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Abstract: In this work, a highly selective and active gold-based catalyst for the oxidation of high
concentrated monoethylene glycol (MEG) in aqueous solution (3 M, 20 wt%) is described. High
glycolic acid (GA) selectivity was achieved under mild reaction conditions. The optimization of
the catalyst composition and of the reaction conditions for the oxidation of MEG in semi-batch
mode under alkaline conditions led to a GA yield of >80% with a GA selectivity of about 90% in
short reaction time. The bimetallic catalyst 0.1 wt% AuPt (9:1)/CeO2 showed very high activity
(>2000 mmolMEG /gmetal min) in the oxidation of MEG and, contrary to other studies, an extremely
high educt to metal mole ratio of >25,000 was used. Additionally, the gold–platinum catalyst showed
a high GA selectivity over more than 10 runs. A very efficient and highly selective process for
the GA production from MEG under industrial relevant reaction conditions was established. In
order to obtain a GA solution with high purity for the subsequent polymerization, the received
reaction solution containing sodium glycolate, unreacted MEG and sodium oxalate is purified by a
novel down-stream process via electrodialysis. The overall GA yield of the process exceeds 90% as
unreacted MEG can be recycled.

Teevs, L.; Prüße, U. Oxidation of
Monoethylene Glycol to Glycolic

Keywords: glycolic acid; gold-based catalyst; monoethylene glycol; electrodialysis; oxidation

Acid with Gold-Based Catalyst and
Glycolic Acid Isolation by
Electrodialysis. Reactions 2022, 3,
47–58. https://doi.org/10.3390/
reactions3010004
Academic Editor: Francesco Frusteri
Received: 25 November 2021
Accepted: 24 December 2021
Published: 28 December 2021
Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

