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Abstract
A kinetic and mechanistical studies of the new pathway for competitive transformation of ethylene glycol by alumina and 
silica gel have been described. Commercial alumina (Al com), synthetic alumina (Al syn), commercial silica gel (Si com) 
and synthetic silica gel (Si syn) were used for the transformation of ethylene glycol to a mixture of diethylene glycol, 1,4-di-
oxane and 2-methyl-1,3-dioxolane via acetaldehyde by heating at 150 °C under autogenous pressure without solvent. The 
results show that the yield of these three products strongly depends on the nature of the used catalyst and the reaction time.
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1. Introduction
In recent years, the use of silica gel as a catalyst in en-

vironmentally friendly conditions became an interesting 
topic for investigations in organic chemistry reactions. In 
the same way, the use of pollutant and harmful organic sol-
vents has been replaced by solvent-free reactions which be-
came very advantageous alternatives.1–3 However, protic 
acids are well-known to suffer from a number of shortcom-
ings, including their corrosive and noxious nature.4,5 The 
recent move towards green chemistry has seen silica gel and 
alumina gradually replacing mineral acids in the synthesis of 
organic compounds. Indeed, these non-polluting heteroge-
neous catalysts possess numerous advantages such as ready 
availability, efficient recycling, low cost and ease of separa-
tion from crude reaction mixtures by simple filtration.6–8 
For example, the condensation of epoxystyrene with benzyl-
methylamine, the cyclization of enones, the vinylogous Mi-
chael double additions, the transformation of 1-amino-2-ke-
toesters and of 4-amino-3,4-dihydro-2H-1,4-thiazines have 
all been carried out in the presence of silica gel.9–11 Alumina 
also catalyses the oxidation of alcohols to ketones by trichlo-

roacetic acid, the dehydration of alcohols to alkenes, the syn-
thesis of isoxazolines and of 1,2-aminoalcohols.12–17 Eth-
ylene glycol is frequently used in organic synthesis to protect 
aldehydes and ketones, enabling other functional groups in 
the molecule to undergo chemoselective transformations. 
These acetalization and ketalization reactions are typically 
carried out in ecologically harmful organic solvent, in the 
presence of noxious protic acids at various temperatures, 
and typically, at atmospheric pressure.18–20

In this work, we have continued our investigation on 
the use of silica gel in chemical reactions,12–14 so we have 
been led to advance a new method of the synthesis of 
2-methyl-1,3-dioxolane (5) by the conversion of ethylene 
glycol on solid catalysts such as silica gel and alumina 
while meeting the requirements of green chemistry.

2. Experimental
2. 1. General

NMR spectra were recorded on a Bruker AC spec-
trometer (1H at 300 MHz and 13C at 75 MHz) in CDCl3 
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solution. The chemical shift (δ) of the signals described is 
expressed in ppm relative to TMS taken as the internal ref-
erence. The following abbreviations are used: s: singlet, d: 
doublet, t: triplet, m: multiplet, l: large. The coupling con-
stants (J) are expressed in Hz. The reagents were from Al-
drich. The silica gel was commercial type Merck 60 (70–230 
mesh) and alumina was an Aldrich commercial product. In 
all experiments, ethylene glycol (1) present in the crude re-
action product was removed by adding water to the crude 
reaction mixture. After the treatment, the mixture of car-
bonyl compounds 4 and 2-methyl-1,3-dioxolane (5) was 
recovered. The yields of products 5 were estimated from 
the 1H and 13C NMR spectra of the crude reaction mixtures 
using an internal reference in order to avoid their decom-
position during chromatographic purification, as reported 
in the other work.21 Compounds 2, 3 and 5 were identified 
by comparing their 1H and 13C NMR spectra with authen-
tic samples marketed by Aldrich. We used the following 
abbreviations in the text: Si syn: synthetic silica gel, Si com: 
commercially available silica gel, Al syn: synthetic alumina, 
Al com: commercially available alumina.

