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The gas-phase oxidation of ethylene glycol and methanol mixture into methyl glycolate C;HgO,+CH3;OH+0; =
CsHsO3+2H,0 over synthesized copper-containing catalysts was studied. Methyl glycolate can be considered as raw
material for obtaining biodegradable polyglycolide. The CuO-containing samples were synthesized by impregnation
of granular oxide-supports (y-Al,Os, SiO2 and MgO-ZrO;) with the calculated amount of aqueous solution of
Cu(NOs)2-3H-0 followed by heat treatment at 400 °C. In such way the supported CuO-Me,Oy /Al,O; (Me = Mg, Ti,
Cr, Co, Zn, Zr, Ag) samples have been prepared. Catalytic experiments were performed in a stainless-steel flow
reactor with a fixed bed of catalyst at 200-270 °C and atmospheric pressure. Oxygen of air was used as an oxidant.
The reaction products were analyzed using **C NMR spectroscopy and gas chromatography. It was found that
CuO/A1,0;3 catalyst provides ~ 100% ethylene glycol conversion with 56% selectivity towards methyl glycolate at
220 °C. The main by-products are methoxymethanol, 1,1-dimethoxymethane, methyl methoxyacetate, and methyl
formate. Use of silica as catalyst support leads to a significant decrease of the ethylene glycol conversion to 57 % for
CuO/SiO,, but methyl glycolate selectivity does not change significantly. Promotion of Cu0O/A4[,03 with MgO increases
methyl glycolate yield to 64%. According to the scheme of ethylene glycol sequential oxidation the increase in
selectivity for methyl glycolate over CuO-MgO/Al,O; catalyst is caused by the basic sites that promote intramolecular
Cannizzaro rearrangement of the intermediate reaction product — glyoxal hemiacetal to methyl glycolate. 1¢’s found
that mixed CuO-CrO; oxide supported by y-Al,O3z provides 80 % methyl glycolate selectivity with 95-100% ethylene

glycol conversion at 200-210 °C.
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Introduction

Methyl glycolate (MG) - hydroxyacetic acid
methyl ester can be considered as raw material for
obtaining biodegradable polyglycolide [1,2]. The two-
step synthesis of MG by the carbonylation of
formaldehyde (24 MPa) in the presence of water and
acid catalysts (Nafion NR-50 or HsPW1,040) to obtain
at first glycolic acid and then its following
esterification with methyl alcohol was described in
[3,4]. Condensation of formaldehyde and methyl
formate to methyl glycolate using heteropolyacids was
proposed by authors [5]. In [6] p-toluenesulfonic acid
as a catalyst was used for this condensation. The
reaction was carried out in an autoclave at 140 °C,
with a molar ratio of formaldehyde/methyl formate =
0.65. The source of formaldehyde was trioxane. After
reaction time of 3 h MG yield was 31% [6].

MG can be obtained by the vapor-phase selective
hydrogenation of dimethyl oxalate using AgQ/SiO,
Ag/SBA-15, Ag/AC-N-3, Cu/RGO and others
catalysts [7-13]. It should be noted that this method
provides enough high selectivity for methyl glycolate
(96-99%). However, the low (0.4 vol. %) content of
dimethyl oxalate in the initial vapor-gas mixture

causes low productivity of the catalyst (about 0.02 g of
MG/Lca/h) [12].

The authors of [14] synthesized methyl glycolate
from the glyoxal (40% aqueous solution) and methanol
at 180°C for 0.5h in an autoclave using AI(NOs3)s
9H,0, AICl3-9H,O and ZrOCl, - 2H,O. The MG
yield was in the interval of 85-87mol%. According to
[15], the MG synthesis was carried out by oxidation of
mannose and glucose in methanol at 100-120°C/1
MPa oxygen in the presence of MoOs; and Au/TiO.
The maximum methyl glycolate yield of 39mol% was
achieved for mannose at 120 °C for 4 h. Authors [16]
described the liquid-phase oxidation of propylene
glycol-methanol mixture in autoclave under 3 MPa O;
pressure at 100°C. The supported Au/oxides were
used. On Au/ZnO the MG selectivity achieved 94
mol% at low 18% ethylene glycol conversion.

