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The decomposition of Cr3(C;H30,)7(OH),/SiO; in oxidizing,
inert, and reducing environments was studied using isother-
mal Kinetics, temperature-programmed reaction (TPRxn), and
variable-temperature diffuse-reflectance infrared spectroscopy
(VI-DRIFTS). Based upon these results a mechanism is proposed
for the activation of silica-supported basic chromium acetate. The
decompositions in N; and CO/N; mixtures appear very similar. The
activation energies are within experimental error, and both exhibit
second-order rate dependencies with respect to the surface acetate
species. TPRxn results show that the Cr compound influences sup-
port dehydroxylation, but VI-DRIFT spectra show no evidence of
Cr bonding to the SiO, surface. When CO is present, silica dehy-
droxylation appears to proceed via a water—gas shift type of reaction
producing CO; and Hj; rather than H;O. In oxygen, Cr compound
decomposition occurs at temperatures 90°C lower than in inert or
reducing environments. The reaction orders are 1/2 for oxygen and
1 for the surface acetate species. The activation energy is compara-
ble to that calculated for the other two media. VI-DRIFT spectra
show that oxygen induces a greater degree of hydroxyl removal and
formation of Cr-O/Cr=0 bonds concurrent with and subsequent
to recorded decomposition temperatures. In this way they support
TPRxn findings and suggest Si—-O-Cr bond formation. It appears
that the rate-limiting step in the activation mechanism is removal
of the acetate methyl group. In oxygen this involves dissociative
activation of oxygen on the Cr center and subsequent combustion.
In the other environments migration is necessary to allow hydro-
gen transfer between two acetate groups to form methane and leave
behind a hydrocarbon fragment. This explains the different temper-
atures of decomposition in the various media and the second-order
rate dependence upon acetate in N, and CO/N,. The lack of appar-
ent Cr-SiO, bond formation in nonoxidizing environments allows
surface migration of Cr compounds which makes this mechanism
feasible. © 1996 Academic Press, Inc.

INTRODUCTION

Silica-supported chromium catalysts have attracted much
attention over the years primarily for two reasons. The first
is due to their commercial impact in the production of
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billions of pounds of high-density polyethylene (HDPE)
annually (1). The second is related to the technical de-
bate surrounding the nature of the catalytically active site
(2). Each of these issues is extremely important, and deci-
phering the latter is particularly challenging. However, the
high level of interest directed toward these areas has lim-
ited the study of more elementary issues of catalyst pre-
paration.

There is general agreement that Cr/SiO, HDPE catalyst
performance is very sensitive to support hydroxyl popu-
lation (2-4). The activity passes through a maximum with
increasing dehydroxylation. Polymer melt index and molec-
ular weight are also affected (5). Several factors influence
the degree of SiO; dehydroxylation and, thus, catalyst per-
formance. One among these is metal loading. Since Cr and
surface silanols bond during oxygen activation via a conden-
sation mechanism, increasing Cr content increases dehy-
droxylation (6). Another factor is treatment temperature.
Higher temperatures effect a greater degree of hydroxyl
removal, which favors catalyst activity until a threshold is
reached. Past the threshold, activity declines due to sin-
tering (5). A third factor involves the chemical medium
in which the dehydroxylation is done. Activation in CO
appears to be particularly effective for removing surface
hydroxyl groups. It has been proposed that this is due
to a mechanism analogous to the water—gas shift reaction
5,7).

The purpose of this study is to determine the kinetics of
the high-temperature activation step. We have studied basic
chromium acetate (Cr3(C;H30;)7(OH);) decomposition
with isothermal kinetics, temperature-programmed reac-
tion (TPRxn) methods, and variable-temperature diffuse-
reflectance infrared spectroscopy (VI-DRIFTS). The ac-
etate ligands are used to follow the decomposition of the
Cr compound both spectroscopically and via the evolution
of gaseous products. The decompositions are done in re-
ducing (CO in N, mixtures), inert (N, only), and oxidizing
(O, in N mixtures) atmospheres to determine the effect of
the gas stream reagent.
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METHODS

Catalyst and Reagents

The catalyst precursor was basic chromium acetate sup-
ported on SiO;. The sample was made by contacting silica
with a surface area of ca. 300 m%/g (PQ Corporation, used as
received) with a methanolic (Fischer Scientific, 99.9% pu-
rity) solution of Cry(C,H30,)7(OH); (Strem Chemicals).
Methanol was removed at 50°C using a rotary evaporator
under mild vacuum. The final catalyst had a Cr content of
0.91 wt% as determined by ICP.