2. 2. �Synthesis of 2-Methyl-1,3-dioxolane (5) 
Using Sulfuric Acid
Procedure at atmospheric pressure. Ethylene glycol 

(1) (7.67 g, 124 mmol) and H2SO4 (4% by mass) were 
placed in a flask (50 mL) equipped with a reflux condenser 
and then heated at 196 °C for 3 h. After cooling, 20 mL of 
water was added to the crude mixture to remove residual 
ethylene glycol. The aqueous solution was extracted with 
diethyl ether (3 × 50 mL). The organic phases were com-
bined and then dried over MgSO4. After filtration and 
evaporation of the ether in vacuo, the mixture of 2 and 3 
was recovered. The yields of products 2 and 3 are displayed 
in Table 1.

Procedure under pressure. Ethylene glycol (1) (7.67 
g, 124 mmol) and H2SO4 (4% by mass) were placed in an 
autoclave (100 mL). The sealed reactor was heated at 150 
°C for 3 h or for 24 h. After cooling, the residue was treated 
in the same manner as described above. The yields of 
products 2 and 3 are listed in Table 1.

2. 3. Synthesis of 1,3-Dioxolanes by Silica Gel
Procedure at atmospheric pressure. Ethylene glycol 

(1) (7.67 g, 124 mmol) and 0.1 g of silica gel were placed in 
a flask (50 mL) equipped with a reflux condenser and the 
whole was heated at 196 °C for 120 h. After cooling and 
separating the silica gel by filtration, the residue was treat-
ed in the same manner as described above. Diethylene gly-
col (2) was obtained in a yield of 1% (Table 1).

Procedure under pressure. Ethylene glycol (1) (7.67 
g, 124 mmol) and 0.1 g of silica gel were placed in an auto-
clave (100 mL). The sealed reactor was heated to 150 °C for 
various amounts of time. After cooling and separating the 

silica gel by filtration, the residue was treated in the same 
manner as described above. The yields of products 2 and 5 
are listed in Table 1.

2. 4. Reaction Under Atmospheric Pressure
In a ground-glass flask equipped with a refrigerant 

and a magnetic stirrer, ethylene glycol (1) (6.9 mL, 7.68 g, 
0.124 mmol) was introduced to which 0.307 g (1.3% by 
mass) of concentrated sulfuric acid was added. The mix-
ture was heated under reflux for 1 h and 3 h and under at-
mospheric pressure. After cooling to room temperature, 
20 mL of water was added to the reaction crude to remove 
ethylene glycol (1). The aqueous phase was extracted by 
diethyl ether (3 × 20 mL) and then the organic phase was 
dried over MgSO4. After filtration and evaporation of the 
solvent under vacuum, the mixture of diethylene glycol (2) 
and 1,4-dioxane (3) was recovered.

2. 5. Autogenous Pressure Reaction
Ethylene glycol (1) (6.9 mL, 7.68 g, 0.124 mmol) and 

concentrated sulfuric acid (0.307 g, 1.3% by weight) were 
placed in a sealed autoclave and the mixture was heated to 
150 °C (oil bath temperature) under autogenous pressure 
for varying times. After cooling the reactor to room tem-
perature, 20 mL of water was added to the filtrate to re-
move the remaining ethylene glycol (1) in the reaction 
mixture. The aqueous phase was extracted by diethyl ether 
(3 × 20 mL) and then the organic phase was dried over 
MgSO4. After filtration and evaporation of the solvent un-
der vacuum, the mixture of diethylene glycol (2) and 
1,4-dioxane (3) was recovered.

2. 6. Preparation of Synthetic Silica
Synthetic silica (Si syn) was obtained by precipitating 

the silica from a sodium silicate solution of concentration 
[Si] = 1.667 mol · L–1 by adding, drop by drop and with 
agitation, 2M HCl until a pH of 4 was reached. Si syn silica 
was recovered after successive washing to remove sodium 
chloride and drying at a temperature of 100 °C for a few 
hours. Sodium silicate was obtained by alkaline fusion of 
extra-silica sand, originating from the Safi region in Mo-
rocco, with sodium carbonate with a SiO2/Na2O ratio of 1.

