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The acid-base and reducing properties of MgO-Ti02 of various compositions-binary 
mixtures of a basic oxide (MgO) and an acidic oxide (TiOa)-were studied and compared 
with their catalytic activities for the decomposition of diacetone alcohol, the dehydration of 
4-methyl-2-pentanol, and the alkylation of phenol with methanol. The acidity of TiOs decreased 
upon addition of MgO, whereas the basicity of MgO was found to increase upon addition of 
10 wty$ TiOn. The decomposition rate of diacetone alcohol was correlated well with the basicity 
of MgO-TiOz of different compositions, while the dehydration of 4-methyl-2-pentanol was 
correlated with the acidity. On t,he other hand, a maximum conversion of the alkylation was 
observed over MgO-TiOz (weight ratio, 1: 1) which has bot,h basicity and acidity. No correla- 
t,ion was found between the reducing property and catalytic activity. The hydrogen exchange 
reaction of propylene with I&O or Df over MgO-TiOz (1:l) was shown by microwave spec- 
troscopy to proceed via T-ally1 carbanion or isopropyl carbenium ion intermediates, indicating 
that the active sites are basic and acidic, respectively. 

INTRODUCTION 

Titanium oxide is classified as a solid 
acid (1, 2), while magnesium oxide is 
classified as a solid base (1, 3, 4). How is 
a binary oxide, MgO-TiOz, which consists 
of a solid base and a solid acid classified? 
How is the basic property of MgO and 
acidic property of TiO, changed by t,he 
addition of TiOz and MgO, respectively? 
The present work was initiated to answer 
t,hrsc questions. The binary oxide was then 
applied as a catalyst to the decomposition 
of diacetone alcohol, the dehydration of a 
secondary alcohol, the alkylation of phenol 
with methanol, and t’he hydrogen exchange 
reaction of propylene with D20 or D,. The 
correlat,ions of the surface property of TiOs- 
MgO with catalytic activity arc dcmon- 

stratcd and the reaction intermediates of 
the cxchangc reactions are clucidatcd. 

EXPERIMENTAL 

Catalyst. MgO-TiOz was prepared by 
kneading magnesium oxide and titanic 
acid with a small amount of deionized water 
in a mortar for 2 h, followed by drying at 
110°C for S h and by calcining in air at 
300-700°C for 3 h. Magnesium hydroxide 
and titanic acid were precipitat’cd by adding 
dropwise 2S70 of ammonia mater to each 
aqueous solution of MgCl,.GH,O (Wako 
Pure Chemical Industries, Ltd., GR) and 
TiCL (Wako Pure Chemical Industries, 
Ltd., EP), the final pHs being 9.6 and 9.4, 
respectively. Each precipitate was washed 
n-ith deionized n-atcr, until no chlorine ion 
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was detected in the washings, and dried at 
110°C for 14 and 8 h, respectively. 

Differential thermal analysis-thermal grav- 
imetric analysis and X-ray analysis. Differ- 
ential thermal analysis (DTA) and thermal 
gravimetric analysis (TGA) were carried 
out simultaneously in air at a heating rate 
of lO”C/min. X-Ray diffraction patterns 
were measured over the range of 20 = lo- 
65°C for the powdered samples which had 
been calcined in air at various temperatures 
for 3 h. 

Surface area and acid-base a& reducing 
properties. Surface area was obtained by 
applying the BET method to the adsorption 
isotherm of nitrogen at -196°C. Acidity 
and acid strength of solid surface were 
determined by Benesi’s method (5), using 
various Hammett indicators. The indicators 
used were neutral red (pK, = +6.8), 
methyl red (+4.8), phenylazonaphthyl- 
amine (+4.0), p-dimethylaminoazobenzene 
(+3.3), benzeneazodiphenylamine (+1.5), 
and dicinnamalacetone (- 3.0). Basicity 
and base strength were determined by 
observing the color change of 2,4,6-trinitro- 
aniline (pKen = 12.2), 2,4-dinitroaniline 
(15.0), 4-chloro-2-nitroaniline (17.2), and 
4-nitroaniline (18.4) and by titrating with 
benzoic acid using the indicators, respoc- 
tively (6, 7). 

