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Abstract

The oxyfunctionalization afi-hexane by aqueousB, was found to proceed substantially faster over a titanium-containing
pentasil type catalyst denoted as TSI¥Q@a trademark of PQ corporation for this titanium silicate material), than over other
comparable titanium-containing zeolites. This catalyst has an unprecedented >99% efficiency in utilzingtHe oxidation
of a paraffin. The effect of temperature, stirring rate, pH, solvent, and reactant ratios on the reactiopQatefficiency,
and product selectivity were evaluated over the TS'@ilicate using a statistically designed catalytic test performed in an
atmospheric batch reactor. Accurate reaction times were determined by continuously monig@irughisumption. Hydrated
and in situ dehydrated TS-P® titanium silicate samples were studied in a diffuse reflectance (DRIFT) cell by FT-UV and
FT-IR spectroscopy. Unlike TS-1 catalysts that mainly contain isolat&d iBns in tetrahedral lattice positions, TS-P)
silicate contains tetrahedral and higher coordinatidh Tons. Slightly acidic conditions affect favorably the reaction rate
and G regioselectivity over the TS-P®¥ catalyst. In contrast to TS-1, applying methanol (MOH) as co-solvent had little or
negative effect on the reaction rate and the selectivity of TS¥P¢atalyst for the oxyfunctionalization othexane.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction catalysts[3—-8]. During the past decade or so, con-
siderable research work was devoted to exploring the
The degree of difficulty in inserting only one oxy- structure of TS-1 and its effect on the conversion and
gen to form alcohols and oxo-compounds in a straight product distribution in the oxidation of various paraf-
chain, saturated hydrocarbon or paraffin is well known. fins[1-5,9-34] However, this process is still not well
The problem is that initiating the reaction requires understood.
such harsh conditions, it does not want to stop but A typical TS-1 catalyst contains mainly isomor-
wants to go on to multi-oxygenation or full com- phously substituted tetrahedral Ti atoms in an MFI
bustion. TS-1 was the first effective heterogeneous type silicate framework3,10,35,36] However, an in-
catalyst that could initiate selective oxidation on paraf- creasing number of studies indicate that in some cat-
fins with dilute aqueous $D, at temperatures below  alytically active samples the TS-1 crystal lattice might
100°C [1,2]. This microporous MFI type titanium sil-  be distorted by non-isomorphously substituted tita-
icate is the parent compound of a constantly grow- nhium ions and other structural defe¢®8,34,37-45]
ing family of micro- and mesoporous titanium silicate Recently we compared the catalytic activity and se-
lectivity of an isomorphously substituted TS-1 zeolite
* Corresponding author. with those of some distorted structures in the oxyfunc-
E-mail address: istvan.halasz@pqcorp.com (I. Halasz). tionalization of n-hexane by aqueous>B, at near
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ambient reaction conditionf34]. One catalyst that
contained virtually no isolated tetrahedraf Tiions in
lattice positions, denoted here as TSIBQitanium
silicate, was found to be more active and selective
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2.2. Catalytic measurements and product analysis

Details of our atmospheric catalytic system have
been described elsewhg@t]. Briefly, a 100 ml vol-

for this process than other heterogeneous catalysts re-ume glass reactor equipped with a water-cooled reflux,

ported thus far. The TS-P# silicate retained these

a stirrer, and a Type JJ9 Cole Palmer redox (ORP)

excellent catalytic properties even in the absence of electrode was heated externally by an electromantle

any homogenizing solvent-Hexane is reportedly the
most reactive paraffin over TS{L,2,9,10] when a
non-reactive co-solvent, usually methanol (MOH) or

controlled by a Staco Series 500 temperature con-
troller and a thin (1/64in.) type T thermocouple
placed inside the reactor below the liquid level. A

acetone, is added to the non-miscible hydrocarbon andvariable speed magnetic stirrer was used for exper-

aqueous phases.

It is believed that these co-solvents can affect the
catalytic process in various ways: (i) they might help
to prevent formation of polymers from secondary ox-
idation products[23]; (ii) they might facilitate the
penetration of hydrophobic micropores for the aque-
ous phas¢27]; (iii) they might form a homogeneous
phase by partitioning the non-polarfexane) and po-
lar (H202) moleculeg32] and (iv) they might generate
and stabilize Tit related lattice defects as catalyti-
cally active site433,46] In this paper, we systemat-
ically check the co-solvent effect along with the ef-

iments with <1000rpm, and a PolyScience Model
X-120 homogenizer for stirring rates from 5000 to
30,000 rpm. A Masterflex liquid pump dosed the nec-
essary amount of 30% aqueous®4 into the reactor
from a Teflon container placed onto an Ohaus Pre-
cision Standard balance. The ORP controller started
and stopped the liquid pump automatically to main-
tain ~0.1 mol KO,/ concentration in the reactor.
The weight change of the 4@, container was reg-
istered every 20s during the catalytic process, and
end of the reaction was designated to be when the
signal from the balance did not change for 10 min or

fect of other fundamental reaction parameters on the more.

catalytic activity and selectivity of TS-P® silicate

in the oxyfunctionalization oh-hexane by aqueous
H20,. We did this using a statistically designed set of
experiments.