2. 7. Preparation of Synthetic Silica
The procedure followed is similar to the method de-

scribed by Noor Abdulateef Ghulam.22

2. 8. �Reaction of Catalysts on Ethylene Glycol 
(1)
Ethylene glycol (1) (7.68 g, 124 mmol) and the cata-

lyst (0.1 g, 1.3% by weight) were placed in a sealed auto-
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clave and heated to 150 °C (oil bath temperature) under 
autogenous pressure for varying times. After cooling the 
reactor to room temperature, the catalyst was separated by 
filtration. 20 mL of water was added to the filtrate to re-
move the remaining ethylene glycol (1) in the reaction 
mixture. The aqueous phase was extracted by diethyl ether 
(3 × 20 mL) and then the organic phase was dried over 
MgSO4. After filtration and evaporation of the solvent un-
der vacuum, a mixture of diethylene glycol (2), 1,4-diox-
ane (3) and 2-methyl-1,3-dioxolane (5) was recovered.

3. Results and Discussion
It is known that distillation of ethylene glycol (1) in 

the presence of sulfuric acid in small proportions (4% by 
mass) leads to three products.23–25 1,4-Dioxane (3) is the 
majority product of this reaction while diethylene glycol 
(2), acetaldehyde (4) and 2-methyl-1,3-dioxolane (5) are 
obtained in low yields (Scheme 1).

From our part, we have shown in this work that the 
heating of this same mixture at high temperatures for 2 h 
and under different pressures and with three different ac-
ids, i.e. formic acid, acetic acid and sulfuric acid, allows the 
formation of diethylene glycol (2) as the majority product 
(Table 1, entries 1, 3 and 5). It is noted that the prolonga-

tion of the duration of the heating of this reaction mixture 
from 2 h to 2 days considerably increased the yield of di-
mer 2 while keeping 1,4-dioxane (3) as a minor product of 
this reaction, whereas acetaldehyde (4) and 2-meth-
yl-1,3-dioxolane (5) were not obtained (Table 1, entries 2, 
4 and 6). However, the best results were obtained using 
sulfuric acid as the catalyst.

These unexpected results then motivated us to gener-
alize this type of conversion by using imported and com-
mercial solid catalysts, such as commercial silica gel (Si 
com) (Aldrich) and a local catalyst such as inexpensive syn-
thetic Moroccan silica (Si syn) and easy to prepare from 
sand originating from the sea side of Safi in Morocco,4 while 
the alumina is commercial (Al com) (Aldrich) (Table 2), 
also alumina (Al syn) was synthesised following the stan-
dard procedure published by Ghulam.22 It is interesting to 
note that these three heterogeneous solid catalysts exhibit 
Brønsted and Lewis acidic sites at their active surfaces.

The cation exchange capacities (CEC) then make it 
possible to classify in decreasing order of reactivity with 
respect to ethylene glycol (1): Si syn > Si com > Al com > 
Al syn (Si syn: synthetic silica gel, Si com: commercially 
available silica gel, Al syn: synthetic alumina, Al com: 
commercially available alumina).

Thus, heating the ethylene glycol (1) in an autoclave 
at a constant temperature of 150 °C (oil bath temperature) 

Table 1. Conversion of ethylene glycol (1) in homogenous acid medium.

Entry	 Catalyst	 T (°C)	 Time (h)	 1 (%)	 2 (%)	 3 (%)	 4 (%)

    1	 H2SO4 (4% wt.)	   196a	     3	   95	   4	 1	 –
    2	 H2SO4 (4% wt.)	   150b	     3	   75	 16	 9	 –
    3	 H2SO4 (4% wt.)	   150b	 24	   26	 65	 9	 –
    4	 Silica gel	 196	 120	   99	 1	 –	 –
    5	 Silica gel	 150	     3	 100	 –	 –	 –
    6	 Silica gel	 150	     7	   81	 –	 –	 19

a P atm: atmospheric pressure (110 kPa). Reactor: 50 mL flask.   
b P auto: autogenic pressure (P at 150 °C = 153 kPa).

Entry	 Pressure	 T (°C)	 Catalyst	 Time	 Global Yielda (%)

    1	 P atm	 150	 HCOOH	 2 h	   5
    2	 P atg	 150	 HCOOH	 2 days	 12
    3	 P atm	 150	 CH3COOH	 5 h	   9
    4	 P atg	 150	 CH3COOH	 2 days	 28
    5	 P atm	 150	 H2SO4	 5 h	 41
    6	 P atg	 150	 H2SO4	 24 h	 93

a The conversion of the ethylene glycol (1) using each catalyst separately.

