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Abstract

The epoxidation of 1-hexene with titanium silicalite-1 (TS-1) catalyst was investigated to gain insight into the effect of the solvent on the
observed reactivity. Three different solvents were examined: methanol, acetonitrile, and acetone. Kinetic data were obtained from batch reaction
experiments, with an emphasis placed on gathering more accurate initial rates than those reported in the literature. The dependencies of the rates
on the concentrations of 1-hexene, water, and hydrogen peroxide were determined. The adsorption behavior of 1-hexene in TS-1 in the three
different solvents was determined independently by batch sorption experiments. Results showed that the solvent has a significant effect on the
adsorption of 1-hexene, and hence on the reaction kinetics. Kinetic modeling incorporating experimental and simulated quaternary adsorption
isotherms to describe quasi-equilibrated steps revealed that the differences in the observed reaction kinetics may be attributed mostly, but not
entirely, to differences of the partitioning of 1-hexene between the bulk and intraporous phases among the three different solvents.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The catalytic oxidation of olefins to epoxides (oxiranes) is
of great importance to the chemical industry, because epoxides
are valuable intermediates for a wide variety of bulk chemicals,
polymers, and fine chemicals. In olefin epoxidation processes,
the development of titanium molecular sieves has drawn con-
siderable attention in the last two decades, with very promis-
ing catalysts with high activity and selectivity emerging. One
such catalyst, titanium silicalite (TS-1), has proven to be highly
selective in the liquid-phase oxidation of a wide range of hy-
drocarbons, including alkenes, alkanes, alcohols, and aromat-
ics [1–8]. TS-1 has a zeolitic MFI framework comprising sil-
icon, oxygen, and a small amount of isolated titanium atoms.
Epoxidation reactions with TS-1 can be performed at ambi-
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ent temperatures and pressures using hydrogen peroxide as the
oxidant, thus forming only water as a byproduct. The unique
properties of TS-1 with hydrogen peroxide as the oxidant have
been attributed in part to the hydrophobicity of the mostly
siliceous structure [9,10]. Recently, it has been shown that the
hydrophobicity of TS-1 can be impacted by how it is synthe-
sized, thereby affecting reaction rates and selectivities [11].
Furthermore, it has been determined that the titanium in TS-1
is less prone to leaching under reaction conditions compared
with other titanium molecular sieves [12–15]. This is in contrast
to silica-supported isolated titanium catalysts [16] or the Shell
amorphous titania silica catalyst, which in addition is inactive
with aqueous hydrogen peroxide due to the strong adsorption
of water at the titanium site [5].

The oxidative properties of TS-1 arise from the intraporous,
isolated, framework titanium atoms, which are believed to be
tetrahedrally coordinated [17], possibly with a distorted tetrahe-
dral form [18–20]. The siting of titanium atoms in TS-1 is still
being debated [21–27]. Although no consensus exists regarding
the siting of titanium, there is no evidence to date suggesting
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that titanium in different sites will result in differences in re-
activity and selectivity, especially for substrates that are not
sterically bulky.

Titanium also can exist in TS-1 in the form of anatase [28],
but its formation in TS-1 is undesirable, because anatase com-
prises clusters of octahedrally coordinated titanium atoms,
which can have different reactivity than the isolated tetrahe-
drally coordinated titanium of the framework [29]. Studies have
suggested that extra-framework titanium species can cause the
decomposition of hydrogen peroxide [30,31], as well as the
formation of undesired side products, both with unknown ki-
netics. In addition, there is the concern of pore blockage by
anatase [17]. Typically, the amount of extra-framework titania
is not quantified in the literature, but its presence could greatly
complicate the analysis of kinetic data, so anatase formation
should be avoided.

In liquid-phase systems using TS-1 as the catalyst and hy-
drogen peroxide as the oxidant, solvents are used to prevent
phase separation of the organic reactants and aqueous hydrogen
peroxide. However, solvents also have been found to signif-
icantly affect the reactivity and selectivity of TS-1-catalyzed
reactions [28,32–36], although the mechanisms for such sol-
vent effects are not completely understood. Three hypotheses
have been put forth for the origin of the solvent effects. First,
it has been proposed that the solvent influences the intrinsic re-
action kinetics at the active titanium site. Second, it has been
theorized that the solvent affects adsorption behavior, thereby
altering intraporous concentrations and concentrations at the
active site of reactants and products. Finally, it has been sug-
gested that intraporous diffusivities are affected by the solvent
and that diffusion could affect the observed reaction rate.

