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Based on NGR parameter analyses [8. A, W, and f'(T)]. we have studied the genesis of the
states of Sn-containing components of catalysts prepared by impregnating the prechlorinated
v-AlLO; with a solution containing a mixture of complex anions, [PtCLSnCL*~ and [PtCl,
(SnCHL).)*~. At the initial step, Sn-containing compounds interacted with OH or Cl atoms of the
support surface. Two types of Sn(1V), three to four states of Sn(Il), and several Pt—Sn alloys were
identified after reduction of samples with H. at 823 K. The amount and composition of Sn(1l)
components of the catalyst tend to change most dynamically due to a strong interaction of some of
the Cl" ions and Sn atoms with the support lattice. The problems encountered in the application of

the method are discussed.

INTRODUCTION

We have previously studied the composi-
tion of Sn-containing components of freshly
prepared and H,-reduced (823 K) Pt-Sn
catalysts obtained by impregnating pre-
chlorinated y-AlLO; with a solution of plati-
num-tin chloride complex in isopropanol
(7). The catalyst was found to contain sig-
nificantly larger amounts of Sn(1I) chlorine
derivatives and smaller amounts of Sn(IV)
chlorine compounds as compared to +y-
ALO;- (2) and ZnAl,O4-supported Pt—Sn
catalysts (3, 4). This indicated an active
role of the modifying chlorine ions of
v-Alb,O; in the formation of catalyst
components. We failed to identify the
types of Sn-containing and, especially,
Sn(I1)-containing compounds in more detail
because of the restrictions imposed on the
decomposition of the total NGR spectrum
into individual Lorenz components (1LCs),
which meant that the chemical shift (8) and
quadrupole splitting (A) of each ILC were
varied over the ranges typical of the corre-
sponding individual compounds.

Recently it has been found that modifica-
tions of y-AlLO; by halogenide ions, includ-
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ing Cl—, is associated with a partial substitu-
tion of several types of surface OH groups
by CI~ (5). It was of interest to examine in
detail the effect of the modifying chlorine
ions on the interaction of catalyst compo-
nents with the surface at all steps of cata-
lyst preparation. With this in mind, it was
necessary first, to study the interaction of
individual tin compounds, which have no
Pt, with the surface under the same condi-
tions.

As found in (2), most suitable for this
purpose is SnCl, - 2H,0. In addition to
NGR spectral parameters, 8 and A, tradi-
tionally used to identify catalyst compo-
nents (/—4, 6), we have made an attempt to
analyze the hinewidths of ILCs (W) and the
temperature dependence of the probability
of resonance y-quanta absorption by sam-
ples (f'). The f7;/f3s ratio is used as a
mcasure of this dependence. In their recent
paper Bacaud et al. (6) took surprisingly
high values of A for the Pt—Sn alloys at the
decomposition of complex NGR spectra of
v-AlLOs-supported Pt—Sn catalysts into
ILCs. In this connection, it seemed expedi-
ent to consider the problem of correct ap-
proaches to the decomposition of complex
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NGR spectra into individual components.
This paper discusses the above-mentioned
problems.

EXPERIMENTAL

Catalyst Preparation Procedure and
Elemental Analysis

(1) Support. Either y-Al,O; (200 m?/g
BET surface area) or the y-AlLO; , pre-
treated with HCI solution in dried isopro-
panol [y-ALOs(CD)], was used as support.
The amount of Cl so introduced to y-ALO;
correspond to an equilibrium amount. For
this purpose, the introduction was contin-
ved until the interaction between the sup-
port and the HCl-containing solution did
not lead to a decrease in the amount of HCI.
Prior to impregnation with the solutions
containing Sn compounds, both supports
were calcined under vacuum at 873 K for an
hour.

(2) SnCl, - 2H,0 support system. Freshly
recrystallized SnCl, - 2H,0 enriched with
119Sn by 90% was used for the preparation.
Both supports were treated with an impreg-
nation solution containing 0.05 M SnCl, -
2H,0 in absolute isopropanol (3 h, argon
atmosphere, intensive agitation). The solu-
tion was then removed, and the samples
were washed with the solvent and then
dried under vacuum (~1.3 X 1072 N/m?) at
363 K for 3 h. Samples prepared with
v-Al O, will be referred to below as A-0 and
those with y-ALOs(Cl), as A-1. The con-
tents (wi%) of Sn and Cl were 0.35 and 0.2
in A-0, and 0.34 and 3.0 in A-1.

The amount of Sn in all samples was de-
termined by atomic absorption spectros-
copy. To determine Cl, the samples were
treated with water vapor at 1079 K with
further argentometric titration of Cl~ in the
solution. Sample A-1 was treated with oxy-
gen at 773 K for 3 h. The sample obtained
(A-2) contained 0.34% Sn and 1.5% CI. The
sample was then reduced with hydrogen at
823 K for 3 h, after which (A-3) it contained
0.34% Sn and 1.4% Cl. The content of Sn
on the support was 10% of its sorption ca-
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pacity limit. In order to consider the behav-
ior of Pt-unbonded Sn compounds on the
surface of y-ALO3(Cl) under conditions
close to catalytic conditions, it was neces-
sary to treat the samples with oxygen and
hydrogen. It is well known (4) that to re-
move coke, which is formed during the cat-
alyst operation, the catalyst is subjected to
periodic oxidative treatment with oxygen.
NGR spectra of the samples of this series
(A) are represented in Fig. 1. Parameters §,
A, W, and f7;f 55 are listed in Table 1.

