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Abstract

The base strength and basicity of MgO, CaO and Mg–Al oxide were studied for the synthesis of propylene glycol methyl ether from
methanol and propylene oxide. The results showed that solid base with moderate strength such as MgO facilitated the formation of propylene
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lycol methyl ether. FTIR illustrated that methanol dissociated to methoxide species on MgO surface, while no dissociation too
aO. The moderate base strength and weak Lewis acid sites on MgO were very important for the methanol dissociation and then t
f propylene glycol methyl ether.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Glycol ether is one kind of fine chemicals widely used
s solvent due to its ether bond and hydroxyl group, which

s hydrophobic and hydrophilic, respectively. Because of the
egligible toxicity of propylene glycol ether, it is expected as
safe substitute for toxic ethylene glycol ether[1]. There are
everal methods for the synthesis of propylene glycol ether
2–4]. Among them the propylene oxide method is mostly
onvenient and industrial feasible. Generally, propylene ox-
de reacts with fatty alcohol via base or acid catalysis, the

echanism of which was considered as followed[5,6]:
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The epoxies ring of propylene oxide might open at
ther of the C O bonds. In basic catalysis, the bond prefe
tially opened at the least sterically hindered position, lea
to most secondary alcohols. But acid catalysts provid
mixture of secondary and primary alcohols; the propor
depended on the acid strength. The addition of methan
propylene oxide might form primary alcohols (such as
methoxy-1-propanol), which revealed the reproduction
developmental toxicity[7]. Therefore, the high selectivity
required for this process.

Although basic homogenous reaction showed high s
tivity to secondary alcohols, they had the drawbacks of
aration, liquid waste treating and corrosion problems. T
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solid bases and acids were developed to synthesize propylene
glycol ether. Those heterogeneous catalysts included acid ze-
olites[8], cation-exchangeable layered clay[9], anionic dou-
ble hydroxide clays[10] and basic zeolites[11]. Among them
basic catalysts has attracted much attention due to high se-
lectivity of secondary alcohols[10–12]. Unfortunately, few
studies have reported the effect of base strength and basicity
on the synthesis of propylene glycol ether over solid base cat-
alysts. Alkaline earth metal oxides appeared to be active and
selective solid base catalysts in a variety of organic reactions
involving formation of carbanion intermediates. Particularly,
MgO-based catalysts which have acid–base property, have
been shown to promote several reactions such as esterifica-
tion [13], etherification[14], double bond isomerization[15],
aldol condensation[16,17], Knoevenagel condensation[18]
and alcohol coupling[19]. The present work mainly com-
pares MgO with CaO and Mg–Al oxide to investigate the
effect of base strength and basicity on the synthesis of propy-
lene glycol methyl ether from methanol and propylene oxide.

2. Experimental

2.1. Preparation of catalyst
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1 h treatment in flowing argon at assigned temperature, and
then the sample was cooled to room temperature. CO2 was
pulsed to the reactor using six-way valve till reaching sat-
uration. Once the physically absorbed CO2 was purged off,
TPD experiment was started with heating rate of 10 K/min
under Ar flow (50 ml/min), and the effluent was detected by
a BALZAQ-mass spectrometer.

2.5. Methanol TPSR

The catalyst pretreatment procedure was the same as
the CO2-TPD. Methanol was injected to reactor using 1�l
syringe at room temperature, once the physical absorbed
methanol was purged off, the temperature program was
started with the heating rate of 10 K/min under Ar flow
(50 ml/min), and the effluent was detected by a BALZAQ-
mass spectrometer.

