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Catalytic vapour phase hydrodehalogenation of
1,8-dichlorooctane over Pd@MIL-101(Cr)-NH,:

a step forward in MOF-based technologies
Raul M. Guerrero, (23 |gnacio D. Lemir, 22" Carlos Fernandez-Ruiz, 2 @°

Sergio Carrasco, (2 @ Patricia Horcajada, 2@ David P. Serrano, (2 ©¢
Yolanda Pérez (2) *3© and Patricia Pizarro (2 *Pd

Catalytic hydrodehalogenation (HDH) represents a promising strategy to remove halogens (Cl and Br) in
pyrolysis oils derived from halogenated plastic waste. Metal—organic frameworks (MOFs) offer a potential
alternative to conventional HDH catalysts due to their outstanding properties in terms of porosity and
surface area, thus allowing better dispersion of active phases. In this work, a Pd@MOF catalyst is studied
for the HDH of 1,8-dichlorooctane, selected as a model chlorinated organic compound, using a continu-
ous fixed-bed reactor under vapor phase conditions. A first screening for MOFs with different structures
and compositions evidenced a much better performance of those synthesized under microwave radiation
(UiO-66-NH, and MIL-101(Cr)-NH,) due to their smaller particle sizes that improved the surface-to-
volume ratios and reduced diffusional restrictions. Among these two MOFs, MIL-101(Cr)-NH, was
selected for the dispersion of Pd nanoparticles due to its superior catalytic stability over time on stream,
as compared with UiO-66-NH,. Using as a reference commercial catalyst (5 wt% Pd dispersed on Al,Ox),
a superior activity was observed over the Pd@MOF composite (100% conversion and almost full selectivity
to n-octane after 4 h), which was attributed to the confinement of well-dispersed Pd nanoparticles within
the MOF matrix, effectively preventing their agglomeration during the reaction, as confirmed by trans-
mission electron microscopy (TEM) analysis. Through the combination of different characterization tech-
niques such as active oxidative decomposition (AOD) combined with ion chromatography (IC), gas
chromatography coupled with mass spectrometry (GC-MS), and X-ray photoelectron spectroscopy (XPS)
analysis of the catalyst, we concluded that the released chlorine, from 1,8-dichlorooctane HDH, was
mostly retained in the PA@MOF catalyst. Interestingly, the composite was regenerated by in situ thermal
desorption and reused keeping the initial activity for 12 h.

1. We employed a continuous fixed-bed reactor operating under vapor phase conditions for the hydrodehalogenation (HDH) of alkyl halides as a representa-
tive of halogenated compounds which could be generated from the thermochemical conversion of plastic waste. HDH not only facilitates the recycling of

plastics but also reduces the formation of harmful by-products, offering a sustainable strategy for plastic waste valorization.
2. Using the synthesized PA@MIL-101(Cr)-NH,, catalyst, the HDH performance was significantly superior to that of the commercially available Pd@AI,O; cata-
lyst. The former exhibited nearly 100% selectivity towards octane and reduced CI content from 1000 ppm to below 20 ppm (within industrial fuel standards),

compared to 70% selectivity and 325 ppm for the latter. Notably, the high activity of the as-synthesized catalyst was maintained for the whole 12 h of reaction

time tested (8 h of continuous operation + 4 h after in situ regeneration).
3. The catalyst showed promising applicability for the dehalogenation of real pyrolysis oils obtained from halogenated plastic waste.
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1 Introduction

Halogens are present in a variety of commonly used plastics,
primarily as part of additives or within the polymer structure
itself. Their presence poses several environmental and health
issues," especially when these plastics are managed at the end
of their life cycle. This is of particular importance during
chemical transformation via pyrolysis of halogenated plastic
waste not suitable for mechanical recycling.” The resultant pyr-
olytic oils usually contain a variety of organic compounds and
halogenated species (mainly Cl- and Br-containing com-
ponents), requiring further upgrading treatments to meet spe-
cifications for valuable uses, such as in fuel formulations or
chemical production. Typically, pyrolysis oils derived from
halogenated plastic waste exhibit chlorine contents ranging
from 500 to 1000 ppm, whereas levels above 20 ppm are unac-
ceptable for petrochemical applications.>”® Moreover, several
challenges need to be faced for the post-processing of haloge-
nated oils, such as the potential formation of hydrogen
halides, which cause corrosion of equipment, the formation of
toxic compounds like dioxins or furans, and excessive energy
consumption, thereby increasing the cost of treatment.””®

In this context, research on catalytic hydrodehalogenation
(HDH) has gained increasing importance because of its huge
potential to be coupled in a cascade catalytic process for the
valorization of halogenated plastic waste into valuable
products.'®*? In HDH reactions, metallic catalysts such as pal-
ladium,® nickel,"* copper,'® platinum," and rhodium®® have
been commonly employed in the presence of hydrogen to
promote the cleavage of carbon-halogen (C-X) bonds, redu-
cing them to carbon-hydrogen (C-H) bonds with the sub-
sequent removal of the halogen. This process not only
enhances the recycling of plastics, but also reduces the for-
mation of harmful by-products, being a sustainable approach
for plastic waste valorization.

Current studies on HDH processes are centered on the
reduction and recycling of precious metals as active phases, as
well as on the development of catalyst supports that enhance
the physicochemical properties of the resulting materials,
thereby improving catalytic performance in terms of conver-
sion and full dehalogenation capacity. Among all metals, palla-
dium has traditionally been used as a reference in such reac-
tions due to its high catalytic activity and strong reductive
capacity. However, because of its high cost and limited avail-
ability, it is often used on commercially available supports,
such as Pd/C and Pd/AL,O;,"”"® with limited tunability of their
textural properties.

