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The mechanism of the deposition of the W) species from aque-
ous solutions on the y-alumina surface is refined in this work
by investigating critical mechanistic points. A methodology re-
cently developed to investigate the deposition of the Co", Ni(™,
cr), and Mo on y-alumina has been applied. This method-
ology is based on the “2pK/one site” and “triple-layer” models
and involves the writing down of various deposition equilibria,
the derivation of the corresponding equations, the calculation of
the amount of the deposited W) (through the calculated concen-
trations of the W) species formed on y-alumina) at various val-
ues of the impregnating parameters, the calculation of the vari-
ation, with pH, of the ¢-potential and of the difference in the
H™ ions consumption by the support surface in the presence and
absence of the W™ species in the impregnating solution. The com-
parison of the calculated values of the aforementioned parame-
ters with the corresponding ones achieved from deposition experi-
ments, potentiometric titrations, and microelectrophoresis allowed
us to establish the mechanism of deposition of W) species on y-
alumina. It was found that although eight different W) species
are present in the impregnating solution under the conditions of
deposition, the mechanism of deposition was proved to be quite
simple:

AIOHJ +WO032~ «— AIOH; .. .WO3~ [a]
AIOH] 4+ HW;020(0H)3™ «— AIOH] .. . HWO2(OH)S™  [b]
AIOH +WO0?%~ «— Al-O~(WO3)~ +OH~ [c]
2AI0OH +WO0?%~ <« Al-O—(WO,)-O-Al + 20H". [d]

According to this mechanism only two W& species contribute to the
whole deposition. These species move from the bulk solution to the
inner Helmholtz plane (IHP) of the double layer developed between
the surface of the support particles and the impregnating solution
and then are adsorbed on sites created in the IHP by protonated
surface hydroxyl groups of the support. Moreover, the monomeric
wof; species, being in the IHP, may react with a single or a pair
of adjacent neutral surface hydroxyl groups of the support result-
ing from the formation of a charged or uncharged W species,

1 To whom correspondence should be addressed.

respectively. Lateral intractions are exerted between W) species
formed through water molecules also located in the IHP. The study
of the variation of the saturation surface concentration of the species
illustrated in the rhs of the above equilibria showed that in the
pH range 10-6 the deposition occurs practically via reaction (equi-
libria [c] and [d]). The concentration of Al-O—(WO,)-O-Al and
Al-0-(WOy3) species is maximized at pH’s 7 and 6, respectively. In
the pH range 6-5 both surface reaction and adsorption (equilibria
[c] and [a]) contribute to the whole deposition process. The concen-
tration of the AIOHJ ... WO3~ is maximized at pH 5. Finally in the
pH range 5-3.5 the deposition takes place exclusively by adsorption
(equilibria [a] and [b]). The concentration of the W) species illus-
trated in the rhs of the second equilibrium is maximized at pH 3.5.
The selective deposition of the Woi’ species with respect to the
various polymeric species present in the impregnating suspension
was attributed to the relatively low negative charge of these species
and the negative potential developed at the IHP.  © 199 Academic

Press, Inc.

INTRODUCTION

In a previous article we studied the mechanism of de-
position of W()—oxo-species on the surface of y-alumina
using deposition experiments, potentiometric titrations, mi-
croelectrophoresis, and electron spectroscopy (1). It was
inferred that both the protonated and neutral surface hy-
droxyl groups of the support, but not the deprotonated sur-
face hydroxyl groups, are involved in the deposition of the
HxW,O,(OH);; species. It was, moreover, inferred that the
adsorption sites are located in the inner Helmholtz plane
(IHP) of the electrical double layer developed between
the impregnating solution and the surface of the support
and that considerable lateral interactions are exerted be-
tween the adsorbed tungsten ions. The application of the
Stern-Langmuir-Fowler equation to the experimental data
allowed for the determination, at various pH’s, of the “ad-
sorption constant,” the energy of the lateral interactions, as
well as of the surface concentration of W) corresponding
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to the surface saturation. This concentration increased with
decreasing pH taking its maximum value in the pH range
3-4. Moreover, it was inferred that the monomeric (WO?[)
or oligomeric [HyW,O,(OH);,", where 0 <x <5, 1<y <6,
4 <7 <22] tungstates are deposited more easily than the
polymeric tungstates.

Although the above study sheds light on the deposition
mechanism, some mechanistically important points need
elucidation. For instance we do not know either the relative
contribution of the neutral and protonated surface hydrox-
yls to the whole deposition or the concentration of each one
of the surface species formed. It is obvious that this infor-
mation is extremely important for tailoring the preparation
of the tungsta-supported y-alumina catalysts. The goal of
the present work is to investigate further the mechanism
of the aforementioned deposition and determine the kind
and the surface concentration of the W™ species formed
on the support surface in the pH range 3-10 and at 25°C.

