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The mechanism of adsorption of molybdates on the surface of 3,-alumina was investigated by use 
of adsorption equilibrium experiments, potentiometric titrations, microelectrophoresis and UV/ 
VIS spectroscopy. From the experimental results and the theoretical analysis of the isotherms it 
was concluded that Mo vI deposition was done by adsorption of the Mo~O~ ions on energetically 
equivalent and distinct sites of the inner Helmholtz plane (IHP) of the double layer on the surface of 
the y-alumina particles suspended in the aqueous medium. The creation of these sites was mainly 
attributed to the presence of the protonated surface hydroxyls of y-alumina and not to the neutral 
hydroxyls. Analysis of the adsorption isotherms suggested that considerable lateral interactions are 
exerted between the adsorbed MoxO~ ions, resulting in the formation of Mo,O~- . . . MoxO~- 
. . . oligomers in the IHP. It is proposed that these polymeric ions are deposited on the surface in 
the drying step. © 1990 Academic Press, Inc. 

INTRODUCTION 

Although numerous investigations have 
been devoted to the preparation and sur- 
face chemistry of molybdena-supported -/- 
alumina catalysts, the mechanism by which 
the molybdate anions (present in the typical 
ammonium heptamolybdate solutions usu- 
ally used, e.g., MOO]-, MO7064) are depos- 
ited on the support surface remains un- 
clear. A reason for this is presumably that, 
for the most part, work done so far has 
been focused on the characterization of 
dried or calcined catalysts prepared by 
methods (dry or wet impregnation followed 
by drying) favoring the deposition of the 
supported phase by both adsorption and 
precipitation. Studies dealing with catalysts 
prepared by equilibrium adsorption fol- 
lowed by filtration are scarce in the litera- 
ture (1-5). An understanding of the mecha- 
nism of adsorption requires an answer to 
the following questions: (i) Which are the 
main surface groups of -/-alumina responsi- 
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ble for the creation of the sorptive sites: 
The neutral (3, 5-8) or the protonated sur- 
face hydroxyls (I , 2, 4, 9, 10)? (ii) Are poly- 
molybdates dissociated to MOO]- prior to 
adsorption (3, 6, 8, 10-13) or are they ad- 
sorbed undissociated (1, 2, 14, 15)? (iii) In 
which part of the double layer, surrounding 
the -/-alumina particles suspended in the 
impregnating solution, are the molybdate 
ions located? On the surface of the carrier, 
the inner Helmholtz plane (IHP), or in the 
diffuse part of the double layer? (iv) Are the 
lateral interactions between the molybdate 
ions resulting in the formation of polymeric 
surface molybdate species developed be- 
fore or after drying? (v) Is the adsorption of 
molybdate species localized or nonlocal- 
ized? 

The purpose of the present work is to 
clarify the mechanism of adsorption of mo- 
lybdates on the surface of -/-alumina by an- 
swering the above-mentioned questions. To 
answer the first question we compared ad- 
sorption data with surface concentrations 
of neutral and protonated surface hydrox- 
yls regulated by changing the temperature 
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or pH (16) of the impregnating solution and 
doping the carrier (17-19). The theoretical 
analysis of the adsorption isotherms, by 
derivation and testing several equations, al- 
lowed us to approach points (ii)-(v). The 
answer to the third question is corroborated 
by potentiometric titrations and microelec- 
trophoretic mobility measurements. 

The present paper is the first part of a 
work aimed at the study of molybdena/7- 
alumina catalysts prepared by adsorption 
equilibrium using 7-alumina-based carriers 
with controlled concentration of charged 
surface groups. 

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

Materials 
The support used in the present study 

was obtained by crushing Houdry Ho 415 7- 
alumina extrudates (aBET ~- 123 m2/g, water 
pore volume -- 0.45 cm3/g). After sieving, a 
fraction between 100-150 m e s h  was se- 
lected, impregnated with bidistilled water, 
dried at 120°C for 2.5 h and calcined at 
600°C for 12 h. 

The ammonium heptamolybdate, ob- 
tained from Riedel de Haen (99%), was 
used for the preparation of the molybdate 
aqueous solutions used in the adsorption 
experiments as well as in some potentio- 
metric titration and microelectrophoretic 
mobility measurements. The ammonium ni- 
trate, obtained from Riedel de Haen (99%), 
was used for the preparation of the aqueous 
solutions of the background electrolyte em- 
ployed in some potentiometric titration and 
microelectrophoretic mobility measure- 
ments as well as for regulating the ionic 
strength of the molybdate solutions used in 
the adsorption experiments. 