In line with the emerging trends of employing active sup-
ports instead of inert materials, metal-organic frameworks
(MOFs) have emerged as attractive and promising alternatives
for their use as catalytic supports.'®>' MOFs significantly
surpass conventional supports (e.g., carbon and alumina) in
terms of porosity and surface area, which allow efficient dis-
persion of active phases, thereby maximizing their exposition
to the reactive species.’””**> Additionally, their compositional
and structural versatility lead to a variety of interesting
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physicochemical properties, enabling a large extent of modifi-
cations.>® For instance, different functional groups (-NH,,
COOH, etc.) can be introduced to stabilize nanometric metal
colloids, facilitating their anchoring and preventing potential
leaching of the active phase.>” Additionally, encapsulation and
spatial confinement effects, provided by the porous nature of
MOFs, contribute to reducing poisoning, enhancing the stabi-
lity of these composites and, sometimes, leading to a synergis-
tic catalytic effect between the MOF matrix and the metal
nanoparticle.”® These aspects circumvent agglomeration and
extend the lifespan of such composites, broadening their
application scope.**?° In particular, composites of metallic
nanoparticles and MOFs have been extensively studied in a
wide range of catalytic applications, but reports on their direct
application in HDH reactions are scarce.”’* In 2012, Huang
et al.®® reported the evaluation of a composite based on two
Cr-MOFs as palladium supports (Pd@MIL-53 and
Pd@MIL-101(Cr)-NH,) for the HDH of a variety of aryl chlor-
ides, using a liquid-phase batch reaction system and an
aqueous solution of ammonium formate as a hydrogen source.
Very high yields, between 91 and 98% of dehalogenated pro-
ducts, depending on the aryl chloride composition, were
attained. Years later, Tong et al.*® synthesized and evaluated
Pd@UiO-66 in the HDH reaction, also focusing on haloge-
nated aromatic compounds as substrates and achieving com-
plete chlorine removal with 100% selectivity towards phenols.
The main contribution provided by these authors lies in the
development of a highly reactive material and the design of an
aqueous methodology to promote HDH. However, there are no
reported studies on MOF-based catalyzed HDH reactions using
alkyl halides, which could lead to valuable molecules, such as
hydrocarbon for liquid fuel production. Furthermore, the
abovementioned studies were all carried out in liquid-phase
batch reactors, with remaining unexplored fixed-bed reactors
under vapor phase conditions, which could provide important
insights about continuous operation modes and catalyst
deactivation.

In this context, we evaluate for the first time a composite
based on Pd nanoparticles and MOFs (Pd@MOF) as a HDH
catalyst in a continuous flow fixed-bed reaction system operat-
ing under vapor-phase conditions, in contrast to previous
studies performed in liquid-phase batch reactors. 1,8-
Dichlorooctane was selected as a model molecule to represent
halogenated organics which could be formed from plastic
waste pyrolysis.>’ Concerning the catalytic supports, four
MOFs with different structures and compositions were selected
exhibiting high porosity (see Table S1), ability to adsorb the
alkyl substrate a priori, and high thermal stability, compatible
with the HDH conditions (265 °C under H,/N,): (i) the meso-
porous chromium(m) aminoterephthalate MIL-101(Cr)-NH,
(2344 m?* g7, pore size = 21 and 26 A, accessible through
microporous windows of 12 and 14 A; thermal stability =
280 °C);*® (ii) mesoporous aluminum(m) trimesate MIL-100(Al)
(1539 m?* g™, pore size = 20 and 24 A, accessible through
microporous windows of 8 and 11 A; thermal stability =
450 °C);* (iii) mesoporous zirconium(wv) tetrakis(p-benzoate)

This journal is © The Royal Society of Chemistry 2025
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pyrene NU-1000 (1778 m* g™, pore size = 23 and 35 A; accessi-
ble via 14 A windows; thermal stability = 400 °C);*° and (iv) the
microporous zirconium(iv) aminoterephthalate UiO-66-NH,
(1035 m* g™, pore size = 13 A, accessible through triangular
apertures of 7 A; thermal stability = 410 °C).*! Furthermore, an
in-depth analytical study was conducted to establish an accu-
rate Cl mass balance, with particular emphasis on identifying
and detecting chlorinated species formed during the reaction.
Considering the above statements, this work highlights the
first use of MOF-based materials as a competitive class of cata-
lytic supports for HDH under continuous-flow conditions. Our
findings show their structural robustness, ability to stabilize
Pd nanoparticles, and effective performance under vapor-
phase operation over hours-on-stream. These results pave the
way for designing metal-MOF systems for detoxifying complex
halogenated streams from plastic waste valorization, advan-
cing scalable and sustainable purification technologies.

2 Materials and methods
2.1 Synthesis of catalysts

Synthesis of MOFs. Most MOFs used as catalysts in this
work were synthesized using previously reported methods:
MIL-100(Al),*® NU-1000,** and UiO-66-NH,,*" except MIL-101
(Cr)-NH,, whose preparation was slightly modified as
described below.

Synthesis of MIL-101(Cr)-NH,. The synthesis of MIL-101(Cr)-
NH, was done using a multimodal microwave instrument
(MMW, One Touch Technology Mars6 240/50) following a
method reported in the literature with slight modifications.*®
In this way, Cr(NO;);-9H,0 (600 mg; 1.5 mmol), 2-ATA
(272 mg; 1.5 mmol), and KF (236 mg; 4.71 mmol, used with
protection under fume hood in accordance with the Safety
Data Sheet guidelines) were dissolved in 15 mL of Milli-Q
water inside a 45 mL microwave Teflon-lined reactor. The
mixture was sonicated in the Teflon-lined reactor for a few
minutes, and then, magnetically stirred for 20 min.
Subsequently, the reactor was placed in a microwave oven, and
subjected to the following program: (i) heating from room
temperature to 175 °C, within 5 min; (ii) maintaining 175 °C
for 1 h (max. pressure: 14.0 bar, 15-20 W); and (iii) cooling
down to 60 °C, within 10 min under an airflow. The resulting
green suspension was washed with absolute ethanol (15 mL)
and Milli-Q water (15 mL) in a 50 mL plastic tube followed by
centrifugation (3%, 11500 rpm, 10 min). This was repeated
three times with fresh absolute ethanol (30 mL) under similar
centrifugation conditions. The material was dried at 100 °C for
12 h, obtaining a green powder (793 mg; 70 + 4% yield (n = 4)
on metal basis considering a molecular weight of the MOF of
764.40 g mol ). The space-time yield (STY) was estimated to
be 1268 kg m ™ day .

