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Abstract

Hydrogen peroxide is an industrially important oxidant with a growing number of applications in the chemical and textile industries, and in
environmental remediation. Production of H,O, by the direct combination of H, and O, is much less energy-intensive than the currently used
anthraquinone autoxidation method, but it has not been implemented commercially because of the explosive nature of H, and O, mixtures. In this
work, hydrogen peroxide was safely produced by direct combination of hydrogen and oxygen in a microreactor in the explosive regime.
Concentrations as high as 1.3 wt% H,O, were achieved. Optimum ranges of the temperature and pressure for H,O, production were determined,
and the reaction was shown to be free of mass transfer limitations at the conditions of kinetic experiments. A plan for obtaining the overall kinetics
of direct H,O, formation is described, which involves the determination of rate expressions of H,O, synthesis, and of consequent decomposition of
H,0,. A mechanism for the H,O, synthesis reaction is proposed on the basis of past research and kinetic data. A rate expression is derived based on
the proposed mechanism, and kinetic data were used to calculate the kinetic constants. This is the first step toward the determination of complete

kinetics of direct H,O, formation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Overview

Hydrogen peroxide is an industrially important chemical
with a large number of applications. It is widely used as an
environmentally friendly oxidant for soil remediation and in the
paper and textile industries, where it replaces chlorine bleaches.
Global demand for hydrogen peroxide has been growing for the
last two decades due to rising environmental concerns [1].
Since the middle of the twentieth century, the large majority of
commercial hydrogen peroxide was produced by the anthra-
quinone autoxidation (AO) method [1]. The AO process has
several important drawbacks. Hydrogen peroxide must be
produced in large amounts and at high concentrations of about
70% [2] in order for the process to be profitable, which requires
an energy-intensive distillation step for increasing the H,O,
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concentration. The high concentrations are required for
minimizing the liquid volume that needs to be transported to
the end-users, thus decreasing the transportation expenses.
Since many end-users require concentrations as low as 0.5—
10 wt% [3], dilution by the end-user adds an additional
expense.

A direct combination (DC) of hydrogen and oxygen in the
presence of a catalyst and a solvent seems to be the simplest
method of producing hydrogen peroxide. The potential
commercial importance of this process attracted a large
number of inventors since the first DC patent of Henkel and
Weber [4]. Even though a large number of patents were issued
for different variations of this process over the years [S—14], the
DC method has not reached the commercialization stage yet
due to a number of technical challenges. First, hydrogen and
oxygen form a flammable mixture over a wide range of
concentrations (5-96% H, in O,). Thus, in most patents the
preferred operating gas composition is below the explosive
limit, and at high pressures on the order of several thousand psi,
which are required in order to increase the concentration of
dissolved hydrogen in the liquid solvent. Second, the catalytic
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Nomenclature

Qg gas—liquid interfacial area per unit volume of
reactor (mz/mz’)

Ca concentration of species A in liquid (mol/cm3)

Cassar  saturated concentration of species A in liquid
(mol/cm?)

Dera  overall effective molecular diffusivity of species

A in the gas-liquid mixture (=D =
+ Dax) (cm?/s)

Degrac effective molecular diffusivity of species A in the
gas phase (cm?/s)

Degr a1 effective molecular diffusivity of species A in the
liquid phase (cm?/s)

D cxc

E, activation energy (kJ/mol)

F volumetric flow rate of reactants or products
(m*/s)

AH enthalpy of reaction (kJ/mol)

Pa partial pressure of species A in the gas phase
(psia)

Ta intrinsic reaction rate with respect to species a
(g/g cat/h)

R ideal gas constant (kJ/mol K)

R observed reaction rate with respect to species A
(g/g Pd/h)

R, average radius of catalyst particles (m)

Ts reactor wall temperature (K)

w catalyst mass (g)

XG volumetric gas fraction

XL volumetric liquid fraction

Greek letters

Ae effective thermal conductivity of porous catalyst
(W/m K)

Op density of catalyst particles (g/m?)

reaction of hydrogen and oxygen involves several reaction
pathways, most of which result in the production of water. A
catalyst that maximizes the selectivity for H,O, is critical for
the viability of this process.

