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The reduction of monometallic Pd/Al,O; and bimetallic
PdFe/Al,O; catalysts produced by co-impregnation or
sequential impregnation of the support with metal salts was
possible not only under high temperature hydrogen
treatment but also at 30 °C under the action of aqueous
phenol solution and hydrogen. According to the XPS data,
both reduction routes provided sufficient degrees of Pd
reduction required for fast hydrodehalogenation of
4-chlorophenol and 4-bromophenol to phenol in aqueous
solutions. The degree of Pd reduction was higher in the co-
impregnated bimetallic PdFe catalyst, which was more
efficient in transformation of 4-bromophenol; the bimetallic
catalysts were more stable than the monometallic Pd one in
the conversion of 4-chlorophenol.
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Water purification for the removal of trace contaminants is a
problem of considerable current importance.! Halogenated
organic compounds (polychlorinated biphenyls, chlorinated
pesticides, and pharmaceuticals?) are dangerous xenobiotics that
affect the endocrine systems of humans and animals.3# Trace
chlorinated contaminants may result from water chlorination,®
and catalytic hydrodechlorination (HDC) is a promising
technique for converting these compounds without the formation
of more toxic phosgene, dioxins, and molecular chlorine, which
can be formed upon oxidative treatment.® This technique also
reduces the toxicity because non-chlorinated counterparts of
chlorinated compounds are usually much less dangerous.” For
example, chlorophenols and bromophenols, which are widely
used in industry, can be converted into phenol or cyclohexane
over Rh-, Pd-, or Ni-containing catalysts.8-1°

Palladium catalysts are active in the HDC of organic
compounds, and a second metal is often added to them to
enhance the catalyst activity because of the metal-metal
interaction.’112 The addition of Fe to Pd catalysts facilitated the
decomposition of organic residue after HDC.13

In this work, we compared monometallic 1 wt% Pd and
10 wt% Fe catalysts with bimetallic PdFe catalysts in the HDC
of 4-chlorophenol and 4-bromophenol. The PdFe catalysts
were prepared by the co-impregnation (sample PdFe/Al,O5-c)
or sequential impregnation (impregnation with
hexaaquairon(rm) trinitrate followed by impregnation with
palladium nitrate; sample PdFe/Al,O3-s) of a y-Al,05 support
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(Engelhard, Sger = 190 m? g~1)'* with metal nitrates (see Online
Supplementary Materials, SM-1). After each impregnation step,
the samples were dried at 150 °C and, finally, each catalyst was
calcined in air at 400°C. The methods of physicochemical
analysis of the catalysts were described earlier.'®

The unreduced catalyst precursors were analyzed by
temperature-programmed reduction with hydrogen (TPR-H,)
(Figure 1). A negative peak in the TPR-H, profile of Pd/Al,O3 at
about 70 °C is associated with the decomposition of $-PdH, due
to the partial reduction of Pd even at room temperature. The
remaining part of Pd was reduced below 400 °C. Iron oxides
were completely reduced at about 700 °C, when the sintering of
iron particles is most likely. At the reduction window of Pd (up
to 400 °C), only a partial reduction of iron from Fe®* to Fe?* is

PdFe/Al,0;-s
PdFe/Al,0;-c

Fe/Al,O,
Pd/ALLO,

Hydrogen consumption

Figure 1 TPR-H, profiles of catalyst precursors (Unisit instrument,
Russia; 10 K min, 5% H, in Ar).
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possible. The TPR-H, profiles suggest different reduction
behaviors of the bimetallic catalysts: PdFe/Al,O5-c showed
higher Pd—Fe interaction as the peaks of Pd and Fe reduction
were less resolved in its TPR-H, profile. The TPR-H, analysis of
the mono- and bimetallic catalysts revealed almost complete
reduction of Pd under hydrogen treatment at 300 °C.

The catalysts were reduced (see Online Supplementary
Materials, SM-2) and tested in a batch reactor equipped with a
magnetic stirrer (HDC of chlorophenol: 0.1 g of catalyst, 30 °C,
0.6 dm?® h™! of H,, 15 cm?® of a solution of 4-chlorophenol,
Cacipn = 75 mg dm™3) (see Online Supplementary Materials,
SM-3). Reaction products were analyzed by HPLC on an Agilent
1100 instrument™® (Online Supplementary Materials, SM-4). The
palladium-containing catalysts showed high efficiency after high-
temperature reduction (320 °C, H,, 2 h; see SM-2): 4-chlorophenol
was completely converted into phenol in 10 min [Figures 2(a—)].
At the same time, the conversion of 4-chlorophenol over Fe/Al,O4
was < 30% after 2 h. Almost no by-products (<1%) were detected
in all cases. The reduction of Fe/Al,O5; with hydrogen at 515 °C
for 2 h led to a 79% conversion of 4-chlorophenol after 2 h of
catalytic test; the main product was cyclohexane, and the phenol
content of the products was only 4.7%.