Synthesis of Pd@MIL-101(Cr)-NH,. To prepare Pd nano-
particles in MIL-101(Cr)-NH,, our previous protocol for the
synthesis of Pd@UiO-66-NH, in multimodal microwave
(MMW) was adapted,*’ which includes the wet impregnation
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of the metal precursor followed by an in situ chemical
reduction of the palladium salt. Briefly, the microwave
(MMW)-prepared MIL-101(Cr)-NH, (100 mg, 0.13 mmol) and
PdCl, were mixed (5 wt% theoretical Pd loading) in 10 mL of
Milli-Q water and stirred for 30 min in a Teflon-lined reactor.
Subsequently, 1 mL of a NaBH, solution (3 mg mL™" in
MeOH) was added dropwise under vigorous stirring for
20 min. The protocol included: (i) heating from 25 to 150 °C in
5 min, (i) maintaining 150 °C for 10 min (15-20 W), and (iii)
cooling to 60 °C using air. The composite was recovered by fil-
tration (nylon, 0.22 pm) and washed repeatedly with deionized
water.

2.2 Hydrodehalogenation (HDH) reaction tests

The HDH activity of the synthesized materials was evaluated in
the vapor phase using a model feed of 1,8-dichlorooctane
(1000 ppm of Cl) diluted in n-decane. The reaction system was
a down-flow stainless steel fixed-bed reactor (diameter of 1/2,
length: 25 mm), as illustrated in Fig. 1.

This HDH system consists of two main sections: the upper
part, where the catalytic bed is located and the hydrodechlori-
nation reaction occurs, and the lower part, where the reaction
products are condensed to collect the treated oil.

In a typical reaction, 270 mg of a catalyst is introduced into
the catalytic bed at a suitable height using a stainless-steel
tube, grids, and glass wool. Subsequently, the system is purged
with a N, flow with a mass flow controller (Bronkhorst El-
Flow). After the purge and just before starting the reaction, the
gas flow is switched to a mixture of H, + N, (25 mL min™" H,
and 25 mL min~' N,). At the same time, the temperature of
the catalytic bed (regulated by using a type K thermocouple)
gradually reaches 265 °C (4 °C min~" heating ramp). By means
of a back-pressure regulator (BPR), the reaction pressure is set
at 5 bar. Once the system is fully prepared to initiate the reac-
tion, the feed mixture is pumped by using an HPLC pump
(0.2 mL min™") to the top of the reactor where it mixes with
the H, and N, flow and vaporizes in the reactor inlet. The
vaporized feed goes through the catalytic bed where the
halogen is selectively removed via the HDH reaction. At the
exit of the reactor, the heavier compounds are condensed
using ice bags at 0 °C (fraction denoted as treated oil). Then,
the non-condensed gas stream passes through various bub-
blers at 0 °C containing a 0.1 M Na,COj; solution to capture
any HCI generated during the process. The remaining gaseous
products not captured in the previous stages pass through a
totalizer to measure the volume of gas produced during the
reaction and are finally collected in inert plastic bags for ana-
lysis. The reaction is maintained up to 4 h (treating 7 g h™*
feed). The condensed products and gas sampling bags are col-
lected at the end of every hour for their analysis. Absolute
errors were determined by the repetition of reactions under
identical operating conditions (see the SI for further
information).

Recyclability tests were performed using the most active
catalyst, and successive reactions of 4 h were carried out. In
total, two consecutive 4-hour cycles were conducted, amount-
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Fig. 1 Experimental setup for the catalytic HDH experiments.

ing to 8 hours of continuous operation under identical reac-
tion conditions. Finally, the reused catalyst underwent an
in situ regeneration process. After 8 h of reaction, the catalyst
was maintained at the reaction temperature under a continu-
ous flow of H, and N, for 3 h. This treatment facilitated the de-
sorption of the adsorbed species, the cleaning of the catalyst
surface, and its reactivation. The regenerated material was
tested in the subsequent reactions to assess its HDH activity
and catalytic performances.

3 Results and discussion

3.1 Screening of MOFs in the hydrodehalogenation (HDH)
reaction

The four selected highly porous MOFs were synthesized by
either solvothermal (NU-1000 and MIL-100(Al)) or microwave-
assisted methods (UiO-66-NH, and MIL-101(Cr)-NH,) and fully
characterized (PXRD, FTIR, TGA and N, sorption), confirming
their structural, compositional and textural properties, in
agreement with the previous reports (see Fig. S1-S3 and
Table $1).*'** Note here that TGA in air revealed that the pre-
pared MOFs had decomposition temperatures above 300 °C
(Fig. S4 and S5), which was consistent with the previously
reported values.>*™*' However, MIL-101(Cr)-NH, showed
slightly lower stability compared to those reported in the litera-
ture (280 vs. 320-350 °C).*®*> This difference could be attribu-
ted to the presence of both a small amount of released fluoride
ions, acting as fluxes,” and defects within the network, as
reported elsewhere.*!

While fluoride incorporation can enhance MOF catalytic
performance or modify structural features to improve active
site accessibility,’®*” it may adversely affect thermal stability.

Green Chem.
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Fluorine can form stable compounds with metal cations (e.g
chromium fluoride) or act as a counteranion (e.g. NH;'F7),
compromising the integrity of the MOF’s coordination frame-
work (further details in the XPS section below). In addition, it
can decrease the melting point and facilitate side reactions,
potentially leading to the structure collapse at lower tempera-
tures than that expected for pristine MIL-101(Cr)-NH,.*®*°
Additionally, N, adsorption-desorption isotherms (see Fig. S3
and Table S1) showed that the BET surface area (Sggr, 2344
m” ¢g7') was in the range of the reported values. However, the
pore volume (Vpogg, 1.24 cm® g™ ') was relatively smaller than
expected (1.63 cm® g7"),°° possibly because of incorporating F~
into the framework, this effect being especially notable in the
case of aminated polymers, as we have already reported else-
where.*® The modulator KF stabilizes the Cr;O nodes through
the coordination of F~ ions, which act as charge-balancing
ligands. Finally, the thermal stability of MIL-101(Cr)-NH, was
also examined by TGA under an inert atmosphere (Ar)
(Fig. S6). Here, we observed that degradation occurred above
300 °C, indicating the preservation of its stability at the HDH
reaction temperature (265 °C).