Major disadvantages of either the AO process or of the
patented DC methods can be overcome by producing hydrogen
peroxide in a microreactor. The DC reaction can be carried out
safely with a high hydrogen concentration (in the regime that
would be explosive in a large-scale reactor) because the width
of microreactor channels is smaller than the quenching distance
of hydrogen and oxygen radicals. In other words, much higher
temperatures and pressures are required to start an explosion in
a microchannel than in a macrochannel [15,16]. This makes the
DC reaction intrinsically safe in a microreactor for all Hy/O,
ratios and all process conditions that might be used for H,O,
production. The ability to use safely high hydrogen concentra-
tions makes it unnecessary to use very high pressures to achieve
significant reaction rates, thus avoiding the need for expensive
high-pressure equipment. The DC process is not restrained by

the requirements of high quantity and high concentration of the
present AO process. Also, the distillation step of the AO process
is eliminated, which leads to significant energy savings.
Portability of the microreactors opens the possibility of
installing microreactor plants at the end-users’ sites, leading
to greatly decreased transportation costs.

In this study, we describe the production of H,O, in a
microreactor by the direct combination process. Optimum
operating conditions were found that enable us to obtain
1.3 wt% H,0, using a catalyst prepared in-house. The H,O,
synthesis step was studied in a differential microreactor with
the suppression of other reactions and kinetics of this reaction
were obtained.

1.2. Reaction pathways involved in the DC process

Reactions that take place in parallel and in series in the
synthesis of H,O, by the DC process are shown in Scheme 1.
H,O, synthesis, the desired reaction, is numbered as reaction
(1). Reaction (2) is direct formation of water, which is in
parallel with reaction (1). Reaction (3) is decomposition of
H,0, by reduction, and reaction (4) is H,O, decomposition by
disproportionation. Both reaction (3) and reaction (4) are in
series with reaction (1).

The main products of DC process are hydrogen peroxide and
water. The optimum catalyst and operating conditions are such
that will improve the yield of H,O, by favoring reaction (1),
while suppressing reactions (2)—(4) as much as possible.

A growing number of researchers who studied the DC
process focused on determining the reaction mechanisms, and
on clarifying the relative importance of the multiple reactions.
The earliest work on direct formation of H,O, in scientific
literature was done by the group of Pospelova [18-20], who
described the essential properties of this system and proposed a
mechanism for H,O, synthesis that involved dissociative
adsorption of H, on an active site consisting of two palladium
atoms, non-dissociative adsorption of O, on the same site, and a
surface reaction between H, and O, to form H,O, through a
HO,  intermediate. The same group also found that certain
halide salts and acids can act as promoters for H,O, formation.
The fact that O-O bond does not dissociate during H,O,
formation was experimentally confirmed by Dissanyake and
Lunsford [21] and the presence of HO,  on catalyst surface
during the reaction was discovered by Sivadinarayana et al.

[22].

H-O + ' 0,
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Scheme 1. Reactions involved in the formation of hydrogen peroxide [17].
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The promoting effect of halides on formation of H,O, was
clarified by Chinta and Lunsford [23], who demonstrated that
Br~ inhibits the direct formation of water, rather than slows
down either the reduction or decomposition of H,O,, most
likely by poisoning the catalytic sites active in breaking the O—
O bond to form water [24]. C1™ has the same effect as Br—, but
higher concentrations are required [25]. When H™ is present in
sufficient concentration in the reaction medium, reaction (3) is
suppressed and can be neglected, so that H,O, is consumed
only through reaction (4) [17,23].

The sole attempt to determine the kinetics of DC reactions
was made by Melada et al. [26], who obtained power law rate
constants for reactions (1)—(3) by non-linear regression of a
system of simultaneous equations with mass balances of all
components. The experiments were run with gas compositions
below the explosive limit and the disproportionation reaction
(4) was found to be negligible at their experimental conditions.
However, these rate expressions cannot be used to predict the
rate of direct H,O, formation at higher hydrogen concentra-
tions (above the explosive limit) because catalytic reactions can
be approximated by a power law only at a low coverage of the
catalyst surface [27]. A rate expression that takes into account
the effect of surface coverage on the reaction rate, such as a
Langmuir—Hinshelwood expression, is more appropriate for a
complete description of the kinetics.