Equilibrium Adsorption 
Equilibrium adsorption experiments 

were performed at 25.0 - 0. I°C and pH 5.0 
- 0.1 (i.e., suspension of 7-A1203 adjusted 
the pH to the final value of 5.0 _+ 0.1). It 
should be noted that the amount of acid or 
base added was low enough to avoid any 

alteration in the ionic strength of the solu- 
tion. The regulation of the ionic strength at 
0.1 M was done using NH4NO3 aqueous so- 
lutions. It was observed that the molybdate 
solutions containing NH4NO3 were quite 
stable for long periods of time. In each ex- 
periment a volume of 0.015 dm 3 of molyb- 
date solution of various concentrations, 
ranging between (10-3-3 x 10 -2) mol 
MoW/dm 3, was placed in a small polyethyl- 
ene vial, thermostated in a double-walled, 
water-jacketed vessel at 25.0 -+ 0. I°C. The 
solution pH was adjusted by adding small 
amounts of HNO3 or KOH, to an appropri- 
ate value determined by preliminary experi- 
ments. At this pH, no special precautions 
need be taken to exclude carbon dioxide, 
because of its extremely low solubility, pH 
measurements were done by a glass/satu- 
rated calomel electrode (Metrohm) stan- 
dardized before and after each series of pH 
measurements by NBS standard buffer so- 
lutions. A quantity of the support corre- 
sponding to a total surface area of about 5 
m 2 was suspended in the solution and the 
suspension was allowed to equilibrate for 
20 h, with stirring. Following equilibration, 
the pH of the suspension was measured and 
the suspension was filtered through mem- 
brane filters (Millipore, 0.22 /xm). The fil- 
trate was analyzed spectrophotometrically 
(Varian Cary 219 UV/VIS) for total molyb- 
denum, Mot, at 490 nm (20). In each series 
of adsorption experiments, a blank was in- 
cluded, to make sure that no molybdenum 
species were adsorbed on the membrane fil- 
ters or on the walls of the vials used for the 
adsorption experiments. 

The surface concentration of the Mo vI, 
F [mol/m2], was determined by use of 

r = { u ( C  0 - -  Ceq)}/ws, (1) 
where Co, Ceq, v, w, and s are the Mot coi1- 
centration before and after adsorption (mol/ 
dm3), the suspension volume (din3), the 
weight (g), and the specific surface area 
(mZ/g) of the support, respectively. 

It should be noted that preliminary ex- 
periments showed that adsorption reached 
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equilibrium after 2-3 h. Past this time 
period, the amount of the Mo v~ species 
adsorbed remained constant. 

Electronic Spectra of  the 
Molybdate Solutions 

The UV spectra of the molybdate solu- 
tions were recorded in the range between 
370 and 180 nm with a Varian Cary 219 UV/ 
VIS spectrophotometer. 

Potentiometric Titrations 

In order to study the influence of the ad- 
sorption of the molybdates on the surface 
charge of the support, potentiometric titra- 
tions were done on y-alumina suspensions 
in the presence of NH4NO3. Experiments 
were done at three different ionic strengths 
(0.1, 0.06, and 0.01 mol/dm 3, NH4NO3 used 
as background electrolyte) and at constant 
temperature (25.0 -+ 0.1 ° C). The aqueous 
suspensions were equilibrated for 20 h be- 
fore titration. This period was sufficient for 
a constant value of the suspension pH to be 
reached. The pH was recorded every 2 min 
as a function of the volume of titrant added 
to the suspension. Details concerning the 
setup and procedure used as well as of the 
method followed for the determination of 
the surface charge On each pH have been 
reported elsewhere (18, 19). 

Microelectrophoretic Mobility 
Measurements 

The electrophoretic mobility of the sup- 
port particles was measured with a Rank 
Brothers particle microelectrophoresis ap- 
paratus, Model MKII, by use of a four-elec- 
trode thin-walled cylindrical cell, at 25°C. 
Sufficiently dilute suspensions of y-alumina 
particles were prepared in a solution of the 
background electrolyte both in the absence 
and in the presence of molybdate ions. In 
all cases, the experiments were performed 
at constant ionic strength, 0.01 mol/dm 3, 
adjusted with NH4NO3. The pH of the sus- 
pensions was adjusted by small additions of 
1 mol/dm 3 HNO3 or KOH solutions. The 
velocity of the particles was measured at 

two depths of the cell where solvent is cal- 
culated to be at rest (21). Twenty particles 
were timed over a 30-txm distance for each 
direction of the electric field to determine 
an average velocity. From the electropho- 
retic mobility, defined as the experimental 
velocity divided by the strength of the elec- 
tric field, the electrokinetic charge density, 
O'ek , which is the charge at the shear plane, 
can be easily calculated at each pH (22). 

RESULTS 

In order to examine whether the positive 
(X]OH~-) or neutral (A-IOH) surface hydrox- 
yls are the groups mainly responsible for 
the creation of the sites on which the mo- 
lybdates are adsorbed, we have selected 
(1__6, 17) concentration values for the 
AlOHa- and AIOH as well as values of sur- 
face Mo vI concentration corresponding to 
the monolayer coverage, Fro. These values 
are compiled in Table 1. It is clear that Fm 
increases as the concentration of the 
AIOH• increases while A1OH concentra, 
tion decreases at the same time. 

Figure 1 illustrates the variation in the 
pH measured before, pHin, and after, pHf, 
adsorption with Co. An increase in pHin 
with Co is observed. In all cases adsorption 
causes an increase in the pH but the differ- 
ence pHf - pHi,, being always positive, de- 
creased as the concentration increased. 
These phenomena are in agreement with 
the literature (1, 5, 23). 

6 , 5  

6 , 0  

5 ,5  ~p(pHf) 
5.0 " ~ , - - ~  ~ c ~ - ~ ~  

4 , 5 -  ~(pHin ) 
4 , 0 _ _  ! 

