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ABSTRACT: Limonene oxide, which is produced from limonene
epoxidation, is a valuable molecule that can be applied in flavor,
fragrance, and renewable polymer applications. A catalytic reaction
system using H2O2 with γ-Al2O3 and ethyl acetate (EtOAc) as the
solvent has been explored as an effective system for this reaction.
In these previous studies, a number of postulates have been
proposed as to how water affects the reaction; therefore, the focus
of this work is to elucidate the role of water in limonene
epoxidation. While not impacting the selectivity to limonene oxide,
the amount of water in the reaction system is shown to significantly impact the limonene reactivity. Furthermore, through both
addition of excess water and removal of water with a Dean−Stark apparatus, the control of the H2O2/H2O ratio is demonstrated to
be the primary factor controlling reactivity. In contrast, changes in limonene concentrations for a specific H2O2/H2O ratio are shown
to have little impact on the reaction rate. This study shows that the competitive adsorption of H2O2 and water on the catalyst surface
is key in explaining the water impact on the reaction performance.
KEYWORDS: limonene oxidation, limonene oxide, limonene derivatives, hydrogen peroxide, alumina

■ INTRODUCTION
Limonene is a molecule that can be directly obtained from
industrial food waste or synthesized through microorganism
engineering.1,2 It can be utilized as a fragrance or further
converted into valuable downstream products, including p-
cymene,3 p-menthane,4 and terephthalic acid.5 With increasing
interest in renewable fuels and chemicals, terpene-derived
chemicals can be a potential approach. Among limonene
derivatives, oxidation products are a category with high
potential for both existing commercial chemicals and chemicals
with novel applications.6 An oxidation/hydroxylation network
from limonene to some valuable derivatives is shown in
Scheme 1. These compounds can be further used as flavors,7

fragrances,8 cosmetics,9 pharmaceuticals,10 and biobased
polymers.11,12

Among the molecules shown in Scheme 1, perillyl alcohol,
carvone, and carveol can be generated from limonene, but
effective ways to produce them through chemical synthesis still
require development. Limonene oxide has received attention
recently as a renewable monomer.13 Kindermann et al. showed
a sequential method to produce poly limonene dicarbonate
from limonene oxide.14 Hauenstein et al. also demonstrated a
biobased polycarbonate synthesis method with subsequent
examination of the polymer physical properties.15,16 Carrode-
guas et al. synthesized a recyclable copolymer with limonene
oxide and other bioderived monomers.17 Limonene oxide is
also a flavoring agent and an intermediate molecule to access
other oxidized derivatives, as shown in Scheme 1, making it

valuable as a platform molecule. As the interest in limonene
derivatives continues to increase, a low-cost and effective
limonene oxide production process would be the foundation
for further product development.
Limonene epoxidation has been reported with various

heterogeneous catalysts. Oliveira et al. conducted limonene
oxidation with V2O5/TiO2 catalysts. A range of byproducts
such as carvone, limonene-1,2-diol, and oligomers were
observed.18 Cagnoli et al. proposed limonene epoxidation
with a Ti-MCM-41 catalyst and 35 wt % H2O2(aq). They
obtained over 20% selectivity to carveol or carvone when 50%
of the limonene was converted.19 More recently, Ivanchikova
et al. prepared a Nb/SiO2 catalyst and screened several alkene
epoxidations. With 50 wt % H2O2(aq), 73% selectivity to
limonene epoxide was achieved.20 Bisio et al. synthesized a W/
SiO2 catalyst and applied it to obtain a 43% yield of limonene
oxide at 90 °C after 6 h.21 Wrob́lewska et al. studied the
oxidation reaction with a microporous titanium silicate catalyst,
TS-1.22 Interestingly, perillyl alcohol was the primary by-
product under certain conditions, which suggested that
structural effects might benefit from this unique selectivity.
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Overall, these studies found a range of byproducts, such as
carvone, carveol, limonene diol, or perillyl alcohol, at higher
limonene conversions. The byproducts were reported to be
formed by the high reactivity of activated H2O2 or due to high
water concentration generated in the reaction system. To
address this challenge, several groups developed novel catalysts
or reaction systems to approach higher overall limonene oxide
yields with higher reaction rates. Cunningham et al., using a
multiphasic catalytic system to avoid water, reported a 94%
isolated yield of limonene oxide.23 Ardagh et al. employed
controlled silica layer deposition on a Ti-SiO2 catalyst to
impact the local environment around active sites to change the
activation energy without altering the intrinsic active site.24

