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The mechanism of the adsorption of molybdates on the titania surface has been investigated using 
adsorption equilibrium experiments, potentiometric titrations, and microelectrophoretic mobility 
measurements. Comparison of adsorption data with the surface charge of titania, regulated by 
changing the pH of the impregnating solution, demonstrated that the groups responsible for the 
creation of the adsorption sites are mainly the protonated surface hydroxyls of titania in addition 
to the neutral sites. Moreover, the results obtained by the combination of potentiometric titrations 
and microelectrophoretic mobility measurements, and the variation of pH before and after adsorp- 
tion with the Mo/vl) concentration suggested that the MoO42- ions are adsorbed on the Inner 
Helmholtz Plane (IHP) of the electrical double layer, which is developed between the surface of 
the titania particles and the impregnating solution. Finally, from the analysis of the isotherms 
obtained it was concluded that the adsorbed MoO42- ions are located on energetically equivalent 
sites of the IHP and that relatively weak lateral interactions are exerted. On the basis of the above- 
mentioned mechanism, an explanation of the dependence of the sorptive capacity of titania on the 
pH of the impregnating solution is provided. The combined use of NO and CO2 adsorption, as well 
as XPS, RAMAN spectroscopy, and temperature programmed reduction measurements, showed 
that at pH 7.3, corresponding to about 2 wt% MOO3, the titania surfaceis completely covered and 
the active surface reaches its maximum value. At pH values lower than 7.3, a second molybdena 
layer starts to form until the MoO3 content reaches the 5.4 wt% MOO3, a point at which MoO3 
crystallites are formed. © 1992 Academic Press, Inc. 

INTRODUCTION 

T h e r e  is a p r e s e n t - d a y  in t e r e s t  in s t udy ing  
m o l y b d e n a  c a t a l y s t s  s u p p o r t e d  on indus t r i a l  

c a r r i e r s  [y-A1203, TiO2, SiO2]. H o w e v e r ,  
r e l a t i ve ly  few s tud ies  dea l ing  wi th  c a t a l y s t s  
p r e p a r e d  by  equ i l i b r ium a d s o r p t i o n  fol-  
l o w e d  b y  f i l t ra t ion  a re  r e p o r t e d  in the  l i te ra-  
ture  (1-9). A s  a resu l t ,  the  m e c h a n i s m  b y  
w h i c h  the  m o l y b d a t e  ions  a re  d e p o s i t e d  on  
the  s u p p o r t  su r face  r e m a i n s  unc lea r .  S ince  
u n d e r s t a n d i n g  the  m e c h a n i s m  o f  m o l y b d e -  
n u m  u p t a k e  on  the  c a t a l y s t  s u p p o r t  is o f  
k e y  i m p o r t a n c e  in the  p r e p a r a t i v e  p r o c e s s  o f  
c a t a l y s t s  m a n u f a c t u r i n g ,  we  have  s t a r t e d  a 
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p r o g r a m  for  the  i nves t i ga t i on  o f  the  a d s o r p -  
t ion m e c h a n i s m  in a q u e o u s  s u s p e n s i o n s  be -  
g inning  with  y-A1203 ca r r i e r s  (7). Th is  s t u d y  
s h o w e d  that  the  d e p o s i t i o n  o f  the  M o  (vI) on  
the  y - a l u m i n a  su r face  t o o k  p l a c e  v ia  a d s o r p -  
t ion o f  the  m o l y b d a t e s ,  m a i n l y  o f  the  
MOO]-  ions,  on  e n e r g e t i c a l l y  e q u i v a l e n t  
s i tes  o f  the  I n n e r  H e l m h o l t z  P lane  o f  the  
e l ec t r i ca l  d o u b l e  l aye r .  The  c r e a t i o n  o f  t h e s e  
s i tes  was  ma in ly  a t t r i b u t e d  to the  p r e s e n c e  
o f  the  p r o t o n a t e d  su r face  h y d r o x y l s  o f  
y - a lumina .  M o r e o v e r ,  it was  f o u n d  tha t  con-  
s ide rab le  l a te ra l  i n t e r a c t i o n s  w e r e  e x e r t e d  
b e t w e e n  the  a d s o r b e d  m o l y b d a t e  spec i e s .  

In  the  p r e s e n t  w o r k  w e  a t t e m p t e d  to c la r -  
ify the  m e c h a n i s m  o f  a d s o r p t i o n  o f  the  
m o l y b d a t e s  on  the  su r face  o f  t i tan ia .  T h e  
t i t an ia  u sed  in the  p r e s e n t  s t udy ,  i den t i ca l  
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with the kind commonly employed in cataly- 
sis, is a mixture of two polymorphic phases, 
namely anatase and rutile. According to the 
oxide charging mechanism, two sets of equi- 
libria, one for each of the two polymorphic 
oxides, should be considered (10), 

K~ 
TirOH~ ~ ~TirOH + H~ +, 

K~ 
TiaOH~ - ~ ~ TiaOH + H a+ 

K~ 
TirOH ~ ~TirO - + H r+, 

K~ 
TiaOH~ ~TiaO - + H a+ (a) 

