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ABSTRACT: A highly active and selective Pt−Fe alloy catalyst
on CeO2 support is reported in this work for aqueous phase
oxidation of ethylene glycol (EG) to glycolic acid. The Pt−Fe
nanoparticles are highly alloyed with a face-centered cubic (fcc)
type of crystal structure and a chemical state of Pt0/Fe0, as
confirmed from X-ray diffraction and extended X-ray absorption
fine structure characterizations, respectively. Compared to the
monometallic Pt catalyst, the Pt−Fe catalyst shows more than a
17-fold higher initial TOF, while achieving complete EG
conversion in 4 h at 70 °C and ambient O2 pressure under
alkaline conditions. The synergistic bimetallic effect occurs due to
significantly changing the O2 adsorption-dissociation character-
istics on the catalyst surface. The addition of a base shows a
promotional effect on both Pt and Pt−Fe catalysts at low NaOH
concentrations but an inhibition effect is observed for both catalysts at sufficiently high NaOH concentrations. Furthermore, the
base enhances the synergistic effect observed with Pt−Fe catalyst.

■ INTRODUCTION

The aqueous phase oxidation of biomass-derived sugars/
polyols to carboxylic acids is of great practical importance,
because it offers a safer, greener, and potentially more
economical route, compared to conventional processes using
petroleum feedstocks.1 While numerous reports on glycerol or
glucose oxidation have been published in recent years,2−4 the
oxidation of ethylene glycol (EG) has not been extensively
studied for the production of carboxylic acids (glycolic acid or
oxalic acid).
As the simplest diol, EG is synthesized via the hydration of

ethylene oxide or the hydrogenolysis of biomass.5 It is mainly
used as a precursor for the manufacture of polyesters and as an
antifreeze/coolant in automobiles and aircrafts. Significant
research work has been reported on the electro-oxidation of
EG, because of its higher boiling point (189 °C) and higher
energy density, compared to ethanol and methanol. However,
in this fuel cell application, EG is preferably converted to CO2
in order to harvest the maximum amount of energy. Partial
oxidation of EG in the gas phase with O2 on Ag and Cu
catalysts has been demonstrated to be the most economical
and feasible pathway for the synthesis of glyoxal.6−8 Glycolic
acid can also be produced from the aqueous-phase oxidation of
EG selectively on the monometallic Au,9,10 Pd,11 Ni,12 Cu,12

and Pt13,14 catalysts, but with low activity. The 5% Pd−1%
Au11 and 4.5% Pt−0.5% Pd14 catalysts have been reported to

show bimetallic synergy in accelerating the oxidation rate,
compared to the monometallic catalyst. However, little
information was provided regarding the reaction mechanism.
The promotional effect of the addition of a transition metal

to platinum metal for alcohol and CO oxidations has been
reported in many publications.1−6 In this regard, the oxyphilic
character of iron, with its high O/OH binding energy, makes it
an attractive metal to partner with platinum in order to
enhance catalytic activity. Based on this hypothesis, we
synthesized bimetallic Pt−Fe catalyst and tested it for EG
oxidation. The CeO2-supported catalysts are reported to
exhibit excellent metal dispersion and catalytic behavior in
oxidation reactions,15,16 because of the redox properties and
the high lability of lattice oxygen in CeO2. Therefore, CeO2

was selected as the support material for the synthesis of
heterogeneous Pt−Fe catalyst in this study. Parametric effect
studies were performed for aqueous-phase oxidation of EG
over Pt and Pt−Fe catalysts under both neutral or alkaline
conditions to provide insights into the underlying bimetallic
effect and the role of alkali promoter.
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■ EXPERIMENTAL SECTION

Catalyst Synthesis and Characterization. 1% Pt/CeO2
and 1% Pt−Fe/CeO2 catalysts were prepared following the
method reported previously.17 N-dimethylformamide (DMF)
(HPLC grade, >99.9%), cerium oxide nanopowder (particle
size <50 nm, surface area = 30 m2/g by BET), and Pt(acac)2
and Fe(acac)3 (acac = acetylacetonate) were all purchased
from Sigma−Aldrich and used without further purification.
The molar ratio of Pt and Fe precursors is (1:1). The sizes of
Pt and Pt−Fe nanoparticles are 11.8 ± 3.8 nm and 17.3 ± 4.9
nm, respectively, as inferred from transmission electron
microscopy (TEM) micrographs.17

