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Detoxication of water containing 1,1-dimethylhydrazine by
catalytic oxidation with dioxygen and hydrogen peroxide
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Abstract

A number of Cu- and Fe-hydroxide containing catalysts, supported on oxide carriers, were prepared to provide the removal
of 1,1-dimethylhydrazine from aqueous solutions via its oxidation by hydrogen peroxide and air oxygen. The Cu-containing
samples as well as Fe/ZSM-5 are the most active catalysts in this reaction. The reaction products were analyzed by gas
chromatography and UV–Vis spectroscopy. The effect of nature of the oxidizer and catalyst, pH and temperature on both the
reaction rate and product composition was studied. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

For the last decade, neutralization of highly toxic
propellants in waste waters and spills has become
a problem of great concern. 1,1-Dimethylhydrazine
(unsymmetrical dimethylhydrazine, UDMH), which
is the main propellant for space rockets and mis-
siles, is a highly toxic substance whose maximum
allowable concentration in water is 0.01 ppm. Unfor-
tunately, to date there were no methods providing
an efficient removal of UDMH from diluted aqueous
solutions. At the UDMH detoxication via direct ox-
idation with Cl-containing oxidants, radiolysis, etc.,
the main problem is a lot of parallel oxidation pro-
cesses, involving participation of free radicals. This
results in the transformation of ca. 10% of UDMH
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into 1,1-dimethylnitrosoamine (DMNA). The latter is
more stable and toxic than UDMH.

In our recent works we proposed to use Cu, Fe, Mn
and Co hydroxides of transition metals as catalysts for
oxidation of UDMH with air oxygen [1,2] and hydro-
gen peroxide [3] in aqueous solutions. In the present
study we investigated more closely the influence of
both the oxidant and catalyst nature, as well as of
reaction pH (7–11) and temperature (298–348 K) on
the rate of UDMH oxidation and yields of the main
products.

2. Experimental

2.1. Catalyst preparation

In this study, Cu- and Fe-hydroxide compounds sup-
ported on SiO2, TiO2, Al2O3 or NaX, NaA and ZSM-5
zeolites as well as bulk iron oxide�-Fe2O3 were used
as catalysts. The active metal content was not higher
than 2 wt.% for supported catalysts.
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We used commercial SiO2 (SBET = 300 m2 g−1),
TiO2 (10 m2 g−1) and zeolites NaX (600 m2 g−1),
NaA (400 m2 g−1) and ZSM-5 (280 m2 g−1). �-Al2O3
(SBET = 10 m2 g−1) and�-Al2O3 (230 m2 g−1) were
prepared at the Boreskov Institute of Catalysis [4]. To
prepare the supported catalysts, NaOH was added to
suspension of a carrier in aqueous solutions of either
nitrate or chloride of the active metal. After that the
suspension was vigorously stirred to attain pH 7–8
[5,6]. The procedure provides the rapid quantitative
deposition of hydroxide on the support. The catalyst
was dried and calcinated at 573 K.�-Fe2O3 was pre-
pared from commercial Fe3O4 by heating at 573 K in
air for 4 h [7].

2.2. Catalysts testing

UDMH was oxidized in a batch reactor with a reflux
condenser at atmospheric pressure, various pH and
temperatures ranging from 298 to 323 K. The solu-
tions to be oxidized contained 1.5 wt.% (0.25 mol l−1)
of UDMH. Hydrogen peroxide in concentration
ranging from 1.6 to 6.8 wt.% (0.5–1 mol l−1) or air
oxygen were used as the oxidizers. A known reac-
tion between UDMH and formaldehyde was used for
the spectrophotometric analysis of UDMH [1]. The
final solutions were analyzed with a Kristall-2000M
gas–liquid chromatograph (Russia) equipped with a
flame ionization detector and a stainless steel column
1.5 m × 2 mm with Hayesep C modified with 1%
KOH. To monitor the reaction products by absorption
in the UV–Vis region, a Shimadzu UV-300 (Japan)
spectrometer was used. The absorption bands were
identified basing on data from literature sources. Also
a number of probable products were prepared and
their spectra were recorded.

