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bstract

A microstructured catalytic reactor for the oxidation of organic compounds has been fabricated from aluminum alloy AlMgSiCu1 (6082 series,
l51st). The catalyst section was assembled of 63 microstructured plates with catalytic coating. In each plate of 416 �m thickness, 45 semi-

ylindrical microchannels of 208 �m in radius with a distance in between of 150 �m were electrodischarge machined. A porous alumina layer of
9 ± 1 �m thickness was produced on the plates by anodic oxidation. The resulting coatings were impregnated with an aqueous solution of copper
ichromate followed by drying and calcination at 450 ◦C to produce active catalysts. Kinetics of deep oxidation of organic compounds n-butane,
thanol, and isopropanol was studied in the reactor at 150–360 ◦C and of 1,1-dimethylhydrazine (unsymmetrical dimethylhydrazine, UDMH) at
00–375 ◦C. Intermediate reaction products in the reactions of alcohols and UDMH oxidation were identified. For UDMH, these are methane,

imethylamine, formaldehyde 1,1-dimethylhydrazone, and 1,2-dimethyldiazene. Nitrogen atoms from the UDMH and N-containing intermediates
ere shown to convert mainly to N2. Kinetic parameters of the reactions of n-butane and alcohols (rate constants and apparent activation energies)
ere calculated using kinetic modeling based on a modified method of quickest descent.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Since their first appearance in the 1990s, microstructured
eactors (microreactors) have found the numerous areas of appli-
ation in chemical research, development and production due
o a number of their advantages compared to conventional reac-
ors, such as miniature dimensions, more precise process control
ptions, higher efficiency and safety [1,2]. One of the examples
f processes successfully realized in catalytic microreactors is
as phase oxidation of various compounds, both partial and deep,
ith such goals as thermal energy production [3,4], generation
f H2 to be further used in the fuel cells and other types of
ower systems [5,6], purification of air from hazardous volatile
rganic compounds (VOCs) [7,8], synthesis of valuable chemi-
als [9,10], etc., as well as kinetic studies of the relevant reaction

echanisms [11–13]. In the latter case, one can rely upon such

nique features of microreactors as high uniformity of tempera-
ure and concentration profiles among the microchannels, as well

∗ Corresponding author. Tel.: +7 383 330 62 19; fax: +7 383 339 73 52.
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s possibility to function in the kinetic rate-controlling regime
n wide temperature range [1,2]. Though the mechanisms of
as phase oxidation of several types of compounds in catalytic
icroreactors have been extensively studied, including hydro-

en [11], ammonia [12], carbon monoxide [13], there is still very
imited information about the oxidation of organic compounds
14,15].

In this paper, we present results on kinetic testing of a
icrostructured catalytic reactor with Cu–Cr oxide catalyst

upported on anodized aluminum plates, developed for the
tudy of total catalytic oxidation of organic compounds.

odel compounds with high heat of combustion, such as
-butane (�Hc,gas = −2877.5 kJ/mol), ethanol (�Hc,liq =
1367.6 kJ/mol), isopropanol (�Hc,liq = −2006.9 kJ/mol),

nd unsymmetrical dimethylhydrazine (UDMH, �Hc,liq =
1978.7 kJ/mol) were selected for the study, representing

ifferent classes of organic compounds—alkanes, alcohols, and
ydrazine derivatives. Special attention was paid to UDMH.

his compound is a component of the high-energy propellant

or liquid-fueled rockets used in Russia, China, and the U.S.
DMH is a highly toxic compound, close to chemical warfare

gents according to its effect on biological objects. The

mailto:zri@catalysis.ru
dx.doi.org/10.1016/j.cej.2007.07.036
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aximum allowable concentration for UDMH is 0.1 ppm. The
.S. National Institute for Occupational Safety and Health

ecommends an exposure limit of 0.06 ppm (0.15 mg/m3)
s a ceiling concentration [16]. In Russia the maximum
llowable concentration is 0.1 mg/m3 for working areas and
.001 mg/m3 for populated areas [17]. At the moment, there
re no specialized industrial facilities for UDMH treatment,
s well as no reliable treatment technologies for UDMH, its
apors, and waste containing it, that meet economical and envi-
onmental requirements [18]. We believe that for the treatment
f hazardous organic compounds microreactor technology
sing catalytic oxidation is superior to others because of the
ossibilities, first, to prevent the onset of explosive reaction
egimes in microchannels with large surface-to-volume ratios
9,11] and, second, to minimize the occurrence of “hot spots”
y using high heat and mass transfer rates and short contact
imes characteristic for microreactors [12,13]. Furthermore,
ven if the microreactor fails, small quantity of chemicals
eleased accidentally could be easily contained [1,2].

