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Effect of F and Mg on the Dispersion of Mo/Al,O; and W/AI,O4
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Samples containing 8% Mo and 15% W supported on magnesium- and fluoride-modified aluminas
were prepared by incipient wetness impregnation and examined in the dried and calcined states
using X-ray photoelectron spectroscopy (XPS. ESCA). The presence of fluoride as an additive
decreased the dispersion of the Mo and W phases for dried samples. The opposite effect was
observed for dried Mg-modified samples. The effects of F and Mg addition largely disappeared
when the samples were calcined. The results are interpreted in terms of the interactions between

Mo and W species and the basic hvdroxyl groups of the alumina.

INTRODUCTION

The first stage of supported catalyst prep-
aration usually involves wetting the support
with a solution containing the active phase
precursor; these precursors are often metal
oxyanions (Mo0,0,,%, W,0:°, etc.). During
impregnation and the drying step which fol-
lows, a variety of interactions can occur be-
tween the active phase precursor and the
support surface (/, 2). These interactions
often determine the dispersion and reparti-
tion of the active phase. and ultimately the
catalyst performance. The adsorption of
metal oxyanions on metal oxides has been
extensively studied for this reason. Adsorp-
tion of perrhenate (3, 4), chromate (4, 5),
vanadate (5, 6), permanganate (4), tungstate
(4, 5, 7), and molybdate (4, 5, 8-/3) on
alumina (3-6, 8—/4), titania (5, 7, /1), mag-
nesia (5), and silica (5) has been well docu-
mented. The effects of fluoride (/0, 14-20),
magnesium (15, 16, 21), sodium (17}, and
lithium (/7) additives on the adsorption
characteristics and surface chemistry of alu-
mina have also been examined. The use of
fluoride as an additive is of particular inter-
est since fluoride is used as a modifier in
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hydrodesulfurization (HDS) catalysts con-
taining tungsten or molybdenum (9).

Fluoride modification of alumina leads to
a decrease in the number of hydroxyl groups
on the surface (/4, [8). Basic hydroxyl
groups are especially susceptible to replace-
ment by fluoride (14, 21, 22). These same
hydroxyl groups are thought to be responsi-
ble for the strong interactions between mo-
lybdates and alumina surfaces (4, /14, 9, 10,
20, 23). This has been illustrated by a num-
ber of studies and is reflected by the de-
crease in molybdate adsorption which is ob-
served for alumina modified with fluoride
(15, 16).

Modification of alumina with magnesium
also leads to changes in the alumina hy-
droxyl groups. There is an increase in the
basicity of the support and in the number of
hydroxyl groups upon magnesium addition
(15, 16, 21). The increase in adsorption of
molybdate and tungstate which occurs with
increasing magnesium content indicates in-
creased interaction between molybdate (and
tungstate) and basic surface hydroxyl
groups produced by magnesium modifica-
tion (/6).

The equilibrium adsorption studies cited
above (3-20) provide a basis for under-
standing the adsorption of metal ions on
metal oxides and also show the effect of
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modifiers on adsorption. However, cata-
lysts prepared by equilibrium adsorption are
ideal systems in that samples are prepared
under well controlled conditions of pH, tem-
perature, active phase precursor concentra-
tion, etc., making the samples homogeneous
and relatively free of precipitated phases.
Therefore, catalysts prepared by equilib-
rium adsorption may be quite different from
industrial catalysts which are prepared by
incipient wetness, since incipient wetness
preparations provide opportunity for more
complex interactions of active phase and
support, and are often heterogeneous.

The purpose of the present study is to
illustrate that the interactions between ac-
tive phase and support in catalysts prepared
by incipient wetness may be understood
from studies of ““ideal’” systems prepared
by equilibrium adsorption. To this end, the
effect of F and Mg additives on the disper-
sion of Mo and W active phases of Mo/Al,O;
and W/AIL,O, samples prepared by incipient
wetness is examined. Furthermore, the dis-
persion of Mo and W is monitored for dried
and calcined samples in order to trace the
origins of additive effects.