H~ + ~ ' H~-, 

H a+ , ~ H i ,  

where TiOH2 ~, TiO-, and TiOH represent 
protonated, deprotonated, and neutral sur- 
face hydroxyls, respectively. By H[  and 
H£ we denote respectively the hydrogen 
ions on the surface of the support and in the 
bulk solution. The superscript r stands for 
rutile and a for anatase. A salient conse- 
quence of the fact that titania is actually a 
mixture of two simple oxides is that it is 
extremely difficult to calculate the concen- 
tration of the charged surface groups for 
each component. However, the acid-base 
behavior of this support allows the determi- 
nation of the total surface charge, o-0 x, by 
potentiometric titrations (10). This determi- 
nation in the presence of the molybdate ions 
was done in the present work. or0 x vs pH 
curves obtained experimentally were used 
for estimating the relative variation with pH 
of the concentration of the various surface 
groups. Moreover, in order to investigate 
the adsorption mechanism we determined a 
parameter proportional to the surface 
charge, namely, the hydrogen ions con- 
sumed in the equilibria (a) both in the pres- 
ence and absence of the molybdates. A sec- 
ond consequence of having both rutile and 
anatase in our TiO2 carrier is that two ad- 
sorption mechanisms of the molybdates, 
one for each TiO2 component, should be 

considered. But this cannot be done using 
the method developed in the case of y-A1203 
(7), which is a simple oxide. The only way 
to overcome this difficulty was to assume 
that the adsorption equilibria for rutile and 
for anatase coincide thus allowing the treat- 
ment of the oxide as one phase. This as- 
sumption seems to be reasonable at room 
temperature where the point of zero charge 
of rutile, and thus the values of the acidity 
constants, are very close to those for ana- 
tase (11). Reasonably therefore, it was as- 
sumed that the molybdates cannot distin- 
guish between the electrical double layers 
developed on the surface of rutile and 
anatase. 

Based on this assumption, we attempted 
to clarify the mechanism of the molybdate 
adsorption on the TiO2 surface. Specifically, 
we tried to investigate the following points: 
(i) The part of the double layer where the 
molybdate ions are located, i.e., are they 
located on the surface of the support, at 
the Inner Helmholtz Plane (IHP), or in the 
diffuse part of the double layer? It should 
be noted here that in addressing this ques- 
tion we have used the "triple-layer model" 
for the electrical double layer (Fig. 1). (ii) 
The kind of the molybdate species ad- 
sorbed. (iii) The existence of lateral interac- 
tions between the adsorbed molybdate ions. 
(iv) The surface groups responsible for the 
creation of s orptive sites, i.e., answering the 
question whether they are the deprotonated, 
the neutral (3, 5, 12-14) or the protonated 
hydroxyls (1, 2, 4, 6, 15-17)? Questions 
(i)--(iv) shown above were tackled by ad- 
sorption equilibrium experiments, potentio- 
metric titrations, microelectrophoretic mo- 
bility measurements, the variation of pH, 
before and after adsorption, with the con- 
centration of the Mo (vI), and the mathemati- 
cal analysis of the adsorption isotherms. 

A recently published work reported on 
MoO3/TiO2 catalysts prepared by equilib- 
rium adsorption over a pH range focusing 
on their structure after calcination (9). Al- 
though the characterization done was al- 
most complete, the interpretation of the in- 
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FIG. 1. Structure of  the electrical double layer. 
Triple-layer model. 

crease in the Mo (vI) uptake and active 
surface with decreasing pH was based on 
the isoelectric point (i.e.p.) of TiO2. The 
measurements of the electrokinetic charge 
presented, however, referred to the shear 
plane of the double layer and therefore it 
cannot describe the surface of the titania 
particles. Only in the special case where 
specific adsorption does not take place, the 
i.e.p, is equal to the point of zero charge 
(p.z.c.) and therefore the microelectropho- 
retic mobility measurements and the elec- 
trokinetic charge calculated may be used 
for a quite approximative estimation of the 
concentration of the sorptive sites. In gen- 
eral, however, a more reliable approxima- 
tion is needed. This was the second task of 
this work. Specifically, it was attempted to 
explain the dependence of Mo ~vi) uptake on 
pH in terms of the mechanism of adsorption 
of the molybdates on the TiO2 surface. 
Moreover, a characterization of the MOO3/ 
TiO 2 catalysts prepared by adsorption was 
done using BET measurements, NO and 
CO2 adsorption, XP and Raman spectros- 

copy, and temperature programmed re- 
duction. 

E X P E R I M E N T A L  

Materials 

Commercially available titania (Degussa, 
P25) was used. The supplier reported a 
B.E.T. specific surface area of 50 m 2 g-1 
and a composition of 20% of rutile and 80 
wt% ofanatase. The SSA reported was con- 
firmed by B.E.T. measurements in our labo- 
ratory. The solid was dried at 120°C for 
2.5 h and next it was calcined at 550°C for 5 
h. Ammonium heptamolybdate and ammo- 
nium nitrate stock solutions were prepared 
from the corresponding crystalline reagents 
(Riedel de Haen, both of 99% purity). 

Equilibrium Adsorption 

Equilibrium adsorption experiments were 
done at 25.0 + 0.1°C and over a pH range 
between 4.6 and 9.0.The range of the molyb- 
date concentrations investigated varied be- 
tween 6 x 10 -4  and 3 x 10 -2  mol (Mo ~w)) 
dm -3. The ionic strength, adjusted by am- 
monium nitrate, was 0.1 mol dm -3 and the 
suspension pH was adjusted by the addition 
of small aliquots of strong standard acid or 
base. The surface concentration of Mo (vI), 
F(mol m-2), was computed from the con- 
centration difference before and after ad- 
sorption according to 

r = { V ( C  0 - C e q ) } / W S  , (1) 

where C 0, Ceq, V, W, and S denote, respec- 
tively, the Mo (vI) solution concentration be- 
fore and after adsorption (mol dm-3), the 
suspension volume (dm3), the weight (g), 
and the specific surface area of the carrier 
(m 2 g 1). Full details regarding the equilib- 
rium adsorption experiments have been re- 
ported elsewhere (7). 