The goal of this work is to obtain Langmuir-Hinshelwood
rate expressions that can be used for rational design of a
microreactor for production of hydrogen peroxide. A
complete and usable rate expression at high H, concentra-
tions has not been obtained in the past because of the danger
and complexity of this reaction. In this work, instead of
regressing the complete mass balance for Eqgs. (1)—(4), we
decided to obtain the kinetics of each reaction separately by
isolating them. Operating conditions were found where
reactions (1) and (3) could be isolated and studied one at a
time, while reactions (2) and (4) were negligible. The
conditions were as follows:

1.2.1. Synthesis (reaction (1))

We found that the selectivity of this reaction for H,O, is
100% when the conversion of reactants is very small (less than
approximately 2% for H,).

1.2.2. Direct formation of water (reaction (2))
This reaction can be neglected when the selectivity for HO,
is 100%.

1.2.3. Reduction (reaction (3))

This reaction was isolated by using a mixture of hydrogen
and nitrogen in the gas phase and an H,O, solution with 1% (w/
w) H,SO,4 and 10 ppm NaBr in the liquid phase.

1.2.4. Disproportionation (reaction (4))

This reaction was found to be negligible when 1% (w/w)
H,SO,4 and 10 ppm NaBr were present in the solvent.

Thus, when the rate expressions for reactions (1) and (3) are
known, the overall kinetics of H,O, formation can be

expressed as

rH,0, = F1 — I3. (1)

2. Experimental methods
2.1. Materials

The reactants for H>O, synthesis were hydrogen (Ultra High
Purity, Praxair) and oxygen in the form of air (Extra Dry,
Praxair), which were passed through a 2-pm filter before
entering the reactor. Nitrogen (Ultra High Purity, Praxair) was
used to dilute the gas stream. The liquid phase consisted of
deionized water with 1% (w/w) H,SO,4 (A.C.S. reagent grade,
95-98%, Aldrich), and 10 ppm NaBr (Aldrich) as promoters
and stabilizers of H,0,.

2.2. Catalyst preparation

The catalyst used for all experiments was 2% Pd on SiO,,
prepared by the sol-gel method with PdCl, as the source of
palladium. The gel was prepared from tetracthoxysilane
(TEOS), ethanol and water [28] and calcined. The calcined
catalyst was ground and sieved to obtain particles with a
diameter between 75 and 150 pm. Surface area of the catalyst
was 603 m%/g (multi-point BET technique, using Quanto-
chrome Instruments Autosorb-1) and a dispersion of 18.1%
(FEG-TEM, Model CM20, Philips, Eindhoven, Netherlands).
A total of six batches of catalyst were prepared using this
procedure, each batch producing H,O, at a space-time yield
within 5% of the average STY when tested at identical
conditions, thus demonstrating the reproducibility of the
catalyst.

2.3. H,0, synthesis

A schematic of the experimental set-up used for all
experiments is shown in Fig. 1. The flow rates of hydrogen,
oxygen (as air) and nitrogen were controlled by mass flow
controllers (Porter Model 201). Flow rate of the solvent was
controlled by an HPLC pump (Lab Alliance Series III) and the
solvent was combined with mixed gas in a PTFE micromixer
(Upchurch). All streams flowed in (1/16) in. 316L SS tubing
with 765 wm i.d. The microreactor consisted of the same type
of tubing packed with catalyst, enclosed with filters of
polypropylene wool for retaining the catalyst, and connected
to the system horizontally with PTFE fittings (Upchurch).
Amount of the catalyst packed into the microreactor varied
between 4 and 21 mg. Length of the microreactor was chosen
such that about 2-3 cm of empty tubing would remain after the
catalyst was packed. The empty space was then packed with
glass beads of the same size range as the catalyst in order to
prevent the catalyst particles from blocking the retaining filter
at the downstream end of the reactor.

As safety precautions, flame arrestors were installed on all
gas lines downstream of the mass flow controllers and the gas
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Fig. 1. Experimental set-up for synthesis of H,O,.

stream was diluted with nitrogen to a composition below the
explosive limit prior to leaving (1/16) in. tubing at the system’s
outlet.

