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Abstract

The formation and catalytic effect of carbonaceous deposits was studied on monofunctional Pt catalysts: Pt black (PtN, i.e., reduced with hydra-
zine), Pt/SiO, (EUROPT-1), Pt on “herringbone” graphite nanofiber (Pt/GNF-H, GNF being able to store hydrogen) and Pt/CeO, (ceria tending
to consume spilt over hydrogen). They were exposed to hexane or t,t-hexa-2,4-diene between 483 and 663 K, with or without H,. Hydrocarbon
transformations during these deactivating exposures as well as in subsequent standard test reaction with hexane in hydrogen excess were studied.
Carbon accumulation on Pt black after analogous deactivating treatments was also examined by electron spectroscopy (XPS and UPS). The ab-
undance of hydrogen on Pt sites controlled the activity and selectivity containing much Pt C species. The amount of surface C could reach
~+45% causing almost total activity loss, but even ~.30% C on Pt blacks decreased markedly the catalytic activity, due to massive 3D deposits.
“Disordered” carbon selectively poisoned the formation of saturated Cs products and fragmentation. The yield of dehydrogenation to hexenes was
a good universal indicator of deactivation for each catalyst. Four regions were distinguished: “beneficial”, “selective”, “non-selective” and “se-
vere” deactivation.

Keywords: Pt; Platinum black; Monofunctional Pt; Deactivation; Hexane; Hydrogen; Aromatization; Isomerization;
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1. Introduction

Carbonaceous entities have been shown to be present
on Pt catalysts during “skeletal” hydrocarbon reactions [1]
and [2]. Somorjai [1] distinguished ordered or disordered
three-dimensional (3D) carbonaceous polymers and indi-
vidual C atoms attached to Pt atoms (“Pt—C”) and as-
sumed that clean Pt islands present would do the catalytic
reactions. Some of the “massive” coke detected by electron
spectroscopy, may have formed during evacuation [3] de-
hydrogenating the “hydrocarbonaceous deposits”, always
present during reactions of hydrocarbon—H, mixtures [1]
and [4]. Graphitic moieties, poly-C,H, as well as “Pt—C”,
were observed by XPS and UPS after treating Pt black
samples with hydrocarbons at reaction temperatures [5] and

[6].

Regeneration of Pt black and accumulation of carbo-
naceous residues were accompanied also by restructuring
of Pt black crystallites [7], supporting the “flexible surface”
concept [8] and [9]. X-ray diffraction (XRD) showed more
intense (3 1 1) and (2 2 0) reflections (so-called “Bs” struc-
tures) on hydrogen-treated Pt [10]. These structures favored
skeletal rearrangement reactions [11] and [12] such as iso-
merization and/or Cs-cyclization [13] and [14]. Exposing
even a single (1 1 1) crystal surface to H, initiated restruc-
turing of stepped surfaces [15] to form so-called “Bs” struc-
tures, more active in skeletal hydrocarbon reactions [1],
[11], [12] and [16].

The catalysts were exposed to hydrocarbons in the
presence and absence of hydrogen. The product composi-
tion was monitored after these “deactivating exposures” as
well as in subsequent standard test reactions with hexane—
H, mixture at T =603 K. The surface of Pt during alkane
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reactions is covered by chemisorbed hydrogen and disso-
ciated alkane radicals [2] and [4], which may give either
reaction products or dehydrogenate further to form carbo-
naceous deposits [17] and [18]. More hydrogen favored
isomerization and Cs-cyclization [13], while less hydrogen
promoted hydrogenolysis and aromatization as well as cok-
ing [19]. The “virtual surface hydrogen pressure” may be
higher than that in the gas phase [20], [21] and [22].

The present study will report on the effect of two
deactivating hydrocarbons: hexane (nH) and trans-trans-
hexa-2,4-diene (2,4HD—=—) alone or with a six-fold excess
of H, in a wide temperature range (483-663 K). The ef-
fect(s) of the unsaturated and saturated deactivated agents
in the presence (and also in the absence) of hydrogen will
be compared using Pt black as well as three monofunction-
al supported Pt catalysts: Pt/SiO, (the well-known and
much used EUROPT-1 [23] and [24]) Pt on a graphite-
nanofiber (GNF) support [25] and Pt/CeO, [26]. The latter
supports exhibited opposite behavior towards spilt over
hydrogen: GNF stored it whereas ceria reacted with hydro-
gen to give Ce"'. Two parallel exposures were carried out
with Pt black: (1) in the preparation chamber of an UHV
apparatus, followed by XPS and UPS measurements; (2) in
a catalytic reactor using exactly the same mixtures. Catalyt-
ic properties were monitored (a) during deactivating runs
and (b) in standard test runs after deactivation. The changes
in activities and selectivities during skeletal reactions of
hexane will be used for characterization of the surface state,
and discussed together with surface analysis of Pt black.
Common features and differences of monofunctional Pt
catalysts will be pointed out. This paper will also sum up
the experience obtained by several years’ research work in
analogous field [6], [7], [27],[28] and [29].