(3) Pt=Sn catalyst on y-Al,O5(Cl). Cata-
lysts of series B were prepared by im-
pregnating the support with isopropanol
solution containing a mixture of
[PtCl(SnCl3)]*~ and [PtCly(SnCls),)%~ com-
plexes (7) with a total concentration of 0.1
M using the procedure described in (7). Af-
ter adsorption of the complex on the sup-
port for 3 h under the same conditions used
for SnCl, support, the sample was washed
with pure isopropanol and dried under vac-
uum at 363 K. It was subjected to a 3-h
treatment, first with oxygen and then with
hydrogen at 773 K. The sample (B-1) con-
tained 1.4% Cl. The amounts of Sn and Pt,
also determined by atomic absorption spec-
troscopy, were 0.35 and 0.32% in all sam-
ples of series B and C, respectively. Then
part of B-1 was subjected to a similar treat-
ment with oxygen at 773 K. To prevent the
removal of Cl during heating in oxygen,
about 10% (by volume) dichloroethane va-
pors was added. The amount of Cl in the
sample obtained (B-2), indeed, remained at
1.4%. To complete the second oxidation—
reduction cycle, sample B-2 was reduced in
an atmosphere of H, at 823 K for 3 h; the
amount of Cl in B-3 decreased to 1.28%.
Another part of sample B-1 was subjected
to six cycles of treatment in an atmosphere
of O, and H, at 823 K for 3 h. This sample
(B-4) contained 1.15% CIl. One of the most
probable reasons for the decrease in the
amount of Cl in the support from cycle to
cycle might be the process of hydrolysis of
Al-Cl bonds under the action of small
amounts of H,O. To verify this hypothesis,
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part of sample B-4 was given a 12-h treat-
ment with a mixture of H,O and O, vapor at
823 K and then a 3-h reduction in an atmo-
sphere of H, at the same temperature. The
amounts of Pt and Sn in the sample ob-
tained (B-5) remained unchanged, while
that of Cl decreased to 0.1%.

A series of samples C was treated under
conditions of reforming [H, + n-heptane
mixture (5:1) at a total pressure ~106 N/
m?, 823 K): part of sample B-4 was treated
for 1 h; as a result, the amount of Cl de-
creased to 1.1% and 1.2% C' appeared in
the sample (C-1). The remainder was
treated under the same conditions for 9 h,
after which the catalyst (C-2) contained
0.9% Cl and 9.8% C. A 3-h treatment of
catalyst C-2 with oxygen at 823 K and a
subsequent 3-h reduction in an atmosphere
of H, led to decreases in the amounts of C
to 0.1% and of Cl to 0.8% (sample C-3). As
in Ref. (2), we have considered the possi-
bility of catalyst preparation by successive
supporting Sn- and Pt-containing com-
pounds on supports. For this purpose
v-ALO3(Cl) was primarily subjected to a 3-h
impregnation with a 0.1 M solution of SnCl,
in isopropanol. After removal of the solu-
tion, H,PtCly (0.1 M solution in isopro-
panol) was supported in the same way on
the same carrier. Then the sample (P-1) was
dried and treated like B-1. NGR spectra
were taken for all samples at 77 and 295 K.
This allowed us, without determination of
absolute values from the ratio of ILC areas,
to find f77/f 205> as the parameter that char-
acterizes f'(T) for each Sn compound on
the support surface.

(4) NGR spectra. Spectra were regis-
tered as described in (/) using a spectrome-
ter with a NTA-1024 multichannel analyzer
and Ba'"”SnO; as a source of y-quanta.
When treated, the samples were sealed in

! Carbon was determined by the standard microanal-
ysis method.

2 Sk = const. - f* - n, where const. = (77/2) - o - Wy -
x - fand n is the number of absorbing nuclei. Hence, it
is seen that by taking the f'T/f’T; ratio, we obviate
the necessity to determine the absolute values of £'7.

the ampoules without contact with air.
Sample weights were chosen so that at both
temperatures of spectrum registration the
absorber effective thickness was less than
unity. Spectra were displayed on a two-co-
ordinate recorder after accumulation in
them of half a million pulses. The experi-
mental error of 8, A, and W measurements
was +0.03 mm/s. All spectra were decom-
posed into ILCs on a SK-2 curve synthe-
sizer. Examples of such treatment are
shown in Figs. 1 and 2. The spectra are in
the form in which they are displayed on the
SK-2 plotter. Parameters of all ILCs are
listed in Tables 1 and 2. The weight per-
centages of Sn in Sn-containing compo-
nents of the catalysts, which was found by
subtracting from the total amount of Sn in
the sample the total area under the NGR
spectrum and the areas under ILCs, are
shown in Tables 3 and 4. The difference in
f' values of Sn compounds was not taken
into account.

Electron microscopic studies were car-
ried out using a JEM-100 CX microscope
with a resolution of about 3 A.

RESULTS AND DISCUSSION

Results are compiled in Tables 1-4 and in
Figs. 1 and 2 and those of elemental analy-
sis are given under Experimental. Sn-con-
taining components (Tables 1 and 2) were
identified by determining 8, A, W, and [,/
f1s and comparing them with the known
values for various Sn compounds. We have
shown previously that the value of /' for
Sn(II) compounds and, especially, the de-
pendence f'(T) indicate, first, the rigidity of
Sn binding in its first coordination sphere
and, to a lesser extent, the type of packing
of Sn-containing compounds in the crystals

(8).