All gases (O3, Np, CO, >99.9%, Matheson) were dried
with a 5 A molecular sieve prior to use. Gas mixtures of
3-20% CO in Ny and 5-21% O, in N, were made by mixing
the respective gases with calibrated mass flow controllers.

Procedures

Temperature-programmed experiments were conducted
on 100 mg samples of catalyst using a plug flow microreac-
tor previously described (8). The temperature was ramped
from room temperature to 800°C at 10°C/min using an LFE
temperature programmer. The reactions were carried outin
a flow of Ny, CO/N,, or O,/N; mixture. The catalyst effluent
was taken to vent with a small fraction split off normal to
the flow path and sent to a Dycor mass spectrometer. This
split was passed through a heated, 100-um capillary about
1 m long before reaching the mass spectrometer. The anal-
ysis was done with an electron impact ionization source and
a Faraday cup detector. The spectrometer was operated at
ca. 107 Torr using a 70-eV accelerating voltage in the ion-
izer. Data were collected every 6 sec. The mass spectrom-
eter was calibrated daily to allow conversion of response
into micro-moles per unit time. The mass spectrometer,
temperature programmer, and mass flow controllers were
interfaced with a PC for control and data acquisition.

Variable temperature/controlled atmosphere diffuse re-
flectance spectra were obtained on a Nicolet 60SX FTIR
spectrometer purged with dry nitrogen and equipped with
a narrow-band MCT detector. Spectra were acquired at
4 cm~! nominal resolution by coaddition of 256 scans. The
diffuse reflectance cell and optics were modified accessories
obtained from Harrick Scientific. Sample spectra, consist-
ing of a 10% (w/w) dispersion of sample in predried/ground
KCI, were ratioed to the spectrum of pure KCl acquired at
the same temperature in all cases. All spectra were acquired
in either flowing nitrogen, CO and nitrogen mixtures, or air
constantly purging the VI- DRIFT cell.

Subtraction spectra were obtained by taking the differ-
ence between the silica support spectrum and the catalyst
spectrum (in Kubelka—-Munk units) acquired at the same
temperature. Subtraction spectra in the OH stretching re-
gion were obtained by nulling the 1860-cm ™! combination
band of silica. Subtraction spectra in the Si-O-M stretching
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region (1000-750 cm~!) were obtained by nulling the Si-O

symmetric stretch of silica gel at 805 cm ™.

RESULTS

Kinetics Of Crz(CZH\302)7(OH)2/Si02
Reactions with O,

To understand the kinetics of the reaction between
Cry(C,H30,)7(OH),/Si0, and oxygen, a series of isother-
mal studies was done. Water and CO; are the only prod-
ucts detected, so decomposition is followed by measuring
CO; production versus time. Seven runs done at five dif-
ferent temperatures ranging from 271, to 313°C were per-
formed. The data from three, those performed at 271, 293,
and 313°C, are plotted as measured rate as a function of
conversion in Fig. 1. The fact that the slope of the data is
constant versus conversion says two things about the silica
supported Crp(C;H30,)7(OH),. First, they show that the
reactions are first order in the surface species. The generic
term “surface species” is used in this case because the data
cannot be used to distinguish whether the important com-
ponent is the entire Cr compound or just an acetate ligand.
Second, the strong functional dependence of measured rate
on conversion, even to values as high as 80%, indicates that
the surface species is distributed homogeneously over the
support.

The activation energy for this reaction can be deter-
mined in two different ways. The most apparent is to con-
struct an Arrhenius plot using the seven separate isothermal
experiments. An alternative method is to apply a kinetic
rate law to a temperature-programmed reaction. The CO,
evolution occurring between 225 and 425°C from such a
reaction is represented in Fig. 2. Oxidation occurs in a sin-
gle event yielding one peak at 333°C. This is more evi-
dence that the surface species is uniformly distributed. The
average amount of CO; released in 15 separate trials is
824 umol/g catalyst (Table 1). Assuming that all the carbon

0.25

Rate of CO2 Evolution ( ..mol/sec)

Conversion (%)

FIG. 1. The rate of CO, formation during Cr3(C,H30,)7(OH),/SiO,
oxidation versus conversion; the effect of temperature.
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FIG. 2. Mathematical fit of temperature-programmed reaction of
Cr3(C;H30,)7(OH); in 21% 0,/79% Nj: (—) experimental data, (---)
concentration of surface species [S], and (4 ) mathematical fit (Eq. [1]).

is from acetate, this would correlate to an acetate/Cr ratio
of 2.35 which compares favorably with the expected value
of 2.33.

