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A novel Pd-Fe/α-Al2O3 catalyst was synthesized by incipient-wetness impregnation method with
bayberry tannin as chelating promoter and commercial hollow column Raschig ring α-Al2O3 as support
for the synthesis of diethyl oxalate from CO and ethyl nitrite. A variety of characterization techniques
including N2 physical adsorption, [51_TD$DIFF]optical microscopy, scanning electron [52_TD$DIFF]microscopy and energy
dispersive system (SEM-EDS), inductively coupled plasma optical emission spectroscopy (ICP-OES), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM),
were employed to explore the relationship between the physicochemical properties and activity of
catalysts. It indicated that a large number of phenolic hydroxyl groups in bayberry tannin can efficiently
anchor the active component Pd, reduce the particle size and make the active Pd as a multi-ring
distribution on the commercial α-Al2O3 support, which were beneficial to improve the catalytic activity
for the production of diethyl oxalate from CO and ethyl nitrite. 0.3wt[53_TD$DIFF]% Pd-Fe/α-Al2O3 showed excellent
catalytic activity and selectivity in a continuous flow, fixed-bed reactor with the loading amount of 10mL
catalysts. Under the mild reaction conditions, the space-time yield of diethyl oxalate was 978 [54_TD$DIFF]g L�1 h�1

and CO conversion was [55_TD$DIFF]44% with the selectivity to diethyl oxalate of [56_TD$DIFF]95.5%.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Diethyl oxalate (DEO) is widely utilized at industrial domains to
synthesize a variety of significant fine chemicals, such as dyes,
pharmaceuticals, solvents, extractants, various intermediates and
ethylene glycol (EG) [1]. Because of high industrial and market
demand of EG, the hydrogenation of dimethyl oxalate (DMO) to
produce EG has been studied for almost several decades [2–6].
Commonly, DMO is in solid state at room temperature and
atmospheric pressure. It [57_TD$DIFF]is necessary to dissolve DMO in anhydrous
methanol or heat DMO to liquid state when it is applied to the
production of ethylene glycol. However, DEO is a liquid chemical at
room temperature and convenient as raw material for the
production of ethylene glycol by hydrogenation [7,8]. Thus, more
and more attention has been paid on diethyl oxalate, especially on
its synthesis.

Oxalic esters have been typically synthesized by esterify-cation
of oxalic acid and alcohols. In 1960s, the method of CO oxidative
coupling to oxalic esters was discovered by Fenton [58_TD$DIFF]et al. [9], which
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was initially carried out in the liquid phase by using copper-based
catalysts. Further, UBE Industries and Montedison Ltd. have
successively developed a new process for the synthesis of oxalate
ester in the gas phase [10]. In recent years, plenty of research was
related to the oxidative coupling of CO to oxalate ester and carbonic
ester including the selection of the supports, the preparation of the
catalyst, the doping of the metal auxiliaries and the reaction
mechanism [11–15]. Many studies believed that Pd/α-Al2O3 had
the best catalytic performance for diethyl oxalate production, but
the favorable distribution of active components on the catalysts
haven’t worked out. Although some studies indicated that the
catalytic activity of the egg-shell type distribution of the active
sites was better than that of the aggregated particles [16,17],
the high dispersion of the active component Pd on the supports has
not been resolved effectively. In addition, for the supported noble
metal catalysts, it is of great significance to decrease the active
loading, especially for the potential industrial application. In order
to further improve the catalytic activity and decrease the loading of
Pd from the point viewof industrialization, there is a pressing need
to prepare highly active Pd/α-Al2O3 catalyst with lower Pd loadings
and higher Pd dispersion.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Here, we report the Pd-Fe/α-Al2O3 catalyst with an ultra-low Pd
loading synthesized by introducing bayberry tannin as chelating
promoter and commercial hollow column Raschig ring α-Al2O3 as
support for the synthesis of diethyl oxalate from CO and ethyl
nitrite. The catalytic activity for diethyl oxalate production over Pd-
Fe/α-Al2O3 catalyst was evaluated in a continuous flow, fixed-bed
reactor with the loading amount of 10mL catalysts. The effect of
bayberry tannin on the Pd dispersion and catalytic performance of
Pd-Fe/α-Al2O3 for diethyl oxalate production was investigated.