Preparation o f  the Catalysts 

The catalysts were prepared by adsorp- 
tion of the MOxO ~- ions on the support sur- 
face. Specifically, an amount of the TiO2 
powder equal to 7.14 g was suspended into 
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a molybdate solution of 2 x 10 -2 mol Mo (vI) 
dm - 3, volume totalling 2 dm 3. In all prepara- 
tions the ionic strength of the solution was 
adjusted to 0.1 mol dm -3 by NH4NO 3. The 
pH of the suspension was regulated using 
HNO 3 or NH4OH. The suspension was kept 
under stirring at constant temperature 
(25°C) for 20 h and then it was filtered 
through membrane filters [Millipore, 0.22 
/xm]. The filtrate was analyzed spectropho- 
tometrically [Varian Cary 3 UV-Vis] for to- 
tal molybdenum at 490 nm. The Mo depos- 
ited was determined using Eq. (1). The solid 
was dried at 120°C for 2.5 h. Then it was 
calcined at 300°C for 1 h and then at 500°C 
for5 h. 

Microelectrophoresis 

Microelectrophoretic mobility measure- 
ments on titania suspensions at room tem- 
perature allowed for the determination of 
the electrokinetic charge density, o-~.k., 
namely, the charge at the shear plane of the 
double layer. Details on the experimental 
procedure followed have been reported 
elsewhere (7). 

Potentiometric Titrations 

The experimental procedure concerning 
the potentiometric titrations of electrolyte 
solutions or suspensions has been reported 
elsewhere (16, 18). According to this tech- 
nique, the electrolyte solution or suspension 
is titrated using an acid and its pH is re- 
corded every 2 min as a function of the vol- 
ume of titrant added. The above technique 
allows the determination of the amount of 
the hydrogen ions consumed (H +) for the 
protonation of the surface TiO-, TiOH 
groups, as well as in the equilibria taking 
place in the solution, using the equation 

H~ + = Ha+d -- H + -- nw + , (2) 

where H + H + andHw + represent the ad, ac, 
amounts of the hydrogen ions added to the 
solution or suspension, accumulated in the 
solution or suspension decreasing their 
pH, and consumed in the equilibrium (b) 
[H20 ~ H~ + OH- (b)], respectively. The 

terms in the right hand side of the above 
equation may be determined using the rela- 
tionships 

H~a = C A V  (3) 

H + = (V + AV)CH+ - VCH+ in (4) aC 

n + = V C o H _ , i  n - -  ( V  q- A V ) C o H _ ,  ( 5 )  

where C, V, AV, CH+, Coil , C H + , i n ,  and 
C o H - , i n  represent, respectively, the concen- 
tration of the titrant (0.1 N HNO3), the vol- 
ume of the solution or suspension before 
titration, the titrant volume increment, the 
concentration of the hydrogen and hydroxyl 
ions in the solution or suspension after its 
titrant addition, and the corresponding ini- 
tial concentrations, i.e. before adding ti- 
trant. 

By determining the value of H + at suit- 
ably selected solutions and suspensions, the 
hydrogen ions consumed only for the pro- 
tonation of TiO- and TiOH groups both in 
the absence (H~) and presence + (HT,~o) of 
the molybdate ions may be determined (see 
below). By using the values of H + deter- T,Mo 
mined at three different ionic strength val- 
ues and following a procedure reported else- 
where (e.g. (16, 18)), we determined the 
point of zero charge as well as the surface 
charge at various pH values in the presence 
of molybdate ions. 

Specific Surface Area (SSA) 
Measurements 

The SSA of the catalysts were determined 
using a well known flow technique. This 
technique involves the uptake of an ad- 
sorbate from a flowing mixture of the ad- 
sorbate in an inert gas. Pure nitrogen (Linde 
special) and helium (Linde 99.996%) were 
used as adsorbate and inert gas, respec- 
tively, in a laboratory constructed appara- 
tus. The amount of nitrogen adsorbed at liq- 
uid nitrogen temperature and at three 
different partial pressures was determined 
using a thermal conductivity detector of a 
gas chromatograph (Varian Series 1700). 
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Adsorption of Nitric Oxide 

The dynamic method was used to study 
chemisorption of nitric oxide. The experi- 
ments were performed in laboratory- 
constructed equipment consisting of three 
parts: (a) the gas handling system where 
the gases were purified and the flow rates 
were adjusted; (b) the adsorption vessel 
with the possibility of a temperature pro- 
grammed heating, a six-port valve for injec- 
tion of nitric oxide pulses, and a four-port 
valve for precluding any air contamination 
when the sample was transported from 
an apparatus to another; (c) a thermal 
conductivity detector Varian 1700 and 
an integrator-recorder Shimadzu C-RGA 
for the determination of the amount of 
nitric oxide eluted from the adsorption 
vessel. 