The activation energy can be determined from TPRxn
data by first assuming that a simple kinetic power law ex-
plains the necessary kinetics:

“OB _ e pous), 1]
dt
where A is the preexponential factor, £, is the apparent ac-
tivation energy, R is the ideal gas constant, 7 is the reaction
temperature, ¢ is the reaction time, [O,] is the concentration
of oxygen, m is the reaction order of oxygen, and [S] is the
concentration of surface species.
In a temperature-programmed reaction the temperature
is not constant but changes as a function of time, i.e.,

T() =To + pt, [2]

where T1(¢) is the temperature at time (¢), 8 is the temper-
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FIG.3. A comparison of the results from the isothermal experiments

(O) with linearized TPRxn data: (+) experimental data; (—) mathematical
fit to the linear portion (Eq. [3]).

ature ramp rate, and Ty is the initial temperature of the
experiment.

The analysis can be simplified by choosing conditions
such that oxygen is in large excess and unchanging with
temperature. This allows its concentration term to be in-
corporated into the preexponent. The equation is then mul-
tiplied by I/[S]. This concentration term is represented by
the dotted line in Fig. 2. Taking the natural log yields a linear
equation from which activation energy is easily extracted,

ie.,
1 —dS —Ea ,
1n([SJ dt ) “RM+py A B
where A’ = A[O,]™.

A fit to the linearized TPRxn using Eq. [3] using sim-
ple linear regression techniques and the rate data from the
isothermal experiments can be compared on the same graph
(Fig. 3). This shows that the two methods yield the same in-
formation. The value for E, and A’ from these data can be
inserted into Eq. [1] to compare the calculation to the ex-
periment. This is represented by the plusses in Fig. 2. An
average apparent activation energy of 34.9 kcal/mol with
a standard deviation of 2.31 kcal/mol results from the 15
separate TPRxn trials (Table 2). The Arrhenius plot of the

TABLE 1

Quantity of Material Formed during a Temperature-Programmed Reaction of 0.1 g of Silica-Supported
Cr3(C,H30,)7(OH); in Various Gas Phase Environments

. CO, (umol/g) CH,4 (umol/g) H,O0%(umol/g)
Material and
gas phase reagent Amount SD Amount SD Amount SD
Blank SiO; in N ND — ND — 1330 —
Cl‘3(C2H30z)7(OH)2/Si02
In N, 480 34.6 264 28.7 798 108
In CO/N; 1060 80 160 68.5 338 31.6
In Oy/N, 824 46.1 ND — 1790 260

“Amount reported for water represents chemisorbed water only and does not include physisorbed material.
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TABLE 2
The Effects of Gas Flow Rate, Oxygen Concentration and
Temperature Ramp Rate on Integrated Peak Areas and Activa-
tion Energies Calculated from TPRxn Data

Apparent
Oxygen Temperature  Flow Integrated activation
Run concentration ramp rate peak area energy

No. (%) (°C/min)  (ml/min) (xmol/g-cat) (kcal/mol)
1 21 10 50 796 321
2 21 15 50 795 35.0
3 21 15 50 799 39.8
4 21 7 50 756 353
5 21 5 50 897 38.0
6 21 5 50 765 35.6
7 21 3 50 799 33.6
8 10.5 10 50 875 36.0
9 10.5 10 50 843 33.0
10 5.2 10 50 844 354
11 52 10 50 855 36.9
12 15.8 10 50 823 338
13 21 10 100 858 312
14 21 10 50 888 324
15 21 10 50 762 359

seven isothermal runs alone gives an activation energy of
33.0 kcal/mol which is within a single standard deviation of
the TPRxn mean.