2. Experimental
2.1. Catalysts

Pt black was prepared by reduction from aqueous so-
lution of H,PtClg with hydrazine [30], denoted as PtN. Its
BET surface was 2.34 m? g, dispersion D =0.9% [20].
The results obtained with another Pt black (Pt-HCHO,
BET surface, 2.64 m*g ", dispersion D = 1.6% [6]) were
very similar, thus they will not be tackled in detail here.
The supported catalysts were: 6% Pt/SiO,, known as
EUROPT-1 [23], D = 60%; 2%; Pt/CeO, calcined at 773 K,
corresponding to 2Pt-Ce HTR in Ref. [26], D = 35%. The
graphite supported catalyst was 4% Pt on “herringbone-
type” graphite-nanofiber, Pt/GNF-H [31]. It was synthe-
sized by impregnating 0.5 g GNF-H support and adding the
calculated amount of H,PtClg (2% solution in ethanol) to a
1:4 mixture of dry ethanol and toluene, stirred for 25 h,
dried and reduced in H, flow at 473 K, then at 637 K [25].
The metal dispersion was 31% [32].

2.2. Electron spectroscopy

XPS and UPS were measured by a Leybold LHS 12
MCD instrument as described earlier [6], [7] and [27]. UPS
used He | (21.2 eV), pass energy (PE) = 6 eV or He Il exci-
tation (40.8 eV), PE=12¢eV. An Mg Ka anode was used
for XPS (PE = 48 eV). Atomic compositions (O 1s, C 1s, Pt
4f) were determined from peak areas using literature sensi-
tivity factors [33] assuming a homogeneous composition
model.

2.3. Carbonizing runs (“pretreatments”)

Mixtures of 13 mbar of hydrocarbon, hexane (nH) or
trans,trans-hexa-2,4-diene (2,4HD—) and 80 mbar of
hydrogen were introduced and kept over the catalyst, typi-
cally for 20 min. Similar runs were also carried out with
53 mbar hexane alone. The same exposures was done both
in the preparation chamber of the electron spectrometer and
in the catalytic glass reactor (see below). Contact with air
was avoided between pretreatment and measurement in
both cases.

2.4. Deactivating and test runs

The product composition was checked by gas chro-
matography, after the deactivating run of 20 min, as well as
in “standard test runs” using a mixture of hexane (nH) and
hydrogen at p(nH):p(H,) = 13:160 mbar in the closed-loop
circulation reactor [6] and [20]. The residual activity and
selectivities were determined in samples taken after 5, 20,
35 and 50 min run time.

3. Results

3.1. Surface and structural analysis of Pt black

Electron spectroscopy (XPS and UPS) was carried
out with Pt black only. An in situ hydrogen treatment re-
moved most oxygen of the “as received” sample stored in
air [7], [34] and [35]. The oxygen content remained typical-
ly below 5%. Regeneration with O, could decrease the
amount of residual carbon below 10%. A subsequent H,
treatment increased again the C percentage. We attributed
this phenomenon to hydrogen penetrating into inter-atomic
cavities, promoting this way, not only “hydrogen-induced
rearrangement” [10] but also the segregation of “subsur-
face” carbon to the surface [7]. Exposures to hydrocarbons
at lower temperatures resulted in much less carbon on the
surface (Table 1). A pronounced difference appeared be-
tween nH and 2,4HD—treatments: the latter producing
more surface carbon, with one exception: identical amount
of C appeared after treatments at 483 K. Exposure to nH at
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Table 1: Composition of Pt blacks after various treatments, as
determined by XPS

Sample and treatment Ti{K) Composition |at. %)
Pt 4f Cls 0 ls

(i
H; of the “as i sample 03 B2 15 3
nH:H; = 13 :£0 mbar 483 T8 22 1
nH:Hz = 1380 mbar 543 73 26 1
nH:Hz = 1380 mbar 603 0 27 3
nH:H; = 13 &0 mbar 663 L] il -
nH 53 mbar 03 59 40 1
24HD=:Hy = 13:80 mbar 483 T 23 7
2HD=:H; = 13:80 mbar 543 65 33 2
24HD=:Hy = 13:80 mbar 03 Gl I8 1
24HD=:Hz = 13:80 mbar 63 55 45 -
Regeneration: Op 603 B 9 2
H; after O 03 BT 12 1