The concentrations of Cu and Fe in solution after
reaction were determined using standard spectropho-
tometric methods with biquinoline and phenantroline
[8], respectively.

3. Results and discussion

3.1. The influence of the reaction conditions
on the rate and selectivity of the UDMH oxidation

Table 1 presents the half-time of the UDMH con-
version in the presence of different catalysts. The

half-times of the UDMH oxidation without catalysts
are more than 24 h if air is used as the oxidizer and
about 600 min if hydrogen peroxide is used. Thus
all tested catalysts are active at the oxidation of
1,1-dimethylhydrazine with oxygen and hydrogen
peroxide, but their activities are different. Note that
the reaction rate is much lower if air is used as the oxi-
dizer (compare nos. 1 and 2, and 9 and 10). According
to Table 1, the sample 2% Cu/SiO2 (nos. 1 and 2) is
the most active catalyst, and all other Cu-containing
catalysts have nearly the same activity. In contrast to
the Cu-containing catalysts, the Fe-based catalysts are
less active. However, the Fe-based catalysts are more
environmentally benign. The Fe-containing catalysts
based on ZSM-5 and NaA (Table 1, nos. 14–16) ex-
hibit the highest activity. The initial zeolite ZSM-5
contains 0.55 wt.% of iron and it is also active in the
UDMH oxidation. It should be noted that the bulk
iron oxide�-Fe2O3 is less active than the supported
iron catalysts, though the concentration of the active
component in it is much higher (Table 1, no. 11).

The active metal leaching measured at basic pH is
negligible—less than 0.5%. As pH is raised to 7, iron
leaching remains insignificant, while that of copper
increases up to 30%. Therefore, it can be concluded
that the contribution of homogeneous catalysis is neg-
ligible when Fe-containing catalysts are used, but it is
possible with Cu-containing catalysts at pH 7.

Undoubtedly, the support essentially affects the cat-
alyst activity. However, its influence is not directly re-
lated to the support surface area. Thus, the catalysts
based on�-Al2O3 and�-Al2O3 (nos. 3, 4 and 12, 13)
have almost equal activity, in spite of a great difference
in their surface areasSBET (10 and 230 m2 g−1, respec-
tively). On the other hand, the catalysts 2% Fe/ZSM-5
and 2% Fe/SiO2 have approximately equal specific
surface areas of supports but they essentially differ in
their catalytic activity.

Table 1 suggests that pH of the UDMH solutions
does not significantly affect the rate of the UDMH
oxidation and influences mostly the amount and
composition of the oxidation products. The compo-
sition and yields of the intermediate reaction prod-
ucts, which are detected by UV–Vis spectroscopy,
depend significantly on pH. Fig. 1 shows the evo-
lution of UV–Vis spectra of the UDMH solutions
during the oxidation with H2O2. Thus, in the neu-
tral medium, formaldehyde 1,1-dimethylhydrazone
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Table 1
Half-times of the 1,1-dimethylhydrazine decomposition (τ1/2) in the presence of various catalystsa

No. Catalysts Oxidizer pH Catalyst load (g) τ1/2 (min)

1 2% Cu/SiO2 Air 7 0.5 81
Air 9 0.5 88

2 2% Cu/SiO2 H2O2 7 0.25 1
H2O2 9 0.25 1

3 2% Cu/�-Al2O3 H2O2 7 0.25 4
4 2% Cu/�-Al2O3 H2O2 7 0.25 2
5 2% Cu/TiO2 H2O2 7 0.25 4
6 2% Cu/zeolite (NaA) H2O2 7 0.25 4
7 2% Cu/zeolite (NaX) H2O2 7 0.25 6
8 1% Cu/zeolite (ZSM-5b) H2O2 7 0.25 4
9 2% Fe/SiO2 Air 7 1.5 110

