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Abstract

Ž .Clay mineral sepiolite exhibited high selectivity for the catalytic conversion of diethylene glycol DEG into 1,4-dioxane.
Ž .The selectivity for the 1,4-dioxane formation depended on weight hourly space velocity WHSV and the tunnel structure of

sepiolite. When an excess DEG was supplied over the adsorption capacity of the tunnels in sepiolite, the selectivity for
1,4-dioxane formation from DEG decreased and by-products formation increased. These results indicate that cyclodehydra-
tion of DEG takes place in the internal space of the intracrystalline tunnels of sepiolite and by-products formation occurs on

Ž .the outer surface of sepiolite. The Mg II ion along the tunnel wall of sepiolite acts as an active site for the cyclodehydration.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Sepiolite is a fibrous clay mineral of magne-
sium silicate and its ideal formula is Mg -8

Ž . ŽSi O OH P 4H O P nH O Sep4H O n-12 30 4 2 2 2
.H O where 4H O and nH O represent the2 2 2

coordinated water molecules and zeolitic water
w xmolecules, respectively 1 . Sepiolite is com-

posed of lath-like crystallites with long double
silica chains running parallel to the fiber axis
Ž .c-axis . The upper and lower parts of each
double chain are joined together by a layer of
MgO octahedra, and to other chains by shared6
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oxygen atoms along each edge as shown in Fig.
1. Accordingly, the parallel-piped intracrys-
talline tunnels, of which the effective cross sec-
tion is 1.1=0.4 nm2, exist along the fiber axis
Ž .c-axis in sepiolite. The octahedral coordina-

Ž .tion of the Mg II ions along the tunnel wall is
completed by a coordination of two water
molecules. A half of the coordinated water
molecules in sepiolite dehydrates reversibly at

w xabout 513 K 2 and transformed to sepiolite
Ž .dihydrate Sep2H O . The octahedral coordina-2
Ž .tion of Mg II ion along the tunnel wall in

Sep4H O would be distorted by a transition of2

Sep4H O to Sep2H O via an unstable five2 2
w xcoordination 3 . Therefore, the tunnels of sepio-

lite can provide both dehydration active site and
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Ž . Ž .Fig. 1. Structures of sepiolite tetrahydrate Sep4H O and sepiolite dihydrate Sep2H O .2 2

the restricted space for shape selective reactions
Ž .due to the unstable coordination of the Mg II

ion along the tunnel wall. Sepiolite have a
possibility to use as a shape selective dehydra-
tion catalyst.

In this paper, the cyclodehydration of dieth-
Ž .ylene glycol DEG was carried out by using

sepiolite as a shape selective catalyst.

2. Experimental

Ž .Natural sepiolite Vallecas, Spain was used
for the catalytic cyclodehydration of DEG. The
chemical composition of the catalyst is SiO s2

62.05, Al O s1.15, TiO s0.11, CaOs0.51,2 3 2

MgOs23.80, Na Os0.30, K Os0.65 and2 2

H Os10.90%. The reactions were carried out2

in a fixed-bed continuous flow reactor at desig-
nated temperature. The granular sepiolite cata-

Ž .lyst of 32–60 mesh 1 g was packed into a
Ž .Pyrex glass tube i.d.s8 mm . As the tunnel

size of sepiolite changed with calcining temper-
ature, the catalyst was preheated at the reaction
temperature for 2 h in a nitrogen stream prior to
the use. Dithylene glycol was kept in an evapo-
rator maintained at constant temperature and
introduced into the catalyst bed with nitrogen

gas as the carrier at the designated weight hourly
Ž .space velocity WHSV . The reaction products

were analyzed by an FID gas–liquid chromato-
Ž .graph Shimazu-4A equipped with Porapack Q.

Acidities of sepiolite samples were measured by
n-butylamine titration method using Hammet

w xindicator 4 . Adsorption of N at 77 K was2

carried out using a conventional BET apparatus.