The earliest hypothesis put forth was that the solvent im-
parted intrinsic differences in reactivity of the titanium site
through coordination [32,37]. It was hypothesized that differ-
ent solvents directly affect the intrinsic reactivity of the titanium
sites based on their ability to coordinate with titanium; however,
there is no spectroscopic evidence of such a species, and the
exact nature of the active species is unclear [7,36,38,39]. Fur-
thermore, because TS-1 systems are prone to deactivation [40],
many studies have not captured true initial rates that are free
of deactivation effects [41,42], thereby masking intrinsic kinet-
ics. Although some correlations exist between reported reaction
rates and the different properties of some solvents such as po-
larity, electrophilicity, or molecular size, no correlation captures
the behavior of all solvent systems [43]. More recently, quan-
tum chemical calculations by Sever and Root [44,45] found
no effects of the solvent on the activation barrier or reaction
rate of ethylene epoxidation. However, experimental and the-
oretical studies have converged on one aspect of the active
site structure: that it is some form of a titanium hydroperoxo
species [44,46–49].

Recently, the important role of the solvent in determining
adsorption behavior in TS-1–catalyzed epoxidation of olefins
was highlighted by Jacobs and coworkers [33,34]. The parti-
tion coefficient of adsorption, defined as the ratio of intraporous
concentration to extraporous concentration, was determined for
the reactant using a tracer chromatographic method. The par-
tition coefficients in the Henry’s law regime for 1-hexene in
various solvents were ranked in the same order as reactivity,
suggesting that adsorption plays an important role in the re-
action. However, the tracer chromatographic method can only
determine the partition coefficients in the Henry’s law regime,
where there is a linear dependence between the intraporous and
bulk liquid concentrations. Because reactions typically encom-
pass a wider range of reactant concentrations, a more extensive
adsorption study is needed to establish and quantify the impact
of solvents on this component of the overall reaction kinetics.

Finally, a limited number of studies have shown that the sol-
vent can affect the diffusivity of species relevant to epoxidation
in MFI. Ramachandran et al. [50] used PFG NMR to study the
diffusivity of n-hexane in silicalite in methanol, acetonitrile and
acetone solvent as a nonreacting mimic for 1-hexene in TS-1.
The results demonstrated that epoxidation of 1-hexene is not
diffusion-limited unless the crystal size of TS-1 is >38 µm.

To provide further insight into the role of solvent in olefin
epoxidation, we have studied the adsorption and reaction of
1-hexene and hydrogen peroxide using TS-1 as the catalyst
in three different solvents: methanol, acetone, and acetonitrile.
Batch reaction experiments were carried out with an empha-
sis on obtaining initial rate data, and adsorption experiments
were carried out over a wide range of concentrations. Finally,
the experimental data were summarized in a serviceable kinetic
model from which quantitative insights about the relative con-
tributions of the effect of solvent on adsorption and reaction to
the overall kinetics could be gained.

2. Experimental

2.1. TS-1 and silicalite synthesis and regeneration

TS-1 was synthesized hydrothermally using a modified pro-
cedure of Thangaraj et al. [51]. First, double-deionized water
(DDI) was added to two-thirds of the tetrapropylammonium hy-
droxide (TPAOH, 40% aq, Alfa Aesar), and the mixture was
stirred until uniform. Tetraethylorthosilicate (TEOS, 99+%,
Aldrich) was then added dropwise to the TPAOH mixture and
stirred until the solution became clear. Separately, titanium bu-
toxide (TiBuOH, 99+%, Alfa Aesar) was mixed with dry iso-
propyl alcohol (IPA, 99.5%, Aldrich) and then added dropwise
to the TEOS/TPAOH mixture under vigorous magnetic stirring.
This was followed by the dropwise addition of the remaining
TPAOH mixed with DDI. This final mother liquor was stirred
for 1 h and then poured into a 200-ml Teflon-lined autoclave.
The following molar proportions of each reagent were used:
1TEOS:0.36TPAOH:30DDI:2.1IPA:1.3TiBuOH.

Crystallization in the autoclaves took place in a 160 ◦C oven
for three weeks in 200-ml autoclaves. At the end of the crys-
tallization period, the catalyst was recovered by centrifugation
and washed with DDI until a pH of 7 was reached.

The recovered catalyst was calcined in air in a muffle fur-
nace. The temperature was ramped at a rate of 2 ◦C/min up to
110 ◦C, where it was maintained for 10 min, then ramped by
2 ◦C/min up to 530 ◦C and maintained there for 10 h before re-
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turning to room temperature. After calcination, the catalyst was
kept in a desiccator until use.