The reaction order of oxygen can now be addressed.
Kinetic studies have traditionally been done by varying
reagent concentration at a constant temperature. It has also
been demonstrated that a series of TPRxns employing dif-
ferent gaseous reagent concentrations may be used (9). The
benefit of the latter is the larger amount of information
available from the temperature-programmed methods. In
the current study a series of TPRxns were run with oxygen
compositions ranging from 0.5 to 21 %. It can be seen that as
the gas mixture becomes more oxygen rich, the combustion
peak shifts to a lower temperature (Fig. 4). A temperature
is chosen where all the peaks overlap, and the extent of re-
action at any one composition never exceeds 25%. These
criteria are met at 303°C. The amplitude of the response at
any particular temperature represents rate data. The data
from both TPRxn and isothermal studies over similar oxy-
gen compositions are plotted in In(rate) vs In[O;] format
in Fig. 5. A single line with a slope of 0.44 can be fit to
the combined data set. The correlation coefficient of 0.96
indicates that the two procedures generate the same infor-
mation.

The set of results from this study can be combined into
a proposed rate expression for the activation of silica sup-
ported basic chromium acetate in oxygen:

—% = k[OACc][0,]*4.
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FIG. 4. The effect of oxygen partial pressure on the TPRxn of
CI‘Q(C2H302)7(OH)2.

Decomposition of Cry(CoH305)7(OH),/Si0;
in N and CO

The close agreement between isothermal and TPRxn
techniques shows that they can be interchanged as neces-
sary. This is helpful in cases where isothermal experiments
become difficult as is true for the autodecomposition of
Cr3(C,H30,)7(OH),/Si0; in N;. The primary TPRxn prod-
ucts of this reaction are CO, (m/e=44), CHy (mle =15,
from methyl), and H,O (m/e=18) (Fig. 6). Surprisingly,
no acetic acid (m/e =60) is detected. Acetate decomposi-
tion begins at ca. 350°C and reaches a rate maximum at ca.
425°C. Evolution of carbon continues (as CO, and CHy)
past 500°C and reaches baseline levels by 800°C. The quan-
tities of material formed in this and the other TPRxns are
presented in Table 1. The average amount of CO; gener-
ated in five trials is 480 umol/g catalyst (SD = 34.6 umol/g).

O  TPRxn |

Isothermal

Ln(rate)
~

- 8 O L ]
0 3 6

Ln([O2])

FIG. 5. Plot of In(rate) versus In[O,] from isothermal and TPRxn
studies. The rate data were collected at 303°C.
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FIG. 6. Temperature-programmed reaction of Cr3(C,H30,)7(OH)3/
SIOZ in Nz.

Average methane is 264 umol/g (SD =28.7 umol/g). These
two constituents account for just over 85% of the carbon
initially present. The remaining carbon is retained by the
surface under nitrogen, but can be removed by oxidation.
Water formed from silanol condensation during decompo-
sition averages 798 umol/g (SD =108 pumol/g). The water
profile will be discussed separately when the role of surface
hydroxyl groups is addressed. Some hydrogen (m/e =2) for-
mation is also detected during decomposition but the pre-
cise amount is difficult to quantify.

The temperature-programmed reaction done in CO/N,
mixtures is very similar to that in N, (Fig. 7). Again, CO,,
CHy, H,O, and H; are formed. The shape of the profiles
differ somewhat, and the quantities released are different
(Table 1).

The methane profile from the decomposition in Nj is fit
with a kinetic rate law in Fig. 8. For current purposes, we

H2
L m/e=2

CH4

L m/e=15
H20

r m/e=18

Co2
m/e=44

o] 200 400 600 800

Rate of Evolution (Arb.)

Temperature (C)

FIG. 7. Temperature-programmed reaction of Cr3(C,H30,)7(OH)s/
SiO,in 10% CO in N,.
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FIG. 8. Methane formation data generated in Cr3(C,H30,);(OH)3/
SiO, TPRxns under N as it is fit with kinetic models assuming first- and
second- order dependence upon acetate: (—) experimental data, (---)
mathematical fits.

are only interested in the initial stages of decomposition so
only the low temperature peak (<520°C) is fit. Approximat-
ing the reaction order of the surface species as one yields
a poor fit, whereas a second-order approximation fits the
data very well (Fig. 8). The fit sum of squares error be-
tween 315 and 460°C is 8.3% of the area for first order; it
drops to 0.7% for second-order. The initial generation of
CO; in N; can also be modeled assuming second-order ki-
netics. These fits yield activation energies of 36.2 and 34.4
kcal/mol for CH4 and CO, formation, respectively. Averag-
ing the results from 10 experiments (Table 3) generates an
activation energy of 36.5 kcal/mol (SD = 2.2 kcal/mol) for
CHj4 formation and 33.9 kcal/mol (SD =4.2 kcal/mol) for
CO,; formation. Inspection of Table 3 shows that in 8§ of the
10 trials the activation energy for CO, formation is lower
than that of CH4. A paired ¢ test reveals that the two means
are indeed different to a 95% level of confidence.