Sl’lClz : 2H20—-')'—A1203 and SnC12 :
2H,0—-y-ALO+(Cl) Systems

The A-0 sample obtained by supporting
solvated SnCl, on y-Al,O; produces the
NGR spectrum shown in Fig. 1. After sub-
tracting two singlets of Sn(V) compounds
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F1G. 1. NGR spectra of the samples of series A.
Both components of the doublets are marked with the
same figure everywhere. A-0: The solid thick line is
the sum spectrum of the dried sample at 77 K; the
dash-and-dot line, at 295 K; solid thin lines are dou-
blets 1 and 2; and singlets 4 and 3; the dotted line is an
asymmetric doublet with components S; and S, which
is the sum of doublets 1 and 2. A-1: Components are
designated as in A-0. A-3: The spectrum recorded at
77 K after reduction of sample A-1, ILCs are shown by
solid thin lines (doublet 5-SnAl,O,4); the other designa-
tions are as in A-0. A’-3: The spectrum of A-3 at 295
K; M is the sum of spectrum A-3 and the spectra of Pt—
Sn alloys. Their singlets N 6, 7, and 8 are shown by
dots. The maximum scatter of experimental points,
typical of spectra of all samples, is shown in the A-0
spectrum.
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(Nos. 3 and 4), the spectrum was an asym-
metric doublet, whose components S; and
S, were very wide: W = 1.2-1.3 mm/s. The
asymmetry of components S; and S, was
found to depend upon temperature: f5,/f s,
(77 K) = 1.07 and f,/fs, (235 K) = 1.22.
Therefore, the registered asymmetry might
be explained by the Goldansky-Koryagin
effect (9). However, very large linewidths
that exceeded 2Wource (Wsouree = 0.39 mm/
s) were evidence that the S, doublet was a
superposition of at least two doublets. In
fact, it can be represented by the sum of
two symmetric doublets, Nos. 1 and 2, with
different 8 and A but with the same line-
widths, 0.85 mm/s (Table 1). This indicates
that SnCl, molecules interact with two sur-
face OH groups with different proton-donor
abilities. According to Ref. (10), the f57/f o5
of massive SnCl, - 2H,0 is 8. After support-
ing on y-Al O, this ratio decreases to 4.3 for
both doublets (Table 1). This decrease indi-
cates the formation of a strong chemical
bond between the Sn atom and the surface,
as well as the absence of SnCl, - nH,0 par-

TABLE 1

Mossbauer Parameters of the Compounds Formed during SnCl, - 2H,O Adsorption on
y-AlLO5(Cl) and Further Treatments

Sample State and number NGR parameter
type of the correspond-
ing components of ) A Wi, Sl 205
NGR spectrum (mm/s) (mm/s) (mm/s)
A-0 Sn(1l)s- doublet 1 33 1.5 0.85; 0.85 4.3
Sn(1l)2ds-, doublet 2 3.0 2.0 0.85; 0.85 43
Sn(IV)s-| singlet 4 0.15 0.6 0.9; 0.9(1.4%) 38
SnO", singlet 3 005 0.6  0.9;0.9(1.49 1.6
A-1 Sn(I)2¢s- doublet 1 3.3 1.15 0.85; 0.85 15.6
Sn(ID)2ds- doublet 2 3.15 1.35 0.85; 0.85 15.6
Sn(IV)y*rt | singlet 4 0.23 0.6 0.8; 0.8(1.35%) 3.3
SnOs™™, singlet 3 0 0.6 0.9; 0.9(1.59) 1.8
A-2 SnOg* 0.05 0.7 1.5 1.6
A-3 Sn(II)**, doublet 3 3.7 1.35 1.15(S)): 05 90(S,) 3.4
SnAlLOQO,, doublet § 3.2 2.2 0.9; 0.9 2.8
Sn(IV)™, singlet 4 0.5 0.6 0.9; 0.9(1.49) 2.6
SnO™, singlet 3 0 0.6 0.9; 0.9(1.45%) 1.8

< Singlet width.
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TABLE 2

Magssbauer Parameters on Sn Compounds Formed in Pt-Sn/y-AlLO,(Cl) Catalysts

Compound Sample for which compound No. of ILCs NGR parameter
was identified according

to Fig. 2 & (mm/s) A (mm/s} W (mm/s) S 1lf 55
N B-1; B-3: B-5; C-1 + C-34; P-1 Doublet Sy.» 35 +38 1.35 = 125  1.I5for $2: 094 for S, 2.8+ 3.5
SnALO, B-1; B-3; B-5; C-1 + C-3%; P-1 Doublet § 31 =35 22 =215 0.9;0.9 27+ 32
Sn(ID) in faitice B-3 + B-5; C-1 = C-3; P-1 Singlet 9 4.1 0 1.0 2.0
Pt;Sn B-1; B-3 + B-5: C-1 + C-3; P-1 Singlet 8 1.45 = 1.5§ 0 1= 115 25+33
PtSn B-1; B-3 + B-5; C-1 + C-3; P-1 Singlet 7 1.78 ~ 1.98 0 1.3 + 1.35 25 +38
PtSny B-1;: B3 + B-5; Pl Singlet 6 23 25 i} 1.0+ 1.15 2.6+ 3.7
Sn(1v)surf- B-1; B-3 + B-5; C-1 +~ C-3; P-1 Singlet 4 04 08 0 1.3+ 14 1.7 + 2.8
SnO* B-1 + B-5:C-1 + C-3: P- Singlet 3 0 =005 0.6 =065 14+ 1.5 1.6 =2

¢ + indicates admissible variation in the parameter from the first to the second value.

ticles on the surface (8). It is seen in Table 2
that as a result of such interaction of SnCl,
with the surface, 8§ decreases to 3.3-3.0
mm/s and A increases to 1.5-2.0 mm/s (for
initial SnCl, - 2H,O & = 3.67 mm/s, A ~ 1
mm/s). It is known that the highest values
of & are typical for Sn(II) halogenides. Oxy-
gen-containing Sn(II) compounds have
smaller values (/7).

