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The reaction of Pt metal particles on SiO, (Aerosil) and y-A1203 supports with Clr (0.2-100% by 
vol.) in N2 or He in a flow system at temperatures (T,) in the range 320-700 K has been studied with 
XRD, TEM, uv-diffuse reflectance spectroscopy, and temperature-programmed reduction (TPR) of 
the products. On SiOl, for 5-25% Clr only PtClr results, forming large (up to 500 nm diam.) single- 
crystal sheets for 500 < T, 5 700 K and increasingly hne grained to amorphous aggregates for 500 > 
T, 2 320 K. For 25-100% Cl* various products form depending on Tr: (i) 320 I T, < 520 K a Pt(IV) 
chloride/support-surface complex [Pt(IV)Cl,]; (ii) 520 5 T, < 590 K PtCI, (needles); (iii) 590 zz T, < 
670 K PtClr (needles); and (iv) 670 5 T, 5 700 K PtCl, (chunky). For T, s 600 K Pt is increasingly 
lost from the support for any concentration of Clr. On ~-A&or, only support-surface bound 
[Pt(IV)ClJ is formed and no Pt is lost from the support for T, 5 700 K. On both supports, Pt metal is 
redispersed-its mean particle size is decreased on Cl* treatment followed by reduction-only if 
[Pt(IV)Cl,] is formed. Physically distinct chlorides, crystalline or amorphous, always reduce to low 
SUrfaCe area aggK@eS. 0 1985 Academic Press, Inc. 

INTRODUCTION 

Supported noble metal catalysts are 
widely used for the processing of hydrocar- 
bons. During operation, the activity of such 
catalysts slowly decreases due to the depo- 
sition of carbon and feedstock impurities or 
the agglomeration of the metal particles. To 
regenerate catalysts, the deposits are first 
removed by heating in oxidizing atmo- 
spheres. This may lead to further agglomer- 
ation of the metal and, in some alloy cata- 
lysts, may change the surface composition 
of metal particles or cause phase separa- 
tion. Treatments with halogen compounds 
are most commonly employed to redisperse 
and realloy noble metal particles and nu- 
merous patents have been published (Z), 
but few studies have appeared in generally 
accessible journals (2, 3, 14). One of those 
(14) dealt in some detail with the effects of 
treatment gas mixtures such as C1Jiner-t gas 
or Clg/air on Pt/A1203 catalysts, but the 
study lacks direct evidence for the nature of 
platinum halides formed during the treat- 
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ment. We therefore decided to study the 
redispersion of supported platinum cata- 
lysts by halogen treatment utilizing a com- 
bination of techniques-X-ray diffraction 
(XRD), transmission electron microscopy 
(TEM), uv-diffuse reflectance spectros- 
copy, and temperature-programmed reduc- 
tion (TPR)-which would allow us to ob- 
serve directly the extent of chlorination, 
the nature and morphology of the formed 
halides, and the dispersion of the metal af- 
ter reduction treatment. Three model Pt 
catalysts, one supported on silica (& - 9 
nm) and two supported on y-A&O3 (& = 
50-500 and -3 nm) were exposed at atmo- 
spheric pressure to a variety of C&/N2 mix- 
tures at selected temperatures in the range 
320 to 700 K and examined at various 
stages of treatment by above-listed tech- 
niques . 

Materials 

EXPERIMENTAL 

The dispersion of the following systems 
was studied: 
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(a) 1.5% Pt OIE Si02. Aerosil 200 (De- 
gussa) impregnated to incipient wetness 
with H,PtCl, was dried in air at 300 K, re- 
duced in H2 for 15 h at 670 K, then sintered 
in O2 for 3-5 h at 900 K and finally reduced 
in H2 at 670 K for 15 h. The resulting Pt 
particles had a wide size distribution with a 
mean diameter, d,,, = 9 nm. 

(b) 2.5% Pt on y-A&03. PtCl, particles 
were mixed with the support (Akzo-Che- 
mie, 125 m*/g) and reduced in H2 for 15 h at 
670 K to produce metal particles with 
diameters, d,, in the range 50-500 nm. 

(c) 2.0% Pt on y-Al,O,. was prepared by 
impregnating y-A1203 (Akzo-Chemie, 125 
m2/g) with H,PtCl, followed by drying at 
300 K and reduction in flowing H2 at 670 K 
for 15 h. Metal particles with a mean diame- 
ter of 3 nm were present. 

(d) Mixtures of 5% PtCl, particles (d,,, 2 
50 nm) and y-A&O3 or SiOz. These mixtures 
were prepared by dry ball milling of the 
components. 

