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Abstract

The importance of Brgnsted acid sites for partial oxidation of propane to acetone in CaY was investigated by in situ FTIR spectroscopy.
With an increasing number of protons in Ca-Y, Volcano plots were observed for (1) amount of adsorbed propane; (2) initial acetone formation
rate; (3) total amount of acetone after 20 h of reaction; (4) acetone selectivity. The results clearly show that Brgnsted acidity increases
the isopropylhydroperoxide (IHP) formation rate, most likely via a catalytictkansfer, and IHP decomposition into acetone and water.
Moreover, with increasing IHP concentration 2-propanol was found in addition to acetone. Since an increasing number of Brgnsted acid sites
implies a decreasing number of ain the zeolite, an optimal H/Ca* ratio was observed for both activity and selectivity for acetone.
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1. Introduction lective for the oxidation of light alkanes. Recently, a new
approach of selective oxidation of alkanes (ethane, propane,

Direct selective oxidation of light alkanes into valuable isobutene, and cyclohexan®)-10] on cation-exchanged Y
products is one of the most challenging subjects in catalytic zeolite was presented under photo or thermal conditions. The
chemistry, because of the global abundance of low alkanesconcept is that hydrocarbon and oxygen are confined in a
and the huge economic incentivil§. The main disadvan-  restricted environment (zeolite cages), followed by the for-
tage of partial oxidation is that light alkanes are usually mation of charge transfer complégCnHy,.2)T0>7]. The
less reactive than the desired products, and further oxida-complex stabilizes in the presence of a strong electrosta-
tion to CQ, is thermodynamically favored. Recent efforts tic field due to cations. Alkyl hydroperoxide was observed
at improvement of the selectivity of light alkane oxidation as reaction intermediate. Complete selectivity was reported
have mainly been based on catalysis over metals, metal ox-at conversions as high as 22%, by in situ FTIR measure-
ides[1-3], or zeolite-supported metal oxidek5]. Although ments of propane oxidation to acetone for BaY zeolite. How-
selectivity is much improved, all of these methods still gen- ever, the catalytic reaction cycle was not yet closed, since
erate substantial amounts of carbon oxides or other carbomo product desorption could be observed under these con-
fragmentation products, some even at low hydrocarbon con-djtions. Based on the cation dependence, reaction activity
version. was reported to increase in the order Na¥BaY < SrY <

The inefficiency associated with low conversion has mo- cay with increasing cationic electrostatic field for the gas-
tivated the search for solid catalysts that are active and Se-phase reaction of cyclohexane to cyclohexani@nel] and

propane to acetond0]. Larsen et al. indicated that proton
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to cyclohexanone on BaY and NaY zeolites, because of theical reaction path via homolytic peroxide decomposition has
observation of a pronounced deuterium kinetic isotope ef- been proposed. Although the restricted environment (zeolite
fect[7]. cage) limits the diffusion of free radical to follow the chain
Recent results from our group have shown that the rate propagation at low-temperature gas-phase reaction, never-
of propane oxidation to acetone is influenced by the type theless, a contribution of free-radical chemistry cannot be
of earth-alkali cations, zeolite Brgnsted acidity, and cation excluded.
position in the zeolitd10,12,13] Cations in the supercage To answer the above-mentioned questions, we investi-
of zeolite Y are exclusively responsible for the propane gated the details of propane selective oxidation reaction on
oxidation reaction. A two-step mechanism with two differ- a series of CaY zeolites with varying proton concentrations
ent active sites was proposed: conversion of propane intowith the use of infrared spectrometry. The goal was to obtain
isopropylhydroperoxide (IHP) takes place on earth-alkali insight into the effect of C& and acid sites on the reaction
cations, whereas the decomposition into acetone and watemechanism of selective propane oxidation.
occurs by Brgnsted acid sites, as follows:

OOH i
Ho Cation ‘ 2. Experimental
C.  +0 — A
HsC ~ Chs HsC = CHg 2.1. Materials
0
H_; & 1 H,0 1) The base material used for this study was a NaY (Akzo
Y C/ \CH3 2= Nobel; sample code 1122-207) with g 8l ratio of 2.5. The
3