Two Pd-Fe/α-Al2O3 catalysts (denoted as C1 and C2) have been
synthesized with commercial hollow column Raschig ring α-Al2O3

as support under the same conditions except that the catalyst C1
was obtained upon the addition of bayberry tannin as chelating
promoter (see Supporting information for details). Catalytic test in
the CO oxidative coupling to DEO was carried out in a continuous
flowfixed-bed reactor with ethyl nitrite generating device (loading
10mL Pd-Fe/α-Al2O3 catalyst). The catalytic performances of C1
and C2 were presented in Table 1. It is demonstrated that
conversion of CO and the space-time yield (STY) of DEO of C1
was nearly twice that of C2. The selectivity to DEO for C1 and C2
were almost identical, but they increased greatly compared with
previous study [59_TD$DIFF](89%) [16]. In addition, as shown in Table 1, for the
C1 and C2, the theoretical Pd and Fe loading was 0.50wt[53_TD$DIFF]% while
the actual Pd loading of C1 and C2 were 0.35 and 0.11wt[60_TD$DIFF]%, and the
actual Fe loading of C1 and C2 were both 0.29wt[60_TD$DIFF]%, as shown in
Table 1. The value of Fe: Pd of catalysts were about 1.2:1 and 1:2.6,
determined by inductively coupled plasma optical emission
spectrometer (ICP-OES). It was obvious that the bayberry tannin
played a vital role in anchoring Pd on the support during the
preparation process.

Fig. S2 (Supporting information) shows transmission electron
microscopy (TEM) images of Pd nanoparticles in the impregnation
solutions with and without bayberry tannin addition. It is obvious
that in the presence of bayberry tannin, Pd nanoparticles can be
uniformly dispersed (Fig. S2a), while Pd aggregated and grew in
the absence of bayberry tannin, as shown in Fig. S2b. This is mainly
because a large number of phenolic hydroxyl groups in bayberry
tannin could chelate with the Pd and anchor the Pd metal ions to
inhibit the agglomeration [18].

TEM images presented in [61_TD$DIFF]Figs.1a and b revealed that the Pd-NPs
of C1 were highly dispersed on the α-Al2O3 support, while the Pd-
NPs of C2 were somewhat aggregated into large nanoparticles
during the catalyst preparation process. On the basis of the size
distribution histograms shown in [61_TD$DIFF]Figs. 1c and d, the average size of
Pd-NPs of C1 was 4.8 nm, which was much smaller than that of C2
(7.3 nm). Moreover, for C1 catalyst, the size distribution of Pd-NPs
became much narrower and uniform as compared with that of C2.
In order to know about the state of Pd and Fe on this catalyst, high
resolution TEM (HRTEM) was used to analyze and explain the
significant performance of Pd-Fe/α-Al2O3. HRTEM images (Fig. 1e)
of C1 catalyst presents a group of three nanoparticles (indicated as
I, II and III) with different morphology and arrangement of atomic
planes. Perpendicular lines were drawn (red color) to calculate the
interplanar distances (IDs) in the micrographs, the average
Table 1
CO oxidative coupling to DEO on different catalysts.a

Catalysts Pd content (wt [38_TD$DIFF]%) Fe content (wt%) XCO (%) SDEO (%) STYDEO

(g [39_TD$DIFF]L�1 h�1)

C1b 0.35 0.29 33.6 95.5 729
C2c 0.11 0.29 16.5 96.0 424

a Reaction conditions: 10mL of catalyst, 3000 h�1 of gas hourly space velocity
(GHSV), reactants including [40_TD$DIFF]20% CO, 16% NO, 4% O2, 60% N2; 0.04MPa, 130 �C.