0 , 0 0  0 , 0 1  0 , 0 2  0 . 0 3  

Co~tool d r ~  3 

FIG. 1. Illustrates the variation in the pH measured 
before, pHin, and after, pHf, adsorption with Co. 
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TABLE 1 

Concentrations of the A-[OH~- and AiOH Groups as well as the Surface Concentrations of the 
Mo vI Ions, Fro, Corresponding to,the Monolayer Coverage Determined for Undoped [Nos. 1, 2, 
and 3] and Na-Doped [No. 4] y-Alumina under Various Conditions 

No. Support Conditions Conc. of the Conc. of the Fm b 
A]OH + A-]OH groups ° (atom Mo/nm 2) 

pH, T(°C) (sites/nm 2) (sites/nm 2) 

1 y-A1203 5 25 0.3085 7.6189 3.8 + 0.1 
2 y-A1203 4 25 1.0372 6.9223 7.5 4- 0.1 
3 7-A1203 5 55 1.9756 6.0289 8.5 --- 0.2 
4 7-A1203/Na c 5 25 7.1172 0.8828 12.3 --- 0.2 

From Refs. (17) and (19). 
b Calculated from Eq. (21) (see Discussion). The Frn values corresponding to Nos. 2, 3, and 4 

have been taken from the second paper of this series. 
c Contain 0.984 mmol Na+/g 7-Alz03. 

Figure 2 shows the electronic spectra of 
two (one dilute and one concentrated) 
molybdate solutions used in the adsorption 
experiments. In addition, the figure shows 
the spectrum of a molybdate solution where 
the MoO 2- ions are expected to be present 
almost exclusively (pH 12, Co = 2 x 10 .3 
mol/dm3), and the spectrum of another so- 
lution where the isopolyanions are ex- 
pected to be the dominant species (PH 4, 
Co = 2 x 10 .2 mol/dm3). As the concentra- 
tion of the molybdate solution increased, 
inside the concentration range used in the 

t 

g 
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3 7 0  3 3 0  2 9 0  2 5 0  210 170 

Fro. 2. Electronic spectra of two molybdate solu- 
tions used in the adsorption experiments (b, c) and of 
two molybdate solutions where the MoO~- (a) and is0- 
polyanions (d) are the predominant species. (a) pH 12, 
C0 = 2 × 10 -3 mol/dm3; (b) pH 5.05, Co = 2 x l0 -3 
tool/din3; (c) pH 5, Co = 2 x 10 -2 mol/dm3; (d) pH 4, 
Co = 2 x 10 .2 tool/din 3. 

adsorption experiments, an increase in the 
absorption from 0 to 1.40 was progressively 
extended from 245 nm to higher wave- 
lengths (compare for example curve b with 
c u r v e  c) .  

Figure 3 illustrates the adsorption iso- 
therm obtained for the adsorption of the 
molybdates at pH 5, T = 25°C, and I = 0.1 
mol/dm 3 NH4NO3. The experimental points 
were fitted well with an S-type isotherm. 
This type of isotherm described also a large 
number of absorption experiments per- 
formed at various pH, temperatures, and 
doped supports based on y-alumina. 

15 

~ 10 

/ /  

7 
°o.oo o.ol ~.~= 0 .03  

C'eq/mO! dn~ a 

FIG. 3. Variation in the surface concentration of the 
Mo w, F, with the Mo w concentration in solution after 
adsorption of y-alumina, pH 5, T = 25°C, I = 0.1 tool/ 
dm 3 NH4NO3. 
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FIG. 4. Surface charge of 3,-alumina as a funct ion of  
pH of  suspens ion  at 25°C. (a) A m m o n i u m  heptamolyb-  
date  solution,  Co = 1 x 10 -3 mol MoVqdm 3, I = 0.1 
mo l /dm 3 NH4NO3; (b) 0.1 m o l / d m  3 NH4NO3 solution. 

It was found that the presence of molyb- 
dates increased the surface charge and de- 
creased the electrokinetic charge density at 
relatively low pH values. Figures 4 and 5 
show typical variations in the surface 
charge, o-0, and the electrokinetic charge 
density, O'ek, achieved in the presence 
(curves a) and absence (curves b) of the 
MoxO~- ions, respectively. 

D I S C U S S I O N  

On the Nature of  the Adsorption Sites 

The results compiled in Table 1 strongly 
suggest that the groups responsible for the 
creation of the adsorption sites on which 
the molybdates are located are mainly the 
protonated surface hydroxyls. This conclu- 
sion is corroborated by a significant body of 
additional results, to be presented in the 
second paper of this series, dealing with the 
correlation of the protonated and neutral 
surface hydroxyls with the adsorption ca- 
pacity and the y-alumina determined under 
various conditions (pH, temperature, dop- 
ant concentration). Concerning the "stoi- 
chiometry" of the Mo vI deposition, the 
higher values shown in the fifth column, in 
comparison with those appearing in the 
third column, may be attributed to the fol- 
lowing: 

(i) Participation of the neutral hydroxyls 
in the adsorption cannot be precluded. It 

should be noted at this point that this par- 
ticipation in the adsorption process is not 
necessarily correlated with the undissoci- 
ated hydroxyl group concentration; i.e., the 
number of the uncharged groups may be 
large and yet their interaction minor. 