3. Results and discussion

3.1. Reaction path

The catalytic conversion of DEG was studied
by using sepiolite as a catalyst. Fig. 2 shows a
typical example for the time course of the DEG
conversion at 533 K and WHSV 0.2 hy1. The
main product in the reaction was 1,4-dioxane.
Acetaldehyde, crotonaldehyde, ethylene glycol
and ethanol were produced as by-products. In
the initial stage of the reaction, the yield of
dioxane was 100%. Increasing of the time on
stream, by-products such as acetaldehyde, cro-
tonaldehyde, ethylene glycol and ethanol were
produced with a decrease of dioxane formation.
After 150 min on stream, a decrease of a selec-
tivity for dioxane formation were observed with
a significant deactivation of the catalyst. After
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Fig. 2. Reaction path. The reaction was carried out in a fixed bed
continuous-flow reactor using 1 g of sepiolite at WHSV 0.1 hy1

and 553 K.

performing the run, the catalyst was heated in
an oxygen stream at 673 K to calculate amount
of the carbon deposition on the catalyst. The
CO gas was trapped and was followed a quan-2

titative analysis. The deposited carbon calcu-
lated from the carbon dioxide evolution was at
most 3% in each run.

3.2. Effect of the space Õelocity

The reaction was carried out at various space
velocities. The selectivity for 1,4-dioxane for-
mation is plotted against WHSV in Fig. 3. The
selectivity for 1,4-dioxane formation and the
yield of 1,4-dioxane decreased with an increase
of WHSV. A steep drop of the selectivity oc-
curred above WHSV 0.32 hy1.

After 0.3 g or 0.4 g DEG was flowed at
various WHSV values, the product was col-
lected and analyzed. The results are summarized
in Table 1. Both yield and selectivity were
lower at WHSV 0.1 hy1 than 0.2 hy1. The
activity and selectivity for 1,4-dioxane forma-
tion fell again when the WHSV exceeds 0.2
hy1. In both cases, the optimum WHSV for

1,4-dioxane formation was 0.2 hy1. When the
WHSV is too small, the reactant contacts with
the catalyst for a long time. As shown in Table
1, the selectivity for 1,4-dioxane formation was
higher at WHSV 0.2 hy1 than 0.1 hy1. The
results mean that the by-products are produced
by decomposition of 1,4-dioxane for too long
contact with the catalyst.

When the excess DEG for the adsorption
capacity of the tunnels of sepiolite is supplied to
the reactor, the reaction should occur not only
in the inner space of the tunnel but also on the
outer surface of the tunnels of sepiolite. In-
creases of the by-products with an increase of
WHSV depend on an increase in the outer
surface reaction on the catalyst. The decreases
of the yield and the selectivity at higher WHSV
provide an evidence that the cyclodehydration
of DEG takes place in the inner space of the
tunnels of sepiolite and the by-products forma-
tion occurs on the outer surface of sepiolite at
the high WHSV.

To investigate the contribution of the diffu-
sion process, experiments were carried out in
reaction tubes of various diameters packed with
1 g of sepiolite and the reactant was supplied at
WHSV 0.20 hy1.

Fig. 3. Relation between WHSV and selectivity for 1,4-dioxane
formation.
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Table 1
Ž .The effect of WHSV on the yield and the selectivity of dioxane DO at different amounts of the reacted DEG

Ž .WHSV Added DEG 0.3 g Added DEG 0.4 g Selectivity of dioxane percent
y1Ž .h Added DEG

Ž . Ž . Ž . Ž .DO yield g TOS min DO yield g TOS min 0.3 g 0.4 g

0.10 0.26 180 0.28 240 86 70
0.20 0.29 100 0.38 130 98 94
0.32 0.23 43 0.26 60 77 66
0.43 0.24 30 0.25 40 81 63

The reactions were carried out on 1 g of sepiolite at 533 K.