Kaliaguine’s group developed epoxidation with intermediate
oxidants and applied ultrasound to conduct the reaction.25−27

In addition to these approaches, recent work demonstrated
that a high overall selectivity could be achieved by reducing
water in the system. Bono et al. performed epoxidation in ethyl
acetate (EtOAc) with γ-Al2O3 and 70% H2O2(aq).

28,29 After
optimization, nearly complete conversion to limonene dioxide
was reported. This work suggested that selective conversion in
the condensed phase with highly concentrated H2O2 is
possible. Continuous water removal in a Dean−Stark apparatus
was found to improve reactivity and selectivity for
epoxidation.30 Using the Dean−Stark system, a combined

limonene oxide and dioxide yield of 77% was obtained.31

Alternatively, Charbonneau and Kaliaguine used a Ti-SBA-16
catalyst with tert-butyl hydroperoxide as the oxidant in decane
to prevent diol formation.32 While these studies demonstrated
the improved final yield performance when water was reduced,
understanding of how the remaining water participated in the
reaction was still unclear. Additionally, it is critical to
understand how the H2O2 concentration affects the reaction,
since various concentrations have been used in the literature.
A number of mechanisms have been proposed in the

literature for how water participates in the catalytic reaction
including (i) water hydroxylates the catalyst surface, which
changes the nature of the acidity of catalyst;33 (ii) the presence
of water affects the diffusion rate of the organic reactant into
smaller pores;34 (iii) water forms hydroxyl groups on the
surface and hydrogen bonding between water molecules, and
these hydroxyl groups interrupt the organic species adsorp-
tion;35 (iv) excess water reacts with the epoxide to form the
diol byproduct;36,37 (v) water and the hydrophilic Al2O3
support aggregate to form clusters that affect mixing,30 and
(vi) competitive adsorption between H2O2 and water.38 To
further optimize the reaction system, the role of water must be
better understood. This work examined water in the reaction
system using commercial γ-Al2O3 and various water or H2O2
concentrations. The impact of the H2O2/H2O ratio on the

Scheme 1. Reaction Network from Limonene to Oxidized Derivatives
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reactivity was used to evaluate the proposed mechanisms
above.

■ EXPERIMENTAL METHODS
Reagents and Materials. Limonene (Alfa Aesar, 97%), limonene

oxide (Sigma-Aldrich, 97%), limonene-1,2-diol (Sigma-Aldrich, 97%),
carvone (Sigma-Aldrich, 98%), carveol (Sigma-Aldrich, 95%), γ-Al2O3
(Inframat Advanced Materials), 50 wt % H2O2(aq) (Honeywell), acetic
acid (Fisher Scientific, glacial), formic acid (Fisher Scientific),
potassium iodide (Fisher Scientific), and sodium thiosulfate (Acros
Organics, 0.1 N solution) were used as received.

Reaction Setup. The limonene epoxidation reaction was first
conducted in a glass vial reactors. In a typical run, 25.0 mg of γ-Al2O3,
as the catalyst, was loaded into the vials. Then, 2.0 mL of EtOAc, 0.62
mmol of limonene, and the desired H2O2 were added sequentially.
The reaction temperature used for the close vial runs was 80 °C to
keep the pressure relatively low. After the reaction, the solution was
analyzed with a GC-MS/FID system to quantify the products. For the
reflux reaction runs, a round-bottom flask with a reflux column or
Dean−Stark apparatus was used. For these runs, the volume was
increased by 10-fold, 20 mL of EtOAc, 6.2 mmol of limonene, and
desired amount of H2O2. The oil bath temperature was set at 95 °C
during the reaction for the reflux and Dean−Stark experiments to
allow volatization of water. The filtered samples were also analyzed
with a GC-MS system and an autotitrator to quantify products or the
remaining H2O2, respectively.

