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Abstract—The activity of palladium catalysts prepared on the basis of ZnO modified with polyethylene glycol
(1 wt % Pd—PEG/Zn0O) with molecular weights of 4000 and 6000 in the hydrogenation reaction of a series of
nitro and unsaturated organic compounds has been studied. The catalysts are characterized by the formation
of small metal particles with a size from 3 to 8 nm which uniformly coat the support surface. The results
obtained have been compared to the catalytic properties of palladium-containing nanodiamonds and acti-

vated carbon under similar conditions.
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INTRODUCTION

The active part of most catalysts for hydrogenation
is transition metal particles which are bound to a sup-
port in one way or another. Over the recent years,
solutions which make it possible to obtain nanosized
metal sites have been found. For this, carbon (acti-
vated carbon, carbon nanofibers and nanotubes, and
nanodiamonds) and noncarbon (Al,O;, CeO,, TiO,,
Zn0, Zr0,, MgO, and CaO) supports, as well as vari-
ous stabilizing agents such as ionic liquids, den-
drimers, and polymers are used [1], which prevent the
aggregation of metal nanoparticles and, hence, pro-
mote its more effective use. In connection therewith,
it is promising to use cheap and nontoxic polyethylene
glycol (PEG), the molecular weight of which can
change within a quite wide range, as the modifying
agent.

Catalysts on the basis of nanosized palladium
nanoparticles stabilized with PEG have already been
tested in hydrogenation reactions of various organic
compounds: Pd/PEG (400, 800, 1000, 2000, 4000,
and 6000) (hereinafter, numbers in brackets corre-
spond to the average molecular weight of PEG used)
in the hydrogenation of styrene and nitrobenzene [2],
Pd/PEG (1000, 6000, 15000, 20000, and 40000) in
the hydrogenation of acetylene alcohols [3], Pd—

Co/PEG [4] and Pd/PEG (2000, 4000, and 6000) [5]
in the hydrogenation of crotonic aldehyde, Pd/PEG
(400) [6] in the hydrogenation of 1,5-cyclooctadiene,
and Pd/PEG (4000) [7] and Pd/PEG (400, 800, 1000,
2000, and 4000) in the hydrogenation of a series of
other olefins [8]. A Pt/PEG (1000, 2000, 6000, and
12000) catalyst has been studied in the hydrogenation
of o-chloronitrobenzene with the formation of o-chlo-
roaniline [9].

Harraz et al. [2] revealed the necessary conditions
for the formation of palladium nanoparticles with an
average size of 5 nm in a set of experiments (varying
the metal loading (1.2, 2.5, 3.75, and 4.8%), tempera-
ture (50, 75, 100, 125, and 150°C), synthesis time (1,
2, 3, and 4 h), and PEG molecular weight (400, 800,
1000, 2000, 4000, and 6000)). It turned out that a
small size of particles with high density and high Pd(0)
dispersion is obtained in the case of using PEG with
higher molecular weights of 4000 and 6000 (3.75 wt %
Pd, T=75°C, 2 h). When PEG with a low molecular
weight of 400, 800, or 1000 was used under the given
experimental conditions, no reduction reaction of
Pd(II) ions to Pd(0) was observed. For PEG-2000,
only partial reduction of Pd particles was observed.
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Scheme 1. The hydrogenation reactions studied.

In this work, the catalytic activity of palladium-
containing samples prepared on the basis of ZnO with
the surface modified with PEG with molecular
weights of 4000 and 6000 (1 wt % Pd—PEG-
4000/Zn0O and 1 wt % Pd—PEG-6000/Zn0O, respec-
tively) in the hydrogenation reactions of a number of
aromatic nitro compounds and some unsaturated
organic compounds (Scheme 1) has been studied. The
results obtained have been compared with the catalytic
properties of palladium-containing nanodiamonds
(1 wt % Pd/ND) and activated carbon (1 wt % Pd/C)
experimentally determined under similar conditions.

The choice of zinc oxide is determined by its stabil-
ity, wide application as the support and structural and
textural modifier of the catalysts for organic synthesis
processes, and a low cost. The choice of the substrates
is determined by different mechanisms of reduction of
functional groups (—NO, and >C=C<) which differ in
nature and position, as well as by the practical value of
the products formed as a result of hydrogenation.
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EXPERIMENTAL
Preparation of Samples

1wt % Pd—PEG-4000/Zn0O and 1 wt % Pd—PEG-
6000/Zn0O catalysts were prepared according to the
procedure [10] at Sokolskii Institute of Organic Catal-
ysis and Electrochemistry, Almaty, Republic of
Kazakhstan.