Ž .The superficial gas velocity Õ was calcu-
lated by the following equation:

flow rate of DEG
Õs

cross section of the reaction tube

Results are shown in Fig. 4. In each reaction, no
DEG was detected in the initial stage of the
reaction. The selectivity for 1.4-dioxane forma-
tion showed a maximum at 0.03 mrmin of
superficial velocity. In lower superficial veloc-

Žity the gas was contacted with short length and
.large cross section of the catalyst , the selectiv-

ity for 1,4-dioxane was low and six components
of by-products were contained in the product. A
small amount of acetic acid and crotonaldehyde
were produced in the product at only the initial

Fig. 4. Effect of the superficial velocity on the distribution of
products. Catalyst: 1 g; reaction temperature: 573 K; TOS: 30
min; WHSV: 0.2 hy1.

stage of the reaction. Crotonaldehyde and acetic
acid were contrarily not observed on the reac-
tion of higher superficial velocity. The produc-
tion of acetic acid may be attributed to the
reaction between adsorbed oxygen and acetalde-
hyde produced on the outer surface of the tun-
nels. When the reaction carried out at WHSV
0.74 hy1, acetic acid was observed though it
was not observed in the reaction of WHSV 0.21
hy1. The results also indicate that the formation
of acetic acid occurred on the outer surface of
the tunnels of sepiolite. In higher superficial
velocity, the selectivity for 1,4-dioxane forma-
tion decreased. The result means that a diffusion
of DEG on the inner surface of the tunnels of
sepiolite is an important process for the 1,4-di-
oxane formation. The rate determining step of
the 1,4-dioxane formation from DEG should be
a diffusion process of DEG into the tunnels of
sepiolite.

3.3. Temperature dependency of the reaction

Sepiolite calcined at different temperatures
has a possibility to exhibit the different activity
and selectivity for the cyclodehydration of DEG,
because the cross section of the tunnels and the

Ž .coordination state of the Mg II ion along the
lattice of the tunnel wall in sepiolite are changed
by calcining temperature. To investigate a rela-
tion between the catalytic properties and hydra-
tion state of sepiolite, a thermal behavior of the
sepiolite was measured. It has been reported
that the dehydration of water molecules con-
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Scheme 1.

w xtained in sepiolite takes place stepwise 2,3 .
The TG-DTA profile of the sepiolite used in our
experiments showed that dehydration of water
molecules in sepiolite occurred stepwise. Ze-
olitic water was dehydrated near 373 K. The

Ž .transition of sepiolite tetrahydrate Sep4H O to2
Ž .dihydrate Sep2H O took place in the tempera-2

ture range from 553 K to 603 K in our sample.
The dehydration of Sep2H O took place in the2

range from 873 K to 893 K and sepiolite anhy-
Ž .dride Sep was produced. The result can be

represented by Scheme 1.
Detail investigation on porosity and surface

area of sepiolite from Spain has been reported
w xby Rodoriguez-Reinoso et al. 5 . Similar results

were obtained in our sample from Spain. Dras-
tic decrease of the surface area was observed on
the transition temperature of Sep4H O to2

Sep2H O as shown in Fig. 5. Surface area of2

the sepiolite in this study was slightly smaller

Fig. 5. Relation between the surface area of sepiolite and its
calcining temperature.

Žthan that of their sample the surface area of the
2 .sample heating at 383 K was 321 m rg . This

difference results from the difference in particle
size. Rodoriguez-Reinoso et al. reported that a
sharp maximum peak of pore distribution ex-
isted around 1.5 nm diameter, whereas higher
temperatures led to a broad distribution of pore
diameter around 2, 2.8 and 4.5 nm. In this
study, the pore volume up to 1.5 nm diameter of
the sepiolite evacuating at 393 K was 70 mlrg.
Calcining the sample at 473 K, 533 K and 583
K, the pore volume of sepiolite decreased to 62
mlrg, 50 mlrg and 25 mlrg, respectively.