Scheme 1.
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for 24 h under autogenous pressure and in the presence of 
these solid catalysts promotes the formation of the three 
products; 2-methyl-1,3-dioxolane (5) is the major product 
of this reaction while diethylene glycol (2) and 1,4-dioxane 
(3) are obtained in low yields (Table 2). The difference in 
the results reported in Tables 1 and 2 shows that the con-
version of ethylene glycol (1) proceeds in a different way 
from the homogeneous to the heterogeneous medium. It is 
interesting to note that sulfuric acid (4% wt.) promotes the 
selective formation of dimer 2 while silica and alumina 
catalysts (1.3% wt.) selectively transform ethylene glycol 
(1) into 2-methyl-1,3-dioxolane (5) (Fig. 1).

acetaldehyde (4), which in turn will be trapped by a sec-
ond molecule of ethylene glycol (1) in excess to lead to 
2-methyl-1,3-dioxolane (5) (Scheme 2).

From the results recorded above, we have found that 
commercial catalysts such as Si com silica gel and Al com 
alumina are not very active against ethylene glycol (1) (Ta-
ble 2, entries 1 and 3), while synthetic Si syn silica being 
the catalyst promotes the formation of 2-methyl-1,3-diox-
olane (5) in 40% yield (Table 2, entry 2). In addition, Si syn 
synthetic silica proved to be the best catalyst in this series 
with an overall reaction efficiency of 51% (Fig. 2).

3. 1. Kinetic Study
In order to better understand the transformation of 

ethylene glycol (1) in a heterogeneous environment, we 
conducted a kinetic study by means of catalysts Al com, Si 
com and Si syn, except Al syn due to the low efficiency at 
150 °C under autogenous pressure and for variable times. 
Analysis of the appearance of the curves shown in Figures 

Table 2. Transformation of ethylene glycol (1) by silica gel and alumina catalystsa

Entry	 Catalyst	 CECb	 Global Yieldc (%)	 2 (%)	 3 (%)	 4 (%)

    1	 Si com	 16	 32	 3	 3	 26
    2	 Si syn	 25	 51	 9	 3	 40
    3	 Al com	 10	 11	 1	 5	 5
    4	 Al syn	 21	 7	 1	 3	 3

a Reaction conditions: temperature 150 °C, time 24 h   b Cationic exchange capacity (meq/100 g).
c The conversion of the ethylene glycol (1) using each catalyst separately.

Figure 1. Evaluation of the yield of products 2, 3 and 5 in the pres-
ence of H2SO4 (4% wt.) and of catalysts based on silica gel and alu-
mina (1.3% wt.).

We can then conclude that the homogeneous medi-
um accelerates the dimerization of ethylene glycol (1) to 
diol 2, which cyclising to 1,4-dioxane (3) while the hetero-
geneous medium promotes the dehydration of diol 1 to 

Scheme 2.

Figure 2. Evaluation of the overall yield in the presence of H2SO4 
(4% wt.) and catalysts based on silica gel and alumina (1.3% wt.)
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3–6 indicates that the conversion of ethylene glycol (1) to 
diethylene glycol (2), 1,4-dioxane (3) and 2-methyl-1,3-di-
oxolane (5) depends closely on the nature of the used cat-
alyst and the duration of the reaction. The formation of 
secondary products by the action of these three catalysts is 
a perceptible result.

Indeed, we have noticed that dimerization products 
2 and 3 are obtained in low yields not exceeding 7% re-
gardless of the nature of the used catalyst and the reaction 
time.

We have also noticed that compound 5 is the main 
product of these reactions; it is obtained with a yield of 
38% in the presence of alumina Al com after 48 h of the 
reaction, 29% in the presence of silica gel Si com after 24 h 
of the reaction and 40% when using synthetic silica Si syn 
after 48 h of the reaction (Fig. 7). The decrease in the yields 
of 5 is due to a decomposition.

We also found that the overall efficiency of the trans-
formation of ethylene glycol (1) into products 2, 3 and 5 
reached a maximum of 34% in the presence of alumina Al 
com after 72 h of the reaction, 22% in the presence of silica 
gel Si com after 24 h of the reaction and 44% in the presence 
of synthetic silica Si syn after 48 h of the reaction (Fig. 8).