A preweighted amount of the oxide cata- 
lyst (100 mg) was introduced to the vessel 
which was then connected via the four- 
port valve in a sulphidation apparatus. The 
sulphidation procedure was as follows: The 
sample temperature was increased up to 
400°C with a rate 10°C min-I under argon. 
Then a mixture of H2S/H2 (15 : 85 v/v) was 
fed for 2.5 h. The amount of adsorbed H2S 
remaining after sulphidation was removed 
by flushing the sample with argon for 1 h 
at the same temperature. The sample was 
then cooled down to room temperature and 
transported to the nitric oxide adsorption 
equipment where it remained for l h under 
a stream of helium. Pulses of the adsorp- 
tion mixture [NO-He (5:95 v/v)] were in- 
troduced every 3 min. The amount of nitric 
oxide eluted after each injection was mea- 
sured until two successive pulses gave a 
difference less than 1%. The total uptake 
of nitric oxide was thus determined. The 
catalyst was then maintained for 1 h under 
a stream of pure helium and the procedure 
was repeated. The difference in the uptake 
of nitric oxide during the first and the 
second adsorption cycle was considered to 
be equal to the amount of nitric oxide 
chemisorbed (19-21). 

Adsorption of Carbon Dioxide 

The dynamic method and the equipmest 
used for the nitric oxide chemisorption mea- 
surements were also used for determining 
the amount of COz chemisorbed on the ox- 
ide samples. The differences between the 
procedures followed for determining NO 
and CO2 adsorption are the following: 

(a) The sulphidation step was replaced in 
the case of carbon dioxide adsorption by a 
heating step for 1 h at 150°C under a pure 
helium stream. 

(b) The adsorption mixture was carbon 
dioxide helium (5:95 v/v). 

Temperature Programmed 
Reduction (TPR) 

The TPR experiments were performed us- 
ing the above-mentioned apparatus in which 
the ideas of the Rogers-Amenomiya-  
Robertson arrangement (22) have been fol- 
lowed. An amount of sample 0.05 g was 
placed in a quartz reactor and the reducing 
gas mixture (Hz/Ar:5/95 v/v) was passed 
through it for 2 h with a flow rate of 40 
ml rain I at room temperature. Then the 
temperature was increased to 900°C with a 
constant rate of 12°C rain ~ Reduction 
leads to a decrease of the hydrogen concen- 
tration in the gas mixture, which was de- 
tected by the thermal conductivity detector. 
The reducing gas mixture was dried in a cold 
trap (-95°C) before reaching the katharo- 
meter. 

Laser Raman Spectroscopy 

Laser Raman spectra of the calcined cata- 
lysts were obtained using a spectrophotom- 
eter involving an Ar + ion laser (Spectra 
Physics, Model 164), a double monochro- 
mator (Spex, Model 1403), and a Photon 
Counting System (Ortec, Model 9302, 9310, 
9349). The spectra were obtained at room 
temperature by using the 514.5 nm excita- 
tion line. The power of the beam was 75 
mW. The spectral slitwidth was 5 cm- 1. The 
catalyst samples were pressed into the form 
of pellets at a pressure of about 100 kp cm-2. 
The sample holder permitted the rotation 
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of the samples during the recording of the 
spectra in order to diminish any damage 
caused by radiation. 

X-ray Photoelectron Spectroscopy (XPS) 

The XPS analysis was performed at room 
temperature with a SSX-100 model 206 Sur- 
face Science Instruments (SSI) photo- 
electron spectrometer, interfaced to a 
Hewlett-Packard 9000/310 computer. The 
residual pressure in the spectrometer was 
in the range of 1.3 to 6.5 x l0  -7 Pa. A 
monochromated AI anode (energy of the Al- 
kaline 1486.6 eV) powered at 10 keV and 
20 mA was used for X-ray production. The 
binding energy scale of the spectrometer 
was calibrated with the Au 4f7/2 line (binding 
energy 83.98 eV). The analyzer energy and 
spot size were, respectively, 50 eV and 1.4 
mm 2. These conditions give a Full Width at 
Half Maximum (FWHM) on Au 4f7/2 of 
1 eV. The positive charge, developed on the 
samples due to the photoejection process, 
was compensated by a charge neutralizer (a 
flood gun) whose energy was adjusted at 
6 eV (50 /~A). The binding energies were 
calculated with respect to the Cls peak 
(_C_-C, C-H) set at 284.6 eV. The intensities 
were estimated by calculating the integral of 
each peak after subtraction of the 
"S-shaped" background (23). Atomic con- 
centration ratios were calculated by correct- 
ing the intensity ratios with the theoretical 
sensitivity factors based on Scoffield cross 
sections (24). The transmission function of 
the spectrometer was assumed to be inde- 
pendent of the kinetic energy (Ek) and elec- 
tron mean free paths (IMFP) were taken to 
be proportional to  (Ek)  °7. Decomposition of 
peaks was done with the best fitting routine 
of the SSI instrument. 