2.6. FTIR spectroscopy of adsorpted methanol

FTIR spectra were recorded on a Nicolet Magna
550II Fourier-transform infrared spectrometer in the region
4000–1000 cm−1. 128 scans with a resolution of 4 cm−1

were collected. Magnesium oxide or calcium oxide wafer
pressed at 2.4× 108 Nm−2 and weighing 15–20 mg, was ther-
m -up
o dding
m g and
p ing
t ecies
w

2

atch
r be-
i tir-
r . The
p flame
i cat-
a

3

3

typi-
c O
i via
t bon-
a d
t
I igher
t

CaO was prepared from CaCO3 calcined at 1073 K in N2
tmosphere, and MgO was obtained by thermal decom

ion of Mg(OH)2 at 673, 773, 873, and 973 K, respectiv
g–Al composite sample with an Mg/Al mole ratio of 3 w
repared by co-precipitation method. The solution A
repared by 0.12 mol of Mg(NO3)2·6H2O and 0.02 mol o
l2(NO3)3·9H2O with the total concentration of 0.64 mo
nd the solution B contained 8.9% ammonia in 180 ml w
oth were then mixed at a rate of 4 ml/min under a vig
us mechanical stirring at 333 K. The suspension was
vernight at 333 K, filtered and washed until pH = 7. The
ultant solid was dried overnight at 333 K, and then activ
n a dry nitrogen flow at 773 K for 4 h.

.2. X-ray diffraction

XRD of the catalysts were measured in Rigaku D/m
A using Cu target with Ni filter. Diffraction patterns we
btained with X-ray gun operated at 50 kV and 30 mA, u
scan speed rate 0.2◦/min (2θ).

.3. BET measurement

BET surface areas of the samples were determined wi
ET method using a Micromeritics ASAP-2000 apparat

.4. CO2 temperature programmed desorption
CO2-TPD)

Catalyst (0.1 g, 40–60 mesh) was placed in the qu
eactor bed. Pretreatment for TPD procedure consist
ally pretreated by heating at 673 K in vacuo. The build
f methanol species on the surface was studied by a
ethanol vapor, which had been degassed by freezin
umping several times, to the cell for 15 min. After remov

he gas phase with evacuation, IR spectra of surface sp
ere obtained.

.7. Catalytic performance

The catalytic performance was evaluated in a 75 ml b
eactor with mole ratio of methanol and propylene oxide
ng 5:1. After running at 393 K for 5 h under magnetic s
ing, the reactor was cooled down to room temperature
roducts were analyzed by a gas chromatograph with a

onization detector after centrifugal separation from the
lyst.

. Results

.1. Structures

MgO and CaO treated at elevated temperature were
al solid bases[20,21]. The XRD pattern of MgO and Ca
llustrated that cubic MgO and CaO could be prepared
he dissociation of magnesium hydrate and calcium car
te, respectively (seeFig. 1), and Mg–Al oxide only showe

he character of MgO. BET surface area is listed inTable 1.
t can be seen that the surface area of MgO is much h
han that of CaO.
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Table 1
BET surface area and CO2 uptake

Catalyst BET surface area (m2/g) CO2 uptake (mmol/m2)

373 K 513 K 573 K 923 K

CaO 12.30 – – – 2.1× 10−2

MgOa 198.00 3.13× 10−6 6.06× 10−5 6.97× 10−5 –
Mg–Al oxide 130.00 3.23× 10−5 – – –

a Calcined at 673 K.

Fig. 1. XRD patterns of CaO, MgO and Mg–Al oxide.

3.2. Base strength and basicity of MgO, CaO and
Mg–Al oxide

CO2-TPD revealed the presence of three kinds of base
sites on the surface of MgO calcined at 673 K with CO2 des-
orption peaks at 373, 513 and 573 K, respectively (seeFig. 2).
This demonstrated that MgO had weak and moderate strength
base sites on the surface. However, CaO mainly exhibited a

F 3,
M

Fig. 3. CO2-TPD of MgO calcined at various temperatures: (1, 673 K; 2,
773 K; 3, 873 K; 4, 973 K).

major desorption at 923 K, indicating the strong basic sites
on its surface. Mg–Al oxide only had weak base sites with
CO2 desorption peak at 373 K. CO2 uptake of CaO, MgO
and Mg–Al oxide, which reflected the basicity, are listed in
Table 1. Although MgO had the higher BET surface area,
CaO showed the highest basicity.