Thus, a decrease in & for Sn(II) chloride
supported on y-Al,O; allows one to assume
that Sn(II) atoms form a chemical bond
with an atom of the surface oxygen. In this
case appearance of the nonequivalent O
atom along with the Cl atom, in the coordi-
nation sphere of Sn(Il) causes the asymme-
try of the 5P,, 5P,, and 5P, atomic orbital
population on Sn, and consequently the ob-
served increase in A.

Based on the above results we conclude
that the reaction of solvated SnCl, with
nonchlorinated y-Al,O; occurs as follows:

3—OH + CISnCl - (ROH, H,0) —
3—0—Sn—Cl - (ROH, H,0) + HCL
(1

Furthermore, after impregnation with the
SnCl, - 2H,0 solution in isopropanol, NGR
spectra indicate two states of Sn(IV), in ad-
dition to Sn(Il) ions bonded to y-Al,Os. Sin-
glet 3 (Fig. 1) has a large W and can be
represented as a doublet with § about 0 and
A ~ 0.6 mm/s. A similar state of Sn(IV) was
interpreted as SnO, in (3, 4). Besides these

parameters, the state of Sn(IV) under con-
sideration has an f7,/f 595 ratio which is sim-
ilar to the ratio typical of the SnO, phase
(for SnO, it is 1.2).

Note that the parameters of this type for
Sn(IV) compounds remain nearly the same
for all samples of series A. This allows us to
conclude that the atoms of Sn(IV) are in a
state almost equivalent to that in SnO,.
Singlet 4 (Fig. 1) has a larger value of 8, and
nearly the same linewidth, which, like for
singlet 3, can be represented as a symmet-
ric doublet with A ~ 0.6 mm/s (Table 1).
The state of Sn(IV) in this compound is
more sensitive to the preparation condi-
tions of the sample, which is evidenced by
more pronounced variations of its 6 and f7,/
f59s. The available data do not allow us to
identify this compound of Sn(IV) in more
detail [it is given in Table 1 as Sn(IV) on the
support surface].

Supporting SnCl, - 2H>0 in isopropanol
on prechlorinated y-AlLO; leads to the for-
mation of Sn-containing compounds (Table
1, sample A-1) on the support surface,
which have & and A similar to those of A-0;
but the f7:/f 395 values are considerably dif-
ferent from those of A-0. For doublet Nos.
1 and 2, the sum of which yields an asym-
metric doublet S, (Fig. 1, A-1), f77/f 595 ra-
tios are even much higher than those of
massive SnCl, - 2H,0O. Such an increase in
the temperature dependence of f of Sn(1I)
atoms indicates, first, that the correspond-
ing compound does not produce surface
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particles of the tin chioride phase, but
is a specific product of the interaction be-
tween solvated moiecules of SnCl; and y-
AL Os(C] surface sites. Additional support
comes from electron microscopic measure-
ments, which show that molecular distribu-
tion of SnCI,(ROH, H,0) is most probable
because surface particles were not de-
tected. Second, an increase in f'(T) indi-
cates that this interaction produces the
compound in which the Sn(II) atom is
bound to the surface less rigidly than in the
coordination sphere of SnCl, - 2H,0.

The observed variations in NGR spectral
parameters of Sn(II) on y-ALOs(Cl) com-
pared to samples on standard y-ALO; can
reasonably be explained by assuming that
the interaction of solvated SnCl, with this
carrier occurs via its coordination with sur-
face Cl—:

3—Cl + SnCl, - (ROH, H,0) - 3—Cl —
Cl

Sn - (ROH or H,0) + H,0 or ROH.

AN
Cl

2

Such coordination should bring about low-
frequency vibration modes, which are rock-
ing deformation vibrations of SnCl, relative
to surface Cl in the

Cl
/
3—Cl — Sn
AN
Cl

fragment and which cause the strong de-
pendence, f'(T) (8). Conservation of an ap-
proximate constancy of § as compared to &
of Sn(Il) on y-Al,O; can be accounted for
by assuming that coordination with surface
Cl atoms occurs via displacement of ROH
or H,O molecules coordinated with SnCl,.
Naturally, it is one of the possible explana-
tions. It is evident, however, that the mole-
cules of SnCl, are bound to the surface sites
of v-ALO;(Cl) more weakly than in the case
of y-ALLOs. It should be noted that the inter-
action via scheme (2) may involve two
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states of surface Cl atoms with different co-
ordination abilities, because in this case
doublet S, is asymmetric and decomposes
into two symmetric doublets, Nos. 1 and 2
(Table 1, Fig. 1, A-1).