R E S U L T S  A N D  D I S C U S S I O N  

The Mechanism of  Adsorption of  the 
Molybdates on Titania 

Figure 2 illustrates the variation of the 
electrokinetic charge, O'e.k., with pH of the 
support suspension in the absence and pres- 
ence of molybdates (curves a and c, respec- 
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3 4 5 6 7 8 9 10 11 
pH 

FIG. 2. Electrokinetic charge densi ty,  o-~ k., as a func-  
tion of pH of  the suspens ion  at 25°C. (a) TiOJNH4NO3;  
(b) MoO3/TiO2/NH4NO3; (c) MoxO ~- ions /T iOJ  
NH4NO3, C o = 1 × 10 .3 tool Mo (vI) dm 3. I = 0.01 
mol dm -3. 

tively) as well as of an MoO3/T iO  2 catalyst 
suspension (curve b). It may be seen that the 
presence of the molybdates in the solution 
caused a reversal of the electrokinetic 
charge, rendering it negative in the whole 
pH range. This result precluded the location 
of the molybdates in the diffuse part of the 
double layer as counter ions, because in this 
case the value of O-e.k., namely the charge 
from the surface up to shear plane (Fig. 1), 
should be positive in order to compensate 
the negative charge of the molybdates. Two 
possibilities remain, therefore, for the loca- 
tion of the molybdates: (i) the surface of the 
support and (ii) the Inner Helmholtz Plane 
of the double layer. In the first case surface 
bonds should be formed between the molyb- 
date ions and the surface hydroxyls of the 
support, similar to those formed after 
calcination in the MoO3/TiO 2 catalysts. It 
is, therefore, reasonable to assume that in 
both suspensions similar Cre.k. VS pH curves 
should be obtained. Our experimental re- 
suits however (compare curves c and b) 
clearly showed that this is not the case. 
Thus, the unique possibility left for the loca- 
tion of the molybdates is the Inner Helm- 
holtz Plane of the double layer. 

The above conclusion, similar to that pro- 
posed for ,/-alumina (7), differs from an ear- 
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FIG. 3. Illustrates the variation in the pH measured 
before, pHin, and after, pHf, adsorption with Co. 

lier suggestion that the molybdates were de- 
posited on the surface reacting with the 
neutral hydroxyls  (3, 5, 12-14). This view 
predicted increase in the pH after adsorp- 
tion and was based on the pH vs C o curves 
usually observed for y-alumina. As we have 
obtained similar curves for titania (a typical 
example is illustrated in Fig. 3) we should 
discuss this point. As it has been mentioned 
for ,/-alumina, the increase in pH after ad- 
sorption should be easily attributed to equi- 
libria (a), when the pH of  the molybdate 
solution is lower than the p.z.c,  of  titania. 
In this pH region the titania surface becomes 
positive at expense of  the Hb ~ ion produced 
by the water  dissociation. 

The pH vs C o curves can, moreover ,  help 
us to shed more light on the mechanism of 
adsorption: Considering the most important 
equilibria existing in the molybdate solu- 
tion, a critical question is raised: 

Mo7064 + 4H20 ~ 7MoO 2- + 8Hb ~ (c) 

Mo7064 + MoO42 

+2H~- ~--- [H2Mo8028] 6- (d) 

Do polymolybdates  first dissociate to 
MoO42 before adsorption (3, 12, 15, 27) or 
are they adsorbed intact? (1,2, 27, 28). In- 
specting equilibria (a), (c), and (d) it may 
be concluded that only equilibrium (c) is 
related with a decrease in pH upon decom- 

ET AL. 

position of  Mo7064 - .  Therefore ,  in order  to 
explain the decrease of  the pH change, 
ApH = pHf - pHin, as C O increased we 
should assume that the polymolybdates  are 
t ransformed to a large extent  into MOO]- 
before adsorption. 

Figure 4 illustrates the adsorption iso- 
therms obtained between pH 4.6 and 9.0. It 
may be seen that in all cases a plateau was 
obtained, corresponding to the monolayer  
surface coverage. The experimental  points 
are well fitted with an L- type isotherm. This 
type of isotherm implies localized, Lang- 
muir-type adsorption of  the molybdate ions 
on the IHP with very weak, if any, lateral 
interactions compared with those related 
with isotherms of S type (7, 17). In view of  
the above considerations we analyzed the 
isotherms obtained at various pH values. 
The analysis was based on the following as- 
sumptions: (i) MoO42 ions are specifically 
adsorbed on the IHP, as it has been con- 
cluded in the previous paragraphs. (ii) The 
adsorbed MoO42 ions are located on ener- 
getically equivalent sites, an implication of  
the Langmuirian shape of  the isotherms ob- 
tained. (iii) One specifically adsorbed ion, 
replaces one water molecule from the IHP 
(25). (iv) Lateral  interactions are exer ted 
between the adsorbed molybdate  ions and 
E is the corresponding energy (26). 
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FIG. 4. Surface concentration of Mo (w) as a function 
of the equilibrium Mo (vl) concentration at various pH 
values of the impregnating suspension. T = 25°C, 1 = 
0.1 mol dm 3 NH4NO3 ' pH values are indicated. 
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FIG. 5. Reciprocal  surface concent ra t ion  o f  Mo (vI) as 
a funct ion of 1/Ceqexp(EF/FmRT ). The solid line repre- 
sents  the values  calculated us ing Eq. (6). 

Treatment of the experimental data, in a 
manner analogous to the case of y-Al203 
(7), yielded the "Stern-Langmuir-Fowler"  
equation, which is an expression similar to 
that derived by A. de Keizer and J. Lyclema 
(25), 

1/F = 1/F m + 1/Fm/<C~q exp(EF/FmRT), 
(6) 

where 

I< = (a/55.5)exp(--2F'!~jRT- AGcs/RT). 

(7) 

In Eqs. (6) and (7) Fm, I(, a, ~2"~, and AGes 
represent respectively the "saturation sur- 
face concentration" of the Mo (v~) corre- 
sponding to the monolayer, the adsorption 
constant, a coefficient independent from the 
Ceq but dependent on temperature and pH, 
the potential at the IHP, and the contribu- 
tion of the chemical interactions between 
the adsorbed MoO] ions and the support, 
to the standard free energy of adsorption. 