CaY zeolite was prepared by repeated aqueous exchange of
However, a systematic variation of the concentration of the base NaY zeolite with 0.05 M calcium nitrate solutions
Brensted acid sites is needed to investigate the relationshiprepeated three times, followed by washing three times with
between Bransted acidity and IHP conversion. Moreover, it distilled water; filtered; and dried at 10Q overnight.
is not yet clear whether the cation and Bransted acid sites act The series of HCaY zeolites were prepared by exchange
independently in this reaction or a cooperation of both sites of CaY zeolite with NHNO3 solutions. The Nt loading
is needed. Furthermore, increased Bragnsted acidity produceaf the zeolite was controlled by the concentration of /NH
by the introduction of NH*, followed by decompositionin  in the aqueous solution. All zeolites were prepared with the
cation-exchanged Y zeolite, will lead to a decrease in the same procedure of washing and drying as described above.
electrostatic field of cations, because the total amount of pos-The final HCaY zeolites were obtained by decomposition at
itive charge (Brensted acid or cation) that compensates for500°C under vacuum. After decomposition, Brgnsted acid
the negative zeolite framework should be the same. In othersites can be contributed by both decomposition ofsNH
words, the cation and Bregnsted acid sites cannot be variedions and hydrolysis of water at €4 sites. The chemical
independently. composition of catalysts (determined by X-ray fluorescence,
Loss of product selectivity has been observed with in- XRF), C&* /Al and NH4t /Al ratios, and sample names are
creasing Brgnsted acidity as a result of photooxidation of listed in Table 1 The results show that €a was gradually
1-alkenes, toluene, ang-xylene in cation-exchanged zeo- replaced by NH*, whereas the sodium content, which re-
lites, leading to polymerization and condensation reactions mains in CaY zeolite, decreased only slightly and remained
[14,15] Furthermore, in liquid-phase oxidation of cyclo- almost constant for the series of HCaY zeolites.
hexane on alkali or alkaline-earth exchanged Y zeolite, it  Nevertheless, the Nj& and C&' cations cannot be
has been shown that the Brgnsted acidity acts as an inhibitovaried independently, because the total amount of positive
rather than as a cataly{dt6]. In liquid phase, the typical rad-  charge should remain constant. Thus, another two samples

Table 1
Chemical analysis of zeolite samples used in this study (as determined by XRF)
Zeolite Chemical composition (wt%) Molar ratio

Al,03 Sio, NapO CaO Na /Al Ca2t /Al NH 4+ /AIP
Na-CaY71 218 66.0 367 859 028 0.36 -
Ca—NaY73 218 66.2 344 856 026 036 -
CaY 219 658 130 109 0.10 045 -
H(4)CaY 219 655 109 105 0.08 044 004
H(7)CaY 220 665 126 102 0.09 042 007
H(13)CaY 222 67.1 121 951 009 039 013
H(26)CaY 226 681 103 827 008 033 026

@ Standard deviation is1% (relative error).
b NH4t content was calculated based on the charge balance; iron cen@d2 wt%.
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were prepared to vary the concentration of Brgnsted acid 2.3. Ammonia temperature-programmed desor ption studies
sites, while the calcium content was kept constant. A par-

tial sodium back-exchanged CaY zeolite was prepared by A home-made temperature-programmed desorption
ion exchanging CaY with a NaNgXsolution, to remove the  (TPD) setup connected to a UHV chamber with a mass spec-
protons formed by the hydrolysis of calcium complex (sam- trometer (Balzers QMG 420) was used for the desorption ex-
ple designated as Na—CaY71). During back-exchange, it in- periments. After activation at 1§ mbar and 500C for 2 h,
evitably exchanges part of the calcium cation as well. Thus, 60 mg of CaNaY zeolite samples was exposed to 10 mbar of
a partially exchanged CaNaY was prepared with NaY and a ammonia at 100C (to avoid the physisorbed Nji When
controlled concentration of calcium nitrate solution (sample adsorption—desorption equilibrium was reached, the sample
designated as Ca—NaY73), to make two catalysts with identi- was evacuated for 1.5 h at 1®mbar. Then TPD, with an

cal calcium contents and different Bransted acid sites. After increment of 10C/min up to 700°C, was started.

ion exchange, both samples were washed and dried accord-

ing to the procedure described above. The catalyst chemical

composition (determined by XRF) listed Fable 1shows 3. Resultsand discussion

that the same Cd /Al ratio was obtained. However, a higher o

Nat /Al ratio for Na—CaY71 than for Ca-NaY73 was found. 3-1. Catalyst characterization

In addition,?’Al MAS NMR showed no extra-framework

aluminum for the studied samples, even not after activation _ Calibrated transmission FTIR spectra of the activated
at 500°C. CaY and series HCaY zeolites samples are giveFign 1a.

