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Abstract
Gas phase photocatalytic oxidation (PCO) of unsymmetrical dimethyl hydrazine (UDMH) in a batch reactor using TiO2 as the photocatalyst

was studied with in situ FTIR method. Carbon dioxide, water, nitric acid and nitrogen were detected as the ultimate PCO products of UDMH.

Adsorbed N2O species were detected as the main surface intermediates. The formation of the extremely toxic intermediate, nitrosodimethylamine

(CH3)2NNO, was not observed. The reaction mechanism based on detected products distribution, kinetics analysis and previously published data is

discussed.

Long-term experiments were carried out to determine the photocatalyst stability in PCO of UDMH: the catalyst exhibited stable performance;

the rate of deactivation was low due to transformation of nitrogen mainly to N2. Only 10% of UDMH nitrogen was transformed to HNO3 in

adsorbed form.

# 2007 Published by Elsevier B.V.
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1. Introduction

Unsymmetrical dimethylhydrazine (1,1-dimethylhydrazine,

UDMH) is a widely used rocket propellant and an extremely

toxic compound [1].

The development of methods of UDMH removal from water

and air is an urgent task for substantial stocks to be handled,

stored and utilized on the course of disarmament. The method

currently known for the UDMH stocks abatement is a catalytic

incineration [2], which is not appropriate for the treatment of

water and air containing UDMH as a pollutant. Oxidation with

ozone, catalytic oxidation with oxygen and hydrogen peroxide

in the presence of Cu, Fe, Co salts supported on zeolites as
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catalysts [3,4] and oxidation with chloramine [5,6] may be used

for the removal of UDMH from water. However, the main

disadvantage of these methods is formation of N-nitrosodi-

methylamine (CH3)2N–N O (NDMA) as an intermediate of

UDMH oxidation, which is even more toxic than UDMH [7,8].

Unsymmetrical dimethyl hydrazine is highly volatile sub-

stance, the vapour pressure is 13.7 kPa at 20 8C [9]. This makes

UDMH concentrations in propellant storage and utilization sites’

air often exceeding the maximum permissible concentration of

0.1 mg/m3 [10].

Photocatalytic oxidation (PCO) over near-UV (l < 360 nm)

irradiated titanium dioxide is considered to be an advantageous

method for the removal of UDMH vapours for the high oxidative

potential of the titanium dioxide surface (about +3 V versus

SHE) [11], which makes the majority of organic compounds

oxidizible to ultimate inorganic compounds avoiding hazardous

by-products.

The present work deals with the kinetics of the gas phase

PCO of UDMH in a batch reactor, the catalyst activity in a long-

term use, and the identification of the gas phase and surface

intermediates, establishing the UDMH PCO reaction pathways

by the FTIR in situ method. Two lamps were used for these

tasks. The mobile high pressure Hg lamp was used for
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conducting in situ FTIR experiments and the stationary high

pressure Xe lamp was used for batch reactor experiments.

2. Experimental

2.1. Materials

Unsymmetrical dimethyl hydrazine used in all experiments

was taken as a rocket propellant from the military rocket base

near to Novosibirsk. The content of UDMH was determined by

the KIO3 titration method for the UDMH solutions of high

concentrations according to Malone and Anderson [12]. The

UDMH concentration in the rocket propellant was determined

as C0 = 94 � 2 wt.% and the remaining part consists of water.

Distilled water purified with Barnstead ‘‘Easy pure II’’ ultra

pure water system (r = 18.2 MV cm�1) was used in all experi-

ments. Titanium dioxide, Sachtleben Chemie GmbH, 100%

anatase, SBET 347 m2/g, average pore diameter 4.9 nm, was

used as the photocatalyst in this work.