EXPERIMENTAL
Sample Preparation

Preparation of the fluoride and magne-
sium modified aluminas is described in detail
elsewhere (/6). Briefly, the method consists
of impregnating alumina with NH,F or
Mg(NO,), by incipient wetness, followed by
drying in air at 120°C for 8 h and calcination
in air at 600°C for 16 h. Adsorption of molyb-
date and tungstate on the modified aluminas
is also described elsewhere (16). Adsorption
was carried out from dilute solutions at
pH = 6.5 for fluoride modified aluminas and
pH = 9.3 for magnesium modified aluminas.
These pH's were chosen because they are
optimum for showing the effect of F and Mg
addition on the adsorption of molybdate and
tungstate on alumina (/6).

Preparation of 8% Mo and 15% W (by
weight) samples supported on the modified
aluminas was carried out by incipient wet-

ness impregnation of the modified aluminas
(ground to <200 mesh) with 0.26 M ammo-
nium heptamolybdate (Sigma) (pH = 5.4)
or0.16 M ammonium metatungstate (Cerac)
{(pH = 4.4), followed by drying in air for 8
h at 120°C and calcination in air for 16 h at
500°C. The molybdenum loading chosen is
the nominal value for monolayer coverage
on alumina having an N, BET surface area
of 170 m%g (ca. 8% Mo) (/4). The loading
of W was chosen so that the W/AIl and Mo/
Al atomic ratios were the same.

Instrumentation

ESCA spectra were recorded using a Ley-
bold—Heraeus LLHS-10 electron spectrome-
ter equipped with an aluminum anode
(AlKa = 1486.6 eV) operated at 12 kV and
20 mA. The pressure in the chamber during
analysis was below 5 x 107% Torr. Data
acquisition was controlled by an HP-1000
computer. Samples were ground to <200
mesh, dusted onto double-sided tape, and
mounted on a probe for ESCA analysis.
ESCA binding energies are reported relative
to the Al 2p line at 74.5 eV (23).

Fluorine analysis of the calcined samples
was conducted as described elsewhere (/5,
24), using an ion-selective electrode; dried
support samples were used as calibration
standards. Determination of isoelectric
points (IEP) was made by a drift method,
and metal loadings were determined by X-
ray fluorescence (XRF). Both methods have
been described previously (15, 16).

RESULTS
F and Mg ESCA Intensities

The ESCA F 1s/Al 2p and Mg KLL/Al2p
intensity ratios were measured for dried and
calcined 8% Mo and 15% W samples pre-
pared by incipient wetness, and for the modi-
fied aluminas before Mo or W impregnation.
These ratios are plotted as function of initial
additive loading in Fig. ! and 2. The F 1s/Al
2p intensity ratios for the support and for the
dried samples increase linearly to a F/Al
atomic ratio of 0.09 (3 wt% F) and deviate
from linearity for higher F loadings. For cal-
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FiG. 1. Variation of ESCA F 1s/Al 2p intensity ratio
as a function of fluoride loading for fluoride-modified
alumina before impregnation (@). dried after impregna-
tion with Mo (Z1) and W (), and calcined after impreg-
nation with Mo (l) and W (V)

cined F containing samples, the F 1s/Al 2p
intensity ratios increase up to an F/Al atomic
ratio of 0.03 (1 wt% F) and level off at higher
loadings.

The mostimportant feature of Fig. 1 is that
there is no change in the ESCA F 1s/Al 2p
intensity ratio when the fluoride-modified
supports are impregnated with Mo or W and
then dried. However, on calcination, there is
asignificant decrease inthe ESCAF [5/Al 2p
intensity ratio relative to the dried samples.
This decrease is accompanied by loss of flu-

Mg KLL/ESCA Al 2p intensity ratio

0P T T 1
] 3 6 9 12

Mg/Al atomic ratio (X 10%)

FiG. 2. Variation of Auger Mg KLL/ESCA Al 2p
intensity ratio as a function of magnesium loading for
magnesium-modified alumina before impregnation (@),
dried after impregnation with Mo (T]) and W (O), and
calcined after impregnation with Mo (l) and W (V).

TABLE 1

Fluoride Content of Mo and W Catalysts Before and
After Calcination

F/Al atomic ratio after
calcination (x 107)

F/Al
atomic
ratio before

calcination Mo w
(x 10%) catalysts catalysts

1.4 1.3 1.4

2.7 1.8 2.4

5.5 35 35

8.3 4.6 5.0
1.2 5.7 6.3
14.1 6.0 _

oride, as shown by the results of chemical
analyses given in Table 1.

