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MEXED TITANIUM AND PHOSPHORUS OXIDES. il. -
The Effect of pH Values of Solutions on Surface Acidity

CHUN-LAN HUANG( 7% )and SOOFIN CHENG*( #i13 )
Department of Chemistry, National Taiwan University, Taipei, Taiwan, Republic of China

A series of mixed oxides of titanjum and phosphorus were prepared by co-precipitation method accompanying refluxing treatment. The

cffect of the pH values of the solutions on the structures, compositions, and surface acidities of the resutants compounds was determined.

The samples were characterized by BET surface area measurement, X-ray powder diffraction (XRIDY) for structural analysis and amine-titra-

tion for surface acidities. After calcinating the oxides at 773K, the surface acidities were attributed mainly to Ti{OH)POastructure. Elemental

analysis revealed that the P/Ti ratios in the samples decreased with increasing the pH value of the preparative solution. When the mixed

onides were vsed as catalysts for 2-propanol decomposition reaclion, the highest activities were obtained over the samples prepared in the

solutions with the pt values being 2 or 3. That result was in agreement with the variation in surface area and acid amount of the catalysts.

INTRODUCTION

In197¢s, a TiO2-based Ealalyst was first applied com-
mercially in air pollution control equipment. It was found
1o be the best calalyst for the selective catalytic reduction of
NGOy with NH3 (SCR proccss).] Since then, interest has
increased in the catalytic materials containing Ti022? The
fatter compound captivated great attention when the so-
called strong metal-support interaction (SMSI) was first
reported for noble metals supported on titanium oxide.?
This pioneering work has stimulated numerous studies and
has forced chemists to change their views on supported
metal calalysts.s

Different from commonly used catalyst supports such
as commerciafly available Al203 and SiQ;, titanium oxide
itself is reducible,®” but has relatively low acidity and very
few acidic sites on the surface.® In order to improve the
acidity, Shibatta ef al.” synthesized a series of binary metal
oxides containing titanium by the co-precipitation method.
The resultant oxides were found to show higher acid
strength than each component oxide. Similarly, we observed
in a previous study that the acidity of mixed oxides of
titanium and phosphorus were higher than thar of pure

titanivm oxide.!? In addition, the structures and acidities

were found 1o be a function of preparative variables. In this
article, we report that pH values of the solutions where the
oxides of titanium and phosphorus precipitate also play an
important role in determining the composition and the
structure of the resultant mixed oxides. Because the surface
behaviors of the oxides are correlated with their structural
variation, the pH valucs of the preparative liquids were in
turn affecting the surfacc aciditics.

In the present studics, a scrics of mixed oxides of
phosphorus and titanjum were synthesized by the co-
precipitation method with the P/Ti molg ratios in the start-
ing materials being kept at 1, but the pH values of the
solutions being varied from 1 to 4. The structurcs, physico-
chemical propertics and catalytic activities of the resultant

compounds were examined.

EXPERIMENTAL

Reagents

Reagent grade chemicals were used without further
purification. Titanium oxide, TiCls and H3PO4 were pur-
chased from Merck. N-butylamine and n-heptane were pur-

chased from Riedel-deHaen. Ammonium molybdate was

*D.dicated to Professor Wei- Chuwan Lin on the occasion of his retirement from National Taiwan University.
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purchased from Janssen. Monopotassium phosphate was
purchased from Kanto. Before use as a solvent for acidity
titration, n-heptane was dchydrated with 5A-molecular

sicve.

Catalyst preparation

A 10 mL portion of 5 M TiOCl; solution prepared by
dissolving TiCly in 1M HCI solution was added to a
weighted amount of H3PO4 solution, where the P/Ti mole

ratio was equal to one. At that time, a 1 M NaOH solution-

was added dropwise with stirring until the desired pH value
of the solution was reached. Amorphous solid was
precipitated. Four samples were prepared with the pH
values of the solutions kept at 1,2, 3, and 4, respectively. The
amorphous precipitates were then poured into round bot-
tom flasks and refluxed in their mother iquors at 373 K for
14 days. After filtration, the solids were stirred in excess
amount of 1 M NH4Cl solutions overnight at room tempera-
ture, followed by filtering, washing, drying and calcination
at 773 K. The resultant samples are designated as R-bS,
where the first letter "R" indicates that refluxing was the
method of heat treatment, the numbers at the letter "b"
indicate the pH values of the solutions, and the last letter
"$" indicates that the base used was NaOH.