(ii) The concentration of the AlOHa- 
groups was determined in the absence of 
molybdates, a procedure which yields 
lower concentrations, compared to the 
results obtained in their presence. 

(iii) A contribution to the adsorption of 
the MoxO~- ions with x > 1 should not be 
precluded. 

Influence of  Adsorption and Co on 
pH-Selective Adsorption of  MoO]- 

The main goal of this paragraph is to 
demonstrate that our view for adsorption 
via positive sites created mainly by pro- 
tonated surface hydroxyls is not in conflict 
with the variation in the pH of the impreg- 
nating solution with Co as shown in Fig. 1. 

As reported by Van Veen et al. (5), in 
addition to the well-known equilibrium 

Mo7064 + 4H20 ~-- 7MOO]- + 8Haq, (2) 

another equilibrium may be also involved: 

M O 7 0 6 4  + MOO]- + 2H+q 

[HzMo8028] 6-. (3) 

1.0 

0,5 

~ 0 , 0  

b~ 

P..Z,C. ~ I.E.P.. 
f f 

\ 
-0,5 _ Q ~ y ~ - - - O ~ ~  

-1,0 
4 5 6 7 8 9 10 11 

pH 

FIG. 5. Electrokinet ic  charge densi ty  of  y-a lumina  as 
a funct ion of  pH  of  the suspens ion  at 25°C. (a) A m m o -  
n ium heptamolybda te  solution, Co = 1 x 10 -3 mol 
MoVI/dm 3, I = 0.01 mo l /dm 3 NH4NO3; (b) 0.01 mol/  
dm 3 NH4NO3 solution. 
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The first equilibrium would have resulted in 
a decrease and the second in an increase in 
the dependence of pHin on Co. Considering 
therefore the competitive action of  (2) and 
(3) and adopting suitable values for the 
equilibrium constants, the slight increase in 
the pHin with the Co (Fig. 1) may be ex- 
plained. 

The considerable increase in pH, ob- 
served after impregnating the support with 
relatively dilute molybdate solutions, can 
be attributed to the protonation of the neu- 
tral and deprotonated hydroxyls of y-alu- 
mina (16-19). 

ATOH + H~ + ~ ~ 0 H ~  (4) 

AT0- + H~ ~ ATOH (5) 

H + ~- H~q (6) 

n20  ~ Ha+q + OHaq. (7) 

The protonation equilibria illustrated above 
were anticipated since the pH values of the 
molybdate solutions, in the range of the 
Mo vI concentrations studied, were lower 
than the point of zero charge of the support 
(PZC = 5.3). The suggestion that the in- 
crease in pH is due to the above-mentioned 
equilibria and not to the adsorption of the 
molybdates is corroborated by the observa- 
tion that y-alumina causes a similar in- 
crease in the pH of KNO3 and NH4NO3 in 
the absence of molybdate ions. In fact, we 
have observed that y-alumina increased the 
pH of the 0.1 mol/dm 3 KNO3 and 0.1 tool/ 
dm 3 NH4NO3 from 5.28 to 7.49 and from 5.3 
to 6.79, respectively, under conditions sim- 
ilar to those followed in the present work. 

The decrease in the difference pHf - 
pHin with Co could be explained assuming 
that the adsorption constant for the MoO 2 
is larger compared to that for the MO7026- 
or [HzMosO28] 6-. In that case, the increase 
in the pH due to the equilibria (4)-(7) may 
be compensated by the Ha+q produced due to 
the displacement of the equilibrium (2) to 
the right. Obviously the amount of the Ha+q 
produced increases with the concentration 
of the molybdate solution. As mentioned in 

the Introduction, the assumption concern- 
ing the selective adsorption of the MoO 2- 
has been supported by experimental evi- 
dence (8, 10-13). 

The progressive decrease in the pH dif- 
ference mentioned above, with Co, could be 
taken as an indication that the contribution 
of the precipitation to the whole deposition 
is rather negligible (5). However,  this point 
will be investigated more in the third part of 
this work where a detailed characterization 
is performed on the specimens studied in 
the first and second paper of the series. 

The above considerations show that it is 
not necessary to assume that the molyb- 
dates react with the neutral hydroxyls (3, 
5-8) in order to explain the pH variation 
associated with the adsorption process. 

Mo vI Species Present in the 
Molybdate Solution 

The theoretical analysis of the isotherm, 
described in the last paragraph under Dis- 
cussion, requires knowledge of whether 
one or more kinds of MoxO~- are present in 
the molybdate solutions used in measuring 
the isotherm. Such information may be ob- 
tained from the electronic spectra. Thus, 
the spectrum in Fig. 2a, in agreement with 
the literature (e.g., Ref. (8)), shows that the 
MoO ]- species absorb in the range 230-245 
nm. On the other hand the spectrum in Fig. 
2d indicates that the presence of isopoly- 
anions gives rise to an additional broad and 
structureless band extended from 245 to 
320 nm. Although absorption at wave- 
lengths higher than 245 nm, presumably 
consisting of more than one mutually over- 
laping bands, can hardly be ascribed to 
well-defined species, but it is indicative 
rather, of the presence of the isopolyanions 
in the ammonium heptamolybdate (AHM) 
solutions. 