Product Analysis. Analysis of the products were performed with
an Agilent 7890A GC system in which a flame ionization detector
(FID) and an Agilent 5795C mass spectrometer were used for
product quantification and identification. A DB-WAX column (30m ×
0.25 mm × 0.25 μm) from Agilent was applied for the gas
chromatography analysis. For analysis, the column temperature was
increased from 50 to 230 °C at a rate of 10 °C/min. The reported
conversions are mole percent of the initial limonene, selectivities are
the percent of limonene oxide moles produced per mole of limonene
converted and the resulting yields are also expressed on mole percent

The concentration of the remaining H2O2 was calculated by using
iodometric titration. The analysis was performed with a redox titration
using a Metrohm 798 MPT Titrino autotitrator and a Pt electrode.
The samples were mixed with a solution that included 50 mL of H2O,
KI, and acetic acid. The prepared samples were further titrated using a
0.01N Na2S2O3 solution.

Catalyst Characterization. Thermal gravimetric analysis (TGA)
experiments were conducted with a Netzsch STA449 F1 instrument
connected to a mass spectrometer to determine the effluent species.
The airflow was controlled at 60 mL/min, and the temperature ramp
rate was 10 °C/min.

NH3-temperature programmed desorption (TPD) was conducted
with a Micromeritics Autochem II 2920 instrument. The samples
were dried at 125 °C for 2 h in an argon flow. Then, the temperature

was cooled to 50 °C for the characterization. First, 10% NH3/He was
flown across the sample for 1 h and then a He flow was used for 30
min to evacuate the nonadsorbed NH3.

■ RESULT AND DISCUSSION
Catalytic System Screening. γ-Al2O3 has been reported

as active for the epoxidation of limonene,31 so it was used as
the catalyst in the reaction system. The first set of experiments
used this catalyst in a range of solvents. An equal molar
amounts of H2O2 and limonene were reacted for 4 h in the
screening tests. The solvents screened included methanol,
ethanol, acetone, acetonitrile, ethyl acetate, and tetrahydrofur-
an (results in Figure S1). Despite its intermediate polarity
among the solvent set, the reaction in EtOAc had the highest
conversion after 4 h and achieved a near 40 mol % yield of
limonene oxide. Compared with the reaction in EtOAc, the
conversion rates and selectivity for all other solvents were
lower. These results were consistent with earlier work,39 but
lower overall conversions were targeted for the reaction runs to
allow for intrinsic reactivity comparison without potential
transport effects. The primary byproducts were carveol and
limonene diol, but some oxidized byproducts generated from
the respective solvents were also observed. With these results,
EtOAc was selected as the solvent for the remainder of the
reaction studies.

Initial Water Loadings and Related Effects. After the
solvents were screened, determining how the remaining water
in the system affected the reaction was studied by changing the
initial water loading. The H2O2/limonene ratio was fixed at
one so the runs with extra water were manifest as lower H2O2/
H2O molar ratios. As H2O is generated during the reaction, the
reported H2O2/H2O molar ratios represent those at the start of
the run. In Figure 1a, 19.0% of limonene was converted with a
0.53 H2O2/H2O molar ratio after 1 h; in contrast, it only
reached 11.6% conversion with a 0.13 H2O2/H2O molar ratio.
A similar trend was observed for 4 h runs, as shown in Figure
1b. Here, 40.0% conversion was achieved using a 0.53 H2O2/
H2O molar ratio whereas only 27.6% of the limonene was
converted for the 0.13 H2O2/H2O molar ratio. Therefore,
excess water addition had an ongoing impact on lowering
oxidation activity with no asymptotic inhibition behavior for
the range of water and reaction time tested. To examine the
impact of water addition on selectivity, another experimental
set was performed (results in Table 1) in which the reaction
time was controlled to achieve about 10% conversion at each

