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Abstract: We report a route to produce 1,4-dioxane from oxirane by using ZrO2/TiO2 as catalyst. The
composite oxide ZrO2/TiO2 was prepared by a coprecipitation method and the catalytic performance
was tested through the synthesis of 1,4-dioxane from oxirane in a pipe reactor. The X-ray diffraction
(XRD) shows that ZrO2 and TiO2 are in crystal form. When the mass percentage of ZrO2 is 25%, the
composite oxide ZrO2/TiO2 presents as an amorphous form. The sample 25%ZrO2/TiO2 exhibits a
specific surface area of 269.5 m2·g−1 and pore volume of 1.34 mL·g−1. The catalyst has 670 µmol·g−1

of NH3-TPD acid, and the characterization of ammonia infrared spectroscopy (NH3-FTIR) shows that
both Brønsted and Lewis acids are present on the surface of the catalyst. The reaction mechanism
was analyzed according to the distribution of product. The test of catalytic performance showed
100.0% conversion of oxirane and 86.2% selectivity of 1,4-dioxane at the optimal operation conditions:
atmospheric pressure, reaction temperature 75 ◦C and gaseous hourly space velocity of 1200.0 h−1.
The catalyst exhibits good catalytic performance stability after continuous use for 720 h.

Keywords: 1,4-dioxane; oxirane; zirconium dioxide; titanium dioxide; reaction mechanism

1. Introduction

1,4-Dioxane (DIOX), as an aprotic polar solvent with a fragrance, has many uses
beyond its key role as a stabilizer for many chemicals [1,2]. It is used directly in several
industrial and commercial processes and is found in a wide range of consumer products,
such as in medicine, perfume, brightener, aseptic, synthetic leather as well as in special fine
chemicals production, etc. [3–6]. 1,4-dioxane also occurs as a by-product in the production
of certain surfactants, synthetic textiles, plastics, and resins [1]. 1,4-Dioxane can also be
used in the new energy field. Ding et al. [7] found 1,4-dioxane could be used in passivating
lithium electrodes. Choi et al. [8] reported that 1,4-dioxane diol derivative compound
was applied as secondary battery electrolyte additive used in an electrolyte solution for a
lithium secondary battery. Yamaji et al. [9] discovered 1,4-dioxane could replace lithium
ion secondary battery electrolyte.

In industrial processes, there are many side reactions in the production of 1,4-dioxane
from ethylene glycol dehydration with concentrated sulfuric acid and the purity of 1,4-dioxane
is very low [1,10,11]. Moreover, corrosion by sulfuric acid leads to high requirements for
manufacturing equipment. Serious environmental pollution should also be considered
because of high volumes of wastewater and industrial salt from the neutralization of
sodium hydroxide with sulfuric acid.

To develop a green and economic 1,4-dioxane synthesis process, much work has
been performed by many researchers. Tian’s team [12] synthesized 1,4-dioxane from
ethylene glycol by reactive distillation. Wen’s group [13] produced 1,4-dioxane from
diethylene glycol over the catalyst p-toluene sulphonic acid. Some publishes patents also
disclosed the technical details of 1,4-dioxane synthesis. Lee and partners [14,15] reported
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the preparation of 1,4-dioxane from ethylene glycol-containing waste, and the process for
the preparation of 1,4-dioxane from the bottom residue of oxidized ethylene/ethylene glycol
plants, respectively. Hu and Yang [16] obtained 1,4-dioxane from reaction of ethanol and
ethylene glycol in a solution mixture. Anil’s group [17] found the process for preparation
of 1,4-dioxane, involving diethylene glycol to catalytic dehydration in the presence of solid
acid or super acid catalysts. Sivaev and coworkers [18] reported the practical synthesis
of a 1,4-dioxane derivative of the closo-dodecaborate anion and its ring opening with
acetylenic alkoxides.