It has often been reported in the litera- 
ture that the predominant Mo v~ species de- 
pend on the pH of the molybdate solution 
(e.g., Ref. (•): At relatively high and low 
pH values the MoO 2- and the various 
isopolyanions (mainly Mo7064) pred0mi- 
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nate. On the other hand it is plausible to 
expect that the predominant species de- 
pend on the concentration of the molybdate 
solution as well. Comparison of spectrum 
2a with spectrum 2b showed that MoO]- 
was predominant even at pH 5 in the case 
where the molybdate solution is dilute (Co 
= 0.002 mol/dm3). This is not the case in 
more concentrated solutions, e.g., Co = 
0.84 mol/dm 3, where the change in pH from 
11 to 6 causes considerable increase in the 
concentration of the Mo7064 (see Fig. 2, 
Ref. (8)). 

Our observation that an increase in the 
concentration at pH 5 gives rise to an in- 
crease in the absorption, from 0 to 1.40, 
progressively extending from 245 nm to 
higher wavelengths, could be taken as an 
indication of a progressive increase in the 
concentration of isopolyanions with the 
concentration of the molybdate solution. 

These results suggest that it is reasonable 
to analyze the isotherm on the basis of 
more than one kind of the Mo, O~- ions 
present in the solution. Moreover, it seems 
reasonable to assume that the concentra- 
tion of a given molybdate is proportional to 
the total concentration and that the propor- 
tionality constants are larger for the iso- 
polyanions compared with that for the 
MoO42-. 

Location o f  the Adsorbed MoxO~- 
Ions on the Inner Helmholtz 
Plane--Qualitatioe Approach (Fig. 6) 

The isotherm shown in Fig. 3 is typical of 
a large number of similar isotherms, all of 
which have an S-shape. All of these iso- 
therms were described by the same equa- 
tion, taking into consideration lateral in- 
teractions. The S-type of the isotherm 
obtained strongly suggests localized, 
Langmuir-type, adsorption of the MoxO~- 
ions on the IHP with considerable lateral 
interactions (24, 27). The shift from the L 
(Langmuir without lateral interactions) to 
the S-type isotherm becomes more and 
more clear as the intensity of the lateral in- 
teractions increases (27). 

SOLID 

Model plane 1 

P o t e n t i a l s  q~o 

Charge densities (To 

C a p a c i t i e s  1 

SOLUTION 
S h e a r  IHP OHP p l a n e  

I 
I 

I 
I 

I 
I 
I 

I 
i 
I 

I 
i 

1 
I - - - L  . . . . . .  

F . . . . . . . . .  I , 
I I 

I I 

K I 
I 
i 

FIG. 6. Structure of the electrical double layer. Tri- 
ple layer model. 

Strong, though qualitative, evidence that 
the MoxO~- ions are adsorbed on the IHP 
was obtained from the study of the influ- 
ence of adsorption on the tr0 and O-ek values 
determined at various pHs (Figs. 4 and 5). 
In fact, assuming adsorption on the IHP, 
the influence of the adsorption on the o-0 
values may be explained (Fig. 4): the fact 
that the adsorption of the negative MoxO~- 
ions does not decrease o-0 demonstrated 
that these ions are not located on the sur- 
face of the support. On the other hand, the 
observation that the adsorption of the 
MoxO~-ions does not change o-0 considera- 
bly at pH greater than the point of zero 
charge of y-alumina, where its surface is 
negatively charged, should be attributed to 
the relatively low extent of adsorption of 
the MoxO~- ions in this pH range. How- 
ever, the main issue which needs explana- 
tion is that adsorption caused an increase in 
the tr0 values determined at pH values 
lower than 5.0 where the surface of the sup- 
port is positively charged. This increase 
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was attributed to the formation of addi- 
tional A-]OH~ groups induced by the 
MoxO¢- ions located on the IHP. In fact, it 
should be expected that the presence of the 
MoxO~- ions on the IHP may increase 
and stabilize the surface AlOHa- groups, 
presumably by forming ion pairs such as 
A-]OH2 ~ . . . Mo~O~- (19). As pH de- 
creased, the extent of adsorption increased 
as did o-0. 

In order to explain the variation in O-ek 
with pH in the absence and presence of the 
MoxO¢- ions (Fig. 5) it should be kept in 
mind that the o-ek values, determined by mi- 
croelectrophoretic mobility measurements, 
refer to the total charge from the surface to 
the shear plane of the electrical double 
layer around T-A1203 particles (Fig. 6). It is 
convenient to divide the pH range into the 
following regions: (i) PZC < pH < IEP, (ii) 
pH < PZC, and (iii) pH > IEP. First, we 
deal with the plot of O-~k VS pH, obtained in 

the absence of the MoxO~- ions (Fig. 5b). 
The corresponding schematic representa- 
tions in Figs. 7a, 7b, and 7c clarify the ex- 
planation proposed. Since in range (i) o-0 is 
negative (16, 17), the positive value of O'ek 
observed could be explained assuming a 
small extent of adsorption of the NH2 ions 
at the IHP. In fact, this adsorption could 
have produced positive charge near the 
IHP where the NH~ ions are assumed to be 
located (Fig. 7a). In range (ii) o-0 is positive 
(16, 17) and the adsorption of the NH~ ions 
simply causes an increase in the positive 
charge (Fig. 7b). In range (iii) the small ex- 
tent of adsorption of the NH~ ions at the 
IHP is not sufficient to compensate the rela- 
tively high negative charge which the sur- 
face is expected to present in this pH range 
(Refs. (16, 17); Fig. 7c). A progressive de- 
crease (increase) in the charge in ranges (i) 
and (ii) (range (iii)) from the IHP to the so- 
lution is to be expected because the charge 
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of the latter is taken to be equal to zero. It 
should be noted that K + or NO3 ions, 
which are the counter ions of the base or 
acid added for the pH adjustment, are 
known to not adsorb specifically onto 7- 
A1203 (pure and doped) (18, 20). 