Microreactor was developed at the Eindhoven University of
echnology in several steps using the methods of computational
uid dynamics (CFD) in order to obtain its overall dimensions,
rst, with the minimal pressure and temperature gradients and,
econd, with the maximally uniform flow distribution over the
nlets of microchannels. The first task was accomplished by
sing the initially estimated kinetics of n-butane oxidation on
ndividual microstructured plates [19]. For the second task, an
riginal type of inlet flow diffuser was developed using the
AMBIT 2.0 and FLUENT 6.1 software [20], also account-

ng for some earlier diffuser developments [21]. The goal of
his paper is to study oxidation kinetics of the above-mentioned
rganic compounds in the microreactor, with variation of initial
oncentrations of oxidized compounds and oxygen, gas hourly
pace velocity (GHSV) and catalyst temperature, and to apply
inetic modeling for the calculation of reaction rate parameters.

. Experimental

.1. Microstructured plates

The aluminum alloy AlMgSiCu1 (6082 series, Al51st) was
elected as base microreactor material due to its high heat
onductivity and the possibility to prepare a strong porous
lumina layer by anodic oxidation. For the microreactor fab-
ication, Al51st plates with a length of 40 mm and a width
f 26.62 mm were taken. These plates, being electrodischarge
achined (EDM) by the method of “two incisions”, provided
surface roughness of microchannel walls (Ra) below 2.0 �m,
hich was impossible to obtain with pure aluminum. In each
late of 416 �m thickness, 45 semi-cylindrical microchannels
f 208 �m in radius with a distance in between of 150 �m were
achined [19].
.2. Coating development

Porous alumina layer was produced by anodic oxidation of
he microstructured Al51st alloy plates in 3.5 wt.% oxalic acid

b
i
d
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olution at 1.0 ± 0.1 ◦C for 23 h under current-controlled condi-
ions. The produced alumina layer has cylindrical pores with an
verage diameter of ca. 40 ± 5 nm and a uniform thickness of
9 ± 1 �m. The used method of anodic oxidation is described
n detail in [19].

.3. Catalyst preparation

Method of catalyst preparation was developed and optimized
n [19]. Microstructured Al51st alloy plates with the anodic alu-

ina layer were degreased with acetone and calcined at 300 ◦C.
atalysts were prepared by impregnation of these plates by an
queous solution of copper dichromate (410 mg/ml) for 20 min.
hen, the excess solution was wiped off with filter paper, fol-

owed by drying under an IR lamp for 1 h and calcination at
50 ◦C for 4 h. Characterization of the catalytic coatings by X-
ay photoelectron spectroscopy (XPS), electron spectroscopy
f diffuse reflectance (ESDR), chemical analysis, and X-ray
icroprobe analysis showed that the catalyst contains uniformly

istributed Cu(II) and Cr(III) oxides having total content of
wt.% with respect to the mass of alumina layer [19].

.4. Microreactor assembling

Microreactor catalyst section is assembled from 63
icrostructured plates with catalytic coatings. This section has
size of ca. 27 mm × 34 mm × 40 mm and contains 2835 semi-
ylindrical microchannels. Microreactor has inlet section with a
pecially designed flow diffuser to achieve maximally uniform
eaction mixture velocity distribution at the entrance of each
icrochannel [20,22] and an outlet quench section cooled by
ater and ethylene glycol to decrease the temperature of gases

eaving catalyst section, thus preventing subsequent homoge-
eous gas phase reactions (Fig. 1).

