattice expansion caused by the
insertion of larger atoms into the Pd particles.41,42 Previous
studies have reported that a palladium carbide phase (PdCx)
formed when palladium was exposed to an atmosphere of
carbon monoxide and heated at temperatures higher than
350 °C.43

During the decarbonylation of TdCl over the Pd/C catalyst,
CO was released and underwent non-dissociative adsorption on
the palladium surface. Consequently, the elevated reaction
temperatures promoted the rapid CO dissociation over Pd,
leading to the incorporation of atomic carbon into the bulk
palladium phase which shied the Bragg reection to smaller
2q values.44 The in situ formation of the palladium carbide
phase was shown to promote both the adsorption and the
production of CO.45 This change of palladium phase was not
observed on the alumina support and might be the cause of the
lower catalytic activity on this support.
our of reaction for (a) 5 wt% Pd/Al2O3 and (b) 3.3 wt% Pd/C.
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Table 2 Amount of the total coke recovered on the spent catalyst and nature and amount of coke recovered during DCM extraction; N.D.: not
detected

Catalyst name

Coke on the spent catalyst aer the reaction DCM extraction

Mass before the reaction
(mg)

Mass aer the reaction
(mg)

Total coke
(wt%)

4-CBCl
(wt%)

p-DCB
(wt%)

5 wt% Pd/Al2O3 300 345 12.6a 0.4 N.D.
3.3 wt% Pd/C 300 327 8.2b N.D. 1.1

a Measured by TGA. b Measured with a precision balance.
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Further thermogravimetric analyses (TGA) were performed
to quantify the carbonaceous deposit, known as coke, on the
5 wt% Pd/Al2O3 catalyst. However, due to the characteristics of
the carbon support, TGA was not applicable to the Pd/C catalyst.
Instead, the amount of carbonaceous deposit on this catalyst
was determined by directly measuring its total mass aer
removal from the reactor using a precision balance.

From Table 2, based on direct measurement with a precision
balance, 8.2 wt% of coke was quantied on the carbon support.
On the alumina support, 12.6 wt% of coke was measured with
TGA analysis. As a matter of fact, the acid site generated by the
hydroxyl group of the alumina could lead to an acid-catalyzed
site reaction, generating coke by the polymerization reaction.
Thus, the hydroxyl groups are presumably recovered by accu-
mulated carbonaceous species side products that are strongly
adsorbed.39

The accumulation of carbon deposit on both catalysts could
be the cause of the observed catalyst deactivation by blocking
the access of the active sites.

To further investigate the chemical structure of the carbo-
naceous deposit, the spent catalysts were extracted with di-
chloromethane (DCM) at room temperature by simple stirring.
Aer extraction, the solutions were analysed by liquid chro-
matography. Table 2 presents the nature and the quantity of the
coke extracted.

For the Pd/Al2O3 catalyst, the DCM extraction revealed the
small presence of 4-chlorobenzoyl (4-CBCl). No p-DCB was
detected aer the DCM extraction. This suggests that the
intermediate is strongly adsorbed on the catalyst. The recovered
amount of 4-CBCl represents only 3% of the total coke, indi-
cating that the majority of the deposited coke is of different
nature. Several studies have shown that chlorinated compounds
could also lead to catalyst deactivation of Pd/Al2O3. During the
hydrodechlorination of chlorobenzene over Pd/Al2O3, deactiva-
tion of the metal center has been attributed to poisoning by the
generated HCl, although chlorobenzene (ClB) itself was not
detected as being adsorbed on the Pd particles.46 Other research
studies also indicate that ClB and benzoyl chloride could also be
adsorbed on g-Al2O3.47,48

In parallel, the weight loss identied by TGA reasonably
corresponds to heavy coke deposition that is impossible to
extract easily with DCM at room temperature, possibly due to
interaction with alumina hydroxide species.39
RSC Sustainability
From the XRD analysis and TGA, two deactivation mecha-
nisms were suggested for the Pd/Al2O3 catalyst: (i) palladium
sintering and (ii) heavy carbon deposition on the alumina
support. Typically, when chloroaromatic compounds were used
as starting materials, a similar deactivation pattern was also
noticed for Pd/Al2O3.49

Regarding the Pd/C catalyst, no 4-CBCl was detected aer
DCM extraction. Only 1.1 wt% of p-DCB was identied,
accounting for over 13% of the total weighed coke. Similar to
the Pd/Al2O3 catalyst, this indicates the presence of additional
carbonaceous species on the spent catalyst that are not
extractable under these conditions.