Fig. 3illustrated the effect of calcinations temperature on
the MgO base strength and basicity, it can be seen that there
exist three kinds of base site on the surface as mentioned
above when the calcinations temperature was lower than the
773 K. As the calcinations temperature reached 873 K, strong
strength base sites appeared as evidenced by the CO2 desorp-
tion peak around 873 K. At the same time, CO2-TPD inFig. 3
also indicated that the CO2 uptake desorbed from moderate
strength base sites decreased gradually with the increase of
calcinations temperature. The BET surface area and CO2 up-
take that desorbed from weak, moderate and strong basic sites
are listed inTable 2. We can see that CO2 uptakes varied dras-
tically with the rise of calcinations temperature, however, the
basicity of MgO on moderate base sites changed a little if
CO2 uptakes were referred to sample surface area.

3.3. FTIR spectroscopy of absorbed methanol and
methanol TPSR

tem-
p nd
2 c-
ig. 2. CO2-TPD of CaO, MgO and Mg–Al oxide: (1, MgO; 2, CaO;
g–Al oxide).
IR spectra of methanol adsorbed on MgO at various
eratures are shown inFig. 4. The bands observed arou
915–2800 and 1200–1000 cm−1 were assigned, respe
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Table 2
BET surface area and CO2 uptake of MgO calcined at various temperatures

Calcinations temperature (K) BET surface area (m2/g) CO2 uptake (mmol/m2)

373 K 513 and 573 K 873 K

673 198.00 3.13× 10−6 1.30× 10−4 –
773 150.49 5.52× 10−6 1.26× 10−4 –
873 105.92 1.54× 10−5 1.17× 10−4 5.91× 10−6

973 96.92 2.18× 10−5 1.22× 10−4 7.21× 10−6

tively, to the C H and C O stretching vibrations due to
the methoxide species[22]. Upon increasing temperature
from 298 to 423 K, the intensities of the band at 2800 and
1097 cm−1 increased, while the band at 1055 cm−1decreased.
Junko Kondo et al.[23] reported similar results, which were
attributed to two kinds of methoxide species. The new OH
group formed from the dissociative adsorption gave rise
to broad bands near 3500 cm−1.When the adsorption tem-
perature reaches 393 K, new bands appeared at 1599 and
1394 cm−1, which could be ascribed to the transformation of
methoxide species into formate ions[24,25]. Fig. 5illustrates
the TPSR of methanol over MgO. It is found that methanol
desorbs molecularly with maximum at 432 K, however it de-
composes at high temperatures as evidenced by CO2 and CO
desorption peaks. Thus, methanol adsorbed onto MgO in both
undissociated and dissociated forms. The undissociated one
was coordinated to the catalyst surface in a weakly absorbed
molecular state, correspondingly to the methanol desorption
at low temperature. The dissociated one produced methoxide
species and desorbed into CO2 and CO at high temperature
in the TPSR patterns.

FTIR spectra of methanol adsorbed on CaO at various tem-
peratures were shown inFig. 6. Here, the bands around 2800
and 1200–1000 cm−1 were not clearly observed, and only
trace adsorption took place. At the same time, the broad bands
d m−1

A isity,
m ecies

F tures:
(

Fig. 5. TPSR of methanol on MgO: (m/e= 31, 28, 44 corresponding to the
strongest mass spectra signal of methanol, CO and CO2, respectively).

on its surface (trace dissociation might be possible). Only
methanol desorption was observed with the maxima in TPSR
at 609 K (seeFig. 7). Because of the strong basic strength of
oxygen anion, molecular methanol would be coordinated to
the CaO surface in a stronger manner than that of MgO, re-
sulting the higher desorption temperature.

tures.
ue to hydroxyl group were hardly observed near 3500 c.
lthough CaO had the strong basic strength and high bac
ethanol could not be dissociated to form methoxide sp

ig. 4. IR spectra of methanol adsorbed on MgO at various tempera
1, MgO; 2, RT; 3, 323 K; 4, 363 K; 5, 393 K; 6, 423 K).
 Fig. 6. IR spectra of methanol adsorbed on CaO at various tempera
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Fig. 7. TPSR of methanol on CaO: (m/e= 31corresponding to the strongest
mass spectra signal of methanol).

Table 3
The catalytic properties of CaO, MgO and Mg–Al oxide

Catalyst PO conversion (%) Isomer selectivity (%)

CaO 37.3 85.1
MgOa 71.1 89.2
Mg–Al oxide 31.4 74.1
None 27.3 72.3

a Calcined at 673 K.