To do the above, we adopted, in general terms, a proce-
dure we recently developed. This procedure applied to elu-
cidating the deposition mechanism in several catalytically
important systems (2—4), involving the following steps:

(i) Writing down a very probable mechanistic model
based on the findings reported in Ref. (1) and briefly stated
above. This model incorporates all the eventualities for the
deposition (e.g., deposition through reaction with the neu-
tral surface hydroxyls and adsorption on the protonated
surface hydroxyls of different W species as well as reaction
and adsorption with different stoichiometries).

(i) Deriving several equations corresponding to the
various deposition equilibria involved in the model.

(iii) Applying a computer program, called SURFEQL
(5), to the model. SURFEQL is an interactive code for the
calculation of chemical equilibriain aqueous systems. Using
this program one may calculate, at 25°C, the equilibrium
concentrations of various species being either in the bulk
solution or in the solid/liquid interface.

(iv) Testing the proposed deposition model by compar-
ing the experimental curves with the corresponding calcu-
lated isotherms for the deposition of W) under various
pH’s, the calculated difference in the isotherms of hydro-
gen adsorption on the support surface in the presence and
absence of tungstate species, as well as the calculated vari-
ation, wiith pH, of the potential at the OHP(W¥), being al-
most equal to the potential at the shear plane (¢-potential).

The experimental data used in the present paper have
been taken from our previous work presented in Ref. (1).
The widely accepted triple-layer model for the double layer
and the two pK/one-site model for charging the surface
mechanism are implied in the present study. In view of the
recent development of multisite models for y-alumina (6-
9), the one-site model is of course an approximation, but
very useful for modeling complicated depositions in the
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electrolyte solution/y-alumina interfaces, where an electri-
cal double layer is developed.

THEORETICAL CONSIDERATIONS

Composition of the Impregnating Solution

In the pH range examined the electrolytic solution con-
tains 12 species (10): {(WO3%~, HWO,, W,0,(OH)%,
W,01(OH);",  HW4O(OH);™,  WgOz0(OH); ™,
HWs020(OH);™, HaW12057, HaW1203,, HaW10f;,
HsW;,07,, H,W1,05 ), which are interrelated with the
following equilibria:

Kv
@y WO?Z™ 4 apHY <5 HyWO,(OH)Y + a3H,0.  [1]

These equilibria show that decrease in pH causes an in-
crease in the concentration of the oligomeric and polymeric
tungstates at the expense of the WO?{ ions. The concentra-
tion of the various tungstate species at each pH value was
calculated from equilibria [1] using SURFEQL. The calcu-
lation was based on

[H Wy 0, (OH)!- | Wi, |

PR WOR T T [HHe WOl ]

[2]

The required Kj values were obtained from the litera-
ture (10). It was proved that under our experimental con-
ditions [pH range 10-3,5; concentration range 1.1074-2.5
1072 M WWD] only eight species [WO3(j =1), HWO;
(1=2), WgO02(OH);™ (j =3), HW6O20(OH);~ (j =4),
HaW1,055 (j =5), HsW1203; (j =6), HiW1,03; (j =7),
stlgozz‘ (j =8)] are present in considerable extent.
Therefore, only these species are considered in the deposi-
tion model.

In addition to the WV species, the impregnating solution
contains the ions of the indifferent electrolyte, namely NO3
and NH; ions. The latter are hydrolyzed in the solution
following the equilibrium

Knt
NH; + HsO" <5 NH; + H,0. [3]

It may be observed that the extent of hydrolysis increases
as pH increases. Application of SURFEQL allows one to
calculate the concentration of the produced ammonia at
each pH. This calculation is based on

_INHJ
Knhy = [NH3][HsO*] 4l

Charged Interface

According to the 2pK/ one-site model (11, 12), assumed
as a good approximation in the present study, the surface
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of y-alumina is charged following
AIOH; & AIOH + HY [5]
AloH & Alo- +HY [6]
HY «— Hy [7]
H,O «— H{ + OH,. [8]

By AIOH, AIOH, and AIO~ we denote, respectively,
neutral, protonated, and deprotonated surface hydroxyls.
Kit and K" represent the surface acidity constants. The
subscripts s and b stand for the surface and bulk solution,
respectively. Equilibria [5]-[7] are described by

int [Hj][AlOH]
4= aonT S
e _ [AIO][H]
K" = T[AIOH] [10]
[H] = [H;]exp<—%>. [11]

In Eq. [11], ¥, denotes the Volta potential at the surface.

The values of the surface acidity constants have been de-
termined using potentiometric titrations (11). These values
do not change due to the presence of the tungstate species
in the impregnating solution. Therefore, they may be used
to determine, using SURFEQL, the concentration of the
various types of surface hydroxyls at each pH both in the
absence and presence of the W) species.