Regenerated catalyst also was used for the reaction and ad-
sorption experiments. Regeneration involved calcining spent
catalyst in air twice using the following profile: ramp of
1 ◦C/min up to 110 ◦C and maintenance there for 5 h, followed
by a ramp of 0.5 ◦C/min up to 530 ◦C and maintenance there
for 10 h before cooling to room temperature.

The silicalite samples used for the adsorption study were
synthesized using the same procedure as for TS-1, except that
no TiBuOH was added.

2.2. Characterization

To ensure that the synthesized TS-1 catalyst was free of
extra-framework titanium species or impurities, the samples
were subjected to multiple analytical techniques. In addition,
regenerated catalyst was characterized to ensure that the regen-
eration was successful and that the catalyst sustained no damage
to its structural integrity or to the state of the active titanium
sites.

X-ray powder diffraction (XRD) analysis of TS-1 was car-
ried out on a Sintag PAD V diffractometer to determine the
crystallinity. Also, quantitative phase analysis was carried out
using the General Structure Analysis System (GSAS) software
program to determine the framework titanium content, based on
the established correlation between unit cell volume and frame-
work Ti content [1,30].

Inductively coupled plasma (ICP) analysis (using a Hitachi
model 180-80) was performed to determine the total amount of
titanium and impurities present in the TS-1 and silicalite sam-
ples. For the analysis, TS-1 and silicalite were dissolved using
a mixture of HF and HCl in DDI. Individual SPEX CertiPrep
standards (Fisher Scientific) were used as the reference calibra-
tion standards (i.e., Na, K, Ti, Fe, Al, and Si), using the same
concentration of HF and HCl in the DDI matrix as in the TS-1
sample.

Diffuse-reflectance UV–vis analysis was carried out on a
Cary 500 UV–vis spectrometer equipped with a Varian diffuse
reflectance accessory comprising a 110-mm-diameter PTFE-
coated integrating sphere, a high-performance photomultiplier
tube, and a lead sulfide detector. Calibration was based on the
100% absorption black-colored slide and a 100% reflectance
PTFE baseline reference disk (Labsphere).

X-ray photoelectron spectroscopy (XPS), using an Omicron
ESCA Probe equipped with an electron flood gun and a scan-
ning ion gun, was used to determine the surface composition of
TS-1. Carbon was used as a reference for peak positions, and
a separate titanium(IV) anatase sample was used to distinguish
between anatase (458.8 eV) and framework titanium (460.4 eV)
in the TS-1 sample. The anatase sample was also used to obtain
the sensitivity factor for titanium. Sensitivity factors for silicon
and oxygen were obtained from previous calibrations and were
similar to published values [52].

Infrared spectroscopy (IR) was performed on a Bio-Rad
FTS-40 FTIR to ascertain the existence of the 960-cm−1 peak.
The TS-1 sample was pressed with KBr. The BET surface area
was determined with a Micromeritics ASAP 2400 at liquid ni-
trogen temperature. The scanning electron microscopy (SEM)
image of TS-1 was obtained using a Hitachi 4500 microscope.

2.3. Adsorption experimental setup

Omnifit NMR tubes (Wilmad Glass) were used for the exper-
imental adsorption study. Catalyst preparation entailed press-
ing the catalyst into a pellet and then breaking the pellet into
pieces small enough to fit through the 5-mm opening of the
NMR tube. Addition of the catalyst and liquid into the NMR
tubes was done in a such manner that the catalyst did not
adhere to the glass above the liquid level. The tubes were
then fitted with Omnifit valves containing PTFE/silicon septa
(Wilmad Glass). A liquid mixture was prepared separately in
a 4-ml vial, in which the deuterated solvent (Cambridge Iso-
topes: acetone-d6, 99.9%; methanol-d4, 99.8%; acetonitrile-d3,
99.8%) was added, followed by addition of mesitylene (as the
internal standard), 1-hexene, and DDI water. The liquid mixture
was injected using gas-tight syringes into three NMR tubes,
one tube containing no catalyst which was used as a control,
one tube containing silicalite, and one tube containing TS-1.
Valves were closed immediately to seal the sample and prevent
evaporation of reagents. A control experiment without catalyst
demonstrated little or no evaporation over a period of weeks.
All Omnifit NMR systems were weighed after the addition of
catalyst and the addition of the liquid. Prepared samples were
allowed to equilibrate undisturbed for at least 48 h at room tem-
perature (22–24 ◦C). At the end of the equilibration period, the
concentration of the bulk liquid phase above the settled catalyst
was determined using 1H NMR.