Powder X-ray diffraction (XRD) pattern for the bimetallic
Pt−Fe catalyst was obtained on a Bruker D8 powder
diffractometer with a copper target (Cu Kα radiation)
operating at 40 kV and a current of 40 mA. X-ray absorption
spectroscopy (XAS) was performed at the SPring-8/BL36XU
facility in Japan. Data analysis of extended X-ray absorption
fine structure (EXAFS) was performed using the IFEFFIT
package, using standard procedures.18 The Fe K-edge spectrum
of the bimetallic Pt−Fe/CeO2 catalyst was measured in
fluorescence mode under ambient conditions. The Fe K-edge
spectrum of a metallic Fe foil was collected simultaneously in
the reference mode for X-ray energy calibration and data
analysis.
Oxidation Reaction. The catalytic performance was

evaluated in a stirred reactor setup, as described previously
(also see Scheme S2 in the Supporting Information (SI)).1 In a
typical example, an aqueous solution (25 mL, 0.58 mol/L) of
EG (anhydrous, 99.8%, Sigma−Aldrich), and 0.05 g catalyst
were placed in a 100 mL three-neck flask and heated to 70 °C

under magnetic stirring. The flask was equipped with an
overhead condenser and placed in an oil bath for precise
temperature control. O2 was bubbled into the aqueous solution
with gas flow rate maintained at 60 std mL/min. The Pt and
Pt−Fe catalysts were tested under both neutral (pH ∼7) and
basic conditions. NaOH (1.7 g) was dissolved in the reaction
solution prior to the reaction to attain basic conditions (pH
∼13.9). Approximately 0.5−1 mL of reaction solution was
sampled from the reactor and neutralized with sulfuric acid for
compositional analysis using high-performance liquid chroma-
tography (HPLC) (Shimadzu, Model Shodex SH1011
column) to obtain concentration−time profiles.
Hydrogen peroxide formation during the reaction was

detected and quantified by a colorimetric method using the
ultraviolet−visible light (UV-vis) spectroscopy (Model Lamb-
da 850 UV-vis Spectrometer, PerkinElmer).19 A quantity of 2
mL of reaction solution was sampled from the reactor and
mixed immediately with 2 mL of diluted H2SO4 aqueous
solution (1 mol/L) and 0.2 mol of TiO(SO4) indicator (15 wt
% in dilute H2SO4, purchased from Sigma−Aldrich). A
quantity of 30 wt % H2O2, purchased from Fisher Scientific,
was used to prepare a series of H2O2 aqueous solutions of
known concentrations for calibration purposes. The peak
height corresponding to H2O2 absorbance at 405 nm is used
for quantification purposes. The lower limit of H2O2 detection
by this method is ∼0.005 mM, as reported previously.19

Experimental data on the effects of reaction conditions were
collected using a 100 mL semibatch reactor equipped with
precise temperature and pressure control (see Scheme S3 in
the SI). The experimental conditions were as follows: T = 70
°C; catalyst loading = 2 kg/m3; PO2

= 10−50 bar; initial EG

Figure 1. Concentration−time profiles on (a) Pt/CeO2 and (b) Pt−Fe/CeO2 catalysts for aqueous phase EG oxidation in the presence of alkali
promoter. Reaction conditions: initial EG concentration = 0.58 mol/L, initial pH = 13.9 (alkali added), EG:metal ratio = 5657:1 (mol:mol), 70 °C,
1 atm O2, 60 std mL/min.

Table 1. EG Oxidation over Pt and Pt−Fe Catalysts under Alkaline and Neutral Conditions

Selectivity, S (%)b

initial turnover frequency,
TOFEG

a (s−1)
conversion,
Xb (%)

glycolic acid,
GLY

glycolaldehyde,
GLA

oxalic acid,
OA

formic acid,
FA others

carbon balance,
CBb,c (%)

Pt alkaline 1.1 69 70 − 6 9 6 94
neutral 0.2 12 45 55 − − − 97

Pt−
Fe

alkaline 19.1 100 62 − 9 8 − 79

neutral 2.8 40 42 − − − − 77
aReaction conditions: initial EG concentration = 0.58 mol/L, EG:metal ratio = 5657:1 (mol:mol), 70 °C, 1 atm O2, 60 std mL/min, TOF values
are based on experimental data at an EG conversion of 5%−25%. bConversion, selectivity, and carbon balance data are based on values at 12 h,
using the formula given in the SI. cCB data is calculated on the basis of liquid products only.
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concentration = 0.15−0.60 mol/L in aqueous solution;
NaOH:EG molar ratio = 0−4.8. The absence of heat- and
mass-transfer limitations was confirmed by estimating gas−
liquid, liquid−solid, and intraparticle mass-transfer limitations
using the well-known criteria described by Ramachandran and
Chaudhari.20 Intraparticle heat-transfer limitations were
quantified based on the Mears criterion.21