To accomplish the description of equilibria taking place
even in the absence of the W™ species in the impregnat-
ing solution, it should be noted that previous studies have
shown that only the NH; ions of the NH4NO3 used as back-
ground electrolyte can be adsorbed on sites, on the IHP, cre-
ated by the deprotonated surface hydroxyls of y-alumina
(4):

K

NH} + AlO™ <-4 AIO™...NH;. [12]
The constant of this equilibria is given by
- AlO™ ... NHS
R = i [13]

¢ [NH{] IHF,[AIO*]'

The subscript IHP in the above equation takes into ac-
count that the NH illustrated in the left-hand side (lhs) of
equilibrium [12] are considered to be located in the IHP.
To obtain the value of [NH;];p we may use an expression
analogous to Eq. [11], which relates the concentration of
the ammonium ion in the bulk solution, [NH; 1, , with that
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in the IHP.

FWip
RT ) [14]

In view of our results reported in Ref. (1) and the find-
ings concerning the composition of the impregnating sus-
pension under our experimental conditions stated above it
seems reasonable to start approaching the real deposition
mechanism, by testing the following quite general model:

[NHﬂ IHP — [NHﬂ bexF)(_

Deposition Model

+ 1 -
AIOH 1, + W™ species; jp, «—

AIOH] s, - .. W™ species; p)  [15]
2AI0H ¢, + W™ species; j4p, <—>
(AIOHZ) s, - - - W species; p)  [16]
AIOH gyrr) + W™ species; ;p, «—
Al-Osurry)-W™ species; j4p, + OHgpp,  [17]
2AI0H sur) + W™ species; 4p, <—
Al-O surty-W"" species; ;p)~Osury—Al + 20H4p,  [18]

AIOH3 ¢ + AIOH surry + W™ species; 4p) «<—>
Al-OH3 ¢ r, - . . W™ species; ;4p—Osurhy=Al + OH{ ).
[19]

According to the above model a W species, being in
the impregnating solution in a remarkable concentration,
first moves to the IHP and then is adsorbed on a site in this
plane created by one or two protonated surface hydroxyls
(equilibria[15], [16]). Adsorption on asite created by more
than two protonated hydroxyls is not a realistic assumption.
For example studies devoted to the adsorption of molyb-
dates (3) or chromates (4) on the y-alumina surface have
shown negligible adsorption, if any, of the Mo™ or Cr(*)
species even on a site created by two protonated surface
hydroxyls. It should be noted that the W) species illus-
trated in the Ihs of equilibria [15]-[19] are considered to be
in the IHP. Moreover, for the species HWO, with charge
lower than two, we do not consider adsorption on asite cre-
ated by two protonated surface hydroxyls. According to the
above model the tungstate species, being in the IHP, may
be deposited, moreover, by reaction with the neutral sur-
face hydroxyls, providing the surface complexes illustrated
inequilibria[17], [18]. Finally the tentative model proposed
postulates that the deposition of the W) species may take
place by both processes: adsorption on a site created by one
AIOHj group and reaction with one AIOH group (equilib-
rium [19]). Taking into account the above as well as the fact
that different species are present in the impregnating solu-
tion, it is clear that the above equation describes more than
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five equilibria. It may be easily calculated that the above
equations describe 37 different equilibria. Equations [15],
[16], [17], [18], and [19] describe respectively equilibria 1-8,
9-15, 16-23, 24-30, and 31-37.

Derivation of Equations for Describing
the Deposition Equilibria

Following a procedure similar (but not identical) with
that described in Ref. (4), a generalization of which has
been recently achieved [13], we may derive

AGLg, iF
Ci=M 1exp(— RCTS' )exp(—M'Rf 0) 10V 4-pH)
y exp<|Zi|F\I/|Hp>exp b giEnF
RT S bigTmRT

: R i v
x [W™ species; |, (CLIOH;) (Chion)”- [20]
The subscript i corresponds to a given equilibrium. A sup-

ported W) species formed through an equilibrium i is de-
noted as W™ species;. In the above equation by Ci, AG2;,

Mi, F, @0, Vi, bix Oi, E, n, I, T'm, [W(VI) SpeCiESj]b, CL\IOH“
2

and Cl o We symbolize, respectively, the concentration
of a W) species; illustrated in the rhs of Egs. [15]-[19],
the standard free energy of the chemical interactions be-
tween the deposited W )—oxo-species and the sites of the
support for an equilibrium i, the number of the AIOH;
groups involved in the equilibrium i, the Faraday constant,
the Galvani potential at the surface, the number of AIOH
groups involved in the equilibrium i, a “structural” factor
defined by the sum [number of W-O bonds + 2|z [], where
zi represents the charge of W) species;, a concentration
factor equal to 1/|log Ci|, where C; represents the con-
centration of a W™ species; calculated initially, the mean
energy of the lateral interactions exerted between the de-
posited W™ species, the number of the kind of the W)
species that are formed on the support surface at a given
pH, the surface and the saturation surface concentration of
the aforementioned species, the concentration of the W)
species in the bulk solution at equilibrium, and the concen-
tration of the uncovered (free) AIOH; and AIOH groups.
Aj is a proportionality constant (13).