Temperature in the microreactor was controlled by
immersing it in a constant-temperature water bath
(Thermo-Haake DC10). Pressure was controlled by a back-
pressure regulator (Circle Valve Technologies) and con-
tinuously recorded using LabView software. Concentration
of H,O, in the liquid phase was determined by titration
with potassium permanganate and composition of the gas
phase was measured by a Shimadzu GC-14B gas chro-
matograph with a Mole Sieve SA column at 35 °C and argon
as carrier gas. Pressure drop across the reactor varied
between approximately 3 and 17% of the inlet pressure
(depending on the total flow rate), however the average of
pressures at the inlet and outlet of the reactor was maintained
at 300 psig for all experiments, unless stated otherwise. The
gas—liquid ratio was held constant at 440 (v/v, at standard
conditions).

Productivity was expressed as space—time yield, calculated
as

CH,0,Flig

STY =
w

2

Conversion was calculated on the basis of the limiting
reactant (H, or O,) and selectivity was calculated using the

following equation:

moles of H,O, formed

x 100%. (3)

selectivity = —
Y moles of limiting reactant reacted

The kinetic experiments were done in a differential reactor
with 4 mg of catalyst, where length of the reactor was 4 cm,
approximately 2 cm of which was packed with catalyst and the
remainder with glass beads. Conversion of the limiting reactant
was between 1 and 2%. At such small conversions, space—time
yield can be assumed to be the intrinsic reaction rate. For all
experiments, the reported reaction rates are steady state values
measured after the reactor performance has been stabilized for
about 2 h.

3. Results and discussion
3.1. Flow regime

Prior to determining the intrinsic kinetics of this reaction,
conditions have to be found where the gradient of reactant
concentrations between the bulk liquid and the catalyst surface
is negligible. Calculation of the mass transfer rate requires the
knowledge of the flow regime in the reactor because all known
correlations of mass transfer coefficients apply at specific flow
regimes. Flow regime in the microreactor at reaction conditions
was determined by flow visualization experiments, which were
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Fig. 2. Schematic of mass transfer steps in the microreactor. G/L: gas—liquid; L/
S: liquid-solid; G/L/S: gas—solid through a thin liquid film.

carried out by replacing the reactor with a transparent glass tube
with a square cross-section measuring 500 wm X 500 pwm. The
flow regime commonly seen in empty channels and at the flow
rates and channel dimensions used in this work is known as
Taylor flow [29]. This was confirmed for our system. When the
tube was packed with glass beads of the same size range as the
catalyst, the flow was still separated into distinct gas and liquid
slugs, but it was no longer typical Taylor flow because of the
continuous breaking of liquid slug boundaries by the glass
beads and long mist-like tails trailing behind liquid slugs. Fig. 2
shows a simplified schematic of the mass transfer steps in the
microreactor, where the flow regime is approximated by Taylor
flow. The mass transfer takes place by diffusion and can be
separated into three steps: from gas to liquid, from liquid
directly to solid, and from gas to solid through a thin liquid film.

3.2. External mass transfer gradient

A commonly used criterion for determining the relative
importance of an external mass transfer gradient is given by
Mills and Chaudhari [30]:

Ra
KaagCro <0.1. “)

For the system used here, the mass transfer coefficient
cannot be directly calculated because all of the known
correlations of mass transfer coefficients, such as the ones
for trickle or bubble flow in a packed bed [31] or Taylor flow in
an empty tube [32], cannot be applied to Taylor flow in a packed
bed. Instead, the presence of an external mass transfer
limitation was determined experimetally by varying the flow
velocity while keeping the residence time, or the F/W ratio,
constant. Velocity affects the gas-liquid mass transfer by
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Fig. 3. Effect of total flow velocity on formation of H,O,. Reaction condi-
tions—gas composition: 9.1% H, in air, total pressure = 300 psig, 7 =50 °C,
residence time (in empty reactor) = 1.1 s.

increasing the circulation inside liquid slugs and by decreasing
the thickness of liquid film covering the catalyst particles. The
results (Fig. 3) show that the reaction rate does not depend on
flow velocity, which implies that the reactant concentration
gradient between the catalyst surface and the bulk liquid phase
is insignificant compared to the bulk liquid concentrations as
long as the total superficial flow velocity is above 0.02 m/s.
Thus, we can consider the criterion in Eq. (4) satisfied, which
allows us to calculate the minimum mass transfer coefficient by
setting the ratio in Eq. (4) equal to unity. This results in a lower
limit for kgag of 8 s7! (calculated at 150 g H>O,/g Pd/h),
which is in the range of k4a, values obtained by Losey at al.
[33] in a packed-bed microreactor (5—15 sfl).