Let us now discuss the plot of ~ek VS pH 
obtained in the presence of the Mo~O~- 
ions (Fig. 5a). The most important observa- 
tion is that O-ek is negative at all pH values in 
the pH range 4-11. This observation cor- 
roborates the assumption that the Mo~O~- 
ions are adsorbed on IHP. In fact, the pres- 
ence of the MoxO~- ions on the IHP pro- 
vides an explanation for the negative o-~k 
observed even at pH < PZC (range ii), 
where o-0 > 0 (Fig. 7d). It should be 
stressed that in this range as well as in 
range (i) (Fig. 7e), the adsorption of the 
Mo~O~- ions should be the dominant pro- 
cess because it compensates for the posi- 
tive surface charge (range ii) and for the 
positive charge due to the presence of the 
NH~- ions (ranges (i) and (ii)). On the other 
hand in range (iii) (pH > IEP), where the 
surface has a relatively high negative 
charge, the extent of adsorption of the 
Mo~O¢- ions becomes relatively low, com- 
parable with the extent of adsorption of the 
NHg ions. This explains the observation 
that in this range the presence of the 
MoxO¢- ions cannot bring about a large 
shift in the O'~k to negative values (compare 
curves a and b of Fig. 5 in the pH range 8- 
11). Presumably in this range the specifi- 
cally adsorbed MoxO~- ions simply com- 
pensate for the effect of the adsorbed NH~- 
ions (Fig. 7f). The quite complicated form 
of Fig. 5a should be attributed to the fact 
that the pH change alters both the surface 
charge, and consequently the extent of the 
specific adsorption, and the relative con- 
centration of the various molybdates 
present in the solution. It is important to 
note that Fig. 5a obtained in the presence of 
the Mo~O~- ions precluded the assumption 
that these ions are located at the diffuse 
part of the double layer. In fact, this is obvi- 
ous concerning range (iii) where the charge 

up to the IHP is negative, requiring positive 
counter ions. With respect to ranges (i) and 
(ii) it might be argued that since the charge 
up to the IHP is positive (Figs. 7a and 7b) 
the negative MoxO~- ions could be located 
in the diffuse part of the double layer as 
counter ions. But in that case a positive 
charge should be expected until the shear 
plane (Figs. 7a and 7b) in disagreement with 
the negative charge determined experimen- 
tally (Figs. 5a, 7e, and 7d). 

In conclusion a first examination of the 
isotherm as well as the study of the effect of 
the MoxO~- ion adsorption on the or0 and 
o'ek determined at various pHs strongly sug- 
gests that the adsorbed MoxO~- are located 
on the IHP, whereas lateral interactions are 
exerted between the adsorbed MoxO~- 
ions. It can also be concluded that the ad- 
sorption of Mo~O~- ions on the IHP pre- 
dominates in the range 4 < pH < IEP, 
whereas at pH > IEP it becomes compara- 
ble with the adsorption of the NH~- ions. 

Location o f  the Adsorbed Mo~O~- 
Ions on the Inner Helmholtz 
Plane--Quantitative Approach 

From the considerations presented in the 
previous paragraph it seems reasonable to 
attempt an analysis of the isotherm based 
on the assumption that the Mo~O~- ions are 
located on the IHP. In particular it seems 
interesting to examine whether our experi- 
mental results could be described by a 
Stern-Laungmuir equation, now derived 
on the assumption that more than one kind 
of the Mo~O~- ions are present in the solu- 
tion, which implies adsorption at the IHP 
without lateral interactions (24) or by a 
Stern-Langmuir-Fowler isotherm which 
takes into account lateral interactions (25). 

Specifically Adsorbed Mo~O~- Ions on the 
IHP--No Considerable 
Lateral Interactions 

First we assume that all kinds of MozO~- 
ions could be adsorbed on the IHP and that 
no lateral interactions are exerted between 
them. Next, we focus on the ith kind of the 
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MoxO¢- ions. Assuming that one specifi- 
cally adsorbed ion, i, replaces one water 
molecule, 1, from the IHP we may write for 
the equilibrium 

i L +  1 1 ~ i  I +  1 L, (8) 

where L and I stand, respectively, for the 
bulk solution and IHP. The following equa- 
tions provide the electrochemical potentials 
of the entities involved in the above equilib- 
rium (25): 

fiLL = [.L O'L + R T  In xi + Z i F ~ L  

fiL} -"= I.lb 0'I + R T  In  Oi + Z i F C ~ A  

+ g~(~)~, ~ . . . .  ) (9) 

fiL~ = ix °'I + R T  ln[1 - Y~iOi] 

÷ gl((I)~,  CI)~ . . . .  ) 