All samples showed an isolated silanol peak at 3744%m
which is either on the outer surface terminating the zeolite
crystals or on silica impuritie 7-19] The intensity of this
band is constant for all zeolites. SIOHAI groups, Brgnsted-
The zeolite powder (30 mg) was pressed into a self- type acid sites, which were produced by hydrolysis of wa-
supported wafer and analyzed in situ during adsorption andter at a cation or by deammoniation, gave rise to two IR
reaction by transmission FTIR spectroscopy with a Bruker absorption bands. The band at 3644 ¢énthigh-frequency
Vector22 FTIR spectrometer with a MCT detector. A minia- (HF) band) was attributed to O—H groups within the large
ture cell, equipped with transparent Gakindows, which  supercage. The low-frequency (LF) band at 3555 tm
can be evacuated to pressures below’l@bar, was used  appearing on H(13)CaY and H(26)CaY was assigned to
for the in situ experiments. The temperature was variable hydroxyl groups hidden within the sodalite cages of the
from room temperature to 50C. Each spectrum consisted zeolite structure19]. Furthermore, the O-H vibration at
of 32 scans taken at 4 cthresolution. 3590 cntl, originating from Ca(OH) specieg10,13], de-
Zeolite samples were activated at 5@D (ramp 10°C/ creased steeply and finally disappeared with increasing am-
min) for 2 h in vacuum & 10~7 mbar) and subsequently monia exchange level. The T-O—T overtone vibrations be-
cooled to 100 C for ammonia adsorption. Ammoniawas in- tween 1700 and 1900 cm showed a slightly red shift with
troduced into the infrared cell until equilibrium was reached increasing ammonia exchange level, in agreement with the
at 1 mbar. Then the system was evacuated and spectra werkterature[10,20]
recorded. The FTIR spectra for activated zeolite structure  Fig. 1b shows infrared spectra for activated Ca—NaY73
and ammonia adsorption were corrected for absorption byand Na—CaY71 samples with the same calcium content.

2.2. Infrared spectroscopy studies

the background spectrum. A clear decrease in the band at 3644 ¢nwas observed
For propane-selective oxidation study, samples were acti-for Na—CaY71 sample compared with both CaY¥Y and Ca-
vated in vacuum< 10~/ mbar) at 500 C (ramp 10°C/min) NaY73, which indicates that most of the protons were ex-

for 2 h, subsequently cooled to 200 (dwell 10 h), and  changed by sodiumions. Na—CaY71 and Ca—NaY73 showed
cooled to room temperature. Loading of reactants (propanesimilar intensities for the O-H vibration from isolated
and oxygen) was controlled by gas pressure. Propane wasilanol (3744 cm?) and Ca(OH) (3590 cnt?) species.
introduced into the IR cell until equilibrium was reached at ~ The source of Bragnsted acid sites of CaY zeolite is now
1 mbar in the gas phase, followed by the addition of 40 mbar generally accepted to occur during pretreatment or activation
of oxygen. Calibration curves were made by adsorption of of a divalent cation-exchanged zeolite at elevated tempera-
known amounts of acetone and 2-propanol at room temper-ture via the reactiofl0,15,17,18]

ature to determine the quantity of produced apetone from o+ 4 H,0(ad)+ Si—O—Al— Ca(OH)" + Si—O(H")-Al.
propane and oxygen. The amount of produced isopropylhy- )

droxide (IHP) was determined by the increase in acetone During the N&' back-exchange process, protons were re-
quantity as a result of thermal conversion of IHP into ace- Placed, based on the FTIR spectra and elemental analysis
tone and water. The FTIR spectra in propane adsorption and(TaPle J:

reaction studies were corrected for absorption by the acti- Si-O(H")-Al + Na*(solution)

vated zeolite. — Si—O(Na")-Al + H*(solution).
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Fig. 1. Infrared spectra of (a) activated CaY and series HCaY zeolites; (b) activated Ca—NaY73 and Na—CaY71 zeolites.
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Fig. 2. Infrared spectra of ammonia adsorption on CaY and H(13)CaY zeolite.

Recently we showed that NHTPD is a suitable tech-  tons on Na—CaY71, whereas the amount of supercadé Ca
nique for differentiating between the number and type of ions was comparable to that observed for Ca—NaY73.
acid sites in calcium-exchanged Y zeolite sampl&3]. Furthermore, ammonia adsorption was studied with FTIR
Ammonia desorbing at low temperatures (between 150 andspectroscopy to differentiate between Lewis and Brgnsted
300°C, LT-NH3) was identified as desorbing mainly from acid sitesFig. 2 shows, as a typical example, the IR spec-
Bragnsted acid sites, whereas desorption at higher temperatra for CaY and H(13)CaY after adsorption of 1 mbar
tures (between 300 and 450, HT-NH3) was believed to NH3 at 100°C and subsequent evacuation (to remove ph-
originate from calcium cation sites in the zeolite supercage ysisorbed NH). Compared with the spectra Fig. 1, the
[13,21] Comparison of the NEtTPD profiles of Ca—NaY73  intensity of the hydroxyl stretch vibrations at 3644 and
and Na—CaY71 (not shown) confirmed a low amount of pro- 3555 cnt? clearly decreased. The hydroxyl groups at 3744
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and 3590 cm! were not affected by ammonia adsorp-
tion, indicating a very weak acidity of silanol groups and
Ca(OH), species. Well-resolved absorbances appeared in
the range of N-H deformation modes below 1700-¢m
which could be assigned to ammonia species adsorbed on
different acid sites. The band at 1610 thwas assigned

to ammonia bound to Lewis sitd&3,20—22] Because no
extra-framework aluminum was found by NMR for the stud-
ied samples, this species was attributed to ammonia coor-
dinated to calcium cations. The bands at 1674 trand
between 1484 and 1412 crhwere assigned to ammonium
ions arising from the protonation of ammonia on Brgn-
sted acid site$13,20-22] In agreement with previous re-
sults [13], all bands belonging to ammonium ions disap-

