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Chemical upcycling of plastic waste offers a promising opportunity for synthesizing value-added pro-
ducts. Despite its potential, transforming poly(phenylene oxide) (PPO) into nitrogen-based chemicals
remains underexplored. To that end, we report the direct conversion of PPO to dimethylanilines over bi-
metallic Pd—Ru/CNT in a mixture of octane and agueous ammonia. In a one-pot manner, PPO is initially
converted into substituted phenols, and then is aminated, yielding 30% dimethylanilines over Pd;Rus/CNT
under optimum conditions. The bimetallic catalyst outperforms its monometallic equivalents.
Transmission electron microscopy (TEM), powder X-ray diffraction (XRD) and energy-dispersive X-ray
spectroscopy (EDX) unveiled the features of well dispersed and small-sized metallic nanoparticles.

Received 5th October 2023,
Accepted 28th January 2024

DOI: 10.1039/d39c03757f

Control experiments using deuterium indicated a high reliance of hydrogen and water for the amination
step and the hydrogenolysis step, respectively. Furthermore, we demonstrated product isolation through a
straightforward acid—base treatment and extraction. This work introduces a viable route for upcycling
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Introduction

Plastic production has grown rapidly since the middle of the
last century. However, the generation of plastic waste is an
alarming problem, with less than 10% of plastic waste being
recycled." While mechanical recycling is the dominant
pathway at present, it often leads to the formation of lower-
value products due to the deterioration of virgin properties
through successive processes.” Chemical recycling is an
alternative approach, generating small molecular compounds
from plastic that could either be repolymerized or directly
used as fine chemicals.>* Current research focuses on the
catalytic activation of C-C, C-O, and C-N bonds in common
plastics, leading to the formation of various chemicals such as

aliphatic hydrocarbons,”™® arenes®*>* and oxygenates.>*°
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PPO into valuable nitrogen-containing compounds.

Organonitrogen chemicals, constituting over 80% of the
top 200 pharmaceuticals among others, are pivotal in the
chemical sector.>” To foster green chemistry, there’s a push to
derive these chemicals from non-fossil resources like waste
polymers.”® Ammonolysis and aminolysis techniques have
been explored to convert polyethylene terephthalate®*>® and
certain polyamides®*™® to amines and amides. Additionally,
alanine was efficiently produced from biodegradable polylactic
acid using ammonia and Ru/TiO,, with impressive purity and
selectivity obtained over multiple cycles.’® More recently,
lignin as an aromatic polymer has been converted into pheno-
lic amines using Ru catalyst,’’ emphasizing the potential of
making amines from aromatic polymers.

Poly(p-phenylene oxide) (PPO) is a versatile engineering
plastic exhibiting high heat resistance and stability. It is made
via the oxidative condensation of 2,6-dimethylphenol, and it is
broadly used spanning from electronics to automotive pro-
duction. Despite its USD 1.67 billion market size in 2019, the
catalytic conversion of PPO into other valuable chemicals has
not been thoroughly studied.*’ Notably, Ru/Nb,O5 has been
identified for its ability to cleave PPO’s C-O bonds. By adjust-
ing the metal particle size, distinct products like m-xylene or
3,5-dimethylphenol have been selectively obtained.*>** Small-
sized metal particles are responsible for preserving the pheno-
lic hydroxyl group while Brensted acid sites facilitate the clea-
vage of C(0)-O bonds rather than C(m)-O bonds.
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Dimethylanilines are essential for producing dyes and phar-
maceuticals.** They are commercially produced by the amin-
ation of substituted phenols in the presence of aluminum
oxide-containing catalysts, aluminum salt as well as hydrogen
transfer catalyst with cyclohexanone co-catalyst.*>*® The
market size of 2,6-dimethylaniline and 3,5-dimethylaniline
reached USD 50 million”® and USD 33 million®® in 2022,
respectively. Considering the structural similarity between PPO
unit and dimethylanilines, and the established methods for
the catalytic conversion of phenolic compounds to
anilines,” > one-pot catalytic system for the transformation
PPO to dimethylanilines using metal catalyst was explored in
this study. Transforming PPO to dimethylanilines involves two
primary steps: PPO’s hydrogenolysis to dimethylphenols
(either 3,5 or 2,6 substitution) and the subsequent amination
of dimethylphenols to dimethylanilines. The latter step
requires the partial hydrogenation of dimethylphenols into di-
methylcyclohexanones, followed by imination and a series of
hydrogenation/dehydrogenation reactions to produce di-
methylanilines. Given the known dehydrogenation properties
of the Pd-based catalyst for the cyclohexane ring,**°” Pd was
chosen as an active component. Meanwhile, Ru on carbon
nanotubes (CNT) is recognized for its efficiency in amination
reactions,>®>° due to its enhancement of alcohol dehydrogena-
tion in the presence of NHj, its ability to hydrogenolyze Schiff
bases to primary amines, and the stability of CNT as the cata-
lyst support under highly basic conditions.®® This knowledge
led us to consider a nanoalloy Pd-Ru/CNT catalyst for the one-
pot PPO to dimethylanilines transformation (Scheme 1).