In this paper the results on vapor-phase oxidation
of ethylene glycol in the presence of methanol vapour
into methyl glycolate over supported copper-
containing catalysts are presented.

Experiment
Preparation of catalyst
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The samples of Cu-containing oxides were
synthesized by impregnation of granular oxide-support
(fraction 0.5 — 2 mm) with calculated amount of aqueous
solution of Cu(NOs)2-3H20. In such way the samples
of CuO-Me,\Oy /Al,0; (Me = Mg, Ti, Cr, Co, Zn, Zr,
Ag) have been prepared using a compatible solution of
copper nitrate with the corresponding metal salt:
Mg(N03)2'6H20, TiCla, (NH4)2CF207,
Co(NO3),- 3H20, Zn(NOs)2-6H20, ZrO(NOs).-5H20,
AgNOs. The need solution volume was determined by
moisture absorption, as rule, 0.6 cm?® of solutionon 1 g
of Al,O3 was used. Then samples were dried at 120 °C
and calcined at 400 °C for 4 h. As oxide-supports were
used y-Al,03 ( Ukraine, Sger = 280 m?/g, ray = 5.3 nm,
Vs = 0.82 cm®/g, Ho <+3.3, Cucid sie = 1.1 + 0.05
mmol/g), SiO- (silica gel, China, Sger = 380 m?/g, ra =
4.9 nm, Vp = 0.97 cm¥/g, Ho = +1.5, Cacig sie = 1.2 +
0.05 mmol/g) and mixed magnesium and zirconium
oxide (atomic ratio Mg: Zr = 7.5: 1, Sger = 70 m?/g,
v = 7.3 nm, Vz = 0.25 cm®/g, H_ < +27.0, Chasic site =
0.8 = 0.05 mmol/g). The MgO-ZrO, support was
synthesized by co-precipitation from Mg (NOs). and
ZrO(NQg3), solutions according to [18]. A sample
marked 40CuO/Al,O; means that the sample contains
40 wt.% CuO concerning to AlOs.

The textural parameters of samples were determined
from the N adsorption-desorption isotherms by BET
method (Quantachrome Nova 2200e Surface Area and
Pore Size Analyzer). The X-ray powder diffraction
analysis of obtained samples was performed with a
DRON-4-07 diffractometer (CuKa).

Catalytic test
Methanol (Merk) and ethylene glycol (chemical
purity) were used. Catalytic experiments were
performed in a stainless-steel flow reactor (8 mm inner
diameter) with a fixed bed of catalyst (3 cm?®) at 200-
270°C and atmospheric pressure. Oxygen of air use as
oxidant. 20% methanol solution of ethylene glycol
was fed into the evaporator using an Orion M-361
syringe pump. At that in evaporator need air flow was
fed also. The heated vapor-gas mixture flowed through
the reactor at space velocity GHSV= 320-1250 h-*!
that corresponded to contact time 1= 3—11 s. The molar
ratio of ethylene glycol: oxygen was 1: 1.5. The load
on a catalyst was varied from 0.9 to 3.5 mmol
EG/cmi: /h. The reaction products were condensed in
an ice-cooled receiver and analyzed using *C NMR
spectroscopy  (Bruker  Avance-400) and gas
chromatography (Agilent 7820A). The conversion (X)
of ethylene glycol and selectivity (S) of products were
calculated in wt.% from chromatograms.