When the decomposition is done in CO/N; mixtures, the
CO; profile is difficult to fit due to the large number of con-
voluted peaks (Fig. 7). However, the CH,4 profiles can be fit,
assuming a surface species kinetic order of 2. The resulting
average activation energy from seven trials (Table 3) is 38.0
kcal/mol (SD = 3.8 kcal/mol). A standard ¢ test comparing
this with that obtained from fitting the methane data col-
lected in N, (vide supra) reveals that these means are not
significantly different at the 95% level of confidence. The
agreement between these two distributions suggests that
the same transition state is occurring in both environments.

The activation energy values in N, and CO/N, mixtures
are comparable to the average of 34.9 kcal/mol (SD =2.31
kcal/mol) obtained when done in oxygen mixtures. A com-
parison of CO; evolution in the three different atmospheres
shows that oxygen causes a 90°C drop in the CO, peak max-
imum (Fig. 9). This may be related to the kinetics operating
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TABLE 3
Calculated Activation Energies from Temperature-Program-
med Reaction of Silica-Supported Cr3(C,H30,)7(OH); in CO and
CO/N; Mixtures

CO, CH,4
CO activation activation
concentration energy energy
Trial (%) (kcal/mol) (kcal/mol)

1 0 29.7 35.7
2 0 314 36.1
3 0 37.0 38.6
4 0 333 36.8
5 0 39.8 36.1
6 0 344 36.2
7 0 27.4 33.5
8 0 30.3 322
9 0 39.0 38.2
10 0 36.6 40.4
11 3 — 33.1
12 5 — 33.6
13 10 — 39.6
14 10 — 44.1
15 15 — 38.7
16 20 s 38.1
17 20 — 38.4

in the respective systems. In N, the reaction order of the
surface species is ca. 2, while in oxygen the reaction is first
order in acetate and 1/2 order in O,. This will be discussed
more fully below.

Role of Hydroxyl Groups

As discussed in the Introduction, it has been observed
that the silica hydroxyl population influences final catalyst
behavior (1-3). Comparing the various TPRxns shows that

£ N2 only
s
S CO/N2
S
[aY]
(@]
O
3 O2/N2
o
0 200 4(;0 6(;0 8(‘)0

Temperature (C)

FIG. 9. CO; formation during Cr3(C,H30;)7(OH)3/SiO; TPRxns in
inert, reducing, and oxidizing environments.

AUGUSTINE AND BLITZ

One Hr
_ Hold
at 150C

Cr/SiO2

Rate of Water Evolution (Arb.)

[ 200 400 600 800

Temperature (C)

FIG. 10. Comparison of H,O formation from blank SiO, with
Cr3(C2H302 )7(OH)3/SIOZ TPRxns in Nz.

the Cr compound influences the dehydroxylation of SiO,.
In contrast, when Cr is absent from the support, the de-
hydroxylation of SiO; appears the same independent of
whether the reagent gas is oxidizing, reducing, or inert.
Figure 10 contains the H,O profiles from dehydroxylation
in Nj of bare SiO; and SiO; supported basic chromium ac-
etate. In order to reduce the amount of error introduced
into the analysis by physisorbed water the samples were
held at 150°C for 1 h prior to resuming the temperature
ramp. These data show that the amount of hydroxyls re-
moved from the support as water is decreased in the pres-
ence of Cr by 40% (Table 1). Over bare SiO, a broad set of
water peaks appear centered at 540°C. When Cr is present,
two, apparently separate, processes occur. The first exhibits
a peak maximum at 350°C and a shoulder at ca. 450°C. The
maximum rate of the second occurs at 710°C. This profile
resembles that of bare SiO, with the exception of a peak at-
tenuation occurring between 400 and 600°C (Fig. 10). This
is the temperature range where Cr3(C,H30,)7 (OH),/SiO,
decomposes (Fig. 6). Table 1 also shows that the oxygen
present in the CO; produced during decomposition in N is
greater (960 umol O/g) than the amount expected from ac-
etate alone (816 umol O/g based on Cr loading). The extra
oxygen may be coming from the surface.