.5. Experimental setup

Microreactor is connected to an automatic PC-interfaced
xperimental setup equipped with the digital mass-flow con-
rollers (Bronkhorst Hi-Tec) for preparation and supply of
eaction mixtures and with the temperature controllers. Supply
f liquid vapors was performed using saturator with helium as
carrier gas. All the gas lines are placed inside air thermostat
eated to 60 ◦C, where temperature control of all the principal
nits is provided by a controller “Varta TP 403” and registra-
or “Oven UKT 38” using chromel–alumel thermocouples with
n accuracy of 0.1 ◦C. Temperature control in the resistively
eated microreactor is performed by a controller “West 6100+”
nd registrator “Voltcraft K204 Datalogger” via another group of
hromel–alumel thermocouples, also with an accuracy of 0.1 ◦C.
rior to each daily experiment, catalyst in the microreactor has
ndergone oxidative pretreatment cycle for 1 h using approxi-
ately the same mixture composition of O2 and inert gas (N2 for
utane, ethanol, and isopropanol; He for UDMH) as afterwards
n the experiment with addition of organic compound to be oxi-
ized, and at the maximal value of temperature to be reached in
xperiment.
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n-butane conversion on GHSV (Fig. 2), temperatures (Fig. 3)
and initial concentration of oxygen were found to be in agree-
ment with the first and almost zeroth reaction rate orders
of n-butane and oxygen, respectively, and the rate constants
ig. 1. Cross-section of the catalytic microstructured reactor with photos of its
nlet region of microstructured catalytic plates assembled in the housing, quenc

Analysis of the reaction mixtures before and after reactor
as performed with a gas chromatograph “Kristall-2000M”

quipped with simultaneously operating thermal conductivity
etector (TCD) and flame ionization detector (FID).

On the TCD, a stainless steel chromatographic column with
iameter of 3 mm and length of 2 m (3 mm × 2 m) with active
arbon “SKT” was used for separation and analysis of CO2 and
2O. Similar column with NaX molecular sieves was used for

he analysis of O2, N2, and CO.
For analysis of n-butane and alcohols with FID, a stainless

teel chromatographic column of 3 mm × 1 m with the sorbent
HayeSep Q-S” was used. Analysis of unsymmetrical dimethyl-
ydrazine and products of its oxidation was performed using a
tainless steel column of 2 mm × 3 m with a “Tenax” sorbent.

. Results and discussions

.1. n-Butane oxidation

Oxidation of n-butane with air was studied at initial concen-
ration of 0.2 mmol/l, GHSV in the range of 1600–10,700 h−1,
emperature 150–360 ◦C. The dependencies of n-butane conver-
ion on space velocities and temperatures are shown in Fig. 2.
omparison of curves 2 and 3 in Fig. 2 shows that presence of

he inlet flow diffuser improves n-butane conversion by sev-
ral % in the whole studied temperature range (example at
HSV = 5360 h−1). This is in qualitative accordance with what

s expected based on modeling of such diffuser [20,22] and
lready tested experimentally in the similar types of microre-

ctors [21]. Oxidation of n-butane proceeds with the formation
f deep oxidation products CO2 and H2O in the whole tem-
erature range (Fig. 3). No products of partial oxidation were
etected.

F
m
v
1

dual parts: vertical and horizontal microchannel sections of inlet flow diffuser,
ion with coolant inlet and outlet.

It is known from literature that the Langmuir–Hinshelwood
L–H) type of mechanism is often assumed for the reactions
f heterogeneous catalytic oxidation of gaseous organic com-
ounds, such as alkanes, alcohols, and nitrogen-containing ones
see for example [19] and references therein). By applying the
–H approach, the reaction rate order of n-butane for its deep
atalytic oxidation in the excess of oxygen is close to unity,
hile for the oxygen this order is close to zero [23,24]. In

he case of our microreactor, the observed dependencies of
ig. 2. n-Butane conversion vs. temperature upon oxidation with air in the
icroreactor at initial n-butane concentration 0.2 mmol/l and different GHSV

alues: (1) 1600 h−1, (2) 5360 h−1, (3) 5360 h−1 without inlet flow diffuser, (4)
0,700 h−1; GHSV calculated with respect to the volume of catalyst coating.
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ig. 3. n-Butane concentration (1), CO2 concentration (2), and n-butane con-
ersion (3) vs. temperature upon oxidation in the microreactor with air at initial
-butane concentration 0.2 mmol/l and GHSV = 5360 h−1.

were accordingly calculated using the plug flow approxi-
ation.
The Arrhenius plots of calculated dependencies of ln k versus