b C1 was prepared with the addition of bayberry tannin.
c C2 was prepared without the addition of bayberry tannin.
measure was compared with the JCPDS Cards. to identify
the crystalline phase observed in the nanoparticle. In zone I, the
averagemeasure of the IDs was 0.228� 0.005 nm andmatched the
(111) plane of the Pd crystalline phase (JCPDS No. 04-46-1043)
[19,20]. For zone II, the ID measure was 0.284� 0.004 nm and
matched the (200) plane of O4Pd3.5 crystalline phase or the (111)
plane of Fe1-xO crystalline phase (JCPDSNo. 04-005-475) [21,22]. In
zone III, the ID was calculated as 0.241�0.005 nm, and matched
the (111) plane of the FePd3 crystalline phase (JCPDS No. 04-001-
7354), which indicates the formation of a bimetallic Pd-Fe alloy.
Meanwhile, Fig. 1f also detected the Pd-Fe alloy and Pd crystalline
phase clearly. The presence of the bimetallic alloy of FePd3 in the
Pd-Fe/Al2O3 catalyst may produce a greater activity than mono-
metallic Pd particles or simple mixture of Pd and Fe catalyst [22].
On the one hand, the bimetallic Pd alloy with a second metal such
as Fe or Co as the catalytic sites have a higher electron density on Pd
atoms, which is likely due to incomplete filling of the valence shell
of the secondmetal and electron transfer to unoccupied Pd orbitals
[23]. On the other hand, though the presence of Fe species leads to
a decrease of chemically accessible Pd sites on the surface of
catalyst, the Pd-Fe alloy generate a synergism effect favoring
performance of a bimetallic catalyst [22]. This synergism effect is
due to the electronic structure of the surface d-band in alloy sites of
bimetallic catalysts, which makes them more active than
monometallic catalysts [24,25].

In order to identify the spatial distribution of the active Pd on
the commercial hollow column Raschig ring α-Al2O3 support, C1
and C2 were cut from the mid and the distribution of the active
component Pd on the commercial hollow column α-Al2O3 support
were observedwith an opticalmicroscope, as shown in [61_TD$DIFF]Figs. 2a and
b. It can be clearly seen that the active component Pd of C1 (Fig. 2a)
with bayberry tannin addition distributed as a tree-ring. However,
the Pd of C2 (Fig. 2b) without bayberry tannin addition appeared
like an egg-shell, and the active componentmainly gathered on the
surface of the carrier, which was consistent with the previous
report [26].

Meanwhile, [62_TD$DIFF]scanning electron microscopy and energy disper-
sive system (SEM-EDS) was applied to better illustrate the
distribution of Pd and Fe atoms on the catalysts. Figs. S5a and b
(Supporting information) present the cross sectional images of C1
and C2 by using linear scanning to scan a half ring of the catalysts,
respectively [16]. Note that the Pd atoms of C1 (Fig. S5a) with
bayberry tannin addition showed multi-peak distribution, which
had the characteristic of tree-ring distribution, as a whole. By
contrast, the Pd atoms of C2 (Fig. S5b) without bayberry tannin
addition showed single-peak distribution, which had the charac-
teristic of egg-shell distribution, as a whole. This was consistent
with the results of optical microscopy images. In addition, the Fe
atoms distribution of C1 and C2 (Figs. S5a and b) were almost no
strong peaks, which mean a uniform distribution on the catalysts.

A feasible multi-ring distribution mechanism of Pd nano-
particles of catalysts with the addition of bayberry tannin was
proposed, as shown in Scheme 1. The Pd ions in the aqueous
solution were anchored by the phenolic hydroxyl groups of
bayberry tannin and a strongly bonded structure formed in the
solution. During the impregnation process, the remaining phenolic
hydroxyl groups can be also anchored to the support, which
improve the strengthening interactions between the active
component Pd and the support. Thus, the active component
Pd impregnated into the hollow column Raschig ring structure of
α-Al2O3 support. By heating at 500 �C, the bayberry tannin was
decomposed into CO2 with leaving a large amount of space field
inside the carrier [12], and finally formed amulti-ring distribution.
The tree-ring distribution of the Pd on commercial hollow column
Raschig ring α-Al2O3 support made the higher dispersion of Pd and
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Fig. 1. TEM images of C1 (a) and C2 (b) with the corresponding size distributions of Pd NPs (c, d) and HRTEM images of C1 (e, f).