Figure 1. Limonene conversion and limonene oxide conversions and molar yields under various water loading at 80 °C, 25 mg Al2O3, 0.62 mmol
limonene and H2O2 for (a) 1 h; (b) 4 h.
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water level. As expected from the activity response, longer
reaction times were required for the runs with higher water
content, but the selectivity for all these runs was about 70%
with the primary byproducts being carveol and other isomers.
Therefore, the water content in the reaction did not
significantly change the intrinsic selectivity and only impacted
the reactivity for limonene epoxidation.
This first set of experiments can be used to examine several

of the postulated effects of how water impacts the reaction.
The impact of water concentration on the reaction rate was
clearly seen (Figure 1 and Table 1) and yet in these
experiments neither diol formation or catalyst aggregation
were observed. Relative to many of the previous studies, the
limonene conversion was held at low levels, and no limonene
diol formation was observed. Additionally, across the range of
initial H2O2/H2O molar ratios employed, there was no catalyst
aggregation occurring. These results suggest that postulates
(iv) and (v) are not the defining impacts of water on the
reaction.

Catalytic Performance for Pretreated Catalysts. For
the next set of experiments, the catalysts were characterized
and tested using different pretreatment procedures to examine
whether drying or hydroxylation pretreatment on γ-Al2O3
affected the epoxidation performance. The γ-Al2O3 catalysts
were pretreated in four different ways: (a) as received without
any treatment, (b) heated to 125 °C for 1 h, (c) heated to 300
°C for 1 h, and (d) hydrated by immersion in water at room
temperature followed by air-drying. For the fresh γ-Al2O3, the
TGA results (Figure S2) indicated that only one weight-loss at
about 100 °C was observed, which would be related to
physically bonded water. In contrast, TGA weight losses near
100 and 250 °C were observed with the hydrated γ-Al2O3,
suggesting that the hydration pretreatment formed chemically
bonded water in the form of hydroxyls. Previous work showed
that some hydroxyl groups could be removed between 200 to
300 °C, leading to the formation of strong Lewis acid sites.33

In another study, TGA was proposed to be useful in
differentiating physically and chemically bonded water on the
γ-Al2O3 surface.40 Given these results, the 125 °C drying
process was used to explicitly remove the physisorption water,
whereas the treatments at 300 °C would be expected to also
remove hydroxyl groups.
The reaction performances of fresh, dried, and hydrated γ-

Al2O3 are compared in Figure 2. After 1 h of reaction, the
observed conversions were from 20.8 to 22.9% and the yields
were from 14.3 to 15.5 mol %. These differences were
negligible relative to the impact of the different water loadings,
as shown in Figure 1, which indicated that the various
pretreatments of γ-Al2O3 had no significant impact on the
reactivity for limonene epoxidation over the first hour of
reaction. Therefore, the surface chemistry of the γ-Al2O3
materials reached equilibrium sufficiently rapidly at the
reaction conditions to not manifest itself in the reaction

results, which demonstrated that the initial H2O2 to water ratio
was more important than the initial catalyst surface chemistry.
NH3-TPD analysist was performed to determine the number

of acid sites on the fresh γ-Al2O3 (see Figure S3). Using the
integrated NH3 desorption peak area, it was found that 0.024 g
of H2O/g of γ-Al2O3 would be required to saturate the acid
sites. Therefore, the nearly 0.8 g of H2O/g of γ-Al2O3 added as
part of the H2O2 solution was significantly more than the
number of available acid sites. Additionally, the amount of
water would continuously increase as H2O2 reacted. This
calculation showed that the amount of water present in the
reaction system was significantly more than enough to cover all
the acid sites, which suggested that the number of hydroxyl
groups on the catalyst surface in the initial state likely is not a
dominant factor during the reaction. These results combined
with those from the water loading experiments indicate that
postulate (i) is not a determining factor for the impact of water
on the reaction.