Apparatus

X-Ray powder diffraction patterns were obtained
using a Philips 3390 and a Rigagu Dmax-1IC X-ray diffrac-
tometer with Cu Ke radiation (1 = 1.5418 A). The meas-
urement of the surface area of the catalysts was based on
the physical adsorption of nitrogen at liquid N2 temperature
using a volumetric system, The surface acidities were deter-
mined by n-butylamine titration in n-heptane media. In-
dicators used were phenylazonaphthylamine (pKa =
+4.0), dimethyl yellow (pKa = +3.3), ben-
zeneazodiphenylamine (pka = +1.5) and dicin-
namalacetone {pKa = -3.0). The concentrations of the

indicators in n-heptane were about 0.01 g/mL.
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Procedures of elemental analysis

The phosphorus and titanium contents in the samples
were determined by photospectroscopy according to the
methads mentioned by Alberti ef al.1! and Berhart et all?
100 mg of sample were refluxed with 25 mL of concentrated
H2504 containing 10 grams of (NH4)2804, until completely
dissolved. The solution was diluted to 100 mL. with distilled
water. 25 mL of the diluted solution was added with 25mL
of 509 sodium hydroxide solution and 100 m1. of water. The
solution was covered with a watch glass, placed on a hot
plate and boiled for 45 minutes to congentrate to about 50
to 80 mL. After cooling to room temperature, the solution
was diluted to 100 mL with a volumetric flask. A 10-mL
aliguot was then transferred to a 50-mL flask in an ice bath.
1In the meantime, a mixture containing 100 mL of the am-
monism molybdate solution, 150 mL of acetone, and 150
mL of water was made vp and chilled in the ice bath. The
sample was diluted to 50 mL with this acetone-ammonium
molybdate-water solution, mixed well, and the absorbance
at 430 nm was determined after 1 minute. The titanium
content was determined by adding 10 mL of 9M H2804, 10
ml. of 3% H20; and 25 mL of water succcssi-vely to 5 mL of
sampling solution and the absorbance at 420 nm was deter-
mined.

Ammonium Molybdate Solution was prepared by dis-
solving 18.75 grams of ammonium molybdate in 300 mL of
water, adding carefully 150 mL of concentrated sulfuric acid
, cooling, and diluting to 500 mL.

Standard Phosphate Solution was prepared by dissolv-
ing 0.9578 gram of monopotassium phosphate, previously
dried for 1 hour at 383 K, in water and diluted to 500 mL; 1
mL = 1.0 mg of phosphorus pentoxide,

Standard Titanium Solution was prepared by refluxing
0.1000 gram of titanium oxide (99 % of purity ) in 25 mL of
concentrated sulfuric acid containing 10 grams of
{NH4)504 until completely dissolved and dilute to 100 mL

with water.
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Fig. 1. XRD profiles of the refluxing samples (P/Ti = 1)
with various pH values. (A)R-4S (B)R-3S (C)R-2S
(D)R-18. where a; before cacination; b: calcination
at 7713 K; c: calcintion at 1073 K.
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Procedures for 2-propanol dehydration
reaction

The reaction was carried out in an ordinary plug-flow
type reactor al atmospheric pressure. The catalyst, 0.1 gin
powder form, was packed into an U-shaped Pyrex glass
reactor. A thermocouple well was fixed at the center of the
catalyst bed to register the temperature in the reaction zone.
Catalysts were preheated at 623 K for 3 hours under
vacuum, 2-Propanol was kept in a 3-stage bubbling trap and
the flow-rate of the diluent, N2 gas, was controlled by a
tubular flowmeter (Kofloc Inc.). The N2 gas passed through
the bubbling trap and carried saturated 2-propanol vapor
into the catalyst bed. The products were analyzed by a
Hitachi 163 gas chromatography. A Porapak $ column was

used for the product separation,

RESULTS AND DISCUSSION

The resulls of elemental analyses and BET surface
areas of the refluxing samples prepared in the solution of
various pH values are tcbulated in Table 1. Samples R-28
and R-35 were found to have higher surface areas compared
with the other two. The phosphorus contents relative to that
of titanium expressed as P/Ti ratios in the samples were
found to decrease with the increase in pH values of the
solutions. It was attributed to that a-titanium phosphate
compound which was unstable and casily decomposed in
the presence of OH" groups while TiO: precipitation
preferred to form in a basic solution.' The reaction can be
expressed in the following equations;