■ RESULTS AND DISCUSSION

Results of Bimetallic Effect on EG Oxidation. The
concentration−time profiles for Pt and Pt−Fe catalysts during
EG oxidation at 70 °C and ambient O2 pressure are shown in
Figure 1. Catalytic performance metrics including activity
(turnover frequency, TOF), EG conversion, and product
selectivity under both neutral and alkaline conditions are
presented in Table 1. The support material (CeO2) was also
tested but showed no activity for EG oxidation. The base
(NaOH) acts as a promoter for both Pt and Pt−Fe catalysts,
showing TOF values 5−6 times greater than the values
observed under neutral conditions for monometallic Pt. The
bimetallic Pt−Fe catalyst shows a significantly higher activity,
compared to the monometallic Pt catalyst, under both neutral
and alkaline conditions. The calculated initial TOF for Pt−Fe
is ∼19.1 s−1, which is more than 17 times greater than that of
the Pt catalyst (TOF = 1.11 s−1) in the presence of a base
promoter. As can be seen from Figure 1, EG is entirely
converted during 4 h using the Pt−Fe catalyst, while the Pt
catalyst gives much less conversion in the same duration.
However, significant carbon deficit in liquid phase products
was observed due to overoxidation (CO2 formation) when Pt−
Fe catalyst is used. To confirm the reason for causing the
significant carbon deficit, gas chromatography (GC) analysis of
CO2 in the gas phase after reaction and titration of carbonate
formed in the liquid phase has been performed, and these data
are presented in Section 6 of the SI. The results show that
there is no CO2 in the gas phase after the reaction. In addition,
the formation of carbonate analyzed via a titration method is
consistent with the calculated carbonate concentration based
on the carbon deficit (due to CO2 formation).
Based on DFT calculations associated with aqueous-phase

oxidation of glycerol, Davis and co-workers reported that O2
dissociation on Au or Pt surface is not facile.19,22,23 By using
isotope labeling experiments, they proved that O2 was involved
in the reaction by taking H atoms from water or glycerol to
form OOH species, which reacts with deprotonated glycerol to
form the glyceric acid, producing H2O2 as a byproduct. To
verify if the EG oxidation on Pt follows a similar mechanism
(as shown in Scheme S4 in the SI), we measured possible
H2O2 formation as a byproduct (results shown in Table 2). We
found that H2O2 was indeed formed during EG oxidation on
both Pt and Pt−Fe catalysts. It is interesting to see that the

H2O2 concentration on the Pt catalyst first increases then
decreases whereas this trend was not observed in the case of
Pt−Fe catalyst. The formation of H2O2 on Pt−Fe catalyst at
the start of the reaction was the strongest. This phenomenon
correlates well with the reaction profiles of the two catalysts. A
relatively long induction period (∼0−4 h in Figure 1a) was
observed for the Pt catalyst. In contrast, no such induction
period was observed for the oxidation using the Pt−Fe catalyst.
It is also worth mentioning that the H2O2 formation with the
Pt−Fe catalyst is less pronounced. The instantaneous H2O2
concentration in the reaction solution with Pt−Fe catalyst is an
order of magnitude lower than that observed with the Pt
catalyst. This suggests that the Pt−Fe catalyst increases the
reaction rate by a different reaction mechanism that does not
promote the formation of OOH species during reaction.