Normally the synthesis of 1,4-dioxane is catalyzed by homogeneous catalysts. While
the molecular sieve as a catalyst could overcome these shortcomings, such as the sulfuric
acid catalytic process for synthesis. However, the molecular sieve catalyzed reaction takes
place usually under a relatively high temperature, 160 ◦C [19,20]. The acid property is
an important factor influencing the performance of a solid acid catalyst [21]. Aponte and
Lasa [19] believed that catalyst selectivity was related to the amount of the acids with
appropriate strength. Our group [22] found that the synergy of Brønsted and Lewis acids
has significant effects to improve the conversion of raw material. The catalyst ZrO2/TiO2
possesses stronger surface acid properties, better heat stability and larger specific sur-
face area [23], is widely used in catalytic cracking [24], performs cyclohexanone oxime
Beckmann rearrangement [25], removes chlorofluorocarbons [26], performs hydrogenation
desulfurization [27], electrochemical hydrogen evolution [28] and car exhaust catalytic
removal oxynitride reactions [29], and other industrial catalyzed reactions. However,
ZrO2/TiO2 has not been found in the catalytic synthesis of DIOX with oxirane (or ethylene
oxide, EO) in the literature.

In this work we prepared the composite oxide ZrO2/TiO2 to synthesize 1,4-dioxane
from ethylene oxide at low temperature. It is meaningful, due to the atomic economics of
the reaction and there is no waste to pollute the environment. The catalyst does not cause
corrosion of the equipment. The mechanism of the synergy of B acid and L acid is explored
to increase efficiency of ethylene oxide conversion and 1,4-dioxane yield.

2. Results and Discussion
2.1. Morphological Analysis

Figure 1 displays the XRD patterns of TiO2, ZrO2 and composite oxide 25%ZrO2/TiO2
catalysts. The ZrO2 sample exhibited the characteristic diffraction peaks of monoclinic
crystal with 2θ = 28.3◦, 31.2◦ and 50.3◦. This result indicates that the zirconium hydroxide
is reduced to zirconium dioxide monoclinic crystal during the calcination process. The
characteristic diffraction peaks of TiO2 at 25.4◦, 48.1◦ and 54.7◦ are attributed to the anatase
structure, so the titanium hydroxide decomposes to titanium dioxide in the calcination
process. The composite oxide sample 25%ZrO2/TiO2 shows an amorphous form, while the
characteristic diffraction peaks of ZrO2 and TiO2 have disappeared [30].

Dehydration of zirconium hydroxide generates zirconium oxide at high temperature,
and titanium hydroxide dehydrates to form titanium oxide with calcination. Oxidation
of polyethylene glycol removes the template agent from the flocculation samples at high
temperature. These complex interactions occurr inside ZrO2, TiO2, and ZrO2 with TiO2,
which produce ZrO2 and TiO2 crystal particles, and the amorphous aggregate ZrO2/TiO2
sample [30,31].

2.2. Properties and Activities of Catalysts

The acid properties of the samples were measured by NH3-FTIR. It is generally be-
lieved that the absorption peaks at 1610 and 1230–1260 cm−1 are ascribed to the vibration of
coordination adsorbed NH3 on Lewis acid sites, and the absorption peaks at 1393, 1450, and
1680 cm−1 could be attributed to NH4+ adsorbed vibration on Brönsted acid sites [32–35].
As shown in Figure 3, the ZrO2 sample has both L acid and B acid peak sites. The peak
at 1430 cm−1 is attributed to the ammine ions adsorbed on B acid sites, and the peak at
1607 cm−1 and 1267 cm−1 are attributed to the ammine ions adsorbed on L acid sites,
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respectively. The peak of the TiO2 sample at 1601 cm−1 is attributed to the ammine ions
absorbed on L acid sites. The composite oxide 25% ZrO2/TiO2 sample also has L acid and
B acid peak sites. The peak of at 1437 cm−1 is attributed to the ammine ions adsorbed on B
acid sites, and the peak at 1605 cm−1 and 1267 cm−1 are attributed to the ammine ions ad-
sorbed on L acid sites, respectively. Compared with ZrO2, the peak area of composite oxide
25%ZrO2/TiO2 sample at 1437 cm−1 transmission peak area is larger and the intensity is
increased. Thus the B acid content of 25%ZrO2/TiO2 is enhanced significantly. Shen [36,37]
reported the measurements of infrared spectra using the pyridine as the probe molecule;
the result reported that only Lewis acid sites were detected. Besides pyridine as the probe
molecule, the probe molecule of 2,6-dimethylpyridine which could detect Brönsted acid
sites was also used to perform the measurement of infrared spectra [33]. The references
results are in accordance with the results of this paper.
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Figure 1. XRD patterns of samples.