Results and Discussion

The nitrogen adsorption-desorption isotherms for
studied oxides belong to type IV as it’s shown for
40CuO/Al;0O3 (Fig. 1). The isotherm is characterized
by a wide hysteresis loop in the range of relative N

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33

pressure 0.4-0.9, which indicates on a substantial part
of mesopores in the Al,Os support. The calculated pore
size distribution confirms this fact also (Fig. 1). The
calculated from the adsorption-desorption isotherm
values of Sger, Vs and ray for 40CuO/Al,Os are equal
to 160 m?/g, 0.42 cm®g and 5.4 nm respectively. It
should be noted, that the specific surface area and pore
volume of the supported oxides become almost half
smaller as to the initial y-Al.O3 due to filling alumina
pores with CuO supported.
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Fig. 1. Nitrogen adsorption—desorption isotherm and
pore-size-distribution plot for 40CuO/Al,O3 catalyst

According to XRD analysis of 40CuO/Al,O3, CuO
supported is in the crystalline state. The peaks at 26 =
325,355, 38.7,48.7, 53.5, 58.2, 61.5, 66.2, 68.1, 71.7
and 75.5° on XRD pattern of the sample (Fig. 2) are
correspond to the CuO phase (JCPDS). The average
calculated crystallite size of CuO, determined by the
peak (202) at 26 = 48.7°, is 22—-24 nm.
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Fig. 2. XRD patterns of v-AlLO; (1) and
40CuO/Al03 (2)

The EG conversion and MG selectivity values at
different temperatures for 40CuO/Al,O; catalyst are
presented in Fig. 3. The conversion of ethylene glycol
at 210-240°C is at the level of 98-100%. Selectivity
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towards methyl glycolate has maximum of 56% at
220°C (Fig. 3).
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Fig. 3. Ethylene glycol conversion (1) and methyl
glycolate selectivity (2) on 40CuO/Al,O; catalyst at
different temperatures (L = 1.6 mmol EG/cm®a/h)

With increasing the load on 40CuO/Al,Os catalyst
from 1.6 to 3.5 mmol EG/cmi./h, ethylene glycol
conversion decreases from 98 to 75% (Fig. 4). The
selectivity for methyl glycolate is 56-58% at load
ranges from 1.6 to 2.5 mmol EG/ml./h, but at L = 3.5
mmol EG/ml../h the selectivity decreases to 47% (Fig.
4).
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Fig. 4. Ethylene glycol conversion (1) and methyl
glycolate selectivity (2) on 40CuO/Al;Os at different

loads on catalyst (220 °C)

Therefore, the optimal temperature and load on
catalyst, that provide the highest 55% methyl glycolate
yield on 40CuO/Al;Oz catalyst, are 220°C and 1.6
mmol EG/mlca/h, respectively.

The values of EG conversion and MG selectivity
for 40CuO/Al;O; catalyst do not change significantly
for at least 12 hours’ reaction (Fig. 5). It should be
noted that initially, during 1-2 h, the catalyst provides

only 20-40% of MG selectivity. After 3 h work of
catalyst, the selectivity reaches ~55% and remains
constant (Fig. 5).
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Fig. 5. Ethylene glycol conversion (1) and methyl
glycolate selectivity (2) with time on stream on
40Cu0/Al,03 (220°C, 1.6 mmol EG/cm®./h).

In order to improve the methyl glycolate
selectivity, the ethylene glycol oxidation, the
CuO/Al;O3 catalyst was promoted with magnesium,
titanium, chromium, cobalt, zinc, zirconium, silver
oxides. Also, the CuQO/SiO;, CuO-MgO/SiO;, CuO/
MgO-ZrO,, CuO-ZnO-ZrO,-Al;0; and CuO-ZnO-
Al,O3 (catalyst for methanol synthesis) were tested in
this reaction. The results are presented in Table 1.

The addition of zirconium, zinc or magnesium
oxides to copper oxide on y-AlO3 (20Cu0O-10ZnO
/Al,03, 20Cu0-20ZrO,/Al,03, 20Cu0-2.5MgO/Al;03
samples) increases the methyl glycolate yield by 5-
9% compared with 40CuO/Al;Os. Other tested
samples provide the target product yield at the level of
13-58 % (Tablel1). It can be noted that methyl
glycolate selectivity is sufficiently high on CuO/MgO-
ZrO; (74 %), CuO-ZnO-ZrO.-Al,0; (76 %) and
20Cu0O-10MgO/Al;,O3 (77 %) oxides, however, the
ethy- lene glycol conversion is much less than that
over other samples (Table 1).