2. Experimental
2.1. Catalysts and materials

Puren-hexane (98%), methanol (99.98%), hexanol

For the catalytic test, a desired amount of catalyst
powder was weighed into the reactor first and saturated
with 0.6 ml aqueous 30% 40, solution per gram ze-
olite (~200 mmol HhO,/mmol Ti*+). After adding the
necessary amount okhexane, the stirrer was started
and the heater was s@able 1contains details of the
reaction conditions used and a description is given in
the Section 3of this paper.

After reaction, the liquid phases were homogenized
with methanol and analyzed using an HP-6890 type
GC-MS using a 30 m/250m HP-19091N-133 cap-

and hexanone isomers (>98%), and 30% aqueousillary column and temperature programming between

H>O, from Fluka and Sigma—Aldrich were used for

catalytic tests and GC analysis. The accurate con-

centration of HO, was periodically determined by
permanganometric titration.

The TS-PQM titanium silicate was made accord-
ing to a pending patent descripti¢h7] and used in

35 and 120C.

Blank experiments without catalyst at 90 indi-
cated immeasurably low #D, consumption during a
period of 120 min which is substantially longer than
the longest oxidation time at our reaction conditions
(~60min). Therefore, we believe that spontaneous

powder form for catalytic measurements. The average H,O, decomposition or homogeneous hydrocarbon

particle size of this MFI type crystalline material was
0.1-0.3um based on Hitachi 3500N SEM measure-
ments. The nominal Si/Ti ratio was55. According to
laser Raman quantificatid4], the calcined product
contained~200 ppm Anatase (Tig).

oxidation does not occur at these conditions. The uti-
lization of H,O, for hexane oxidation versus decom-
position was calculated from the material balance of
reactedn-hexane and LD, molecules according to
the following stoichiometry.
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Table 1
Designed variation of experimental conditions for the oxidatiom-biexane by 30% aqueousE; L1g (21 x 37) mixed level orthogonal
array [48]

Experiment # Temperature, Catalyst loading (HTi) MetOHh-hexane ratio  pH Stirring H202 pumping rate,
T (°C) (mol n-hexane/mmol Ti)  (MOH) (ml/ml) rate (rpm) V (ml/min)
1 40 1.28 0.0 4 500 0.5
2 40 0.64 0.5 9 5000 1.0
3 40 0.10 1.0 7 10000 2.0
4 50 1.28 0.5 7 5000 2.0
5 50 0.64 1.0 4 10000 0.5
6 50 0.10 0.0 9 500 1.0
7 60 1.28 1.0 9 5000 0.5
8 60 0.64 0.0 7 10000 1.0
9 60 0.10 0.5 4 500 2.0
10 40 1.28 1.0 7 500 1.0
11 40 0.64 0.0 4 5000 2.0
12 40 0.10 0.5 9 10000 0.5
13 50 1.28 0.0 9 10000 2.0
14 50 0.64 0.5 7 500 05
15 50 0.10 1.0 4 5000 1.0
16 60 1.28 0.5 4 10000 1.0
17 60 0.64 1.0 9 500 2.0
18 60 0.10 0.0 7 5000 0.5
CH3—CHy—CHy—CHy,—CH,—CHs + H20» vacuum using a diffuse reflectance (DRIFT) cell from
—» CH3—~CHOH-CH—CHo~CHo—CHz + H,0 Harrick Scientific. The DRIFT cell is equipped with
Cak, windows and can be heated externally up to
CH3-CHOH-CH-CH,—CHy—CHs + H202 600°C which corresponds te-400°C measured di-
—» CH3—CO—CH—CHp—CHy—CHg + 2H,0 rectly in the sample. By switching beam splitters and
detectors, the in situ calcined and evacuated samples
2.3. Sectroscopy could be characterized in the full range from 900 to

52,000cnT. All DRIFT measurements were made
A Nicolet Magna 550 FTIR, Kaiser Optical Sys- after cooling the sample to room temperature using

tems HoloProbe laser Raman. and a Bruker IFS66/S either a Cak or a Teflon background and results were

: ; : converted to Kubelka-Munk units. Liquid nitrogen
spectrometer with variable Fourier transform capa-
bility from the far IR (~100cnT2) to the deep Uy~ ¢00/ed MCT, InSb, and D-530/2 type PMT (photo

(~190nm) range were used for measuring various multiplier tube) detectors were used for measure-
properties of TS-PE silicate ments in the MIR, NIR, and UV ranges, respectively.