The reducing property of solid surface 
was measured by observing the anion 
radicals of nitrobenzenc which had been 
formed by adsorption on the surface by 
X-band ESR spectra. The amount of anion 
radicals was estimated by using DPPH as 
a standard. The nitrobenzene used was 
purified by repeating a freezing-thawing 
cycle in vacua. 

Reaction procedure. The decomposition 
of diacetone alcohol was carried out at 
32 f 0.5”C in a static system. Twenty-five 
milliliters of diacetone alcohol, purified 
by repeating a vacuum distillation three 
times, was reacted over a powdered catalyst 
calcined at 400°C with vigorous stirring, 
and the amount of acetone, which was the 

only product, was determined by gas 
chromatography. The reaction obeyed the 
first-order rate equation and t#he rate 
constant was taken as catalytic activity. 

The alkylation of phenol with methanol 
was carried out at 400°C by using a con- 
ventional flow method apparatus. A mix- 
ture of phenol and met’hanol (molar 
ratio = 1: 1) was passed together with 
nitrogen through a catalyst bed, the flow 
rate being 0.375 ml/set. About 0.5 g of a 
catalyst (20-30 mesh) which had been 
calcined in air at 500°C for 3 h was further 
calcined in the catalyst bed under a st’ream 
of nitrogen at reaction temperature for 
30 min. The reaction products were trapped 
with ice and analyzed by gas chromatog- 
raphy on a column containing 25% 
DC-550 on Shimalite. The catalytic activity 
and selectivity were expressed by [(mole 
percentage of all alkylated products per 
mole percentage of supplied phenol) X 1001 
and [(mole percentage of particular prod- 
uct per mole percentage of all alkylated 
products) X 1001, respectively. 

The reaction of 4-methyl-2-pentanol was 
carried out by a convent’ional flow method 
using nitrogen as carrier gas at 250°C. 
Alcohol vapor, the pressure (25 mm Hg) 
of which was kept constant in an alcohol 
saturator, was passed together with nitro- 
gen through a reaction tube containing 2 g 
of catalyst (16-24 mesh). The reaction 
products were collected in a liquid nitrogen 
trap and analyzed by gas chromatography, 
as reported previously (8). Catalytic 
activity was obtained from the linear plot 
of conversion percentage against contact 
time (W/F; W: catalyst weight, F:flow 
rate of alcohol). 

The hydrogen exchange reaction of pro- 
pylene with irreversibly adsorbed heavy 
water or deuterium was carried out at 
182°C under the initial pressure of propyl- 
ene (122 Torr) or at -80°C under the 
initial pressures of propylene (106 Torr) 
and deuterium (124 Torr). Heavy water of 
99.75ye purity and propylene purified by 



CATALYTIC ACTIVITY OF J&O-TiOy 

TABLK 1 

Specific Surface Areas of 11gO~TiO~ Calcined at Varions Temperatures 

Calcination 
temperature 

(“C) 

300 
400 
500 
600 
700 

Srlrfacae area (m*/g) 

hlg0 RlgO-TiOr MgO-TiOs 
(9: 1) (1:l) 

_____ 

25.9 46.6 98.2 
140 151 109 

2d.O (io.2 (il.6 
X.6 39.1 4x9 
32.7 2% 1 N.ti 

hIgO-TiOs TiO, 
(1:9) 

148 129 
91.1 R5.6 
66.4 14.4 
58.0 28.9 
21.4 10.8 

vacuum distillation were used. The mass 
analysis of deutrratcd propylene was made 
by mass spectroscopy, and the deuterium 
distribution in propylene-dl and -dz species 
during the exchange was determined by 
microwave spectroscopy. 