-2660cm™)
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1
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Increasing Proton content

to 300°C (not shown). A high number of Brgnsted acid
sites was observed on the H(13)CaY sample compared withFig. 3. Quantity of adsorbed propane at 1 mbar on Ca-NaY73, Na—CaY71
cay. and series HCaY zeolites.

In conclusion, of the infrared spectra, ammonia adsorp-
tion and NH-TPD are in good agreement with the results of frared spectrum of the pretreated sample before exposure to
the zeolite chemical composition analysTalfle ), andthe ~ propane was taken as a background. Three observations in

expected changes in acidity were confirmed. particular are worth noting. First, CaY-100 infrared bands
of propane at 2838 and 2887 cf present after propane
3.2. Propane adsorption adsorption on Cay, disappeared, whereas these two bands

are still visible on CaY-300. Since the infrared band at 2838

Fig. 3displays the propane uptake at 1 mbar pressure (in-and 2887 cm' appeared only when bare Hacations were
terpreted as the integrated FTIR band area between 3080 an@resent in the supercag#0,13] we concluded that these
2660 cnT?!, details of spectra in Ref§10,13) by the dif- two bands originated from propane adsorbed on or close
ferent zeolites at room temperature. With increasing proton to supercage Ca& cations. Obviously, these sites are no
content, first (from CaY to H(7)CaY) a slight increase (15%) longer accessible in CaY-100 and only partly available in
in propane uptake was found. However, from H(7)CaY to CaY-300.
H(26)CayY, the propane amount decreased by about 50%. Second, compared with CaY, much less propane adsorbed
Interestingly, about 30% less propane was found on the (integrated area between 3080 and 2660 tyon CaY-300
Na—CaY71 zeolite (low Brgnsted acidity) compared with (50%) and CaY-100 (10%). Third, no changes in the hy-
Ca—NaY73 zeolite (high Brgnsted acid sites). droxyl region could be observed for CaY-100 upon propane

Propane adsorption in alkaline-earth-exchanged Y zeo-adsorption, which is in agreement with the fact that the
lites has been reported to be due to enhanced interaction withpre-adsorbed ammonia blocks all of the Bransted sites. For
framework oxygen and polarization at cation sif#6,13, CaY-300 a decrease in the O-H band at 3640 tran be
23,24] It has also been reported that propane could be ad-seen, but this is only about 10% of the original intensity of
sorbed via hydrogen bonds to the Brgnsted acid sites of acidthis band Fig. 1). It has been reported that the contribution
Y zeolite[25]. To investigate the effect of €4 cations and of Brgnsted acid sites to the heat adsorption of propane is
Brgnsted acid sites on the propane adsorption capacity of6 kJ/mol compared with 31 kinol for the total heat ad-
these samples, ammonia adsorption was used to poison possorption of propane adsorbed on HY zeolii®,25] Fur-
sible propane adsorption sites. It has been shown previouslythermore, the cation polarization of propane increases with
that at 100C ammonia adsorbs on both®€aand Bransted  increasing cation charge or decreasing cation radius. Ad-
acid sites, whereas at 308 ammonia preferentially blocks ~ sorption ofn-hexane on HY and NaY revealed as such a
Ccé&t cations[13]. higher induction of polarity by protons than sodium cations

Thus, one CaY sample was prepared by ammonia ad-[19,25] The results of this study are in good agreement,
sorption at 100C and subsequent evacuation (sample des- since the quantity of adsorbed propane is increasing for Ca—
ignated as CaY-100), and one was prepared by ammoniaNaY73> Na—-CaY71 Fig. 3); they have the same calcium
adsorption at 300C followed by evacuation (sample desig- content, but there are fewer protons on Na—CaY71 compared
nated as CaY-300). Subsequently, both samples were cooledvith Ca—NaY73.
to room temperature, and 1 mbar propane was adsorbed. Comparing the polarization capability of €aand Ht is
Fig. 4 shows infrared spectra for the hydroxyl vibration more complicated, since from*Hto C&* both the charge
and C-H vibrations after these treatments in comparison (higher polarization) and cation radius (lower polarization)
with the adsorption of propane on untreated CaY. The in- increase. Moreover, the mobility offHn the zeolite also in-
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Fig. 4. Infrared spectra of 1 mbar propane adsorption on CaY with different pre-treatment conditions: CaY-100: adsathlBC, followed by 5 h
evacuation at 100C; CaY-300: adsorb Nglat 300°C, followed by 1 h evacuation.