Experimental

Materials

PPO (98%, M,, 40 000-50 000) was purchased from BLDpharm.
Pd(NO;),-2H,0 (40% Pd basis), RuCl;-xH,O (40.00-49.00% Ru
basic), 2,6-dimethylphenol (99%), 3,5-dimethylphenol (99%),
2,6-dimethylaniline (99%), 3,5-dimethylaniline (98%), octane
(98%), toluene (anhydrous, 99.8%), 2-methyltetrahydrofuran
(2-MeTHF, 99.5%), tert-amyl alcohol (TAA, 99%) were pur-
chased from Sigma Aldrich. Aqueous ammonia solution (25%)
and ethyl acetate (>99.5%) were purchased from VWR. CNT
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(multiwalled carbon nanotube) was purchased from ANR
Technologies.

Catalyst preparation

The CNT-supported bimetallic catalysts with a Pd to Ru weight
ratio of x:y (denoted as Pd,Ru,/CNT) were synthesized by inci-
pient wetness impregnation using Pd(NO;),-2H,0 and
RuCl;-xH,O as the precursors. Under this terminology, 2%
Pd,Ru;/CNT refers to bimetallic PdRu catalyst, with a total
metal loading of 2 weight percentage, and a Pd:Ru weight
ratio of 7:3. Typically, CNT was washed with a 5 M HCI
aqueous solution (30 mL g™') for 4 h, filtrated, rinsed with
water (3 L g”") to remove metal impurities and dried at 100 °C
for 12 h before use. Pd(NO;),-2H,0 and RuCl;-xH,0 were dis-
solved in 2 mL water by sonicating for 30 min and mixed with
0.5 g CNT. After being dried at 100 °C for 12 h, the catalyst was
reduced at 400 °C under 5% H,/N, for 2 h. Pd-Ru loaded on
other supports (ZrO,, TiO,, CeO,, and MgO) catalysts were pre-
pared with the same incipient wetness impregnation method.

Catalyst characterization

Transmission electron microscopy (TEM) analysis was per-
formed using a JEM 2100F (JEOL, Japan) and a JEM 2800
(JEOL, Japan) at 200 kV using the sample placed on a Formvar-
coated copper grid. Powder X-ray diffraction (XRD) spectra
were obtained on a Bruker D8 Advance machine over a scan
rate of 0.05°s”'. Raman spectra were obtained by a Raman
microscope (XploRATM Plus, HORIBA Scientific) with a
638 nm excitation laser. Scanning transmission electron
microscopy (STEM) and energy-dispersive X-ray spectroscopy
(EDX) were performed using a JEM 2800 (JEOL) at 200 kV.