3.4. Catalytic performance

Data in Table 3 illustrate the catalytic performance of
CaO, MgO and Mg–Al oxide in synthesis of propylene gly-
col methyl ether from propylene oxide and methanol. MgO
showed the highest PO conversion and isomer selectivity (the
ratio of 1-methoxy-2-propanol/total propylene glycol methyl
ether). Although CaO had strong base and high basicity, its
performance was lower than MgO. Mg–Al oxide with only
weak base also showed low activity and isomer selectivity,

ity.

which might be due to the acidity of Al2O3 [26]; therein the
reaction underwent the mechanism that was different from
the basic catalysis. In addition, PO conversion and isomer
selectivity are 27.3, 72.3%, respectively when no catalyst
was loaded (seeTable 3).

Fig. 8 indicates that PO conversion of MgO decreased
monotonically with the rise of calcinations temperature from
673 to 973 K, and isomer selectivity changed a little.

4. Discussion

Compared with CaO and Mg–Al oxide, MgO with the
highest moderate basicity showed the best PO conversion and
isomer selectivity (seeTable 3). This indicated that synthesis
of propylene glycol methyl ether should be closely related
to the moderate basic site. In order to further understand the
effect of base strength on the catalytic performance, MgO
obtained from magnesium hydrate calcined at various tem-
peratures, which lead to the different amount of moderate
base sites, showed interesting relationship between basicity
and catalytic performance (seeFig. 8), i.e. both the PO con-
version and the amount of moderate basic sites decreased
with the rise of calcinations temperature. As a result, the cat-
alytic activity (PO conversion) could be linearly correlated
w
w the
d th-
o lene
g site
w

ab-
s l, and
t oxide
s as
s e ox-
i was
Fig. 8. The effect of calcinations temperature on MgO catalytic activ
ith the amount of moderate base sites (seeFig. 9). The line
ould cross theY-axis at about 25%, which agrees with
ata listed inTable 3, i.e. the reaction could take place wi
ut the presence of catalyst. Thus, the formation of propy
lycol methyl ether over solid base occurs on the base
ith moderate strength.
As mentioned above, FTIR illustrated that methanol

orbed on MgO could generate undissociated methano
hen dissociated species. The latter produced meth
pecies, which desorbs as CO2 and CO at high temperature,
hown in TPSR. These species could react with propylen

de to form propylene glycol methyl ether. As far as CaO

Fig. 9. The relationship between activity and MgO basicity.
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Scheme 1. Plausible mechanism of 1-methoxy-2-propanol formation.

concerned, no methoxide species were formed on its surface
due to the acid strength of Ca cation is too weak to stabilize
the methoxide species and then CaO showed low catalytic
activity. Thus, the formation of methoxide species was very
important for the synthesis of propylene glycol methyl ether.
Mg–Al oxide had no enough strong basic sites to activate
methanol, but its acidity could cause the reaction in an acid
catalyzed route, being indicative of the isomer products.

The plausible mechanism of 1-methoxy-2-propanol for-
mation on MgO is illustrated inScheme 1. A proton was ab-
stracted from the hydroxyl group of methanol and a methox-
ide ion was generated in path (i). The methoxide ion and
proton were absorbed on acidic and basic sites on the MgO
surface, respectively. In path (ii), because of the sterically hin-
dered CH3 of propylene oxide, the methoxide ion attacked
the C (1) position and C (1)O bond cracked, followed by
pick up of the proton to form 1-methoxy-2-propanol.

It seems reasonable to consider that the highest activity
of MgO was due to the ability for a proton and a methoxide
ion generation from methanol. CaO with strong basic sites
seems unfavorable for the present reaction because of strong
adsorption of methanol and could not generate methoxide ion
and proton. Thus, moderate basic sites are effective for the
present reaction.

5

clu-
s pro-
m nol
a the
s not to
f nol
a and
m der-
a trong
a cult

to generate methoxide ion and then resulted in a low activity.
Thus, the generation of methoxide ion was very important to
the reaction.
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