An aqueous polymer solution containing 0.0011 g
of PEG in 5 mL of water was added to an aqueous sus-
pension of the support (0.2 g of zinc oxide in 5 mL of
water) at room temperature under constant stirring,
and it was vigorously stirred for 2 h. Then 5 mL of an
aqueous H,PdCl, solution containing 0.002 g of Pd
was added, and it was stirred for 3 h until complete
binding of palladium chloride. The system obtained
was kept in the mother liquor for at least 10 h, after
which the precipitate was washed with water and dried
in air. As a result, a catalyst containing 1.0 wt % Pd,
0.54 wt % PEG, and 98.46 wt % ZnO was obtained.

To compare catalytic properties, 1 wt % Pd/ND
(ND are detonation nanodiamonds with a specific
surface area of 307—314 m? g1, an average size of the
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crystalline diamond core of particles of about 4 nm,
and a total concentration of noncarbon impurities of
no more than 0.2 wt %) synthesized according to the
procedure described in the patent [11] and in [12, 13]
and 1 wt % Pd/C prepared according to the procedure
described in [12, 13] on the basis of activated carbon of
the PHO M200 brand (prepared on the basis of the
coconut shell) (Eurocarb, the United Kingdom) were
used.

Hydrogenation Procedure

The hydrogenation reaction of aromatic nitro com-
pounds and unsaturated organic compounds (see
Scheme 1) was carried out as follows: 30 mg of a cata-
lyst and 10 mg of sodium tetrahydroborate NaBH,
were placed under a solvent layer (10 mL of ethanol)
into a glass reactor equipped with a thermostatting
jacket and a magnetic stirrer, the activation was carried
out for 10 min, and then 1 mmol of a substrate (cyclo-
hexene (CH), hexene-1 (H-1), allyl alcohol (AAl),
acrylic acid (AA), methacrylic acid (MA), cinnamic
acid (CA), nitrobenzene (NB), p-nitrophenol (p-NP),
p-nitrobenzoic acid (p-NBA), o-nitroaniline (0-NA),
p-nitroaniline (p-NA), or 2,4-dinitroaniline (2,4-
DNA)) was introduced in a hydrogen flow. The
hydrogenation was carried out at 7= 45°C and Py, =
0.1 MPa. The reaction mixture was stirred at a con-
stant rate of 1250 stir bar revolutions/min during all
the experiments, which is sufficient for the process to
occur in the kinetic region. This value was determined
experimentally.

In studying the effect of NaBH, on the hydrogena-
tion rate, the amount of the reducing agent was varied
from 0 to 25 mg.

The apparent reaction rate was measured volumet-
rically by the absorption of hydrogen. Under the reac-
tion conditions, a turnover number (TON, min™),
which shows how many moles of the substrate is con-
verted per mole of Pd per minute, was used for the
comparison of the catalytic activity of the objects
under study.

Under the given experimental conditions, the reac-
tions of interest were zero-order with respect to the
substrate and first-order with respect to the catalyst
and hydrogen [14]. To confirm that the processes
occurred in the kinetic region, the Thiele criterion (D)

was used [15]:
o=r
CD

where R is the average particle size of the catalyst, cm;
W is the reaction rate, mol/(L s), during the period of
time corresponding to the linear portion of the kinetic
curve until a 10% conversion of the theoretically value
calculated for each substrate; C is the concentration of
the substrate, mol/L; and D is the diffusion coeffi-
cient, 1073 cm?/s. In the conducted experiments, the
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Thiele criterion turned out to be substantially smaller
than 1 (® = 1.9 x 107°—1.9 x 107°), which is indeed
the evidence for the fact that the reaction proceeds in
the kinetic region.

The products of the hydrogenation reaction were
analyzed on a Series 3700 commercial chromatograph
equipped with a flame ionization detector: a glass col-
umn of a 3 mm diameter and a 2000 mm length packed
with 5% LucoPrene G-1000-coated Chromaton N-
AW-DMCS, the carrier gas was nitrogen, the evapora-
tor temperature was 80—230°C, the column tempera-
ture was 50—180°C (depending on the analyte), the
carrier-gas flow rate was 1.6 & 0.02 L/h, and the injec-
tion volume was 0.5—1 pL.