I? ESULTS AND I~ISCUSSION 

DTA-TGB and X-Ray Di.flractio,l 

Magnesium hydroxide a,nd titanic acid 
showed endothermic peaks at 400 and 7S”C, 
respectively, in their DTA diagrams. The 
hydrogcl of MgO-TiOz (9: 1) showed a 
large endothermic peak at. 400°C and a 
small one at 7S”C, while the hydrogel of 
MgO-TiOz (1: 9) showed a small endo- 
thermic peak at 400°C and a large one at 
7S”C. In the case of MgO-Ti02 (1: I), the 
heat absorption peaks were almost com- 
parable. These diagrams indicate t,hat’ the 
dehydrations of magnesium hydroxide and 
titanic acid in the hydrogcl of MgO-Ti02 
occur at 400 and 7S”C, rcspcctively. 

X-Ray diffract,ion showed a pattern of 
Mg(OH)s when it was calcined at 3OO”C, 
but only a pattern of MgO when calcined 
above 400°C. Titanic acid dried at’ 110°C 
showed a peak of anatase, but showed 
peaks of both anatase and rutile when 
calcined in the range of 300~500°C. In any 
composition of MgO-TiOs calcined at 
400~5OO”C, only the patterns of MgO and 
TiO, appeared; any other patterns such as 
MgzTiOc were not observed. This indicates 

t#hat MgO-TiO, consists of the mixture 
of each oxide crystal and amorphous part. 

Surface ilrea arld Acid-Base and Reflucitrg 

Specific surface areas of MgO, MgO- 
TiOs, and TiOz arc shown in Table 1. 
MgO, MgO-TiOz (9: l), and MgO-Ti& 
(1: 1) showed the maximum surface arcas 
lvhrn calcined at 4OO”C, while the surface 
areas of MgO-TiO, (1: 9) and TiOz de- 
creased with the rise in calcination tcm- 
pcrature. The surface areas of any com- 
positions of Mg&TiOz were larger than 
that of each component8 oxide. 

The acidity and acid strengths of the 
catalysts calcincd at 300, 500, and 700°C 
are listed in Table 2. Only TiOz showed an 
acid strength of Ho = -3.0. The highest’ 
acid strengths of MgO-TiO, (1: 9 and 1: 1) 
were H,, = +3.3 and Ho = +4.8, respw- 
tively, indicating that the acid strength of 
Ti& is wakened by the addition of MgO. 
Magnesium oxide itself did not sholv any 
acidic property. The scidit’y at Ho = +4.S 
and +l.:j of MgO-TiO:! calcined at 500°C 
decreased with the incrcasc in MgO content 
as shown in Fig. 1. The acidity and acid 
st,rength of MgO-TiOz prepared by the 
coprecipitation method were reported tjo 
be higher than t,hose of the component 
oxide, MgO or TiO, (9), though the 
simultaneous coprccipitation is difficult 
due to t$hc big difference between the pH 
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FIG. I. Acidit,y and basicity of MgO-TiOt of FIG. 2. Amounts of anion radicals of nitrobenzene 
different compositions: (0) pKnn = 12.2; (0) on MgO-TiOz (0) calcined in air at 400°C; (0) 
pKan = 15.0; (A) pKan = 17.2; (0) pK, = 6.8; calcined in air at 500°C ; ( l ) evacuated at 4OO’C ; 
(I) pK, = 4.8; (X) pK, = 1.5. (H) evacuated at 5OO’C. 

of the solution necessary for the precipita- 
tion of magnesium hydroxide and that of 
t,itanic acid. In this case, a little increase 
in the acidity at Ho = +6.S was observed 
only for MgO-TiOz (1: 9) as seen in Fig. 1. 
Thus, the acidic property of MgO-Ti02 
prepared by mechanical mixing is lower 
than that prepared by coprecipitation. 
Similar results were reported for Si02-A1203 
by Hall et al. (10). The acidity increase of 
MgO-TiO, (1:9) can be interpreted in 

terms of the change in the coordination 
number of the oxygen of MgO due to 
mixing, which was proposed in general 
form by Tanabe et al. (1.2). 