Raman measurements were made at atmosphericFurther details of our spectroscopic equipment and

conditions in a homemade sample holder providing methods are described elsewhigd].
~90 mW laser power on the sample. The sample con-
tainer was attached to a Mark Il type probe connected 2.4. Satistical experiment design and data
via fiber optics to a 200 mW Nd:YAG diode pumped analysis
laser (frequency doubled to 532 nm) and a charge cou-
pled device (CCD) detector. The JMP software from SAS Institufé8] was used

All other spectroscopic measurements were carried to design a representative set of experiments to eval-
out either at atmospheric conditions using a single uate the effects of various reaction parameters on the
bounce diamond attenuated total reflectance (ATR) rate of reaction and the distribution of products. Data
accessory from ASI Applied Systems or+l.0~2 Pa analysis was performed using the interactive statistics
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and graphics capabilities of this program. This paper
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lyst were adjusted according to the limiting 100tm

presents the Pareto plot based screening of reactionreactor volume to cover the common catalyst loading
parameter effects. The Pareto plots let us visualize the range. We used only methanol as co-solvent with

orthogonally normalized, scaled estimates of the im-
pact of variables on the conversion, selectivity, and
other characteristics of the process.

3. Results
3.1. Design of catalytic experiments
The reaction conditions published for the selec-

tive oxyfunctionalization ofi-hexane with HO, over
TS-1 vary widely. Typically, results are reported on

(ml MetOH/ml n-hexane) ratio because we deemed
the addition of more co-solvent impractical. It is well
known that HO, can oxidize both at acidic and basic
conditions[50]. Thus, the pH of the b, solution
was adjusted with either HN§Oor NH4OH to 4, 7,
and 9 before pumping it into the reactor. The last two
columns ofTable 1show the selected stirring rates and
H>O, pumping speeds that were specific parameters
for our reactor setting.

We wish to emphasize that these experiments are
intended to screen the impact of various reaction vari-
ables on the outcome of this reaction and cannot sub-

batch experiments carried out using a specific set of stitute the detailed kinetic study of this process. In lack
reaction variables chosen by the investigator. In those of necessary information, material transport has not
papers that give the necessary information to calculate been separated from surface processes such as sorp-

the nominal Si/Ti ratio of zeolite, it varies between

tion and chemical transformation, hence data are not

about 30 and 90; the reaction temperature varies from applicable to calculate the apparent activation energy

50 to 100°C, the contact time from 1 to 24 h, the re-
actant ratio from 0.5 to 3.5 (mokhexane/mol HO>),

the catalyst loading (from 0.04 to 1.5 mwhexane/g
TS-1), and the solvent content from 0 to around 11
(ml methanol or acetone/mi-hexane)34].

To design a finite, statistical set of experiments for
TS-PQM catalyst, we considered these experimen-
tally probed parameter ranges for setting minima and
maxima of reaction variables. We found a total of
seven variables that might fundamentally affect the

reaction outcome at our experimental arrangement.

One of them, the effect of stabilizer additive in®b,
gave only two choices (present or not) while the oth-
ers were calculated with three values near the mini-
mum, middle, and maximum of their ranges. Thus, the
Lig (2t x 37) type mixed level orthogonal arrgy8]

or rate constants for various reaction steps. Likewise,
the comparison of catalyst activity with published data
is only valid for the overall process that involves the

rates of both material transport and surface reaction.

3.2. Catalytic results and catalyst properties

Table 2summarizes the results of catalytic experi-
ments. Note that two, Experiments 6 and 18, were not
done. The first and second columns show the amount
of n-hexane before reaction and the total amount of
H->O, added to the reactor. The third column shows
the titanium sites in the sample which is needed to
calculate the reaction rates assuming that eaé Ti
ion is part of an active center ensemble. The composi-
tion of the organic phase after reaction is shown in the

was selected as an experimental design that permitslast five columns. Neither primary oxygenated prod-

statistically significant correlations with results from
18 experimentsTable 1shows that in the ultimate

ucts nor dual oxygenates were found in measurable
amounts. With our experimental setup, the reaction

reaction parameter arrangement, we kept only the 6 time in columrm # 4 wasalso a dependent variable.

three level variables and did not run experiments with
non-stabilized HO, solution.
To probe the effect of temperature, 40, 50, and@0