603 K without hydrogen gave still less surface C than
2,4HD = with H, at 663 K.

In addition to the different amounts of accumulated
carbon, its chemical state also showed characteristic
changes after different treatments. Fig. 1 illustrates differ-
ence spectra between the carbon region measured on PtN
treated with nH and 2,4HD—, respectively, from 483 to
663 K. The energy scale of all spectra was adjusted to the
Pt 4f 7/2 line (71.1 eV) and the C 1s areas were normalized
to the area of the Pt 4f doublet. The nearly equal carbon
percentage after nH/H, and 2,4HD—/H, exposures at
483 K (Table 1) was present in different chemical states.
The amount of “deactivating disordered carbon” (BE
~.284.1 eV [6]) as well as that of the “graphite-like” C was
higher after hexane treatment whereas some CO was ob-
served after hexadiene exposure. CO is a minor component
of the residual gas in the preparation chamber and may
appear as a chemisorbed entity (cf. Fig. 9 in Ref. [7]). It
was reported that CO is more weakly bound in the presence
of carbonaceous deposits than on clean Pt [36] and Pd [37]
surfaces. Thus, we believe that the appearance of surface
CO can be taken as an indicator of the surface purity, i.e.
the absence of strongly bonded carbon deposits. The higher
amount of carbon deposited from 2,AHD— appeared as
positive peaks on the difference spectra (denoted as “HD—
nH”). More C was present after pretreatments at higher
temperature. It contained several carbon species: “deacti-
vating carbon” (~.284.1¢eV), identified with the “disor-
dered C” [1], “graphene” entities (~»284.4 ¢eV), graphite
(~+284.6 eV) as well as some C,H, polymer (~.285.4 eV)
[6]. Graphitization of carbon on Pt was confirmed also by
electron microscopy [6]. One difference spectrum for Pt
reduced with formaldehyde [6]. “Pt—HCHO” is also shown
in Fig. 1. It was very similar to that measured for PtN. The
Pt 4f spectra showed predominantly clean metallic Pt, as
reported previously [6], [7] and [38], hence such spectra
will not be presented here.

Fig. 2a compares He Il UP spectra obtained after
2,4HD =—/H, treatments at two temperatures, at 543 K and
at 663 K (maximum carbon accumulation). Fig. 2b depicts
He | spectra after 2,4HD — and nH exposures at 603 K.
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Fig. 1. C 1s region of the PtN catalyst treated with nH/H, and
2,AHD=—/H, at different temperatures. The BE values of the
spectra were adjusted to Pt 4f 7/2 =71.1eV and normalized ac-
cording to the Pt 4f area. Difference spectra were calculated from
these normalized spectra. Only these have been shown for treat-
ments at 543 and 603 K. The lowest spectrum shows a similar
difference spectrum measured for Pt-HCHO.

Applying higher temperature and 2,4HD— rather
than nH resulted in a quite featureless broad difference
spectrum. It was more pronounced in He | (with shallower
information depth) than in He 11 [28]. This shape is charac-
teristic of an overlayer-type carbon deposition [6] and [7].
XPS confirmed its mainly graphitic character (cf. Fig. 1).
The pronounced Fermi-edges verify that the carbon-free Pt
surface was in clean metallic state in each case.

Fig. 2a compares He Il UP spectra obtained after
2,4HD =—/H, treatments at two temperatures, at 543 K and
at 663 K (maximum carbon accumulation). Fig. 2b depicts
He | spectra after 2,4HD— and nH exposures at 603 K.
Applying higher temperature and 2,4HD = rather than nH
resulted in a quite featureless broad difference spectrum. It
was more pronounced in He | (with shallower information
depth) than in He Il [28]. This shape is characteristic of an
overlayer-type carbon deposition [6] and [7]. XPS con-
firmed its mainly graphitic character (cf. Fig. 1). The pro-
nounced Fermi-edges verify that the carbon-free Pt surface
was in clean metallic state in each case.
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Fig. 2. Comparative UP spectra and their differences (after intensi-
ty normalization): (a) He Il spectra after 2,4HD =—/H, treatments
at two temperatures; (b) He | spectra after nH/H, and
2,4HD=—/H, treatments at 603 K.

X-ray diffraction spectra of PtN after two selected
treatments (nH/H, at 483 K and nH alone at 603 K) are
shown in Fig. 3. Deactivation with nH:H, = 13:80 mbar at
483 K, enhanced the (311) and (200) XRD reflections
(Fig. 3), as observed after regenerative hydrogen treatments
[29]. Thus, this exposure — resulting in less “massive car-
bon”, cf Fig.1 — caused recrystallization typical for hydro-
gen-rich atmospheres. It is not clear if CO present (Fig. 1)
contributed to this restructuring. Much carbon accumulated
after the treatment with “nH alone” brought about changes
in the opposite sense. These structural features may have
contributed to the variation of catalytic properties.
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Fig. 3. X-ray diffraction pattern of PtN after two different treat-
ments. The relative intensities for a bulk Pt (JPCDS file 04-0802)
are shown with vertical lines below each peak. The arrow points to
the maximum intensity of the (2 0 0) peak on the upper curve. The
anisotropic rearrangement after the treatment with 2,4HD—/H, at
483 K is clearly seen.