The using of silica as catalyst support leads to a
significant decrease of the ethylene glycol conversion
from 98 % for 40CuO/Al;O3 to 57 % for 40CuQ/SiO,
while the methyl glycolate selectivity does not change
significantly (Table 1). A similar situation is observed
when comparing of 20CuO-5MgO/Al;O3; and 20CuO-
5MgO/SiO, samples (Table 1). Methyl glycolate yield
of 64 % is observed on CuO-MgO/Al,O3 catalyst con-
taining 20 wt. % of CuO and 2.5 wt. % of MgO at
220C (Table 1).

In Table 2 are presented the contents of EG
oxidation products (without methanol) on three suit-
able catalysts.
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Table 1 Ethylene glycol oxidation over CuO-containing catalysts *

Catalyst Xec, % Swve, Wt. % Y me, Wt. %
40CuO/Al,04 98 56 55
45Cu0-0.44Ag,0/Al,03 96 55 53
20Cu0-10Zn0O/Al,03 90 67 60
15Cu0-30ZrO,/Al,03 95 52 49
20Cu0-20Zr0O,/Al,03 99 64 63
20Cu0-15Zr0,/Al,0s 96 57 55
20Cu0-12Ti0,/Al;03 96 46 44
15Cu0-1.5C0304/AlL03 82 46 38
20Cu0-1.5MgO/Al,03 89 66 59
20Cu0-2.5MgO/Al,03 90 71 64
20CuO-5MgO/Al,0; 81 72 58
20Cu0-10MgO/Al,03 59 77 45
CuO-Zn0O-Zr0,-Al,03 63 76 48
Cu0O-Zn0O-Al,03 50 25 13
40CuQ/SiO; 57 54 31
20Cu0-5MgO/SiO, 65 63 41
35Cu0O/MgO-ZrO, 24 74 18

1 Reaction conditions: 20 wt. % EG methanol solution, T = 220°C, L = 1.6 mmol EG/mle/h, molar ratio

EG:0,=1:15.
Table 2. Product content of ethylene glycol conversion *
Catalyst Content of reaction products, mol. % 2 XeG, Swe,
EG MG | MA | MF MM DMM ME % mol. %
40CuO/Al0s 1 65 4 13 8 2 7 99 66
Cu0-Zn0-ZrO,-Al,03 42 51 2 0 5 0 0 58 88
20Cu0-5MgO/Al;03 18 50 0 6 20 0 6 82 60

1 Reaction conditions: 20 wt. % EG methanol solution, 220°C, 1.6 mmol EG/mlc/h, molar ratio EG : O, = 1: 1.5; 2 EG — ethylene
glycol, MG — methyl glycolate, MA — methyl methoxyacetate, MF —methyl formate, MM — methoxymethanol, DMM —1,1-

dimethoxymethane, ME-1-methoxyethanol

Sequential oxidation of propylene glycol to
methyl glycolate is described by sum reaction C2HgsO>
+ CH30H + O, = C3HsO3 + 2H,0 and includes at least
three stages. In opinion authors [16], ethylene glycol is
oxidized on the Au/ZnO catalyst initially to
glycolaldehyde that forms the hemiacetal with
methanol. Next, this hemiacetal is oxidized to methyl
glycolate. According to another scheme, proposed for

+[0]
- H,0

HO OH HO

V4

the propylene glycol and glycerol oxidative este-
rification into alkyl lactates [18, 19], the EG con-
verting to MG could be include the sequential oxi-
dation to glyoxal via glycolic aldehyde, the formation
of glyoxal hemiacetal with methanol. Then the
hemiacetal rearrangements into MG by Cannizzaro on
basic sites of catalyst:

@) OH HO 0]

OCH,
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The process follows Mars - van Krevelen’s
scheme, that the oxidant is atomic oxygen of copper
oxide lattice: 2CuO = Cu,O + O. Copper oxide (I) is
oxidized to CuO by air oxygen. The increase of methyl
glycolate yield on basic CuO-MgO/Al;Os catalyst, and
twice decreasing one on CuO-MgO/SiO, with more
acidic support —silica, confirms the Cannizzaro
intermolecular rearrangement (Table 1).