Unfortunately, Eq. [20] cannot by used directly for the
calculation of the concentration of a W™ species; formed
onthe supportsurface, for two main reasons. First, the prod-
uct of the first four terms of Eq. [20] are unknown. However,
this product is constant at a constant pH. Therefore, we may
write the relationship

0
Ccsi \gxp( HiF ) jmaspr 21
RT RT

1 (A
Ki = A;"exp| —
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where K; is the deposition constant for the W) species;
formed on the support surface. This constant describes the
deposition from the IHP to the “final deposition state.” The
second reason is that the mean energy of the lateral inter-
actions exerted between the deposited W) species, E, is
also unknown. It is therefore necessary to adopt an ap-
proximate procedure to determine the values of K; and E
and then return and use Eq. [20]. This can be achieved by
deriving an approximate equation that would be tested ex-
perimentally. The derivation of this expression is achieved
following a procedure similar, but not identical, with that
described in Ref. (4), a generalization of which has been
recently achieved [13]. Only the most important points are
presented here, The starting point is the following:

O
T >
(1-®aion:)" (1 — Oaion)”

( AG
= exp| —

0

CSi wi F oo v (14—pH
L ) ex 10V X4-pH)

RT > p( RT >

X exp<|zi||z$> . exp(%) [wb species;]p.
[22]

In the above equation, by ©;, (~)A|OH2+, and ®ajon SYym-
bolize, respectively, the fraction of the sites covered by the
WM species;, the fraction of covered AIOH; groups, and
the fraction of the AIOH groups. These fractions are de-
fined by the following:

O = A

[23]

®A|0H; -t -, [24]

OaloH = =F [25]

In the above equations, the superscripts t and ¢ denote,
respectively, total (covered + uncovered) and covered hy-
droxyl groups. A; is a proportionality constant.

The derivation of the desired approximate expression can
be achieved on the basis of the following assumptions:

(i) Kjinvolves the term exp(|z|FW¥np/RT), which de-
scribes the transport of the W) species; from the bulk so-
lution into IHP.

(i) E ~E.
37 O ~ ©
i) >, ( © o &

1-© (1-©a0n)
where © represents the fraction of the sites covered by the

+
AIOH2
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WM species illustrated in the rhs of equilibria, which are
described by Eqg. [15]-[19].

(iv) [W"species;Jo = aj[W""]; = &} Ceq, Where [WV ],
= Ceq represents the total concentration of the impregnat-
ing solutionin W™ atequilibrium and «; a coefficient nearly
independent of Ceq.

Taking into account the above approximations we may
add Eqgs. [22] and obtain the approximate equation

C]
1-06

m

Taking into account that ® = I'/ 'y, EQ. [26] may be easily
transformed into

1 1 1

= + — — .
r Im KI'mCeq exp(EI'/T'mRT)

[26]

[27]

Obviously Eq. [27] can be tested experimentally, be-
cause it predicts a linear dependence of 1/I" on
1/Ceqexp(ET/ 'y RT). Both I" and Ceq are determined ex-
perimentally. The deposition constant K is given by

K = (proa + p2a2 + P33 + Paca + Psats + Psars + Pra7 + Peas) Ka
+ (plox + P3os + Phoa + Phes + Pias + Plar + Phos) K3

+ (1 + a2 + a3 + s + a5 + ap + a7 + ag) K 10347 PH

+ (a1 + a3 + ag + a5 + @ + a7 + ag) K2 10234-PH

+ (P11 + Psos + Paca + Psas + Pecte + Pro7 + Pecs)

KaKe1044-PH 28]

In the above equation p; represents the ratio of the proto-
nation constant of a W("? species illustrated in the Ihs of an
equilibrium i to that of the WO}~ ions.

The constants K, and K. involved in the above equation
are related with the constants K; of the equilibria 1-37 by
the following:

Ki

Kaz? i =1,2,3,4,5,6,7,and 8 [29]
i
K.
KZ=Kp=—, i=09,10,11,12,13,14,and 15 [30]
i
Ki .
KC = W, | = 16, 17, 18, 19, 20, 21, 22, and 23 [31]
K:
2 __ — ! HE
KC = Kd = W, | = 24, 25, 26, 27, 28, 29, al’ld 30
[32]
KaKec K .
pi == Ke = W, | = 31, 32, 33, 34, 35, 36, and 37

[33]

Calculations in the Impregnating Solutions
for Obtaining the Values of ¢;

Values of the protonation constants drawn from the lit-
erature allowed us to determine the values of p;.
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The values of Kj obtained from the literature (10) and a
guessing value for the [\NOﬁ‘] are inserted into the SUR-
FEQL and the values of [W) species]], (j =2-8) are cal-
culated at each pH. The calculations are based on Eq. [2].
The calculating process is repeated automatically for vari-
ous conjectured values of [WOff] until a satisfaction of the
relationship [34] to be achieved:

[WO3™] + [HWO; ] + 6[WeO0(OH)S ]
+6[HW5O2(OH)5 ™| + 12[H,W1,035" |
+12[HsW1,03; | + [12H,W1,05; |

+12[HsW1,0}; | = [W"];, [34]

where [W], represents the total concentration of the W)
inthe solution. A similar procedure based on Eq. [4] was fol-
lowed by calculating the concentration of NH; and NH3 in
the impregnating solution at various pH’s. Using the above
calculated values for the [W™ species;], we calculate the
values of «;. This calculation is based on the relation W)
speciesj]lp = «j Ceq assumed before.