H2O2/H2O Ratio. With an increasing amount of water in
the system, competitive absorption between H2O2 and water
could reduce the number of activated peroxide groups on the
surface (Al−O−OH).38 Alternatively, another proposed
mechanism is that water can block the active sites and
suppress Al−O−OH from forming.41,42 The latter mechanism
requires actual adsorption of the water on the active site, which
leads to a stronger interaction between H2O and the catalyst
than merely blocking access to the site. While it is difficult to
discriminate these two effects in this reaction system, they
would lead to the same effect of reducing the number of active
Al−O−OH sites on the surface. If this were the case, the
intrinsic oxidation selectivity would remain the same, but a
lower overall reactivity would result, as in fact shown in Figure
1 and Table 1. To further evaluate this possibility, the
relationship between the H2O2/H2O ratio and the conversion
rate is displayed in Figure 3. The conversion rates were
determined when 10% of the limonene was converted.
Comparing the results of equal molar ratio H2O2 and
limonene, which are the black squares in Figure 3, the
relationship between reactivity and the H2O2/H2O ratio was
positively correlated. A higher H2O2/H2O ratio could favor
Al−O−OH formation, which would lead to a higher reactivity
with the same H2O2 level as it could be described as
competitive adsorption of water and H2O2.
When more H2O2 was added relative to limonene (red

circles and green triangles), the reaction rate did not change
appreciably for any H2O2/H2O ratio. These results suggested

Table 1. Limonene Epoxidation with Equal Molar Amounts
of H2O2 at 10% Conversion

H2O2/H2O
(Molar ratio)

Reaction time
(min)

Conversion
(%)

Selectivity
(mol %)

Yield
(mol %)

0.13 50 9.8 74 7.3
0.23 27 9.9 71 7.0
0.35 20 11.1 63 6.9
0.53 15 10.1 70 7.1

Figure 2. Pretreated catalysts performance in limonene epoxidation
for 1 h with 25 mg Al2O3, 0.62 mmol limonene and H2O2 at 80 °C.
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that the competitive adsorption of water and H2O2 controlled
the reactivity, which might be related to the amount of Al−O−
OH present.
The hydrophilicity created by hydroxyls on the surface

might cause an enrichment of water near the active site, which
could inhibit limonene adsorption.35 Such an inhibitory effect
would lower the apparent epoxidation rate, as well. While not
definitive, the enrichment of water at the surface would not be
expected to result in a linear relationship between water
content and conversion as shown in Figure 3. Overall, the
results in Figure 3 may have more than a single contribution,
but it is apparent that the reactivity did not proportionally
increase with the introduction of more H2O2 into the solution
independent of the amount of H2O. Therefore, the H2O2/H2O
ratio is an important factor in the limonene oxidation reaction.

Catalytic Performance with Reduced Water Concen-
trations. As noted in the previous experiments, the effect of
excess water addition could be readily examined. However,
examining reaction performance below the water content
present in the starting H2O2 solution is more difficult. Using
higher concentrations of H2O2 is problematic from a handling
safety standpoint. Therefore, a different strategy was used to
examine higher concentrations of the oxidant.
A Dean−Stark apparatus can be used as an experimental

apparatus to remove specific water from a reaction system. Its
condenser setup can trap water while predominantly allowing
only the organic solvent to reflux back into the reaction
section. The reaction temperature was set at 95 °C to achieve a
selective water removal. A comparison of limonene epoxidation
conversion between a Dean−Stark apparatus and a regular
reflux system with the same starting materials and temperature
are shown in Figure 4. The higher limonene reaction rate with
the Dean−Stark system is clearly shown as the difference in
conversion increased linearly between the two reaction
systems, presumably due to water partitioning created through
the use of the Dean−Stark apparatus.
The progression of the H2O2 concentration is shown in

Figure 5 for the Dean−Stark and regular reflux systems in the
presence of the limonene reaction as well as for a blank case in
which no limonene was present. The hydrogen peroxide
concentration was measured using the iodometry method. As
would be expected from the limonene conversion results given
in Figure 4, the hydrogen peroxide concentration decreased
more rapidly in the Dean−Stark experiment. However, higher
H2O2 loss was observed in the Dean−Stark system, even in the
absence of the concomitant limonene oxidation reaction. The

results demonstrated the cocurrent nonproductive H2O2
decomposition reaction with the desired oxidation reaction.
Previous research suggested that some amount of water