The by-products of studied EG oxidation are
methyl methoxyacetate, methyl formate, hemi- and full
acetals of formaldehyde and acetaldehyde with
methanol (methoxymethanol, 1,1-dimethoxymethane,
1-methoxyethanol, 1,1-dimethoxyethane). It should be
noted that methyl formate, methoxymethanol and 1,1-
dimethoxymethane are formed from formaldehyde,
producing by aldol decondensation of glycolaldehyde.
According to the calculations using Aspen HYSYS
program of equilibrium OHCH,CHO « 2HCHO, the
formaldehyde content may be 36 mol. % at 240 °C.
That is, the reaction rate of glycolaldehyde de-
condensation competes with its oxidation into glyoxal.
The acetaldehyde is formed at dehydration of ethylene
glycol.

At testing various supported oxides in the TPR
oxidation of cyclohexanol to cyclohexane, we have
found a promising CuO-CrOs/Al,O3; sample that
catalyzes the oxidation without cyclohexanol
dehydration to cyclohexene in fact [20]. This sample
turned out to be active and selective in studied EG
oxidation: 80% methyl glycolate selectivity is obser-
ved at 200°C with 100% ethylene glycol conversion.
Also, CuO-CrOs/Al,O3 catalyst provides 95-100%
ethylene glycol conversion at higher load on a catalyst,
up to 2.3 mmol EG/cm3:../h, in comparison with other
studied samples (Fig. 6).
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Fig. 6. Ethylene glycol conversion (1) and methyl
glycolate selectivity (2) on CuO-CrOs/Al,O3 catalyst at
different loads on catalyst (200 C)

Conclusion

Thus, it’s found that mixed CuO-CrOs; oxide
supported by y-Al,Os may be a suitable catalyst for the
vapor-phase ethylene glycol oxidative esterification
with methanol into methyl glycolate at 200-210°C. The
catalyst provides 80 % methyl glycolate selectivity
with 95-100% ethylene glycol conversion at loads on
the catalyst up to 2.3 mmol EG/cm?c/h.
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Iapoda3He OKHCHEHHSI METAHOJIBHOTO PO3YHMHY €THJIEHIIIKOIIO0 10 MEeTIWITJIIKOJIATY
HAa MiIbBMiCHUX KaTaJjizaTopax

Amnarouiii M. Bapsapin!, Ceitaana L. JleBuubka'*, Apryp M. Muin?,
Ouexciii 0. 3inuenxo?, Bosogumup B. Bpeiit

Ynemumym copbyii ma npoénem endoexonozii HAH Yrpainu, eyn. enepana Haymosa, 13; Kuis , 03164, YVxpaina;
s_levytska@ukr.net
2TOB «Bupobuuua zpyna Texincepsicy, Maxiiscokuii npoeynox, 1, Kuis, 04114, Ypaina