1. Introduction
The oxidation of alcohols to aldehydes or carboxylic acids has been actively investigated for more than 100 years. For example, the oxidation of glucose or the oxidation
of HMF were intensively examined [1,2]. In contrast, the oxidation of monoethylene glycol (MEG) to glycolic acid (GA) is described rarely in literature. GA opens up a wide
field of applications, ranging from cosmetic to food industries and the possibility to serve
as a building block for the degradable polymer polyglycolic acid (PGA). Because of the
biodegradability of PGA, as well as the excellent barrier and mechanical properties of PGA,
PGA is highly suitable for packaging materials [3].
The current industrial chemical processes for the production of GA use petrochemical
resources and hazardous chemicals as educts. The majority of GA is produced via hydrolysis of chloroacetic acid and carbonylation of formaldehyde. Some alternative production
routes for the synthesis of GA from bio-based MEG are described. GA can be produced
via microbial oxidation of MEG, electrochemical oxidation of MEG and chemocatalytic
oxidation of glycerol and MEG, respectively. Indeed, the biotechnical oxidation of MEG
achieves high GA selectivity of >90%, but in comparison to the chemical route low productivities (<2 g/L·h) are observed. Additionally, the cofactor sorbitol and expensive
and complex fermentation medium are needed [4,5]. The electrochemical oxidation of
MEG can be a suitable method to produce GA [6,7], since a high GA selectivity of >90%
at mild reaction conditions can be achieved [6]. Drawbacks of this MEG production route
are the use of low concentrated solutions and the low educt to catalyst ratio, i.e., MEG
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Figure 1. Reaction scheme of the oxidation of monoethylene glycol (MEG) to glycolic acid (GA) and
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(water free, Fluka, Munich, Germany), Amberlyst 15 (Sigma-Aldrich, Munich, Germany).
All chemicals were used as received.
2.2. Catalyst Preparation
The catalysts were prepared according to a protocol previously published by Heidkamp et al., who prepared very similar AuPt/CeO2 catalysts having metal crystallite sizes
of 2–5 nm [19].
More in detail, the catalysts were prepared by wet impregnation on ceria (mean
particle size 100 µm) with HAuCl4 ·xH2 O, H2 PtCl6 ·xH2 O and NaBH4 . The amount of noble
metal on the catalyst is the nominal amount given as a weight fraction (wt%). All catalysts
were used in the oxidation of MEG directly after preparation.
The required amounts of aqueous solutions of HAuCl4 (5 g·L−1 Au) and H2 PtCl6
(4 g·L−1 Pt) were added to a suspension of 30 g support in 300 mL of water. After intensive
stirring for 45 min at 80 ◦ C, a freshly prepared solution of 0.4 g of NaBH4 in 5 mL of
water was added carefully in small portions of about 0.5 mL. Subsequently, the catalyst
was separated from the preparation suspension by filtration through a sintered-glass filter,
washed with deionized water to remove residual chloride ions and dried at 70 ◦ C.
2.3. Liquid Phase Oxidation of Monoethylene Glycol
The oxidation of monoethylene glycol was carried out in aqueous solution at elevated
O2 pressure (7 bar) and constant pH in thermostatted stainless steel autoclaves, which were
equipped with a gas entrainment impeller (1000 rpm), a pressure sensor, a sampling outlet,
a thermocouple, and a pH electrode (SL 80–120pH, SI Analytics, Mainz, Germany) which
was connected to a titrator (Dulcometer PHD, Prominent GmbH, Heidelberg, Germany).
The consumption of sodium hydroxide solution was constantly monitored via an electronic
balance that was connected to a data acquisition system. The reaction temperature was
set to 70 ◦ C, the reactant concentration was varied between 5 and 30 wt% and the catalyst
concentration of the catalyst was 25 g/L. The reactions were carried out until a conversion
≥90% was reached.
To investigate the long-term stability of the catalyst, a series of repeated batches was
carried out. In between the reactions, the catalyst was separated by sedimentation, the
reaction solution was decanted and the catalyst was reused directly.
2.4. Electrodialysis
The laboratory-scale electrodialysis cell unit (ED 64 004, PCCell GmbH, Heusweiler,
Germany) was composed of one anode (Pt/Ir coated titanium) and one cathode (stainless
steel) as well as 10 cell triplets containing cation, anion and bipolar exchange membranes
with an active surface area of 64 cm2 . The diluate, concentrate, base and electrolyte
solutions were stocked in glass bottles and were re-circulated through the electrodialysis
stack by four pumps (Ismatec, ecoline VC-380, Wertheim, Germany) with a constant
volume stream of 30 L/h. The current generator (Labornetzgerät LPS 3303A, Angewandte
System Technik, Dresden, Germany) could supply voltage and current between 0–30 V and
0–3 A respectively.
As diluate for the first electrodialysis the reaction solution of the oxidation of MEG was
used. For the second and third electrodialysis the concentrate of the first and the second
electrodialysis were used respectively. A 0.3 M glycolic acid solution or the concentrate
of the first electrodialysis with a glycolic acid concentration of 0.3 M were inserted as
concentrate and a 0.3 M NaOH solution was used as base respectively. A 0.25 M Na2 SO4
solution served as electrolyte. For the first electrodialysis a voltage of 24 V and for the
second and third electrodialysis a voltage of 19 V was used.
2.5. Analytical Methods
Quantitative analysis was performed via HPLC with an Aminex HPX-87H
(300 mm × 7.8 mm, Bio-Rad, Hercules, CA, USA) column at 30 ◦ C with a flow rate