Procedures 

A stream of Cl, (5-100% by vol.) in N2 
was passed through 0.1 to 0.2 g of model 
catalyst or PtCl,-support mixture placed 
loosely in a vertical S-mm-diam. silica tube 
reactor. The reactor was then heated at a 
selected temperature in the range 320 to 700 
K for a predetermined time, allowed to cool 
to room temperature, and purged with pure 
N2. For 25% Cl2 or less the flow rate of the 
gas mixture was 20 cm3/min but for higher 
CIZ concentrations it was 10 cm3/min. Some 
experiments were carried out with reactive 
gas streams consisting of Cl;? (up to 10 
~01%) in 1% O2 in He or in air. 

The uv-diffuse reflectance of chloride 
compounds on the support was measured 
with a Pye SP 100 uv-vis instrument using 
the pure support as a reference and plotting 
the spectra obtained over the range 300 to 
800 nm in the form of the second derivative. 
Minima were assigned to certain Pt chloride 
compounds on the basis of comparison with 
traces for PtCl, mixed with SiOZ or y-A&O, 
and for H2PtCl, impregnated on the sup- 

ports. PtCl, gave rise to somewhat broad 
minima at 515 and 375 nm, while H,PtCle 
produced sharper minima at 435 and 355 nm 
(e.g., see traces 5 and 6 in Fig. 4). The 
X-ray data were obtained with a vertical 
D 500 diffractometer on a K 805 generator 
(Siemens A.G.) using Ni-filtered Ct.~Kcr,,~ or 
monochromated CuKq radiation. Electron 
microscopy was carried out at 100 kV in a 
JEM 100 CX fitted with a special high-reso- 
lution objective pole piece and top entry 
tilting facility. The apparatus and proce- 
dure for obtaining TPR profiles have been 
described earlier (4). TPR experiments 
were performed on 0.15 g Pt/SiOz and 0.1 g 
of Pt/A1,03 samples; 3% H2 in N2 was used 
as a reduction mixture and the temperature 
was increased at a rate of 10 K min’. 

RESULTS 

Cl2 Treatment 

On both supports Pt particles were read- 
ily attacked by Cl* over the whole tempera- 
ture range. For example, for 1.5% Pt (d, = 
9 nm) on Si02, the bluish grey color typical 
of the metal disappeared and metal parti- 
cles could no longer be detected on the sup- 
port with XRD and TEM after heating in 
streams of 10% Cl2 in Nz at temperatures T, 
of 570,470,370, and 320 K for 0.5,2,4, and 
12 h, respectively. In the alumina-sup- 
ported catalysts-2% Pt/A1203 (d, = 3 nm) 
and 2.5% Pt/AI,O, (d, = 50 to 500 nm)-the 
metal was completely converted to the 
halide in 2.5 h and in 4 h by treatment in 
flowing 10% Cl2 in N2 at T, of 470 K. Taking 
into account the different metal loadings 
and particle sizes of the three model cata- 
lysts, the rates of chloride formation ap- 
peared to be very similar, but the nature, 
distribution, and morphology of the reac- 
tion products depended on the substrate 
and chlorine concentration (see Table I). 

Pt on Si02 Treated in 5-10% Cl2 

470 i T, 5 670 K. When the catalysts 
were treated in this range with 110% Cl2 
metal peaks in XRD traces disappeared and 
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FIG. 1. XRD trace of WSiO, treated with 10% Cl2 in N2 at 470 5 T, 5 670 K. The peaks match the 
reported XRD profile of PtCl,. 

new peaks, which could all be assigned to 
PtCIZ (5) became prominent (Fig. 1). These 
changes were supported by TEM observa- 
tions where images of metal particles on the 
support disappeared and it became possible 
to detect large isolated particles which 
sometimes exceeded the largest observed 
metal particles by about lo3 times. Selected 
area diffraction (Fig. 2a) revealed that such 
particles were either single crystals of PtCl, 
or consisted at most of only a few grains of 
this material; but the compound decom- 
posed in the electron beam and within a few 
minutes of observation, the spot patterns of 
PtC& faded to be replaced by stable diffuse 
Pt metal ring patterns (Fig. 2b). Examina- 
tion of images showed that the ring patterns 
resulted from Pt crystal aggregates whose 
sizes, shapes, and distributions reflected 
those of the initial PtCl* particles. At the 
high end of the temperature range the PtCl, 
particles had distinct crystallographic 
shapes (Fig. 3a) but as T, was lowered the 
shapes became irregular (Fig. 3b). Evalua- 
tion of uv-diffuse reflectance spectra sug- 
gested that treatment at T, I 570 K pro- 
duced mainly PtC12 but that appreciable 
concentrations of Pt(IV) chloride’ were 
produced, besides PtC&, toward the lower 

* This mode to designate the nature of the chloride is 
used whenever the structure could not be determined. 

end of this range of T, (e.g., compare traces 
3 and 4 with 5 and 6, Fig. 4). 