Catalyst Characterization and Structure−Activity
Relationship. To interpret the bimetallic effect and draw
conclusions based on surface chemistry, we performed detailed
characterization studies. In our previous publication,17 we have
shown that the synthesized bimetallic Pt−Fe nanoparticle
showed an alloyed structure. To derive more structural
information for this bimetallic alloy, XRD analysis was used
to characterize the Pt−Fe/CeO2 catalyst used in this work.
Two crystal structures of Pt−Fe alloy are known in the
literature:24 (1) disordered faced-centered cubic (fcc) (A1
phase, Figure 2a) and (2) ordered face-centered tetragonal
(fct) phase (L10 phase, Figure 2b). The XRD spectra of CeO2-
supported Pt−Fe catalysts of different metal loadings are
shown in Figure 2c. The sample with 1 wt % metal loading did
not show any clear diffraction peaks besides the peaks of CeO2,
because of the sensitivity limitation of the XRD instrument. At
increased metal loadings of 5 or 10 wt %, the characteristic
diffraction lines of the Pt−Fe alloy at 2θ = 23.0°, 40.4°, and
82.8° are well-defined, indicating that the Pt−Fe catalyst
belong to a fcc crystal structure with a calculated lattice
constant of a = 0.386 nm (see Table S2 in the SI). The peaks
representing the Pt crystal or the Fe crystal were not found in
the spectra, indicating that our catalyst is highly alloyed.
Dominance of the fcc disordered phase occurs in most of the
current Pt−Fe nanoparticle preparation techniques without
thermal treatment. Post-deposition annealing at a temperature
of ∼600 °C is usually required to achieve the formation of
ordered fct structure of the Pt−Fe alloy, according to the phase
diagram of the Pt−Fe system.
The XPS results shown in our previous publication revealed

that the Pt maintains metallic state before or even after
oxidation reaction.17 However, the oxidation state of Fe in Pt−
Fe alloy has not been previously reported under liquid-phase
oxidation conditions. In this paper, the used Pt−Fe catalyst
after one 12-h run of EG oxidation was investigated with the
EXAFS technique to discern more information about the Pt−
Fe alloy structure. As shown in Figure 3a, the Pt−Fe catalyst’s
absorption edge curve is more consistent with that of Fe foil,
instead of the Fe2O3 standard sample. Besides, no Fe−O
coordination was found in the r-space figure, as shown in
Figures 3b and 3c. In other words, the Fe element in the Pt−
Fe alloy remains in a reduced state (Fe0).
Given that Fe metallic nanoparticle can be easily oxidized in

an O2 and moisture-rich environment, the above finding seems
unexpected. In the EXAFS study of Pt−Fe/zeolite by
Kotobuki, even after hydrogen reduction treatment, Fe center
atom was coordinated by not only Pt and Fe but also by O.25

However, researchers also found that noble metals such as Pt

Table 2. Temporal H2O2 Concentration during EG
Oxidation in Alkaline Solution over Pt and Pt−Fe Catalysts

H2O2 Concentration (mol/L)

time (h) with Pt catalyst with Pt−Fe catalyst

0.5 5.0 × 10−4 2.4 × 10−4

1 1.3 × 10−3 2.2 × 10−4

2 1.5 × 10−3 8.3 × 10−5

4 8.3 × 10−4 6.4 × 10−5

12 4.2 × 10−4 −
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can enhance the reduction of iron by intimately contacting
with them in the supported bimetallic catalysts,26 because of
the strong hybridization of Pt 5d bands with highly polarized
Fe 3d bands. It has been found that the reduced state of Fe is
largely dependent on the degree of its alloying with Pt.
Although pure Fe surfaces are known to be highly reactive with
O2 such that the surface metallic Fe can be oxidized to form
FeO, the surface-alloyed Fe can remain stable, even when
exposed to O2-rich reaction conditions. In an O2/CO
adsorption study combined with XPS characterization by Xu
et al.,27 the Pt−Fe alloy after adsorption of O2 displayed similar
O 1s intensity, compared to that of the Pt nanoparticle. Also,
the Fe 2p3/2 positive shift is found to be almost negligible (0.2
eV), indicating that Fe in a highly alloyed structure was
resistant to oxidation and still highly active to CO oxidation.27

Considering the highly alloyed structure of our Pt−Fe catalyst,
as observed from XRD spectra, we conclude that the
assignment of the Fe0 state is reasonable.
Pt alloys involving 3d metals are usually found to be better

catalysts than Pt, because the d band of the Pt atoms on the
surface of these alloys are modified.28 Based on the d-band
theory, catalyst activity is dependent on the strength of
adsorbate−metal bond interaction to a large extent, which, in
turn, is dependent on the position of the metal d-states, relative
to the Fermi level.29 In our study, the crystalline lattice spacing
reduction (lattice constant of Pt = 0.392 nm) is decreased to
0.386 nm in the Pt−Fe alloy, see Table S1 in the SI for details)
can result in the downward shifting of the d-band center,
weakening the bonding between Pt and adsorbent (EG) and
therefore tuning the catalytic performance.

