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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
glycol methyl ether. FTIR illustrated that methanol dissociated to methoxide species on MgO surface, while no dissociation took place on
CaO. The moderate base strength and weak Lewis acid sites on MgO were very important for the methanol dissociation and then the synthesis
of propylene glycol methyl ether.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction base-catalyzed reaction
P 5 (gH
Glycol ether is one kind of fine chemicals widely used CH-CH—CH: + OR = CHTCH;CEZ % CHy-CH-CH:-OR
as solvent due to its ether bond and hydroxyl group, which _ . .
. . L . acid-catalyzed reaction
is hydrophobic and hydrophilic, respectively. Because of the 0 HOS R
negligible toxicity of propylene glycol ether, it is expected as CH3_cﬁ(—%H2 +HOR —» CHyCH—CH, — CH3—CT-1—CH2-OH +H
a safe substitute for toxic ethylene glycol etfigt There are H 6 OR

several methods for the synthesis of propylene glycol ether

[2-4]. Among them the propylene oxide method is mostly The epoxies ring of propylene oxide might open at ei-
convenient and industrial feasible. Generally, propylene ox- ther of the G-O bonds. In basic catalysis, the bond preferen-
ide reacts with fatty alcohol via base or acid catalysis, the tially opened at the least sterically hindered position, leading

mechanism of which was considered as follovig®]: to most secondary alcohols. But acid catalysts provided a
H, mixture of secondary and primary alcohols; the proportion
’ g MgO OH i iti
CH;OH + CH O/CH2 - (IjH—CHz—OCH3 depended on the acid strength. The addition of methanol to

propylene oxide might form primary alcohols (such as 2-
methoxy-1-propanol), which revealed the reproduction and
developmental toxicity7]. Therefore, the high selectivity is
required for this process.
Although basic homogenous reaction showed high selec-
* Corresponding author. Tel.: +86 351 4049612; fax: +86 351 4041153, UVItY t0 secondary alcohols, they had the drawbacks of sep-
E-mail addressyhsun@sxicc.ac.cn (Y. Sun). aration, liquid waste treating and corrosion problems. Thus
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solid bases and acids were developed to synthesize propylené h treatment in flowing argon at assigned temperature, and
glycol ether. Those heterogeneous catalysts included acid zethen the sample was cooled to room temperature; ®&s
olites[8], cation-exchangeable layered c[8Y, anionic dou- pulsed to the reactor using six-way valve till reaching sat-
ble hydroxide clay§10] and basic zeolitdd 1]. Among them uration. Once the physically absorbed £@as purged off,
basic catalysts has attracted much attention due to high seTPD experiment was started with heating rate of 10 K/min
lectivity of secondary alcohold0-12] Unfortunately, few under Ar flow (50 ml/min), and the effluent was detected by
studies have reported the effect of base strength and basicitya BALZAQ-mass spectrometer.

on the synthesis of propylene glycol ether over solid base cat-

alysts. Alkaline earth metal oxides appeared to be active ands 5 pethanol TPSR

selective solid base catalysts in a variety of organic reactions

involving formation of carbanionintermediates. Particularly, The catalyst pretreatment procedure was the same as
MgO-based catalysts which have acid-base property, haveihe cq,-TPD. Methanol was injected to reactor usingll
peen shown t(_).pro.mote several reacthns sugh as estenflca,—syringe at room temperature, once the physical absorbed
t|on[13],ether|f|(;at|or{14],double bond |somer|zat|qm5], methanol was purged off, the temperature program was
aldol condensatiof.6,17] Knoevenagel condensatigts] started with the heating rate of 10 K/min under Ar flow

and alcohol coupling19]. The present work mainly com- (50 mi/min), and the effluent was detected by a BALZAQ-
pares MgO with CaO and Mg-Al oxide to investigate the 555 spectrometer.

effect of base strength and basicity on the synthesis of propy-

lene glycol methyl ether from methanol and propylene oxide.
gy y propy 2.6. FTIR spectroscopy of adsorpted methanol

FTIR spectra were recorded on a Nicolet Magna
550I1 Fourier-transform infrared spectrometer in the region
4000-1000cm?!. 128 scans with a resolution of 4 crh
were collected. Magnesium oxide or calcium oxide wafer

CaO was prepared from Ca@@alcined at 1073 K in i pressedat2.4 10° Nm~= gnd weighing 15-20mg, was t_her-
atmosphere, and MgO was obtained by thermal decomposi-mally prefreated b_y heating at 673 K in vacuo. _The bund-u_p
tion of Mg(OH), at 673, 773, 873, and 973K, respectively. of methanol species on the surface was studied by _addlng
Mg—Al composite sample with an Mg/Al mole ratio of 3 was metha_mol vapor, Wh'Ch had been degasged by freezmg and
prepared by co-precipitation method. The solution A was pumping severalitlmes,to the cellfor 15 min. After removing
prepared by 0.12 mol of Mg(Ng),-6H,0 and 0.02 mol of the gas phase with evacuation, IR spectra of surface species
Al2(NO3)3-9H,0 with the total concentration of 0.64 mol/l, were obtained.
and the solution B contained 8.9% ammonia in 180 ml water.