It was found that Eq. (6) described satis- 
factorily our experimental data, suggesting 
the existence of lateral interactions between 
the adsorbed ions. A typical example is illus- 
trated in Fig. 5. 

From the above considerations it was 
clearly shown that, as in the case of 3'- 
alumina (7), the MOO]- ions are adsorbed 
on energetically equivalent sites formed on 

T A B L E  1 

Values of  the Lateral  Interact ion Energy ,  E, for 
Different Carriers at pH = 4.6 and T = 25°C; I = 0.1 
mol dm -3 NH4NO 3 

Carrier E (KJ mol I) 

T-AI203 10.5 + 0.3 
TiO2 2.2 -+ 0.1 

the IHP. However, the L and S type of iso- 
therms obtained in titania and y-alumina re- 
spectively, suggested adsorbate-adsorbate 
interactions weak in the former case and 
strong in the latter. This may be confirmed 
by comparison of the E values obtained for 
the respective supports (Table 1). 

The variation of the F m with the surface 
charge of TiO2, o-0 T, determined in the pres- 
ence of molybdates, may be used to investi- 
gate the nature of the surface groups respon- 
sible for the creation of the adsorption sites 
on the IHP. Such a variation is illustrated in 
Fig. 6. It may be seen that the extent of 
adsorption increased with the surface 
charge. This strongly suggested that the de- 
protonated surface hydroxyls did not partic- 
ipate in the creation of the adsorption sites. 
On the other hand, on the basis of Fig. 6, 
the participation of the neutral hydroxyls to 
the creation of the adsorption sites should 
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0 i i 

-200 300 800 1300 
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FIG. 6. Saturat ion surface Mo (v~) concent ra t ion  as a 
funct ion of  the total surface charge densi ty ,  o-0 T. 
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not be precluded. In fact, at pH values 
higher than those corresponding to the 
p.z.c. (p.z.c. in the presence of molybdates 
at pH 7.5), where only deprotonated and 
neutral surface hydroxyls are practically 
present on the titania surface, a significant 
adsorption may be measured. However, the 
contribution of the protonated surface hy- 
droxyls in the creation of the adsorption 
sites should be more important compared to 
that of the neutral hydroxyls. Comparison 
of the slopes of the lines obtained for pH 
values below and above the p.z.c, showed 
that the former were substantially higher. It 
should be noted that the increase in the 
value of the surface charge o -T as pH de- 
creased should in principle be attributed to 
the creation of the protonated hydroxyls. In 
conclusion, Fig. 6 shows that the protonated 
and to some extent the neutral surface hy- 
droxyls are involved in the creation of the 
adsorption sites. 

In view of the results presented already 
we tentatively propose the following mecha- 
nisms for the adsorption of the molybdates 
on the titania surface (see Figs. 7a and 7b). 
In both cases MoO42- are located in the IHP 
of the double layer replacing water mole- 
cules whereas the hydrated NH4 ~ are the 
counter ions. The first mechanism (Fig. 7a) 
is more probable at relatively low concen- 
tration of the protonated surface hydroxyls 
(TiOH~'), namely, at relatively high pH val- 
ues. At these pH values the electrokinetic 
charge is negative (see Fig. 2), mainly due 
to the relatively high concentration of the 
deprotonated surface hydroxyls not shown 
in Fig. 7a. It was therefore assumed that the 
NH4 + are the counter ions. The mechanism 
predicts an enhancement of the protonation 
of the neutral surface hydroxyls involved in 
the creation of the adsorption sites, in order 
for the MoO42- ions to be stabilized in the 
IHP by forming ion pairs (18), as shown in 
Fig. 7a. In this case the amount of protons 
adsorbed on the support surface should be 
greater in the presence than in the absence 
of MoO ]- ions in the suspension. This 
may be tested by doing potentiometric ti- 

~.-I ÷ 

T,-4 
\ -o . .+ /o -  L } , ~ / )  
0 Mo ~ . 
/ +-0" Y~.O k'---)~ ,f'~ 

T~-OH _©.. + / 0 -  

p __/Mo (a) 
Ti - OH'~ o 0 

I I I I 

'o ° 
T(_OH'~-O~'~o ~ ~ ' - ~ .  ~ )  
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SURFACE IHP OHP SHEAR 
PLANE 

FIG. 7. The mechanisms of adsorption of the molyb- 
dates on titania. (O) Water dipole, (O) NH4 + ion. (a) 
Relatively high pH's. (b) Relatively low pH's. 

trations of selected solutions [NH4NO 3, 
NH4NO3/MoxO~ -] and suspensions [TiO2/ 
NH4NOs, TiO2/MoxO~-/NH4NO3]. Typical 
titration curves obtained are shown in Fig. 
8. As may be seen the hydrogen ions added 
in the course of the potentiometric titrations 
are consumed by the protonation of surface 
hydroxyls [equilibria (a)], as well as through 
their participation in other equilibria in the 
solutions. The rest are accumulated causing 
a drop of the solution pH. Evidently the 
difference {(a) - (b) = H~,Mo} and {(c) - 
(d) = H~} is respectively equal to the hy- 
drogen ions consumed for the protonation 
of the surface hydroxyls of the support in 
the presence and absence of the MoxO~- 
ions in the solution. It may be noted that 
H ÷ > H~ in excellent agreement with T,Mo 
the mechanism drawn in Fig. 7a. The second 
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FIG. 8. Hydrogen ions consumed to the protonation 
of surface hydroxyls as well as to the equilibria taking 
place in the solution. (a) suspension TiO2/NH4NO3/ 
MoxO~- ions; (b) solution NH4NO3/MoxO~- ions; (c) 
suspension TiO2/NH4NO3; (d) solution NH4NO 3. 1 = 
0.1 mol dm -3. 