/T for different values of GHSV in the microreactor are shown
n Fig. 4 and compared to the one of reference pelletted catalyst
7 wt.%CuCr2O4/Al2O3 with a granule size of 1.0–1.6 mm. The
esults show that at low temperatures (below 280 ◦C, on the right-
and side from respective projection on 1/T axis) activity of the
elletted catalyst is 1.5–2 times more than that of the microstruc-
ured catalyst containing 5 wt.% active component. At higher
emperatures the microstructured catalyst exhibits higher effi-
iency probably due to the absence of diffusion limitations (this
s commented further), while the presence of such limitations
internal and external) may affect the reaction rate in case of pel-

etted catalyst at temperatures above 280 ◦C. This can be seen
n Fig. 4 from the decrease of slope of curve 4 by a factor of

on the left-hand side from respective projection on 1/T axis.
he upper temperature limit for the pelletted catalyst shown in

ig. 4. Temperature dependencies of ln k upon n-butane oxidation with air at ini-
ial n-butane concentration 0.2 mmol/l: (1) microreactor, GHSV = 10,700 h−1,
2) microreactor, GHSV = 5360 h−1, (3) microreactor, GHSV = 1600 h−1, (4)
elletted catalyst 17 wt.%CuCr2O4/�-Al2O3, GHSV = 1000 h−1. Projections on
/T axis by dotted lines: temperatures of 280 ◦C (0.0018 K−1), 325 ◦C and
75 ◦C.
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ig. 4 is 375 ◦C, and for the microstructured catalyst it is 325 ◦C.
he latter temperature is shown as the limiting one only for the
raphical simplicity reasons because, in fact, curves 1–3 hold
lmost constant slopes (which, in turn, can be interpreted as the
ontinuing absence of diffusion limitations) up to the highest
emperature used for n-butane oxidation experiments in microre-
ctor, 360 ◦C (Fig. 3). For the experimental safety reasons, this
emperature is approximately 200 ◦C less than the melting point
f Al51st alloy (555 ◦C) used for microreactor fabrication.

Actually, we have shown previously [19] that for the reaction
f butane oxidation over pelletted catalyst the Weisz modulusψ
s below 0.1 at 300 ◦C, indicating the absence of concentration
radients inside granule, but at higher temperatures 350–400 ◦C
his value is over 0.1, which is the evidence that internal dif-
usion has inhibiting effect on the reaction rate. Calculations
how that the value of Weisz modulus remains below 0.1 for the
icrostructured catalyst at temperatures up to 500 ◦C, proving

hat microstructured reactors of this type allow to study intrinsic
inetics in a wide temperature range.

Calculated apparent activation energies of n-butane oxida-
ion are within the range of 71–84 kJ/mol, which is close to the
iterature data [23,24].

.2. Ethanol oxidation

Ethanol oxidation in the microreactor was studied at ethanol
nitial concentration in the proximity of 0.45 mmol/l (1 vol.%),
xygen initial concentrations in the range of 4.5–31.2 mmol/l
10–70 vol.%), GHSV in the range of 1600–10,700 h−1, tem-
erature 150–325 ◦C.

Results of the experiments are shown in Figs. 5–7. At tem-
eratures below 300 ◦C, the reaction products contain CO2 and
lso the products of partial oxidation—acetaldehyde and CO. At
igher temperature (325 ◦C) mainly CO2 is formed, with con-
entrations corresponding to the stoichiometry of ethanol deep

xidation. No products of partial oxidation were detected at this
emperature (Fig. 5). To verify the results of GC analysis for the
eaction mixture of ethanol and its oxidation products, carbon
alance data are also included in Fig. 5 for all the temperatures

ig. 5. Temperature dependencies of product concentrations upon ethanol oxi-
ation in the microreactor. Initial concentrations: ethanol 0.45 mmol/l, O2

.9 mmol/l (20 vol.%); GHSV = 5360 h−1.
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Fig. 6. Temperature dependencies of ethanol conversion upon its oxidation in
the microreactor. Initial concentration of ethanol approximately 0.45 mmol/l
(1 vol.%). Initial O2 concentration variable: (1) 4.5 mmol/l (10 vol.%) (ethanol
1
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.3 vol.%), (2) 8.9 mmol/l (20 vol.%) (ethanol 1.1 vol.%), (3) 22.3 mmol/l
50 vol.%) (ethanol 1.3 vol.%), (4) 31.2 mmol/l (70 vol.%) (ethanol 1.1 vol.%);
HSV = 5360 h−1.

here measurements were made, showing comparison of car-
on atom concentrations (mmol/l) in the reacted C2H5OH versus
otal in the products formed (CO2, CO, and CH3CHO). Carbon
alance appears in overall satisfactory, within relative 10% for
ll the temperatures except for those around 200 ◦C. The latter
argest deviation can be explained by the uncertainties in GC
nalysis of products at low concentrations.