= i ~°J + R T l n [ 1  - 0) 
+ g,(q~,, ~ , . . . )  

fiLL = txO,L + R T  ln[1 - ~,ixe], 

where fill, fiLi, Ix °, Ix °, xi, Zi,  0i, 0, gl(@), q)~, 
. . .) and gi(Cb'a, 6,~, . . . .  ) represent the 
electrochemical potential for the water and 
i, the corresponding standard state chemi- 
cal potentials, the molar ratio and the 
charge of i, the fraction of the sites covered 
by i and all kinds of MoxO~- ions and func- 
tions of derivatives of q~A for the water and 
i. ~L and (I?A represent, respectively, the 
Galvani potential in the liquid phas e and in 
the adsorption site A. The first and second 
derivatives of the Galvani potential in- 
volved in these functions are related, re- 
spectively, to the dipolar and tetrapolar 
moments of the water molecules at the in- 
terface (25). According to equilibrium (8), 

fiLL + fiL~ = /2~ + fiL~. (10) 

Replacing the electrochemical potentials in- 
volved in the above equation by the corre- 
sponding right-hand sides of Eqs. (9) we 
have 

Oi/(1 --  O) = Xi / (1  -- 
A o Nixi)  exp{[(- GCh~m,i) + (-2~G21e~t i) 

+ (-AG°dip,t~tr~p)]/RT}, (11) 

where 

- zXG~em, i  = [~  °'L + ~o,~] _ [~o,~ + o,~1, 

- A G e l e c t ,  i = Z i F ( d p L  - CI~A) = - Z / F a J I i H P  

and 
O 

- - ~  Gdip,tetrap = g((I)~, ([b~ . . . .  ) 

represent the contribution to the standard 
free energy of adsorption AGads,i of the 
chemical, electrostatic, and dipolar-tetra- 
polar interactions. Wti~P, assumed equal to 
CPA -- ~L  (26),  represents the potential at 
IHP. From Eq. (11) one can easily obtain 
the Stern-Langmuir equation for ion i, 

Oi/(1 - O) = C,q.i/55.5 exp[-AG°ads, i /RT] 

= Ceq,iKi, (12) 

where 

A G ads,i = A G~he m,i -t- A G °lect,i n t- A G~i p,tetrap 

and 

Kg = (1/55.5) e x p [ - A G a o s , J R T ] .  

C~q,,. represents the equilibrium concentra- 
tion of the ions i. 

It should be noted that usually A G~ip,tetrap 
is negligible compared to the A G~hem,i  and 
AGelect,i. Equation (12) is valid for each 
kind of MoxO~- ion. Therefore, for all kinds 
of MoxO~- ions we have 

Ei[Oi / (1  -- 0)] = 0/(1 --  0) 

= ~,i[(C~q,i)/55.5) exp(-AG°~as, i /RT)] .  (13) 

In agreement with the results from the 
electronic spectra, we assume that Ceq,i is 
proportional to the total equilibrium con- 
centration, Ceq, which is determined experi- 
mentally: 

Ceq,i = aiCeq.  (14) 

Apparently, coefficient ai, being indepen- 
dent of C~q, is a function of the tempera- 
ture, pH, and the nature of the species i. 
Combining Eq. (13) with Eq. (14) we obtain 

0 / ( 1  - 0 )  

= C e q Z i [ ( a i / 5 5 . 5 )  exp( -  A G ~ds,i/R T)], 
(15) 
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which is reduced to 

0/(1 - 0) = CeqK, (16) 

where K = "Zi[(ai/55.5) exp(--A G]ds,i/RT)]. 
Replacing 0 with F/Fro, where F is the sur- 
face concentration of Mo v~ for all kinds of 
the MoxO~- ions determined experimen- 
tally using Eq. (1) and Fm is the correspond- 
ing monolayer concentration, Eq. (16) be- 
comes 

1/F = 1/KFmCeq + 1/Fm. (17) 

An analogous equation may be easily ob- 
tained for the i ions by replacing 0~ with 
FJFm and 0 with F/Fm in Eq. (12), 

1/Fi = 1/Ki['m,iCeq,i + 1~Fro,i, (18) 

where Fi and Fm,i represent the surface con- 
centration with respect to the ions i and the 
corresponding monolayer concentration. 
Equation (18) can be tested for the cases in 
which only the i ions are present or when 
we may selectively determine the concen- 
tration of this kind of MoxO~- ion. In con- 
trast, Eq. (17) may be tested in our case. It 
predicts a straight line for the plot 1/F vs 
1/Ceq, provided that all kinds of the ad- 
sorbed MoxO~- ions are located on distinct, 
energetically equivalent, sites of the IHP, 
where no lateral interactions are exerted 
between these ions. Figure 8 shows that 
this is not the case and this suggests that at 
least one of the assumptions mentioned is 

1'51 

1,0 

0,5 

0 , 0  0 300 600 9{)0 12k00 1500 
rao! dnf3/ Ceq 

FIG. 8. Reciprocal surface concentration of Mo v~ as 
a function of 1/Ceq. The dashed line represents the 
values calculated using Eq. (17). 

not valid. It should be mentioned that this 
failure in matching the isotherms using Eq. 
(17) is pronounced in all cases examined in 
the second paper of this series (isotherms 
obtained at different pHs, temperatures, 
and dopant concentrations). 