2.2. FTIR in situ experiments

For the analysis of the gas phase products and the detection

of surface intermediates during the UDMH PCO, the FTIR in

situ method was employed. To prepare TiO2 samples, 200 mL

of the aqueous suspension containing 15.7 mg ml�1 of TiO2

sonicated in an ultrasonic bath for 15 min were uniformly

deposited onto a CaF2 support plate with the diameter of 20 mm

and thickness of 1 mm and dried at room temperature. This

made the TiO2 density on the obtained samples equal to about

1 mg cm�2. These samples were placed in a 300 cm3 IR cell

(Fig. 1), which was installed in the IR Spectrometer Vector 22

(Bruker) cell compartment. The main specific feature of the cell

construction used in our experiments is the ability of placing the

TiO2 sample in or out of the IR beam without disturbing the

reaction gas mixture in the cell. In this way, one could measure

IR spectra of either the gas phase or the TiO2 catalyst surface

with adsorbed species without opening the cell. Each IR

spectrum was averaged from 32 scans in the 1000–4000 cm�1

wave number region with the 2 cm�1 resolution.
Fig. 1. The schematic diagram of top view of the in situ FTIR experimental

setup. Optical path of the cell 10 cm, cell volume 300 ml.
The high pressure Hg lamp DRSh-1000 (Russia) was used as

the UV light source. Samples were irradiated by condensed

light passing through a water filter to cut-off infrared radiation,

having major spectrum line at 365 nm (20 mW/cm2).

The measurement of light intensity was conducted by the

microvolt meter F-136 (Russia) equipped with the semi-

conductor light intensity detector calibrated with the actino-

meter.

2.3. Batch reactor kinetics

For the photocatalyst life time and products’ analysis, the

batch 434-cm3 reactor equipped with a quartz cover for the

sample illumination was used. The TiO2 sample preparation

was similar to the FTIR in situ experiments with the exception

that the glass plate support was used instead of CaF2 (Fig. 2).

The mass of TiO2 catalyst was 3.14 mg at the irradiated area of

3.14 cm2. All geometrical surface TiO2 has been irradiated in

the IR cell and the batch reactor. An air flow of 300 cm3 min�1

of required humidity passed through the reactor with the TiO2

sample placed inside for 1 h before the experiment for

equalizing the humidity of the air and the sample. After that,

0.5 ml of UDMH was injected into the reactor and the reactor

was left for 20 min for the adsorption equilibrium to be

established.

The irradiation of the sample was conducted by means of a

high pressure Xe lamp equipped with the water filter and the

band pass interference filter (lmax 334 nm). The incident light

intensity was equal to 5.8 mW cm�2.

The analysis of gaseous samples from the static reactor

taken at 10 min time intervals was performed on a gas chro-

matograph LHM-8 (Russia) equipped with a flame-ionization

detector.

The measurements of the final nitrogen-containing inorganic

products of PCO residing over the TiO2 surface were carried out

with the ion meter ‘‘I-130 M’’ (Russia) equipped with the NH4
+

and NO3
� preliminarily calibrated ion selective electrodes in

rinsing water. For these measurements, the TiO2 powder was

transferred from the glass support to a beaker with 20 ml of

rinsing water added.
Fig. 2. An external view of the batch reactor setup: 1, batch reactor; 2, TiO2

sample; 3, stir bar; 4, sampling port; 5, mirror; 6, light source; 7, condenser with

light filter; 8, magnetic stirrer.



Fig. 3. CO2 accumulation (&) and UDMH vapour removal (*) in PCO of

0.5 ml UDMH in the IR cell: 300 K, relative humidity 0%. Dashed line
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3. Results and discussion

3.1. FTIR study

After injected into the IR cell UDMH evaporated and its

adsorption on the catalyst surface completed, the UV was

allowed to irradiate the photocatalyst surface. The IR spectra of

the gas phase and the TiO2 surface were periodically taken for

PCO results monitoring. The results of the UDMH and CO2

evolutions during the PCO experiment are shown in Fig. 3.

Both concentrations of UDMH and CO2 were calculated

from the areas of the corresponding IR spectra bands using

integral form of Lambert’s absorption law1 and factors of

integrated absorption A02775 cm�1 ¼ 1:158� 10�5 ppm�1 cm�2

4 A02280�2400 cm�1 ¼ 7:5� 10�4 ppm�1 cm�2 for UDMH and

CO2, respectively.