Calculations in the Impregnating Suspensions and
Elucidation of the Deposition Mechanism

The values of K, E, and I', are determined by applying
Eg. [27] to the experimental deposition data. As already
mentioned a plot of 1/T" vs 1/Ceqexp(EI'/ TmRT) should
provide a straight line for a proper value of E. Figure 4 of
Ref. (1) illustrates some typical results.

The determined values of p; and «; are inserted into
Eqg. [28]. This allows us to select a pair of values for K,
and K. which, at a given pH, render the rhs of Eq. [28]
equal to the experimentally determined value of K.

The so selected values of K, and K, are used to calculate
a set of initial values for K; and then for the amount K;
exp(ET'/ T RT)107V M4—PH) (1 =1-37, see Egs. [29]-[33]).

The values for the amount Kijexp(ET'/ 'y RT)10~ 14-pH)
as well as values for the parameters illustrated in Table 1
are inserted into SURFEQL. Specifically, the following pa-
rameters should be inserted into the program: (i) the values
of SSA, SC, C;, and Cy; (ii) conjectured values for [AIOH],
[WO; ]b, and [NH;]; (iii) the values of K" and K. At
this point it should be noted that the values of Ki" and
Kint of the equilibria [9] and [10] have been determined
by potentiometric titration in the absence of the tungstate
species in the impregnating suspension. The methodology
followed has been reported elsewhere (2). In this calculat-
ing step it is tentatively assumed that exp(—F ¥ pp/RT) =
exp(—F¥y/RT) = exp(—FW¥4/RT) = 1.

Starting with the conjectured guessing values, the pro-
gram runs by solving the system of the various mass action
law equations mentioned in the text; among those the most
important is Eq. [20], as well as mass and charge balance
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TABLE 1

Parameters Required for the Application of SURFEQL to the Proposed Model

Parameter Symbol Value Units Reference
Total surface sites density N 8 Sites nm~2 2)
Deprotonation constant K int 107387 )
of the AIOH} groups
Deprotonation constant Kint 10774 )
of the AIOH groups
Constants of equilibria 1 Kj 1025, 105298
corresponding to W) j=2-8 108047, 1012824
speciesj, J —=2-8 10129.52’ 10134.79,
10138.39
Total W concentration [wo, mol dm~3
Total NH; and NO3 [NH; ¢ mol dm™3
concentrations [NOZ T
pH pH
Specific surface area SSA 123 m? gt @)
Solid concentration SC 3.57 gdm=3 1)
lonic strength 1 0.16 mol dm3 )
Inner capacitance C, 9.9 Fm?
Outer capacitance C, 0.2 Fm2

equations similar to those illustrated in (4, Appendix 2)
or in (13). This allows the calculation of the concentration
values for all the species involved in the various equilibria
presented in the text aswell as the values of the electrical pa-
rameters illustrated in Table 2. Among these parametrs the
most important are the values of C; (i =1-37), namely the
values for the concentration of each W) species; formed on
the support surface (see Eq. [20]). From the values of C;, the
values of T'j (surface concentration for a W) species;) are
calculated. These I'j values are considered as initial ones be-
cause the term Kiexp(ET'/ I'nRT)107" 34-PH) instead of the
term Kiexp(big Enl'/ 37 big TR T)10% @4-PH) - which

is unknown for the moment, had been considered to be in-
volved in Eq. [20]. From the initial values of I';, we calculate
the value of ", namely the surface concentration of the de-
posited W), Therefore, the depositon isotherms I' vs Ceq
may be calculated and compared with the corresponding
ones achieved experimentally. The calculation procedure is
repeated many times for various values of K,, K. satisfying
Eqg. [28] until the optimum pair K,, K¢ isachieved. However,
even for this pair the agreement achieved between the cal-
culated and experimental I' vs Ceq. curves is not sufficient in
most cases (see Fig. 1). Nevertheless, this calculating step
allowed us to detemine the initial values of I'j and then

TABLE 2

Parameters or Variables Derived from the Application
of SURFEQL to the Proposed Model