3.2. Transformations of the deactivating hydro-
carbons

Table 2 shows the transformation of the hydrocarbon
applied during deactivation runs, expressed as turnover
frequencies (TOF, h™'). Relatively low (almost tempera-
ture-independent) values were observed after nH treatments
of PtN while the reaction of hexadiene was much more
rapid. Fig. 4 shows the corresponding product selectivities
with nH and 2,4HD—= for PtN. The products of all “ske-
letal” reactions [13] and [14] (isomerization/Cs-cyclization,
aromatization, and hydrogenolysis) appeared from hexane
at each temperature. The amount of isomers decreased ra-
pidly, methylcyclopentane (MCP) increased from 483 to
543 K. Both dropped almost to zero at 663 K. The selec-
tivity towards benzene formation as well as towards hex-
enes increased, at the same time, the selectivity of
fragments was almost unchanged. Hexadiene was hydroge-
nated with nearly 100% selectivities to hexane at 483 and
543 K. The main products were hexenes and double-bond
hexadiene isomers at 603 and 663 K. The benzene selec-
tivity was smaller but, due to the higher TOF, its yield was
much more than from hexane.

Table 2: Turnover frequencies (TOF, h™') in pretreating exposures
of different catalysts (t = 20 min)

Temperature {K) iy EPT Pt/GNF-H PtiCe(,
Treatment: hexame
483 n7 2 L& 063
543 16 4.8 11 -
03 ig 7.5 13 4.2
63 34 11.2 14 -
&03, no Hy 1.0 23 B.5 -
Treatment: hexadiens
453 50 55 112 74
543 49 L8] 112 -
03 R 53 111 27
63 il 50 101 12
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Fig. 4. Selectivities observed in the reaction of the deactivating hydrocarbon (13 mbar nH or 2,4HD—, 80 mbar H,) during its contact of 20 min
with the PtN catalyst at four temperatures. (<Ce: fragments: Cg sat.: isohexanes from nH; n-hexane plus isohexanes from 2,4HD —).

Table 3: Selectivities observed in the reaction of the deactivating hydrocarbon (13 mbar nH or 2,4AHD—, 80 mbar H,) during its contact of
20 min with the three supported Pt catalysts at selected temperatures. Cq saturated products represents hexane isomers in the case of hexane trans-

formation and mainly hexane in the case of hexadiene transformation

Hydrocarbon EUROPT-1 FLGNF PCela

T=483 K T=63 K T=4i1 K T=63 K T=483 K T=603 K

nH nH 24HD= nH nH 2AHD= nH nH 24HD=
<C6 16 12 12 176 1.7 20 407 434 159
C saturated 474 156 903 395 18.1 B23 24.7 139 6535
MCF 453 369 4.8 A6 517 54 27 142 TE
Hexenes 1] B 04 1] 13 65 1] 00 19
Benzene 7 26.7 i3 23 172 38 12 2835 9

The TOF values for EUROPT-1 and Pt/GNF-H in
hexane reactions were larger than that for PtN (Table 2),
while those for Pt/CeO, were to almost identical to those
measured for unsupported Pt. With hexadiene feed, in turn,
PtN and EUROPT-1 resulted in similar transformation rates
and the values for Pt/GNF-H were about twice as high.

Selectivity values for supported Pt catalysts at se-
lected temperatures are shown in Table 3. The qualitative
changes of the selectivities of nH reactions is similar to that
shown in Fig. 4 for PtN. The quantitative values are, how-
ever, different. Much more saturated Cg hydrocarbons were
formed from nH over both EUROPT-1 and Pt/GNF-H,
even at 603 K where their amount showed an abrupt drop
on PtN. Similarly, the predominance of hexane formation
from 2,4HD— still appeared at 603 K. The selectivity
patterns at 663 K (not shown) were very close, however, to
those observed on PtN, except that less benzene and more

hexene were found on the supported catalysts. Pt/CeO,
produced more fragments than any other sample, but no
hexenes were formed at all from nH. This catalyst could,
however, hydrogenate 2,4HD— to hexenes. More methyI-
cyclopentane was observed on this catalyst than on Pt/N.

3.3. Activities and selectivities in standard test
runs

The activities (expressed as TOF, h™') in standard
test runs for the four regenerated catalysts are shown in
Table 4. Pt/GNF-H proved to be the most active catalyst,
exceeding the performance of EUROPT-1 [39]. Longer
reaction times led to decrease of TOF values in the test
runs, so-called ‘“self-deactivation”. Most catalysts lost
about one half of their initial activity after 20 min
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Table 4: Comparison of different catalysts in standard test runs
over regenerated catalysts?

Catalyst: Activity (TOF,, h™")

5 min M min 35 min S0 min
Pt 0+ 0.8 95 (%] 5.5
Ft-HCHO 18 i 6 4.8
EUROPT-1 an 17 12 9.5
PtiGNF-H 52 4 17 13
PtA ey 6.5 e} 16 13

 Test run: p(nH):p(H,) = 13:160 mbar; T = 603 K, 50 min.
® Average of 21 runs, Ref. [7].

(Table 4). The TOF values averaged over 50 min were
around 1/3-1/4 of the initial ones. Pt/CeO, was a conspi-
cuous exception: here the TOF belonging to 20 min in-
creased considerably compared to the initial value. A great
fraction of hydrogen is used up probably in a spillover
process which can be irreversible here [40], since hydrogen
is utilized for reduction of the ceria support in the vicinity
of Pt particles. Thus, fewer active sites are available for
reaction on the hydrogen-lean Pt surface. Having com-
pleted this reduction, hydrogen will be used for maintaining
the active state of Pt. The intermediate TOF values meas-
ured after 20 and 35 min showed, therefore, a deactivation
somewhat smaller than in other cases.