Investigation Methods

The structure and composition of synthesized
1 wt % Pd/C and 1 wt % Pd/ND were studied by a set
of instrumental techniques, namely, X-ray microanal-
ysis (a VEGA TS 5130MM fully PC-controlled scan-
ning electron microscope), X-ray photoelectron spec-
troscopy (Kratos Axis Ultra DLD), and scanning elec-
tron microscopy (Zeiss LEO SUPRA 25) [12, 13].

The 1 wt % Pd—PEG-4000/Zn0O and 1 wt % Pd—
PEG-6000/ZnO catalysts were examined using trans-
mission electron microscopy (Jeol JSM-6610LV) [3].

RESULTS AND DISCUSSION
Characterization of the Catalysts

Based on the data of transmission electron micros-
copy, it was shown [3] that the systems applied onto
zinc oxide from an aqueous palladium chloride solu-
tion are metal particles with a rather broad size spread
(20—40 nm). The palladium catalyst prepared using
PEG is characterized by the formation of small metal
particles with sizes from 3 to 8 nm which quite uni-
formly cover the support surface.

Preliminary Activation of the Catalysts

The samples under study were subjected to prelim-
inary activation using sodium tetrahydroborate. The
essence of the activation process in the case of palla-
dium-containing catalysts consists in the transition of
Pd?* to PdY; it is over the latter species that the activa-
tion of an H, molecule occurs. The effect of the
amount of NaBH, on the catalytic properties of 1 wt %
Pd—PEG-6000/Zn0O and 1 wt % Pd/C,., (M 200) was
examined in a model hydrogenation reaction of nitro-
benzene (P, = 0.1 MPa, T'=45°C, solvent: ethanol).

Figure 1 shows the diagram of the dependence of
the average rate constant of the model nitrobenzene
hydrogenation reaction on the weight of NaBH,
(0, 0.05, 0.10, 0.15, 0.20, 5, 10, 15, 20, and 25 mg) for
1 wt % Pd—PEG-6000/ZnO. A similar dependence
PETROLEUM CHEMISTRY  Vol. 57

No. 12 2017



HYDROGENATION OF NITRO AND UNSATURATED ORGANIC COMPOUNDS

kqy, L/(mol s)
350

300 {
250 |
200
150

100 -

1 L L L L A L

0 0.050.100.150.20 5 10

15 20 25
m(NaBH,), mg

Fig. 1. The dependence of the average rate constant of the
nitrobenzene hydrogenation reaction on the amount of
NaBH, used to activate 1 wt % Pd—PEG-6000/ZnO.

was obtained for 1 wt % Pd/C as well. It turned out
that the preliminary activation of the catalyst with
NaBH, resulted in a fourfold increase in the nitroben-
zene hydrogenation rate on 1 wt % Pd—PEG-
6000/Zn0O (Fig. 1) and a 4.6-fold increase on 1 wt %

Table 1. Influence the molecular weight of polyethylene
glycol on the activity of 1 wt % Pd—PEG/ZnO in the hydro-
genation of organic compounds

TON, min~!
Substrate
PEG-4000 PEG-6000
Nitrobenzene 85.3 109.1
p-Nitroaniline 26.6 141.6
p-Nitrophenol 17.1 47.6
p-Nitrobenzoic acid 11.7 118.6
o-Nitroaniline 15.3 61.3
2,4-Dinitroaniline 19.2 126.6
Hexene-1 28.7 40.4
Cyclohexene 45.7 62.5
Allyl alcohol 93.6 75.8
Acrylic acid 134.4 101.0
Methacrylic acid 105.8 80.4
Cinnamic acid 3.5 2.9

Experimental conditions: 7= 45°C, PH2 = 0.1 MPa, 30 mg of the

catalyst (1 wt % Pd—PEG/ZnO), 10 mg of NaBHy, 10 mL of eth-

anol, and 1 mmol of the substrate.

The error in the determination of TON does not exceed 7%.
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Pd/C as compared to the preliminary activation by
molecular hydrogen alone. The values of the rate con-
stant of nitrobenzene hydrogenation increased with an
increase in the amount of NaBH, uses up to 0.20 mg.
During further increase in the weight of the activator,
the values of the rate constants remained unchanged
and fell within the limits of the experimental error. It
can be assumed that the addition of 0.20—5 mg of
NaBH, is sufficient for the reduction of all the Pd**
ions.