It is interesting to note that the speed of the dimeriza-
tion reaction is less important than that of the acetaliza-
tion reaction (Figs. 3–6). Synthetic Moroccan silica Si syn 
therefore represents the promising catalyst because it pro-
motes the yield of dimerization (11%) and acetalization 
(40%) products after 48 h of reaction (Fig. 6). We can thus 
conclude that Moroccan synthetic silica Si syn represents 

Figure 3. Evaluation of products 2, 3 and 5 formed in the presence 
of commercial alumina Al com.

Figure 4. Evaluation of products 2, 3 and 5 formed in the presence 
of synthetic alumina Al syn.

Figure 5. Evaluation of products 2, 3 and 5 formed in the presence 
of commercial silica Si com.

Figure 6. Evaluation of products 2, 3 and 5 formed in the presence 
of synthetic silica Si syn.

Figure 7. Evaluation of 2-methyl-1,3-dioxolane (5) according to the 
nature of the catalyst and the reaction time.
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the promising catalyst because it favours the highest yield 
for a relatively long reaction time.

3. 2. Spectroscopic Study
Indeed, we noted that in the case of ethylene glycol 

(1) and 1,4-dioxane (3), the C1 and C2 carbon atoms have 
the same atomic charges and the same for the oxygen at-
oms O1 and O2 (Table 3).

In the cases of diethylene glycol (2), acetaldehyde 
(4) and 2-methyl-1,3-dioxolane (5) carbon atoms, C1, C2 

and C3 do not have the same atomic charge values, iden-
tical for oxygen atoms O1 and O2 (Table 3). In addition, 
the lengths of the C–C, C–O and C–H bonds are closely 
related to the structure of the molecule under study (Ta-
ble 3).

Finally, the nature of the atoms and the structure of 
the molecules have a significant effect on the dihedral an-
gles of compounds 1–5 (Table 3).

Similarly, during the heating of ethylene glycol (1), 
two major intermediates were formed in situ, 1,4-oxirane 
(3) and acetaldehyde (4), which evolved differently to lead 
to products 2–5. The theoretical calculation of the NBO 
loads of these intermediates shows that the reaction 
evolves in the directions of formation of 2-methyl-1,3-di-
oxolane (5) from acetaldehyde (4), since the atomic car-
bon load of the C=O group of acetaldehyde (4) (0.452) is 
higher than that of the carbons (–0.080) of oxirane.

The addition of ethylene glycol (1) introduced in ex-
cess is then more favoured on the most electrophilic car-
bon of acetaldehyde (4) despite two oxirane carbons 
(Scheme 3).

On the other hand, the comparative spectroscopic 
study of 1H NMR (Table 3) and 13C NMR reveals that the 
differences in the chemical shifts of 1H and 13C NMR spec-
tra of compounds 1–5 are closely dependent on their elec-
tronic effects.

Figure 8. Evaluation of the overall efficiency according to the nature 
of the catalyst used.

Table 3. Some physical characteristics of ethylene glycol (1) and its derivatives 2–5

Products	 Atomic charge	 Dihedral angle	 Bond length	 1H NMR

	 C1 = 0.025	 O1C1C2O2= 179.86	 C1-O1 = 1.462	 CH2OH
	 C2 = 0.025		  C2-O2 = 1.462	 3.06 ppm
	 O1 = 0.416		  C1-C2 = 1.512	 CH2OH
            1	 O2 = 0.416		  C1-H = 1.091	 3.70 ppm
			   C2-H = 1.091	

	 C1 = 0.022	 O1C1C2O2= 0.10	 C1-O1 = 1.420	 CH2OH
	 C2 = 0.022		  C2-O2 = 1.420	 3.66 ppm
	 O1 = 0.414		  C1-C2 = 1.542	 CH2O
	 O2 = -0.414		  C1,2-H = 1.090	 4.20 ppm

	 C1 = 0.022	 O1C1C2O2= 0.10	 C1-O1 = 1.420	 CH2O
	 C2 = 0.022		  C2-O2 = 1.420	 3.67 ppm
	 O1 = –0.414		  C1-C2 = 1.542
             3	 O2 = –0.414		  C1-H = 1.090	

	 C1 = –0.676		  C1-O1 = 1.203	 CH3
	 C2 = 0.452		  C2-H = 1.107	 2.22 ppm

            4
	 O1 = -0.533		

     
  