In the initial approach, the four selected MOFs were
screened and compared as catalysts for the HDH reaction of
1,8-dichlorooctane in n-decane corresponding to a Cl content
in the feedstock of 1000 ppm. The weight hourly space velocity
(WHSV) for the reaction was 0.38 h™", indicating the amount
of reactant (1,8-dichlorooctane) fed per hour and per gram of
catalyst. Fig. 2 shows the reaction results in terms of conver-
sion, selectivity and HDH degree for all materials tested after
1 h of reaction at 265 °C and with an equimolar flow of N, +
H,. In addition, a thermal blank reaction was carried out in
the absence of a catalyst as reference, corroborating a null con-
version of 1,8-dichlorooctane.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Catalytic HDH of 18-dichloroctane: conversion/selectivity
(plain/striped bars, respectively) and HDH degree (Dypy) over different
MOF catalysts: MIL-100(Al), NU-1000, UiO-66-NH,, and MIL-101(Cr)-
NH,. Reaction conditions: 265 °C, equimolar flow of N, + Hy, 1 h,
0.38h™

A clear difference of activity was observed depending on the
type of MOF used as a catalyst. Specifically, those obtained
through solvothermal methods (MIL-100(Al) and NU-1000)
exhibited lower activity, with conversions of 38 and 51%,
respectively, and Dypyy capacities below 55% in both cases. In
contrast, those MOFs synthesized under microwave radiation
(Ui0-66-NH, and MIL-101(Cr)-NH,) led to an almost complete
conversion (Fig. 2, green and blue) and HDH degrees of up to
82% in only 1 h. This significantly higher performance is
attributed to a reduction of the MOF particle size to the nano-
metric scale and the creation of defects (i.e. improving accessi-
bility of the chloride-containing compound to metal active
sites) by microwave methodologies in contrast to the typical
solvothermal synthesis methods.”" Indeed, MIL-101(Cr)-NH,,
prepared here under a new microwave method, showed a sig-
nificant reduction in particle size compared to other method-
ologies, as confirmed by transmission electron microscopy
(TEM, Fig. S7a). The obtained crystals exhibited a well-defined
octahedral morphology with sizes of 30 + 8 nm. In compari-
son, previously reported syntheses using monomodal micro-
wave and solvothermal methods yielded considerably larger
particles, with sizes of around 80 nm and 300 nm,
respectively.’®*>> On the other hand, while UiO-66-NH, exhibi-
ted a comparable particle size of 28 + 3 nm, MIL-100(Al) and
NU-1000 were considerably larger, with sizes of 650 + 110 nm
and 1.6 + 0.7 pum, respectively (see Fig. S7b-d). These results
highlight the efficiency of our adapted synthesis to produce
small particle sizes with enhanced catalytic activity. By control-
ling different synthetic parameters that affect polydispersity,
nucleation can be favored over crystal growth, resulting in
reduced particle sizes, as previously stated. Thus, these nano-
metric MOFs result in (i) higher surface-to-volume ratios,

This journal is © The Royal Society of Chemistry 2025
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exposing a greater number of active sites that are essential for
facilitating catalytic reactions, and (ii) improved diffusion kine-
tics of the reactant due to shorter inner path lengths.

In summary, both MMW-derived MOFs showed a high
Dyypy capacity: 78% for UiO-66-NH, and 82% for MIL-101(Cr)-
NH,. Although UiO-66-NH, achieves 100% conversion, it does
not fully eliminate the chlorine in the treated oil. Thus,
n-octane is the major product (79%), but the remaining 21%
corresponds to 1-chlorooctane. This partially dehalogenated
by-product accounts for a total Cl content of 211 ppm in the
oil. On the other hand, although MIL-101(Cr)-NH, exhibits a
slightly lower conversion (97%), its selectivity towards the fully
dehalogenated compound (n-octane) is higher, with a selecti-
vity of 84%. Thus, MIL-101(Cr)-NH, shows an excellent
capacity to remove chlorine from the halogenated substrate. As
a result, the oil treated with this MOF contains the lowest
amount of chlorine (184 ppm, in the form of 1,8-dichlorooc-
tane and 1-chlorooctane).

3.2 HDH reaction using MIL-101(Cr)-NH, and UiO-66-NH,
catalysts

After identifying the two most promising catalysts, the reaction
time was extended from 1 to 4 h to evaluate their performance
along the time on stream and determine which material has
greater potential for future studies (Fig. 3 and Table S2). While
both MOFs exhibited similar activities during the first hour of
reaction, UiO-66-NH, suffered a progressive decrease both in
conversion and selectivity to n-octane during the following 3 h,
reaching values of 69% and 56%, respectively. This material
was unable to achieve complete dehalogenation of the initial
molecule, 1,8-dichlorooctane, predominantly producing the
intermediate by-product, 1-chlorooctane (75%), by the end of
the reaction. In contrast, MIL-101(Cr)-NH, maintained a con-
version of nearly 100% and about 90% selectivity towards

Conversion of Ui0-66-NH,
Conversion of MIL-101(Cr)-NH,

Selectivity to n-octane
Selectivity to n-octane

100 4 100

80 - 80
5 604 F60 >
e =
o ©
£ 40 F40 2
@]
O [7p]

20 L 20

0 T T T T 0
1 2 3 4
Time (h)

Fig. 3 Catalytic HDH of 1,8-dichloroctane: conversion and selectivity
to n-octane obtained over UiO-66-NH, and MIL-101(Cr)-NH, catalysts
during 4 h of time on stream. Reaction conditions: 265 °C, equimolar
flow of N + Hp, 0.38 h™,
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n-octane, achieving almost complete hydrodechlorination of
the treated oil after 2 h. Longer reaction times did not signifi-
cantly affect the conversion but led to a decrease in the HDH
capacity, with the selectivity to n-octane becoming comparable
to that of UiO-66-NH,. Both MOF catalysts were analyzed by
TEM and XRD techniques to check their structural stability
after 4 h of reaction. TEM (Fig. S8) images revealed partial
agglomeration of the MOF nanoparticles in both cases. XRD
(Fig. S9) patterns confirmed the preservation of the crystalline
structure, although a peak-broadening effect was observed,
more severe in the case of UiO-66-NH, and consistent with a
different pore content and/or partial amorphization.