B poGoti HaBeaeHo pe3ynbTaTé napodasHOro OKUCHEHHs eTuieHrmikomo B MetaHodi CoHeOx+CH3;OH+0; =
C3HeO3+2H,0 Ha OkCHAHUX MIIBBMICHHUX KaTami3aTopax B MPOTOYHOMY PEAKTOPi ISl OACPKAHHS METHITIKONATY.
MeTunrimikonaT MOXHA PO3IIISAATH SK CHPOBHHY Ul OJNEp)KaHHSA TJKONIAY — MOHOMEpY Ui BHPOOHHUITBA
010A€CTPYKTYIOUOTO MONIMTIKOMiAY. 3pa3Kd HAHECEHWX MiJbBMICHHX KaTaji3aTOpiB CHHTE3YBAJIM MPOCOYYBAHHSIM
rpanyn BuOpaHoro okcuay-Hocis (y-Al:Oz SiO, ta MgO-ZrO;) po3paxoBaHOK KiNBKICTIO BOJHOTO PO3YHHY
Cu(NO3)2 - 3H20, a must 3paskiB CuO-MexOy/Al03 (Me = Mg, Ti, Cr, Co, Zn, Zr, Ag) CyMiCHUM PO3YHHOM HIiTpaTy
MiJi 3 CULIIO BIAMOBITHOrO METaJly 3 HACTYIHOI TEPMOOOPOOKOIO Ui YTBOPEHHS HaHECEHOI OKCHIHOI (asw.
KaranxiTiuHi eKcriepuMeHTH 311HCHIOBAIHM B POTOYHOMY PEAKTOPI 3 HEPYXOMHUM IIIAPOM KaTali3aTopy 3a TeMIepaTyp
200-270 °C i armocdeproro tucky. OKHMCHIOBadeM CIyryBaB KuceHb TOBiTps. IlpomykTu peaxmii aHamizyBamu 3
sukopuctanam “C SIMP cnektpockomii Ta Ta3oBoi xpomarorpadii. Buseiaeno, mo CuO/AlO; karamizatop
3abe3neuye maibke 100 % KOHBEPCIIO ETHICHIJIKOMIO i3 56% CeNeKTHBHICTIO 3a MeTwiriikonaroM mpu 220°C.
OcCHOBHMMHM TOOIYHMMHU TPOMYKTAaMH OKHUCHEHHS CTWJICHIJIIKOJIIO € METOKCHMETaHoJ, 1.l-IuMeToKcHMeTaH,
METWJIMETOKCHaneTaT Ta MeTwiadopmiar. BUKOpuCTaHHS KpeMHe3eMy SK OKCHIY-HOCiS NMPU3BOIMTH JO 3HAYHOTO
3HWKEHHS KoHBepcii etmnenraikoio (57 % mis CuO/SiO; karanizaropa), TOAI K CEIEKTUBHICTH 32 METHITIIIKOIATOM
ICTOTHO He 3MiHIO€eThes. Beenenns no ckinany CuO/Al,Oz kaTtanizaTopa OKCHAIB IIUPKOHIIO, IMHKY 1 MarHito Crpuse
nepebiry wineoBoi peakuii. Bcranosneno, mo HaiOinpmmii Buxig Metwiriikonary - 64 % 3 90 % koHBepciero
eTuneHrikomo crnocrepiraetbesi Ha CUO-MgO/ALLOs, mo mictuts 20 mac. % okcuay Mimi i 2.5 mac. % okcuay
Margilo. 3rigHO HaBEAEHOI CXEMH IOCIIZIOBHOIO OKHCIEHHS ETWICHIUIKOIIO 30UIBIIEHHS CEIEKTUBHOCTI 3a
metmwiriaikodatom Ha CuO-MgO/Al;Os  katamizatopi  3yMOBJIIOIOTH  OCHOBHI  IIEHTPH, SIKi  CIIPHUSIOTH
BHYTPIIITHBOMOJIEKYJIIPHOMY ~ TIEpEeTpyITyBaHHIO KaHHIIIApO MPOMDKHOTO MPOAYKTY Ppeakilii — HalliBaleTaro
TITIOKCATI0 Y METHITIIKONaT. 3HaiaeHo, mo 3mimanuii CuO-CrOs okcun, Hanecenuit Ha y-Al,O3, 3a6e3neuye 80 %
CeNIEKTUBHICTh 32 MeTHATIiKoIaToM nipu 95-100% konBepcii eTunenrikoito 3a remneparyp 200-210 °C.
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