We found that reactions stopped before reaching
total hydrocarbon conversion despite ampleCd
supply. Fig. 1 shows a few examples for typical

were selected because we have never observed coneatalytic runs. The initial O, consumption can be

version below 40C [34] and our atmospheric reactor
did not allow experiments above 6G. (H,O and hex-
ane can form azeotropic mixture with a boiling point
of 61.6°C [49]). The amounts ofi-hexane and cata-

either steep (Test # 9) or flat (Test # 15) followed by
either monotonously (Test# 5 and # 11) or stepped
(Tests # 9 and # 15) D, consumption until a steady
state condition is reached, i.e. no more oxidation
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Table 2
Results of catalytic experiments at conditions accordingable 1
Experiment # Reactants Ti concentration Time of Products from GC analysis
n-Hexane H,0, (wmol) reaction (s) n-Hexane 2-ol 3-ol 2-on 3-on
(mmol) (mmol) (mmol) (mmol)  (mmol) (mmol)  (mmol)
1 297.8 7.04 232.3 179 290.8 0.50 0.00 2.23 3.77
2 148.9 0.00 232.3 0 148.9 0.00 0.00 0.00 0.00
3 101.5 4.10 1515.4 3590 97.9 0.00 0.00 0.50 3.06
4 148.9 0.00 116.0 0 148.9 0.00 0.00 0.00 0.00
5 190.0 62.12 2321 879 127.9 3.75 0.56 25.07 28.16
6 300.0 0.00 3030.8 na na na na na na
7 148.9 0.00 116.0 0 148.9 0.00 0.00 0.00 0.00
8 297.8 6.80 466.2 3610 291.1 1.31 0.00 0.50 3.61
9 190.0 115.07 1515.4 1676 116.7 18.40 7.88 2.57 18.18
10 148.9 0.00 116.0 0 148.9 0.00 0.00 0.00 0.00
11 297.8 12.55 466.2 559 278.3 1.42 0.00 2.34 14.23
12 148.9 0.00 1515.4 0 148.9 0.00 0.00 0.00 0.00
13 297.8 0.00 232.1 0 297.8 0.00 0.00 0.00 0.00
14 148.9 0.00 232.1 0 148.9 0.00 0.00 0.00 0.00
15 148.9 55.58 1515.4 3892 144.1 1.04 0.00 0.20 2.52
16 148.9 46.89 116.0 1337 144.3 1.04 0.00 0.00 2.52
17 148.9 0.00 232.1 0 148.9 0.00 0.00 0.00 0.00
18 300.0 0.00 3030.8 na na na na na na

takes place. The reasons for the delayed steps or theit stops can vary from a few minutes to about 1h.
total reaction stops are not clear. It is possible that This time variation might depend on the rate of both
confined oxidation products gradually block access to transport and surface processes.

the active site§l]. As Table 2indicates, the reaction In the 16 experiments presented, the turnover rates
time from the beginning of kO, consumption until (TOR) varied from TOR= 0.04 (Experiment # 3;

| |Test #9 |
(M

100

50

mmol H,0, Reacted

0 1000 2000 3000 4000
Time [sec]

Fig. 1. Oxidation ofn-hexane by 30% aqueous,&;, at the test conditions 5, 9, 11, and 15Table 1
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n-Hexane TOR [molecules/Ti/min]
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o
S
H,0; Efficiency [%]

TSPQ (Exp. #5) TS-1 TSPQ (Exp. #5) TS-1

Fig. 2. Comparison of the turnover rates (TOR) angDhl efficiencies of the TS-P® catalyst and the most active TS-1 catalyst found
in the literature[9]. Reaction conditions for TS-P& catalyst are given ifable 1 Experiment # 5. For TS-1 (Si/T-63) the reaction
temperature was 10C, catalyst-loading 1.2 (mat-hexane/mol Ti), solvent rate 3 ml acetone/mhexane and the reaction time 3600s.

not counting zero conversions) to TGR18.3 (mmaol are the transport processes in attaining such outstand-
n-hexane/mmol Ti/min) (Experiment # 5). The maxi- ing reaction rates and efficiencies over the TS'BQ
mum value is lower than our previously reported best silicate compared to those over TS-1.

TOR [34], but still substantially higher than the best The high-resolution FT-UV spectra irrig. 3
data we could find in the literatur€ig. 2). In addition, demonstrate that, unlike a typical TS-1 that contains
the selectivity of TS-P@V silicate for utilizing HO» mainly isomorphously substituted, isolated, tetra-
was also excellent as is seen at the conditions of Ex- hedral T# ions with an adsorption maximum at
periment # 5. It is not clear at this time how important <210nm[4,34,36,51-56]TS-PQ has substantial UV

— TSPQ 25°C
—— TSPQ 400°C

Kubelka-Munk Units

190 210 230 250 270 290 310 330 350
Wavenumbers [nm]

Fig. 3. FT-UV-DRIFT spectra of TS-P# silicate after evacuation atx3103Pa at 25 and 400C. Resolution 0.5 nm.
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Fig. 4. FTIR-DRIFT spectra of TS-P silicate at the same conditions asHig. 3.