Air 9 1.5 >300
10 2% Fe/SiO2 H2O2 7 1 120

H2O2 9 1 28
11 �-Fe2O3 H2O2 7 1 38

H2O2 9 1 25
12 2% Fe/�-Al2O3 H2O2 9 1 31
13 2% Fe/�-Al2O3 H2O2 7 1 25

H2O2 9 1 24
14 2% Fe/ZSM-5b H2O2 7 1 3

H2O2 9 1 6
15 1% Fe/ZSM-5b H2O2 9 1 3
16 2% Fe/NaA H2O2 7 1 6

H2O2 9 1 16
17 ZSM-5b H2O2 9 1 5

a Reaction conditions:T = 297 K; [UDMH] = 0.25 mol l−1; [H2O2] = 0.4 mol l−1.
b Zeolite ZSM-5 contains 0.55 wt.% of iron.

and sym-tetrazine were the intermediate products
(Fig. 1, curve a), with absorption bands at 235 and
500 nm, respectively. The intensity of these absorp-
tion bands increases initially during the reaction and
then decrease. The spectrum of the final solution
exhibits only the absorption band of the cation of
1,1,5,5-tetramethylformazanium (360 nm) (Fig. 1,
curve b). For pH 9–11, the following intermediate
products are observed: formaldehyde monomethyl-
hydrazone (235 nm), 1,1,4,4-tetramethyltetrazene
(280 nm), sym-tetrazine (500 nm) (Fig. 1, curve c).
At the reaction completion, the absorption bands
of 1,1,5-trimethylformazane (320 nm) and DMNA
(230 nm) are observed (Fig. 1, curve d). If oxy-
gen provides the oxidation at ambient tempera-
ture, the evolution of the spectra is approximately
the same, but at pH 7 the yield of the cation of
1,1,5,5-tetramethylformazane (360 nm) is smaller,
and sym-tetrazine (500 nm) is not observed.

Table 2 presents the yields of the main final prod-
ucts of the UDMH oxidation detected by gas chro-
matography for a number of catalysts under different
reaction conditions. At 348 K, the rate of the UDMH
oxidation with hydrogen peroxide is rather high even
in the absence of a catalyst. In this case, more than 10
products are simultaneously formed irrespective of the
solution pH. DMNA and dimethylformamide (DMFA)
are the main products (see Table 2; nos. 1 and 2). For
pH 9–11, the catalytic oxidation with oxygen and hy-
drogen peroxide yields 10–15% of DMNA (Table 2;
nos. 4, 6 and 11).

If the catalytic oxidation with hydrogen peroxide is
performed at pH 7 and lower, the yields of DMNA are
from 0.1 to 3% (Table 2). At ambient temperature, the
main product is the 1,1,5,5-tetramethylformazanium
cation (∼20–30%), which is not toxic (Table 2; nos.
5, 8 and 12). At 348 K, the yield of the tetramethyl-
formazanium cation significantly decreases while the
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Fig. 1. Time evolution of the UV–Vis absorption spectra of the UDMH solutions during the oxidation with H2O2. Catalyst: 0.2 g 2%
Cu/SiO2; [UDMH] = 0.25 mol l−1; [H2O2] = 1 mol l−1. The spectra are recorded at the 100-fold dilution, optical length= 1 cm. (a) pH
7, 1 min; (b) pH 7, 60 min; (c) pH 9, 1 min; (d) pH 9, 60 min.

yield of methanol increases (Table 2, nos. 3 and 10).
For the ZSM-5 based catalysts, the final solution con-
tains less amount of the reaction products (Table 2,
nos. 8 and 13). That can be probably associated with
the higher activity of these catalysts in comparison

Table 2
The main products of the UDMH oxidation without catalysts and in the presence of the Cu- and Fe-containing catalysts

No. Catalyst Oxidizer T (K) pH Products yield (%)