Different behavior is observed for Mo and
W supported on magnesium modified alu-
mina. Figure 2 shows that the Mg KLL/Al2p
intensity ratio increases linearly with magne-
sium loading and is not different for either
dried or calcined samples, with or without
added Mo or W,

Mo and W ESCA Intensities

The effects of fluoride and magnesium
addition on the ESCA Mo 3d/Al 2p and
W 4f/Al 2p intensity ratios of the dried
samples are shown in Fig. 3. The ESCA
Mo 3d/Al 2p and W 4f/Al 2p intensity
ratios (O) both decrease with increasing
fluoride content. Conversely, for samples pre-
pared using magnesium-modified aluminas,
the ESCA Mo 3d/Al 2p and W 4fIAl 2p
intensity ratios (@) increase with increasing
magnesium content.

The influence of fluoride and magnesium
on the Mo 3d/Al 2p and W 4f/Al 2p intensity
ratios largely disappears when the samples
are calcined. This is illustrated in Fig. 4,
which shows that after calcination of the 8%
Mo and 15% W samples, fluoride and magne-
sium have only a slight effect on the ESCA
Mo 3d/Al 2p and W 4 fIAl 2p intensity ratios.
The ESCAMo3d/Al2pand W4f/Al2pratios
remain relatively constant, regardless of
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FiG. 3. Variation of (A) ESCA Mo 3d/Al 2p and (B)
W 4 /Al 2p intensity ratios as a function of fluoride ()
and magnesium (@) loading. Samples are (A) 8% Mo/
AlLO; and (B) 5% W/ALO;. prepared by incipient wet-
ness and dried for 8 h at 120°C.

modifier loading. The mean value of the Mo
3d/Al 2p ratio for calcined Mo/F/Al,O, sam-
ples is 1.30 = 0.06; for Mo/Mg/AlLO;, the
mean value is 1.36 = 0.06. For calcined
W/F/ALLO, and W/Mg/Al,O, the mean
W 4f/Al 2p values are 1.02 = 0.06 and
1.09 = 0.04, respectively.

Binding energies of all species remained
constant (0.2 eV) for all samples and are
shown in Table 2.

DISCUSSION

Adsorption of Molvbdate and Tungstate
on Modified Aluminas
The results obtained for samples prepared
by incipient wetness are best understood in
terms of the adsorption of molybdate and

TABLE 2

Binding Energies of Photoelectrons from Samples
Prepared by Incipient Wetness

Peak Binding energy (¢V)
Mo 3(l§3 233.0
W 4fi, 36.7
F Iy 685.2
Mg KLL 306.8

tungstate on modified aluminas. The effects
of fluoride and magnesium modification of
alumina on its characteristics and adsorp-
tion properties have been described else-
where (15, 16), but are summarized here for
the purpose of comparing samples prepared
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Fi1G. 4. Variation of (A) ESCA Mo 3d/Al 2p and (B)
W 47Al 2p intensity ratios as a function of fluoride (0J)
and magnesium (@) loading. Samples are (A) 8%
Mo/ALO; and (B) 15% W/ALLO, prepared by incipient
wetness and calcined for 16 h at 500°C.
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TABLE 3
Surface Area of Fluoride- and Magnesium-Modified
Aluminas
Sample Surface Sample Surface
F/Al area Mg/Al area
atomic (m*g) atomic (m*g)
(x 10%) (% 109
0 170 0 170
1.4 161 1.1 189
2.7 154 2.1 181
S.5 150 4.3 169
8.3 145 6.5 162
11.2 143 8.8 157
14.1 145 1.1 151

by equilibrium adsorption with those pre-
pared by incipient wetness.

The addition of fluoride and magnesium
to alumina leads to a decrease in the alumina
surface area with increasing modifier con-
tent. This effect is shown in Table 3. An
important characteristic of alumina which is
affected by additives is the isoelectric point
(IEP). The dependence of the alumina IEP
on fluoride and magnesium loadings is
shown in Fig. 5. The IEP decreases with
increasing fluoride loading and increases
with increasing magnesium loading. This
change in alumina 1EP affects it adsorption
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Fi1G. 5. Variation of IEP of fluoride and magnesium
modified aluminas as a function of fluoride (@) and
magnesium () loading.

characteristics. The uptake of molybdate
and tungstate on fluoride modified alumina
at pH = 6.5 is shown as a function of fluo-
ride loading in Fig. 6. Figure 7 illustrates the
uptake of molybdate and tungstate on Mg-
modified alumina at pH = 9.3 as a function
of magnesium loading. The variations of mo-
lybdate and tungstate uptake as a function
of modifier loading parallel the effect of the
modifiers on IEP, as shown in Fig. 5. Molyb-
date and tungstate uptake decreases with
increasing fluoride content and increases
with increasing magnesium loading.