The TEM images of TiO2, ZrO2 and 25%ZrO2/TiO2 samples are showed in Figure 2a–c.
Both TiO2 and ZrO2 are mainly accumulated large grains with regular particle shape, and
the composite oxide 25%ZrO2/TiO2 represents an aggregated form with high heap density
particles, which are different from TiO2 and ZrO2.

Table 1 presents the specific surface area, pore volume and ammonia adsorption
capacity of xZrO2/TiO2 catalysts. Due to the dehydration and oxidation of polyethylene
glycol to remove the template agent at high temperature, there are complex interactions
between ZrO2 and TiO2, which leads to more mesopores and micropores in the xZrO2/TiO2
sample. It can be seen that ZrO2/TiO2 has larger specific surface area, pore volume and
NH3 adsorption capacity, compared with ZrO2 and TiO2. The ratio of the Brönsted and
Lewis acidic site’s densities is according to the ratio of the corresponding characteristic
peak area. The actual NH3 adsorption amount of the Brönsted and Lewis acidic sites are
allocated according to the characteristic peak area ratio from the total NH3 adsorption. The
sample TiO2 has no Brönsted acidic site. And TiO2 has no activity for the dimerization
of EO into 1,4-dioxane, while the dimerization activity of ZrO2 is low. As the content of
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ZrO2 is adjusted, the ratio of B acid to L acid of ZrO2/TiO2 is optimized, and the total
acid content is increased, the EO ring-opening reaction activity of ZrO2/TiO2 is enhanced.
When the ZrO2 mass amount is 25% in ZrO2/TiO2, the catalyst possesses the maximum
acid amount, the conversion of ethylene oxide over ZrO2/TiO2 catalyst is 100%, and the
selectivity of DIOX is 86.2%.
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Table 1. Surface area, pore volume, NH3 adsorption amount and catalytic performance of samples.

Sample SBET, m2·g−1 VP, mL·g−1
NH3 ads, µmol·g−1

Con. of EO, % Sel. of DIOX, %
L-acid B-acid

TiO2 87.2 1.09 448 0 0 0
5%ZrO2/TiO2 120.7 1.21 303 132 63.1 41.8
15%ZrO2/TiO2 168.2 1.22 298 218 86.7 52.6
20%ZrO2/TiO2 189.1 1.46 279 322 99.2 61.3
25%ZrO2/TiO2 269.5 1.34 227 443 100.0 86.2
50%ZrO2/TiO2 210.3 1.26 213 344 100.0 66.4
75%ZrO2/TiO2 175.5 1.08 206 288 100.0 59.6

ZrO2 90.1 1.17 182 179 100.0 41.5

Note: Reaction temperature 75 ◦C, GHSV 1200 h−1, stable for 120 h.



Catalysts 2022, 12, 832 5 of 10

2.3. Distribution of Product and Reaction Principle

According to the characterization of the products, ethylene oxide might be involved
in the following reactions under the acid catalytic reaction:
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Dimerization of EO leads to the synthesis of DIOX, which is the main reaction
(Equation (1)). EO is isomerized to form acetaldehyde by EO ring-opening reaction
(Equation (2)); EO is also polymerized to form polyethylene glycol ether (Equation (3));
Acetaldehyde, the isomerization product of ethylene oxide, reacts with ethylene oxide
to form 2-methyl-1,3-dioxy-pentane (DIOXOL) (Equation (4)); DIOX is isomerized to
2-methyl-1,3-dioxy-pentane over catalyst (Equation (5)).