Reactions 2022, 3

50

of 0.5 mL/min, 5 mM H2 SO4 as eluent, a refraction index detector (RID-10A, Shimadzu,
Kyoto, Japan) and an UV detector (SPD-10A, Shimadzu, Kyoto, Japan) at λ = 210 nm. Calibration was realized with external standards. All samples were diluted at least 100 times
with water (Merck Milli-Q, Darmstadt, Germany) prior analysis. The samples were analysed for the educt monoethylene glycol, the main product glycolic acid and the by-products
oxalic acid and diglycolic acid. These substances were used to calculate the carbon balance
for each reaction which was unless otherwise indicated always >90%.
The activity of the catalyst and the GA selectivity were calculated by the
following equations:
∆nMEG
activity =
(1)
t·mmetal
nproduct,t
selectivity (%)
·100
(2)
nMEG,0 − nMEG,t
with ∆nMEG = molar amount of converted MEG, t = reaction time, mmetal = mass of catalytical active metals, nproduct,t = molar amount of product at reaction time t, nMEG,0 = initial
molar amount of MEG, nMEG,t = molar amount of MEG at reaction time t.
The noble metal content of the catalyst 0.1 wt% AuPt (9:1)/CeO2 and the metal content
in the reaction solution were determined by atomic emission spectrometry with inductively
coupled plasma (ICP-AES). The ICP-AES system iCAP 6300 Duo (Thermo Fisher Scientific
INC., Waltham, MA, USA) was used. For the determination of the metal content of the
catalyst by ICP-AES measurements, the catalyst (0.5 g) was decomposed in 12 mL boiling
aqueous HNO3 (33 wt%) by carefully adding 6 mL of H2 O2 (30 wt% in water). After
45 min of intensive stirring at the boiling point, 2.5 mL of concentrated HCl were added.
Afterwards the obtained solution was diluted with water (Merck Milli-Q, Darmstadt,
Germany) to a volume of 50 mL.
3. Results and Discussion
3.1. Metal Ratio of Catalyst
The effect of the gold to platinum ratio on the oxidation of MEG was investigated for
different CeO2 -supported catalysts. The total metal loading of the investigated catalysts
was constant at 0.1 wt%. Table 1 shows the influence of the metal ratio of the catalysts on
activity and selectivity in the oxidation of MEG to GA. The selectivity was determined at
70 and 80% MEG conversion, respectively, and the activity of the catalyst was calculated
between 0 and 40% conversion.
Table 1. Influence of the nominal gold/platinum ratio on the activity (calculated between 0 and 40%
conversion) and selectivity of the catalyst in the oxidation of MEG to GA at reaction time tR at 70
and 80% MEG conversion respectively. Reaction conditions: 20 wt% MEG, 70 ◦ C, 25 g/L 0.1 wt%
AuPt/CeO2 , pH 10.5, 7 bar O2 .
Au:Pt (w/w)

tR (min)

Conversion (%)

Selectivity (%)

Activity
(mmolMEG /gmetal min)

0:100
10:90
50:50
80:20
85:15
90:10
92.5:7.5
95:5
100:0

120
104
113
156
174
73
234
411
2770

70
70
70
80
80
80
80
80
70

31
33
40
56
67
78
81
80
79

1190
1360
1260
1670
1760
2030
1610
1580
12

The carbon balance was always >90% for all reactions except for the catalysts with a Pt
content of 50% and higher in which the carbon balance dropped to approx. 60% probably
due to by-products formed by homogeneous reactions, e.g., aldol condensations. Oxa-lic
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acid was produced in amounts of 1–2% in each reaction, whereas up to 30% diglycolic acid
was produced by the 0:100 and 10:90 Au:Pt catalyst (Table 1, entries 1 and 2).
The gold catalyst showed the lowest activity of 12 mmolMEG /gmetal min in the oxidation of MEG, but high GA selectivity of 79% was observed. In contrast, the platinum catalyst