To gain further insight into the species deposited, particu-
larly on the active Pd/C catalyst, the fresh and spent 3.3 wt% Pd/
C catalysts were analyzed using the X-ray uorescence (XRF)
semi-quantitative methodology (Table S3). On the fresh catalyst,
only a small amount of Cl was noticed (∼0.2 wt%). Aer 1 hour
of reaction, the relative amount of Cl deposited on the catalyst
drastically increased, exceeding 10 wt%. On the spent catalyst,
the molar ratio Cl/Pd increased up to 8.5. Aer DCM extraction,
this molar ratio decreased to ∼6. This indicates that approxi-
mately 30% of the total adsorbed chlorinated compounds were
removed by extraction. These ndings suggest that, in addition
to the extracted p-DCB, a signicant amount of chlorinated
species remained strongly adsorbed on the catalyst.
3.4. Modelling

As we observed in our experimental tests, the catalyst support is
essential for its activity and selectivity. Although its precise
function in the chemical process is still not fully understood,
DFT computations can help clarify its role and offer valuable
insights into the reaction mechanism during the initial stages
of the reaction. Given the signicant impact of the support, it is
likely that the active site is located near the metal–support
interface, with both the metal and the support acting syner-
gistically. We propose the following mechanism: (1) initially,
a concerted step leads to the simultaneous cleavage in TdCl of
the C–C bond between the aromatic ring and the carbonyl
group, as well as the C–Cl bond between CO and Cl. This results
in the release of a CO gas molecule, while an aryl radical and
a Cl adatom are formed (see Fig. 7a). (2) Finally, the aryl radical
and the Cl adatom combine to produce 4-CBCl. This process is
then repeated with 4-CBCl to obtain p-DCB. While the aryl
radical generated in step (1) is likely to remain strongly
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic representation of the aryl radical intermediate at the metal/support interface with Cl coverage (a); DFT-computed adsorption
energies of Cl adsorbates on various types of surfaces (b).
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anchored to the edge of the metal particle, the Cl adatom may
undergo spillover depending on its affinity for the support.

According to our DFT calculations (see Fig. 7b), Cl is highly
unstable on graphite (Eads(Cl) = +2.58 eV, strongly endo-
thermic), less unstable on alumina (Eads(Cl) = +0.92 eV,
moderately endothermic), and essentially thermoneutral on Pd
(Eads(Cl) = +0.03 eV, athermic). While these results suggest that
Cl preferentially deposits on metallic sites rather than on the
support, the Cl coverage on Pd is expected to be much higher in
Pd/C than in Pd/Al2O3, since Cl adsorption is considerably more
unfavorable on graphite than on alumina. Therefore, the nal
chlorination step involved in TdCl transformation is facilitated
on Pd/C compared to Pd/Al2O3, as a denser Cl coverage is
present in the vicinity of the aryl radical intermediate, which is
adsorbed onto Pd. Recent DFT modelling also conrms that Al-
doped nanotubes greatly enhance the adsorption energies of
the ClB molecule caused by the electron donation from the Cl
atom to the Al atom to form an Al–Cl single dative bond.50

Altogether, these computational results account for both the
superior catalytic activity of Pd/C over Pd/Al2O3 and the faster
deactivation experimentally observed for Pd/Al2O3.
Fig. 8 Results for the whole LCA, gathered by 5 widely used cate-
gories (the smaller the surface, the lesser the impact).
3.5. Preliminary techno-economic assessment (TEA) and life
cycle assessment (LCA)

As part of the work, a techno-economic assessment (TEA) and
a preliminary Life Cycle Assessment (pre-LCA) of the process
under study were conducted from the block ow diagram pre-
sented in Fig. S7 (the detailed methodology is provided in SI,
part S.4). Briey, the process consists of three main sections: (i)
chlorination of TPA, (ii) decarbonylation of TdCl, and (iii)
purication of the resulting mixture to obtain p-DCB. Due to the
higher carbon footprint and price of rhodium (approximately 10
times higher than palladium)51 and the regulatory constraints
on the by-products generated in the liquid-phase route, the
FMC assessment was performed for the gas-phase
decarbonylation.

Beyond the overall FMC (Full Manufacturing Cost), the
methodology provides a detailed breakdown of costs and envi-
ronmental footprint by category (e.g., raw materials, energy,
waste treatment, or process complexity through depreciation).
Given the large production scale considered (10 kt per year),
both depreciation and xed operating costs remain within
© 2026 The Author(s). Published by the Royal Society of Chemistry
a reasonable range. The analysis therefore focuses primarily on
variable costs and the associated carbon footprint.