	 C1 = 0.023	 O1C1C2O2 = – 17.95	 C1-O1 = 1.430	 CH2O
	 C2 = 0.024	 C3O2C2C1 = 34.16	 C2-O2 = 1.422	 3.83-4.30ppm
	 C3 = 0.450	 C3O1C1C2 = –4.91	 C1-C2 = 1.538	 CH3
	 O1 = –0.375		  C3-O1 = 1.413	 1.40 ppm
	 O2 = –0.425		  C3-O2 = 1.423

            5
			   C1,2,3-H = 

			   1.090;1.092;1.101

2
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3. 3. Plausible Mechanism

These interesting results then led us to propose an 
ionic mechanism to explain the formation of the mixture 
of three products 2, 3 and 5 from ethylene glycol (1) 
(Scheme 3). The first step in the conversion of ethylene 
glycol (1) to 2-methyl-1,3-dioxolane (5) is the reaction of 
1,2-diol 1 with the Brønsted sites located on the active sur-
face of the three catalysts Al com, Si com and Si syn to lead 
first, after the removal of water from the oxonium ion A. In 
this case, there are three possibilities: the first one where 
this oxonium ion A undergoes directly the nucleophilic 
attack of ethylene glycol (1) in excess to lead to diethylene 
glycol (2) via oxonium ion B. The dehydration of this di-
mer 2 initiated by heating in an acidic medium leads to 
oxonium ion D. The intramolecular cyclisation of inter-
mediate D gives 1,4-dioxane (3) (Scheme 3, route a). The 
second possibility is that oxonium ion A cyclises into pro-
tonated oxirane C which undergoes the nucleophilic addi-
tion of reagent 1 on methylenic carbon to lead to dieth-
ylene glycol (2) via oxonium ion B (Scheme 3, route b). 
Finally, the third way shows that this oxonium ion A un-
dergoes a Wagner–Meerwein rearrangement, transform-
ing it into a more stable secondary carbocation E. The ac-
etaldehyde (4) formed in situ will in turn be trapped by 

diol 1 to lead to the oxonium ion F which is converted into 
oxonium ions G and I. Dehydration of the latter I leads to 
a tertiary carbocation which is cyclised by an intramolecu-
lar O-alkylation to 2-methyl-1,3-dioxolane (5) (Scheme 3, 
route c).

We can then conclude that the spectral analysis con-
firms the experimental results well and that compound 5 is 
the main product of the conversion of ethylene glycol (1) 
and also the most thermodynamically stable product, 
which confirms its proportions in the obtained mixture. It 
should be noted that the other two products 2 and 3 are 
less stable and therefore have low proportions in the same 
mixture. In addition, we can note that in situ intermediates 
such as oxirane and acetaldehyde (4) are indeed the kinet-
ic products in the conversion reaction of ethylene glycol 
(1) (Table 3).

4. Conclusions
In this work, we presented a new way of synthesising 

2-methyl-1,3-dioxolane (5) using solid catalysts that meet 
the demands of environmental and green chemistry. From 
the obtained results, we have showed that the yields of di-
ethylene glycol (2), 1,4-dioxane (3) and 2-methyl-1,3-di-

Scheme 3.
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oxolane (5) depends on the cation exchange capacity of 
alumina, silica gel and especially synthetic Moroccan sili-
ca. The rate of the acetalization reaction of acetaldehyde 
(4) formed in situ is more important than that of the di-
merization reaction of ethylene glycol (1). In addition, 
synthetic silica is very effective in transforming ethylene 
glycol (1) to 2-methyl-1,3-dioxolane (5).
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Povzetek
Opisujemo kinetične in mehanistične študije nove poti kompetitivne pretvorbe etilen glikola ob prisotnosti alumije-
vega ali silicijevega oksida. Za pretvorbo etilen glikola v zmes dietilen glikola, 1,4-dioksana in 2-metil-1,3-dioksolana, 
z acetaldehidom kot vmesnim produktom, pri 150 °C in pod avtogenim tlakom brez prisotnega topila smo uporabili 
komercialno dostopnen aluminijev oksid (Al com), sintetični aluminijev oksid (Al syn), komercialno dostopni silikagel 
(Si com) in sintetični silikagel (Si syn). Rezultati kažejo, da so izkoristki vseh treh produktov močno odvisni od narave 
uporabljenega katalizatorja in reakcijskega časa.
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