absorption only above 220 nm especially when dehy- Ti*t ions[54-60] The effect of high temperature de-
drated at 400C. The adsorption near 220 nm is proba- hydration on the coordination conditions of*Tiions

bly associated with non-isolated tetrahedrdttTions in TS-PQM silicate is exactly the opposite of those
that appear sometime in the spectra of certain amor- reported over some defect-free isomorphously sub-
phous SiTiQ gels [57-60] and that have also been stituted TS-1 zeolites which show an increase in the
observed in acid treated Ti-MWW61]. Adsorption adsorption band at+208 nm upon dehydratiof3].
above approximately 300 nm is typical for crystalline The FTIR spectra irFigs. 4 and 5vere measured
TiO2 while the adsorption bands from 230 to 290nm at exactly the same conditions as thoseFig. 3

are likely due to variously coordinated octahedral The 3730cm! band represents the well-known

4 \
1 5+ % ,’" ‘;l‘ ."‘
4 V4 \

Kubelka-Munk Units

— TSPQ25°C
] — TSPQ 400 °C \
0 ——————— T B
1150 1100 1050 1000 950 900

Wavenumbers [cm]

Fig. 5. FTIR-DRIFT spectra of TS-P silicate at the same conditions asHig. 3.
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fundamental stretching vibration of isolated termi- structured silicate lattice after the high temperature
nal Si—-OH groups and the broad band with about treatment.

3500 cnm! maximum is typical for an array of hydro-

gen bonded hydroxyl groud46,34,44,56,62]Fig. 4 3.3. Screening reaction variable effects

indicates that the overall intensity of hydroxyl vibra-

tions decreases with increasing calcination tempera- The effect of the reaction parameters outlined in
ture, but the ratio of isolated and hydrogen bonded Table 1on the rate and selectivity af-hexane oxi-
hydroxyls remains largely intact after dehydration dation over the TS-P® catalyst were evaluated by
at higher temperature. It was shown previoufdy] building a statistical model with minimum 0.25 signif-
that this material contains some molecular water that icance probability using stepwise regression and visu-
evaporates during evacuation at high temperature. alized with the help of Pareto plofd8]. Only those
Thus, the decrease of the overall hydroxyl intensity correlations that gave? > 0.9 correlation coefficients
likely reflects this water removal. were taken into account.

Conceivably this dehydration causes the observed Since different amounts of catalyst were used for
changes in the FT-UV spectra of calcined TSTMQ  the experiments, comparing the overall hydrocarbon
titanium silicate Fig. 3) presumably by changing the conversions is meaningless. Instead, we compared the
charge transfer conditions of titanium ions when the turnover numbers (TON) of-hexane, which gives
water molecules are leaving their coordination sphere. the hydrocarbon conversion per unit catalyst and per-
Fig. 5 shows that the well-knowr34,45,46,52,63] mits comparisons with other catalysts having different
960 cnt! vibration associated with Ti-O-Si bonds  Si/Ti ratios.Fig. 6 shows that mainly the pH and, to
is present in the FTIR spectra of both the room tem- a lesser extent the stirring rate (rpm), determine how
perature and the 40@ evacuated samples. There- many hexane molecules are converted over each Ti
fore, the titanium atoms of TS-P# silicate appear  atom before the reaction stops. The mutual effect of
to remain primarily chemically bound to the MFI these variables together with that of the pumping rate

HTi [-]

(T-49.4)(RPM-5469)

(RPM-5469)(V-1.22)

RPM

(HTi-0.45)(RPM-5469) [-]
| k

0 10 20 30
Variable Contribution [%]

Fig. 6. Effect of reaction variables on the duration of reaction in the oxyfunctionalizatiorhekane by 30% aqueous8,; Pareto plot.
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of H>02 (V) and temperatureT] are also important,  ture and stirring rate is also strong. The effect of the
but these latter variables have clearly much smaller H,O, pumping speed suggests that the active sites of
individual impact on thex-hexane TON than pH or  TS-PQM catalyst remain accessible longer when am-
rpm. For brevity we use the short symbols of variables ple HOs is present. The need for more®8, might
as given inTable 1 The negative sign in brackets be- also be associated with the acidity that thedd im-
hind the symbols and expressions in the Pareto plots parts.
are indicative of the fact that those parameters have a Fig. 8 shows the TOR oh-hexane. The TOR is
negative impact on TON (and other parameters shown a measure of the rate at which the individual hydro-
in the next Pareto plots) while they have a positive im- carbon molecules react on an active site and mainly
pact when this negative sign is missing. Thbg. 6 depends on the pH. While TON, the average num-
indicates for example that increasing pH (higher ba- ber of n-hexane molecules that can convert on an
sicity) or HoO, pumping rate cause a decrease in TON active site assuming that each titanium atom partici-
while increased stirring rates increase TON. This lat- pates in one active site ensemble, varies from about
ter result suggests that the transport of molecules to 2.4 (Experimeh# 3 in Table 2 to about 48.4 (mol
and/or from the particles affects how many molecules n-hexane/mol Ti) (Experimén# 9 in Table 2, the
are able to react before the active sites become inac-TOR varies from 0.04 (Experimé# 3 in Table 2 to
tive or inaccessible. 18.3 (moln-hexane/mol Ti/min) (Experimen# 5 in