The samples were analyzed on an Inova 500 NMR spectrom-
eter equipped with VNMR analysis software. The Omnifit tubes
were positioned in the NMR rotors so that only the liquid above
the catalyst level was analyzed. T1 relaxation times were de-
termined for each solvent system and at least five times that
quantity was used for the recycle delay. In each analysis, eight
transients or scans were used, 6.0 × 104 points were taken for
each scan, and 1.31 × 105 Fourier zeroes were added to the end
of the signal for optimal processing. Spectrum analysis, includ-
ing peak identification and integration, was carried out using
the VNMR software.

2.4. Batch reaction setup

The batch reactor setup is shown in Fig. 1. For each re-
action, a new 40-ml EPA glass vial with an open cap and a
PFTE-silicon septum (Fisher Scientific) was used as the batch
reactor. The reactor contained an X-crossed PTFE magnetic
stirrer (Fisher Scientific). Initially, 45 mg of TS-1 was loaded
into the reactor vial, followed by the addition of the solvent.
The vial was then capped, and all other reagents (mesitylene
[99.8%, Aldrich] as the internal standard, 1-hexene [99+%,
Aldrich], and solvent [99+%, Aldrich]) were added by injec-
tion through the septum via syringes fitted with 26-gauge point
style 2 needles (Hamilton). The quantities of each component
added were determined by weight. The total reaction volume
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Fig. 1. Batch reactor experimental setup.
was 15 ± 1 ml. The loaded reactor was sonicated for 3 min,
then immersed in a 35 ◦C water bath and allowed to equilibrate
for 30 min to the reaction temperature of 35 ± 1 ◦C. The re-
action was started by injection of hydrogen peroxide (50% aq,
Aldrich) and DDI water via gas-tight syringes. Samples were
taken by extracting 40 µl of reaction liquid through a 50-µl gas-
tight syringe, injecting into a silanized autosampler vial (Fisher
Scientific) containing 1 ml of chilled solvent, followed imme-
diately by filtration through a 25-mm-diameter, 0.1-µm pore
size syringe filter (Fisher Scientific) and then injection into a
separate, capped autosampler vial. An additional 1 ml of sol-
vent was pushed through the filter to rinse and capture as much
product as possible. The first reaction sample was taken approx-
imately 30 s after the injection of H2O2. Subsequent samples
were obtained at regular intervals during the reaction. All sam-
ples were analyzed by an Agilent 6890+ Plus GC-FID with an
HP (5%-phenyl)-methylpolysiloxane column and fitted with an
autosampler. A gas-tight 10-ml autosampler syringe was used
for the autosampler. It was washed 5 times in solvent before
and after extraction from each sample vial. Before a reaction
run analysis, calibration samples were prepared and analyzed.
To ensure representative area counts, calibration samples were
obtained from 15-ml liquid mixtures containing mesitylene,
1,2-epoxyhexane (99.6%, Sigma–Aldrich), 1,2-hexanol, and 1-
hexene. Similar to the reaction samples, 40 µl of the liquid cal-
ibration mixture was extracted via a syringe and then injected
into an autosampler vial containing 1.5 ml of solvent.

2.5. Parameter estimation

Two methods were used to estimate unknown kinetic para-
meters. The fmincon function of Matlab and the MicroSoft Of-
fice 2004 Excel Solver function [53,54] were used to minimize
the sum of the least squares difference between the observed
and predicted initial rates. Initial estimates for the parameters
were also varied for each method to sample a larger range of
the solution space and seek the global optimum for the solu-
Table 1
Summary of TS-1 characterization results

TS-1 sample Technique

Framework structure MFI XRD
Framework Ti content 1.3 mol% XRD, IR, UV–vis
Extra-framework Ti content None XRD/ICP, UV–vis
Impurities (Na, K, Fe, Al) None ICP
Crystal size 0.2 µm SEM
Crystal morphology Cubic and uniform SEM
Surface Ti content 0.9 mol% XPS
Surface area 235 m2/g BET

tion space more aggressively. Results for the lowest objective
function value are reported.

3. Results and discussion

3.1. Characterization

The synthesized TS-1 sample was highly crystalline, con-
tained 1.3 mol% Ti in the framework, and contained no extra-
framework Ti. The synthesized silicalite samples were highly
crystalline and contained no titanium or impurities. Results
from the various characterization techniques are summarized
in Table 1. The SEM image of TS-1 is shown in Fig. 2, and the
DR UV-Vis spectra of TS-1, fresh and regenerated, are shown
in Fig. 3. Regenerated catalyst showed the same characteristics
as freshly synthesized TS-1; this has been shown to be the case
in the literature as well [55]. A more detailed summary of the
characterization results is provided in [56].