When T, was kept below 570 K no appre- 
ciable loss of Pt from the catalyst was ob- 
served if the Cl2 treatment was terminated 
soon after the color of the sample changed 
from bluish grey to creamy yellow, but as T, 
was raised above 570 K increasing concen- 
trations of PtCl, were detected in cold parts 
of tubing downstream from the catalyst be- 
fore all the Pt had reacted and treatment at 
670 K for 2 h, for example, resulted in com- 
plete loss of Pt from the support. 

320 I T, < 470 K. In this range Pt metal 
peaks in XRD traces disappear but no new 
peaks could be detected. TEM observa- 
tions showed that the disappearance of the 
metal was accompanied by the formation of 
thin sheet-like deposits, which again de- 
composed in the electron beam, into tenu- 
ous aggregates of small Pt particles without 
appreciable change in the overall outline. 
For T, > 370 K the resulting Pt aggregates 
often still had regular outlines (Fig. 3c) but 
when T, was below 370 K only irregular 
web-like nets of Pt particles were detected 
within the support (Fig. 3d). Visual exami- 
nation showed that electron diffraction 
from particles with regular outlines pro- 
duced initially PtCIZ spot patterns, but the 
patterns changed into diffuse Pt rings be- 
fore they could be recorded. Only diffuse Pt 



FIG. 2. Electron diffraction pattern of a PtCl, crystal. (a) Initial and (b) after a few minutes in 
electron beam. 

FIG. 3. Electron micrographs of platinum chlorides formed on SiO, in 10% Cl, in Nz at (a) T, > 570 
K, (b) 470 < If, < 570 K, (c) 370 < T, < 470 K, (d) If, < 370 K. 
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v 
V 

t 
300 400 500 600 700 600 

FIG. 4. Ultraviolet-diffuse reflectance spectra of Pt/ 
Si02 treated in 10% Cl2 in Nz at T, = 320 K for 12 h, 1; 
T,=420Kfor3h,2;T,=470Kfor2h,3;T,=570K 
for 1 h, 4; HJ’tC1&i02, 5; PtClz + SiOz (physical 
mixture), 6. 

ring patterns could be obtained with elec- 
tron diffraction from any of the irregularly 
shaped material formed below 370 K. From 
uv-diffuse reflectance traces it was con- 
cluded that both Pt(I1) and Pt(IV) chlorides 
were present at T, > 370 K, and that the 
proportion of the latter increased with T, 
(compare traces 1 and 2 with 5 and 6, Fig. 
4), but only Pt(I1) chloride could be de- 
tected with this method at T, < 370 K. 

Over the whole range, 320 5 T, % 590 K, 
lowering the Cl* concentration from 10 to 
5% had no appreciable effect apart from 
slowing down the rate of reaction and gen- 
erally lowering the concentration of Pt(IV) 
chloride relative to that of PtCl, in the reac- 
tion products. 

Pt on SiO, Treated in 25-100% Cl, 

420 % T, < 520 K. When catalysts were 
treated in this range with more than 25% of 
Cl;? in the gas stream, the bluish grey color, 
which indicated the presence of metallic Pt, 
faded away completely in about 3 h at 420 
K and in 1 h at 520 K and with TEM or 
XRD neither metal particles nor any metal 
chloride could be detected on the substrate 

after such treatment. However, uv-diffuse 
reflectance spectroscopy (e.g., trace 4, Fig. 
5) revealed on the support Pt(IV) chloride 
in concentrations which corresponded to 
the original metal loading. 

520 < T, I 590 K. In this range the color 
of the catalysts changed to reddish brown 
and in TEM micrographs metal particles 
had disappeared from the substrate and in- 
stead mainly large particles (0.1-0.5 pm in 
size) were prominent. The latter tended to 
form sheets with regular outlines, but occa- 
sionally also short rods with straight sides 
and round ends or irregular clumps. The 
rods were always single crystals, the regu- 
lar sheets were single crystals or consisted 
at most of a few largish grains, but the irreg- 
ular clumps were always collections of ran- 
domly oriented small crystals. Electron 
diffraction indicated that the particles 
consisted of PtC&, but again the material 
was unstable in the beam and the patterns 
were quickly replaced by diffuse Pt rings 
and in TEM micrographs only Pt aggregates 
outlining the original shapes of the particles 
could be recorded. That the reaction prod- 
uct was PtCl, was verified from XRD traces 
(trace 1, Fig. 6) but care had to be taken to 
avoid exposing samples to the air as PtCl, is 
very deliquescent (6). Ultraviolet-diffuse 
reflectance spectroscopy (trace 3, Fig. 5) 

I 
300 400 500 600 700 600 

A (nm) 

FIG. 5. Ultraviolet-diffuse reflectance spectra of Pti 
SiOz treated in >25% Clz in Nz at T, = 670 K, 1; T, = 
620 K, 2; T, = 570 K, 3; T, = 470 K, 4. 
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Ptcl, 
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FIG. 6. XRD traces of Pt/SiO, treated in >2.5% Cl* in 
N2 at T, = 570 K (top), T, = 620 K (center), and T, = 
670 K (bottom). The peaks match reported XRD pat- 
terns for PtC14, PtC13, and PtC12. 

further confirmed the presence of a Pt(IV) 
chloride. In this temperature range small 
amounts of Pt were lost from the support 
and redeposited as PtCl, downstream from 
the samples. 