[(Fig._2)TD$FIG]

Fig. 2. Optical microscopy images of C1 (a) and C2 (b).
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more space fields, which might be one of the reasons for the high
activity of C1 catalyst.

It was well known that Pd can be easily reduced in a hydrogen
atmosphere. Previous studies [16,17,27] revealed that Pd/α-Al2O3

catalyst had zero valence of Pd after reduction, however the
analysis of the valence of Pd after the reaction was less explored.
The X-ray photoelectron spectroscopy (XPS) characterizations for
the Pd valence of C1 and C2 catalysts were carried out, and it was
found that after 10 h of reaction, the valence of Pd was not all
zero, which was consistent with the previous reports [16,27].
The valence of Pd changed between zero and divalent states
during the stabilized reaction progress. However, by comparing
the catalyst with and without bayberry tannin addition, as
shown in Fig. 3a [63_TD$DIFF]parts 1 and 2, it was found that, for the C1
catalyst with bayberry tannin addition, the binding energies of
Pd 3d5/2 had a little right shift from 335.9 eV to 335.5 eV,
meaning that the addition of bayberry tannin enhanced the
interaction of Pd with α-Al2O3 support. Meanwhile, as shown in
Fig. 3b [63_TD$DIFF]parts 1 and 2, it is noted that the valence state of Fe was
unchanged and remained the low-valence state. It indicated that
there were some Fe1-xO (1-x is between 0.84�0.95) crystalline
phase on the catalysts.

Furthermore, in order to investigate the influence of Pd
loading on the CO oxidative coupling activity, a series of catalysts
with the different Pd loadings (0.1 wt [64_TD$DIFF]%, 0.3 wt%, 0.5 wt%, 0.7 wt%)
were synthesized with the addition of 0.5 wt [53_TD$DIFF]% bayberry tannin,
the molar ratio of Pd to Fe in each catalyst was always 1:1. And the
catalytic performances of a series of catalysts for DEO synthesis
were presented in Table 2. It is noted that the conversion rate of
CO and STY of DEO showed a volcanic change with the increase of
Pd loading. When the Pd loading was 0.3 wt [60_TD$DIFF]%, the conversion of
CO was the highest, achieving 44wt [53_TD$DIFF]% with STY of DEO being 978 [54_TD$DIFF]

g L�1 h�1. Under the conditions of low Pd loading up to 0.30wt [60_TD$DIFF]%,
the catalyst activity rose with the increase of active sites.
However, it was interesting to note that as the loading of Pd
further increases, the activity of the catalyst decreases, which was
most likely due to the accumulation of Pd in the presence of
excessive Pd loading. Then, as shown in Table 2, along with the
increment of Pd loading, the TOF values of the catalysts gradually
diminished, however, the STY of DEO of the catalysts for the
synthesis of diethyl oxalate firstly increased and then decreased.
Note that when the Pd loading was 0.23wt [60_TD$DIFF]%, the STY of DEO
reached the highest, and the TOF values of the catalysts was also
relatively high. This indicated that 0.23wt [53_TD$DIFF]% Pd loading was an
optimal content from both catalytic performance and economical
points of view. In addition, note that the selectivity of DEO in
these catalysts was almost equivalent (about [65_TD$DIFF]96%), which was
mainly due to the absence of acid sites on the support [16]. A large
amount of ethyl nitrite decomposition will produce more by-
products in the presence of acid sites, which will seriously affect
the selectivity of diethyl oxalate. Whereas, we used α-Al2O3 as
support for the catalysts, and there were no acid sites on the
surface of alumina calcined to 1200 �C, leading to the high
selectivity of DEO.

TEM images and the Pd particle statistics of catalysts with the
different Pd loadings were shown in Fig. S6 (Supporting
information). It indicated that the average particle size of Pd
was increased from 3.4 nm to 5.7 nm with the increase of Pd
loading. Generally, the smaller Pd particles are favorable for the
improvement of catalytic performance. However, for 0.1 wt [53_TD$DIFF]% Pd-
Fe/α-Al2O3, the active sites were insufficient, leading to the lower
CO conversion and STY of DEO. It is noted that 0.3 wt[53_TD$DIFF]% Pd-Fe/α-
Al2O3 performed best due to the sufficient active sites and smaller
Pd particles.