The difference in catalytic activity between MIL-101(Cr)-NH,
and UiO-66-NH, can be attributed to a number of parameters,
such as their distinct textural properties, the Lewis acidity
strength of the metal centers, the Brgnsted acidity of -OH
bridges, the presence of fluoride atoms, and/or the possible
defects generated during microwave-assisted synthesis®>°
(see Table S3). Note here that: (i) MIL-101(Cr)-NH, has a sig-
nificantly higher BET surface area than UiO-66-NH, (2344 vs.
1034 m* g~'), which means more availability of active sites and
better interaction with reactants; (ii) the pore volume of
MIL-101(Cr)-NH, is also notably larger (1.24 vs. 0.34 cm?® g™%),
enhancing the diffusion of reactants within the material and
accelerating the removal of products, both being critical
factors for good catalytic performance; (iii) although the metal
ion (Zr*") in UiO-66-NH, exhibits stronger Lewis acidity than
the metal ion (Cr*") in MIL-101(Cr)-NH,, the presence of fluor-
ide in the latter can enhance its catalytic activity, since fluoride
groups increase the acidity of the metal active sites,”” making
them more effective in promoting catalytic reactions; and (iv)
the highest concentration of defects in MIL-101(Cr)-NH, (33%
vs. 20% missing linkers for MIL-101(Cr)-NH, and UiO-66-NH,,
estimated by TGA, see the SI),>**° which is one of the key
factors to explain the better performance of MIL-101(Cr)-NH,,
since these defects create additional active sites, improving the
material’s ability to interact with the reactants.®”®' Thus, the
missing linker defects result in a higher density of coordina-
tively unsaturated sites (CUS) in MIL-101(Cr)-NH,, which serve
as additional active centers for the adsorption and activation
of chlorinated compounds, significantly enhancing its catalytic
efficiency compared to UiO-66-NH,.

It is crucial to emphasize that, in comparison with other
studies in vapor phase, where catalysts are MOF-derived metal-
carbon composite materials, MIL-101(Cr)-NH, emerges as a sig-
nificantly more effective catalyst for the HDH of alkyl halides.
For example, as reported by Ning et al,*® with Ni-MOF-74-
derived catalysts, after undergoing pyrolysis and carbonization,
the material achieved a maximum conversion of only 70% in the
hydrodechlorination reaction of 1,2-dichloroethane. In contrast,
MIL-101(Cr)-NH,, achieved an outstanding conversion, showing
that MOFs can serve as efficient catalysts in their pristine form,
without requiring thermal degradation to oxides or carbon com-
posites. According to the catalytic results and the characteriz-
ation analysis, MIL-101(Cr)-NH, was selected as the most prom-
ising catalyst for a more in-depth study.
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3.3 HDH reaction using the PdA@MIL-101(Cr)-NH, composite

MOF MIL-101(Cr)}-NH, was loaded with Pd(u) in order to
enhance its HDH performance. Imbibed cations were rapidly
reduced in a further step via microwave radiation in the presence
of NaBH, as a reducing agent, following our previously reported
method.** While the theoretical Pd content was 5 wt%, the
actual loading determined by ICP-OES was 4.3 + 0.2 wt%. This
deviation was attributed to minor losses of Pd cations during the
impregnation step, a common occurrence in wet impregnation
protocols. XRD analysis revealed that the structure remained
unaltered after Pd loading and reduction (Fig. S10a). On the
other hand, the absence of characteristic palladium peaks at 20 =
40°, corresponding to the (111) plane, suggested the formation
of small and well-dispersed Pd nanoparticles within the MOF
porosity/framework (<4 nm).®* To assess the thermal stability of
the Pd(4.3%)@MIL-101(Cr)-NH, composite, variable-temperature
X-ray diffraction (VI-XRD) analysis was performed. This tech-
nique was chosen to monitor the structural integrity of the MOF,
as well as to observe the behavior and evolution of the Pd nano-
particles (Pd NPs) within the material at increasing temperatures
(from 30 to 370 °C) under an inert atmosphere (Fig. S10b). In the
plot, the green spectrum represents the crystallinity of the com-
posite at 270 °C, close to the reaction temperature (265 °C),
showing that the material remained unaltered, in agreement
with the TGA (Fig. S6), indicating that the reaction environment
does not affect the stability of the composite, further supporting
the observed thermal behavior. Above 300 °C, a significant loss
in crystallinity was observed as the organic part partially decom-
posed, allowing Pd NPs to agglomerate as deduced from the
increase in the intensity of the peak at 40°.

TEM images (Fig. 4c and d) indicated that the morphology
of the MIL-101(Cr)-NH, crystals remained unchanged after the

Fig. 4 TEM images of the pristine MOF MIL-101(Cr)-NH; (a and b) and
the composite Pd@MIL-101(Cr)-NH, (c and d).

This journal is © The Royal Society of Chemistry 2025
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in situ reduction of the Pd NPs (as single sites and nano-
clusters).** The Pd NPs were finely and homogeneously distrib-
uted within the MOF matrix, as confirmed by the mapping
analysis (Fig. S11), with a mean size of 2.3 + 0.6 nm (see the
histogram in Fig. S12). Note that the diffraction limit in con-
ventional diffractometers (Cu K-a) for Pd NPs is 2-3 nm,* sup-
porting the absence of diffraction peaks in Fig. S10a and the
particle size found herein. Also, after Pd loading, the textural
properties exhibited a noticeable decrease (Fig. S13 and
Table S4), with a reduction in the surface area Sger = 1391 m?>
g~ (Fig. S13a) and pore volume across the different pore types
(Fig. S13b), which can be attributed either to the incorporation
of Pd NPs within the MOF matrix and/or onto its external
surface, hampering the accessibility of the gas probe during
sorption measurements.