Experiments with variation of initial oxygen concentra-
ion showed that ethanol conversion increases with oxygen
oncentration in the medium- and high-temperature range of
00–325 ◦C (Fig. 6). Some deviations from this general trend are
bserved in the low-temperature range (150–175 ◦C), which will
e explained further by referring to variations (1.1–1.3 vol.%) in

he initial ethanol concentration. Thus, by contrast to n-butane,
he reaction rate of ethanol oxidation depends both on the con-
entrations of ethanol and oxygen.

ig. 7. Composition of reaction products vs. temperature upon ethanol oxidation
n the microreactor. Initial concentrations: ethanol 0.45 mmol/l, O2 8.9 mmol/l
20 vol.%); GHSV = 5360 h−1; (1) ethanol, (2) acetaldehyde, (3) carbon dioxide.
he points refer to the experimental data and the lines refer to the results of
odeling.
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Formation of acetaldehyde as the intermediate reaction prod-
ct during ethanol oxidation over conventional noble metal and
xide catalysts was as reported previously [25–28]. On the noble
etal catalysts Pt/Al2O3 [25], Pd/CeO2–TiO2 [28], in addition

o acetaldehyde, the formation of acetic acid and traces of ethyl
cetate and ethylene was observed.

The authors of [26,28] used consecutive reaction schemes for
he interpretation of observed results. According to literature,
eaction includes the following steps:

2H5OH + 1
2 O2 → CH3CHO + H2O (1)

H3CHO + 5
2 O2 → 2CO2 + 2H2O (2)

To obtain formal kinetic equations for the reactions (1) and
2) which would agree with the experimental data, we used soft-
are developed at the Boreskov Institute of Catalysis [29], based
n a modified method of quickest descent. The quality of exper-
mental data fit for every tested hypothetic kinetic model was
stimated by two parameters—the mean absolute deviation of
oncentrations and the relative confidence interval for model
arameters. Criterion of the correctness of obtained results is
he invariability of values of the reaction constants for different
xperimental series.

Based on the analysis of experimental data and on the assump-
ion of consecutive mechanism ((1) and (2)), we suggest the
ollowing kinetic model:

1 = k1CC2H5OHC
N
O2

(3)

2 = k2CCH3CHOC
M
O2

(4)

here Wi (i = 1, 2) are the reaction rates, ki the apparent rate
onstants including the product of pre-exponent and activation
nergy terms ki = k0,i exp(−Ei/RT), Cj the steady-state concen-
ration of reagent j in the gas phase, M and N are the reaction
ate orders by oxygen.

Our calculations showed that the reaction rate orders with
espect to ethanol and acetaldehyde were close to unity. As the
rst step, model with the first orders with respect to oxygen (M
nd N) was proposed (Model 1 in Table 1), but the data fit quality
ppeared to be only moderately good.

Much better results were obtained with Model 2, where reac-
ion orders with respect to oxygen were set as model parameters
o be defined. It was shown that the best fit with experimental
esults was found for Model 2 at values N = 0.4 and M = 0.8.
owever, we also tried Model 3 with fixed orders of 0.5 and 1,

espectively. Fitting quality in this case was only slightly worse
han that for Model 2, but Model 3 seems to be more physically
ound because it is more suited to the logic of mass action law
nd therefore it should be preferred. No special analysis of inter-
orrelation between kinetic constants was performed, though, to
ur experience, in case of good quality of solution (low values
f relative confidence interval, as it is seen in Table 1) the role

f such inter-correlation is not dramatic anyway. All available
ata points were used simultaneously for the parameter fit. In
he given case, when all experimental data belong to similar type
f experiments, such approach is reasonable.
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Table 1
Kinetic parameters for reaction of ethanol oxidation

Model k0,1 (s−1) k0,2 (s−1) E1 (kJ/mol) E2 (kJ/mol)

1 (9.64 ± 1.8) × 109 (1.48 ± 0.19) × 1014 92.2 ± 1.6 143.5 ± 1.1
2 (8.56 ± 0.06) × 107 (9.61 ± 0.69) × 1013 75.8 ± 0.6 142.3 ± 0.8
3 (2.06 ± 0.2) × 108 (3.33 ± 0.4) × 1015 79.1 ± 0.8 157.7 ± 1.0