Catalyst activity evaluation

Amination of PPO was performed in a 20 mL autoclave with a
magnetic stirrer. Typically, PPO (50 mg), catalyst (50 mg),
solvent (4 mL) and 25% aqueous ammonia solution (1 mL)
were added. The autoclave was sealed and purged with N, and
H, several times. Afterwards, the H, pressure was adjusted to
the desired value and the autoclave was placed into a pre-
heated steel holder, which was heated by a hot plate and insu-
lated by a jacket. After a certain period of reaction at the
desired temperature, the autoclave was cooled down in an ice-
water bath. The catalyst was separated from the liquid through
filtration using a PTFE syringe filter (0.45 pm) and ethyl
acetate (~15 mL). Quantitative and qualitative analysis of the
liquid product was performed using a gas chromatography -
flame ionization detection (GC-FID, Agilent GC 7890A) and a
gas chromatography - mass spectrometry (GC-MS, Agilent
7890A GC system and 5975C inert MSD with a triple-axis detec-
tor) equipped with an HP-5 column. GC samples were pre-
pared by mixing the reaction sample and 100 pL internal stan-
dard solution (pentadecane in octane, 0.1 g mL™"). GC-FID
oven program was set to initial temperature of 60 °C, heat at
5 °C min~" until 150 °C (hold 3 min), heat at 1 °C min~" until
180 °C (hold 3 min), and heat at 15 °C min~" until 300 °C
(hold 4 min). A similar oven program was used for the GC-MS.

This journal is © The Royal Society of Chemistry 2024
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The Pd and Ru contents in the reaction mixture were deter-
mined using inductively coupled plasma optical emission
spectroscopy (ICP-OES) on a Thermo Scientific iCAP 6000
series ICP spectrometer. For some experiments with D,, the
gas phase (H,, HD, D,) was analyzed using a Hiden Analytical
HPR-20 R&D quadrupole mass spectrometer.

For the recycling test, the catalyst was separated from the
reaction mixture by centrifugation. The liquid phase under-
went quantitative analysis using GC, while the solid catalyst
was sonicated with 6 mL of toluene for 1 hour to dissolve any
unreacted PPO. Following this, the catalyst was washed with
15 mL of ethanol and was subsequently dried in an oven at
60 °C for 12 hours before either direct use in the subsequent
run or being sent for characterization. Starting from the
second cycle, due to some catalyst loss after treatment, the
amount of PPO was adjusted based on the remaining catalyst
to maintain a consistent PPO : catalyst mass ratio.

Results and discussion

The bimetallic catalysts on CNT were prepared via the incipient
wetness impregnation method (Fig. 1a). The structure of 2%
Pd;Ru;/CNT is evidenced by STEM (Fig. 1b), showing metallic
nanoparticles of about 2.4 nm in size (Fig. 1c) on CNT. The
size of the nanoparticles is in between the sizes of the two
monometallic equivalents. Specifically, 2% Pd/CNT had a
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Fig. 1 (a) Schematic diagram of the 2 wt% Pd;Rus/CNT preparation

method, (b) STEM image of 2 wt% Pd;Ruz/CNT, (c) particle size distri-
bution and elemental mapping of 2 wt% Pd;Rus/CNT. (d) XRD analysis
and (e) Raman spectra of CNT and the catalysts at 2% metal loading.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