had a much higher activity of 1190 mmolMEG /gmetal min but a significant lower selectivity of
31%. The activity increased up to a gold content of 90% from 1190 to 2030 mmol/gmetal min
and decreased rapidly for higher gold contents. The GA selectivity rose slowly from 31
to 56% with growing gold content up to 80%. For gold contents higher than 80% the GA
selectivity increased strongly up to 81% at a gold content of 95%. The GA selectivity stayed
almost constant at 80% between 90 and 100% gold content. The results showed that the
combination of platinum and gold increase the selectivity and activity of the catalyst for
the oxidation of MEG. The decreasing GA selectivity with increasing platinum content
could partially be explained by the increasing selectivity of catalysts to diglycolic acid.
Griffin et al., also observed a higher activity of the bimetallic catalyst AuPd/C in the oxidation of MEG in comparison to the corresponding monometallic catalysts Au/C and
Pt/C [11]. An increasing activity of the catalyst AuPt/C with rising gold to platinum ratio
was also described by Villa et al., for the oxidation of HMF [17] and by Heidkamp et al., for
the oxidation of alkyl ethoxylates [19].
ICP-AES measurements of the reaction solution after the oxidation of MEG with the
different investigated catalysts were performed. The values of the gold and platinum
leaching of the tested catalysts are summarized in Table S1. For all examined catalysts no
leaching of gold was observed. However, an increase of the platinum leaching with rising
platinum content of the catalyst was observed. For a platinum content of 10% less than
2% of Pt leached from the catalyst. With increasing platinum content of the catalyst, the
leaching of platinum during the oxidation of MEG rose. A platinum leaching of 10–15%
was measured for the catalyst with a Pt contents ≥50%.
For the catalyst 0.1 wt% AuPt/CeO2 with a gold to platinum ratio of 90 to 10 the
highest activity in combination with a high GA selectivity of 80% was determined. ICP
analysis of this catalyst revealed a metal content of 0.1 wt.% and a metal composition of
AuPt = 90:10, i.e., the actual metal content and composition is equal to the nominal ones.
3.2. Reaction Conditions
The aim of the optimization of the reaction conditions was to achieve a high GA
selectivity in short reaction time for high concentrated MEG solution and a small amount
of the catalyst 0.1 wt% AuPt(9:1)/CeO2 . The influence of the pH-value of the reaction
solution and the initial MEG concentration on the oxidation of MEG with the catalyst
0.1 wt% AuPt/CeO2 was investigated.
First the influence of the pH of the reaction solution on the activity and selectivity of
the catalyst 0.1 wt% AuPt(9:1)/CeO2 in the oxidation of MEG was examined. In Figure 2
the dependency of the selectivity and activity from the pH-value of the reaction solution
is shown.
The variation of pH-value in the oxidation of MEG had only low influence on the
resulting GA selectivity. In the investigated pH range of 8.9–10.5 the GA selectivity was
between 85 and 89%. In contrast to GA selectivity, the activity was strongly influenced by
the pH-value of the reaction solution. With rising pH-value the activity increased from
100 mmolMEG /gmetal min for a pH of 8.9 to 2400 mmolMEG /gmetal min for a pH of 10.5. The
variation of pH led to no considerable improvement in GA selectivity, but shows that the
base acts as a promoter as previously claimed in literature for oxidation reactions [20]. The
highest activity (2400 mmolMEG /gmetal min) and a high GA selectivity (86%) was observed
at a pH of 10.5.