For sample A-1, as for sample A-0, we
observed additionally the signals of two
types of Sn(IV) (singlets 3 and 4, Fig. 1).
But the amount of Sn(IV) states was higher
and the 8 of singlet 4 was somewhat higher
than in sample A-0. This might also be evi-
dence for participation of ClI atoms in coor-
dination with Sn(IV). Treatment of A-1
with oxygen leads to the complete oxida-
tion of Sn(II) to Sn(IV), which, according
to electron microscopic data, remains as
extremely dispersed (no particles are de-
tected) as before the oxidation. The NGR
spectrum of A-2 (Table 1) has a slightly re-
solved doublet with = 0 and A = 0.7 mm/
s. The value of f77/f 395 remains similar to
that of massive SnO,. These values of three
NGR parameters indicate that the state of
Sn(IV) on the surface of y-Al,04(Cl) treated
in oxygen does not differ (at least strongly)
from its state in SnO, crystals. But the elec-
tron microscopic data do not reveal the ex-
istence of detectable particles of the SnO,
phase on the carrier surface. This might be
expected proceeding from a low state of
surface saturation with tin (see Experimen-
tal). Below we shall refer to this state of
Sn(IV) as SnO"™ assuming a symmetrical
surrounding of Sn(IV) atoms by oxygen
atoms.

Reduction of A-2 with H, at the same
temperatures as the temperature of reform-
ing transforms its spectrum to that of A-3
(Fig. 1) with a wide asymmetric doublet
S1., the linewidths of which are identical to
those of A-0 and A-1 spectra. However,
this doublet is characterized by a lesser de-
pendence f'(T) and a higher value of & as
compared to A-1. It can also be represented
as two symmetric doublets with Wy, = 0.8
mm/s, which is evidence that Sn(Il) inter-
acts with at least two surface sites different
in properties, like in the samples before the
reduction treatment (Fig. 1, A-0, A-1). In
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4 5 vimm/s)

F1G. 2. NGR spectra of Pt—Sn/y-Al,O4(C)) catalysts.
Both components of symmetric doublets are marked
by the same figure everywhere. ILCs are designated as
in Fig. 1. Spectra B-1, B-4, B-5, and P-1 are taken at 77
K; spectra B'-1, B’-4, B’-5, and P’-1, at 295 K. B-1:
Sample reduced with H; at 773 K after supporting the
complexes, drying, and treating with oxygen. B-4:
sample B-1 after six redox cycles. B-5: sample B-4
after 12-h treatment with the mixture of H,O and O,
vapor (823 K) and subsequent reduction with H, at 823
K. P-1: sample obtained by successive supporting of
SnCl, and H,PtCl; (see Experimental).

addition to this doublet, there appears dou-
blet No. 5 with parameters characteristic of
SnALOy (3). As for SnO3"™, the parameters
of the corresponding singlet No. 3 remain
unchanged. For the second state of Sn(IV)
producing singlet No. 4, & slightly in-
creases, while the temperature dependence
of f' decreases.

From all of the above it follows that the
effect of the high temperature and reduc-
tion atmosphere is primarily a strong
change of the state of Sn(ll). In fact, in-
stead of the two states of Sn with a typical
summed asymmetric doublet S, (Fig. 1,
A-1), we now have three states [two types
of Sn(Il) on the surface plus one in the form
of SnAlLL,Q,]. All three states are character-
ized by a considerably enhanced interaction
of Sn with the surface, which is evidenced
by a strong decrease in their f,/f3s as
compared to A-1 (Table 1). Moreover, the
formation of SnAl,Q4 appears to occur via
insertion of Sn(Il) into the lattice of -
ALOs(Cl) and its subsequent transforma-
tion. The absence of particles of SnO,

phases or other Sn(IV) compounds may
suggest that Sn(IV) ions insert into the lat-
tice of y-Al,03(Cl) as well. The spectrum of
A’-3 shows the temperature dependence of
f' for all Sn-containing components of the
sample, whose numerical characteristics
are compiled in Table 1.

By summing the spectrum of A-3 with the
singlet (/, 4) having & and A of Pt;Sn (No.
6), PtSn (No. 7), and PtSn, (No. 8) alloys
and by varying their intensities solely, it is
possible to obtain spectrum M (Fig. 1),
which is identical to the spectrum of the Pt—
Sn catalyst (compare with Fig. 2, spectrum
B-5). This is independent evidence that the
latter consists of components whose states
ar¢ similar to those of A-3 and Pt-Sn
alloys.

The data obtained provide no possibility
to definitely identify the type of interaction
of Sn(Il) ions with the support. Still, evalu-
ation of their NGR parameters (Table 1) has
made it possible to construct an alternative
[compared to (/)] model of the decomposi-
tion of NGR spectrum of Pt—Sn/y-AlLO;(Cl)
catalyst into a ILC (Fig. 2, B-1). The spec-
trum of B-1 consists of two Sn(IV) singlets,
one of which is ascribed to SnO3“™, an
SnAlO, doublet (No. 5) and an asymmetric
doublet (S;.) corresponding to Sn(II) ions
interacting with the surface and partly pre-
serving the Sn—Cl bonds. At decomposi-
tion, NGR parameters of all these compo-
nents remain similar to those of A-3
(compare Tables 1 and 2). The remaining
spectrum was adjusted to the required num-
ber of singlets, which have § and A, as well
as f77/f 195, approximately the same as those
of individual alloys of the corresponding
compositions. We have failed to decom-
pose B-1 and the other spectra into ILCs by
taking large splittings for Pt—Sn alloys (6)
and preserving the above parameters of the
remaining Sn-containing components.