According to test of N2 physical adsorption, it is easier to
intuitively find that the microstructure of the catalysts was greatly
affected by the Pd loading and bayberry tannin together (Fig. S9
and Table S3 in Supporting information). Compared with other Pd
loading catalysts, specific surface area of 0.3 wt[53_TD$DIFF]% Pd-Fe/α-Al2O3

increased from 10m2/g to 14m2/g. Large specific surface area was
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Scheme 1. Schematic diagram about the general synthetic procedures of Pd/α-Al2O3 with bayberry tannin.

[(Fig._3)TD$FIG]

Fig. 3. Pd 3d (a, b) and Fe 2p (c, d) XPS spectra of C1 and C2.

Table 2
Catalytic activities, Pd content, Fe content, pore size and Pd dispersion of various catalysts for CO coupling to DEO.

Catalysts Pd content a (wt%) Fe content a (wt%) D b
[41_TD$DIFF] (nm) Pd dispersion c

[42_TD$DIFF](%)
XCO (%) SDEO (%) STYDEO (g L-1 [43_TD$DIFF] h-1) TOF values (h�1)

0.1Pd-Fe/[44_TD$DIFF]a-Al2O3 0.085 0.075 3.4 30.1 26.5 96.6 572 [45_TD$DIFF]1669
0.3Pd-Fe/a-Al2O3 0.23 0.22 3.9 25.0 44.0 95.5 978 [46_TD$DIFF]1283
0.5Pd-Fe/a-Al2O3 0.35 0.29 4.8 22.4 33.8 95.6 729 [47_TD$DIFF]699
0.7Pd-Fe/a-Al2O3 0.45 0.48 5.7 18.2 23.6 97.0 509 [48_TD$DIFF]466

a Determined by ICP-OES.
b Particle size determined by TEM.
c Determined by TEM.
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favorable for Pd dispersion, further accelerating the catalytic
activity for DEO production.

The reaction mechanism (Scheme 2) of the gas-phase catalytic
coupling of carbon monoxide to diethyl oxalate was surface-control
reaction[27].Ethylnitritewas initially inserted intoPdtochangezero-
valent of Pd by continuously oxidization to divalent Pd. At the same
time, the linear carbon monoxide adsorbed on the catalyst surface,
resulting in an easy conversion to the divalent Pd alkane compound
which formed a Pd carbonyl intermediate complex. Then Pd carbonyl
compound was unstable. When there was sufficient space field (no
sterichindrance), thebisethoxycarbonylPdon thecatalyst surfacecan
be eliminated to form diethyl oxalate. The divalent Pdwas reduced to
zero valent Pd and then entered to next round for cyclic catalytic
process.Thekeytothesmoothoperationof thiscirculationsystemwas
notonlytoprovidemorespacefields,butalsotoprovidemorereactive
sites. For large-scale production of catalystswith commercial α-Al2O3

support, it was often difficult to improve the active sites dispersion.
Here, the introduction of bayberry tannins as chelating promoter
resulted in the reduction of particle size and the uniformdispersion
of active Pd on the Pd-Fe/α-Al2O3 catalyst.



[(Scheme_2)TD$FIG]

Scheme 2. Scheme of CO coupling reaction mechanism.
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In this work, a novel Pd-Fe/α-Al2O3 catalyst with high activity
was successfully synthesized by adding bayberry tannin as
chelating promoter and commercial hollow column Raschig ring
α-Al2O3 as support for CO oxidation coupling of ethyl nitrite to
diethyl oxalate. A large number of phenolic hydroxyl groups in
bayberry tannin can efficiently anchor the active component Pd,
reduce the particle size and improve the dispersion of the active
Pd. This kind of distribution provides enough space field more like
a miniature reactor, which led to excellent catalytic activity. Due to
simple preparation method, low Pd contents and high production
yield rate, this highly active Pd-Fe/α-Al2O3 catalyst is favorable for
industrial application potentiality. More importantly, this work
should be universal for designing other supported precious metal
industrial catalysts with maximum dispersion and smaller particle
size of active species.
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