Reactions 2022, 3, FOR PEER REVIEW
Reactions 2022, 3

6
52

Figure 2. Influence of pH-value (8.9–10.5) on activity and selectivity in the oxidation of MEG to GA.
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solubility in the aqueous solution, which decreases with increasing amount of dissolved
compounds. At high MEG concentrations not enough oxygen is available for the oxidation
of MEG and the oxidation reaction was limited by oxygen. For all investigated MEG
concentrations, a GA selectivity of 85–86% was determined. So, no side reaction occurred
at high MEG concentration, which affected the selectivity. Even for the highest studied
MEG concentration of 30 wt% (4.5 M) a high GA selectivity of 85% at a very high educt
to metal mole ratio of >25,000 molMEG /molmetal was observed. In literature comparable
GA selectivity is described, but significant lower MEG concentrations (0.1 M MEG [11] or
0.3 M MEG [16]) and a much lower educt to catalyst ratio of 970 molMEG /molmetal were
used [21].
3.3. Long-Term Stability of the Catalyst
Apart from a high selectivity and activity of the catalyst a good long-term stability
is an important property of an efficient catalyst. Therefore, the long-term stability of the
Reactions 2022, 3, FOR PEER REVIEW catalyst 0.1 wt% AuPt(9:1)/CeO2 in the oxidation of MEG was tested. Figure 4 shows the
8
relative activity and GA selectivity of the catalyst for twelve successive runs of the catalyst
in the oxidation of MEG.
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The leaching
of gold
and platinum
further leached
use of the
from the surface of the catalyst. The leaching of gold and platinum increased with further
use of the catalyst in the oxidation of MEG. After the 12th use of the catalyst in the oxidation of MEG about 10% of the gold and 56% of the platinum leached from the surface of
the catalyst 0.1 wt% AuPt(9:1)/CeO2. Consequently, the used catalyst had a different composition than the fresh catalyst. The gold/platinum catalyst after 12 runs in the oxidation
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catalyst in the oxidation of MEG. After the 12th use of the catalyst in the oxidation of MEG
about 10% of the gold and 56% of the platinum leached from the surface of the catalyst
0.1 wt% AuPt(9:1)/CeO2 . Consequently, the used catalyst had a different composition
than the fresh catalyst. The gold/platinum catalyst after 12 runs in the oxidation of MEG
had a total metal loading of 0.085 wt% and a gold to platinum ratio of approximately
18:1. The significant change of the metal ratio of the catalyst and the corresponding higher
gold content of the catalyst contributed probably to the decrease of the activity of the
catalyst in the oxidation of MEG. Besides the leaching of the catalytically active metals
other deactivation phenomena were probably responsible for the decrease of the activity
Reactions 2022, 3, FOR PEER REVIEW over the first six experiments. The restructuration of the catalytically active metals can be
a possible explanation. The GA selectivity was not influenced by the change of the metal
composition; hence the higher gold content and lower metal loading of the used catalysts
had no influence on the GA selectivity.
In summary, in
oxidation
of MEG
to GA with the catalyst 0.1 wt% AuPt(9:1)/CeO2
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a constant GA selectivity with an initial decrease of the activity over twelve successive runs
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In the cathode and anode chamber (1), (Figure 5) sodium sulphate solution acted as
inert electrolyte. Positive charged sodium ions can pass through the cationic membrane
from the diluate (2) into the cathode chamber (1). Because both electrode chambers were
connected these sodium ions are transported to the cathode side and passed through the
cationic membrane into the base chamber (4) forming sodium hydroxide solution. Negative
charged glycolate ions passed through the anionic membrane from the diluate (2) into the
concentrate (3) chamber. Protons and hydroxide ions which are necessary to form glycolic
acid in the concentrate chamber and sodium hydroxide in the base chamber were produced
by the bipolar membrane from water. Most of neutral MEG stayed in the diluate (2).
Experiments showed that the salt splitting setup works with reaction solution, nearly
all NaGA was separated from the diluate stream leaving more than 50% of unreacted MEG
behind. With this setup 99% (193 g) of glycolate can be removed from the diluate in 3–4 h,
leaving 35% (5.1 g) of the unreacted MEG in the diluate. 85% (166 g) of GA was transferred
into the concentrate stream and 12% (23 g) was transferred into the base stream. 42% of
MEG was transferred to the concentrate stream. The concentrate stream still contained 50%
Reactions 2022, 3, FOR PEER REVIEW (1.8 g) of the formed oxalic acid. Most of the other oxalic acid was transferred to the diluate
10
stream and to the base stream. During electrodialysis some Di-GA (3.4 g) was formed in
the concentrate stream. The sodium concentration in the concentrate solution was reduced
to 40Ing/L.
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and 30% (18 g) GA were transferred to the concentrate stream and 63% (31 g) of the GA
can be recovered in the diluate stream of the 3. electrodialysis. Furthermore, the GA of the
concentrate stream of the 3. electrodialysis could be recovered after the by precipitation
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the second electrodialysis was used as diluate in the third electrodialysis. All oxalic acid
and 30% (18 g) GA were transferred to the concentrate stream and 63% (31 g) of the GA
can be recovered in the diluate stream of the 3. electrodialysis. Furthermore, the GA of the
concentrate stream of the 3. electrodialysis could be recovered after the by precipitation
of OxA with Ca(OH)2 . A nearly complete precipitation of calcium oxalate (>99%) was
achieved and calcium oxalate can be separated by filtration from GA solution.
For subsequent reactions, the sodium content of the purified glycolic acid solution
obtained after the second electrodialysis had to be further reduced. Therefore, the sodium
content of the purified glycolic acid solution was decreased by ion exchange from 2 g/L to
0.05 g/L.
The final GA solution was concentrated by the removal of water and a 70% aqueous
glycolic acid solution with high purity was produced. The concentrated GA solution can be
used in the subsequent polymerization process without further purification. The purified
GA solution contained besides 150 g GA, 5.9 g MEG and 5.3 g Di-GA.
For the evaluation of the total process of GA purification, a balance with detailed
product and side product streams is given in Figure 7.
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Figure 7. Scheme of the GA purification process.
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aration process. In sum, the isolated GA amounts to about 97%. Further on, the unreacted
4. Conclusions
MEG in those side streams will be converted to GA in the subsequent oxidation batch
In summary, a selective chemocatalytic process for the production of glycolic acid
which led to an increase of the overall GA yield of >90%.

from MEG under industrially relevant reaction conditions was developed. For the aqueous
oxidation of high concentrated MEG solution (20 wt%) with the low loaded bimetallic
4. Conclusions
catalyst 0.1 wt% AuPt(9:1)/CeO2 high GA selectivity and activity was observed at mild
reaction conditions.
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reaction conditions. Additionally, the long-term stability of the gold-platinum catalyst in
the oxidation of MEG was investigated and a constant GA selectivity over 12 successive
runs was shown. Further on, a suitable electrodialysis process for the purification of the
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