mechanism (Fig. 7b) is more probable at 
relatively high concentration of TiOH], 
namely, at relatively low pH, where the sur- 
face charge is positive. The specific adsorp- 
tion of relatively large amounts of MoO]- 
in the IHP according to this mechanism ex- 
plains the shift in the O-e.k. from positive to 
negative values (compare Figs. 2a and 2c). 

Characterization o f  the MoO3/TiO 2 
Catalysts Prepared at Various pH 
Values (Table 2) 

The relation between the pHf values of 
the impregnating solution and the saturation 
surface concentration of Mo (w) is shown in 

TABLE 2 

The pH Values of the Impregnating Suspensions, the 
Mo Loadings, and the Specific Surface Areas of the 
Catalysts Prepared by the Equilibrium Adsorption 
Me thod ;T  = 25°C,I = 0.1 mo ldm 3NH4NO3 

Number pH %MoO 3 SSA 

1 8.3 0.9 47.9 
2 7.3 2.O 45.O 
3 6.5 3.5 41.6 
4 4.6 5.4 43.3 

Fig. 9. Comparison of our results with re- 
cently reported results (6, 9) shows that in 
both cases an increase in the surface con- 
centration took place as pH decreased. 
However, the curves obtained are not iden- 
tical. This is presumably due to the fact that 
the adsorption experiments were done at 
different temperatures and ionic strength 
values (9). These results were explained in 
terms of i.e.p, of the titania (9). But as al- 
ready mentioned this is not a surface param- 
eter (Fig. I). This is, in fact, the case in the 
Mo(W)/TiO2 system where p.z.c, and i.e.p. 
are different. (Compare Fig. 2 with Fig. 4 of 
Ref. (10)). On the basis of the mechanistic 
models proposed above we may explain the 
increase in the value of F m as pH decreased. 
In fact, decrease in pH causes a progressive 
transformation of the deprotonated to neu- 
tral and next to protonated hydroxyls which 
in turn promote the creation of additional 
adsorption sites. 

Figure 10 illustrates the variation of the 
C O  2 and NO uptake with the Mo (w) loading 
in terms of wt% MOO3. As may be seen, at 
pH = 7.3, corresponding to about 2 wt% 
MOO3, the titania surface has been com- 
pletely covered and the active surface has 
almost reached its maximum value. This 
conclusion was also corroborated by the 
XPS results concerning these catalysts. Fig- 
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FIG. 9. Saturation surface Mo (vI) concentration as a 
function of the impregnating solution pH measured 
after the adsorption, pHf. 
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FIG. 10. Illustrates the variation in the NO and CO z chemisorption of the MoO3/TiO 2 samples with the 
wt% MoO3 loading. 

ure 11 illustrates the variation of Mo/(Mo + 
Ti) atomic ratio on the surface of these 
samples, curve (a), with the wt% MoO3 
loading. The change in the slope of the curve 
(a) at MoO 3 loading between 1 and 2 wt% 
showed that a change in the dispersion of 
the molybdena phase occurred in this re- 
gion. This change should be attributed to 
the formation of a second layer as well as to 
the formation of MoO3 crystallites. 

The results presented above, support the 
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FIG. 11. Variation of the Mo/(Mo + Ti) atomic ratio 
on the surface with the wt% MoO3 loading. (a) Total 
molybdena species; (b) molybdena species giving the 
high binding energy peaks; (c) molybdena species giv- 
ing the low binding energy peaks. 

view that the first Mo (vI) monolayer has been 
completed at about 2 wt% MoO 3. This value 
is lower than the theoretical MoO3 loading 
required for the titania used (ca. 4 wt% 
MoO 3) (6, 29) and is far from that (6.6 wt% 
MOO3) found by Kim et al. (9). We have 
tried to further examine this discrepancy us- 
ing the Raman spectroscopy. This technique 
is a powerful tool for discerning between 
molybdenum oxide monolayers or crystal- 
lites on the titania surface. A peak found in 
the 940-970 cm 1 range has been attributed 
to a two-dimensional molybdenum oxide 
overlayer on the titania support surface (6, 
9, 29-32), while a Raman band at 823 cm 1 
has been considered to be characteristic of 
crystalline MoO 3 particles (9, 33). We have 
observed the latter peak only in the spec- 
trum of our specimen containing 5.4% MoO3 
[see spectrum (b) in Fig. 12]. This observa- 
tion showed that in our case crystalline 
MoO3 has started to form in loadings lower 
than 6.6 wt% MOO3, in agreement with the 
theoretical value for monolayer coverage. 
The fact that, a second layer (no MoO3 crys- 
tallites) was mainly formed in the 2-5 wt% 
MoO3 range could be presumably responsi- 
ble for the absence of the Raman band at 
823 cm -1 [Fig. 12 curve(a)], although, the 
monolayer coverage has been exceeded, as 
it has been suggested both by the NO and 
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FIG. 12. Raman spectra for the MoO3/TiO 2 samples 
containing: (a) 3.45 wt% MoO 3 and (b) 5.43 wt% MoO 3. 