3.2. 1-Hexene chemisorption versus physisorption

Comparison between 1-hexene adsorption isotherms in TS-1
and silicalite for the methanol system are shown in Fig. 4.
There is little difference in the loading between TS-1 and sili-
calite. Also, the difference is within 0.5 molecules per unit cell,
with no discernible trend. This indicates that 1-hexene is not
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Fig. 2. SEM image of TS-1. Scale bar is 0.2 microns.

Fig. 3. UV–vis spectrum of TS-1: fresh catalyst before use in any reaction (bot-
tom line at 200 nm) and spent catalyst from reactions which was re-calcined
(top line at 200 nm).

Fig. 4. Adsorption of 1-hexene in silicalite-1 (!) and TS-1 (") for the methanol
system at 295 K. The line corresponds to a Langmuir fit.

Fig. 5. 1-Hexene epoxidation reaction data for methanol (2), acetonitrile (F),
and acetone (Q) as the solvent with 0.9 M 1-hexene, 1 M H2O2, and 4 M H2O
at 308 K.

chemisorbed on the Ti sites, and supports quantum chemical
calculation results reported previously [44,57].

3.3. Initial rates and deactivation

Fig. 5 shows examples of the reaction data obtained as a
function of time for each solvent system. For the initial rate, the
amount of 1,2-epoxyhexane formed was determined in the low-
conversion region before one minute. At 60 min, the amounts
of product formed have begun to plateau, but the conversion
has only reached 8.9% for methanol, 2.8% for acetonitrile, and
1.6% for acetone, indicating that the reactions in TS-1 suffer
from deactivation.

3.4. Side products

No side products were detected in the first minute when ini-
tial rates were determined. Although formation of 1-methoxy-
hexan-2-ol, 2-methoxyhexan-1-ol, and 1,2-hexanediol was ob-
served for the methanol system, and 1,2-hexanediol was ob-
served at long reaction times for the acetone and acetonitrile
systems, the number of moles of each side product formed was
at least two orders of magnitude lower than the amount of 1,2-
epoxyhexane formed. This indicates that the TS-1 used in this
study was highly selective toward 1,2-epoxyhexane, and side
product formation was negligible.

3.5. Concentration dependence

The dependency of the initial rates on the bulk concentra-
tions of 1-hexene, H2O2, and water was determined as shown
in Figs. 6–8. Keeping the hydrogen peroxide and water con-
centrations constant at 0.7 and 4 M, respectively, the 1-hexene
concentration was varied to determine the reaction order with
respect to 1-hexene for each solvent. As shown in Fig. 6, the ini-
tial rates were highest in methanol and lowest in acetone. For
each solvent, the reaction order decreased to zero as the bulk
1-hexene concentration increased.
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Fig. 6. Initial rate as a function of 1-hexene concentration obtained experimen-
tally for methanol (2), acetonitrile (F), and acetone (Q) with 0.7 M H2O2,
4 M H2O at 308 K.

Fig. 7. Initial rate as a function of hydrogen peroxide concentration obtained
experimentally for methanol (2), acetonitrile (F), and acetone (Q) with 0.8 M
1-hexene and 4 M H2O at 308 K.

A similar dependence of the initial rate on the hydrogen per-
oxide concentration was observed when the 1-hexene and water
concentrations were held constant at 0.8 and 4 M, respectively.
Similar to the results when 1-hexene was varied, the highest ini-
tial rates were observed for the methanol system, followed by
acetonitrile and then acetone, as shown in Fig. 7.

In the case where the 1-hexene and hydrogen peroxide con-
centrations were constant at values of 0.9 and 0.2 M, respec-
tively, but the water concentration was varied, the initial rates
were found to be approximately independent of the bulk water
concentration, as depicted in Fig. 8. As in the previous cases,
the initial rates were highest in methanol, followed by acetoni-
trile and acetone.

3.6. Reaction mechanism

Based on the reaction kinetics data, the lack of measurable
adsorption of 1-hexene on the active site, and current knowl-
edge of the active site species in the literature, an Eley–Rideal-
type reaction mechanism was proposed to capture the reaction
Fig. 8. Initial rate as a function of water concentration obtained experimentally
for methanol (2), acetonitrile (F), and acetone (Q) with 0.9 M 1-hexene and
0.2 M H2O2 at 308 K.

kinetics data, as shown in Fig. 9. The titanium site first reacts
with a hydrogen peroxide molecule to form the titanium hy-
droperoxo species, which may or may not be coordinated with
a solvent or water molecule. This titanium hydroperoxo species
then reacts with a physisorbed 1-hexene molecule to form
chemisorbed 1,2-epoxyhexane and water. The 1,2-epoxyhexane
is then desorbed, regenerating the titanium active site. The pro-
posed mechanism also takes into account that water may adsorb
competitively on the titanium site.