Interaction of the Cr compound and the surface during
decomposition and dehydroxylation can be further shown
with CO as the reagent. Figure 11 compares the H,O pro-
files from the TPRxns of Cr3(C,H30,)7(OH),/SiO; in each
of the three different atmospheres, i.e., oxidizing, inert, and
reducing. The three traces are quite different. In oxygen,
water is formed in two processes. The first is the combus-
tion of acetate groups with a rate maximum at 340°C. The
second appears to be the condensation of surface silanols
centered at 545°C. The water evolution in N; has already
been discussed. The same low-temperature process appears
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FIG.11. H,O formation during Cr3(C,H30,)7(OH)3/SiO, TPRxns in
inert, reducing, and oxidizing environments.

in CO as it does in N,. However, at temperatures greater
than 500°C water formation is suppressed. Integration of
the respective profiles show that more than twice the water
is released in N relative to CO/N, (Table 1).

The differences between the water profiles can be ex-
plained with the help of the CO, profiles from the TPRxns
done in each of the three atmospheres (Fig. 9). In 21%
O, decomposition occurs quickly and is virtually finished
at temperatures where it only begins in the other two me-
dia. Yet, even though CO, production in these two media
initially appears similar and show maxima at 425°C, at tem-
peratures above this they are quite different. The amount
of CO; produced in CO is greater (1060 xmol/g) than that
formed in either inert or oxidizing systems (Table 1). Un-
like the effect of increasing O, partial pressure (Fig. 4), the
position of the CO; peaks is not influenced by changes in
CO partial pressure. Therefore, the decomposition appears
to be zero order in CO.

The differences in CO, and H,O profiles can be explained
by reactions of silica silanol groups analogous to the water
gas shift as previously proposed (4, 6), i.e.,

OH OH o)
| | +CO--=>CO,+H,+ / \
Si  Si Si Si

This explanation is further supported by a, qualitatively,
greater H, yield in CO relative to N;. Although H; evolution
is difficult to quantify, visual inspection of the H; profiles in
Figs. 6 and 7 indicates a difference. For the water gas shift
reaction to occur at these temperatures Cr must interact
with the surface and be involved in the catalysis.

Variable-Temperature Diffuse-Reflectance Infrared

Variable-temperature diffuse-reflectance infrared stud-
ies also reveal an intimate association between Crs

647

(C;H30,)7(OH); and SiO; hydroxyls. The changes in cat-
alyst surface structure in an oxidizing atmosphere are pre-
sented in Fig. 12 (OH stretching region) and 13 (Cr=0,
Si-O region). Each spectrum is recorded as the difference
between Cr3(C,H30,)7(OH),/SiO; and blank support at
the temperature listed. An inverse band indicates a loss of
absorbance induced by the chromium species, whereas a
positive peak indicates absorbance related to these groups.
Therefore, the inverse peak at ca. 3740 cm ™! in Fig. 12 indi-
cates a loss of non-hydrogen-bonded silanols. This loss may
be due to a chemical reaction that consumes the silanols,
or a physical interaction with the chromium species that
changes the band position. The latter would cause a band
shift and, thus, be accompanied by a positive peak at a
different frequency. Consumption of silanols would result
in an inverted peak only. A broad peak at <3600 cm™! in
the OH stretching region (Fig. 12) indicates a shift in ab-
sorbance due to physical interactions. This peak is present
at low temperatures and shrinks significantly by 300°C. By
400°C no positive absorbance is detected, and the strong
negative peak at 3740 cm ™! remains. The high-temperature
spectrum agrees with data previously reported (10). It sug-
gests that physisorption of the Cr compound occurs ini-
tially to shift the OH stretching band of non-hydrogen-
bonded silanol groups. The high-temperature calcination

100C
—-‘\~\\\ 200C
300C
ﬁ—‘ﬁh“§\\\[//i;:::::::::::::::::: 4£00C
("\-~_¥7 sooc
___~_~__\{ 600C
|
4000 3830 3660 3990 3320 3150
" WAVENUMBER

FIG. 12. VT-DRIFT spectra of the O-H stretching region during the
reaction of Cr3(C;H30;)7(OH)3/SiO; in 21% O4/No.
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FIG. 13. VT-DRIFT spectra of the Cr—O stretching region during the
reaction of Cr3(C;H30;)7(OH)3/SiO; in 21% O4/No.

in air which follows causes chemisorption to occur which
consumes these silanols between 200 and 400°C. This tem-
perature range coincides with TPRxn recorded decompo-
sition of the Cr compound.