fluences the final effective electrostatic field. In addition, the 3.3.1. HCaY series

FTIR data show that with increasing exchange of protons for ~ When 1 mbar of propane and 40 mbar of oxygen were
calcium, the signal of the Ca(OH}pecies (3590 crt) di- loaded over the activated HCaY zeolites, a thermal reaction
minished. The combination of this result with the Ca content was noted at room temperature just minutes after introduc-
(Table 1) indicates that first Ca(OH)species are replaced tion of the gases into the cell. All absorptions that were
by ammonium ions, followed by exchange of bare?Ca  observed could be attributed to acetone and wat&o,13]

ions at higher proton exchange levels. As such the Ca con- Fig. 5a shows the acetone formation rate for the HCaY
tent as determined by elemental analysis is gradually low- zeolites as a function of time, based on the amount of
ered with increased proton content. The change in amountformation of adsorbed acetone. The same trends were ob-
of adsorbed propanéd=ig. 3) can also be explained by the served for the consumption rate of adsorbed propane (inter-
subsequent exchange of Ca(QH)nd C&" ions. It was preted as decreasing area of the infrared band between 3080
shown hereFig. 4) and in previous studies that Ca(QH) ~and 2660 cm*; not shown). CaY, H(4)CaY, and H(7)CaY
hardly contributes to the quantity of adsorbed propfai. showed a decreasing rate in time, whereas for H(13)CaY and
A comparison of CaY to H(7)CaY shows that the Ca content H(26)CaY the rate first increased and after 10 h started to
decreased and the proton content increased, and simultanedecrease. The highest initial acetone formation rate was ob-
ously propane adsorption increased because of the affinity ofServed for H(7)CaY, whereas H(13)CaY reached the same
propane for protons. A further decrease in the calcium con- actvity aﬂer about 10. h. A|.thOLllgh the initial activities do_
tent that occurs with proton exchange leads to removal of not show a linear relationship with th_e amount of prot_ons, it
Ca* ions, which have a much higher propane affinity than €an bfa seen that aftgr 1Q h of reaction the deactivation rate
protons, and consequently the amount of adsorbed propanét€adily increased with higher proton amounts.

drops significantly from H(7)CaY to H(26)CaY. 332 CaNaY73 and Na—Cay71

Room-temperature propane partial oxidation was further
studied on Ca—NaY73 and Na—CaY71 zeolites, which con-
tain the same calcium amount but have different Brgnsted

Previously we showed that infrared spectroscopy is a acidities.Fig. 5b reports the acetone formation rate as a func-
suitable tool for the study of the selective propane oxida- tion of reaction time; the activity of CaY was added as a
tion at low pressures, with the goal of unraveling the reac- reference. The initial acetone formation rate of Ca—NaY73
tion mechanism. The depletion of propane (between 3080is approximately half that of CaY, whereas for Na—CaY71
and 2660 cm?) and production of acetone (at 1682, 1421, the rate again was half of that of Ca—NaY73. Moreover,
1379, and 1367 cmt) and water (infrared band at 3695 and Ca-NaY73 showed a continuous decrease in the acetone for-
1634 cnt!) were followed in the infrared spectra (details in mation rate, whereas Na—CaY 71 showed a slight increase for
Refs.[10,13). the first 12 h of reaction.

3.3. Propane oxidation: activity
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Fig. 5. Acetone formation rate as function of reaction time: (a) on CaY and series HCaY zeolite; (b) on Ca—NaY73, Na—CaY71, and CaY-300 (ammonia
pre-adsorption at 300C).
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Fig. 6. IR spectra of (H)CaY zeolites (a) after 20 h reaction, followed by 5 min evacuation; (b) after heating of (a)@1ZDMin and subsequent cooling to
RT.