Finally, the oxidation states of the elements comprising the
catalysts, MIL-101(Cr)-NH, and Pd@MIL-101(Cr)-NH,, were
analyzed by X-ray photoelectron spectroscopy (XPS). The survey
spectra in Fig. 5a display the main elements (Cr, O, N, and C)
corresponding to the primary components of the MOF. The Pd
3d signal was observed exclusively in the PA@MIL-101(Cr)-NH,,
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composite and could be deconvoluted into four peaks (see
Fig. 5c). The two most intense Pd 3ds, and Pd 3d;/, peaks at
337 and 343 eV corresponded to the formation of Pd°*"°
while the two smaller peaks at 338 and 344 eV were ascribed to
Pd>*. This confirmed the formation of Pd° nanoparticles and
suggested a slight surface reoxidation process of the Pd NPs
under ambient conditions.®® However, this is not a significant
issue, since during the HDH reaction (H,, 265 °C), which takes
place in the presence of H,, any residual Pd*" is expected to be
fully reduced to Pd’ ensuring a proper formation of active
nanoparticles for catalysis. Additionally, the N 1s peak, present
in both the MOF and the composite, Fig. 5b, shows notable
differences. Firstly, the peak in the composite is slightly
shifted to higher binding energy values (400 eV) compared to
that of the parent MOF (398 eV), suggesting a change from the
electron density by possible interactions between the amine
groups (-NH,) of the MOF ligand and the Pd NPs.*” Moreover,
in the case of the parent MOF sample, the N 1s signal can be
deconvoluted into two peaks: a more intense one corres-
ponding to the -NH, groups and a weaker one corresponding
to the ammonium ions (-NH;'). As mentioned above, this
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Fig. 5 XPS spectra of MIL-101(Cr)-NH, and Pd@MIL-101(Cr)-NH,: (a) survey, (b) N1s region and (c) Pd 3d regions.
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could be ascribed to the use of KF as a modulator during the
MOF synthesis, resulting in a substantial amount of fluoride
ion species (also observed in the MOF survey, F1s) being
retained in the ammonium ions. However, after the composite
synthesis, the F1s peak completely disappeared (Fig. 5a), and
only the band corresponding to the -NH, groups was
observed, indicating that the Pd incorporation process success-
fully removed any trace of the halogen.

The HDH performance of Pd(4.3%)@MIL-101(Cr)-NH, was
evaluated and compared to the commercial Pd(5%)/Al,0; cata-
lyst, used here as the reference. Fig. 6a compares the results
along 4 h of the reaction in terms of conversion and selectivity
to n-octane. As can be observed, the MOF composite exhibited
an excellent performance, with a very stable conversion of
100% during 4 h.

In comparison, the commercial catalyst also achieved
notable conversions under similar reaction conditions, but
slightly lower. The most significant difference lied in the
selectivity to dechlorinated products: while the commercial

Selectivity to n-octane
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Fig. 6 Catalytic HDH of 1,8-dichloroctane: evolution with time of (a)
conversion and selectivity to n-octane and (b) Cl concentration in the
treated oil and HDH degree, for the catalysts Pd(5%)/Al,03 and Pd(4.3%)
@MIL-101(Cr)-NH,. Reaction conditions: 265 °C, equimolar flow of N, +
H, 0.38 h™%
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catalyst reached values close to 70% n-octane selectivity, Pd
(4.3%)@MIL-101(Cr)-NH, maintained this parameter close to
100%. Regarding the Dypy degree, Fig. 6b shows that during
the first hour of the reaction, the composite achieved 100%
HDH, resulting in a null chlorine concentration in the treated
oil. In contrast, the oil treated with the commercial catalyst
contained 325 ppm. After 4 h of reaction time, the composite
maintained chlorine levels in the treated oil below 20 ppm, sig-
nificantly outperforming the commercial catalyst.

During the reaction with the commercial catalyst, Pd(5%)/
Al,O3, Pd NPs tended to agglomerate and grow, reducing their
catalytic activity (see Fig. S14b). In contrast, the MOF compo-
site not only showed intrinsic active species in their metal
centers, but also possessed a high specific surface area and
porosity, providing a matrix to confine and protect Pd NPs.
These aspects allowed for better dispersion and a more con-
trolled growth of Pd nanoparticles, preventing their aggrega-
tion and thereby enhancing the catalytic activity of the MOF
material in an effective manner (Fig. S14c).

Given the scarce literature on MOF-based catalysts under
vapor-phase HDH in continuous flow, additional comparisons
were made with other carbon-supported Pd systems (Pd/C, Pd/
CS, and Pd-Au/C), which share similarities with the commercial
Pd/Al,O; used as a benchmark in this study. In this context, it is
noteworthy that the Pd/C catalyst prepared by Liu S. et al®®
showed a good conversion for the HDH of dichloromethane.
However, even under extended operation, the selectivity towards
the fully dehalogenated product (methane) remained around
78%, with the formation of by-products such as ethane (C,Hg),
propane (C;Hg), and methylchloromethane (MCM). On the other
hand, the Pd/CS catalysts (Pd supported on CeO,-Sm,0j;) syn-
thesized by Arevalo-Bastante et al.®® for the dehalogenation of
trichloromethane and dichloromethane achieved low rates of
conversions of 50 and 60% even during high time on stream
operations, with selectivities around 80 and 38% for methane,
respectively. This highlights the limitations of these catalytic
systems in sustaining high catalytic efficiency over time, making
them less suitable for long-term HDH applications.
Furthermore, other studies conducted under mild reaction con-
ditions, even employing bimetallic catalysts, often fail to provide
remarkable selectivity values, limiting their viability for sustain-
able fuel production. For instance, Bonarowska et al.”® reported
that a Pd-Au/C catalyst used for the hydrodechlorination of tetra-
chloromethane achieved high conversion values of 90%, but
only with a 17% selectivity towards fully dehalogenated pro-
ducts. In contrast, our PA@MIL-101(Cr)-NH, system not only
achieved exceptional conversion and nearly complete selectivity,
but also maintained a long-term performance under realistic
HDH conditions. In this regard, it is important to highlight that
the model feed employed in this study contains 1000 ppm of
chlorine, a concentration that reflects the typical halogen
content found in pyrolysis oils derived from halogenated plastic
waste such as municipal residues or end-of-life vehicle (ELV)
plastics. Typical values range from 500 to 1000 ppm,** whereas
values above 20 ppm are unacceptable for its use in petrochem-
ical plants.>® Thus, the use of 1000 ppm Cl provides a techni-
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cally relevant and representative benchmark for evaluating HDH
catalyst performance, especially in terms of stability, activity, and
selectivity under challenging but industrially realistic conditions.
According to these results, the PdA@MIL-101(Cr)-NH, catalyst
showed not only outstanding catalytic efficiency and robustness,
but also clear potential for application in the upgrading of halo-
genated pyrolysis oils toward cleaner fuel production.