Subtraction spectra of air decomposed basic chromium
acetate in the lower frequency region are shown in Fig. 13.
No detectable absorbance is seen at 200°C or less, but at
300°C a band is detected at 900 cm™!, which has been as-
signed to a Cr=0 stretch (11, 12). This assignment sup-
ports our determination of 1/2 order O, kinetics, since oxy-
gen appears to be dissociatively activated by Cr. At 400°C
the 900-cm~! band dominates the subtraction spectrum, but
at 500-600°C a new band is detected at 945 cm™!. We are
not aware of any assignment of this band, though both ab-
sorbances have been observed previously (11). It appears
that the 945-cm~! band, like that at 900 cm™, is due to
Cr-O bonds differing from those in Cr3(C,H30;)7(OH),.
Two possible explanations come to mind. The firstis that the
two bands represent symmetric and asymmetric stretches
of the O=Cr=0 group. This would necessitate that both
would become visible only after complete destruction of
the Cr precursor which establishes the proper symmetry.
On the other hand it may represent a stretch in the Si-O-
Cr group.
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Very little difference is observed in the VI-DRIFT anal-
yses done in N, and CO/N, mixtures. Therefore, only those
done in N; are shown in Figs. 14 and 15. The correspond-
ing subtraction spectra in the OH stretching region show
a inverted peak at approximately 3740 cm~! (Fig. 14). As
with the subtraction spectra in air, the loss is initially ac-
companied by a positive peak at a lower frequency indi-
cating a band shift. Unlike the air spectra, however, this
shift persists at higher temperatures and finally results in a
sharp, positive peak at 3733 cm~! by 600°C. So, although
the losses of acetate and isolated silanols are concerted in
air, in N, the silanols are preserved and hydrogen bonded
with the Cr species throughout the decomposition. With hy-
drogen bonding as the only detected interaction between
the Cr species and the support, it would follow that Cr is
fairly mobile at these high temperatures. This is supported
by previous observations (6) and models proposed (12) to
explain these systems.

The low frequency end of the IR shows no evidence of
Si-O-Cr or Cr=0 bond formation (Fig. 15). The Si-O
stretch of Si-O-Cr species is expected in the 975- to 875-
cm~! region. Results of spectral subtraction do not reveal
any detectable absorbance. These data along with the spec-
tra shown in Fig. 13 suggest that little or no Cr—O-Si bond
formation occurs in nitrogen in this temperature range.
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FIG. 14. VT-DRIFT spectra of the O-H stretching region during the
reaction of Cr3(C,H30,)7(OH)3/SiO; in N,.
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FIG.15. VT-DRIFT spectra of the Cr-O stretching region during the

reaction of Cr3(C;H30;)7(OH)3/SiO; in No.

DISCUSSION

A Mechanism for Cr3(C2H303)7(OH),/SiO;
Activation

The initial morphology of Cr3(C,H30;)7(OH), on SiO,
is difficult to know with certainty, but it may be inferred
by the data. First, isothermal and TPRxn studies show that
the decompositions are very uniform. This would suggest
that the environment surrounding each basic chromium ac-
etate domain is very similar. Second, the TPRxns also show
that there is extensive interaction between the support and
the Cr compound. VI-DRIFTS confirms this by showing
a significant perturbation in the SiO, hydroxyl stretching
frequency when Cr3(C,H30,)7;(OH), is present. The third
factor to consider is the capacity of the support. It is gener-
ally accepted that there are 4.5 hydroxyl groups per square
nanometer of silica surface (13). Using this number one can
calculate that at the Cr loading of our material there are 12.8
surface silanols per Cr. These three observations would in-
dicate that, upon deposition, the Cr precursor forms two-
dimensional islands on the SiO, support.

The critical next step in the activation of a Cr/SiO, cata-
lyst appears to be destruction of the ligand shell surround-
ing the Cr atom. Evidence from TPRxns suggests that this
begins at the methyl group of the acetate. In O,/N, mixtures
the reaction is 1/2 order in oxygen suggesting that dissocia-
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tion occurs prior to the rate limiting step. If decomposition
were to begin at the carboxylate group, then only rearrange-
ment to CO; and no addition of oxygen would be necessary.
However, conversion of methyl to CO, and H,O is acceler-
ated by oxygen activation. In this scenario Cr, known to be
a good combustion catalyst (14), serves as the active site for
the destruction of its own ligand shell. The single CO, peak
in the Oy/N; profile in Fig. 9 indicates that rearrangement
of the carboxylate moeity to gaseous CO; and combustion
of the methyl group occur simultaneously.