The basicity and basic strength of the 
catalysts are listed in Table 3. MgO, MgO- 
TiOz (9: 1 and 1: 1) showed a basic strength 
of H- = 17.2, whereas MgO-Ti02 (1:9) 
and TiOz did not show any basic property. 
The change in basicity of MgO-TiOz with 
MgO content is shown in Fig. 1. It is 

TABLE 2 

Acidity and Acid Strength of MgO-TiOz 

Calcination 
temperature 

(“C) 

Acidity (mmol/g) 

PK~ 

$6.8 +4.s +4.0 +3.3 +1.5 -3.0 

M@ 300-700 0 0 0 0 0 0 

MgO-Ti02 (9: 1) 300-700 0 0 0 0 0 0 

MgO-TiO, (1: 1) 300 0.058 0 0 0 0 0 
500 0.010 0.010 0 0 0 0 
700 0.014 0.014 0 0 0 0 

MgO-TiO, (1: 9) 300 0.31 0.020 0 0 0 0 
500 0.24 0.024 0.024 0.024 0 0 
700 0.085 0.024 0.024 0 0 0 

TiOz 300 0.15 0.021 0.021 0.004 0.004 0.004 
500 0.23 0.11 0.11 0.004 0.004 0.004 
700 0.026 0.015 0.015 0.005 0.005 0.005 
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TABLE 3 

Basicit,) and Basic Strength of MgO-TiO? 

Calcination Ilasicity (nrmol~g) 
ten1perature PKBII 

(“0 
12.2 15.0 17.2 18.4 

nrgo 300 0.22 0.13 0 0 
400 7.66 7.80 7.28 0 
500 0.47 0 0 0 
600 0.18 0 0 0 
700 0.17 0.12 0 0 

MgO-TiOn (9: 1) 300 0.61 0.29 0 0 

400 10.6 9.50 5.26 0 
500 9.86 3.11 2.92 0 
600 0.62 0.57 0 0 
700 0.21 0 0 0 

MgO-TiOz (1:l) 300 0 0 0 0 
400 1.27 1.18 1.10 0 
500 1.38 1.19 1.14 0 

600 0.22 0.033 0 0 
700 0 0 0 0 

AIgO-TiOz (1:9) 300-700 0 0 0 0 

TiOa 30&700 0 0 0 0 

interesting that the basicities at H- = 12.2 
and 15.0 of MgO-TiOz (9: 1) calcined at 
400°C are higher than that of MgO. A more 
pronounced bssicity maximum was ob- 
served for MgO-TiO, (9: 1) calcined at 
500°C. The basicity maxima of MgO-TiO, 
(9: 1) calcined at 400 and 500°C become 
sharper when the basicity per unit surface 
area is plotted. The basicity increase of 
MgO produced by t’he addition of a small 
amount of TiOz is hard to interpret. This 
is t,he second example of the basicity 
increase of binary oxides. The first example 
was found for MgO-ALO (IS?). 

Figure 1 reveals that MgO and MgO- 
TiOz (9: 1) have only the basic property 
and TiOs and MgO-TiOz (1: 9) have only 
t,he acidic property, whereas MgO-TiOz 
(1: 1) possesses both acidic and basic 
properties. 

The number of anion radicals of nibro- 
benzene formed per gram of catalyst is 
shown in Fig. 2. The number of the re- 
ducing sit’es on MgO calcincd in air or 
in vacua at 400°C decreased on the addition 
of TiOz and became zero for MgO-TiOz 
containing 50% Ti09. The number is about 

60, 

FIG. 3. Specific rate of decomposition of diacetone 
alcohol at 32°C YS calcination temperature of MgO- 
TiOz. (0) MgO; (0) MgO-TiO, (9:l); (A) 
MgO-Ti02 (1:l); (A) MgO-TiOz (1:9). 