3.7. Reaction rate equation

It has been shown that 1-hexene epoxidation in TS-1 is not
diffusion-limited [50]. Thus, assuming that the reaction be-
tween the titanium hydroperoxo species and the physisorbed
1-hexene is the rate-limiting step and that all other steps are in
quasi-equilibrium, the following reaction rate equation was de-
rived:

(1)r = k2[∗total](K1[O][H ] − [W ][E]
K2K3

)

1 + K1[O] + [E]
K3

+ [W ]
K4

,

where [O], [H ], [W ], and [E] refer to the intraporous con-
centrations of hydrogen peroxide, 1-hexene, water, and 1,2-
epoxyhexane, respectively; Ki represents the adsorption equi-
librium constant for elementary step i that is equal to the ratio
of the forward and reverse rate coefficients; and [∗total] refers
to the total number of titanium sites. The assumption of 1-
hexene addition as the rate-determining step (RDS) is consis-
tent with the theoretical calculations of Panyaburapa et al. [49],
whose conclusion was based on energy barriers calculated us-
ing ONIOM energies, and our experimental data, as we show
below. Wells et al. [47] conducted a rigorous free energy analy-
sis for propylene epoxidation and concluded that formation of
the hydroperoxy intermediate is the RDS for a proposed active
site of a Ti defect in a full silanol “nest.” However, assuming
that this step is the RDS for 1-hexene epoxidation would fail to
capture the observed dependence of the rate on 1-hexene con-
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Fig. 9. Proposed reaction mechanism for the liquid-phase epoxidation of 1-hexene in TS-1. All steps are shown as reversible in accord with the principle of
microscopic reversibility. However, the rate expression that was compared against the data (Eq. (2)) only included the reaction to form epoxide in the forward
direction since only initial rates were measured.
centration. The initial rate, r0, is obtained from Eq. (1) as

(2)r0 = k2[∗total]K1[O][H ]
1 + K1[O] + K ′

4[W ] ,

where K ′
4 is equal to K−1

4 . Note that whereas the amount of
water produced via reaction is small in the initial rate region,
water is present at all times due to the use of aqueous hydro-
gen peroxide. To express the above reaction rate in terms of
experimentally measurable quantities, the adsorption isotherms
for each component in TS-1 must be known, because the con-
centrations on which r0 depends are intraporous concentra-
tions.

3.8. Adsorption isotherms

Ternary adsorption experiments in TS-1 were carried out in
the same concentration range as the reaction experiments to
determine the equilibrium relationship between bulk and intra-
porous 1-hexene concentrations, as shown in Fig. 10 for the
three solvent systems. Langmuir-type adsorption behavior was
exhibited for the methanol and acetonitrile systems, whereas 1-
hexene adsorption followed Henry’s law for the acetone system
over the concentration range studied. Equation (3) was used to
describe the isotherms in all three solvents. The constants qsat
and b were fitted using the method of least squares and are listed
in Table 2:

(3)[H ] = qsat

(
b[Hbulk]

1 + b[Hbulk]
)

.

Over the same range of 1-hexene concentrations as studied
in the reactions, the olefin loading in TS-1 was highest in
Fig. 10. Ternary adsorption isotherms of 1-hexene in TS-1 with deuterated
methanol (2), acetonitrile (F), and acetone (Q) with 1 M H2O at 295 K. The
lines correspond to Eq. (3).

Table 2
Experimental adsorption isotherm parameters for 1-hexene adsorption in the
ternary component system with 1 M H2O

Solvent system qsat (molecule/u.c.) b (L/mol) qsatb (dimensionless)

Methanol 6.4 6.3 12.5
Acetonitrile 5.5 2.0 3.4
Acetonea – – 0.6

a The adsorption isotherm for acetone was linear over the entire 1-hexene
concentration range investigated. Therefore, only a single parameter, qsatb, was
regressed in this case.
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Table 3
Adsorption isotherm parameters from GCMC simulations for water adsorption
in the ternary component system in silicalite at 308 K [56]

Solvent system qsat (molecule/u.c.) b (L/mol) qsatb (dimensionless)

Methanola – – 1.2 × 10−3

Acetonitrile 19.35 0.411 2.5 × 100

Acetonea,b – – 1.5 × 10−3

The 1-hexene concentration was fixed at 0.9 M.
a The adsorption isotherm for water in methanol and acetone was linear over

the entire water concentration range investigated. Therefore, only a single pa-
rameter, qsatb, was regressed.

b Model for acetone was not optimized in the Henry’s law region.

methanol, followed by acetonitrile, and then acetone. The order
in the Henry’s constants (qsatb) was also methanol > acetoni-
trile > acetone, which is in agreement with trends observed in
the literature [33].