Parameter Symbol Units
Surface charge density oo Cm™2
Charge density at the IHP o1 Ccm?
Charge density at the OHP oqg Cm2
Surface potential Wy Vv
Potential at the IHP Wnp \Y%
Potential at the OHP Wy Vv
Equilibrium concentration of H™ [H b mol dm~2
Equilibrium concentration W speciesi], mol dm~2
of the W™ species; in the solution j=1-8
Equilibrium concentration [NH; 1o (INO31b) mol dm~3
of NH; (NO3)
Equilibrium concentration of the W) species WM speciesilsurt-1Hp mol dm—3
illustrated in the right-hand side of Egs. [15]-[19] orC, i=1-37
Equilibrium concentration of AIOH [AIOH] or Caion mol dm—3
Equilibrium concentration of AIOH; [AIOH; ] or Carony mol dm~3
Equilibrium concentration of AIO™ [AlIO™] or Caio- mol dm~2
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FIG. 1. Variation of the surface concentration of W) with equilib-
rium W™ concentration: experimental () and calculated (x) isotherm
for the total W deposition. pH 6.41, T=25°C,  =0.16 M NH4NO3.

the values of the concentration factor g (gi =1/|logC;i|).
Moreover, at the end of this calculating step we know which
postulated equilibria contribute practically to the whole de-
position. In other words we know which equilibria provide
nonnegligible values of I'; over the Ceq range. Therefore,
the value of n at a given pH may be calculated. Finally, the
knowledge of the equilibria that practically contribute to
the whole deposition at a given pH allows the modification
of Eq. [28] by eliminating from it the terms that are related
with the equilibria with negligible contribution.

Starting with the optimum value for K, we recalculate
the value of K. using the proper expression of Eq. [28] at a
given pH. The so determined values of K,, K¢, gi, and n are
used to determine the corresponding values for the amount
Kiexp(b g EnI'/ Zil bi g F'mRT)1074=PH) These values
are inserted into SURFEQL together with the values for
the parameters illustrated in Table 1. The calculating pro-
cedure mentioned before is repeated. After a few runs for
various K,, K¢ values a good agreement between the cal-
culated and experimental I' vs Ceq is achieved. A typical
example is illustrated in Fig. 2. It is worth noting that there
is only one pair of (K, K¢) at each pH that provides this
very good agreement. The possibility of finding this unique
pair of K;, K, for achieving the aforementioned agreement
depends on the postulated mechanism. Thus, the assump-
tion of an “incorrect” mechanistic model does not permit
the selection of any set of Equilibrium constants to achieve
an agreement between the calculated and the experimental
curve I' vs Ceq.

Testing of the Selected Mechanism

It is obvious that the ability of the support to adsorb
hydrogen ions should be influenced by the presence of
the W) species in the impregnating solution. In fact, it
was found that the amount of H™ ions consumed on the
y-alumina surface (see equilibria 5-8) as a function of the
pH of the suspension is different in the absence and pres-
ence of the W) species in the suspension [see (1, Fig. 10)].
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FIG. 2. Variation of the surface concentration of W) with equilib-
rium W concentration: experimental ((J) and calculated () isotherm for
the total W deposition. Symbols correspond to the calculated isotherms
of the surface species: (O) AIOH; .. .Woi‘, (m) Al-O-(WO3)~, and
(&) AI-O-(WO2)-O-Al. pH 6.41, T=25°C, 1 =0.16 M NH4NOs.

It is expected that the magnitude of this effect should de-
pend on the deposition mechanism.

As may be observed in Table 2, using SURFEQL we may
calculate at each pH the difference in the presence and ab-
sence of the W) species; in the suspension in the amount
(AIOH; -AIO™); (tstands for the total covered and uncov-
ered groups). This is denoted by A(AIOH; -AlO ™). Onthe
other hand using potentiometric titrations we may deter-
mine the variation, with pH, in the difference of hydrogen
ions consumed in equilibria 5-8 in the presence and absence
of the W) species; in the suspension. This is denoted by
AHZ and may be easily achieved by subtracting curve ()
from curve (b) illustrated in (1, Fig. 10). It is obvious that
if the proposed model describes indeed the deposition pro-
cess the variation A(AIOH;-AIO"); vs pH and AHZ vs
pH must be identical. The very good agreement achieved is
illustrated in Fig. 3. This agreement corroborates the pos-
tulated mechanism.
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FIG. 3. \Variations, with pH, in the differences (in the presence and
absence of W™ species; in the impregnating suspension) of the hydro-
gen ions consumed on the surface of y-alumina, AH; (O), as well as
of the “total protonated minus total deprotonated surface hydroxyls,”
A (AIOH;-AIO") (x) T=25°C, | =0.16 M NH4NOs.



302

G-potential / mV

FIG.4. The variation, with pH, of the ¢-potential in the presence of
WM species: () experimental values; (A) calculated values. T =25°C,
1=0.01 M NH4NO:s.

In Table 2 it may be seen that using SURFEQL we
may calculate the Volta potential at the shear plane of
the double layer, Wq4, assumed approximately equal to the
¢-potential determined by microelectrophoretic mobility
measurements. Figure 4 illustrates the variation with pH
of the ¢-potential calculated by SURFEQL (A) and deter-
mined experimentally in the presence of the W) species;
in the suspension (0J). Very good agreement is achieved,
which corroborates the postulated mechanism.