Fig. 7 indicates that the duration of reaction time Table 2. Thus, the virtual residence time of a hexane
decreases when the catalyst loading (HTi) increases,molecule on a Ti-related active center can vary from
presumably due to an increased concentration gra-about3.3s. (Experimeé# 5inTable 2 to 1528 s. (Ex-
dient between the external liquid phase and the mi- perimen # 3 in Table 2. Since the catalytic conver-
cropores of the catalyst in which confined molecules sion of a molecule usually happens within the range
prefer an oriented arrangemet] that can hinder  of 10-3-1(?s[50,65,66] the much longer virtual res-
transport processes. The combined effect of tempera-idence time in this system suggests that either an

pH[
(pH-6.5)(RPM-5469)(V-1.22)
(RPM-5469)(V-1.22) [-]

RPM

(pH-6.5)(RPM-5469) [-]

(T-49.4)(*V-1.22)

VI

i

(pH-6.5)(V-1.22) [-]

(T-49.4)(pH-6.5) [-]

L
T

0 10 20
Variable Contribution [%]

Fig. 7. Effect of reaction variables on the turnover number (TONh-bfxane molecules per titanium atoms in the reactor; Pareto plot.
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PH[

(MOH-0.56)(pH-
6.5)(RPM-5469) [-]

(MOH-0.56)(RPM-5469)

(pH-6.5)(RPM-5469) [-]

(MOH-0.56)(V-1.22) [-]

VH

RPM

(MOH-0.56)(pH-6.5) [-]

MOH [-] n-Hexane TOR

0 10 20
Variable Confribution [%]

Fig. 8. Effect of reaction variables on the turnover rate (TORM-bfxane molecules measured in (mehexane/mol Ti/min) units; Pareto
plot.

extremely slow diffusion occurs or a significant part reaction. It has been noted that in the same reaction
of the titanium atoms do not participate in any active with TS-1 catalysts, the rate of @, consumption
site ensemblerig. 8indicates that the temperature and increases in the presence of HCI while addition of HF
stirring rate only slightly affect the TOR of-hexane. is detrimental10].

Since diffusion depends on these reaction variables, it There are several selectivity aspects that can be con-

has presumably low impact on the TORrmehexane. sidered for the oxyfunctionalization of paraffins. For
Consequently the titanium content of TS-P8sili- instance, an important issue is the efficiency of using
cate must be only partially accessible as active site for H,O, for hydrocarbon oxidation without spontaneous
the reactant molecules. decomposition of this relatively expensive oxidant.

According toFigs. 6 and 8the effect of methanol  Fig. 2 shows an example for >99%,@, utilization
(MOH) is negligible on both the TON and TOR of over TS-PQM silicate in Experiment # 5. Experiments
n-hexane. Therefore, one cannot expect substantial# 1 and # 11 fronTable 2are another two examples.
rate improvement in the oxyfunctionalization process Some other results ifiable 2show much lower effi-
over TS-PQM catalyst in the presence of methanol ciencies (8% in Experiment # 15), but we were unable
co-solvent. Note that this reaction also proceeds over to find any statistically significant correlation between
isomorphously substituted, defect-free TS-1 catalysts these numbers and the reaction variables tested. This
in the absence of any co-solvent but methanol im- observation implies that the efficient use of®p is
proves the reaction rate over such catalys€. largely an intrinsic property of the TS-P® silicate

Figs. 9 and 10ndicate that both the TON and TOR related to its specific structure.
of HoO, largely depend on the same reaction variables  Another selectivity aspect is the production of
as those ofn-hexane Figs. 6 and 8 The positive 2-hexanol, 3-hexanol, 2-hexanone, or 3-hexanone.
effect of acidity accounts for about 30% of the effect Lower pH and increased stirring rate improve the se-
of all reaction variables that have an impact on the lectively for the first two oxygenates yet the combined
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Fig. 9. Effect of reaction variables on the turnover number (TON) g®fimolecules per titanium atoms in the reactor; Pareto plot.
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Fig. 10. Effect of reaction variables on the turnover rate (TOR) g®fimolecules measured in (molkB,/mol Ti/min) units; Pareto plot.
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PH[
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Fig. 11. Effect of reaction variables on the selectivity for 2-hexanol in the oxyfunctionalizatiorhekane by 30% aqueous,8, over
TS-PQM catalyst; Pareto plot.