Both were then mixed at a rate of 4 ml/min under a vigor- 2.7. Catalytic performance

ous mechanical stirring at 333 K. The suspension was left

overnight at 333K, filtered and washed until pH=7. There-  The catalytic performance was evaluated in a 75 ml batch
sultant solid was dried overnight at 333 K, and then activated reactor with mole ratio of methanol and propylene oxide be-

2. Experimental

2.1. Preparation of catalyst

in a dry nitrogen flow at 773 K for 4 h. ing 5:1. After running at 393K for 5h under magnetic stir-
ring, the reactor was cooled down to room temperature. The
2.2. X-ray diffraction products were analyzed by a gas chromatograph with a flame

ionization detector after centrifugal separation from the cat-
XRD of the catalysts were measured in Rigaku D/max- alyst.
vA using Cu target with Ni filter. Diffraction patterns were
obtained with X-ray gun operated at 50 kV and 30 mA, using
a scan speed rate 0/&hin (29). 3. Results

2.3. BET measurement 3.1. Structures

BET surface areas of the samples were determined withthe  MgO and CaO treated at elevated temperature were typi-
BET method using a Micromeritics ASAP-2000 apparatus. cal solid basef20,21] The XRD pattern of MgO and CaO
illustrated that cubic MgO and CaO could be prepared via
2.4. CQ temperature programmed desorption the dissociation of magnesium hydrate and calcium carbon-
(CO,-TPD) ate, respectively (sd€g. 1), and Mg—Al oxide only showed
the character of MgO. BET surface area is listedable 1
Catalyst (0.1g, 40-60 mesh) was placed in the quartz It can be seen that the surface area of MgO is much higher
reactor bed. Pretreatment for TPD procedure consisted ofthan that of CaO.
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Table 1
BET surface area and GQ@iptake
Catalyst BET surface area {y) CQ, uptake (mmol/rR)
373K 513K 573K 923K
Ca0o 1230 - - - 2.1x 1072
MgO? 19800 3.13x 107 6.06x 10°° 6.97x 10°° -
Mg-Al oxide 13000 3.23x 1075 - - -
2 Calcined at 673 K.
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Fig. 1. XRD patterns of CaO, MgO and Mg—Al oxide.

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

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

major desorption at 923 K, indicating the strong basic sites
on its surface. Mg—Al oxide only had weak base sites with
CO, desorption peak at 373 K. GQuptake of CaO, MgO

and Mg—Al oxide, which reflected the basicity, are listed in

CO,-TPD revealed the presence of three kinds of base Table 1 Although MgO had the higher BET surface area,
sites on the surface of MgO calcined at 673 K with {@s-
orption peaks at 373,513 and 573 K, respectively [5g£?).
This demonstrated that MgO had weak and moderate strengtiihe MgO base strength and basicity, it can be seen that there
base sites on the surface. However, CaO mainly exhibited aexist three kinds of base site on the surface as mentioned

0.00024
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Fig. 2. CQ-TPD of CaO, MgO and Mg-Al oxide: (1, MgO; 2, Ca0; 3,

Mg—Al oxide).

CaO showed the highest basicity.
Fig. Sillustrated the effect of calcinations temperature on

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 thel€0rp-

tion peak around 873 K. Atthe same time, £0PD inFig. 3

also indicated that the CQuptake desorbed from moderate
strength base sites decreased gradually with the increase of
calcinations temperature. The BET surface area anghoO

take that desorbed from weak, moderate and strong basic sites
are listed inTable 2 We can see that CQuptakes varied dras-
tically with the rise of calcinations temperature, however, the
basicity of MgO on moderate base sites changed a little if
COp uptakes were referred to sample surface area.