The Pd-containing catalysts were stable during five runs
without additional reduction [Figure 2(d)]. Moreover, the
bimetallic catalysts showed higher stability than that of
monometallic Pd/Al,O4, the activity of which slightly decreased
in 41 and 5™ cycles.

We attempted to reduce the catalysts with a solution of NaBH,
in water (30 °C, 1 h, NaBH, to PdO molar ratiosof 2:1and 6 : 1
for the reduction of Pd/Al,O; and the bimetallic catalysts,
respectively) and an additional H, flow of 0.6 dm3 h™® (see SM-2).
The reduced catalysts showed a relatively low initial rate of
4-chlorophenol conversion [Figures 2 (a—c)]. However, after an
induction period of about 30 or 60 min for Pd/Al,O5 or the
bimetallic catalysts, respectively, the reaction rate significantly
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Figure 2 HDC of 4-chlorophenol (30 °C, 15 ml, C,.cjpp, = 75 mg dm=3)
over 0.1 g of catalyst after severe (H,, 320 °C, 2 h) or mild (30 °C, 1 h,
H, + NaBH, or H, + ag. phenol) reduction: (a) Pd/Al,O,, (b) PdFe/Al,O5-s,
(c) PdFe/Al,05-c; 4-chlorophenol conversion after 9 min in consecutive
runs on catalysts after (d) severe (H,, 320 °C, 2 h) and (e€) mild reduction
(H, + NaBH,, 30 °C, 1 h); and (f) hydrodebromination of 4-bromophenol
(30 °C, 15 ml, C4.g;pp = 150 mg dm~3) over 0.05 g of catalyst reduced under
mild conditions (H,, 30 °C, 1 h, aqueous phenol solution).

increased, probably, due to the additional reduction of the
catalysts under the action of reaction mixture components.
Pd/Al,O, was the most efficient in the first run after low-temperature
reduction: the complete conversion of 4-chlorophenol was achieved
in 60 min. Longer conversion times were observed with the
bimetallic catalysts. The activity of monometallic Fe/Al,O
in HDC after H, + NaBH, treatment was low [Figure 2(a)] and
nearly the same in both the first and second runs.

The acceleration of the HDC reaction under the action of
reaction medium should lead to the high activity of the catalyst
in the second run. Indeed, the Pd-containing -catalysts
demonstrated very short induction periods (<10 min) in the
second run without additional pretreatment. The longest
induction period was observed for PdFe/Al,O5-c. The reaction
rate over this catalyst [Figure 2(b)] was very high after the
induction period and close to that over the catalysts reduced at
320 °C. Moreover, its activity remained high in the next runs
[Figure 2(e)]. The activity of PdFe/Al,O3-s gradually increased
in first three runs [Figure 2(e)]. The complete 4-chlorophenol
conversion was observed in the third run after 9 min. Other Pd-
containing catalysts were highly active even in the second run.
The activity of the catalysts slightly decreased during 7-10 runs
[see Figure 2(e) for PdFe/Al,O5-c], probably, because of the
partial removal of catalysts from the reaction medium during
HPLC sampling.

The leaching and chlorination of Pd can deteriorate the
catalytic activity in a prolonged catalyst test. This effect should
be less pronounced in dilute substrate solutions. To analyze the
influence of these factors, the Pd/Al,O5 sample tested after mild
reduction in three consecutive cycles of 4-CIPh transformation
was studied by XPS (Figure 3). On the catalyst surface, the CI/Pd
ratio was about 1.4, but 87% Pd still occurred in the non-oxidized
state [Figure 3(a)]. Therefore, chlorine on the spent catalyst
surfaces was mainly bonded to elements other than Pd. Both
covalent bonding to carbon and ionic bonding of chlorine are
observed in the ClI2p spectrum [Figure 3(b)]. lonic Cl species
can be attributed to terminal Cl atoms on the alumina surface.

The reaction mixture collected after three cycles was analyzed
by AAS. The extent of Pd leaching was only 0.2%.