Further support for methylloss as the rate-limiting step in
acetate decomposition can be gathered from the studies in
No. In this case CO, production is concurrent with CH4 even
though it possesses a measurably lower activation energy.
A mechanism such as this can explain several observations.
The first is the 90°C difference in CO, and CH,4 formation in
N; and CO/N; mixtures relative to oxidizing environments.
If decomposition is limited by methyl group loss then each
acetate must find another acetate in order to abstract a hy-
drogen prior to releasing CHy. This requires temperatures
high enough to induce migration of the Cr compound on
the surface. This also explains the second-order kinetics of
the surface species in nonoxidizing environments. The VT-
DRIFTS experiments also suggest that migration can occur.
No apparent chemical bonds with the surface are formed
in inert or reducing atmospheres, yet the spectra suggest
that hydrogen bonding does occur, as previously proposed
(12). Evidence has been shown that surface Cr species do
migrate and agglomerate at high temperatures (6). Finally,
since a methyl group may yield several hydrogen atoms to
departing methane molecules, a small fraction of the carbon
should be retained in an inert environment. We measure
this amount to be ca. 15% of that initially present.

The data in this report also show an interaction between
the Cr compound and the surface hydroxyls during de-
composition and dehydroxylation. Simply depositing ba-
sic chromium acetate onto silica alters the way the support
dehydroxylates (Fig. 10). The decrease in the number of hy-
droxyl groups leaving the surface as water may be explained
in a couple of ways. The first is that the Cr compound dis-
places hydroxyl groups upon deposition; however, evidence
from VI-DRIFTS does not support this. According to these
data, hydroxyl groups are not removed; their stretching fre-
quency is only perturbed (Fig. 14). A better explanation is
that the Cr/SiO; association is so intimate that upon decom-
position hydroxyls groups surrounding the compound react
with the ligands. This would account for the amount of CO,
evolved being larger than expected during decomposition
in N, (Table 1). It would also explain why the attenuation
in the water profile coincides with decomposition of the
Cr compound (Fig. 10). When the decomposition occurs
in CO, Cr appears to be free to catalyze a water—gas shift
reaction to catalytically remove surface hydroxyl groups.
In oxygen, VI-DRIFTS and TPRxn data together suggest
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that chromium oxygen bonds form concomitantly with, and
subsequent to, ligand shell destruction. In every case, it ap-
pears clear that the presence of Cr does increase the extent
of surface dehydroxylation, as previously proposed (4-6).

CONCLUSIONS

Both TPRxn and VI-DRIFTS studies confirm that while
the decomposition of basic chromium acetate is similar in
inert (N,) and reducing (CO/N;) environments, the acti-
vation process is fundamentally different in an oxidizing
(O2/Ny) environment. In inert and reducing environments
the major decomposition products are CH4 and COs. In ox-
idizing atmosphere, the major products are CO, and H,O.
The kinetics also differ. In inert and reducing environments
the decomposition is second order with respect to the sur-
face species, whereas in oxygen it is first order with respect
to acetate and (0.5 order with respect to oxygen.

The data also reveal an intimate association between the
basic chromium acetate molecule and local silica hydroxyls.
In each of the three media studied, the presence of Cr influ-
ences the dehydroxylation of the support. In Ny, hydroxyl
groups appear to react with decomposing acetate ligands
increasing the amount of CO; formed from the reaction. In
CO, Cr appears to catalyze a water—gas shift reaction pro-
ducing CO; and H; from CO and surface hydroxyl groups.
VT-DRIFTS shows no evidence of Cr—O-Si bond forma-
tion in these two media. However, loss of silanols in oxidiz-
ing environments suggests surface bond formation in the
200-400°C range.

The apparent lack of surface bond formation in inert and
reducing atmospheres suggests that at higher temperatures
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Cr species can migrate about the surface. This can explain
the second-order decomposition kinetics with respect to ac-
etate, since two acetates must come into contact to produce
CH,. In all cases the rate-limiting step is removal of the
acetate methyl group.

Since  HDPE catalysts based on silica-supported
chromium are so sensitive to activation conditions, this in-
formation is a step toward understanding the underlying
chemistry behind the observed differences.
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