3.3. Internal mass transfer and heat transfer gradients

Ratio of the observed reaction rate to the internal diffusion
rate in the porous catalyst is given by the Weisz modulus:

Ru, ppRy*

My = ——.
Deff,l-lz CHZ,sat

(&)

Pore diffusion limitations can be considered absent when
M,, < 1. Effective diffusivities, calculated using the typical
range of values of porosity (0.4-0.6), tortuosity (2-8) and
constriction factor (0.7-0.8) [34], were estimated for the gas
and liquid phases, and then used to calculate the overall
effective diffusivity by scaling the values for each phase by the
fractions of that phase in the reactor feed. At the highest
reaction rate measured in kinetic experiments (316 g H,O,/
g Pd/h), the Weisz modulus was calculated to be between 0.09
and 0.25, implying negligible pore diffusion limitations.

Mears [35] derived a criterion for determining the presence
of an interparticle heat transfer limitation. If the inequality in
Eq. (6) is satisfied, then the radial temperature difference in the
reactor is no more than 5%:

— AH(—rg,)d,> RT
| (Cr)dp’| 5 4 RTw (6)
ATy E,

Effective thermal conductivity, A., was estimated to be
0.1 W/m K, which is a typical value for porous catalysts [36].
The left-hand side of Eq. (6) is calculated to be seven orders of
magnitude smaller than the right-hand side, so that we can
consider the microreactor to be isothermal.

3.4. Effects of temperature and pressure

Experiments were carried out at various pressures and
temperatures in order to find the optimum parameters for
production of 1 wt% H,O, and for further kinetic experiments.
Effect of temperature on the reactor performance can be seen in
Fig. 4. Space—time yield, conversion and selectivity increase
with temperature and then stabilize. The initial increase in
selectivity must be due to the rate of synthesis reaction
increasing with temperature faster than the rate of reduction,
which implies that the activation energy of synthesis is higher
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than that of reduction. All three curves become independent of
temperature above 42 °C.

Fig. 5 shows the effect of total pressure. The residence time
was kept constant by maintaining a constant F/W ratio.
Selectivity increases, while H, and O, conversions decrease
with pressure, and then stabilize above 200 psia, while the
space—time yield increases almost linearly with pressure. The
increase in selectivity with pressure may be due to one of, or
both, of two factors: (1) the rate of reaction (1) may have a
stronger dependence on the partial pressures of hydrogen and
oxygen than the rate of reaction (3), and (2) the direct
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Fig. 5. Effect of total pressure on formation of H,O,. Reaction conditions—gas
composition: 9.1% H, in air, T=42 °C, residence time (in empty reac-
tor)=1.1s.
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formation of water may be significant at lower pressures, but
decreases at 300 psig. The decrease in O, conversion, and the
fact that selectivity for H,O, is 100% at 300 psig and with very
small conversions (<2%), support the second explanation.
Based on the data in Figs. 4 and 5, kinetic experiments were
carried out at an average total pressure of 300 psig and at 35—
50 °C because the selectivity and productivity are highest at
these conditions.

3.5. Kinetic experiments

Kinetic data for the synthesis of H,O, is shown in Fig. 6. The
data in Fig. 6A were obtained by varying Po, while keeping the
total pressure and Py, constant by corresponding adjustments
in flow rates of N, and air. Similarly, in Fig. 6B, Po, and the
total pressure were kept constant and Py, varied. We propose
three possible mechanisms for the synthesis reaction (mechan-
isms 1-3 in Table 1), such that each mechanism follows the
general reaction scheme described by Pospelova et al. [18], as
mentioned above. A fourth mechanism was proposed by Zhou
and Lee [14], named mechanism 4 in Table 1. Langmuir—
Hinshelwood rate expressions were derived based on each of
the mechanisms and are also shown in Table 1. Surface reaction
was assumed to be the rate-determining step for all four
mechanisms because the reaction rate becomes independent of
reactant concentrations as the concentrations increase and then
slowly decreases, which implies that the adsorption steps are in
equilibrium. Mechanism 4 was selected as the best-fitting
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Table 1