3.3.3. Ammonia-pretreated samples 3.4. Propane oxidation: selectivity

After 1 mbar and 40 mbar oxygen were loaded into the
ammonia-pretreated zeolites, the formation of acetone and To investigate the selectivity of the reaction, adsorbed
water was followedKig. 5). CaY-100 did not show any ac-  propane was removed by 5 min of evacuation after 20 h
tivity at room temperature (not shown), whereas CaY-300 of reaction Fig. 6a). Only propane was detected by on-line
exhibited an activity that was one-tenth that of the untreated MS analysis during evacuation. Bands at 3014, 2998, 2989,
Cay zeolite. Clearly, in addition to the propane adsorption and 2925 cm® were observed that were initially masked
capacity, the presence of supercagéCins is also es- by propane. These bands could be attributed to isopropyl-
sential for the selective oxidation of propane, as thesé Ca hydroperoxide (IHP) (2998 crt) and acetone (3014 and
supercage ions are selectively occupied withgNiti300°C, 2925 cntl) [10,12,13] and the band at 2989 crh was
as discussed before. assigned to 2-propanol, as confirmed by comparison with
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Fig. 7. Infrared spectra after reaction of 1 mbar propane and 40 mbar propane on CaY and H(13)CaY: (a) 5 h, followed by 5 min evacuation; (b) 10 h, followed
by 5 min evacuation; (c) 20 h, followed by 5 min evacuation.

the IR spectrum after adsorption of 2-propanol in CaY. The Table 2
O-H stretch vibration of 2-propanol could not be observed IHP and acetone concentration at different reaction time during selective
because it overlaps with the water O—H stretch vibrations. ProPane oxidation

Complete selectivity for acetone was observed on Cay, in Time Cay H(13)CaY
agreement with previous resufts0,12,13] However, ace- (" IHP Acetone IHP Acetone
tone selectivity decreased for the proton-exchanged zeolites (umol/g) (umol/g) (umol/g) (Hmol/g)
since 2-propanol was formed. Furthermore, the IHP amount 5 6.7 30 77 46
decreased with increasing Brensted acidity. Surprisingly, for 10 60 53 149 97

Na—CaY71, which has a low number of protons, large quan- 60 92 36 178

tities of IHP and 2-propanol were observédg. 6a, bottom

line). Furthermore, a higher molar ratio of IHP to acetone )
was found for Na—CaY71 compared with Ca—NaY73. IHP, acetone and water were formed exclusively on CaY and

Previously it was shown that at 26 IHP can easily be ~ H(13)CaY after 5 h, whereas small amounts of 2-propanol
decomposed into acetone and water without desorption of (0and at 2989 cm') were also observed on H(13)CaY after
acetond12]. Thus, the system was further heated to 200 10 and 20 h of reaction. For H(13)CaY a significant higher
(10°C/min), kept at 200C for 10 min, and cooled to room  amount of 2-propanol was observed for 20 h of reaction
temperature, after which FTIR spectra were takeig.(6b). compared with 10 h of reaction.

Clearly, the band at 2998 cm (IHP) disappeared, with a It has been proposed that a possible reaction path for the
concurrent growth of the acetone=© band, whereas the Production of alcohol is the reaction between a hydroperox-
band at 2989 cmt (2-propanol) still showed on the spec- ide and a hydrocarbon to form two molecules of alcdfl

tra. Except for water, no desorption of other product mole- To test this suggested reaction path, two parallel experiments
cules were detected by infrared spectroscopy and on-line MSwere carried out. Since IHP cannot be loaded into the zeo-
analysis during IHP conversion. lites, first 5 h of reaction was performed for two batches of

To better understand 2-propanol and acetone formation,CaY with 1 mbar of propane and 40 mbar of oxygen, fol-
two typical samples (CaY and H(13)CaY) were selected lowed by 5 min of evacuation. In the first experiment, the
for the investigation of selectivity at different reaction times System was continuously evacuated for 7 h. In the second
(Fig. 7). The amounts of IHP and acetone formed at differ- experiment, 1 mbar of propane was reloaded and kept for
ent reaction times are listed ifable 2 For CaY, the IHP 7 h, followed by 5 min of evacuation. The infrared spectra
concentration decreased slightly from 5 to 20 h of reac- obtained after those two treatments are giveRim 8.
tion, whereas for H(13)Cay, the IHP concentration increased ~ Decomposition of IHP leads to acetone and water only
from 5 to 10 h of reaction and dramatically decreased af- (Fig. 8a, experiment 1). Some IHP was left after 7 h since
ter 20 h of reaction. Furthermore, the concentrations of both the reaction was done at room temperature. In the presence
IHP and acetone were higher for H(13)CaY compared with of propane, however, 2-propanol was produced in addition
CaY at both 5 h and 10 h of reaction, whereas a lower IHP to acetone and wateFig. 8b, experiment 2). Moreover, less
concentration for H(13)CaY was found after 20 h of reac- acetone was produced, indicating that part of the IHP con-
tion compared with Cay. In addition, after decomposition of verted into 2-propanol instead of acetone and water.
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analysis of room temperature IHP decomposition on (c) CaY zeolite; (d) H(13)CaY zeolite.