The solvent order is consistent with trends observed in the
reaction kinetics as shown in Figs. 6–8. It is very important to
note that TS-1 has a very high internal surface area, so that the
reaction occurs mostly within the pore channels. The greater
adsorption of 1-hexene in the pores means that more reactant
molecules are available to the titanium active sites for reaction
when methanol is used compared with acetonitrile, which in
turn has a higher number of intraporous 1-hexene molecules
than the acetone system.

The adsorption isotherms for water in methanol and ace-
tonitrile solvents were obtained through grand canonical Monte
Carlo simulations [56,58]; the parameters are listed in Table 3.
In methanol solvent, the intraporous water concentration, [W ],
is essentially zero; thus, K ′

4[W ] can be neglected in Eq. (2). Wa-
ter was adsorbed in significant quantities in acetonitrile solvent.
However, the initial rate in acetonitrile (Fig. 8) is independent
of the bulk water concentration, and hence the intraporous wa-
ter concentration. Thus, K ′

4[W ] must be much less than 1 and is
negligible, indicating that K ′

4 is small in acetonitrile. From the
simulations, negligible amounts of water were found to adsorb
in acetone solvent, and the initial rate in acetone also is roughly
independent of the bulk water concentration, so K ′

4[W ] is neg-
ligible for acetone as well. For all three solvents, either K ′

4 or
[W ] (or possibly both for methanol and acetone) is small, and
thus the reaction rate is independent of the bulk water concen-
tration.

We could not establish the hydrogen peroxide adsorption
behavior experimentally. However, as shown in Fig. 7, the de-
pendence of the initial rate on the bulk hydrogen peroxide con-
centration is very similar to that observed for the dependence
on the 1-hexene concentration, in which case the plateau in the
initial rate can be attributed in part to saturation of 1-hexene
in the pores. Thus, we can hypothesize that hydrogen peroxide
physisorption follows the Langmuir form as well:

(4)[O] = qH2O2

bH2O2[Obulk]
1 + bH2O2[Obulk] .

Whereas the right side of Eq. (2) does not contain [E], the ob-
served concentration of 1,2-epoxyhexane in the bulk, [Ebulk], is
what is measured, so the rate of formation of Ebulk must be re-
lated to the rate shown in Eq. (2). Because very small amounts
(1 × 10−5–3 × 10−4 M) of bulk 1,2-epoxyhexane were ob-
served in the initial rate region, its physisorption was assumed
to follow Henry’s law. Thus, the intraporous concentration of
1,2-epoxyhexane, [E], can be expressed as

(5)[E] = Ke[Ebulk],
where Ke is a dimensionless Henry’s constant for 1,2-epoxy-
hexane. No physisorption parameters for 1,2-epoxyhexane have
been reported in the literature. Commercially available 1,2-
epoxyhexane contains acetic acid and is not reliable for use in
adsorption experiments, because acid-assisted reaction of the
1,2-epoxyhexane with methanol and/or water leads to the for-
mation of ring-opened products, thus leading to the inaccurate
accounting of 1,2-epoxyhexane concentrations. Thus, Ke could
not be determined independently.

Combining Eqs. (3), (4), and (5) with Eq. (2) results in the
following initial rate equation:

(6)r0 = [∗total] k2

Ke

K1qH2O2bH2O2 [Obulk] qsatb[Hbulk]
1+b[Hbulk]

1 + bH2O2(1 + qH2O2K1)[Obulk] .

3.9. Reaction rate equation parameter estimation

Five unknown parameters are present in Eq. (6): k2, Ke , K1,
qH2O2 , and bH2O2 . None of these parameters can be determined
independently, but rather two independent groups of parameters

appear—α = k2K1qH2O2 bH2O2
Ke

and β = bH2O2(1 + K1qH2O2)—
such that the initial rate is

(7)r ′
0 = α[Obulk] qsatb[Hbulk]

1+b[Hbulk]
1 + β[Obulk] .