C O  2 adsorption experiments as well as by 
the XP spectroscopy. 

The chemical nature of the supported spe- 
cies as well as the intensity of the interac- 
tions between the supported species and the 
support could be studied using the binding 
energy and the shape of the XPS peaks. The 
changes observed in the binding energies of 
Mo 3d3/2 and Ti 2p3/2 photoelectrons which 
were found to be equal to 232.6 -+ 0.4 and 
458.7 _+ 0.3 eV, respectively, were insig- 
nificant. Trying to deconvolute the Mo 3d 
double peaks of the recorded spectra, four 
peaks appeared in all cases, two of them 
under the original Mo 3d3/2 peak and the 
other two under the original Mo 3d5/2 peak. 
A typical example is shown in Fig. 13. This 
phenomenon was observed for the first time 
and probably indicated that two molybdena 
species were formed on the titania surface 
and/or two kinds of interactions exist be- 
tween the support and the supported phase. 
In any case, the areas of the deconvoluted 
peaks may be used to determine the relative 
amounts of the two states in all samples. 
The results are plotted in Fig. 11 [curves 
(b) and (c)] as a function of the wt% MoO3 
loading. Inspection of these curves showed 
that the amount of the molybdena species, 
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( e V )  

FIG. 13. Mo3d photoelectron spectrum for an M o O J  
TiO 2 species. The two kinds of peaks,  one of  low 
(----) and other  of  high ( . . . . . .  ) binding energy are de- 
picted. 

giving the low binding energy Mo3d peaks, 
was independent of the total MoO 3 con- 
tained in the samples for loadings exceeding 
1 wt% MoO 3 (Fig. I lc). On the other hand, 
the amount of molybdena species, giving 
rise to the high binding energy Mo 3d peaks, 
increased with the wt% MoO 3 loading (Fig. 
llb). 

In order to further examine the possible 
existence of the two molybdena species sug- 
gested by the XPS results, TPR experiments 
were done and the corresponding patterns 
are illustrated in Fig. 14. The TPR results 
showed three peaks centered at about 
700-800°C, 500-600°C, and 450°C. The first 
peak was attributed to the Mo monolayer 
and the second to the Mo bilayer (34, 35). 
These results showed that the formation of 
the bilayer started from the catalyst with the 
lowest Mo loading corroborating the CO2 
and NO adsorption results as well as the 
XPS results. In fact, a marked change in the 
slope of curves in Figs. 10 and 1 la for the 
sample with the lowest Mo loading was ob- 
served. 



444 S P A N O S  ET AL.  

350 4,50 550 650 750 850 

TEMPERATURE / ° C  

FIG. 14. TPR spectra for the MoO3/TiO 2 samples 
containing: (a) 0.85, (b) 1.96, (c) 3.45, and (d) 5.43 wt% 
MoO 3. 

The third peak at 450°C may be attributed 
to an Mo oxidic species with relatively low 
reduction temperature which presumably 
implies a species with relatively low "active 
phase-carrier" interactions and thus disper- 
sion. This species is probably responsible 
for the low binding energy peaks detected 
for the first time by XPS. In fact, these XPS 
peaks were not observed in the MOO3/T- 

AI203 catalysts prepared by adsorption on 
which a reduction peak at 450°C did not 
appear (36). Adopting this assignment for 
the peak centered at about 450°C we may 
note that the relative amount of the for- 
mentioned species increased with the Mo 
loading whereas its surface remained con- 
stant (Fig. 1 lc) suggesting a progressive de- 
crease in its dispersion. It seems that the 
amount of this Mo oxidic species became 
sufficient to be detected by Raman when Mo 
loading reached 5.4 wt% M o O  3. 

Taking into account all of the results 
shown above we may propose the following 
picture for the surface structure of the 
MoO3/TiO 2 catalysts prepared by adsorp- 

tion; an M o O  3 monolayer forms as the M o O  3 

loading increases and it fully covers the TiO 2 

surface at 2 wt% M o O  3 loading. A second 
layer starts to form before the first is com- 
pleted, the area of which increases with the 
M o O  3 content. A poorly dispersed Mo ox- 
idic species forms in all specimens studied. 
The amount of this species increases with 
Mo loading and becomes sufficient to be 
detected by Raman when Mo loading 
reaches 5.4 wt% M o O  3 (Fig. 12b). 

CONCLUSIONS 

(i) The groups responsible for the creation 
of adsorption sites are the neutral but mainly 
the protonated surface hydroxyls of TiO 2. 

(ii) The MoO 2- ions are adsorbed on the 
IHP of the double layer developed between 
the surface of the titania particles and the 
impregnating solution. 

(iii) The adsorbed MoO ]- ions are located 
on energetically equivalent sites of the 
IHP. 

(iv) Relatively weak lateral interactions 
are exerted between the adsorbed molyb- 
dates. 

(v) The change of the sorptive capacity of 
TiO 2 with pH may be explained in terms of 
the mechanism of adsorption. 

(vi) At pH = 7.3, corresponding to about 
2 wt% MOO3, the titania surface is 
completely covered and a second molyb- 
dena layer starts to form at pH's lower 
than 7.3. 

(vii) A poorly dispersed Mo oxidic species 
formed in all specimens studied increases 
with Mo loading and becomes sufficient to 
be detected by Raman when Mo loading 
reaches 5.4 wt% MOO3. 
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