3.3. FTIR spectroscopy of absorbed methanol and
methanol TPSR

IR spectra of methanol adsorbed on MgO at various tem-
peratures are shown iaig. 4 The bands observed around
2915-2800 and 1200-1000ct were assigned, respec-
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Table 2
BET surface area and G@iptake of MgO calcined at various temperatures
Calcinations temperature (K) BET surface ared/ CQ, uptake (mmol/rR)
373K 513 and 573K 873K
673 19800 3.13x 1076 1.30x 1074 -
773 15049 5.52x 107° 1.26x 1074 -
873 10592 1.54x 1075 1.17x 1074 5.91x 10°®
973 9692 2.18x 10°° 1.22x 1074 7.21x 10°®

tively, to the G-H and G-O stretching vibrations due to
the methoxide specig@2]. Upon increasing temperature
from 298 to 423K, the intensities of the band at 2800 and
1097 cntlincreased, while the band at 1055 chdecreased.
Junko Kondo et al23] 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 cfiWhen the adsorption tem- 2
perature reaches 393K, new bands appeared at 1599 anc.?g
1394 cnt!, which could be ascribed to the transformation of >
methoxide species into formate id@4,25]. 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 byad@® CO
desorption peaks. Thus, methanol adsorbed onto MgO in both Y R ) TR S TN D SO S SR U S

) . . ) ; ) 300 400 500 600 700 800 900 1000
undlssomqted and dissociated forms. T_he undissociated one Desoiptioh tempereture (K)
was coordinated to the catalyst surface in a weakly absorbed
molecular state, correspondingly to the methanol desorptionFrig. 5. TPSR of methanol on MgOm(e= 31, 28, 44 corresponding to the
at low temperature. The dissociated one produced methoxidestrongest mass spectra signal of methanol, CO angl @8pectively).
species and desorbed into €@nd CO at high temperature
in the TPSR patterns.

FTIR spectra of methanol adsorbed on CaO atvarious tem-
peratures were shown kig. 6. Here, the bands around 280
and 1200-1000 cm" were not clearly observed, and only
trace adsorption took place. Atthe same time, the broad band
due to hydroxyl group were hardly observed near 3500tm
Although CaO had the strong basic strength and high bacisity,
methanol could not be dissociated to form methoxide species

—_

sulting the higher desorption temperature.
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Fig. 4. IR spectra of methanol adsorbed on MgO at various temperatures:

on its surface (trace dissociation might be possible). Only
0 methanol desorption was observed with the maxima in TPSR
at 609 K (sed-ig. 7). Because of the strong basic strength of

Hxygen anion, molecular methanol would be coordinated to
the CaO surface in a stronger manner than that of MgO, re-

(1, MgO; 2, RT; 3, 323K; 4, 363K; 5, 393K; 6, 423K). Fig. 6. IR spectra of methanol adsorbed on CaO at various temperatures.
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Fig. 7. TPSR of methanol on CaQmnfe= 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
MgO? 71.1 89.2
Mg—Al oxide 314 74.1
None 27.3 72.3

@ Calcined at 673K.
3.4. Catalytic performance

Data in Table 3illustrate the catalytic performance of
CaO, MgO and Mg-Al oxide in synthesis of propylene gly-

which might be due to the acidity of ADs [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 (se@able 3.

Fig. 8 indicates that PO conversion of MgO decreased
monotonically with the rise of calcinations temperature from
673 to 973K, 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 (se€able 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 (s€&. 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
with the amount of moderate base sites Bige 9). The line
would cross thér-axis at about 25%, which agrees with the
data listed inTable 3 i.e. the reaction could take place with-
outthe presence of catalyst. Thus, the formation of propylene
glycol methyl ether over solid base occurs on the base site
with moderate strength.

As mentioned above, FTIR illustrated that methanol ab-
sorbed on MgO could generate undissociated methanol, and

col methyl ether from propylene oxide and methanol. MgO hen dissociated species. The latter produced methoxide
showed the highest PO conversion and isomer selectivity (thespecies which desorbs as €ahd CO at high temperature, as
ratio of 1-methoxy-2-propanol/total propylene glycol methyl - gjown in TPSR. These species could react with propylene ox-
ether). Although CaO had strong base and high basicity, itS jje to form propylene glycol methyl ether. As far as CaO was

performance was lower than MgO. Mg—Al oxide with only

weak base also showed low activity and isomer selectivity,
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Fig. 8. The effect of calcinations temperature on MgO catalytic activity.
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Fig. 9. The relationship between activity and MgO basicity.
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| e MeO—CHz—IH—CH_g

H+
i ?J\o/ H
MEOH + —Mg—0—Mg— —p —O—Mg—0— — » Mg—O—Mg—
() (i)

Scheme 1. Plausible mechanism of 1-methoxy-2-propanol formation.

concerned, no methoxide species were formed on its surfaceo generate methoxide ion and then resulted in a low activity.
due to the acid strength of Ca cation is too weak to stabilize Thus, the generation of methoxide ion was very important to
the methoxide species and then CaO showed low catalyticthe reaction.
activity. Thus, the formation of methoxide species was very
important for the synthesis of propylene glycol methyl ether.
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