Model NO2 MO2 Mean absolute deviation of concentrations (%) Mean relative confidence interval for model parameters (%)
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we assume that isopropanol is consumed in the parallel reac-
tion of formation of two intermediates—acetone and propylene,
which are further oxidized to CO2 and water. Based on the
approach similar to one used above for modeling ethanol oxida-
1 1 0.064
0.41 ± 0.04 0.82 ± 0.03 0.044
0.5 1 0.047

The earlier mentioned behavior of ethanol conversion curves
n the low-temperature range of Fig. 6 can be explained by the
ominating effect of reaction step (1) described by Eq. (3) where,
ue to the low conversion, steady-state concentration of ethanol
s high, close to initial one in the proximity of 1 vol.% (compare
ith Fig. 5). For the curves 1 and 3, initial concentration of

thanol is 1.3 vol.%, while for the curves 2 and 4, it is 1.1 vol.%,
nd thus curves 1 and 3 show higher conversion than curves
and 4 because of the higher reaction rates for curves 1 and

, according to the mass action law principle in Eq. (3). Also,
ased on Eq. (3) applied in the low-temperature range, variation
f the initial oxygen concentration seems to make only minor
ontribution to the ethanol conversion, which can be explained
y lower reaction rate order of oxygen compared to ethanol,
s well as by low activity of the catalyst at these temperatures.
ollowing the same logic, in the medium- and high-temperature
ange of Fig. 6, where the steady-state concentration of ethanol
s decreasing and the one of acetaldehyde is increasing with

maximum at 275 ◦C (Fig. 5), conversion of ethanol shows
orrelation with initial oxygen concentration, according to step
2) described by Eq. (4), where the reaction rate order of oxygen
s close to the one of acetaldehyde.

Fig. 7 illustrates good correspondence of the experimental
nd above outlined Model 3 data which can be used for engineer-
ng design of the microreactor. It should be noted that this model
epresents only a simplified reaction scheme and not the detailed
as-surface mechanism, which will require more experimental
ata.

.3. Isopropanol oxidation

Isopropanol oxidation in the microreactor was studied
t isopropanol initial concentration of 0.45 mmol/l, oxy-
en initial concentration in the range of 4.5–31.2 mmol/l
10–70 vol.%), GHSV in the range of 1600–10,700 h−1, tem-
erature 175–325 ◦C.

Oxidation of isopropanol at T < 325 ◦C proceeds also
ith formation of the intermediate products of partial
xidation—acetone and CO. In addition, a parallel reaction
f isopropanol dehydration with propylene formation takes

lace (Fig. 8). At T > 325 ◦C mainly the products of deep
xidation—CO2 and H2O are formed.

These results agree with literature data [30,31]. The authors
f [30] studied chemisorption, decomposition, and oxidation of

F
o
O

1.25
5.07
0.83

sopropanol on pure metal oxide catalysts. It was shown that
ll the catalysts with the exception of Fe2O3 and TiO2 exhibited
xtremely high selectivity at low temperatures (200 ◦C) to either
edOx or acidic reaction route products. Redox surface sites
ield acetone and acidic surface sites yield propylene. Accord-
ng to [30], Cu(II) and Cr(III) oxides in the microstructured
atalyst should be responsible for the acetone formation and
cidic sites on the alumina support should catalyze the reaction
f isopropanol dehydration with the formation of propylene.
t higher temperatures, these products are oxidized with the

ormation of CO2 and water.
Literature data and our experimental results allow to propose

he following overall simplified reaction scheme for isopropanol
xidation:

3H7OH → C3H6 + H2O (5)

3H7OH + 1
2 O2 → C3H6O + H2O (6)

3H6 + 9
2 O2 → 3CO2 + 3H2O (7)

3H6O + 4O2 → 3CO2 + 3H2O (8)

In this scheme, neglecting the small amounts of CO formed,
ig. 8. Temperature dependencies of product concentrations upon isopropanol
xidation in the microreactor. Initial concentrations: isopropanol 0.35 mmol/l,

2 8.9 mmol/l (20 vol.%); GHSV = 5360 h−1.
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Table 2
Kinetic parameters for reaction of isopropanol oxidation

k0,1 (×107 s−1) 8.32 ± 1.35
k0,2 (×107 s−1) 4.58 ± 0.07
k0,3 (×109 s−1) 6.75 ± 1.47
k0,4 (×1020 s−1) 1.39 ± 0.32
E1 (kJ/mol) 81.1 ± 1.4
E (kJ/mol) 71.6 ± 1.4
E
E

t

W

W

W

W

w
c
e
c
b

o
o
(
e
p
t
o
t

3

t

F
d
8
d

Table 3
Concentrations of products of UDMH oxidation (Cj) and total concentrations
of carbon (C�C) and nitrogen (C�N) (mmol/l) at different temperatures