larger average size of 4.3 nm, whereas 2% Ru/CNT was smaller
at 1.3 nm (Fig. S1). Some large particles over 10 nm were seen
in 2% Pd/CNT. Consistent with this, XRD analysis (Fig. 1d)
showed only Pd/CNT had clear metal particle crystal phases.
Elemental mapping (Fig. 1c) depicted an even distribution of
Pd and Ru on the support. Further inspection (Fig. S27)
suggested Pd and Ru co-existence within particles. These
observations affirm the fine dispersion and small size of Pd
and Ru in the 2% loading bimetallic catalyst. Raman spec-
troscopy was used to study CNT structure differences among
the catalysts (Fig. 1e). Characteristic CNT peaks at 1321 cm ™,
1606 cm™*, 1580 cm ™', and 2641 cm™" were identified.®* Metal
doping leads to a subtle Ip/I; intensity ratio decrease from
1.73 to 1.46-1.62, indicating possible defect annealing during
400 °C catalyst reduction.®® Bimetallic catalysts supported on
CNT with varying Pd:Ru weight ratios (0:1, 3:7, 5:5, 7:3,
1:0) were synthesized and evaluated for PPO conversion to di-
methylanilines at 5 bar H,, 280 °C for 4 h. Pd/CNT achieved a
3% dimethylanilines yield, while Ru/CNT was inactive for
amination. The Pd;Ruz/CNT bimetallic catalyst significantly
improved the dimethylanilines yield to 21.1% in an octane
and aqueous ammonia mixture solvent (Fig. 2a). As tempera-
tures increased, dimethylanilines yield followed a volcano
trend, while dimethylphenols yield consistently increased to
36.3% (Fig. 2b). At 260 °C, hydrogenated products prevailed
due to the exothermic hydrogenation of aromatic rings (low
temperature favoured).>>®® H, pressure also exhibited a
volcano type of trend (Fig. 2c): at 1 bar H, atmosphere, hydro-
genolysis and amination did not occur, while 10 bar H, led to
benzene ring hydrogenation, producing nearly 90% reduced
products. Previous studies indicate that aromatic compound
formation from plastic and biomass depends on catalyst nano-
particle size, with smaller sizes preferred to prevent benzene
ring hydrogenation and adsorption.****®* Thus, we assessed
how the metal loading of Pd,Ru;/CNT impacts PPO amination
(Fig. 2d). The yields of dimethylanilines and dimethylphenols
tended to rise as metal loading decreased from 10% (3.2 nm,
Fig. S31) to 2% (2.4 nm, Fig. S3}), reaching a 30.4% amine
yield. Conversely, m-xylene yield fell from 33.6% to 10.1%. At a
further reduced metal loading of 0.5%, 6% phenolic mono-
mers emerged due to limited metal sites for hydrogenolysis.
Recognizing that a 2% metal loading is optimal, we evaluated
the performance of 2% Pd,Ru; on various supports (Fig. S47).
Besides Pd,;Ru3/CNT, only the MgO-supported catalyst exhibi-
ted moderate activity, yielding 19.3% of dimethylanilines. In
contrast, Pd;Ru; supported on ZrO,, TiO,, and CeO, was
found to be inactive.>®

Interestingly, the catalyst was active only with an octane-
ammonia mixture (Fig. 2e). While toluene and TAA were
effective for lignin amination,® they yielded minimal mono-
mers from PPO. The distinctive impact of octane can be
explained by its capacity to facilitate PPO dispersion even at
room temperature®” (Table S17), as well as its inert nature to
the Pd,;Ru;/CNT under the hydrogenation condition. While
toluene has the capability to dissolve PPO, its poor perform-
ance is attributed to the undesired hydrogenation of toluene

Green Chem., 2024, 26, 3949-3957 | 3951
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Fig. 2 The influence of conditions for the conversion of PPO over bimetallic Pd—Ru/CNT catalyst: (a) Pd : Ru weight ratio, (b) reaction temperature,
(c) H, pressure, (d) metal loading, (e) solvent type, and (f) octane to 25% aqueous NHsz aqueous solution ratio. Reaction condition: 50 mg PPO,
50 mg catalyst, 4 mL octane, 1 mL 25% aqueous NHj3 solution, 5 bar H,, 280 °C, 4 h. Catalyst: (a) 10% metal/CNT, (b and c) 10% Pd;Ruz/CNT, (d)
Pd;Rus/CNT, (e and f) 2% Pd;Ruz/CNT. For (f), the total volume of solvent was maintained at 5 mL. 2-MeTHF: 2-methyltetrahydrofuran, TAA: tert-

amyl alcohol.

to methylcyclohexane, which occupies the catalytic sites and
consumes hydrogen (Fig. S5T). Moreover, aromatic amine pro-
duction from PPO was sensitive to the octane-NH; ratio
(Fig. 2f). Change in ammonia amount dramatically affected
the dimethylaniline yield, with the best ratio between octane
to ammonia at 4:1 being identified. A lower ratio resulted in
the aggregation of PPO and the catalyst (Fig. S6t), hindering
the depolymerization of PPO.