Two different cases were considered for regressing parame-
ters α and β . The first case constrained both parameters to
be the same for all three solvents. The importance of this is
that the intrinsic rate coefficient, k2, and the physisorption and
chemisorption of hydrogen peroxide are presumed to be the
same in all three solvents, and thus the observed differences
in rate are attributed to the differences in physisorption of 1-
hexene alone. This is consistent with the hypothesis put forth
by Langhendries et al. [33], who attributed the effect of sol-
vent on 1-hexene epoxidation to adsorption effects. The second
case allowed α and β to be different for each solvent, for a to-
tal of six parameters. A summary of the model parameters and
sum of squares values is provided in Table 4, and the agree-
ment of the model for the two different cases is shown by the
lines in Fig. 11. Clearly, the agreement of the model with the
experimental data improves when the parameters are not con-
strained to be the same for all three solvents. This indicates
that differences in physisorption of 1-hexene without consid-
ering the impact of other species (i.e., hydrogen peroxide and
1,2-epoxyhexane) on its adsorption behavior are not sufficient
to account for the observed differences in reactivity among the
three solvents. This is quantitatively consistent with the general
understanding that the performance of Ti-zeolites more broadly
cannot be explained solely by adsorption equilibria [8].
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Table 4
Parameters and sum of the least squares for each fitting scenario

Case Description Number of
parameters

Sum of least squares
(molecule/site/s)2

Solvent α

(L uc/mol/s/molecule)
β

(L/mol)

1 α and β in Eq. (7) constrained to
be equal for all three solvents

2 1.81 × 10−1 1.49 × 10−1 3.45

2
α and β in Eq. (7) allowed to be
different for each solvent

6 4.36 × 10−2 Methanol 1.53 × 10−1 2.31
Acetonitrile 6.85 × 10−2 3.56
Acetone 8.60 × 10−1 7.27 × 101

Fig. 11. Comparison of the model fits of the initial rate with the experimental data for the different cases delineated in Table 4: (a) variation of 1-hexene concentration,
Case 1; (b) variation of 1-hexene concentration, Case 2; (c) variation of hydrogen peroxide concentration, Case 1; (d) variation of hydrogen peroxide concentration;
Case 2; (e) variation of water concentration, Case 1; (f) variation of water concentration, Case 2.
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The present experimental results are inconclusive in terms
of which of the remaining contributions to the rate (i.e., the in-
trinsic rate coefficient [k2], physisorption of 1,2-epoxyhexane
[Ke], physisorption of hydrogen peroxide [qH2O2 and bH2O2 ]
or chemisorption of hydrogen peroxide [K1]) dominates, or
whether multicomponent adsorption accounting for the effects
of H2O2 and 1,2-epoxyhexane on 1-hexene physisorption is
responsible. However, quantum chemical calculations suggest
that chemisorption of H2O2 (K1) is not dependent on the choice
of the solvent. Sever and Root [44] showed that the activation
barrier and reaction energy for the formation of the titanium
hydroperoxo species were essentially the same when coordi-
nated with a methanol or water molecule. It was noted that an
aprotic solvent, such as acetone or acetonitrile, results in the
coordination of a water molecule around the titanium hydroper-
oxo species instead, so that water plays the same role in the
aprotic solvent system as methanol does in the protic solvent
system [44]. Additional experimental or theoretical investiga-
tions are needed to further deconvolute the contributions of the
intrinsic rate, physisorption of 1,2-epoxyhexane and hydrogen
peroxide, and multicomponent adsorption effects.

4. Conclusion

The present study was conducted to gain a more fundamental
understanding of the role of the solvent in the reaction kinetics
of 1-hexene epoxidation with TS-1 catalyst. More accurate ini-
tial reaction rate data than are available in the literature were
obtained, and an Eley–Rideal-type mechanism was proposed
in which an active titanium hydroperoxo species reacts with
physisorbed 1-hexene to form the 1,2-epoxyhexane product.
A kinetic model was developed that includes the contributions
from adsorption of each species in the reaction. The model was
able to capture the data very well when the governing parame-
ters were allowed to vary for the three different solvent systems.
It was shown that although the solvent has a significant effect
on the adsorption of 1-hexene in TS-1, and hence on the re-
action kinetics, these differences alone cannot account for the
differences in the observed reaction kinetics. Multicomponent
adsorption studies that investigate 1-hexene adsorption in TS-
1 in the presence of H2O2 and 1,2-epoxyhexane are needed to
definitively determine whether the adsorption of 1-hexene is en-
tirely responsible for the differences in reaction rate observed in
different solvents.
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