Under optimization of the gas phase decarbonylation, the
cost of producing p-DCB via the heterogeneous gas phase
reaction is about 5 times higher than the market price of p-DCB.
Regarding the global warming potential (GWP) ratio, it is also
about 3.5 times higher.

By category decomposition, raw materials represent
a substantial share of the overall operating costs, with particu-
larly signicant contributions from thionyl chloride and palla-
dium. By contrast, nitrogen (used as a carrier gas for
terephthaloyl chloride) has a limited cost impact when an
effective recycle loop is implemented. Utilities are generally
inexpensive, although their contribution to the overall carbon
footprint can remain non-negligible. Off-gas treatment, largely
driven by caustic scrubbing requirements (NaOH) needed for
the rst chlorination step, is identied as a major cost
contributor, whereas waste management costs are compara-
tively low once streams are neutralized.

The comparative preliminary LCA study (Fig. 8) highlights
that switching to a recycled feedstock (p-DCB ex-rTPA) does not
automatically translate into an overall more sustainable route.
This pattern suggests that the additional processing steps,
reagents, and emission control required to convert recycled TPA
into p-DCB can shi impacts rather than eliminate them,
making the net environmental advantage uncertain.
RSC Sustainability
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Fig. 9 Decarbonylation of terephthaloyl chloride into p-dichlorobenzene in liquid and gas phases.
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Consequently, despite the attractiveness of circular feedstocks,
this route appears challenging as a primary lever for improved
sustainability unless major hotspots (e.g., chlorination-related
inputs and off-gas treatment) are substantially mitigated and
conrmed through a full, ISO-consistent LCA with robust
system boundaries and allocation choices.

When the decarbonylation section is optimized, the subse-
quent chlorination step becomes the predominant driver of
both operating cost and environmental impact, mainly due to
the consumption of thionyl chloride and the need for off-gas
treatment (in addition to the baseline contribution from raw
materials).
4. Conclusion

In this study, we highlight that p-dichlorobenzene, a key
monomer in the synthesis of Ryton® polyphenylene sulde
(PPS), can be produced alternatively from terephthaloyl chloride
(TdCl) derived from TPA. Notably, this work provides evidence
that aroyl chlorides can undergo direct double decarbonylation
to yield dichlorinated aromatic compounds in both liquid and
gas phases via a “one-pot” process.

First, the liquid phase decarbonylation of TdCl was validated
using the Wilkinson's catalyst RhCl(PPh3)3. This catalyst
allowed the conversion of TdCl into p-DCB, achieving
a maximum yield of 93% under inert and dry conditions, in
neat, aer 4 hours at 220 °C. The best obtained TON and a TOF
in p-DCB were∼200 and∼30 h−1, respectively (Fig. 9). However,
this route suffers from the formation of trace amounts of 4,4-
dichlorobiphenyl, a highly regulated by-product from the family
of polychlorinated biphenyls (PCBs).

To remediate this issue, the gas phase decarbonylation of
TdCl was investigated using Pd-based catalysts. Two catalysts
were tested on different supports: alumina and carbon. With
5 wt% Pd/Al2O3, the reaction mainly produced the intermediate
(4-ClBC) with high selectivity (97%) and quickly deactivated due
to palladium sintering and heavy coke deposition.

By switching the catalyst support to carbon, a signicant
improvement in the catalytic performance was achieved. More
RSC Sustainability
than 95% yield of p-DCB was obtained in 1 hour at 360 °C with
a WHSV of 25 h−1. Under these conditions, TON–TOF = ∼30
h−1, similar to the liquid-phase pathway (Fig. 9). However, the
carbon-based catalyst also suffers from loss of catalyst activity. A
substantial amount of p-DCB and chlorinated compounds were
found adsorbed on the spent catalyst. Additionally, a signicant
structural transformation of the Pd particles was observed,
which may be associated with the formation of a reduced active
phase, PdCx.

Finally, a full manufacturing cost study of the overall process
from TPA to p-DCB highlights that variable costs and GWP are
largely driven by raw materials and off-gas treatment (Fig. 8).
Future work should prioritize reducing thionyl chloride
consumption (chlorination step), limiting palladium-related
burdens (regeneration step development), and minimizing the
cost and footprint of caustic scrubbing (NaOH) through
improved gas management and recycling strategies. Neverthe-
less, a substantial gap remains versus the current fossil-based
route to p-DCB, largely because petrochemical production
benets from highly integrated value chains (optimized energy
integration, extensive co-product valorization, and strongly
intensied, mature processes) and from comparatively low-cost,
readily available feedstocks.
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Therefore, only a single parameter of improvement or decrease,
called the X% factor, can be disclosed to support this study.
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