The residual activity (TOF/TOF,) after different car-
bonizing pretreatments is shown in Table 5 for all catalysts.
Corresponding selectivity values at t =5 min are presented
in Fig. 5a for unsupported PtN. Many fragments (~.40%)
were formed on PtN, with almost uniform selectivities to-
wards isomers, MCP and benzene. The selectivities over
samples pretreated with nH/H, were close to the values
found on regenerated Pt up to 603 K pretreatment tempera-
ture. The hexene selectivity increased sharply after the
pretreatment at 663 K. This was still more marked after
deactivation with nH alone at 603 K. The abrupt shift of the
selectivity pattern (the drop of “hydrogenative” reactions)
started at much lower temperature (~.543 K) after
2,AHD—/H,. Note that benzene selectivity was almost
constant, except for the high value after 2,4HD—/H, at
663 K. This latter treatment suppressed every reaction ex-
cept for dehydrogenative processes. The pronounced
change of the selectivity pattern (between 603 and 663 K)
was parallel to the spectacular drop of the total activity
(Table 5) after deactivation with nH. A similar abrupt activ-
ity drop took place between 483 and 543 K after 2,4AHD—
pretreatment (Table 5) but the selectivity changes were
more gradual in this temperature range.

The activity decrease at increasing temperature was
less dramatic on supported Pt catalysts (Table 5). Fig. 5b
shows an analogous compilation for EUROPT-1. The dif-
ferences are conspicuous. The main products were MCP
and isomers with much less fragments [20] and [23]. Deac-
tivation slightly increased the MCP selectivity at the ex-
pense of isomerization. Almost equal selectivity patterns
were

Table 5: Residual activity (TOF/TOF,) of various catalysts in
hexane test reaction after different pretreatments?

T {preir.) PiN EPT PiGiNF-H PuiCe(n

Sampling time  Smin  Smin 50 min  Smin 50 min  Smin

Pretreatment: hex ane
483 .75 0.0 0.76 LR (L89 a4
543 (L8O 0.0 0.72 069 82 -
[EIE .59 0.73 .
I
I

T4 .51 .54 074
[EEE 18 058 .63 03l 039 053
603 (no Ha® 0,10 0349 0.50 017 .31 -

Pretreatment: rrass-rrans-hexa- 24 -diene

483 .63 0.75 0.77 076 079 105
543 18 068 0.69 A6 .63 -
[EIE (IR 1] 0.0 0.71 03z .52 69
6 .15 AT 0.52 017 02 n3g

? Pretreatment: p(nH):p(H,) = 13:80 mbar and

p(24HD =—):p(H,) = 13:80 mbar; t = 20 min; TOF/TOF, values
are shown, measured in test runs [p(nH):p(H) = 13:160 mbar;

T =603 K] on regenerated catalyst (TOF,) and after deactivating
pretreatment (TOF).

® Pretreatment: p(nH) = 53 mbar.

observed after deactivations with nH and 24HD—. A
stronger change occurred — after deactivation with both
hydrocarbons — at 663 K only, but it was less spectacular
than the effect observed on PtN (cf. Fig. 6a and b).

Table 6 summarizes selected results for other sup-
ported samples: Pt/GNF-H and Pt/CeO,. MCP was the
main product on the graphite nanofiber supported platinum.
Its pronounced isomerization activity manifested itself at
lower temperatures and higher hydrogen pressures [32] and
[39], but the low aromatization selectivity still persevered.
In spite of the significant loss of activity (Table 5), the
selectivity pattern after deactivating runs changed very
little: MCP increased at the expense of isomers and very
small amounts of hexenes appeared after severe pretreat-
ments. The behavior of Pt/CeO, is exceptional. The activity
did not drop so spectacularly after pretreatments (Table 5).
Deactivation suppressed the very high fragmentation selec-
tivity with a simultaneous increase of some of the non-
degradative products: MCP and isomers. No hexenes were
produced, except for traces in one case.

The TOF values decreased as a function of time over
the carbonized samples, similar to that observed after rege-
neration (Table 4). This change, however, was less pro-
nounced on the deactivated samples and thus the residual
activity (expressed in (TOF/TOF,) x 100) increased (Table
5). We called this process “self re-activation” [6] and [7]
caused most probably by the higher hydrogen content in the
standard test run than in the deactivating pretreatments. Fig.
6 depicts results from one selected example: PtN deacti-
vated at 603 K: the residual activity (TOF/TOF;) was
~.60% after pretreatment with nH/H, and remained so
after 50 min. The TOF/TOF, value of 0.16 after 5 min of
the test run following 2,4HD— treatment at 603 K in-
creased to 0.23 after 50 min. Hardly any selectivity changes
were observed after contact with nH/H,, MCP somewhat
increasing, fragmentation and isomerization decreasing.
The same was seen on a bigger scale after 2,AHD—/H,
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Fig. 5. Selectivities observed in standard test runs (p(nH):p(H) = 13:160 mbar; T = 603 K, t =5 min) on regenerated Pt as well as after deactiva-
tion with nH alone (603 K), with nH/H, and 2,4HD—/H, mixtures at different temperatures, p(nH or 2,4HD—):p(H,) = 13:80 mbar. The
temperatures of pretreatments are given on the abscissa; “Reg.” means regenerated catalyst, “nH”: pretreatment with nH alone, T = 603 K. (a) Pt
black (PtN); (b) EUROPT-1.