effect of other variables also seems to be important atom of the hexane chain. To date, only enzymes
(Figs. 11 and 1R Lower temperature can improve are known to be able to selectively attack the least
the selectivity for 2-hexanol while lower catalyst reactive primary carbon atoms of paraffif&7,68]
loading (HTi) can result in higher 3-hexanol yield. The reactivities of the second and third C—H bonds
Figs. 13 and 14ndicate that acidic pH and elevated of n-hexane are considered to be largely equiva-
temperature are needed to produce more 2-hexanonelent with each other and, from thermodynamic point
and low catalyst loading and high temperature are of view, the ratio of C2/C3 oxygenates should be
advantageous for the formation of 3-hexanone. Thus, close to 1. That reportedly happens over the iso-
Figs. 11-14combined suggest that there is a low morphously substituted defect free TS-1 catalysts
chance to obtain these oxygenates individually at any [9,10,13,16,18,22,23,27,28,31h contrast, one can
combination of reaction variables. calculate that that the ratio of 2-hexanol/3-hexanol
One can also consider the alcohol/ketone ratio as stretches from about 0.08 (Experiment # 15able 2
a selectivity aspectFig. 15 indicates that lowering  to 0.89 (Experimen# 5 in Table 9 over TS-PGQM
the temperature and increasing the stirring rate and catalyst, i.e. the oxidation preferably occurs in the
H20, dosing can improve the ratio of 2-hexanol over +y-position over this catalyst. Th@-oxidation in-
2-hexanone. According t&ig. 16 mainly low pH, creases at more acidic pH, but the combined effect
high stirring rate, and, to a lesser extent, elevated tem- of many other variables seems also to be impor-
perature and low methanol content are favorable for tant Fig. 17). The ratio of 2-hexanone/3-hexanone
improving the 3-hexanol/3-hexanone ratio. varies from around 2 (Experime# 9 in Table 9 to
Finally Figs. 17 and 1&how which reaction vari-  infinity in experiments where 3-hexanone appears.
ables have significant impact on the regioselectivity According toFig. 18 the fraction of 2-hexanone in-
of the hexane oxygenates, i.e. whether oxyfunctional- creases in a more acidic environment in the absence
ization takes place on the second or the third carbon of methanol. The increasing 2-hexanone formation is
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Fig. 12. Effect of reaction variables on the selectivity for 3-hexanol in the oxyfunctionalizatiorhekane by 30% aqueous,8, over

TS-PQM catalyst; Pareto plot.
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Fig. 13. Effect of reaction variables on the selectivity for 2-hexanone in the oxyfunctionalizativhefane by 30% aqueous,8, over

TS-PQM catalyst; Pareto plot.
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Fig. 14. Effect of reaction variables on the selectivity for 3-hexanone in the oxyfunctionalizativhexfane by 30% aqueous&, over
TS-PQM catalyst; Pareto plot.
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Fig. 15. Effect of reaction variables on the 2-hexanol/2-hexanone ratio in the oxyfunctionalizatidreréine by 30% aqueous,&, over
TS-PQM catalyst; Pareto plot.
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Fig. 16. Effect of reaction variables on the 3-hexanol/3-hexanone ratio in the oxyfunctionalizatidmeréne by 30% aqueous,8, over

TS-P@M catalyst; Pareto plot.
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Fig. 17. Effect of reaction variables on the 2-hexanol/3-hexanol ratio in the oxyfunctionalizativhedfane by 30% aqueous8, over

TS-P@M catalyst; Pareto plot.



242 . Halasz et al./ Catalysis Today 81 (2003) 227-245

PH[

MOH [-]
(MOH-0.56)(pH-6.5)(RPM-5469)
(T-49.4)(MOH-0.56)(RPM-5469) [-]
(T-49.4)(RPM-5460)
(MOH-0.56)(RPM-5469) [-]

RPM

(MOH-0.56)(pH-6.5)
(pH-6.5)(RPM-5469)

(T-49.4)(MOH-0.56)

T 2-on/3-on ratio

L A B e S S e S S A s e ST |

0.0 10.0 20.0
Variable Contribution [%)]

Fig. 18. Effect of reaction variables on the 2-hexanone/3-hexanone ratio in the oxyfunctionalizatidrexdne by 30% aqueous;&;
over TS-PQM catalyst; Pareto plot.

likely associated with the increasing 2-hexanol pro- catalytic sites that are effective in the oxyfunctional-
duction. ization of paraffins are not effective for the decompo-
sition of HyOy.