590 < T, < 670 K. Treatment in this re- 
gion changed the color of the catalyst to 
bluish black and led to more obvious loss of 
Pt as evidenced by the formation of PtCl, 
downstream from the specimens. TEM re- 
vealed that instead of Pt particles large ob- 
long prisms (Fig. 7) with flat or slightly 
rounded ends and generally round or hex- 
agonal cross sections could be seen among 
the support. The prisms occurred some- 
times singly (Figs. 7a and b) but more often 
they were present as intersecting pairs or 
bunches (Fig. 7~). Electron diffraction 
showed that individual prisms were single 
crystals and exhibited spacings consistent 
with those reported for PtCl, (5). That the 

crystalline products in this range were ex- 
clusively PtCl, was confirmed with XRD 
(middle trace, Fig. 6) and uv-diffuse reflec- 
tance spectroscopy showed that neither 
Pt(II) chloride nor Pt(IV) chloride were 
present to any noticeable extent (e.g., see 
trace 2, Fig. 5). Prolonged air exposure led 
to the decomposition of PtC13 (Fig. 7d) into 
PtC12, identified by XRD, and noncrystal- 
line Pt(IV) chloride, identified by diffuse re- 
flectance spectroscopy. 

670 K < T,. When the temperature was 
raised above 670 K the color of the catalyst 
turned initially to green and then faded as 
the loss of Pt became extensive and large 
(0.5-l pm size) PtCl, crystals were depos- 
ited downstream from the specimen. Both 
TEM and XRD showed that large sheets of 
PtC& were formed initially on the support, 
and uv-diffuse reflectance traces revealed 
mostly Pt(I1) chloride besides small 
amounts of Pt(IV) chloride (see trace 1, 
Fig. 5). 

Pt on y-A1203 Treated in 0.2-100% Cl2 

320 < T, < 700 K. TEM and XRD 
showed that over the whole range of tem- 
peratures and Cl2 concentrations Pt parti- 
cles disappeared from the support at rates 
which were similar to those observed for 
the same conditions with Pt on silica, e.g., 
no metal particles could be detected in 
2.5% Pt/A1203 (d,,, = 50 to 500 nm) after 
treatment in 10% Cl* in N2 mixtures at 470 
K for 4 h and in 2% Pt/A120~ catalysts (d,,, = 
3 nm) after 2.5 h, but contrary to observa- 
tions in silica supported catalysts no plati- 
num chloride phases could be detected with 
these techniques either on the support or in 
the tubes leading from the reactor. How- 
ever, uv-diffuse reflectance spectroscopy 
revealed that chlorine treatment did always 
lead to the formation of Pt(IV) chloride on 
the substrate (e.g., compare traces 3,4, and 
5 with 1 and 2, Fig. 8). 

Mixtures of PtCl2 and SiO2 or y-Al203 
Treated with 10% Cl2 
320 < T, 5 670 K. For PtC12/Si02 mix- 
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FIG. 7. Transmission electron micrographs of PtCl, particles formed in >25% Cl, in N2 streams in the 
temperature range 590 < T, < 670 K, immediate after reaction (a, b, c), and after 2 days storage (d). 

tures the only changes observed with XRD, of PtQ to Pt(IV) chloride was complete 
TEM, and uv-diffuse reflectance spectros- after about 0.5 h at T, = 520 K. 
copy were extensive losses of PtCl, from 
the reactor for T, > 520 K. Reduction of Pt Chlorides 

For PtCl+A1203 mixtures XRD and (a) TPR projiles: Ptly-AlzOJ. A single 
TEM revealed that PtC12 particles disap- maximum at 500 K was observed when Pt/ 
peared readily from the mixture at T, > 520 r-A&O,, treated in gas streams containing 
K but no formation of a new phase could be 0.2-100% Cl2 in the temperature range 320 
detected either on the y-Al203 or in the tub- < T, < 770 K, was subjected to TPR (e.g., 
ing from the reactor at any temperature in trace ---, Fig. 9). Similar TPR maxima re- 
this range. However, uv-diffuse reflectance sulted for PtCl+A1203 mixtures, which 
spectroscopy showed that Pt(IV) chloride had been treated in 10% Cl* at T, = 673 K 
was formed on the Y-A1203. The conversion (trace n , Fig. lo), while PtClJy-A1203 mix- 
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I 1 I I , 1 