Changes of the alumina surface resulting
from addition of fluoride and magnesium are
important because they play a role in de-
termining the adsorption behavior of molyb-
date and tungstate. The decrease in the [EP
of alumina caused by addition of fluoride
results from replacement of basic hydroxyl
groups by fluoride (14, 22). Since these basic
hydroxyl groups are believed to be adsorp-
tion sites for molybdate and tungstate (/4,
16, 22), the ability of alumina to adsorb mo-
lybdate and tungstate is reduced by the pres-
ence of fluoride.

Addition of magnesium to alumina causes
an increase in the number of basic hydroxyl
groups on the support (/6, 21), reflected by
an increase in IEP with increasing magne-
sium content. The increase in the number
of basic hydroxyl groups leads to increased
adsorption of molybdate and tungstate.

Mo(W)/ALO, Samples Prepared by

Incipient Wetness

Effect of Fand Mg on dried samples. The
dispersion of the Mo and W phases in dried
Mo/Al,O, and W/AL,O, samples prepared by
incipient wetness impregnation is deter-
mined largely by interactions of molybdate
and tungstate ions with the hydroxyl groups
of alumina during impregnation and drying
(4, 9, 10, 14, 22). By replacing hydroxyls
with fluoride, sites for adsorption and inter-
action of molybdate and tungstate with the
support are decreased in number. There-
fore, if catalysts having the same metal load-
ing are prepared by incipient wetness on
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Fi1G. 6. Uptake of molybdate (A) and tungstate {B) on
fluoride modified alumina at pH = 6.5 by equilibrium
adsorption as a function of fluoride loading.

modified aluminas, the dispersion of Mo and
W should be lower on supports containing
fluoride. The decrease in ESCA Mo 3d/Al
2p and W 4f/Al 2p intensity ratios with in-
creasing fluoride loading (Fig. 3) for dried
samples is consistent with decreased disper-
sion of Mo and W brought about by replace-
ment of alumina hydroxyl groups by fluo-
ride. Okamoto et al. (20) have observed a
similar decrease in the ESCA Mo/Al inten-
sity ratio for catalysts supported on fluoride
modified alumina, which was also attributed
to the replacement of basic alumina hy-
droxyl groups by fluoride.

The increase of molybdate and tungstate
uptake by magnesium modified aluminas ob-
served in equilibrium adsorption studies
should translate into an increase in disper-
sion of Mo and W for Mo/Al,O; and W/ALO,
samples prepared by incipient wetness on

magnesium-modified supports. This is con-
sistent with Fig. 3, which shows that the
ESCA Mo 3d/Al2p and W 4/ Al 2p intensity
ratios for the samples prepared by incipient
wetness increase with magnesium loading.
However, it cannot be ruled out that the
observed increases in intensity ratio may be
due to changes of repartition of the Mo and
W phases as a function of Mg loading.
Effect of F and Mg on calcined samples.
Figure 8 shows the variation of Mo 3d/Al 2p
and W 4f/Al 2p ratios of the dried and cal-
cined samples as a function of Mg loading
for Mg-modified alumina. Figure 8A shows
that the ESCA Mo 3d/Al 2p intensity ratio of
the calcined samples is only slightly higher
than for dried Mo/AlLO; samples; Fig. 8B
shows the same effect for ESCA W 4f/Al 2p
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Fi1G. 7. Uptake of molybdate (A) and tungstate (B)
on magnesium modified alumina at pH = 9.3 and
pH = 10, respectively, by equilibrium adsorption as a
function of magnesium loading.
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F1G. 8. Variation of {A) ESCA Mo 3d/Al 2p and (B)
W 4 /Al 2p intensily ratios with magnesium loading for
dried (@) and calcined () 8% Mo/ALO; and 15%
W/ALLO, catalysts prepared by incipient wetness im-
pregnation.

ratios. The small increases in intensity ratio
seen are probably due to an increase in dis-
persion caused by calcination. Knoezinger
(25) and others have shown that well-dis-
persed molybdenum phases can be pro-
duced on alumina by treating physical mix-
tures of molybdenum trioxide and alumina
at temperatures lower than that used for
calcination in the present study. Thus, Mo
and W species on the dried samples may
become mobile during calcination.