The reactions have been carried out at differ-
ent temperatures using the catalyst calcined at
the reaction temperature to study the effects of
the reaction temperature and the results are
shown in Fig. 6. The 1,4-dioxane yield was
nearly equal to 100% up to 543 K. On the other
hand, a drastic decrease of the 1,4-dioxane yield
was observed above 553 K. The selectivity for
1,4-dioxane formation also decreased above 553
K. After 30 min on stream at 553 K, DEG

Fig. 6. Temperature dependency of 1,4-dioxane yield. Catalyst: 1
g; TOS: 30 min; WHSV: 0.2 hy1 ; reaction temperature: 553 K.
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converted to 72.7 mol% of 1,4-dioxane and 27.3
mol% of acetaldehyde, although no DEG was
contained in the product. In the higher tempera-
ture, a very small amount of 2-methyl-1,3-di-
oxolane was contained in the product in addi-
tion to the product produced at lower tempera-
ture. The result indicates that the isomerization
of 1,4-dioxane takes place at high temperature.
As shown in Fig. 1, the structural change of the
tunnels in sepiolite occurs with dehydration of
Sep4H O to Sep2H O. The first step is the2 2

dehydration of the zeolitic water without the
structural change of the tunnels in sepiolite
Ž .Scheme 1 . The second step is a reversible

Žtransition fromrto sepiolite tetrahydrate Sep4-
. Ž .H O torfrom sepiolite dihydrate Sep2H O2 2

by the dehydrationrhydration of two coordi-
w xnated water molecules. Nagata et al. 2 and

w xSerna et al. 3 reported that the crystals folded
in the second step by the change of the coordi-

Ž .nation state of Mg II ion along the tunnel wall
with the dehydration of the water coordinated to

Ž . Ž .the Mg II ion Fig. 1 . Since the tunnel size of
Sep2H O is smaller than that of Sep4H O,2 2

DEG would be difficult to enter into the tunnel
of Sep2H O. Therefore, the drastic decreases of2

the activity and selectivity for 1,4-dioxane for-
mation from DEG above 553 K should be at-
tributed to the structural change of sepiolite
with the dehydration of the coordinated water.
From these results, the drastic decreases of the
catalytic activity and selectivity for the reaction
above 553 K are closely related to the dehydra-
tion of the coordinated water molecule in sepio-
lite.

3.4. XRD

XRD patterns of sepiolite were measured at
different temperature using a high temperature
XRD measurement apparatus. The results are
shown in Fig. 7. A large peak at ds1.20 nm
due to d of Sep4H O was observed. Peaks110 2

ds0.45 and 0.43 nm were also assigned to the
Ž .peaks of Sep4H O Fig. 7a . After heating the2

sample at 553 K, an intensity of the peak at

Fig. 7. XRD patterns of sepiolite before and after use as the
Ž . Ž .catalyst for cyclodehydration of DEG. a Sep4H O, b Sep2H O2 2

Ž .obtained by evacuating Sep4H O at 553 K for 1 h. c Sep2H O2 2

used to cyclodehydration of DEG at 553 K for 30 min.

ds1.20 nm decreased and new peaks at ds
1.04, 0.83 and 0.44 nm due to Sep2H O ap-2

Ž . w xpeared Fig. 7b 2 . After the catalytic reaction
was carried out 553 K for 30 min, the XRD
peak due to Sep2H O was disappeared and the2

XRD pattern of Sep4H O with a new peak at2
Ž .ds1.8 nm were reproduced Fig. 7c . These

results indicate that Sep2H O is rehydrated with2

the water molecule produced by cyclodehydra-
tion of DEG and is transformed to Sep4H O. A2

new peak at ds1.8 nm may be assigned to a
peak due to intercalation of DEG or 1,4-dioxane
into the inter-layer of sepiolite. Although it was
reported that the space of the tunnels in sepiolite
does not expand by the intercalation of ethylene

w xglycol 6 , the sample used in this study showed
a small peak at 1.4 nm by ethyleneglycol inter-
calation. Since the crystallinity of the sepiolite
used in our experiment is not so complete, the
sepiolite contains partly layered phase as like as
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Fig. 8. Reaction path.

w xa clay mineral aquacreptite 7,8 . Therefore the
new peak may be attributed to the intercalation
of DEG into the defective lattice in the sepio-
lite. Similar result was obtained in catalytic
conversion of 1,4-butandiol to tetrahydrofuran
in our unpublished data. A reaction process is

Ž .shown in Fig. 8. When the Mg II ion along the
tunnel wall of sepiolite is used as an active site