could be beneficial in decreasing the amount of H2O2
decomposition.30,31 It was also shown that competitive
absorption between H2O and H2O2 reduced the amount of
Al−O−OH on the γ-Al2O3 surface when more H2O was
present.40 The lower decomposition rate would likely be
related to the lower concentration of Al−O−OH species on
the alumina surface. When considering the H2O2/H2O
interaction in the context of the limonene oxidation reaction,
reduction of the Al−O−OH species would also decrease the
oxidation reaction rate, as this species reacts with the limonene.
Therefore, competing effects influence the reduction of H2O2
in the reaction medium as shown in Figure 5. Despite the
higher rate of limonene oxidation in the Dean−Stark system
(Figure 4), the H2O2 concentration decreased more slowly in
the regular reflux reaction system. Additionally, the decrease in
H2O2 concentration in the Dean−Stark system appeared to be
similar to or without the presence of the limonene oxidation
reaction. It is known that acidity on the γ-Al2O3 surface can
cause H2O2 decomposition and acetic acid formation was
observed when both γ-Al2O3 and H2O2 were present, as shown
in Figure S4. To ensure that H2O2 did not accumulate in the
Dean−Stark trap, its concentration was measured in the
trapped liquid phase. The results showed that only parts per
million levels of the H2O2 were detected. Therefore, the loss of

Figure 3. Correlation between conversion at 1 h and the initial H2O2/
H2O ratio (80 °C, 25 mg of Al2O3, 0.62 mmol of limonene). Figure 4. Limonene conversion with applying Dean−Stark and

regular reflux (95 °C, 25 mg Al2O3, 0.62 mmol limonene and H2O2).

Figure 5. H2O2 concentration during the reactions with Dean−Stark
and regular reflux (95 °C, 25 mg Al2O3, 0.62 mmol limonene and
H2O2).
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H2O2 in the Dean−Stark systems was due to either the
epoxidation or decomposition reactions rather than accumu-
lation in the trap. Taken together, it was apparent that the loss
of the H2O2 was dominated by its decomposition rather than
its reaction with limonene. These results were consistent with
the results shown previously, in which adding more H2O2 did
not significantly increase the limonene oxidation reaction rate.
To further examine the impact of the H2O2 concentration

on the limonene oxidation reaction rate, the remaining H2O2
in the Dean−Stark and regular reflux reaction sections were
compared with the limonene conversion versus reaction time.
The results are shown in Figure 6. It is notable that the rate of
limonene conversion was higher in the Dean−Stark system
despite its lower H2O2 concentration.
As shown in Figure 1, additional water incorporation led to a

reduced oxidation reactivity. Additionally, the H2O2/H2O ratio
was found to have a stronger impact on the initial limonene
oxidation rate than the H2O2/limonene ratio (Figure 3). While
it is clear that the H2O2/H2O ratio became lower when extra
water was added into the regular reaction system, the change in
this ratio in the Dean−Stark system was more complicated,
since a higher H2O2 conversion rate and water removal both
occurred. Therefore, the H2O2/H2O ratio in the two systems
were compared relative to the reaction time as shown in Figure
7.
In the Dean−Stark system, the H2O2/H2O ratio increased

dramatically at first due to the water removal but then
promptly decreased to a value of about 1.5. Therefore, even
though the H2O2 decomposition increased, the ratio remained
fairly steady due to water removal. In contrast, the H2O2/H2O
ratio in the run with regular reflux slightly decreased over the
course of the reaction. The results in Figure 7 show that with
the Dean−Stark system, the water removal effect was much
more significant than the faster H2O2 decomposition rate,
which led to a higher H2O2/H2O ratio than with the regular
reflux system at all times. The results in Figure 4 and Figure 7
were also consistent with the results in the vial tests, in which a
higher H2O2/H2O ratio led to a higher limonene oxidation
rate. Overall, the results of these experiments showed that the
limonene oxidation rate could not be improved simply by
adding more H2O2 solution into the system. Since the
influence of water is significant, water removal should be

considered a requirement to enhance the reaction perform-
ance.
Shown in Figure 8 is the impact of increasing the initial

H2O2/limonene molar ratio on the conversion observed after 1
h. In the runs with regular reflux, the conversion after 1 h
increased by only a small amount when the ratio was increased

Figure 6. Remaining H2O2 and limonene conversion for reaction with (a) Dean−Stark and (b) regular reflux (95 °C, 25 mg of Al2O3, 0.62 mmol of
limonene and H2O2).