As shown by electron microscopic stud-
ies of B-1, its surface has no particles larger
than 9 10\; i.e., our samples have nearly the
same dispersion of Sn-containing compo-
nents as that reported in (6), where the au-
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thors assumed rather unusual parameters
for Pt—Sn alloys in the study of the state of
the Pt—Sn/y-Al,O; catalyst. For instance, 8
of the Pt-Sn alloy varied over the range
1.85 to 2.13 mm/s, which is typical of an
individual massive state, and A varied from
0.3 to 5.26 mm/s. The latter value should
correspond to the imbalance of the 5P,,
and 5P, atomic orbital population on Sn of
about 1.7 electrons (12).

Note that a value of A higher than 3 mm/s
(this corresponds to an imbalance of 1
electron) has never been observed for any
individual compound of Sn with any atomic
composition. It is even more unrealistic if
the state of Sn is interpreted as an alloy
with the tetrahedral surrounding of a Sn(0)
atom by Pt atoms. If the high dispersion of
the alloy particles would cause a high value
of A, 8 could not remain unchanged. We
have observed (13) the formation of a Pt-
Sn cluster species 9 = 3 A in size on a SiO,
surface. Its NGR spectrum was character-
ized by A = 2.32 mm/s and 8 = 1.43 mm/s,
and a reason for their mutually related
change was a strong interaction of Sn with
the oxygen atoms of SiO, rather than the
high dispersion of the cluster. In our case
Sn in the Pt—-Sn alloys does not seem to
interact strongly with the surface. In terms
of the Debye crystal the same f4;/f5s as
that of massive alloys reflects, most proba-
bly, the superposition of two contrary ef-
fects: (i) increase of f'(T) with a decrease in
size of particles due to the increase in the
number of Sn atoms on the alloy surface
relative to the number of bulk Sn atoms; (ii)
decrease of f'(T) with a strong decrease in
the size of particles due to a related de-
crease in the wavelength of the phonon
spectrum (12). Practically, we should con-
sider particles of Pt-Sn alloys with an ef-
fective diameter less than 10 A either as
clusters or as three-dimensional polymeric
molecules, for which f'(T) is a function of
the rigidity of Sn binding with the nearest
surrounding atoms (8). For such particles
on the surface of y-Al,Os(Cl) this rigidity is
the same as that of massive alloys, as
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shown by f1;/f 95 values measured by us.
Thus, an arbitrary variation of NGR pa-
rameters, e.g., A, at the decomposition of
spectra into ILCs seems to us groundless.
In this connection, it seems expedient to
use two models of decomposition. Accord-
ing to the first model, 8, A, W remain in the
range characteristic of individual com-
pounds with similar compositions. This
model was used in (/, 3, 4). According to
the second model, the interactions of indi-
vidual compounds with a support are pre-
liminary studied under conditions approxi-
mating the reaction conditions. The
parameters identified for Sn states remain
the same for components resulting from the
decomposition of catalyst NGR spectra.
This approach was used in part by Berndt
et al. (2) but they considered only the val-
ues of 8 and A. We propose to consider
additionally the dynamic parameters of
NGR spectra, primarily, the dependence
f'(T) in the form f7;/f s, which is espe-
cially sensitive to the character of interac-
tion of Sn atoms with the environment (8).

Pt—Sn/ALOs(CI) Catalyst

As follows from the above-described
preparation procedure, SnCl;-containing
complexes are supported under conditions
identical to those of supporting SnCl, -
2H,0. In this case partial hydrolysis of
SnCl; ligands and anchoring of the complex
on the surface, which can be described by
an equation similar to Eq. (1) (I14), occur on
v-Al,O3. On the y-ALOs(Cl) support the
SnCl; ligands appear to react with other
surface sites. The sample is then dried and
subjected to oxidation treatment. All of the
Sn transforms to the state that has the same
NGR parameters as A-2 (Table 1). We have
identified this state as SnO""™".

Treatment of this sample with hydrogen
at the same temperature leads to the reduc-
tion of most of the Sn(V) to Sn(l) and
Sn(0) (Fig. 2, B-1). As mentioned above,
decomposition of such a spectrum into
ILCs gives the same set of Sn compounds
on the catalyst surface as that obtained by
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TABLE 3

Second Model of Decomposition: Amounts (wt%) of Sn-Containing Components in Pt-Sn/y-ALOs(Cl)

Sample State
SnOg  Sn(IV)y*  Pt;Sn PtSn  PtSn,, SnALO,  Sn(lIywt Analog of
anhydrous SnCl,