3.5. Kinetics of IHP decomposition and 40 mbar of oxygen, the system was evacuated. Sub-
sequently, IHP decomposition and acetone formation were
Finally, the kinetics of IHP decomposition in the absence monitored by infrared spectroscopy at room temperature
of propane was studied. For CaY and H(13)Cay, after 5 h (Figs. 9a and 9b For both samples a decrease in IHP and a
of reaction at room temperature with 1 mbar of propane concurrent increase in acetone were observed. On-line mass
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14

spectroscopy revealed no products in the gas phase. From
the results irFigs. 9a and 9fthe rate of IHP decomposition
into acetone was analyze#igs. 9c and 94 Clearly, plot-

ting log[rac] versus loglHP] ([rac]: rate of acetone forma-
tion, area(band at 1682 cth)/h; [IHP]: area(band at 2998
cm1)) results in a straight line from which the order in IHP
was determined: 1.8 and 1.7 for CaY and H(13)CaY, respec-
tively.
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3.6. General discussion 0 ' ' '
10 20 30 40 50
- -1
This study shows that with an increasing of number of Propane adsorption (area of 3080-2660cm )
protons in the series Na—CaY#l Ca—NaY73> CaY > Fig. 11. Initial acetone formation rate as a function of amount of adsorbed
H(4)CaY > H(7)CaY > H(13)CaY > H(26)CaY, Volcano- propane on (Na)(H)CaY zeolites.
type plots are observed for

the observed differences in activity as a function of catalyst

— amount of adsorbed propartéd. 3), composition.

— initial acetone formation raté=(g. 1Ga), . At present, in the literature it is proposed that the ac-
— total amount of acetone produced after 20 h of reaction tive site for the activation of propane in this reaction is a
(Fig. 1), N bare C&* cation, located in the supercaffs]. The elec-

— acetone selectivityrig. 10c). trostatic field of the cation is thought to be capable of sta-

bilizing charge-transfer states between propane and oxygen
Interestingly, the maximum of the Volcano plots for amount [C3Hgt0,~] by Coulombic interactior{9-11,26] Subse-
of adsorbed propane, initial acetone activity, and total quent abstraction of a proton from the acidic hydrocarbon
amount of acetone produced varies between H(7)CaY andcation to the basic superoxygen ion should result in the
H(13)CaY. Fig. 11 shows initial acetone formation rates formation of GH;* and HGQ* radicals. Recombination of
as a function of propane adsorption. Although, in general, these radicals into IHP is possible, or, at elevated temper-
a linear trend is observed between the amount of adsorbedature, they may start a radical chain reaction. However, in
propane and the initial acetone formation rate, the scatteringthe restricted zeolite cages and at relatively low tempera-
of the points is beyond the experimental error. Therefore, ture, the radical recombination reaction is faster than the
the amount of adsorbed propane cannot fully account for radical chain reactiof26]. Finally, it was shown that if a ze-
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Scheme 1. Proposed mechanism for propane oxidation over proton modified CaY zeolite. The reactions in the dashed boxes are based on the findings in the
present paper. The other reactions in the scheme have been discussed before in [Berhtt8,26]

olite contains Brgnsted acid sites in addition to earth-alkali from the acidic hydrocarbon cation §8g™) to basic super-
cations, IHP can be decomposed into acetone and yiater oxygen (@Q7), to form GH7* and HQ* radicals, which
Scheme ksummarizes these reactions. In the following dis- then rapidly recombine into IHRL). The observed influence
cussion we will extend this mechanism with additional re- of protons on the enhancement of IHP formation can be ex-
actions (dashed boxes Bcheme 1 based on the present plained by a catalytic effect of the protons of the zeolite in

findings. the proton-abstraction step:
+0,— + +
3.6.1. Catalytic effect of protons on IHP formation [Ca3Hg" 02 14+ HT — C3Hg™ + HOL*, (2)
The importance of supercage Tacations for propane  CgHg™ — CgH7* +H™, (3)