Table 6: Selectivities observed in test runs — p(nH):p(H,) = 13:160 mbar; T = 603 K, t =5 min — on regenerated (reg.) Pt/GNF and Pt/CeO, cata-
lysts as well as after deactivation with nH alone, with nH/H, and 2,4HD—/H, mixtures at different temperatures. p(nH or
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MCP 11 =1 A8.5 55 5 [ 7 13 1
Hexenes 0 0.5 0.5 0.5 0 0.5 0 05 0
Benzene 13 12 1 13 L5 19 14 24 17
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Fig. 6. Activity and selectivity changes during the standard test runs of 50 min on PtN catalyst after treatments by hexane—hydrogen (nH/H,) or
by hexadiene—hydrogen (2,4HD—/H,) respectively, at T =603 K, p(nH or 2,4HD—=—):p(H,) = 13:80 mbar. (a) Residual activity; (b) residual
selectivity of hexene formation (S/So); (c) other S/S, values after hexane—hydrogen (nH/H,) treatment; (d) other S/S, values after hexadiene—

hydrogen (2,4HD —/H,) treatment. The same signs are used in c and d.

pretreatment, the S/Sy values of benzene and MCP exceed-
ing even unity. The hexene selectivity increased up to two
times after nH/H,, as opposed to the increase of up to 15
times caused by 2,4HD—=—/H,. The drop of S/Sy for hex-
enes to values of 6-7 after 20 min of the test run permitted
some other selectivities to increase (Fig. 6b and d).

4. Discussion

4.1. Pt black: correlation between catalytic pat-
tern and surface state

The most complete picture was obtained with plati-
num black. This “classical” catalyst [6], [7] and [41] has at
present little practical importance, but it permitted us to
compare activity changes with studies by electron spectros-
copy as well as by X-ray diffraction [7].

Carbon on the regenerated (active) catalysts (mini-
mum ~.10%, Table 1) may correspond to the “invisible” or
“harmless” carbon postulated by Menon [42]. The reap-
pearance of surface C upon hydrogen treatment was re-
ported earlier [7]. The amount of carbon was more at
higher temperature and with 2,4HD— as deactivating

agent and increased up to 40-45%. There was no straight
correlation between the larger carbon percentage and deac-
tivation. The plot of the activity loss as a function of the
actual carbon percentage (Fig. 7) shows two groups of
points with rather wide scatter. The data corresponding to
nH/H, treatments at 483, 543 and 603 K, as well as to
2,4HD—/H, at 483 K indicate minor deactivation with
gradual increase of the C content from 12 to 15% up to
~+30%. The pretreatment at 663 K with nH/H, did not
involve any further increase of the C % nevertheless, more
than 75% of the initial activity was lost. Other treatments
with 2,4HD—=—/H, and those in the absence of H, increased
the C% above 50% with a slow further activity loss reach-
ing ~~8% residual activity. Data points taken from an earli-
er study with Pt-HCHO [6] (e. g. that showing 53% C)
harmonize well with results of PtN.

Not only the amount of carbon but also its chemical
state is important for deactivation [6]. Fig. 7 shows an ab-
rupt change in the residual activities above 603 K with
nH/H, and already at 543 K with 2,4HD—/H, (Table 5).
This is the range, where the activity loss became almost
independent of the C%. The XPS difference curves show
the appearance of a C 1s component at 284.1 eV from
2,4HD = in this range, confirmed also by the UPS results
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Fig. 7. Activity loss in test runs as a function of the C%, measured
by XPS on PtN (Table 1). The three points on the far right, one
concerning 2,4AHD=—/H,, two 2,4HD—=treatment have been
measured with Pt-HCHO [6].