B-1 1.2 4.5 8.9 14.7 10.0 14.1 46.6 —
B-2 100

B-3 3.7 8.6 9.1 12.9 14.6 11.5 35.7 39
B4 2.2 4.1 6.5 17.6 11.8 2.2 39.0 6.6
B-5§ 9.5 2.9 7.9 14.9 9.0 11.6 37.4 6.8
C-1 1.5 4.6 7.0 16.8 9.2 13.4 40.5 7.0
C-2 1.1 3.1 8.5 17.2 9.4 13.3 38.8 8.6
C-3 0.8 2.3 11.9 14.3 10.6 13.6 37.9 8.6
P-1 6.5 2.6 8.6 18.8 8.4 12.0 31.2 11.9

summing the spectra of A-3 and Pt-Sn al-
loys (Fig. 1, spectrum M). By further treat-
ing the samples of series B and C and
sample P-1, their NGR spectra can
satisfactorily be represented as the sum of
ILCs of the same Sn-containing com-
pounds. Electron microscopic measure-
ments show that the maximum size of parti-
cles on the surface of all catalysts does not
exceed 9 A. This relates, first, to the parti-
cles of Pt-Sn alloys because they produce
the most contrasting pictures. Particles of
other Sn compounds are even smaller and
most of them appear to represent monomo-
lecular surface coverage. Since under the
conditions employed (see Experimental)
the state of Sn-containing compounds can
change from sample to sample (e.g., the de-
gree of interaction with the surface, etc.),
during the decomposition of the spectra
into ILCs some variations in their NGR pa-
rameters are admitted. The ranges of these
variations are shown in Table 2. NGR spec-
tra of a great number of the treated sam-
ples, which differ in the number of redox
cycles, in the composition of reduction me-
dium, and in the procedure of supporting
the Pt—Sn components of the catalyst, can
be represented as a sum of NGR spectra of
practically the same Sn compounds (to be
more precise, states) on the surface. This
fact suggests that the Cl-modified v-

Al O3(Cl) support possesses some specific
properties that determine the catalyst state
under various conditions.

In the same way as for samples of series
A, Fig. 2 represents the spectra of individ-
ual samples of series B and P-1 at 295 K,
which demonstrate f'(T) for all Sn-contain-
ing compounds of the catalyst.

In Table 2 it is seen that this dependence
becomes almost the same for all states of
Sn on the surface. This provides the possi-
bility of estimating the amounts of corre-
sponding catalyst components from the ar-
eas under their IL.Cs without introducing
corrections for the differences in f' which
cannot be determined accurately. The pro-
posed approximation is acceptable also be-
cause we are interested in information
about the relative change of Sn-containing
components after the sample has been sub-
jected to various conditions rather than in
the absolute amounts of these components.
The results for all samples studied are com-
piled in Table 3.

As was noted in the Introduction, in the
previous report (/) we analyzed the compo-
sition of Sn-containing components of sam-
ple B-1 according to the first model of de-
composition of NGR spectra. The second
model used in this work has required a
rather complicated, independent analysis of
the behaviour of two-valent tin, which is
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TABLE 4

First Model of Decomposition: Amounts (wt%) of Sn-Containing Components in
Pt—Sn/y-ALOL(CI)

Sample Compound
SnO, Sa(dV) Pt;Sn PtSn  8-Sm SnCl, - 2H,0  SnCl, anhydrous
B-1 29 104 11.5 159 113 38.1 9.9
B-2 100 — — — — — —
B-3 7.6 6.8 133 134 144 29.0 15.4
B-4 3.9 6.4 127 13.6 103 37.2 15.9
B-5 9.4 7.7 14.1 11.0 5.8 34.7 17.3
C-1 3.8 6.9 13.1  16.1 9.0 342 17.7
C-2 0.9 8.6 139 17.0 9.6 30.4 19.5
C3 0.6 8.6 142 194 7.5 29.2 20.4
P-1 8.5 5.9 146 17.7 7.6 19.3 26.5

not bound to Pt, on the support surface un-
der catalyst operation conditions (samples
of series A). In order to evaluate in which
situations the use of the first (1) or the sec-
ond (this work) approximation is more ap-
propriate, we decomposed the NGR spec-
tra of all samples into ILCs in the first
approximation (/) and estimated the
amounts of Sn-containing components from
the areas under their ILCs. The results of
this analysis are given in Table 4. From a
comparison of catalyst compositions ob-
tained with two models of decomposition it
is seen that both models provide qualita-
tively similar information: two types of
Sn(IV) and several states of Sn(Il) and
Sn(0) in different Pt—Sn alloys. Identifica-
tion of B-Sn in the first model and of the
PtSn, alloy in the second model should not
be regarded as an essential difference be-
cause their 6 values are similar and their
identification by NGR spectroscopy in the
case of their coexistence is quite compli-
cated. The quantities of these three groups
of surface compounds obtained by the two
approaches are also comparable.

Because the first model is simple enough
to realize, we recommend that it be used at
the initial steps of investigation of the com-
position of the systems under consider-
ation. The second model, and especially the
analysis f77/f 595, allows one to obtain more

detailed information about the types of
compounds which can be produced during
the course of the interaction of Sn(II),
which is not bound to a transition metal,
with the surface.

Pt-Sn catalysts on ZnAl,O4 supports
were reported (4) to have an ability to rap-
idly reproduce the composition in many re-
dox cycles. A spectrum of the Pt-Sn/
v-ALO3(C)) catalyst taken after six redox
cycles is illustrated in Fig. 2 (B-4). It is seen
that the catalyst composition, namely, ini-
tial types of Sn-containing components (see
B-1), generally remains the same, but the
relative amounts of alloys changed: the
amount of Sn(II*** decreased slightly, and
another type of Sn(I) appeared. This latter
type produced singlet No. 9 (Fig. 2, B-4)
which is typical of the phase of anhydrous
SnCl; (Table 2). Production of a Sn(II) state
similar to SnCI8""%" has also been identified
in (2). The isolated state of Sn(II) charac-
terized by singlet No. 9 cannot be identified
as the phase of anhydrous SnCl, on the sur-
face because the f4;/f s of this singlet is
rather low. Most probably, this is an alter-
native (fourth) type of Sn(Il) on y-ALO;(Cl)
with symmetric surrounding by Cl atoms in
deeper layers of the support surface, simi-
lar to the phase of anhydrous SnCl; (I5).
Subsequent oxidation of catalyst B-4 and
reduction (see Experimental) (Fig. 2, B-5)



Sn-CONTAINING COMPONENTS OF Pt-Sn/ALO5(Cl) REFORMING CATALYST

somewhat enhance the concentration of
Sn(IV) of both types and decrease the
amounts of SnALO, and Sn(II)*" in the
system.