Ti(HPO4)z -H20 + 4 OH + (n-3) H20 —
TiOznH0() + 2 HPO4®

or

Ti(HPO4)2H20 + 2 OH + (n-1) H20 —
TiOz -nH20(s) + 2 HoPOy

Fig. 1shows the XRD patterns of the samples calcined
at different temperatures. Before calcination (curve a), the

crystallinity of the samples decreases with increasing the pH
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Table 1 The data of elemental analysis and surface areas Table 2 1dentified phases for XRDI patterns.
cer P-Ti mixed oxides.
over P-Timixe e Sample Before calcination Cutcination ai 773K Calcinatjon at 073K
Sample P/Ti S.A (3 ) Anatase.
R-45  Amorphouy Anatase TiP;04.
R-45 1.04 91 Tia Na(POL
. 5 2 HOHPO Ti,0(P04 ;.
R-35 L5l 152 R-38 ?(\0 ]: 4 PO 1. H.0 Amorphous T'lz \; P(; 2)
R.2S 1.59 155 iNwrH. x{PO; . °H, 0, i, Na(PO, )5,
R-1§ 208 105 TEOH)PO,. LTiz O(FO4);.
R-25  TiNaH(PO4);4H, 0, Amaotphous TizNa(PC4 15
TiNaH{PO,);-H,0 TP, 04
values of the selutions. Peaks at low diffraction angles (29 TiNag(PO4 )y - 3, 0. T, Na(PO,), Ti, O(POs);.
= 7-12°) corresponding to d-spacings of 12.6-7.3A referred R-15  THOHIPO,. THOHIFO,, TigNalPO4)s.

to that layered structures were possibly included in samples
R-18, R-2S and R-3S, however, R-35 had very low crystal-
linity. Crystalline phases in the samples were identified by
peak search and comparison with the known phases. Table
2 lists all the possible phases contained in the samples. For
the samples consisting of mixed crystalline phases, the iden-
tified phases arec tabulated according to the order of
decreasing the intensity of the XRD peaks. Among these
crystalline phases, compounds TiNaxHzx(PO4)2, x = 0-2,
have layered structures and are the derivatives of a-titanium
phosphate. Since all the samples were stirred with NH4Cl
solutions overnight during the preparative procedures, the
fact that Na™* jons still retained in the samples revealed that
Na™ ions are very difficult to be substituted by NHa * jons.
Besides the layered structures, Ti(OH)PQO4 was the main
crystalline structure obscrved on samples R-1S, R-28 and
R-38. After calcination at 773 K for 5h, the layered structure
observed on sample R-18 almost disappeared, while
samples R-28 and R-3S became amorphous, and sample R-
4 showed anatase TiO; phase. Further calcination at 1073
K for 5h, crystalline structures appeared again for all
samples. The Ti(OH)PQO4 phase was found to convert to
Ti20(PO4)z phase through the condensation of hydroxyl
groups.

The surface acidity of the calcined samples (at 773 K)
was determined by n-butylamine titration. Fig. 2 shows the
acid density as a function of Hammett constant. The acid

strength distributes through weak (Ho = +4) to relative

TiyNulPO,Y;5,
TiNap.gH1.2iPOg ;.
Ti{HPO,},*H,0

TiNug.gHy 2(PO,);  TiP,0,

strong (Ho < -3) sites. Among them, samples R-2S and R-3§
had larger amount of acid sites. The acidities carn be ex-
plained based on the structural changes observed on the
XRD patterns. Since -titanium phosphate undergoes con-
densation and transfers to pyrophosphate at temperatures
around 723 K,” it is expected that the hydroxyl groups in
the layered phosphate phases are dehydrated at the calcina-
tion temperature of 773 K. The resultant TiP207 and
TizNa(PO4)3 phases will contribute very little (o surface
acidities. But very weak peaks corresponding to
TiNo.gH1.2(PO4)2 were still observed on the calcined
sample R-1S. Therefore, the protons on the latter com-