T (◦C) CCH4 CDMA CDDA CMDMH CCO2 CN2 C�C C�N

200 0.0039 0.12 0.03 0.16 0.028 0.11 0.652 0.720
240 0.002 0.156 0.03 0.09 0.045 0.12 0.599 0.636
260 0.002 0.014 0.12 0.10 0.063 0.14 0.533 0.734

I
G

t
t
o
w
w
m
t

c
8
t
c
r
p
1
h
m
g
o
c
w
o
s

2

3 (kJ/mol) 95.7 ± 1.8

4 (kJ/mol) 210.3 ± 2.1

ion, the following rate equations are proposed:

1 = k1CC3H7OH (9)

2 = k2CC3H7OHC
0.5
O2

(10)

3 = k3CC3H6CO2 (11)

4 = k4CC3H6OCO2 (12)

here Wi (i = 1, 2, 3, 4) are the reaction rates, ki the apparent rate
onstants including the product of pre-exponent and activation
nergy terms ki = k0,i exp(−Ei/RT), Cj is the steady-state con-
entration of reagent j in the gas phase, the reaction rate orders
y oxygen are either 0, 0.5 or 1.

The calculated kinetic parameters for one of the isopropanol
xidation models are given in Table 2. Good correspondence
f the modeling and experimental data is illustrated by Fig. 9
mean deviation of calculated and experimental data was
qual to 0.065%, relative confidence interval for the model
arameters—1.6%). As in the case of ethanol, it should be noted
hat these results can be used for the calculation of concentrations
f isopropanol oxidation products under different conditions in
he microreactor with Cu–Cr oxide catalyst.
.4. Unsymmetrical dimethylhydrazine oxidation

Unsymmetrical dimethylhydrazine (UDMH) oxidation in
he microreactor was studied at an UDMH initial concen-

ig. 9. Composition of reaction products vs. temperature upon isopropanol oxi-
ation in the microreactor. Initial concentrations: isopropanol 0.35 mmol/l, O2

.9 mmol/l (20 vol.%); GHSV = 5360 h−1. The points refer to the experimental
ata and the lines refer to the results of modeling.

t
y
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t
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c
t
r

d
N
a
b
a
t
i
o
w

i
o

300 0.0005 0.0007 0.16 0.02 0.18 0.17 0.541 0.701

nitial concentrations: UDMH 0.4 mmol/l, O2 8.9 mmol/l (20 vol.%);
HSV = 5360 h−1.

ration of 0.16–0.4 mmol/l, oxygen initial concentration in
he range 8.9–31.2 mmol/l (20–70 vol.%), GHSV in the range
f 5360–10,700 h−1, temperature 200–375 ◦C. UDMH vapors
ere supplied from the saturator with a helium flow and diluted
ith helium and oxygen in the mixer to form initial reaction
ixtures. Helium was chosen for the reason to measure concen-

rations of nitrogen formed from UDMH.
First experiments which were performed at UDMH initial

oncentration of 0.4 mmol/l, oxygen initial concentration
.9 mmol/l (20 vol.%), GHSV = 5360 h−1, and temperature in
he range of 200–300 ◦C, showed that UDMH is completely
onverted to oxidation products already at 200 ◦C, where its
esidual concentration was below 0.001 mmol/l. Oxidation
roducts contain CH4, dimethylamine (CH3)2NH—DMA,
,2-dimethyldiazene CH3–N N–CH3—DDA, formalde-
yde dimethylhydrazone (CH3)2N–N CH2 (alias
ethylenedimethylhydrazine—MDMH), CO2 and nitro-

en. Composition of the reaction products is similar to that
bserved in [32–34] for UDMH oxidation by air over pelletted
atalysts. At the temperature of 300 ◦C only 23% of UDMH
as converted to CO2. Mass balance shows that about 20–30%
f carbon and 10–20% of nitrogen should be in the form of
ome unidentified products (Table 3). Actually, it was found
hat in addition to the above-listed products, formation of the
ellow resinous matter took place, which was deposited in the
eactor outlet section and in the outlet tube, eventually blocking
he gas passage. This resin could be easily removed by washing
ith ethanol.
Further experiments were performed at lower UDMH initial

oncentration (0.16 and 0.3 mmol/l), at higher oxygen initial
oncentration (9.7 and 34.8 mmol/l (21.7 and 78 vol.%)) and in
emperature range extended to 375 ◦C to reduce formation of the
esin. Results of the experiments are given in Figs. 10 and 11.