Studying the Activity
of the Catalysts Prepared with PEG

Table 1 presents the results of the hydrogenation of
nitroarenes and unsaturated organic compounds in
the presence of 1 wt % Pd—PEG-4000/ZnO and
1wt % Pd—PEG-6000/ZnO.

An increase in the reaction rate constant and the
turnover number is observed in the hydrogenation
reaction of nitro compounds on the 1 wt % Pd—PEG-
6000/Zn0O catalyst, as compared to 1 wt % Pd—PEG-
4000/Zn0O (Table 1), by a factor of 5.3 for p-nitroani-
line, 2.8 for p-nitrophenol, or 10 for p-nitrobenzoic
acid. During the hydrogenation of the double C=C
bond in the unsaturated organic compounds, the same
trend is observed for cyclohexene. In the cases of allyl
alcohol and unsaturated acids, there is an inverse
dependence; thus, the reaction rate constant and TON
over 1 wt % Pd—PEG-6000/Zn0O are lower than in the
presence of 1 wt % Pd—PEG-4000/Zn0O. Obviously,
during the hydrogenation of the nitro compounds and
unsaturated organic compounds, which proceeds via
different mechanisms, intermediate substrate—active
site complexes are formed which are screened to dif-
ferent extents by PEGs with molecular weights of 4000
and 6000. A similar trend was noted during the hydro-
genation of alkynyl alcohols in [3]; thus, the highest rate
was observed using PEG with a molecular weight of
1000, the rate decreased with an increase in the PEG
molecular weight to 6000 and further to 15000 g/mol,
and the catalysts with molecular weights of 20000 and
40000 g/mol turned out to be inactive.

Comparing the Activity of the Catalysts Prepared Using
PEG with That of 1 wt % Pd/C and 1wt % Pd/ND

The results obtained in the hydrogenation reac-
tions of aromatic nitro compounds and unsaturated
organic compounds on 1 wt % Pd—PEG-6000/ZnO
were compared to the data on the activity of the 1 wt %
Pd/C [12] and 1 wt % Pd/ND [12] catalysts
(Figs. 2, 3). The catalytic activity of the test 1 wt %
Pd—PEG-6000/ZnO sample in the hydrogenation
of nitrobenzene, 2,4-dinitroaniline, p-nitroaniline, or
p-nitrobenzoic acid was found to be higher by a factor
of 2.5, 3.2, 3.5, or 5.2, respectively, than that of 1 wt %
Pd/C (Fig. 2).
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Fig. 2. The activity of 1 wt % Pd—PEG-6000/Zn0O, 1 wt %
Pd/C, and 1 wt % Pd/ND in the hydrogenation reaction of
nitroarenes. The values of TON for the 1 wt % Pd/ND cat-
alyst are borrowed from [12].

In the hydrogenation of p-nitroaniline and p-nitro-
benzoic acid, 1 wt % Pd—PEG-6000/ZnO was 1.6-
fold and 2.6-fold more active, respectively, than
1wt % Pd/ND. It is also seen from Fig. 2 that 1 wt %
Pd—PEG-6000/Zn0O is more sensitive towards the
nature of the substrate than 1 wt % Pd/C. However,
the yield of target amines with 1 wt % Pd—PEG-
6000/ZnO did not exceed 30%, while the target
amines can be obtained in a quantitative yield in the
presence of 1 wt % Pd/C and 1 wt % Pd/ND.

In the case of hydrogenation of unsaturated
organic compounds, the activity of 1 wt % Pd—PEG-
6000/Zn0O is higher than that of 1 wt % Pd/C in the
hydrogenation of allyl alcohol, acrylic acid, and meth-
acrylic acid, but it is higher than that of 1 wt % Pd/ND
only in the reaction with methacrylic acid (Fig. 3). In
the hydrogenation of the other substrates (cyclohex-
ene, hexene-1, and cinnamic acid), the test sample on
the basis of PEG is inferior to the catalysts on carbon
supports (Fig. 3). It is also noteworthy that the cata-
lysts differ in the “sensitivity” towards the change of
the nature of substrate molecules. This is well seen by
the example of three acids, namely, acrylic, methac-
rylic, and cinnamic acids. Acrylic acid is hydrogenated
best of all over all the catalysts, while cinnamic acid,
worst of all. The activity of 1 wt % Pd/C and 1 wt %
Pd/ND decreases almost threefold on passing from
one acid to another, whereas it drops as dramatically as
by a factor of 35 in the case of 1 wt % Pd—PEG-
6000/Zn0. Apparently, such structural sensitivity of
1 wt % Pd—PEG-6000/Zn0O can be explained only by
the presence of polyethylene glycol macromolecules in
this catalyst. The presence of the polymer poses addi-
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Fig. 3. The activity of 1 wt % Pd—PEG-6000/ZnO, 1 wt %
Pd/C, and 1 wt % Pd/ND in the hydrogenation reaction of
unsaturated organic compounds. The values of TON for
the 1wt % Pd/C and 1 wt % Pd/ND catalysts are borrowed
from [12].