2.4. Mechanism Analysis of Main Reaction

The trace moisture on the surface of the catalyst changes the amount ratio of B acid and
L acid catalyst [1,30]. The synergy of B acid and L acid significantly increases the efficiency
of ethylene oxide conversion and 1,4-dioxane yield. According to these phenomena of the
process, the mechanism for 1,4-dioxane synthesis from ethylene oxide over ZrO2/TiO2
catalyst is shown in Figure 4.

Trace water is adsorbed on the surface of catalyst ZrO2/TiO2 (Path 1) and is decom-
posed to form the B acid site (Path 2) at the surface active center. EO diffuses and interacts
with the B acid (Path 3), and the ring of EO is opened to form a carbocation at the B acid
site (Path 4). EO spreads to the surface of ZrO2/TiO2 (Path 5) and is chemically adsorbed at
the L acid center on the surface of the catalyst (Path 6). With the polarization of L acid, the
electron transfer occurs in EO. When the C–O bond of EO breaks and the ring opens (Path
7), then the ring-opened EO at the L acid center combines with the ring-opened carbocation
of EO at the B acid site to form an intermediate state (Path 8). A water molecule leaves
from the intermediate and recycles back to the surface of the catalyst (B acid regenerates
from the intermediate state) (Path 9). DIOX is formed after the B acid and L acid are
regenerated (Path 10). The product DIOX is released from the high concentration surface of
the catalyst (Path 11).

2.5. Effects of Space Velocity and Temperature

Under atmospheric pressure, a temperature of 75 ◦C, the effect of gaseous hourly
space velocity on the isomerization of EO to DIOX over catalyst 25%ZrO2/TiO2 is shown
in Table 2.

At higher space velocity, contact time will be shorter for the interaction between EO
and the catalyst surface active center, which leads to lower conversion of EO and more
production of the acetaldehyde isomer. When GHSV is 1800 h−1, the conversion of ethylene
oxide is 63.9%. Long residence time at low space velocity results in acetaldehyde continuing
to react with EO to generate DIOXOL. The isomerization of DIOX also produces more
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DIOXOL. The polymerization of acetaldehyde manufactures polyacetaldehyde. When
GHSV is 600 h−1, the conversion of EO reaches 100.0%.
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Figure 4. Diagram of synthesis of 1,4-dioxane from ethylene oxide.

Table 2. Effect of GHSV.

GHSV, h−1 Con. of EO, %
Distribution of Products, %

AC DIOXOL DIOX Others

600 100.0 4.7 16.2 64.7 14.4
1200 100.0 5.2 4.7 86.2 3.9
1800 63.9 15.3 3.9 63.0 17.8

Notes: AC: acetaldehyde; DIOXOL: 2-methyl-1,3-dioxolame; DIOX: 1,4-dioxane; Others: -[CH2CH2O]n-
and metacetaldehyde.

The effect of reaction temperature on the dimerization of EO is shown in Table 3.

Table 3. Effect of reaction temperature.

Reaction Temp., ◦C Con. of EO, %
Distribution of Products, %

AC DIOXOL DIOX Others

65 86.7 32.6 8.4 53.8 5.2
75 100.0 5.2 4.7 86.2 3.9
85 100.0 3.6 22.2 58.2 16.0

Notes: AC: acetaldehyde; DIOXOL: 2-methyl-1,3-dioxolame; DIOX: 1,4-dioxane; Others: -[CH2CH2O]n- and/
or metacetaldehyde.
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At 65 ◦C, the conversion of EO is 86.7%, and the isomerization product acetaldehyde
is 32.6%. At 75 ◦C, the conversion of EO is 100.0%, and the proportion of acetaldehyde
is decreased to 5.2%. When the temperature is 85 ◦C, the proportion of acetaldehyde,
is decreased to 3.6%, while the corresponding contents of 2-methyl-1,3-dioxane and 1,4-
Dioxane are increased significantly. When the temperature is low, the speed of the EO
ring-opening reaction is slow, which leads to the high proportion of isomerism of EO. With
the increase in temperature, the conversion of EO becomes higher but more 2-methyl-1,3-
dioxy-pentane is produced.