(Fig. 1 and Fig. 2). This component was identified as a
“disordered” carbonaceous deposit [1], representing, very
likely, a branched, non-graphitic surface polymer with sev-
eral Pt__C bonds and was regarded as responsible for
major deactivation [6]. Its excess, however small, after
2,4HD = treatments at 603 K caused a pronounced selec-
tivity change (Fig. 5a), poisoning first of all hydrogenative
reactions. At 663 K, the massive graphitization deactivated
Pt to similar extent after both treatments but the additional
carbon (including graphite) after 2,4HD—/H, killed al-
most totally every selectivity except that of dehydrogena-
tion. Pt black after deactivation with nH/H, at 663 K
showed a selectivity pattern similar to that found after
2,AHD=—/H,; at 543 K (Fig. 5a). Identical selectivity pat-
terns appeared after deactivation at 603 K, both with nH
alone and 2,4HD —/H, (Fig. 5a), although the activity loss
was stronger with nH alone (Table 5). The UP spectra
showed a marked Fermi-edge even after the most severe
pretreatment. The metallic Pt sites still available may have
included a few three-atom Pt ensembles necessary to form
benzene [43], even when ~.90% of the activity was lost.
The analysis after the deactivating runs (Table 4, Fig.
5) is rather informative. Much isomers and MCP were
formed at 483 and 543 K on hydrogen-rich Pt sites [13],
[14] and [44] with the loss of at least one H-atom, forming
a Pt—C bond. The gradual disappearance of these prod-
ucts at higher temperatures indicates that further, multiple
dissociation occurred, preceding carbon formation by po-
lymerization of unsaturated intermediates with trans-
structure [45]. Hexadiene, in turn, was hydrogenated almost
completely to hexane at 483 and 543 K. This reaction did
not require the formation of C_— Pt bonds, considering that
n-bonded intermediates [46] and, at least partly, subsurface
hydrogen [47] participated in double-bond hydrogenation.
This reaction took place parallel to the polymerization of

trans-hexadienes to “coke precursors” [13] at 543 K (cf.
Fig. 4 and Fig. 5a). Most reactions to saturated products
stopped at higher temperatures.

A close correlation was reported between the carbon
and hydrogen coverage of Pt catalysts during hydrocarbon
reaction [16]. This is a mutual interrelationship: much hy-
drogen can prevent deactivation, much carbon displaces
surface hydrogen and contributes also to catalyst re-
structuring (Fig. 3). Considering that hydrogen-rich condi-
tions [13] — and rough surfaces favored by much hydrogen
[16] — are needed for the Cs-cyclic route of saturated prod-
uct formation, it explains why carbonization hampered first
of all isomerization and Cs-cyclization.

4.2. Supported Pt catalysts: a generalized model

The above principles can explain mutatis mutandis

the behavior of supported Pt catalysts. Two factors can
cause differences: (1) the smaller metal particles of the
supported catalysts and (2) the possibility of hydrogen spil-
lover to the support and back-spillover to Pt.
(1) Small Pt particles do not favor polymerization of dehy-
drogenated “coke precursors” [18]. This can be the reason
why the activity loss was much milder on all supported Pt
than on Pt black (Table 5). In fact, two different coke for-
mation routes were described [48]: on supported catalysts,
with high dispersion, carbonaceous deposits could be
formed through C; intermediates (“C;-route”), while on Pt
black samples the “polyene-route”, i.e. polymerization of
unsaturated precursors can prevail. EUROPT-1 retained as
little as 0.3-0.5 C/Pt; between 453 and 593 K, as opposed
to the higher values with Pt black [49]. Furthermore, the
carbonaceous deposits contained more H on EUROPT-1
(H/C = 1.0-1.6), than on Pt black (H/C = 0.4-1) [18]. Con-
sidering the cubooctahedron model of Pt on EUROPT-1
[23] and [50], its small (11 1) facets are suitable for ben-
zene formation while two-atom ensembles for Cs-cyclic
reactions are present on both (1 1 1) and (1 0 0) facets [23]
as well as on stepped sites [11] and [12]. These sites
seemed to deactivate almost uniformly, as seen from the
minor changes in selectivity (Fig. 5b). The same can be
stated for Pt/GNF-H (Table 6).

(2) Hydrogen spillover in both directions contributes
considerably to the catalytic propensities. Back-spillover
increasing the “virtual hydrogen pressure” on the Pt sites
[20] and [22] contributes to lower deactivation (hydrogena-
tion rather than polymerization of poly-unsaturated “coke
precursors”). This favors the formation of isomers and
MCP from hexane [20] and saturated products from hex-
adiene (Table 3). Due to the hydrogen storage capacity of
the graphite nanofiber support [51], their amount was high-
est over Pt/GNF-H. Commencing deactivation of these
supported Pt samples did not poison Cs-cyclic reactions but
their common surface product [14] desorbed preferentially
as MCP at the expense of skeletal isomers.
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Table 7: Activity loss (TOF, — TOF)/TOF, and selectivity change (S/S,) values for different catalysts in test run (p(nH):p(H,) = 13:80 mbar,
T = 603 K) after deactivation treatments corresponding to selected points in Fig. 8

Region Beneficial Mon-selective Selective Severe
Catalyst PuGNF-H EUROPT-1 Pt EUROFT-1  EUROFPT-I Pt-HCHO PiN Ft-HCHO
{treatment) (nH-H,, 483 K) (nH-H, 483 K) (HD-H,, 603 K) (sH, 603 K} (HD-H, 603 K) (HD-H,, 663 K) (sH, 603 K) (HD-H,, 693 K)
(TOF, — TOF/ 0.1 .24 042 .49 .60 076 (.90 093
TOF,
58,
Fragments 1.1 (.96 .96 .78 (.84 076 063 .51
Lsomers [k 1.05 .90 0.7l (LER 0,70 046 0.3z
Hexenes 143 1.01 1 .84 4.28 .34 5.92 16,84 3172
MCP L9 1.0 1.11 1.10 1.12 (.98 .59 [LRE]
Benzene 1.12 (.95 1.03 1.23 1.2 1.2 09z 1.01