We assessed the effect of D, in PPO amination using 2%
Pd,Ru;/CNT by substituting H, with D,. Three trials were per-
formed: direct PPO conversion to amines (one-pot), PPO hydroge-
nolysis without NH; (step 1), and substituted dimethylphenol
amination (step 2), with results shown in Fig. 3. Switching to D,
(Fig. 3a) led to reduced dimethylamines yields in the one-pot
reaction (13.9%) and step 2 (12.5%) but left dimethylphenols
yields in step 1 slightly increased, suggesting amination is more
hydrogen-reliant than hydrogenolysis. In contrast, replacing H,O
by D,O resulted in a significant drop of dimethylphenols yield in
step 1 to 10.0% (Fig. S71). This highlighted D,0 is involved in the
rate-limiting step in hydrogenolysis, likely occur via a previously
reported route of water participated C-O bond breakage.®®®’
Nonetheless, the D,-H, exchange catalyzed by Pd might mitigate
the isotope effect.®®*’

Additionally, the liquid products were analyzed by GC-MS
to determine deuterium atom distribution within desired com-

3952 | Green Chem., 2024, 26, 3949-3957

pounds. Utilizing mass fragmentation patterns, we established
the isotopologue distribution (Fig. 3b) by fitting the mass
spectra data’® with peak areas from extracted ion chromato-
grams. Deuterated products always account for over 50% of
total product, with mono-deuterium (d,) being more abundant
than di-deuterium (d,) and tri-deuterium (d;) products.
Unusual adjacent fragmentations at specific m/z value of 77
(CeH5"), 91 (C,H'), 106-107 (molecular ion losing a methyl
group), and 121-122 (molecular ion) in the MS spectra
(Fig. S8t) highlight deuterium substitution on the benzene
ring. Generally, dimethylanilines and dimethylphenols exhibi-
ted consistent isotopologue patterns, but 3,5-dimethylaniline
was exceptional with roughly 27% heavier isotopologues. One
explanation is that 3,5-dimethylaniline has higher reactivity in
dehydrogenation and hydrogenation, leading to multiple
cycles that swap original hydrogen with deuterium.

To gain further insights into the reaction pathway of the
PPO-to-dimethylanilines conversion process, a kinetic study
was undertaken (Fig. 4a). The yield of dimethylphenols
reached its highest value (35.7%) at 2 h and was considerably
reduced with prolonged reaction time, suggesting its roles as
intermediates. Meanwhile, the yield of dimethylanilines
exhibited a gradual increase and reached a plateau after 4 h.
Interestingly, m-xylene yield steadily grew, reaching 32.0% after
16 h; but the yield of 3,5-dimethylphenol displayed a reversed

This journal is © The Royal Society of Chemistry 2024
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phenol was used in (a), and 2,6-dimethylphenol or 3,5-dimethylphenol were used in two separated experiments in (b) as starting material.

trend after 4 h. This prompted us to assess dimethylphenols
and dimethylanilines’ activities under the reaction condition
(Fig. 4b). Regardless of -OH or -NH, functional groups, the 3,5-
isomer, due to less steric hindrance, was less stable than the
2,6-isomer, resulting in a greater conversion. In line with the
PPO amination kinetic trend, 3,5-dimethylaniline primarily
became m-xylene (35.7%) within 4 h. Importantly, no isomeri-
zation was seen when using 2,6- and 3,5-isomers: 2,6-dimethyl-
phenol didn’t transform into 3,5-dimethylaniline but only pro-
duced the corresponding aniline isomers.