Specifically Adsorbed MoxO~- Ions on the 
IHP--Considerable Lateral Interactions 

In the following we keep the assumptions 
made in the previous paragraph but now we 
assume that marked interactions exist be- 
tween the adsorbed MoxO~- ions. More- 
over, we assume that the magnitude of 
these interactions is practically indepen- 
dent of the kind of MoxO~- ions. Taking into 
account that in most c a s e s  A G~ip,tetrap is 
negligible compared with AGchem,i and 
AG°elect,i, w e  may write 

o o AGaas,i = AGchem,i + AGelect,i. 

Moreover, following Hough and Rendall 
(28) we consider that 

~G~hem,i o, o = AGcsi + AG~, 

where AG~s,i and 2xG~c represent the contri- 
bution to the AGchem,i of the chemical inter- 
actions between MoxO~- ions and support 
and of the chemical interactions between 
the adsorbed MoxO~- ions. Finally, we as- 
sume that AGUe = -EO, where E is the en- 
ergy of lateral interactions (29). From the 
above one may obtain 

AGads,i = ZiFaJ~lHP + AG°cs,i - EO 

= z i rx I~ iH P .-t- AG°cs,i - )tF, (19) 

where )t is a constant equal to E/Fm. Combi- 
nation of Eq. (19) with Eq. (15) provides 

0/(1 - O) = t~Ceq exp[hF/RT], (20) 

where the cons tan t / i  is equal to 

~,i[ ( ai/ 5 5.5)e xp ( -  ZiF Tmp/ R T 
- AG~s,JRT)]. 

From Eq. (20) the following relationship 
may be obtained, which is similar to the 
equation of de Keiser and Lyklema (25), 

1/F = 1/Fro + 1/Fm/(Ceq exp[XF/RT]. 
(21) 
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FIG. 9. Reciprocal surface concentration of Mo w as 
a function of (1/Ceq) exp(XF/RT). The solid line repre- 
sents the values calculated using Eq. (21). 

An analogous equation can be easily de- 
rived for the ions i: 

1/Fi = 1/I'm,i 
+ 1/Fm,iI~iCeq,i exp(hF/RT). (22) 

In Eq. (22), the constant/~i is equal to 

(1/55.5) e x p [ - Z i F ~ I H p / R T -  AG°~s,i/RT]. 

Equation (22) can be tested only in the 
cases mentioned for Eq. (18). On the 
contrary Eq. (21) can be tested in our 
case. Figure 9 shows that the plot 1/F vs 
(1/Ceq)exp(kF/RT) describes our experi- 
mental data very well. The above confirm 
that the adsorbed MoxO~- ions are located 
on energetically equivalent distinct sites of 
the IHP of the double layer and that consid- 
erable lateral interactions are exerted be- 
tween these species. 

It should be noted that Eq. (21) is valid 
even in the case where only one kind, for 
instance j, of MoxO~- is adsorbed. In that 
case/~ is equal to 

(aj/55.5) exp[-ZjFq~iHp/RT - AG~s,j/RT]. 

Therefore, the analysis of the isotherm can- 
not help us solve the dilemma of whether 

- -  ~ ) 

La~ier S o l u t i o n  
I I {  

Sur face  OHP 

FIG. 10. The mechanism of adsorption of the MoxO~- ions on y-A1203: (O) Protonated surface 
hydroxyl, (©) MoxO~- ion, ((9) counter ion. Water molecules and other ions are omitted. Shaded 
regions represent the variation in the potential near the surface (Ref. (24)). 



ADSORPTION OF MOLYBDATES ON y-A1203 313 

only MOO]- or more kinds of MoxO~- ions 
are adsorbed on the y-alumina surface. 

CONCLUSIONS 

From the present work the following con- 
clusions may be drawn: (i) Deposition of 
Mo vI on the y-alumina surface takes place 
via adsorption; the contribution of the pre- 
cipitation is negligible under our experi- 
mental conditions [Co: (10 -3 - 3 x 10-2)tool 
MoVl/dm3, pH 5, T = 25°C, filtration]. (ii) 
Specifically, the deposition of the Mo vI oc- 

cu r red  by adsorption of the MoxO¢- ions on 
energetically equivalent and distinct sites of 
the inner Helmholt plane of the double 
layer that develops between the surface of 
the y-A1203 particles and the solution. The 
creation of these sites was attributed 
mainly to the presence of the protonated 
surface hydroxyls of y-alumina and not to 
the neutral hydroxyls. (iii) Considerable lat- 
eral interactions are exerted between the 
adsorbed MoxO~ ions. (iv) The analysis of 
the isotherm did not allow determination of 
whether polymolybdates are first dissoci- 
ated into MOO]- before adsorbing or 
whether they are adsorbed intact, although 
to explain the influence of adsorption and 
Mo vI concentration on the pH of the molyb- 
date solutions it was necessary to assume 
that the adsorption constant for the MoO z- 
should be larger than those of the polymo- 
lybdates. 

Figure 10 depicts the mechanism of ad- 
sorption of the MoxO~- ions on y-alumina 
which takes into account these conclu- 
sions. We believe that in the drying step, in 
which the elimination of water molecules 
results in the disappearance of the double 
layer, the series M o x O ~ , - . . .  M o x O ~ - . . .  
is deposited on the surface from the IHP. 
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