RESULTS AND DISCUSSION

The Real Deposition Mechanism

Following the procedure described in the previous two
sections we found that the general mechanism assumed
in the Introduction describes our deposition data. This al-
lowed us to calculate, over the whole pH range studied,
the concentration of each of the W) species; illustrated
in the rhs of Eqgs. [15]-[19] (equilibria 1-37) and plot the
corresponding isotherms. An example, for pH 6.41, is illus-
trated in Fig. 2, where the calculated isotherms correspond-
ing to equilibria [a], [c], and [d] can be seen. In this pH the
other equilibria do not practically contribute to the deposi-
tion and this is the reason for the corresponding calculated
isotherms not being illustrated. The careful inspection of
the calculated isotherms for all species illustrated in the
rhs of equilibria 1-37 in the pH range 4.23-9.95 demon-
strated that only the equilibria [a], [b], [c], and [d] contribute
practically to the whole deposition. Consequently the de-
position mechanism assumed in the Introduction may be
significantly simplified into

AIOHJ +WO? «— AIOH; ... W02~ [a]
AIOH; + HWO5(0OH);™ «—
AIOHJ ... HWO2(OH)S™  [b]

KARAKONSTANTIS, BOURIKAS, AND LYCOURGHIOTIS

AIOH +WO;~ «— Al-O~(WO3)~ + OH"~ [c]
2AIOH +WO;~ «— Al-O-(WO,)-O-Al +20H". [d]

This is the most important finding of the present work. In
Ref. (1) we noted the participation of the neutral surface
hydroxyls, in addition to the protonated ones, in the whole
deposition process. However, the level of sophistication of
our computational methodology in that time did not allow
us to understand how important is the chemical reaction as
adeposition process at relatively high pH values. Therefore,
from this respect, the present work offers a deeper under-
standing concerning the deposition of the W)-oxo-species
on the y-alumina surface. Although the selected mecha-
nism is supported on three independent experimental tests
performed in a wide pH range, the complex chemistry of
the W species in the bulk solution and the lack of a large
number of experimental points on the deposition isotherms
justify some kind of uncertainty. The main reasons for the
other equilibria not contributing to the whole deposition
are discussed in the next section.

Let us return to the aforementioned simplified mechan-
ism. The relative contribution of the equilibria [a], [b], [c],
and [d] to the whole deposition of W) on the y-alumina
surface is illustrated in Fig. 5. In all cases the concentration
of the deposited WV corresponds to the plateau of the cal-
culated isotherms. It may be seen that in the pH range 10-5
the only W) species deposited on the y-alumina surface is
the monomeric WO;™ ions. In fact, a decrease in pH below
this value is required for the polymeric HWgO2,(OH)3™ to
contribute significantly to the deposition. However, at the
lowest pH examined the contribution to the whole W)
deposition, expressed in moles of the deposited species, of
the WO?~ still remains considerable. Another interesting
observation is that in the pH range 6-10 deposition takes

pH

FIG.5. Variation, with pH, of the maximum amount of W) deposited
through adsorption of one WOi‘ ion onasite created by one AIOH; group
(O), through adsorption of one HWSOZO(OH)? ion on a site created by
AIOH; group (), through reaction of the WOﬁ‘ion with a AIOH group
(®) and through reaction of WOf{ ion with a pair of adjacent AIOH
groups (M), The variation of the I', with pH for the total amount of the
deposited W™ is also indicated (O). T =25°C, 1 =0.16 M NH4NOs.



TABLE 3

Compiles the Values of the Concentration of the W) Species; in the Bulk Solution?

Species (pH) 3.56 423 4.54 5.10 6.20 6.41 6.71 6.92 7.31 8.55 9.95
[WO% ], 1.36x1077 1.09x10°® 216x10® 124x10"° 210x10™* 314x10™* 914x10™* 179x10"% 398x10~%  2.00 x 1072 2.00 x 1072
[HWO, 1, 654x107% 929x10® 1.03x1077 134x1077 200x1077 213x1077 247x1077 271x1077 3.02x1077  959x107°® 3.03x10°°
[W,07(OH)* ], 371x1072  421x107"  928x107 691x107® 182x10% 278x10® 937x10® 201x1077 500x1077  7.98x10°7 252 x 1078
[W4012(OH); I 1.04x 1072 426x107%2 655x1072 182x107% 923x107% 117x1072° 211x107%® 3.08x10% 478x1072° 484x1072  484x107%®
[HW,01,(OH)3 ], 3.02x1072  219x 1072 190x 1072 118x107%2 529x107® 478x107% 344x107%® 282x107® 219x107® 140x107%® 443 x 107
[W402(OH)S Iy 463x1071% 381x107° 728x10° 337x10® 385x1077 549x1077 1.33x10°% 235x10® 454x10° 4.62x107° 462 %1078
[HWsOn0(OH); s 4.99x 1077  7.30x1077  7.84x1077 812x1077 821x107 835x1077 807x1077 800x1077 775x1077 498x107%  158x107%
[H2W1,0397 1o 6.12x10™*  1.31x107° 151x107 162x107° 165x107 171x10™° 160x1073 157x10% 148x1073  6.09x107  6.09 x 10~*
[H2W1,0% T 170x 107" 363x 107 419x107% 113x10°® 849x107%® 1.89x107%® 444x 107 436x10° 259x107® 140x107*  0.00
[HsW1,05, T 935x107*  356x10™* 231x107* 554x107° 515x107° 369x10° 137x10°° 759x1077  357x1077  930x107Y  2.94x10°*
[HsW1,05 1b 254x107% 172x107°  626x10° 337x1077 289x1077 142x107° 210x107° 651x107" 154x 107" 252x 1072  0.00
[HsW1,05, T 268x107% 322x107% 660x107° 795x107M 6.12x 107 211x107% 124x107%® 217x107* 257x107Y 266x107%  0.00