The HDC of 4-chlorophenol can be accelerated as a result of
the co-action of hydrogen and phenol. Indeed, the pretreatment
of a catalyst precursor with hydrogen at 30 °C in an aqueous
solution of phenol (75 mg dm=) for 1 h produced an active
catalyst: the reaction rate of HDC was high [see Figure 2(a) for
Pd/Al,O4]. A similar treatment of the phenol-free suspensions of
the catalysts in water with hydrogen did not lead to their
reduction, as followed from the absence of a color change and an
extremely low rate of 4-chlorophenol conversion.

The catalysts reduced by hydrogen in an aqueous phenol
solution at 30 °C for 1 h (0.05 g samples) were compared in the
hydrodebromination of 4-bromophenol at a concentration of
150 mg dm=3 [Figure 2(f)]. The Pd-containing catalysts were
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Figure 3 (a) Pd3d and (b) CI2p XPS spectra of used Pd/Al,O; catalyst
tested in three consecutive cycles of 4-CIPh HDC. Peaks attributed to each
species are combined into synthetic components.
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active in this reaction, and phenol was the main product.
PdFe/Al,O5-c and Pd/Al,O5 showed similar activities, while
PdFe/Al,O5-s was significantly less efficient.

The reduction of Pd?* in catalysts with hydrogen in phenol-
containing solutions (75 mg dm=3) at 30 °C was studied by XPS.
After the treatment for 1 h, the liquids were decanted, and the
remaining catalysts were dried in an H, atmosphere at < 50 °C.
The unreduced catalyst precursors and those reduced in situ with
hydrogen in a catalyst cell of the spectrometer (Ar + 5% H,,
1 atm, 320 °C, 2 h) were also analyzed by XPS (see Table 1 and
Online Supplementary Materials, SM-5, Tables S1-S3, Figures S1,
S2). The unreduced catalyst precursors contained only Pd2*
species. The in situ treatment with H, reduced Pd completely
(in PdFe/Al,O5-c and Pd/Al,O3) or almost completely (95% Pd
in PdFe/Al,05-s). Under mild reduction conditions, a maximum
degree of reduction was 48% in PdFe/Al,O3-c or no more than
19% in PdFe/Al,O3-s and Pd/Al,O5. Apparently, such a small
amount of reduced Pd was sufficient to provide a high degree of
the substrate conversion, which was evident from the high
activity of Pd/Al,O5 in hydrodebromination of 4-bromophenol
[Figure 2(d)] comparable to that of the PdFe/Al,O5-c catalyst
with a high portion of Pd? species.

The binding energy of Pd3ds,, components in the XPS spectra
of insitureduced bimetallic catalysts (about 335.7 eV) is slightly
higher than that of bulk Pd metal (335.1 eV) (Table S3 in Online
Supplementary Materials). This binding energy shift can reflect
the difference in particle size, the location of Pd in the bulk and
on the surface, and the Pd—Fe interaction up to the formation of
PdFe alloy.'® The binding energies of Pd3ds;, components in the
catalysts reduced with hydrogen in a phenol solution are close to
that of bulk palladium metal.

The Fe2p XPS spectra of the unreduced catalysts show a small
contribution from Fe?* species along with the main signal of Fe3*.
The mild treatment did not significantly affect the Fe2*/Fe3* ratio
in the catalysts, while the reduction at 320 °C increased the
contribution of Fe?*, which is consistent with the TPR-H, data.
Fe® species were not observed in the XPS spectra of the Fe-
containing catalysts even after the in situ treatment with H, at
500 °C for 2 h. Therefore, the reduced catalysts should be
specified as Pd/FeO,/Al,O;. However, because the atomic Pd
content of the bimetallic catalysts is significantly lower than the
Fe content, a small fraction of Fe® undetectable by XPS may
exist in the reduced catalysts forming a Pd—Fe alloy. At the same
time, the formation of Pd-Fe-O bonds on the surface of
bimetallic catalysts seems more likely.

Table 1 Mole fractions of Pd and Fe species on the surfaces of unreduced
catalysts and catalysts reduced under mild and severe conditions.

Reduction v (Pd) (%) v (Fe) (%)
Catalyst conditions? Pl Pd™  Fed  Fe* Fed*
No reduction - - 0 0 100
Fe/Al,O4
320 °C - - 0 3 97
No reduction 0 100 0 11 89
FePd/Al,O5-c 320 °C 100 0 0 37 63
30°C 48 52 0 14 86
No reduction 0 100 0 26 74
FePd/Al,O5-s 320 °C 97 3 0 47 53
30°C 18 82 0 23 77
No reduction 0 100 - - -
Pd/Al,O3 320 °C 97 3 - - -
30°C 84 16 - - -

@320 °C, reduction in a flow of H, for 2 h with passivation after cooling;
30 °C, reduction in aqueous phenol solution (75 mg dm=3) for 1 h.