Hexenes represent the only product class, the selec-
tivity of which always increased on deactivated catalysts
[6] and [23]. Considering also the overall activity loss, the
hexene yields (Y =S x X) remained considerably stable on
partly deactivated catalysts. Four regions of deactivation
can be distinguished: I, beneficial; 11, non-selective; IlI,
selective; IV, severe deactivation. These regions are de-
picted in Fig. 8, using the same symbols for Pt blacks as in
Fig. 7. Selectivity changes corresponding to selected points
are shown in Table 7. Supported Pt catalysts and Pt black
showed similar selectivity values at analogous activity loss.
“Beneficial” deactivation can mean the formation of
“Pt—_C__H” system favoring the formation of saturated
Ce products at the expense of fragmentation [2]. Treatments
with 2,4HD—/H, at 483 K belong to this class (Table 7),
where XPS (Fig. 1) showed different types of surface car-
bon. The increased amount of high Miller-index sites ob-
served by XRD (Fig. 3) indicates that this catalyst
represented a “hydrogen-rich” system (7, 10). The majority
of points in the “non-selective” region belong to measure-
ments on supported Pt catalysts where deactivation was not
too strong and the selectivity pattern did not change dra-
matically, either (Table 7). The treatments of Pt black at
higher temperatures, causing a stronger activity loss (cf.

Table 6), belong to the region of “selective” deactivation
(poisoning mainly isomerization), with still similar hexene
yields, although the scattering is much larger here. The
accumulation of the “disordered” carbon (C 1s BE
~.284.1 eV) starts in this region and becomes preponderant
in the region of “severe” deactivation (Fig. 1). Only Pt
black reached this state [6]; with carbon percentages as
high as 45-50% (Fig. 7). This sample must have trans-
formed into the deactivated “Pt—C” state [2] and [49].
Dehydrogenation may have been catalyzed by PtC ensem-
bles and/or by single Pt atoms [23] and [52].

The hexene yield on EUROPT-1 after pretreatments
with nH alone increased well above unity after the loss of
about half of the original activity (Fig. 8). These points also
belonged to the “non-selective” region according to the
selectivity changes (Table 7). The larger grains of Pt/GNF-
H were similar to Pt black but hydrogen back-spillover
must have prevented extensive carbonization. Pt/CeO,
represented a class of its own, since it produced no hex-
enes. The explanation lies, likely in the spillover process.
Most of the hydrogen migrating to the ceria support [40] is
used up for reduction of Ce" to Ce" rendering back-
spillover impossible. Insufficient H on Pt sites causes a low
initial activity (Table 4). It increased after reducing ceria
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sites surrounding the Pt particles. At the same time spillov-
er and back-spillover of oxygen can also take place [53],
and this oxygen reportedly contributes to CO oxidation on
Pt sites [54] and [55]. It is logical to assume that the lack of
hexenes is due to oxidation of their chemisorbed precur-
sors. This supposition needs further confirmation. Removal
of unsaturated surface entities means slower accumulation
of the “useful” carbon necessary for non-degradative reac-
tions as opposed to hydrogenolysis [2], leading to in-
creased selectivities of isomerization-Cs-cyclization (Table
3) after pretreatments causing their decrease in other cases
(Fig. 5, Table 6). At the same time, these treatments caused
the decrease of the overall activity of Pt/CeO,, too.

5. Conclusion

Monofunctional catalysts were intentionally deacti-
vated with two hydrocarbons: hexane (nH) and 2,4-
hexadiene (24HD==). The catalysts included (1) Pt black
with larger particles but permitting electron spectroscopy of
“fresh” and “deactivated” samples [7] and [34]; (2)
EUROPT-1 (6% Pt/SiO,) with small cubooctahedral crys-
tallites [24]; (3) Pt—graphite nanofiber (Pt/GNF-H) where
the support had a hydrogen storage ability [32]; (4) Pt/CeO,
where the reduction (Ce" — Ce'"") consumed spilt over
hydrogen [26]. The deactivating exposures were carried out
between 483 and 663 K without H, or in six-fold H, excess.
The transformation of the hydrocarbon during deactivating
run was monitored and the residual activity was checked in
“standard test runs” (603 K, nH:H, = 13:160 mbar).

The activity loss was parallel but not strictly propor-
tional to the C% shown by XPS (22-45% as opposed to ca.
10% on regenerated Pt black). The chemical state of the
deposited carbon may have been the main factor determin-
ing deactivation: “disordered carbon” (BE ~.284.1eV)
and, to a lesser extent, graphitic (BE ~.284.6 eV) and C,H,
polymers (BE ~.285.6 eV) being its primary cause. XPS
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