pound might contribule to some of the surface aciditics. On
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Fig. 2. Surface acidities of the samples with various pH
values, « R-48, « R385, AR-2S A R-1S
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the other hand, Ti(OH)PO4 structure was proposed to
survive through the calcination at 773 X since its crystalline
phase was observed on sample R-1§ with relative strong
intensity. Although samples R-28 and R-3S were amor-
phous after calcination at 773 K, the Ti{QH)POy4 structure
still be expected to play the main role in contributing the
surface acidities of samples R-1S, R-28 and R-38. The acid
amount scems to be proportional to the surface area. On
the contrary, sample R-4S did not contain Ti{OH)POy
phase, its acidity was attributed to the anatase structure, In
a previous report, anatase TiOz doped with small amount
of phosphorus was found to demonstrate moderate

acidily.m Nevertheless, the acid strength of these series of
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Fig. 3. Polt of 1n(1/1-x) vs. T for sample R-15,
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Fig. 4. Arrhenius polt for 2-propanol dehydration reaction
over the samples with various pH values. ° R-4S, =
R-35,AR-28, A R-18.
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samples which were prepared by co-precipitation of the
oxides of Ti and P was stronger than that of samples
prepared by refluxing anatase particles with phosphoric
acid.”®

The decomposilion of 2-propanol was studied over the
calcined samples {at 773 K) in the temperature range of 463
- 553 K. The reaction was proved to be first order by
obtaining a straight line when plotting tn(1/1-x) against

1(Fig. 3), according Lo the first-order rate equation:

where T is the space time in g.min.mL"} and x is the conver-
sion of 2-propanal. The ralc constants "&" were calculated
from the slopes of the straight lines. Linear plots of log &
against 1/T were obtained, showing that the Arrhenius
equation, k = A exp(-Eapp/RT), adequarcly describes the
effect of the temperature on k (Fig. 4). In comparison of the
k values of diffcrent catalysts at the same reaction tempera-
ture, the highesl activities were {ound over the mixed oxides
prepared in the solutions with pH valuesbeing 2 and 3 . That
was in consistent with the variation in acid amount deter-
mined by amine titration, Values of the apparent activation
energy (Eapp), the pre-exponential factor (A}, and the
corrclation coefficient {r) of log & against 1/T arc given in
Table 3. The activation energics obtained werc in the range
of 13-29 Kcalmol™, These values were lower than the values
of 31-34 Kcalmol™ obtained with pure and doped rutile
TiO2 by Gentry.16 Compensation cffect,” which was com-

Table 3 Kinetic data for 2-propano} decomposition over
P-Ti mixed oxides.

Sampie Eapp(Kcal/mol) A r*

R-48 28.10 5.70x 104 0.997
R-38 20.02 8.04x 100 0.991
R-28 12.53 3.02x 107 0.991
R-18 29.08 9.98 x 10" 0.995

r*: correlation coefficient for Ink vs. J/T.
Reaction temperature range: 463 K — 553 K.
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monly observed on heterogencous catalysis, was found on
the mixed metal oxides as well. Fig. 5 shows that lincar plots
were obtained for Eapp against log A. It implies that the
activation encrgy is dependent on both the acidic character
and the surface arca of the catalyst. Therefore, the Eapp

value itself cannot reflect the catalytic activity.

CONCLUSION

The structures and composilions of the mixed oxides
of titanium and phosphorus were found to be affected by
the pH values of the preparative solutions. A comparison
among samples preparcd with the pH values of the solution
varying from 1 to 4, the P/Ti ratios of the resultant oxides
were found to increase with the decrease in the pH values
of the solutions. That was attributed to the solubility of
titanium phosphate in solutions containing hydroxyl groups,
while titanium oxide was stable in the basic solutions. The
samples prepared under pH values of 2 or 3 showed higher
surface areas, higher acidic amounts and higher catalytic
activities toward 2-propanol decomposition reaction. The
Ti{OH)POy4 structure was proposed to be the most impor-
tant phase in contributing the acidity. Furthermore, the
acidities of these series of compounds were higher than that

of the samples prepared by modifying anatase TiO2 surface

1816 -

1:15-1: o

Arrhenius constanl (a)

30

12 20 3
Activation energy { Ea, Keol/mal H

Fig. 5. Compensation effect shown by plotting Log A vs. Ea
for the samples with various pH values.
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with phosphoric acid.
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