2.6. Stability of Catalyst

The effect of reaction time on the conversion of EO and the selectivity of DIOX over
25%ZrO2/TiO2 under atmospheric pressure, temperature 75 ◦C, and GHSV 1200 h−1 are
shown in Table 4. In the initial reaction stage, EO is completely transformed, the main
reaction and side reactions are active, and the DIOX selectivity reaches 61.3%. With the
prolonging of reaction time, the surface-active center of the catalyst tends to be homogenous,
leading to the selectivity of DIOX gradually stabilizing and reaching 82.6%. The catalyst
activity maintains 100% conversion of EO when reaction time is 120 h. After 720 h, the
activity and selectivity of the catalyst did not change significantly.

Table 4. Effect of reaction time.

Reaction Time, h Con. of EO, % Selectivity of DIOX, %

10 100.0 61.3
60 100.0 72.8

120 100.0 82.6
720 99.6 87.2

Reaction conditions: 25% ZrO2-/TiO2, atmospheric pressure, 75 ◦C, GHSV: 1200 h−1.

With increasing duration, the surface-active center of TiO2/ZrO2 tends to be homoge-
nous, leading to the selectivity of 1,4-dioxane stabilizing. Long time periods of oxirane
dimerization can produce large molecular weight products, such as polyethylene glycol
ether, which covers the catalyst active surface, and leads to conversion decreases. At the
same time, the trace harmful impurities in oxirane can poison the catalyst. This is another
reason why the conversion decreases slightly.

3. Materials and Methods
3.1. Materials

Ethylene oxide (99.0%), ammonia (98.0%), high purity nitrogen (99.99%) were provided
by Nanjing Special Gas Plant (Nanjing, China) in AR-grade. Ethanol (99.9%, AR) was
provided by Nanjing Chemical Reagent Co., Ltd. (Nanjing, China). Titanium tetrachloride
(CR) was provided by Shanghai Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai,
China). Zirconium oxychloride (AC) was provided by Shanghai Lingfeng Chemical Reagent
Co., Ltd. (Shanghai, China).

3.2. Preparation

The xZrO2/TiO2 catalysts were prepared according to our previous work [22] with nec-
essary modifications. 0.10 mol·L−1 titanium tetrachloride in ethanol solution, 0.05 mol·L−1

zirconium oxychloride in aqueous solution, and the mass fraction of 5.0% polyethylene gly-
col of the aqueous solution were prepared, respectively. The polyethylene glycol aqueous
solution was strongly stirred while dropping ammonia to adjust pH value of the solution
in the range of 8.0 to 9.0. At the same time, zirconium oxychloride aqueous solution and
titanium tetrachloride ethanol solution were added, respectively. The component content
of the composite oxide is accomplished by controlling the drip amount of zirconium oxy-
chloride solution and titanium tetrachloride ethanol solution, denoted as xZrO2/TiO2 (x is
the mass fraction of ZrO2). The flocculent precipitates were filtered and washed to neutral,
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then dried at room temperature for 24 h, followed by drying at 120 ◦C for 12 h, and calcined
at 550 ◦C for 6 h to get the ZrO2/TiO2 composite oxide.

3.3. Characterization

XRD patterns were analyzed by D8 ADVANCE of Bruker (German) with CuKa ra-
diation (λ = 0.15406 nm) operated at 40 kV and 40 mA. The 2θ angle was scanned in the
range of 10~80◦. The BET surface area of catalysts were detected by N2 adsorption with an
adsorption analyzer (Omnisorp-100CX volumetric). Prior to N2 adsorption measurements,
the sample was evacuated at 200 ◦C for 12 h. And the specific surface area was calculated
by the BET method. The average pore diameters and pore volumes were calculated by the
BJH method with the desorption branches of the isotherms.