Because of the difference in electronegativity of Pt and Fe,
electron transfer from Fe to Pt occurs upon the formation of
Pt−Fe bonding in the alloyed structure nanocrystal.27 This
electron transfer from Fe to Pt on the surface can modify the
adsorption energy of EG or O2 on the Pt metal surface. In
addition, DFT calculations show that the existence of alloyed
Fe atoms can improve O2 dissociation.

30 It has been found that
the reaction energy barrier of O2 dissociation on atomically
dispersed Fe sites in the Pt−Fe alloy is very low (∼0.32 eV),
and the O adsorption energy is also much lower (−1.63 eV)
than the adsorption energy of other Fe surfaces.30 Therefore,
the phenomenon of less-pronounced H2O2 formation with Pt−
Fe catalyst is explained as follows. Part of the O2 does not react
with water to generate OOH species like it does on the Pt
surface. However, the O2 dissociates on the Pt−Fe surface and
then reacts with the adsorbed EG to form the glycolic acid.
Oxidation via this pathway cannot form H2O2 as a byproduct.
To verify this proposed mechanism, we performed the
following parametric effect studies.

Effect of Reaction Conditions. The O2 pressure effect on
the initial reaction rate was studied with monometallic Pt
catalyst for both neutral and alkaline conditions while keeping
the other reaction parameters constant. The concentration−
time profiles are shown as Figures 4a and 4c. The initial
reaction rate for EG conversion at various O2 pressures is
shown in Figures 4b and 4d. While the EG oxidation rate does
not change with O2 pressure under neutral conditions, it shows
a linear dependence with O2 pressure under alkaline
conditions. In other words, the reaction order, with respect
to O2 pressure, is increased from zero to one by the base
promotion effect. It was reported that Na+ attached on the

Figure 2. Schematic of the Pt−Fe crystal structure of the (a) disordered fcc and (b) ordered fct phases. (c) X-ray diffraction pattern of the cerium-
oxide-supported Pt−Fe catalyst.

Figure 3. (a) Fe K-edge XAS spectra of Fe foil, ferric oxide, and the Pt−Fe catalyst; (b) Fourier transformation of EXAFS for Fe foil and ferric
oxide; and (c) Fourier-transformation of EXAFS for the Pt−Fe catalyst.
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metal surface can promote the adsorption of electron acceptors
(O2) while inhibiting the adsorption of the electron donor (EG
in this study).31,32 By moderating the relative adsorption
strengths, the alkali metals allow more O2 to be adsorbed on
the active sites, leading to an acceleration of the reaction. In
addition, according to the proposed reaction mechanism on
the Pt catalyst, O2 is a suitable electron acceptor22 that
removes OH− electrons on the metal surface to provide
additional OH* species (see eq vii in Scheme S4 in the SI).
The OH* subsequently reacts with deprotonated EG species
(HOCH2CO*) to form the glycolic acid. However, OH*
cannot be provided easily from deprotonation of H2O under
neutral conditions, and, hence, the reaction proceeds slowly.
Effect of initial EG concentration on the EG reaction rate

with Pt catalyst is also dramatically different for the neutral and
alkaline conditions (Figure 5). Under neutral conditions, the
reaction rate increases very rapidly with an increase in initial
EG concentration from 0.15 kmol/m3 to 0.6 kmol/m3 but
remains constant at EG concentrations greater than 0.6 kmol/
m3. In contrast, a strong inhibition effect was observed for the
EG oxidation rate under alkaline conditions, with respect to
EG concentration. The EG oxidation rates continuously
decrease with an increase in initial EG concentration in the
0.15−1.2 kmol/m3 range, suggesting strong EG adsorption on
the catalyst surface, when compared to O2. This inhibition
effect may also be observed from the results in Figure 1. A
“slow” oxidation period exists during the first 4 h of reaction,
following which the reaction rate accelerates due to the
alleviation of rate inhibition upon EG consumption.
Similar effects of O2 pressure and initial EG concentration

dependence on the reaction rates for the Pt−Fe bimetallic

catalyst are shown in Figure 6. Interestingly, the reaction order,
with respect to O2, is markedly different for the bimetallic
catalyst, compared to the monometallic Pt catalyst. Under
neutral conditions, the reaction rate increases linearly with the
O2 pressure, yielding a reaction order of ∼1, as observed from
the ln(ri,EG) and ln(PO2