ten times higher in evacuated catalysts 
than in the catalyst)s calcined in air. The 
number brcomcs small or zero when MgO 
is calcined in air or in vacua at 500°C. 
However, MgO-TiOz (9: 1 and 1: 1) evacu- 
ated at 500°C showed a considerably large 
number of t’he reducing sites. The appear- 
ance of reducing sites on MgO and MgO- 
TiOz (9: 1) calcincd in air or evacuated at 
400°C is considered to be due to point 
defects or dislocat)ion formed on the surface 
by analogry I\-ith CaO (3). On the ot,h(lr 
hand, the reducing sit’w on MgO-TiO:! 
(9: 1 and 1: 1) evwuated at 500°C are 
apparently the Ti3+ on the surface, since 
the amount of Ti3+ on TiOz is known to 
increase t80 its largest value when evacuated 
at 500°C (13). 

Decompositio,, of Diacetone Alcohol, De- 
hydration of ~-3lefhyl-~-pe?ltarlol, and 
Alkylation of Phenol kth Methanol 

The decomposition of diacetone alcohol 
Do form acetaldchyde is known to be cat,a- 
lyzed by basic catalysts (14,15). MgO and 
MgO-TiOz (9: 1, 1: 1, and 1: 9) showed 
maximum activities for the reaction when 
calcined in air at 400°C (Fig. 3). The 
activities of those catalysts calcined in air 
at 400°C were plotted against the TiOz 
content in Fig. 4. MgO-TiOz (9: 1) showed 
tht: highest activitv out of McO and 

0 /” ~- <, Y  
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FIG. 4. Change in catalytic activity of MgO-TiOz 
with the catalyst composition. (0) Decomposition 
of diacetone alcohol at 32“C over MgO-TiOz 
calcined at 400°C. (0) Dehydration of 4-methyl-2- 
pentanol at 250°C over MgO-TiOz calcined at 
500°C. 

MgO-TiOz (1: 1 and 1:9). The activity 
change in Fig. 4 is well correlated with the 
change in basicity at ~KBH = 12.2 and 
pKsH = 15.0 (cf. Fig. 1). This indicates 
that relatively weak basic sites are active 
for the reaction. 

4-Methyl-2-pentanol was dehydrated to 

100' 

SO 
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'ij 
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0 IO 50 90 100 

FIG. 5. Alkylation of phenol with methanol over 
MgO-TiOz of different compositions. Reaction 
temperature : 400°C. (0) Phenol; (A) o-cresol ; 
( n ) 2,6-xylenol; (0) 2,4-xylenol. 

form mainly olefins over MgO-TiOz, a 
very small amount (l-2%) of the ketone 
being formed by dehydrogenation. The 
percentage conversion of the alcohol was 
98.3% in the case of TiOz calcined at 
5OO”C, decreasing with the increase in 
MgO content, and only 0.8y0 in the case 
of MgO (Fig. 4). The change in the con- 
version correlated with the acidity change 
at Ho = 4.8 as shown in Fig. 1. This 

TABLE 4 

Deuterium Distribution in Propylene-d1 and -& Species during the Exchange Reaction between 
Propylene and DsO Adsorbed on TiOs-MgO (1: 1) at 182°C 

Deuterium distribution (7c) 

50 mina 90 min 210 min 1050 min 1550 min 3 days 6 days 

C&l-d1 0 2.3 3.0 6.2 7.6 11.3 14.3 
Trans-l-d1 0 3.2 3.4 7.1 8.4 13.3 15.6 
3-dl 100 94.5 93.6 86.7 84.0 75.1 70.1 
2-d, 0 0 0 0 0 0.3 0 
l,l-dz 3.5 5.7 6.7 
Cis-1,3-d% 24.5 20.5 22.2 
Tram-1,3-dz 29.0 33.1 27.7 
3,3-d2 43.0 40.7 41.5 
Cis-1,2-d? 0 0 1.3 
2,3-dz 0 0 0.6 
Trans-1,2-dz 0 0 0 