Based on the experimental observations, plausible reaction
pathways for PPO conversion were proposed in Fig. 4c. Four main
steps are involved, namely hydrogenolysis, hydrogenation, imina-
tion, and dehydrogenation. It is worth noting that although di-
methylcyclohexanones are considered undesired products, they
are key intermediates for the amination step. Previous research
proposed that the amino group can only be incorporated into the
products through the attack of ammonia on the ketone group of
dimethylcyclohexanones and the resulting imines subsequently
transfer hydrogen to phenol, leading to the formation of the
desired anilines dimethyl-
cyclohexanone.” The generation of dimethylphenols and

and the regeneration of the

m-xylene from dimethylanilines under the reaction condition
suggested that this hydrogenation - imination - dehydrogenation
reaction sequence is reversible. This is aligned with the proposed
pathway of phenol amination over Pd/C.”

The by-product, m-xylene, is formed either through the C-O
bond scissoring of dimethylphenols, or through the aromatiza-

This journal is © The Royal Society of Chemistry 2024

tion and hydrodeoxygenation of the reduced products.”” It
should be noted that dimer products, such as bis(3,5-dimethyl-
phenyl)amine and 3,3',5,5-tetramethyl-1,1"-biphenyl, were also
detected
(Fig. S9t1), indicating the occurrence of coupling reactions as
side pathways.

To understand the roles of individual metal sites (Ru/Pd)
and their combined effect, we examined the transformation of
PPO to dimethylanilines, PPO to dimethylphenols (step 1), and
2,6-dimethylphenol to 2,6-dimethylaniline (step 2) using
monometallic, bimetallic, and physically mixed -catalysts
(Fig. 5b-d). The GC-FID chromatograms for each route over
Pd,Ru;/CNT are shown in Fig. 5a. In the one-pot transform-
ation, the bimetallic catalyst surpassed both physically mixed
and monometallic variants in dimethylaniline yield, following
the order: Pd;Rus/CNT (30.4%) > Pd/CNT (20.6%) > mixed
catalyst (18.4%). This demonstrates the importance of well-dis-
persed and cohered active metal sites (Fig. 5b).

For step 1 (Fig. 5¢), Ru/CNT demonstrated decent hydroge-
nolysis activity, producing 13.5% dimethylphenol yield, in line
with prior studies highlighting Ru’s efficacy in aromatic C-O
bond cleavage in lignin.®®’?® The bimetallic catalyst showed
even higher C-O linkage cleavage activity, yielding 27.4% di-
methylphenols. On the other hand, step 2 (Fig. 5d) witnessed
Pd/CNT outperforming Pd,;Ru;/CNT in amination of 2,6-di-
methylphenol, yielding 30.3% of 2,6-dimethylaniline. The
physically mixed Ru and Pd catalysts resulted in a moderate
2,6-dimethylaniline yield (13.7%), but Ru/CNT showed no

in the reaction mixture through MS analysis

Green Chem., 2024, 26, 3949-3957 | 3953


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc03757f

Open Access Article. Published on 30 januar 2024. Downloaded on 21-02-2026 01:01:36.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
NH, o
- U7 e O
[ | 1
35
a NH,
0. NH,
of OO~
25 4 -
;\320-
o
@15-
>_10_ V/A A
A
5] A v H
04
T T T T T T T T T
0 2 4 6 8 10 12 14 16 18
Time (h)
c
\\\
\1 x/ \n
\Q/ OH
-—
Fig. 4

o e

View Article Online

Green Chemistry

H
X X = -OH, =0, -NH,
X

b - 100
60
L ]
50 4 480
40 - S
SV {60 =
= S
ke @
© 30 A )
> . 140 2
(e}
20 1 o
420
10 1
|
OH NH,

: — -
L S S

Substrate

“\\A p/

NH,
\Q/ NH,

(a) Kinetic study for the PPO amination, (b) reactions starting from different substrates, and (c) proposed reaction pathway. Reaction con-

dition: 50 mg substrate, 50 mg Pd;Rus/CNT (2 wt% metal loading), 4 mL octane, 1 mL 25% aqueous NH3 solution, 5 bar Hp, 280 °C, 4 h.