The FT-UV spectra of TS-PQY silicate inFig. 3
shows little absorption ak210nm, correlating to
isomorphously substituted, isolated, tetrahedrét Ti

Results inTable 2andFigs. 6-18demonstrate that ions in a largely defect free MFI type crystal lattice
the selection of reaction variables was broad enough [4,34,36,51-56]However, large bands appear in the
to get statistically different reaction rates ranging from 220-320 nm range that are characteristic for various
zero to outstanding and product compositions that per- non-isolated tetrahedral and octahedral titanium ions.

4. Discussion

mit selectivity correlations at® > 0.9.

Experimen # 5 from Tables 1 and 2esulted in the
highest TOR forn-hexane with superior $D, effi-
ciency Fig. 2. It is likely that this high BO, ef-

In contrast to a typical TS-13], these absorption
bands get even more apparent upon dehydrating the
TS-PQM silicate at 400C and 103 Pa. The strong
960 cnt! IR bands inFig. 5indicates that most i

ficiency is an intrinsic catalyst property because it ions are chemically bonded to the silica lattice of
does not correlate with the major reaction variables TS-PQM catalyst. An improbably high, 3-1500s.
but depends on the architecture of the active sites virtual residence time rangélgble 2 and the neg-

within the pentasil titanium silicate structyi@]. The

ligible effect of temperature and stirring rate on the

~200 ppm anatase content in this catalyst could be TOR of n-hexane Fig. 8) that would affect diffusion
detected by both laser Raman spectroscopy and bysuggest that probably only a fraction of*Tiions
powder XRD; however, it is either inaccessible to the participates in the catalytically active site ensembles.

H>02 molecules or has negligible catalytic activity for

The broad hydroxyl vibration band between 3280

the decomposition of peroxide. It appears that those and 3650 cm?! in Fig. 4 points toward the presence
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of copious lattice defects in the TS-P¥ silicate tion of HO—-OHT intermediates or OMradicals re-
structure. It has been conjectured, that the presencequired to initiate the catalytic oxidation process, or by
of extralattice TH ions and various lattice defects forming=Si—-OH,*, HO,* or other chain terminating
are advantageous for the catalytic activity of microp- intermediates to prevent a loss in selectivity caused by
orous titanium silicate§34,37-41,45,46]yet we are chain propagatiofil9,33,50,70,76,78]
not sure which structural features contribute to the In summary, data demonstrate that the TSBQ
excellent catalytic activity and #D, efficiency of silicate is an excellent catalyst for the oxyfunction-
TS-PdM silicate. alization of n-hexane by aqueous @, especially
Examples irFig. 1andTable 2demonstrate thatthe  at slightly acidic conditions in the absence of a
oxidation ofn-hexane levels off after reaching a cer- co-solvent. The pH, stirring rate, catalyst loading, and
tain conversion at a given set of reaction parameters other reaction variables affect the rate, the selectivity,
despite the presence of ample unreactéxane and  and the duration of this reaction. Thus, parameter
H205. It has been shown before that this phenomenon optimization can be made for one or another of these
is repeatable within a few percent erri@4]. How- aspects but not for all at the same time. Details of
ever, we could not find a way to overcome this pre- structure and catalytically active sites of this mi-
mature catalyst deactivatiofigs. 6—18indicate that croporous titanium silicate along with the reaction
using methanol cannot help because this co-solvent mechanism have yet to be explored. For a true kinetic
has either negligible or even retarding effect on most analysis it is also desirable to separate the effect of re-
activity and selectivity parameters studied. action variables on transport phenomena and surface

Except for the ratio of co-solvent, every variable
that was taken into account ifiable 1had statisti-
cally significant impact on more than one activity or
selectivity parameter of the catalytic reaction. The ef-
fect of pH is the most striking. The acidity seems to

be advantageous for almost every aspect of the oxy-

functionalization ofn-hexane by aqueous,8, over
TS-PQM catalyst except for the reaction tinféig. 7),

the selectivity for 3-hexanond-ig. 14, and the ra-
tio of 2-hexanol/2-hexanond~i{g. 15. Oxidation of
paraffins in acidic medium by #0 or a mixture of
O2 + H2 has been also reported over T$10,21,26]
However the role of acidity is not clear. Except in the
presence of superacif89], the oxidation of saturated
hydrocarbons typically proceeds via a radical path-
way [70—75] Various radical mechanisms have also
been proposed for the oxyfunctionalization of paraf-
fins over TS-1[10,16,24,27,33] Although H-ZSM5

and other Bronsted acid zeolites can promote the ox-

idation of hydrocarbons and other organic molecules
at certain condition§76—81] the Bronsted acidity of
TS-1 type titanosilicates, if any, is very wegk10,34]
and considered to be either neutf@] or detrimen-

tal [36] for the oxyfunctionalization of hydrocarbons
by aqueous BO,. Notwithstanding, one can speculate
that the added mineral acids might form temporary,
strong, catalytically active Bronsted acid sites on the

processes.
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