300 400 500 600 700 600 

)i (ml) 

FIG. 8. Ultraviolet-difhse reflectance spectra of 
HzPtClJA1209, 1; PtC& + A&O,, 2; Pt/A1203 treated in 
0.2-100% Cl* in N2 at T, = 470 K, 3; T, = 570 K, 4; T, 
= 670 K, 5. 

tures before Cl2 treatment resulted in a 
sharp TPR maxima at 320 K (trace 0, Fig. 
10). 

Pt/Si02. For platinum on SiOz treated at 
different T, in various Cl2 concentrations, a 
variety of TPR peaks were observed. For 
example, treatment in 10% Cl2 at T, = 320 
K resulted in a single TPR maxima at 3 10 K 
(trace H, Fig. 9). When T, was increased to 
420 K, two broad maximum appeared, a 
small one at 350 K and a main one at 480 K 
(trace A, Fig. 9). For T, = 470 K, TPR 
traces showed two narrow main maxima at 
320 and 350 K and a small broad peak at 470 
K (trace 0, Fig. 9). Increasing T, further to 
570 K resulted in a sharp TPR peak at 360 K 
with a shoulder at 470 K (trace + , Fig. 9). 
A similar maximum appeared when PtClz 
mixed with SiO;? was subjected to TPR 
(trace +, Fig. 10). 

TPR profiles of Pt/SiO;, catalysts treated 
in gas streams containing more than 25% 

chlorine are shown in Fig. 11. When T, was 
470 K a single maximum at 500 K appeared 
(trace A, Fig. 11). A similar peak was ob- 
served when T, was in the range 520 < T, -C 
590 K (trace 0, Fig. 11). Pt/Si02 treated in 
~25% Cl2 between 590 and 670 K gave rise 
to two TPR maxima, one at 370 K and the 
other at 500 K (trace n , Fig. 11). When T, 
was increased further a single TPR peak at 
360 K was observed. Quantitative data ex- 
tracted from TPR profiles are summarized 
in Table I together with information about 
the structure and composition of the chlo- 
ride and average sizes of platinum metal 
particles observed after TPR. 

(b) Structural changes: Ptly-A1203. 
When the Pt had been completely reacted 
with Cl2 over the whole range of T, and Cl* 
concentrations, reduction always produced 
small Pt particles evenly distributed over 
the support (Fig. 12a). When Pt which had 
only partially reacted with chlorine, evident 
from the observation of residual platinum 

300 400 500 600 
T (K) 

FIG. 9. Temperature-programmed reduction (TPR) 
profiles for Pt/SiOt treated in 10% Cl1 in Nz at T, = 320 
K(M), T, = 420 K (A.), T, = 470 K (O), T, = 570 K (+), 
and for 2.5% Pt.&O3 treated in 0.2-100% Cl? in N2 at 
320 < T, < 700 K (---). Sample sizes: 0.15 g for Pt/ 
SiO*, 0.1 g for Pt/A&O~. 
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300 400 500 600 

T (K) 

FIG. 10. Temperature-programmed reduction pro- 
files. PtC12 + SiOZ (+), PtCl, + SiO,-10% CIZ in Nz, 
670 K (A), PtC& + A&O, (O), PtCl, + Al,03-10% Cl> 
in NZ, 670 K (m). Sample size: 0.08 g. 

particles by XRD and TEM, was reduced, 
the newly formed small Pt particles were 
also evenly spread over the support when 

1 I 

300 400 500 600 
, 

T (K) 

FIG. 11. Temperature-programmed reduction pro- 
files of Ptk30Z treated in streams containing >25% Cl2 
at T, = 470 K (A), T, = 570 K (O), T, = 620 K (W). 
Sample size: 0.15 g. 

T, was above 470 K. When T, was below 
470 K, however, higher concentrations of 
newly formed small Pt particles close to 
remnants of large original Pt particles were 
observed after reduction (Fig. 12b). That 
reduction of Pt(IV) chloride which is 
formed exclusively on Y-A1203 invariably 
produced small Pt particles was further 

b 

FIG. 12. Transmission electron micrographs of Pt on A&O3 reacted with chlorine at 670 K followed 
by TPR (a), and at 520 K followed by TPR (b). 
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FIG. 13. TEM images of crystalline platinum chlorides on SiO, reduced below 520 K (a, b, c) and 
above 670 K (d). 

confirmed with XRD traces where Pt peaks gates of Pt crystals when the reduction tem- 
were always very broad. perature was below 470 K (Fig. 13~). 