Propylene-& 97.2 96.2 91.2 71.8 63.0 41.7 24.6 
Propylene-dz 2.8 3.6 8.6 25.1 31.2 41.0 41.2 
Propylene-da 0 0.2 0.2 2.9 5.3 14.6 25.4 
Propylene-d4 0 0 0.2 0.5 2.5 7.4 

5 Reaction time. 
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TABLE 5 

Distribution of Propylene-& and -ds Species during the Exchange Reaction between 
Propylene and 112 over TiO,-iCIg0 (1: 1) at -80°C 

i>euterium distribution (7;)) 

Cis-l-d1 
Runs-I-cl1 
3-d1 
2-d, 
1, l-da 
Cis-1,3-d% 
Pans-1,3-dz 
3,3-dl 
2,3-cl2 

Propylene-d, 
Propylene-& 
Propylene-& 
Propylene-& 

19 min” 59 min 119 min 189 min 1339 min 2904 min 4089 min 2 daysb 4 daysb 

16.6 16.2 13.2 13.4 9.4 12.2 13.9 15.x 16.6 
16.4 16.2 13.8 15.3 12.2 15.7 16.7 202 19.0 
67.0 67.6 73.0 71.3 7x.4 73.1 69.4 64.0 64.4 

0 0 0 0 0 0 0 0 0 
7.1 9.2 9.4 9.4 

2.5.0 19.8 23.0 25.8 
28.9 33.6 ‘Lg.7 30.3 
38.9 37.5 37.9 34.5 

0 0 0 0 

95.8 91.2 87.3 80.8 753 %9.3 28.1 
0.8 5.3 8.1 16.0 20.3 41.2 47.6 
1.1 1.6 2.9 2. 1 3.3 227 19.6 
1.7 1.0 1.2 0,s 0.6 6.0 4.3 

a Reaction time. 
b At room temperature. 

indicates that the acid sites having Ho 
= 4.S are active for the dehydration 
reaction. The ratios of 4-methyl-1-pcntcne 
to 4-methyl-2-pentene lvere 0.92, 0.70, and 
0.67 for MgO-TiOz (1: 1 and 1:9) and 
Ti02, respectively, and the ratios of 

4-methyl-c&s-2-pentene to 4-met,hyl-trans- 
2-pcntene were 0.S3, O.Sl, and 1.07, resprc- 
tively. The small values of the latter ratio 
also are evidence that the dehydration 
proceeds via carbenium ions on acid sit(ls 
(16,lr). 

The reaction of phenol with methanol 
over MgO-TiOz formed mainly o-crCso1, 
2$-xylcnol, and 2,4-xylenol as sho\vn in 
Fig. 5, a small amount of anisolc and m- 
and p-crcsol IT-as also formed. A maximum 
conv(‘rsion of phenol was observed over 
MgC)-TiOz (1: l), Tvhich has considerable 
amounts of both acidic and basic sites 
(cf. Fig. 1). This scL(‘ms to indicate that t’hc 
reaction takes place by an acid-base 
bifunctional mechanism (18). It’ should be 
noted t,hat MgO-TiOz (1: 1) is selective 
for the alkylation at ortho posit’ions of 
ph(lnol. 

The Hydrogen Bxchanye Reaction of Pro- 
pylene with Heavy Water or Deuterium 
The deuterium distributions in pro- 

pylene-dl and -& species and mass analysis 
data during the exchange reaction bet\veen. 
propylene and adsorbed DzO or Da over 
MgO-Ti02 (1: 1) are xhojvn in Tables 4: 
and .‘,. 

The time> variation of the distribution in 
propylrnc-dl and -df species reveals that 
the reaction intcrmndiatcs in the exchnngcl 
r(>actions of propylene xvith DzO and \vith 
Dz arc’ mainly a-ally1 carbanions and 
isopropyl carbenium ions, rc3pect’ivcly 
(191.’ Therefore, the active xitcs for tho 
reaction \vith D&j arc basic, while t,hoscl 
for the rea&ion I\-it’h D2 arc’ acidic. 
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