While calcination of Mo and W samples
containing magnesium results in only small
increases of intensity ratio, calcination of
samples prepared on fluoride modified alu-
minas show, significant increases in the

Mo 3d/Al 2p and W 4f/Al 2p ESCA intensity
ratios. This effect is shown in Fig. 9, where
the intensity ratios of the dried (@) and cal-
cined () samples are plotted as a function
of fluoride loading. The increases in inten-
sity ratio which occur on calcination can be
attributed to an increase in molybdenum and
tungsten dispersion. As is the case for Mo
and W samples supported on Mg modified
alumina, this increase may be caused by
the mobility of molybdenum and tungsten
phases at elevated temperatures (25). Also,
since Mo and W phases are less well dis-
persed on dried F-modified alumina than on
dried Mg-modified alumina, the relative
magnitude of change in Mo and W disper-
sion which is possible for F-modified alu-
mina is much greater than for Mg-containing
samples.

The increase in molybdenum and tung-
sten dispersion on calcination can also be
related to the loss of fluoride which occurs
on calcination of fluoride-modified alumina
which has been impregnated with molyb-
date or tungstate (see Fig. 1 and Table [}.
This loss cannot be an effect of calcination
alone, since the original modified aluminas
were calcined at 600°C without loss of fluo-
ride (/5). Also, the fluoride cannot be lost
by formation of volatile fluorides of Mo or
W, since XRF analysis of dried and calcined
samples indicates that Mo and W are not
lost from the samples on calcination. It has
been stated that molybdate has a greater
affinity for alumina than fluoride (/0): it is
most likely that during calcination, fluoride
is replaced by molybdate and tungstate spe-
cies. One possibility is that a reaction such
as the following occurs during calcination:

(NH4)6M07024 + 6 >A]—F——)
TAIMo0,0,, + 6 HF + 6 NH;.

Such areaction would lead to loss of fluoride
with no loss of Mo or W. Regardless of the
reaction mechanism, at elevated tempera-
tures, molybdate and tungstate are capable
of interacting with alumina surface sites oc-
cupied by fluoride, resulting in loss of the
fluoride. This phenomenon, coupled with
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Fia. 9. Variation of ¢ A) ESCA Mo 3d/Al 2p and (B)
W 4£/Al 2p intensity ratios as a function of Auoride
loading for dried (@) and calcined (211 8% Mo/ALO, and
{57 WIALQO; catalysts prepared by incipient wetness
impregnation.

the mobility of Mo and W species, can lead
to increased dispersion of Mo and W over
the modified alumina on calcination. This is
in agreement with Miciukiewicz et al. (19),
who reported that the presence of fluoride
does not affect the Mo dispersion on cal-
cined catalysts. The high Mo dispersion on
calcined Mo/F-A).O; catalysts observed by
these authors was suggested to be due to
the interaction of molybdenum species with
“non-OH sites”" on the alumina surface. In
view of the loss of fluoride from calcined
samples observed in the present study, it is
likely that the “‘non-OH sites™ referred to
(19) are in fact fluoride sites which were
formed by exchange of fluoride with basic
hydroxyls.

CONCLUSION

The use of fluoride as a support additive
in Mo/AlLO, and W/AL,O; catalysts prepared
by incipient wetness leads to a decrease in
the dispersion of the active phase for dried
catalysts. This effect is due to replacement
of basic hydroxyl groups by fluoride, which
causes loss of adsorption sites for molyb-
date and tungstate. On calcination, the dis-
persion of Mo and W supported on fluoride
modified alumina increases, reverting 1o a
dispersion similar to that observed for sam-
ples prepared on unmodified alumina. The
increase in dispersion of Mo and W sup-
ported on fluoride modified alumina which
occurs on calcination is attributed to mobil-
ity of Mo and W species and to reaction of
molybdate or tungstate with alumina surface
sites occupied by fluoride. This reaction
leads to a loss of fluoride from the alumina.

The use of magnesium-modified aluminas
as supports for Mo or W causes an increase
in the dispersion of the active phase on the
dried catalyst, relative to the same catalyst
prepared on unmodified alumina. The dis-
persion of Mo and W phases on Mg-modified
alumina increases on calcination, but are not
significantly affected by the presence of Mg.
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