) plot (Figure 6a). This confirms that
O2 is involved in the rate-determining step for EG oxidation in
the case of the Pt−Fe catalyst. Furthermore, the O2 reaction
order was increased to ∼2 under alkaline conditions, as
observed from Figure 6b. The effect of initial EG concentration
on the Pt−Fe catalyst is similar to that observed with the Pt
catalyst. A mixed-order dependence (first order at low EG
concentration and zero order at higher EG concentrations)
was observed under neutral conditions, while EG inhibition
was observed under alkaline conditions. Thus, the adsorption

Figure 4. Oxygen pressure effect on EG oxidation with Pt catalyst: (a) EG concentration−time (C-t) profiles under neutral conditions; (b) O2
pressure effect on initial reaction rate under neutral conditions; (c) EG concentration−time (C−t) profiles under alkaline conditions; (d) O2

pressure effect on initial reaction rate under alkaline conditions. Reaction conditions: initial EG concentration = 0.295 kmol/m3, 70 °C, PO2
= 30

bar, initial NaOH concentration = 1.458 kmol/m3 under alkaline conditions; no NaOH was added under neutral conditions, catalyst loading (Pt/
CeO2) = 2 kg/m3; the initial reaction rate (ri,EG) is calculated based on the data of EG conversion (≤15%).

Figure 5. Initial EG concentration effect of EG oxidation on Pt
catalyst: (a) neutral conditions (no base added) and (b) alkaline
conditions (initial NaOH concentration = 1.458 kmol/m3). Reaction
conditions: initial EG concentration = 0.295 kmol/m3, 70 °C, PO2

=
30 bar, catalyst loading (Pt/CeO2) = 2 kg/m3, initial reaction rate
(ri,EG) is calculated based on the data of EG conversion ≤15%.
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characteristics of EG on the bimetallic catalyst do not appear
to have changed significantly.
The observed bimetallic effect is caused by the easier O2

dissociation on the catalyst surface due to alloy structure, as
explained earlier. In addition, the O2 adsorption on the surface
is likely enhanced by the Fe species in the catalyst. Kotobuki et
al. reported CO, H2, and O2 chemisorption measurements of
mordenite-supported Pt, Fe, and Pt−Fe catalysts, demonstrat-
ing that Pt sites act as adsorption sites for only CO and H2,
while Fe or FeO sites are primarily responsible for O2
adsorption.33 Consistent with these observations, a dual site
mechanism was proposed in their work to explain the effect of
adding Fe to the catalytic system for PROX (preferential
oxidation of CO in H2) reaction. Pt acts as a CO adsorption
site, while Fe is responsible for the O2 dissociative-adsorption
site. Herein, we invoke a similar reaction mechanism for EG
oxidation over the Pt−Fe catalyst.
We also investigated the effect of base for both Pt and Pt−Fe

catalysts while keeping other reaction parameters constant (see
Figure 7). Contrary to our expectations, the base (NaOH) not
only acts as a promoter, as previously claimed in the
literature,19 but is actually an inhibitor at sufficiently high
concentrations. This phenomenon was not previously reported
for the oxidation of polyols or carbohydrates, most likely
because previous studies were typically conducted at fixed
NaOH concentrations. The trend of reaction rate versus base
amount was observed to be similar for the Pt and Pt−Fe
catalysts. However, the promotion effect of base under
optimum conditions is more significant when bimetallic
catalyst is used, which implies a stronger synergistic effect
between the bimetallic catalyst and the base.
Not only does the reaction rate change with the amount of

base, the product selectivity is also significantly influenced (see
Table 3). When no base is used, glycolaldehyde is the main
product from EG oxidation over the Pt catalyst (selectivity of
∼69.4%). At progressively higher base concentrations, the
glycolaldehyde selectivity gradually decreases with more

glycolic acid formation, because of the increased oxidation
rate. When the reaction rate is close to its maximum at
optimum NaOH concentration, more carbon balance deficit
(based on liquid phase product analysis) was observed, which
is attributed to CO2/CO3