Pt/Si02. The regular crystals of PtCl*, Higher temperatures (up to 770 K during 
PtCl,, and PtCI, formed at certain values of TPR) caused the Pt to sinter and agglomer- 
T, and Cl* concentrations on this substrate ate into large crystals (Fig. 13d). Similarly 
changed on reduction at temperatures 670 to the situation on y-AlzOj, noncrystalline 
K into contiguous aggregates of smaller Pt Pt(IV) chloride, which was present to some 
crystals while preserving the overall origi- extent under most conditions and which 
nal shapes of the chloride crystals (e.g., see was the predominant product after chlorin- 
Fig. 13a). The web-like tangles and net- ation at ~470 K in treatment streams con- 
works of Pt(I1) chloride formed in 10% Clz taining 525% Clz, was always converted 
at T, < 400 K converted into similar aggre- into small Pt metal particles. 
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DISCUSSION 

Reaction of Supported Platinum with 
Chlorine 

Platinum supported on silica or alumina 
reacted readily with chlorine and complete 
conversion of the metal to the chlorides oc- 
curred at temperatures Z’, > 330 K. In con- 
trast Schafer et al. (7) who studied the at- 
tack of chlorine on platinum powder in a 
static thermal gradient system reported that 
the buildup of chloride layers around plati- 
num particles strongly inhibited the reac- 
tion at lower temperatures and that exten- 
sive conversion could only be achieved 
when aluminum halides (AlZX6) were added 
as “transport media.” In a flow system, as 
used in this study, no inhibition did occur 
even at the lowest temperatures. Substan- 
tial chloride layers enveloping metal parti- 

cles were never observed by TEM and the 
marked differences in the spatial distribu- 
tion of products compared to the distribu- 
tion of the originating metal particles indi- 
cated extensive vapor phase transport of 
the formed chlorides under flow conditions. 
The support material had no marked influ- 
ence on the reaction rates. This was not 
surprising for Pt/SiO, and 2.5% Pt/Al,O, 
considering that on both substrates plati- 
num particles were far too large to exhibit a 
significant interaction with the substrate, 
but the smaller Pt particles (3 nm) present 
in 2.0% Pt/Al,O, also were converted to 
platinum chlorides in similar time scales 
(see Table I). However, different end prod- 
ucts result from the reaction of chlorine 
with platinum on SiOz and A1203. As shown 
in the following scheme (where t indicates 
substantial 

~570 K 
/- PtClT/Si02 

C12/N2 < 0.25 
>570 K 

PtClT t + SiOz 
Pt/SiO, __ ________________________________________------------------------ 

C470 K 

c$g 

[Pt(lV)Cl.,]/SiO, 
52&6Cil K 

PtCI:/Si02 
62(&700 K 

2 2 PtClf/Si02 + PtCI, t * 
,700 K 

’ PtCIf/SiOz + PtCl, t * 
Pt/Al,O, “Oo2 < “2’NZ < ““, [Pt(IV)Cl.,]/A1203 

42&7?0 K 

losses of products from the support and * nated as [Pt(IV)Cl,]-Al20, on the basis of a 
indicates crystalline products) on silica comparison of its uv-vis spectrum with 
crystalline platinum chlorides are produced that obtained when r-Al,O, was impreg- 
under most reaction conditions. A noncrys- nated with H,PtCl,. 
talline product, which has been designated At the temperatures of the present exper- 
on the basis of its uv-vis spectrum as a iments attack of chlorine on bulk platinum 
[Pt(IV)Cl,]-SiO, surface complex was has been shown to produce initially highly 
formed at T, = 470 K and C&/N2 > 0.25, but volatile p-PtC12 (5, 7, 8). Since the Pt parti- 
occurred only as minor product at low chlo- cles on both substrates and in particular on 
rine pressures. On r-A&O,, in contrast, the alumina are rather large to be influenced by 
platinum metal is under all conditions con- metal-support interactions, we believe that 
verted exclusively into noncrystalline sur- it is justified to assume that PtCl, is the pri- 
face complex which was similarly desig- mary product from the reaction of chlorine 
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with Pt supported on silica and alumina. Al- 
though on the latter PtC12 could never be 
detected by TEM or XRD, its presence was 
indicated by the observation of a small TPR 
peak at 280 K when Pt on alumina had been 
reacted with chlorine at 470 K for only 2 h 
and which still showed the presence of 
metal particles by XRD and TEM. The re- 
duction temperature, about 40 K lower than 
that observed when PtCl, was physically 
mixed with Y-A1203, was consistent with a 
platinum chloride in intimate contact with 
the metal, and the area under the TPR peak 
is consistent (assuming a composition of 
PtC&) with the platinum particles being 
covered with a few PtQ layers. 