Figure 7. H2O2/H2O ratio comparison in Dean−Stark and regular
reflux (95 °C, 25 mg Al2O3, 0.62 mmol limonene and H2O2).

Figure 8. Limonene conversion in the Dean−Stark and regular reflux
systems under various initial hydrogen peroxide loading (1 h, 95 °C,
25 mg Al2O3, 0.62 mmol limonene).
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from 1 to 2 and effectively did not increase at the higher ratios.
These results were consistent with those given in Figure 3 for
the reactions performed in vials. In contrast, the runs with the
Dean−Stark system showed successively higher conversions as
the relative amount of H2O2 was increased until the H2O2/
limonene molar ratio was increased to 4. This drop in
conversion might have been due to the water being removed
too slowly from the reaction zone.
The results in Figure 8 are only at the early stage of the

reaction. For the regular reflux system, the water concentration
increased for higher reaction times leading to subsequent
conversion of limonene epoxide to limonene diol. As this study
focused on the water effects in limonene epoxidation, reaction
times were limited to when only trace quantities of limonene
diol were observed.
From this set of experiments, a detailed reaction network

can be postulated that is consistent with the results. Shown in
Scheme 2 is a reaction network representing how H2O, H2O2,
and limonene interact during the reaction, with the
equilibrated surface concentration of Al−OH and Al−O−
OH dictating the rate of reaction, which is in agreement with
postulate vi). As shown in the scheme, minimizing the water in
the system, which allows for formation of higher concen-
trations of Al−O−OH, increases the rate of limonene
oxidation, and decreases the rate of further reaction to the
diol product. Importantly, the results do not support inhibited
transport of the limonene in the reaction so postulates (ii) or
(iii) are not describing the impact of water on the reaction.
Byproducts such as carveol were not captured in this work, but
the reaction network extension to these byproducts could be
examined in further studies in particular with regards to the
impact of H2O and H2O2 concentrations on byproducts at
higher limonene conversions.

■ CONCLUSIONS
Limonene oxidation is an important reaction to provide access
to subsequent derivatives. An effective system for this reaction
with H2O2 in EtOAc over γ-Al2O3 was evaluated. Water is both
an unavoidable cofeed with H2O2 and a byproduct during
oxidation. Previous studies have postulated a number of

possible water-mediated phenomena in this reaction system.
The current work carefully controlled reaction parameters to
more systematically examine how water influences limonene
oxidation.
When maintaining a specific initial H2O2 concentration,

lower overall reactivity was observed when more water was
introduced. This loss of reactivity did not have any significant
concomitant impact on the selectivity to limonene oxide.
However, for a specific initial H2O2/H2O ratio changing the
relative initial limonene concentration did not change the
reactivity. These results suggested that the competitive
adsorption of H2O2 and H2O dictated the reaction rate with
a higher H2O2/H2O ratio leading to more reactive Al−O−OH
species on the surface. The dynamics of the surface species was
examined through examining the conversion and yield
resulting from using fresh, dried, and hydrated γ-Al2O3. The
reactivity of these different starting aluminas was very similar
suggesting that the surface species rapidly equilibrated to the
reaction conditions.
The deleterious effect of H2O was further demonstrated

when the reaction performance was compared in a Dean−
Stark apparatus rather than with regular reflux. The increase in
the limonene epoxidation rate with the Dean−Stark systems
occurred despite the fact that a higher H2O2 decomposition
rate was observed in the system. This result was due to the fact
that despite the H2O2 decomposition rate a higher H2O2/H2O
ratio was maintained over the course of the reaction than with
the regular reflux system.
In this work, it was demonstrated that the key impact of

H2O on the limonene oxidation reaction is the competitive
adsorption of H2O2 and H2O rather than other previously
postulated phenomena. As such, catalyst structural or surface
chemistry modifications will not lead to improved perform-
ance. Therefore, diminishing the H2O concentration in the
reaction system is required, for example, through a less dilute
H2O2 feed concentration (a safety concern) or an alternative
oxidant molecule.

Scheme 2. Interactions among Water and Critical Components in Limonene Epoxidation
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