oxidation reaction, as reported earl{@3], was confirmed
in this study by propane adsorption and oxidation after pre-
adsorption of ammoniaF{g. 4). Blocking of all supercage  Since the proton abstraction of the charge-transfer complex
Cé&* cations and Brgnsted acid sites by adsorbed ammoniawas found to be rate determinifig], the catalytic effect of
caused a significant change in propane adsorption and a totaprotons on the IHP formation rate can be explained by the
inhibition of oxidation activity Fig. 4). When part of the am-  opening of an alternative, faster route to IHP via react{@ps
monia was released from calcium cation sites and all Brgn- to (4).
sted acid sites were recovered (CaY-300), a large decrease This would indeed result in a Volcano type of behavior as
in propane oxidation activity was found compared with CaY a function of proton content, since with increasing-[Hhe
without pre-adsorption of ammoni&ify. 5). However, the amount of supercage €aconcurrently decreasedigble )
data on the concentrations of IHP and acetone in CaY andand thus the amount of formed charge-transfer complexes
H(13)CaY after 5 and 10 hHg. 7, Table 2 contradict the decreased. The combination of these two phenomena leads
conclusion obtained with the model that®aons are ex- to an optimum for C&" and H+ concentration on the oxida-
clusively responsible for the formation of IHP. Although less tion activity, as was observe#ig. 10.
propane adsorption was observed on H(13)Jay.(3), and For HCaY13 and HCaY26 a significant increase in ace-
H(13)CaY contains only about 70% of the number of su- tone formation rate was observed in the first 10 h of reaction,
percage C& ions as compared with CaYTgble 9, after whereas the other zeolites showed only a deactivation as a
5 h of reaction the amount of IHP formed on H(13)CaY is function of time. Again, two phenomena take place at the
already 1.1 times higher than that found for CaY, wheres af- same time. First, the amount of IHP increases with higher
ter 10 h it is about 2.5 times higher than for CaMble 2. proton content according to the reactiq@3 to (4), as dis-
In addition, more acetone was produced on H(13)CaY com- cussed above. Since the conversion of IHP into acetone is
pared with CaY for both 5 and 10 h of reaction. a second-order reactiofrigy. 9), higher IHP concentrations

As stated above, the critical point of formation of IHP will increase the acetone formation rate because the IHP
is thought to be a charge-transfer compl&gHgt 0,71, concentration increases in tim&aple 2. In particular, for
followed by the rate-determining step of proton abstraction H(13)CaY and H(26)CaY the very high Brgnsted acidity in

CsH7* + HO2* — C3H7OO0H (IHP). 4)
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the samplesKig. 1) will strongly enhance the catalytic path-
way from (2) to (4), resulting in increased amount of IHP
in the first 10 h, as observed Kig. 7. The observation also
strongly implied that with increasing proton concentration,

the rates of proton abstraction and IHP decomposition are

becoming competitive. At the same time, the production of

J. Xu et al. / Journal of Catalysis 232 (2005) 411-423

2-propanol is influenced by the'HC&" ratio of the sam-

ple. Although the reaction in this study was carried out at
very low pressure, no other reaction pathways have been ob-
served at atmospheric pressure and room tempef@&u@.

acetone and water deactivates the samples since the prod4. Conclusions
uct molecules remain adsorbed on the active cations and

protons[10]. The formation rate of the charge-transfer com-

The importance of Brgnsted acid sites for propane par-

plex would decrease faster when more water is produced andial oxidation to acetone in CaY was investigated by in situ

fewer supercage G4 ions are present. This indeed agrees
with the increasing deactivation rate with increasing proton
content and decreasing €aamount Fig. 5).

3.6.2. 2-Propanol production

Similar to the activity, the selectivity for acetone shows
a Volcano type of behavior as a function ot HC&+ ratio
(Fig. 1c). However, in this case the optimum selectivity is
found at much lower proton content, namely for CaNaY73

and CaY (100%). With both increasing and decreasing Brgn-

FTIR spectroscopy. With increasing concentration of Brgn-
sted acid sites on calcium-exchanged Y zeolite, Volcano-
type plots were observed for (1) the amount of adsorbed
propane; (2) the initial acetone formation rate; (3) the total
amount of acetone produced after 20 h of reaction; (4) ace-
tone selectivity. The results clearly show that Brgnsted acid-
ity increases the IHP formation rate, most likely via a cat-
alytic H™ abstraction and the IHP decomposition into ace-
tone and water. Formation of a minor amount of 2-propanol
was observed when the Brgnsted acidity was decreased or

sted acidity, 2-propanol was found as a by-product. Inspired increased compared with the fully Ca-exchanged sample.

by the work of Vanoppen et al. for liquid-phase oxidation of
cyclohexang16], it may be suggested that ion-exchanged
Y zeolites are also capable of catalyzing homolytic IHP de-
composition.Fig. 8 showed that the addition of propane to

IHP in the absence of oxygen on CaY led to the forma-

This was attributed to a parallel reaction pathway of IHP
homolytic decomposition in addition to IHP decomposition
into acetone and water. This study convincingly shows that
the activity and selectivity of Ca-exchanged Y-zeolites are
determined by a subtle balance between the number of su-

tion of propanol. Since infrared spectra have revealed thatpercage C& ions and Bransted acid sites.

adsorbed IHP adsorbed close to the cation §it@f the cal-
cium cation could activate the peroxide bond in IHP, which
results in the formation of §470* and HO' radicals. Sub-
sequently, an alkyloxyl radical reacts with propane, followed
by radical recombination into two molecules of 2-propanol:

C3H;00H — C3H;0* + HO*, (5)
C3H70* 4 C3Hg — C3H70H 4 C3H7™, (6)
C3H7* + HO* — C3H7OH. @)

The contribution of reactioné)—(7) demonstrate that the
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