Results show that at higher temperatures (350–375 ◦C) the
ominating products formed from UDMH are CO2, N2 and
2O (corresponding amounts of H2O were not analyzed). Small

mounts of methane (ca. 0.01 mmol/l) were also detected. Mass
alance of carbon and nitrogen is within the accuracy of GC
nalysis and corresponds to practically total oxidation of UDMH
o CO2. The formed methane is a rather stable compound and
ts complete oxidation is expected to take place at temperatures
ver 400 ◦C. Nitrogen in UDMH is transformed mainly to N2

ith a selectivity of 90% and to N2O with a selectivity of 10%.
These results generally agree with those previously obtained

n experiments performed with a pelletted catalyst of an anal-
gous composition 20 wt.%CuxMg1−xCr2O4/�-Al2O3 [32–34].
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ig. 10. Temperature dependencies of concentrations of UDMH oxidation prod-
cts in the microreactor. Initial concentrations: UDMH 0.16 mmol/l in He–O2

ixture, O2 9.7 mmol/l (21.7 vol.%); GHSV = 11570 h−1.

imilarly, practically complete UDMH conversion to CO2 and
2 was attained over the pelletted catalyst at temperatures over
00 ◦C and comparable amounts of N2O and CH4 were found
n the reaction products.

Methane, MDMH, DMA, and DDA are present in the reaction
roducts in wide temperature range. They are already formed
n significant quantities at 200 ◦C. Based on the presence of
hese compounds at the reactor outlet, and the previous results
32–34], it is possible to suggest a probable L–H type reaction
cheme of UDMH heterogeneous catalytic oxidation, proceed-
ng via the following steps:

CH3)2N–NH2 + [] → [(CH3)2N–NH2]ads (13)

(CH3)2N–NH2]ads + [O]ads → [(CH3)2N N]ads + [H2O]ads

(14)

[(CH3)2N N]ads + [(CH3)2N N]ads
→ [(CH3)2N–N CH2]ads + [CH3N NH]ads (15)

(CH3)2N–N CH2]ads → CH3–N N–CH3 + [CH2]ads (16)

ig. 11. Temperature dependencies of concentrations of UDMH oxidation prod-
cts in the microreactor. Initial concentrations: UDMH 0.3 mmol/l in He–O2

ixture, O2 34.8 mmol/l (78 vol.%); GHSV = 5360 h−1.
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(CH3)2N–N CH2]ads → (CH3)2N–N CH2 + [] (17)

[(CH3)2N–N CH2]ads + 11[O]ads

→ 4(CH3)2NH + 4CO2 + 2H2O + N2 + N2O + 15[]

(18)

CH3N NH]ads → CH4 + N2 + [] (19)

[CH3N NH]ads + 9[O]ads

→ 2CO2 + 4H2O + N2 + N2O + 11[] (20)

here [ ] denotes the active site of catalyst.
The proof of this mechanism and its elucidation still requires

dditional research.

. Conclusions

Kinetics of deep oxidation of organic compounds (n-butane,
thanol, and isopropanol) was studied in a microstructured
eactor with Cu–Cr oxide catalyst in the temperature range of
50–360 ◦C. Intermediate reaction products in the reactions of
lcohols oxidation were identified and reaction schemes were
roposed. Kinetic parameters of the reactions (rate constants
nd apparent activation energies) were estimated using kinetic
odeling based on a modified method of quickest descent.
Kinetic studies of oxidation of unsymmetrical dimethyl-

ydrazine (UDMH) were performed in the temperature
ange of 200–375 ◦C. Intermediate reaction products were
dentified (methane, dimethylamine, formaldehyde 1,1-
imethylhydrazone, and 1,2-dimethyldiazene) and a probable
eaction scheme was proposed. UDMH was shown to convert
ainly to N-containing organic compounds at temperatures

elow 300 ◦C, but mainly to CO2, H2O, and N2 at higher
emperatures of 350–375 ◦C. In summary, this work provides
ne of illustrative examples how the microreactors can be
uccessfully used for catalytic oxidation of organic compounds,
hich can be applied for energy production, safe and efficient

batement of hazardous VOCs, as well as for kinetic studies of
hese reactions.
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