tional constraints on the contact of substrate mole-
cules with the active sites of the catalyst.

The 1 wt % Pd—PEG-6000/Zn0O catalyst turned
out to be quite stable (Fig. 4), thus, in the case of
repeated use, the rate of the hydrogenation reaction of
nitrobenzene changed within the limits of the mea-
surement error. During the hydrogenation of the sec-
ond portion, the effect of catalyst “conditioning” was
observed. The effects can be due to the fact that some
of the palladium has not been reduced during the ini-
tial activation (treatment with NaBH,) because of the
steric hindrances created by PEG. When being on
stream, palladium is reduced, the amount of zerova-
lent palladium capable of activating molecular hydro-
gen increases, and the reaction rate grows.

Figure 5 shows the plots of the activation energy
versus the change in the entropy of activation for the
1 wt % Pd—PEG-6000/ZnO and 1 wt % Pd/C cata-
lysts. For both the catalysts, a linear dependence
between the values of the activation energy and the
change in the entropy of activation is observed,
which gives evidence for the presence of a compensa-
tion effect [16, 17] in the following series of
nitroarenes: nitrobenzene—p-nitroaniline—o-
nitroaniline—2,4-dinitroaniline. The correlation
coefficient for the aggregate relationship is also close
to unity, which confirms the similarity of the active
sites in both the catalysts. Apparently, these are
zerovalent palladium particles.

It should also be noted that the value of the change
in the entropy of activation for 2,4-dinitroaniline over
1 wt % Pd—PEG-6000/ZnO is positive, unlike that for
1wt % Pd/C. It is known that the entropy of activation
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Fig. 4. Stability of 1 wt % Pd—PEG-6000/Zn0O in the
nitrobenzene hydrogenation reaction.

varies to a greater extent depending on the structure of
the reactant molecule and the activated complex,
unlike the enthalpy of activation. The change in the
entropy of activation can be both positive and nega-
tive. The positive value of the entropy for 2,4-dini-
troaniline over 1 wt % Pd—PEG-6000/ZnO can be
explained as follows: the Pd active sites of the metal—
polymer catalyst can be both on the surface and inside
the polymer matrix, thereby creating certain steric
hindrances to the nitro groups of 2,4-dinitroaniline
approaching the active sites of the catalyst.

The values of the activation energy and entropy of
activation (Fig. 5) for 1 wt % Pd/C are below those for
1 wt % Pd—PEG-6000/ZnO for all the nitroarenes
examined, suggesting a more ordered structure of Pd
nanoparticles in 1 wt % Pd/C. This can be explained
by the fact that the polymer matrix can immobilize
palladium clusters of different sizes, whereas palla-
dium particles are more uniform when palladium is
deposited on activated carbon.

In summary, the results of the study of the activity
of 1 wt % Pd—PEG/ZnO shows that the catalyst mod-
ified with PEG-6000 is more effective in the hydroge-
nation of nitro compounds and the catalyst modified
with PEG-4000, in the hydrogenation reaction of
unsaturated organic compounds. Under similar con-
ditions, 1 wt % Pd—PEG-6000/ZnO is superior in cat-
alytic properties to 1 wt % Pd/C and, in some cases, to
1 wt % Pd/ND; however, the yields of the target prod-
ucts are almost quantitative over the two latter cata-
lysts, not the catalysts prepared using PEG. This dif-
ference can also be explained by the steric hindrances
due to the presence of the polymer in the catalyst com-
position.
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Fig. 5. The compensation effect for (®) 1 wt % Pd—PEG-
6000/ZnO and (m) 1 wt % Pd/C.
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