Table 2 Textural properties and metal contents (AAS and XPS) of
unreduced catalysts.

AAS metal
Saer/ Vpore/ dpore/ content (Wt%)
m?g?t  cmig? nm

Fe Pd Fe Pd

Fe/Al,O4 150 0.39 82 929 000 114 0.00
Pd/Al,O4 170 0.48 9.2 0.00 0.90 - 0.04
PdFe/Al,O5-c 150 0.40 82 925 0.80 50 014
PdFe/Al,05-s 150 0.39 84 825 084 3.0 0.05
Al,04 190 0.46 76 - - - -

XPS metal

Sample content (at%)

The metal contents of the catalysts determined by AAS
(Table 2) are close to the calculated values (1 wt% Pd and
10 wt% Fe). The textural parameters (specific surface area, pore
size, and pore volume) are similar for all the catalysts. Slight
differences between the Pd/Al,O; and Fe-containing catalysts
can be explained by a high iron loading in the latter.

According to the XRD data (Figure S3, Online
Supplementary Materials), Pd particles in the catalysts reduced
at 320 °C were finely dispersed because the XRD profiles of
these catalysts show only alumina reflections (y-Al,O5, PDF
card #00-029-0063). The XRD profile of PdFe/Al,O5-s
additionally contained broad reflections due to different Fe?*
and Fe®* oxides.

The high dispersity of Pd particles was also confirmed by
TEM-EDX analysis, which revealed Pd particle-size
distributions with a maximum at 6-8 nm and similar localizations
of Pd and Fe in the bimetallic catalysts (Figure S4, Online
Supplementary Materials). The Pd particle-size distribution in
PdFe/Al,O5-c was slightly broader (to 14 nm) than that in the
two other Pd-containing catalysts (to 10 nm).

According to the XPS data, the PdFe/Al,O5-c catalyst had the
highest surface Pd content. This catalyst also contained more
iron on the surface than PdFe/Al,O5-s and showed a higher
activity in 4-bromophenol conversion and a slightly higher rate
of 4-chlrophenol conversion during an induction period of the
first run after mild reduction (H, + NaBH,, 30 °C, 1 h).

Therefore, differences in the Pd particle sizes, palladium
contents, and morphologies of the Pd-containing catalysts were
insignificant, but the reducibility of metals depended on catalyst
compositions and synthesis techniques. Iron was more reducible
in the bimetallic catalysts than in the monometallic one, and
Pd showed better reducibility in the bimetallic PdFe/Al,O5-c
catalyst.

Phenol probably affected the surface properties of the
catalysts under conditions of mild reduction with hydrogen in
aqueous solution. An IR-spectroscopic study of similar catalysts
supported on ZrO,-SiO,'® showed that such a treatment
stimulated fast conversion of Pd* into Pd®. The reducibility of
base metal (Mn, Ni, and Cu) oxides under the action of
cyclohexanol was described previously.718

We found that the reduction of Pd in the alumina-supported
catalysts before the hydrodehalogenation of 4-chlorophenol and
4-bromophenol can be performed under mild conditions (H, at
30 °C in aqueous phenol solution). The activity of the reduced
catalysts was similar to that after the reduction with hydrogen
at 320 °C. In both cases, the catalysts showed high stability
in 4-chlorophenol conversion during at least five runs.
PdFe/Al,O5-c with a higher Pd content on the surface
demonstrated higher activity and Pd reducibility under both mild
and severe conditions.

The difference between the two bimetallic catalysts was
most pronounced in the transformation of 4-bromophenol.
FePd/Al,O4-c was as efficient as Pd/Al,O5, while FePd/Al,05-s
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showed poor activity despite similar Pd® contents and particle
sizes in the bimetallic catalysts.

In conclusion, the mild reduction of Pd and Fe in the catalyst
with hydrogen and phenol at room temperature produced highly
active and stable mono- and bimetallic catalysts for the
hydrodehalogenation of 4-chlorophenol and 4-bromophenol in a
batch reactor. Catalysts remain stable during 5-10 runs without
regeneration, which opens the way for use in flow reactor. The
co-impregnation of an alumina support with Pd and Fe salts
provided higher Pd reducibility under mild conditions.

This work was supported by Russian Foundation for Basic
Research (grant no. 20-53-10005). The authors thank Lomonosov
Moscow State University Program of Development for the
access to scientific equipment.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2022.03.032.
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