3.4 0il dehalogenation, halogen distribution, and
mechanism

In order to verify the closure of the overall mass chlorine
balance and to assess how it is distributed in the different frac-
tions attained after the hydrodechlorination reaction, the
gaseous, liquid, and solid fractions were analyzed for the cata-
Iytic tests carried out with MIL-101(Cr)-NH, and PdA@MIL-101
(Cr)-NH, using the model feed corresponding to 1000 ppm of
CL

In the case of the gas fraction, it was collected during the
4-hour reaction period and analyzed by GC-ECD, but no chlori-
nated species were detected. In a similar way, the aqueous
solution taken from the bubblers, where chlorine released
during the reaction should be retained as HCI, typically
showed minimal detectable amounts of chlorine by IC. The
treated oils, as discussed in the previous sections, showed that
the MOF and the PA@MIL-101(Cr)-NH, composite had excel-
lent HDH capacity, with low amounts of chlorine detected in
this fraction of the product. Thus, the only remaining com-
ponent where CI could be accumulated was the used catalyst.
As reported in other studies,””" the catalyst with a high deha-
logenation capacity can act also as a trap, capturing the pro-
duced chlorides and preventing them from being transported
to the bubbler or reaching the gas bags. This result was con-
firmed through the XPS and TG/DTG analyses of the used cata-
lyst (see Fig. 7 and Fig. S15).
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Comparing the fresh and used catalyst, XPS spectral survey
of the composite material after 4 h reaction time (Fig. 7a)
exhibited CI 2s and CI 2p signals, indicating the presence of Cl
species in the material. Moreover, analyzing the N 1S region
for the fresh catalyst (Fig. 7b), only the peak corresponding to
-NH, groups could be observed in the fresh composite.
However, after the HDH reaction, the N 1s signal could be
deconvoluted into two peaks (Fig. 7b), assigned to the -NH,
and NH;' groups, suggesting that the HCI formed in the reac-
tion could be retained by the MOF ligand (-NH;'CI7). In fact,
by washing the used catalyst with THF, a significant amount of
halogen was desorbed (0.15 mg Cl g~ feed for MIL-101(Cr)-
NH, and 0.27 mg Cl g_1 feed for Pd@MIL-101(Cr)-NH,).
Further analysis of the washed THF by IC, together with the
AOD + IC analyses of the washed catalyst, enabled the quantifi-
cation of most of the CI™ generated during the reaction, result-
ing in a chlorine mass balance closure exceeding 94% in all
cases. Regarding the XPS spectra of the Pd 3d region, the
signal corresponding to Pd** of the fresh catalyst was comple-
tely absent after the HDH reaction (see Fig. S16) due to the
pre-reaction conditioning process, where Pd in the MOF was
fully reduced to Pd° under N, + H, flow at elevated tempera-
tures, ensuring complete reduction of Pd before the reaction.
During the catalytic test, reductive conditions were also main-
tained, avoiding Pd reoxidation.

The data obtained from the XPS analyses supported the
interaction between chlorine and the composite. This insight
not only provided a detailed understanding of the composite
and its structural changes, but also allowed for the develop-
ment of advanced methods to recover halogens and recycle the
catalyst, thereby extending its reusability. Moreover, XPS was
demonstrated to be a crucial tool for tracking and characteriz-
ing halogenated species, enabling more accurate quantifi-
cation in the subsequent studies.
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Finally, considering that product analysis revealed no evi-
dence of radical-type reactions (i.e., absence of octane isomers,
C-C coupling products, or higher oligomers) and the good
mass balance closing, the HDH reaction over PA@MIL-101
(Cr)-NH, proceeded predominantly through a Pd-heterolytic
pathway rather than via radical intermediates.”” The proposed
mechanism is shown in Scheme 1. Initially, Pd nanoparticles
(Pd®) dissociate molecular hydrogen, generating reactive
surface hydride species. The substrate 1,8-dichlorooctane then
coordinates to the Pd surface, weakening the C-Cl bond.
Through an oxidative addition of the C-Cl bond to Pd’, a o-
alkyl Pd(u)-Cl intermediate palladacycle-type is formed.
Subsequently, reductive elimination with a surface hydride
promotes C-Cl bond cleavage and C-H bond formation, releas-
ing 1-chlorooctane as the intermediate product and leaving
Cl™ adsorbed on the metal surface. In the second step, the
1-chlorooctane intermediate undergoes an analogous
sequence: coordination to Pd, activation of the C-Cl bond, for-
mation of the Pd(u)-Cl intermediate, and subsequent
reduction, leading to octane as the major reaction product.
Throughout this catalytic cycle, Pd° is continuously regener-
ated under a reductive atmosphere. The accumulation of chlor-
ide species, which could otherwise deactivate the metal, is
mitigated through HCI formation. This HCI is captured by the
amino groups of the MOF ligand (-NH;"Cl7), as supported by
the XPS analysis.