The IFS66V FTIR spectrophotometer of Brucker (Saarbruechen, German) was used
to measure the ammonia adsorption infrared spectra. The self-supporting wafer with a
diameter of 13 mm was pressed by the sample of 15 mg, and was then set in an IR cell
connecting with a vacuum system. After the proper treatment of the wafer, the spectrum
was recorded as a background. Then the spectrum was recorded when 3 kPa of NH3 was
introduced into the IR cell, and the adsorption process was performed for 10 min. Finally,
the system was evacuated for 15 min. A spectrum of adsorbed species was obtained by
subtracting the background spectrum of the wafer. The recorded spectrum was obtained
by 40 scans, and the resolution was 4 cm−1.

3.4. Reaction

All tests for 1,4-dioxane and possible intermediates and by products were carried out
in a stainless pipe reactor (PR-60-DRL, Nanjing Anding Chemical Science & Technology
Co., Ltd, Nanjing, China) and the detailed procedure is described as follows. 5.0 g catalyst
mixed with silica sand was added into the pipe in the flat-temperature zone of the reactor.
The reactor was sealed and flushed with pure N2 to remove the air residue. Liquid ethylene
oxide was added from the cylinder into the vaporizer. The vaporized ethylene oxide kept
at 50 ◦C was measured by mass flowmeter and mixed with high purity nitrogen at the
preheater. Then the mixed gases were guided into the entrance of the reactor. Finally, the
pipe reactor was filled with ethylene oxide and nitrogen mixed gases to a desired pressure
0.1~1 MPa. The reactor was heated to several temperature points (55, 65, 75, 85, 95 ◦C)
with different pressure (0, 0.1, 0.2, 0.3, 0.4 MPa). The mixture products were collected in
liquid-vapor separator cooling by 12 ◦C ethanol refrigerant. The tail gas was cooled down
by ethanol refrigerant of 0 ◦C to collect unreacted ethylene oxide, while the nitrogen was
exhausted to the air. Using a sampling bag, the gas was collected for further analysis to
avoid polluting the environment.

3.5. Analysis

GC-MS (Thermo Finnigan, Waltham, MA, USA, quartz capillary column, 30 m × 0.32 mm
× 0.5 µm) with a FID detector was used to confirm the products. The temperature of the
column is 40 ◦C and that of the detector is 260 ◦C. The collected products and tail gas were
analyzed by GC (Lu’nan, Linyi, China, FFAP capillary column), equipped with TCD and
FID detectors.

The oxirane conversion was calculated by Equation (1):

Conversion =
Boxirane − Aproducts

Boxirane
× 100% (6)

The products selectivity’s were calculated by Equation (2):

Selectivity =
niki M(C2 H4O)

2(Boxirane − B∗
oxirane)

(7)
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where Boxirane B*
oxirane and Aproducts represent the oxirane weight before and after reaction,

and the products weight, respectively. ni presents the mole number of product i; ki repre-
sents the number of carbon atoms in product i; M(C2 H4O) represents the molecular weight
of the oxirane unit.

4. Conclusions

The composite oxide ZrO2/TiO2 was prepared by a coprecipitation method. ZrO2
and TiO2 were in the crystal, as shown by X-ray diffraction. When the mass percentage of
ZrO2 was 25%, the 25%ZrO2/TiO2 presents as an amorphous form, and the specific surface
area is 269.5 m2·g−1 and pore volume is 1.34 mL·g−1. This sample has 670 µmol·g−1

of NH3-TPD acid amount, and the ammonia infrared spectroscopy showed that both
Brønsted and Lewis acids are presented on the catalyst surface. The surface B acid could be
converted from trace water. And B acid and L acid synergistically catalyze ethylene oxide
to produce 1,4-dioxane.

Reaction mechanism was analyzed according to the distribution of product. The test
of catalytic performance showed 100.0% conversion of oxirane and 86.2% selectivity of 1,4-
dioxane at the optimal operation conditions: atmospheric pressure, reaction temperature
75 ◦C and gaseous hourly space velocity of 1200.0 h−1.

After 720 h, the conversion of ethylene oxide is 99.6% and the selectivity of 1,4-dioxane
is 87.2%. The catalyst showed high activity and good stability for selective synthesis of
1,4-dioxane from oxirane at low temperature.
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