2− formation, as a result of C−C
cleavage (see Section 7 in the SI). Further increases in the base
amount result in less CO2 formation, higher glycolic acid
selectivity, and more formic acid as a byproduct. The
formation of formic acid was not observed under neutral
conditions or lower base concentrations. This phenomenon
can be explained by the reaction mechanism demonstrated in
Scheme S5 in the SI. When excess NaOH is used, −OH from
the base occupies the active site that creates steric hindrance to
deter CO2 formation from C−C cleavage and also decreases
the oxidation rate, because of its competitive adsorption with
the −OH groups from the EG.
In addition to NaOH, some “mild” bases were also examined

for potential promotional effect in EG oxidation. The
concentration−time profiles of EG and the main byproducts
are shown in Figure 8 for these experiments. Compared to the
case of no base addition, NaHCO3 or Na2CO3 also accelerate
the oxidation reaction initially but only for a short duration.
After ∼20 min, the reaction rate slows rapidly and almost
stops. Therefore, a poisoning effect is caused by the
introduction of HCO3

− and CO3
2− ions in this reaction

system. This explains the “deactivation period” in Figure 1b
(4−12 h) when no further oxidation can be observed. The
poisoning effect of CO3

2− species is attributed to the CO2

Figure 6. Oxygen pressure effect on EG oxidation with Pt−Fe
catalyst: (a) EG concentration−time profiles under neutral con-
ditions; (b) O2 pressure effect on initial reaction rate under neutral
conditions; (c) EG concentration−time profiles under alkaline
conditions; and (d) O2 pressure effect on initial reaction rate under
alkaline conditions. Reaction conditions: initial EG concentration =
0.295 kmol/m3, 70 °C, PO2

= 30 bar, initial NaOH concentration =
1.458 kmol/m3 under alkaline conditions; no NaOH was added under
neutral conditions, catalyst loading (Pt−Fe/CeO2) = 2 kg/m3, initial
reaction rate (ri,EG) is calculated based on the data of EG conversion
≤15%.

Figure 7. Base effect on initial reaction rate for EG oxidation with the
Pt catalyst. Reaction conditions: initial EG concentration = 0.295
kmol/m3, 70 °C, PO2

= 30 bar, and catalyst loading (Pt/CeO2) = 2
kg/m3; the initial reaction rate (ri,EG) is calculated based on the data
of EG conversion ≤15%.

Table 3. Base Effect on Product Selectivity for Pt Catalyst

Selectivity, S (%)

CNaOH
(kmol/m3)

conversion
%, EG glycolaldehyde

glycolic
acid

formic
acid CB

0 7.1 69.4 30.6 − 1.00
0.004 10.8 48.2 28.1 − 0.97
0.042 26.7 22.2 29.7 − 0.87
0.104 39.0 8.3 38.8 − 0.79
0.212 51.0 2.5 55.0 − 0.79
0.296 54.4 2.7 46.7 3.9 0.74
0.458 49.0 − 70.2 2.6 0.87
0.958 33.7 − 72.3 2.3 0.91
1.458 23.5 − 73.3 1.7 0.94
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produced from the C−C cleavage of EG that dissolves in the
alkaline water solution. The product distribution patterns with
NaHCO3 and Na2CO3 are similar to that observed under
neutral conditions: glycolaldehyde and glycolic acid are the
main products with no formic acid detected.

■ CONCLUSIONS
Investigations of the aqueous phase oxidation of EG on
monometallic Pt and bimetallic Pt−Fe catalyst revealed that
the initial turnover frequency (TOF) on the Pt−Fe catalyst
(19.1 s−1) is ∼17 times greater than that observed on the Pt
catalyst (TOF = 1.11 s−1) in the presence of a base promoter
at 70 °C and an ambient pressure of O2. 100% conversion of
EG and 62% glycolic selectivity was obtained at the end of 4 h
of reaction. Unlike the Pt catalyst, the alloyed Pt−Fe structure
enables efficient electron transfer from Fe to Pt that favors
dissociative O2 adsorption on the catalyst surface and its
participation in the EG oxidation reaction. This conclusion is
supported by the observed differences in the O2 orders on the
two catalysts. While the NaOH base promotes EG oxidation
on both Pt and bimetallic Pt−Fe catalysts at lower
concentrations, it inhibits the EG oxidation rates at sufficiently
higher concentrations. Furthermore, the amount of base also

influences the product selectivity, favoring glycolic acid at
higher NaOH concentrations. Under neutral conditions (i.e.,
without base addition), the EG oxidation rate displays a mixed-
order dependence on EG concentration, increasing linearly at
low EG concentrations and becoming zero order at higher base
concentrations. In the presence of a base, however, the O2 and
OH species also compete for active sites, resulting in the
observed rate inhibition and changes in product selectivity.
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