3.5 Reusability and regeneration

Reusability. Since the continuous reaction system employed
in the catalytic tests allowed to carry out longer operational
times, the lifetime under HDH conditions was assessed for Pd
(4.3%)@MIL-101(Cr)-NH,. Therefore, an 8-hour reaction was
conducted using a feed with 1000 ppm of Cl. Fig. 8 represents
the evolution of 1,8-dichlorooctane conversion and selectivity
to both n-octane and 1-chlorooctane versus the reaction time.
The conversion of the feed remained unaltered at 100% during

H,
C|/c\(/);c’0|
H;
1,8-dichloroctane
H \/ e
\ /H H
P~ Pd (2Hc
| \QJz H, _Cl
{MIL-101(Cr)-NH Pd,-“

2
Pd —Cl L ’
/, \Cl ~—7 H2 A C/

octane

Scheme 1 Proposed mechanism for the HDH reaction of 1,8-dichlor-
octane catalyzed by Pd@MIL-101(Cr)-NH,.
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Fig. 8 Catalytic HDH of 1,8-dichloroctane: a long-term reaction test
using a Pd(4.3%)@MIL-101(Cr)-NH; catalyst.

the whole experiment, while the selectivity to n-octane was
close to 100% throughout the first 4 h of reaction followed by
a slow and gradual decline, reaching 88% at the end. This
slight decrease was mainly associated with the emergence of
1-chlorooctane as a partially dehalogenated intermediate.

The results showed that PA@MIL-101(Cr)-NH, is a highly
robust catalyst with excellent performance in HDH of alkyl
chlorides, even during extended reaction periods. It is note-
worthy that, to the best of our knowledge, this work represents
one of the first studies employing a MOF-based composite
under continuous-flow conditions for the challenging HDH
process. Thus, just very recently, a study has been reported on
the dehalogenation of dichloromethane in continuous flow
over extended reaction times using a carbon nanotube-sup-
ported Pd catalyst. With that catalyst, the authors initially
achieved 80% conversion of dichloromethane, but this value
declined sharply around 50% after 8 h, indicating significant
catalyst deactivation along the time on stream.”?

Regeneration. In the previous section, the behavior of the
catalytic system was studied over an 8-hour period. The results
showed a slight decrease in selectivity towards fully dehaloge-
nated alkanes; however, the conversion of 1,8-dichlorooctane
remained constant over time. To address this matter, a regen-
eration of the catalyst was performed. In this procedure, after
the first 8 h of the catalytic test, the used catalyst was main-
tained at the reaction temperature (265 °C) with a continuous
flow of H, and N, for 3 h. This treatment was aimed to desorb
the retained chlorine molecules, thereby clearing the catalyst’s
porosity and attempting to restore its selectivity and activity.

As shown in Fig. 9, after the regeneration process, its cata-
Iytic activity was fully restored. Thus, the feedstock conversion
and selectivity towards the alkane were very similar to those of
the fresh material for the subsequent 4 h of the reaction. It
must be mentioned that the regeneration process induced a
significant amount of chlorine to be desorbed from the cata-
lyst and retained in the bubblers as HCI (0.49 mg Cl g™ feed,
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Fig. 9 Catalytic HDH of 1,8-dichloroctane: a regeneration test main-
tained at 265 °C under a continuous flow of H, and N, for 3 h. The
regeneration process is highlighted within the pink dotted box.

which corresponds to 15% of the total adsorbed on the MOF
composite). This partial desorption of Cl can therefore be
related to the restoration of the selectivity and dehalogenation
capability.

The results of this study highlight the remarkable potential
of the Pd(4.3%)@MIL-101(Cr)-NH, composite as an efficient
catalyst for vapor phase HDH reactions. After 8 h of uninter-
rupted operation, the catalyst showed its ability to maintain
100% conversion with high dichlorination efficiency, and after
a regeneration step, it fully recovered its activity and selectivity,
reaching values comparable to those of the fresh catalyst over
an additional 4-hour run. The dechlorination performance
remained excellent, yielding an oil with minimal residual
chlorine. These results highlight the robustness and re-
usability of the catalytic system, with negligible performance
loss even after prolonged use.

4 Conclusions

This work reports for the first time the use of a composite
based on Pd nanoparticles and MOFs as an efficient catalyst
for the hydrodehalogenation (HDH) of 1,8-dichlorooctane, a
halogenated hydrocarbon selected as a model feedstock, using
a continuous fixed-bed reactor and operating under mild
conditions.

A first screening process of four MOFs for the HDH of 1,8-
dichlorooctane evidenced a higher catalytic activity of MOFs
prepared by a microwave method (UiO-66-NH, and MIL-101
(Cr)-NH,) than those solvothermally synthesized (NU-1000 and
MIL-100(Al)), which was attributed to their smaller particle
sizes and, consequently, their improved surface-to-volume
ratios and reduced diffusional constraints.

Among the two MMW-synthesized MOFs, MIL-101(Cr)-NH,
was selected for the preparation of a theoretical 5 wt% Pd
(4.3 wt% real loading) composite due to its more stable HDH

This journal is © The Royal Society of Chemistry 2025
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activity over time than with UiO-66-NH,. This material was
compared with a commercial 5 wt% Pd/Al,O; catalyst, observ-
ing clearly superior activity with the MOF-composite (100%
conversion and about 98% selectivity to n-octane after 4 h of
reaction). TEM images of the fresh and used catalysts revealed
that the improved performance was due to a better dispersion
of Pd nanoparticles in the MOF, and a more effective preven-
tion of metal agglomeration during the reaction.

Through the combination of different characterization tech-
niques (XPS, IC and GC), it was concluded that most chlorine
was retained in the MOF composite. Moreover, these Cl
species could be partially removed by thermal desorption,
enabling the reuse of the PA@MOF -catalyst, retaining the
initial activity up to 12 h (8 h of continuous operation + 4 h
after in situ regeneration).

In summary, the results presented here highlight the remark-
able potential of the Pd(4.3%)@MIL-101(Cr)-NH, composite as a
catalyst for vapor phase dehalogenation reactions, in different
fields, such as the valorization of halogenated waste.
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