The absence of substantial chloride lay- 
ers around metal particles together with the 
observation that in such partially chlorin- 
ated catalysts Pt is mainly present as Pt(0) 
and Pt(4+) is indicative of a fast transport 
step as well as further chlorination reaction 
of PtC12 on alumina surfaces. PtCl, is not 
only the initial reaction product on both 
substrates but its formation seems to be the 
slowest step in the reaction scheme out- 
lined below, which would explain the simi- 
lar reaction rates observed on both sub- 
strates. 

slow 
Pt/Si02 - 

Ptcl, 
0.05 < a2m2 < 1.0 volatile C12/Nz> 

slow 
Pt/Al,O, - 

Ptcl, 
0.002 < Q/N2 < 1.0 volatile 

, 
C12/NZ < 1.0 

-+ (PfCl2)ads - [Pt(IV)CI.rIads 
0.02 < Q/N* < I .o 

Those reaction models are further sup- 
ported by the observations that when PtCl, 
mixed with both substrates was heated in 
C12/N2 streams containing 10% C12, on alu- 
mina complete redispersion of the chloride 
and conversion to a Pt(IV) compound was 
achieved at 520 K after only 0.5 h, while on 
silica no changes could be observed at 

those temperatures and at higher tempera- 
tures PtCl, was lost from the support, 

Oxidation of Pt2+ to Pt4+ by chlorine 
seems to be more readily accomplished on 
the support than it is in. the gas phase. This 
is expected since adsorbing the chlorine on 
the substrate will lead to increased interac- 
tion with the PtCl,. If one compares the two 
substrates it is seen that on y-A1203 the 
[Pt(IV)Cl,] surface complex formed exclu- 
sively over the whole range of conditions 
(470-670 K, %Cl* 0.2-100) while on Si02 it 
formed in small amounts generally at low 
temperature but appeared exclusively only 
at 470 K provided the %C12 was high (25- 
100). Thus it seems that on y-A1203, chlo- 
rine not only readily facilitates the forma- 
tion of a [Pt(IV)Cl,] surface complex but 
also greatly enhances its stability while on 
Si02 the influence of chlorine in this respect 
is much less pronounced. This observation 
is in agreement with the chemical nature of 
the surfaces involved. Platinum halide com- 
plexes exhibit a strongly anionic character 
and are therefore expected to interact more 
readily with y-A1203, which in acid medium 
has been shown to adsorb anions, than with 
a hydrated Si02 surface, which has been 
observed to be a cation adsorber, albeit a 
very weak one. That Y-A1203 is more favor- 
able than Si02 as a substrate for the oxida- 
tion of halide complexes with chlorine has 
also been observed for other platinum 
metals. For example, Kozlov et al. (9) 
found with PdC12 that in the presence of 
excess chloride ions, anionic complexes of 
higher oxidation state were formed on alu- 
mina and magnesia but not on silica. 

Differences in the behavior of y-AlzOs 
and Si02 similar to those observed here 
have also often been noted during the man- 
ufacture of catalysts. When platinum metal 
particles are produced on the two sub- 
strates by impregnating them with solutions 
containing H,PtCl,, the anion PtClz- is 
readily adsorbed on Y-A1203, but it is taken 
up onto the Si02 only to a slight extent. 
Furthermore, TPR experiments (IO) have 
shown that on Si02 the platinum in the an- 
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ion is readily reduced to the (2+) state by 
calcination at temperatures as low as 570 K 
(formation of PtCl& whereas on y-AlzOj, in 
contrast platinum remains in the (4+) state 
even if calcined at temperatures as high as 
770 K. 

The mechanism of the interaction of 
aqueous solutions of HzPtC& with A1203 
surfaces has been interpreted as either (i) 
an acid attack on the alumina surface with 
AP+ ions going into solution and readsorp- 
tion of these ions together with PtClg- to 
form surface complexes (II, 12) or (ii) a lig- 
and displacement reaction, formulated as 
ML;- + O-Al- E$ ML,-, . . . O-Al + L, 
between the anionic chloride complex and 
the alumina surface (13). We believe that 
under the conditions of the present experi- 
ments (absence of aqueous phase, chlorin- 
ated substrates) ligand displacement reac- 
tions are more likely. However, in any 
case, on SiOZ the bonds between the com- 
plex and the surface are obviously weak, 
since no surface complex is observed at any 
chloride concentration above 470 K. It is 
thus unlikely that PtCl, and PtC13 observed 
on Si02 are decomposition products of the 
surface complex, and the appearance of 
large crystals of those compounds rather 
suggests that they originate from a further 
reaction of chlorine with initially formed 
PtCl*. 