Ž .for the reaction, DEG coordinates to Mg II ion
along the tunnel wall to complete six coordina-

tion and then cyclodehydration occurs. The cat-
alyst is changed from Sep2H O to Sep4H O2 2

with the hydration of the water molecule pro-
duced by the cyclodehydration of DEG as shown
in Fig. 8. Supposing that one water molecule

Ž .coordinated to the Mg II ion along the tunnel
wall in Sep4H O substitutes with DEG as shown2

in Fig. 8, a peak at ds1.80 nm may be as-
signed to an intermediate formed by the substi-
tution of the coordinated water molecule with

Table 2
Distributions of the products of the catalytic conversion of DEG over sepiolite and magnesium silicate

Ž .Catalyst Product %

DEG 1,4-Dioxane CH CHO Ethanol Crotonaldehyde Ethylene glycol3

aSepiolite 44.9 22.4 16.4 3.0 10.2 3.9
bSepiolite 49.5 20.3 14.8 2.4 11 3.0

cŽ .MgO–SiO 1:2 47.0 5.9 14.5 11.7 10.5 10.12

Reaction temperature, 573 K.
WHSV, 0.20 hy1.
TOS: a s150 min; b s180 min; c s30 min.
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Table 3
Acidity of sepiolite

Ž .Sample Acidity mmolrg

pK sq6.8 pK sq3.3 pK sq2.0 pK sq1.5 pK sy1.5a a a a a

Sep4H OPnH O 0.47 0.10 0.02 0 02 2

Sep4H O 0.71 0.33 0.12 0.06 0.022

Sep2H O 1.57 0.24 0.22 0.11 0.092

Sep 0.22 0.07 0.03 0.02 0

DEG. It has been reported that the dehydrated
Ž .Mg II ion acts as an active site by the coordina-

tion of the reactant instead of the coordinated
water in the catalytic conversion of ethanol to

w x1.3-butadiene 9–11 . The cross section of tun-
nel in sepiolite is sufficient to admit DEG into
the tunnel. The relation between WHSV and the
selectivity for 1,4-dioxane formation suggests
that cyclodehydration of DEG takes place in the
inner space of the tunnels of sepiolite. There-
fore, we propose a reaction mechanism as shown

Ž .in Fig. 8. DEG coordinates to the Mg II along
the tunnel wall by a substitution of the coordi-
nated H O, the cyclodehydration of DEG takes2

Ž .place. Then the coordination of Mg II is re-
turned to octahedral by the water molecule
which is produced by the cyclodehydration of
DEG.

3.5. Roles of tunnels

To investigate the contribution of the tunnels
of sepiolite, the reaction carried out on magne-
sium silicate. Magnesium silicate was prepared

Ž .by calcining the mixture of SiO and Mg OH2 2

in air at 673 K for 2 h. The molar ratio of
Ž .SiO rMg OH has been adjusted to 2 which is2 2

equal to the SirMg molar ratio of sepiolite. As
the catalytic activity of magnesium silicate was
lower than that of sepiolite, the distribution of
the product produced on sepiolite was compared
with that on magnesium silicate at similar extent
of DEG conversion. As shown in Table 2, the
selectivity for 1,4-dioxane formation was signif-
icantly larger on sepiolite than on magnesium
silicate. The result indicates that the tunnel of

sepiolite plays an important role for 1,4-dioxane
formation from DEG.

3.6. Role of acid site

Acidic sites are responsible for the cyclode-
w xhydration of DEG 12–14 . The weakly acidic

sites have no activity while the strongly acidic
sites are mainly responsible for cyclodehydra-

w xtion of DEG 13 . Acidities of various sepiolite
w xhydrates were measured by Benesi’s method 4 .

The results are shown in Table 3. Acid strength
of sepiolite samples distributed in the range
from pK sy1.5 to q6.8. The acidity of thea

Sep2H O was larger than that of Sep4H O in2 2

the all acid strength ranges. However, the cat-
alytic selectivity and activity for 1,4-dioxane
formation from DEG was larger Sep4H O than2

Sep2H O. Therefore, in this case, the structure2

of sepiolite rather than the acidic property con-
tributes to the catalytic property.
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