CH3OH DMNAa DMFAa F+ or F0b

1 None H2O2 348 7 16 4 4 6
2 None H2O2 348 9 7 13 3 4
3 2% Cu/SiO2 H2O2 348 7 10 0.7 2 0.4
4 2% Cu/SiO2 H2O2 348 9 3 13 6 0.1
5 2% Cu/SiO2 H2O2 298 7 1 0.9 6 31
6 2% Cu/SiO2 H2O2 298 9 3 10 13 11
7 2% Cu/SiO2 Air 298 7 1 0.03 0.04 30
8 1% Cu/ZSM-5 H2O2 298 7 3 0.4 1.8 18
9c 1% Cu/ZSM-5 H2O2 298 7 2.3 0.1 0.01 0.2

10 2% Fe/�-Al2O3 H2O2 348 7 11 3 None 16
11 2% Fe/�-Al2O3 H2O2 348 9 4 12 None 10
12 2% Fe/�-Al2O3 H2O2 298 7 4 2 None 25
13 1% Fe/ZSM-5 H2O2 298 7 1.3 1 1.1 0.2
14c 1% Fe/ZSM-5 H2O2 298 7 3.6 0.3 0.8 0.1
15 1% Fe/ZSM-5 Air 298 7 3.2 0.07 None 1

a DMNA: dimethylnitrosoamine, DMFA: dimethylformamide.
b F+: 1,1,5,5-tetramethylformazanium cation (under pH 7), F0: 1,1,5-trimethylformazane (under pH 9).
c New portion of the H2O2 was added when UDMH had been consumed.

with the other ones. A two-fold increase in the initial
concentration of hydrogen peroxide does not result
in a considerable decrease in the product yield. This
is probably associated with the fact that the major
part of hydrogen peroxide is consumed for the side



O.P. Pestunova et al. / Catalysis Today 75 (2002) 219–225 223

reaction of its catalytic decomposition. However, if a
fresh portion of hydrogen peroxide is added to the final
solution, the reaction product concentration decreases
(nos. 9 and 14). Particularly remarkable is the decrease
in the concentrations of formazane and DMFA, which
is undoubtedly associated with their easy oxidation.

If oxygen provides the oxidation at ambient temper-
ature in the presence of Cu-containing catalysts, the
main product is the 1,1,5,5-tetramethylformazanium
cation, which is not toxic. The yields of DMNA,
DMFA and methanol are, respectively, 0.03, 0.04
and 1% (Table 2, no. 7). We found much less final
product 1,1,5,5-tetramethylformazanium cation with
Fe-containing catalysts (Table 2, no. 15), but the rate
of the UDMH oxidation was much slower.

In the gas phase, methane and nitrogen were
detected in the all cases.

3.2. The proposed mechanism of the UDMH
oxidation

Production of the tetramethylformazanium cation
from 1,1-dimethylhydrazine using a copper(II) halo-
genide as an oxidizer in acid solutions was described
elsewhere [9]. We propose the following mechanism
of the UDMH oxidation at pH 7: UDMH interacts
with the copper(II) (iron(III)) cations of the hydrox-
ide catalyst to yield copper(I) (iron(II)) and a tetram-
ethylformazanium cation; then low-valent copper (Fe)
is re-oxidized with air oxygen (hydrogen peroxide) to
give the high valent state:

5(CH3)2NNH2+16 Cuhydr
2+→2(CH3)2NN==CH–N

==N(CH3)2
+ + N2 + 16 Cuhydr

+ + 14H+

16Cuhydr
+ + 4O2 + 16H+ → 16Cuhydr

2+ + 8H2O

5(CH3)2NNH2+4O2 + 2H+ → 2(CH3)2NN==CH–N

==N(CH3)2
+ + N2 + 8 H2O

Note, that the complex tetramethylformazanium
cation cannot be formed in one step. We propose that
this cation is formed through formaldehyde dimethyl-
hydrazone, since the concentration of the latter in-
creases and then decreases in the course of the
reaction (as evidenced by spectrophotometric mea-
surements). Formaldehyde dimethylhydrazone inter-
acts with UDMH in the presence of catalysts, as we

observed in Ref. [1], to produce a cation of tetram-
ethylformazanium:

(CH3)2NNH2 + (CH3)2NN==CH2 + O2 + H+
cat→(CH3)2NN==CH–N==N(CH3)2

+ + 2H2O

Formaldehyde dimethylhydrazone can result from the
reaction between UDMH and formaldehyde:

3(CH3)2NNH2+CH2O → (CH3)2NN==CH2 + H2O

One may assume that formaldehyde is formed by the
oxidation of some part of UDMH via the reaction:

(CH3)2NNH2 + 2O2 → 2CH2O + N2 + 2H2O

Both in alkaline and neutral media, the oxidation of
UDMH starts from its interaction with the metal ions
on the catalyst surface to produce low-valent metal.
However, the reaction of the copper(I) (or Fe(II))
re-oxidation slows down in the alkaline medium be-
cause of a deficiency of protons, but Cu(I) (or Fe(II))
can interact under these conditions with oxygen or
hydrogen peroxide in the hydroxide polymer to yield
a peroxide complex. A molecule of UDMH may be
coordinated at the same active center. Then the coor-
dinated oxygen is transferred to the UDMH molecule
to form 1,1-dimethylhydrazine hydroperoxide (Fig. 2,
reaction 1) [10,11]. Hydrazine hydroperoxide can
convert into dimethyldiazene (Fig. 2, reaction 2) or
N,N-DMNA (Fig. 2, reaction 3) [10,11].

Dimethyldiazene is known to be a highly active
compound with the propensity for different transfor-
mations such as decomposition to hydrocarbons and
nitrogen, isomerization to formaldehyde monomethyl-
hydrazone (reaction 4), and dimerization yielding
1,1,4,4-tetramethyltetrazene (reaction 5) [11]. The
appearance of tetrazenes in the reaction mixture
proves that unsymmetrical hydrazines are oxidized to
diazenes acting as intermediates [11].

In its turn, formaldehyde monomethylhydrazone
may be subjected to the oxidative coupling with
UDMH in the presence of the catalyst to yield
1,1,5-trimethylformazane (reaction 6) [1].

In the alkaline medium, formaldehyde monomethyl-
hydrazone can be also dimerized to 1,4-dimethylhexa-
hydrotetrazine (reaction 7), which may be further
oxidized to sym-tetrazine (reaction 8) [12].

According to the literature data, 1,1-dimethylhydra-
zine can be also subjected to a number of other
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Fig. 2. Possible pathways of the products formation under catalytic UDMH oxidation in alkaline media.

transformations. Thus, ethanol, dimethyl ether [13]
and gaseous hydrocarbons [14] were observed in the
products of its non-catalytic and catalytic oxidation
at pH 9–11.

4. Conclusion

The experimental results give evidence that UDMH
can be efficiently oxidized in aqueous solutions both
by hydrogen peroxide and oxygen in the presence
of metal hydroxide catalysts. The process can pro-
ceed via different mechanisms depending on the pH
of the solution. In the neutral medium the non-toxic
1,1,5,5-tetramethylformazanium cation is predomi-
nantly formed (up to 30% yield), further decomposing
to other products with low toxicity. In the alkaline
medium the reaction is not selective. In this case toxic
and stable products, such as DMNA and DMFA are
formed with rather high yields (up to 15%).

It is shown that iron-containing catalysts are more
resistant to the action of the reaction medium because
during the UDMH oxidation less than 0.5% of the

active metal are washed from the catalyst, whereas in
the course of Cu-containing catalysts up to 30% of
copper can be leached from the catalyst at pH 7.

Thus, the detoxication of aqueous UDMH solutions
should be carried out in neutral media in the presence
of iron-containing catalysts.

This process will be used for UDMH removal from
the scrubbing liquids in the technology for UDMH
oxidative destruction in a fluidized bed of catalyst
followed by the off gas treatment system, developed
under project #959 of the International Science and
Technology Center (ISTC).
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