activity. Pd/C’s effectiveness in phenol’s liquid-phase amin-
ation to aniline, in contrast with Ru/C’s inertness in the
step, demonstrates Pd’s selectivity in the hydrogenation/dehy-
drogenation of aromatic rings.’>”> Combined, these control
experiments demonstrate a synergistic effect in the bimetallic
catalyst in PPO amination, especially in step 1, while step 2
is predominantly Pd-dependent. Pd,;Rus/CNT resulted in the
production of more 3,5-dimethylphenol compared to Pd/
CNT and Ru/CNT, and 3,5-dimethylphenol possessed a
higher activity compared to 2,6-dimethylphenol in the amin-
ation reaction (Fig. 4b). We believe that these factors induce
the improved formation of dimethylanilines with Pd,Rus/
CNT.

Considering that dimethylanilines are generated via di-
methylphenols amination, it might be expected that the total
dimethylanilines and dimethylphenols yield in the one-pot
reaction would be equal to or lower than the dimethylphenols
yield in step 1. However, the results showed the opposite
trend, where step 1 only generated 27.4% of dimethylphenols
compared to 49.5% of the total dimethylanilines and dimethyl-
phenols yield in the one-pot reaction. Given that the only
difference between the one-pot reaction and step 1 is the pres-

3954 | Green Chem., 2024, 26, 3949-3957

ence of NHg, it is clear that NH; has enhanced the hydrogeno-
lysis of PPO.

We conducted a recycling test to assess the reusability of
the 2% Pd,Ru;/CNT. The yield of dimethylanilines decreased after
each run, reaching 7% at the third run (Fig. S10at). Elemental ana-
lysis of the reaction mixture using ICP-OES indicated that the
leaching of Pd and Ru from the catalyst was minimal, accounting
for less than 0.2% (Fig. S10bt). Hence, metal leaching is unlikely
to be the primary pathway for deactivation. Raman spectroscopy
revealed no significant alteration in the I/I; ratios of the catalysts
after each run, implying the stability of the CNT support
(Fig. S10ct). TEM analysis on the used catalyst revealed the aggre-
gation of metal particles (Fig. S10d¥), suggesting that metal aggre-
gation may be the primary pathway for catalyst deactivation. These
findings align with our observations regarding the impact of cata-
lyst loading on product yields, where a smaller particle size was
found to be more beneficial in terms of dimethylaniline yields
(Fig. 2d and Fig. S37).

Finally, we conducted a demonstration of isolating di-
methylanilines from the product mixture. Successful separ-
ation was achieved through a straightforward procedure invol-
ving treatment with HCl and NaOH, followed by extraction

This journal is © The Royal Society of Chemistry 2024
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weight ratio. IS: internal standard (pentadecane).

with ethyl acetate (Fig. S117). This eliminates the necessity for
column chromatography or distillation in isolating
dimethylanilines.

Conclusion

In conclusion, we have developed a heterogeneous catalytic
process using a 2% Pd,;Ru;/CNT bimetallic catalyst for produ-
cing substituted anilines from PPO in an aqueous NH;-octane
mixture. This method yields primarily dimethylanilines (30%),
accompanied by dimethylphenols (19%) and m-xylene (10%)
in a one-pot amination. Based on the control experiments
using deuterium and the kinetic studies, a reaction pathway
from PPO to dimethylanilines involving hydrogenolysis, hydro-
genation, imination and dehydrogenation steps was proposed.
The synergy of Ru and Pd significantly enhances the dimethyl-
anilines production in the one-pot transformation, particularly

This journal is © The Royal Society of Chemistry 2024

during the hydrogenolysis, whereas the amination relied domi-
nantly on Pd. Notably, dimethylanilines can be isolated from
the reaction mixture through a straightforward acid-base treat-
ment and extraction, eliminating the need for column chrom-
atography or distillation. This strategy not only leverages PPO
waste for valuable product generation but also potentially
diminishes the dependence on petroleum feedstocks for di-
methylanilines synthesis.
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