2 The concentrations are expressed in mol dm~ W) and correspond to the plateau of the respective isotherm.



304

place almost exclusively through surface reaction of the
Wof( ions with one or two surface hydroxyls resulting,
respectively, to a charged and uncharged surface W)
species.

As we shall see in the second article of the series (14),
the mechanism of deposition of the W) species on the y-
alumina surface established in the present work and mainly
the variation of the concentration of each of the W)
species formed on the y-alumina surface will prove to be
very useful in explaining the structure, the texture, and the
activity of the W)/, -Al,Oj3 catalysts prepared by equilib-
rium deposition filtration in the pH range studied in the
present work. As we shall see the surface structure of these
catalysts strongly depends on the deposition mechanism.

The Factors that Determine the Extent of Deposition

In order to explain the observations mentioned in the
previous section we must recall Eq. [20], which describes
the deposition of a W) species;.

Careful observation of Fig. 5 clearly shows that in the
pH range 10-5 the deposition takes place exclusively
through deposition of the monomeric WOf( species. This
is mainly due to the fact that in this pH range the con-
centration in the bulk solution of the WO3~ ions is con-
siderably higher than the concentration of the polymeric
W) species; and of the HWO;, species as well (see
Table 3). Another very important factor that favors the de-
position of the tungsten through the WOff ions is related
to the amount exp(F |z |V 4p/RT) (see Eq. [20]). As neg-
atively charged species are located in the IHP, the charge,
and therefore the W p, is negative even at relatively low
pH values where the surface charge is positive. Therefore,
the value of the aforementioned amount decreases dramat-
ically as |z | increases, bringing about a decrease of the con-
centration of the species; in the IHP and then, through Eqg.
[20], in the final state. This simply describes the fact that the
deposition of species with relatively high negative charge
on a negatively charged plane is quite difficult. This is the
main reason that the equilibria, which involve polymeric
WM species with z; higher than 5, do not practically con-
tribute to the whole deposition, although the K; and b; val-
ues favor their deposition. In fact, the values of K;, being
proportional to the protonation constants, favor the depo-
sition of a polymeric species. The same is true for the b;, the
values of which increase with the number of bonds W-O
and W=0 and the absolute value of charge. However, the
decrease in the amount exp(F |z |¥up/RT) cannot be com-
pensated by the increase in the K; and in the exponential
factor containing b; even in pH lower than 5, where the bulk
concentration of the polymeric species is comparable with
that of the WO3~ ions. Only the polymeric species with the
lowest charge [HWgO2(OH)3™] contribute to the whole
deposition at very low pH where the bulk concentration is
quite high (see Table 3).

KARAKONSTANTIS, BOURIKAS, AND LYCOURGHIOTIS

The main reason for the negligible extent of deposition of
the HWO;, species is its quite low concentration (see Table
3) in the bulk solution as well as the relatively low value of
Kjand b;.

The interesting observation that in the pH range 10-6 de-
position takes place exclusively by reaction with the AIOH
groups is attributed to the fact that in this pH range the
concentration of the AIOH groups is considerably higher
than the concentration of the AIOH?r groups. Incontrast, in
the pH range 5-3.5 the protonated surface hydroxyl groups
predominate and thus C,,, < CLIOH; and this explains

why the deposition occurs exclusively by adsorption in this
pH range.

The last observation to explain is the negligible extent of
the WOf[ deposition through adsorption on two adjacent
surface hydroxyls (AIOH;). Inspection of Eq. [20] shows
that in this case the value of C; is proportional to (CL

- - f
which is smaller than CAIOH;.

Closing this section it should be noted that it has been
reported many times in the past that the deposition of the
Mo™ (3, 15-22) or W)—oxo-species (2) on the y-alumina
surface favors the monomeric species (MoO3~, WO3~) with
respect to the polymeric ones. The above considerations
showed that the main reason for this selective deposition,
at least for the WOff species. is the relatively low charge
of the monomeric species and the negative value of the
potential developed on the inner Helmholtz plane of the
double layer.
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