Proposed mechanisms for synthesis of H,O, (*cata]ytic site)

Mechanism no. Mechanism Rate law

1 H,+2" —2H" k3K, Ko, P, Po,

H" + 0, — "HO,
H' + "HO, — H,0, + 2"

2 H,+"—H"H
* + 02 — “‘02
"0, +H"H — H"HO, + ~
H™"HO, — H,00+ ™"

3 H,+ " —H"H
“+0,— 70,
“0,+H"H — H"HO, +
H™"HO, — H,00+ ™"

*

4 Hz + * — *Hz
0.+ =70,
"0, + "H, — HHO,
H"HO, — H,0,+""

r= 5
2
(1+(Kny Puy) ' /*+Ko, (K, Puy)'/*Po, )

k3Ku, Ko, PH, Po,

r= <
(1+(Kny Py /*+Ko, Poy )

12\ 4
1+(14+2Kp, Pr, 2K0, Po, ) >

r = k3Ky, Ko, P, Po, ( Ku, Pu, +Ko, Po,

_ _ ksKn, Ko, P, Po,
=22 2
(1+Kn, Py +Ko, Po, )

Table 2
Kinetic constants of reaction (1) at different temperatures
T (°C) R? k (g H,O,/g Pd/h) Ku, (psi™h) Ko, (psi™h
35 0.99958 1619.24 + 141.17 0.0386 £ 0.0061 0.027 £ 0.0035
42 0.99863 1897.68 £ 317.10 0.0391 £ 0.012 0.025 £ 0.0065
50 0.98668 2424.86 + 232.97 0.046 £ 0.0094 0.021 £ 0.0040
Table 3
Arrhenius constants of reaction (1)

k Ky, Ko,
Activation or adsorption energy (kJ/mol) 22.34 10.05 —12.19
Pre-exponential factor 9.81 x 107°® g H,0,/g Pd/hr 1.90 psi ™! 233 x 10 * psi”!

model because it had the highest R* values of kinetic and
Arrhenius curves. Values of the kinetic parameters with their
95% confidence intervals (Table 2) were calculated by non-
linear regression using the Levenberg—Marquardt algorithm.
Comparison of the kinetic data with the values predicted by
mechanism 4 is shown in Fig. 6 (where the error bars are based
on at least two replications). Conversion and selectivity were
measured only for the points with highest concentrations of
reactants because it was confirmed that, if the selectivity is
100% at higher concentrations of the reactants, then it will
remain at 100% when the concentration of reactants, and
consequently the reaction rates, are decreased, as long as the
total flow rates and catalyst amount (i.e. residence time) were
kept constant.

Table 3 shows the calculated Arrhenius constants of the
kinetic parameters. The activation energy (22.34 kJ/mol) can be
compared to that of a similar reaction with the same number of
bonds broken and formed, namely the hydrogenation of
ethylene. Experimental measurements of the activation energy
for this reaction range between 25.1 and 46 kJ/mol [37], which
is close to the activation energy of H,O, synthesis determined
here.

4. Conclusion

A packed-bed microreactor for direct production of
hydrogen peroxide at moderate temperature and pressure
was demonstrated. The reactor was operated at varied
temperatures and pressures in order to find optimum conditions
for the production of 1 wt% H,0,. Effect of flow velocity at a
constant F/W ratio was negligible, which implies that the
reaction is kinetically controlled, as opposed to mass transfer
controlled. Internal mass transfer and heat transfer limitations
were found to be negligible. Since the direct combination
process is actually a network of reactions involving synthesis
and consumption of H,O,, the rate expressions for each
reaction must be determined and then combined into an overall
rate expression. In this paper, the rate expression for H,O,
synthesis was obtained by operating the microreactor at 100%
selectivity for H,O,, thus isolating the synthesis reaction.

It is a common practice to verify rate expressions obtained
using a differential reactor by comparing experimental and
predicted reaction rates in an integral reactor. In case of reaction
(1), such verification is impossible because the selectivity for
H,0, decreases below 100% at conversions higher than those in
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a differential reactor. The rate expressions described in this
study will be verified and reported in a future publication,
where the determination of kinetics of reaction (3) will be
described and Eq. (1) will be used to predict the rates of H,O,
formation in an integral reactor.
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