Reduction of Platinum Chloride Phases 

The platinum chlorides formed by chlo- 
rination of PtLSiOZ and Pt/A1203 catalysts, 
reduce according to the schemes 

PM& + H2 ---, Pt + 2HCl 
Ptc14 

I 

+2H,+Pt+4HCI 
FwwLI, 
and can be distinguished by TPR. PtCl, 
physically mixed with the two substrates or 
dispersed on the substrates gives rise to 
TPR maxima in the range 310 to 360 K. 
PtC&, [Pt(IV)Cl,], reduce in the tempera- 
ture range 450 to 550 K and TPR profiles of 

PtC13 showed a large maximum at 370 K 
and a smaller one at 500 K. The amounts of 
hydrogen consumed in the TPR experi- 
ments thus provide a quantitative measure 
of the oxidation state of platinum in the cat- 
alyst after chlorine treatment (cf. Table I). 
Adsorption of hydrogen on surface plati- 
num atoms contributes 

Pt, + t H2 + PtH 

very little to the overall hydrogen consump- 
tion during a TPR experiment, since (i) 
whenever highly dispersed catalysts (large 
platinum surface area) are obtained, reduc- 
tion takes place above 470 K, a temperature 
where the hydrogen coverage of the surface 
is already significantly reduced, and (ii) 
when the reduction occurs at lower temper- 
atures (crystalline PtClJ catalyst of low 
platinum surface areas result. 

Redispersion of Platinum 

A comparison of the average platinum 
particle sizes of the catalysts before and af- 
ter chlorine treatment (Table I), shows 
that redispersion of the metal-decrease 
in particle size-was associated with the 
formation of a [Pt(IV)Cl,] surface complex. 
Whenever crystalline chlorides were 
present as major products contiguous ag- 
gregates of smaller platinum crystals 
formed on reduction at lower temperatures 
(Fig. 13) or large platinum crystals at high 
reduction temperatures (Fig. 13d) and in 
general those particles were larger than the 
ones present before chlorine treatment. 
Platinum on Al203 was shown to convert 
exclusively to the [Pt(IV)Cl,] surface com- 
plex at all treatment conditions and homo- 
geneously distributed small metal particles 
are generally observed after reduction of 
the chlorine-treated catalyst. Birke et al. 
(14), who studied the effects of chlorine 
treatment on Pt-Al,03 reforming catalysts 
reported in agreement with our study that 
an increase in platinum dispersion is inti- 
mately connected with the presence of a 
chloride phase containing platinum in the 
4-t oxidation state, but their findings that 
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such compounds form only in chlorine-ox- 
ygen (air) mixtures or by further treatment 
of the chlorinated catalyst in oxygen are 
difficult to reconcile with the present 
results. The discrepancies may originate 
from (i) Birke et al. used a treatment gas 
with lower chlorine concentration (0.15% 
compared to our lowest concentration of 
0.2%); (ii) most of Birke’s experiments 
were carried out above 670 K whereas our 
study was done in the temperature range 
470 to 670 K. 

Furthermore, Birke et al. were unable to 
directly identify the Pt compound formed 
during the treatment and determined the Pt 
oxidation state by indirect methods, and a 
close examination of their data revealed 
that air treatment at temperatures in the 
range 700 to 850 K of a FY/A1203 catalyst 
pretreated for 5 h in 0.15% C12/Nz at 723 K 
led to only insignificant improvements in 
the percentage of oxidized Pt present in the 
catalyst and in the metal dispersion of the 
subsequently reduced catalyst. 

With Pt/SiO;! redispersion was achieved 
only by treatment in gas streams containing 
>25% chlorine and at T, < 500 K. Partial 
redispersion was possible at lower chlorine 
concentrations in the temperature range 
350 to 450 K, but besides small metal parti- 
cles large platinum aggregates, originally 
from the reduction of Pt(I1) chlorides, were 
also present. 

CONCLUSIONS 

Successful redispersion of platinum by 
chlorine treatment is achieved in a four- 
step process: (i) attack of platinum particles 
to form volatile p-PtCl,; (ii) vapor phase 
transport of the chloride; (iii) adsorption of 
the PtCl, molecule; and (iv) further chlorin- 
ation to form complex chlorides of Pt4+, 

strongly bound to the surface. With Ptl 
A&O3 the formation of anionic complexes 
of Pt(IV) is favored, due to the relatively 
strong interaction of such compounds with 
the alumina surface and an increase in 
metal dispersion is generally observed after 
chlorine treatment followed by reduction. 
The interaction of a Pt(IV) chloride com- 
plex with a silica surface is rather weak and 
redispersion requires (a) a high chlorine 
concentration (>25 ~01%) in the treatment 
gas and (b) a reaction temperature < 500 K 
to prevent the decomposition of the surface 
complex to crystalline chloride. 
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