Because the differences in f' were not
taken into account, the obtained numerical
estimates of the amounts of each Sn com-
ponent in the catalyst give only a qualita-
tive idea of their variations. Still, these esti-
mates lead to a conclusion which is very
important in practice: subtle peculiarities of
the states and concentrations of Sn-con-
taining components change somewhat from
cycle to cycle. Data from the elemental
analysis indicate that the amount of CI-
also decreases. In addition, they quite con-
vincingly show that the state of Sn(II)**" is
most dynamic. This indicates that, as for
samples of series A, the degree of interac-
tion of Sn(II) not bound to Pt with the sup-
port increases from cycle to cycle, perhaps
due to a deeper insertion of Sn(Il) and CI~
ions into the bulk. At least this can provide
an explanation for the observed weakening
of f'(T) of Sn(Il).

The catalysts treated by the reaction mix-
ture (series C) have essentially similar com-
positions and almost the same proportion of
components as the catalyst subjected to
several cycles of reduction with hydrogen.
This proves that the peculiarities of varia-
tions of catalyst states established for series
B are aiso valid for real conditions of re-
forming. The main substance of the reac-
tion medium that participates in the catalyst
formation is H,. Interestingly, after the re-
duction, the catalyst obtained by support-
ing H,PtClg over y-AlLO;(Cl) with pread-
sorbed SnCly produces an NGR spectrum
(Fig. 2, P-1) that indicates the same qualita-
tive composition as sample B-5, which was
made from SnCl;-containing complex of Pt,
but of different quantitative composition. It
differs from sample B-1 by the presence of
Sn(Il), which is similar in 8 to anhydrous
SnCl,, and the amount of which is larger
than in samples B-5 and C-3. Another quan-
titative difference is a smaller amount of
Sn(Iy*. Thus, the preliminary supporting
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of SnCl, on y-AlL,O5(Cl) seems to promote a
more complete interaction of Sn(ll) with
v-Al,O4(Cl) at subsequent reduction. Sepa-
rate supporting of Pt and Sn components
has almost no effect on the composition and
amount of Pt—-Sn alloys.

From the data on the relative content of
Sn compounds in the catalyst and from the
elemental analysis for Cl it follows that ex-
cess Cl ions do not interact with Sn on the
surface, and their removal after hydrolysis
of the Al-Cl bonds does not affect the state
of the remaining Sn compounds. This indi-
cates that excess CI™! ions on the surface
play an important role in the primary act of
interaction of the compounds with the sup-
port surface, ‘‘making’’ them react with
sites of a certain nature. It is even the first
thermal treatment that seems to lead to a
rather strong bond between Sn and these
sites. Subsequent redox cycles do not sub-
stantially change the topology of disposi-
tion of most Pt and Sn atoms and surface
atoms of y-Al,O;(Cl) interacting with them.

CONCLUSIONS

1. The state and the properties of the sup-
port surface play a most important role in
the formation of Pt-Sn catalysts. Cl~ ions
that modify the properties of the y-AlLO;
surface change the character of interaction
of supported Sn chlorides and SnCls-con-
taining complexes with the surface, which
further determines the specificity of the
state of Sn in the catalyst.

2. The reforming Pt—Sn/y-Al,O;(Cl) cata-
lysts under consideration are multicompo-
nent, highly dispersed products of the inter-
action of Sn(IV), Sn(II), and Sn(O) with the
support surface and Pt. The latter forms
nearly all possible alloys with Sn. After a
rather large number of redox cycles, Sn(IV)
compounds and Pt-Sn alloys are reproduc-
ibly formed on the catalyst surface; their
amounts are slightly changed. The amount
and composition of Sn(II) compounds tend
to change most dynamically. The change is
associated with a strong interaction of some
of the Cl~ ions and the Sn with the support
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lattice. Some of the C1~ ions are lost at HCI
due to hydrolysis of the Al-Cl bonds.
Sn(IV) ions are also quite rigidly bound in
the surface layer of the lattice, whereas tin
in the alloys does not interact noticeably
with the lattice. Dispersion of the catalyst
particles does not decrease from cycle to
cycle, which is additional evidence that the
support plays an important part in the for-
mation of the catalyst.

3. During the NGR study of the states of
Sn-containing components of such cata-
lysts, the analysis of the corresponding
spectra is connected with the necessity to
decompose them into individual Lorenz
components. The parameters of these com-
ponents should be varied with great cau-
tion. For the first, rough analysis it is rec-
ommended that the parameters of ILCs be
similar to those of individual Sn compounds
in similar states. A more detailed analysis
of the state of Sn on the support with vari-
ous simpler Sn compounds such as SnCl, -
2H,0 is needed. To identify the compounds
formed at all steps of catalyst preparation,
it is necessary to use all measurable param-
eters of NGR spectra [3, A, W, and f'(T)).
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