One can see from Fig. 3 that a major part of UDMH adsorbed

on the TiO2 surface for the time of the irradiation start:

the inserted concentration of 538 ppm decreased with the

adsorption to 126 ppm About 85% of initial UDMH carbon

transformed to the CO2 after 80 min of irradiation. The residues

remained on the TiO2 surface in the form of adsorbed

carbonates with IR absorption bands nas(COO) 1260 cm�1 and

ns(C O) 1583 cm�1 [13]. This assumption also was proved by

the TOC analysis of the rinsing water after the end of the

experiment: the rinsing water contained about 15% of initial

organic carbon.

Quantum efficiency (amount of quanta of light used for

oxidation) was calculated according to the formula w = n(W/IS),

in which W is the speed of oxidation of the UDMH (molecules/c),

I the intensity of light (quanta/cm2), S the illuminated area of a

sample (cm2), n the amount of charges carriers (holes)

participating in oxidation of one molecule of a substratum for

the case of UDMH n = 16. In our experiments all the geometric

surface of the sample (3.14 cm2) was illuminated.

Hþ1
2 N�2 � N�2ðC�2Hþ1

3 Þ2 þ 4O2 �!
TiO2;hn

2Cþ4O2 þ N0
2 þ 4H2O

(X)

The origin of the number n = 16 is based upon the following:
1. T
1

pat

(pp
he N2 is the main N-containing product of the UDMH PCO

(see the Section 3.2 of the ‘‘Result and discussion’’);
2. T
he gross equation of the UDMH PCO is close to the

Eq. (X);
3. T
he total change of oxidation numbers of carbon and

nitrogen atoms in this equation is equal to 16 = +8

(after) � (�8) (before);
4. T
he every change of oxidation number by the value of 1

requires one electron-hole pair and therefore one quantum of

absorbed UV light;
5. T
he CO2 accumulation rate is two times higher than the

UDMH oxidation rate.
A = A0Cl, where A is the area of an absorption band (cm�1), l the optical

hlength (Fm), C the gas concentration (ppm) and A0 is the aspect ratio

m�1 cm�2).
The 4th assumption is rough because we know that some

stages of the complicated reactions could be run in the dark

without charge carriers participation. So we suppose that the

quantum efficiency calculated according to our approach is

lower than the real value.

The 5th assumption is based upon the fact that one UDMH

molecule contains two carbon atoms and during the long time

experiment when the conversion is close to 80–100% the

average rate of CO2 accumulation is two times higher than the

UDMH PCO rate.

Quantum efficiency w of the UDMH PCO during the first

30 min equalled to 18.6%, which was calculated from the

assumption that all quanta are of 365 nm wavelength.

The IR spectra of the gas phase and the TiO2 photocatalyst

surface during UDMH PCO are shown in Fig. 4. Analysis of

these spectra reveals that:

corresponds to the theoretical 100% UDMH conversion to gaseous CO2.
� a
lmost all UDMH disappears from the TiO2 surface after

40 min of PCO (absorption bands 2785, 2831, 2865 and

2964 cm�1 attributed to symmetric and asymmetric valence

vibrations of C–H bond in UDMH disappear [14]);
� n
itric acid forms as the final product of UDMH PCO on the

TiO2 surface seen as 1308 and 1436 cm�1 broad bands on

spectrum 4 (Fig. 4B) compared with the IR spectrum of

HNO3 adsorbed on TiO2 surface (Fig. 5);
� a
t least one surface intermediate forms during PCO of

UDMH. Adsorption band at 2206 cm�1 appeared immedi-

ately after the start of illumination, reached its maximum in

40 min (spectrum 2, Fig. 4B) and completely disappeared at

the end of PCO.

The adsorption band at 2206 cm�1 was attributed to the

absorbed N2O species for the following reasons:
� th
e formation of the same surface intermediate with

2206 cm�1 absorption band was observed during the PCO



Fig. 4. FTIR spectra of the gas phase (A) and the TiO2 surface (B) in PCO of 0.5 ml UDMH in the IR cell: 300 K, relative humidity 0%. Numbers of curves correspond

to irradiation time 1–2 min; 2–10 min; 3–40 min and 4–120 min. D – Absorbance. On the zoom area (Fig. B) there were subtracted the straight line from all the spectra

for the convenient view.
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of UDMH, NDMA and hydrazine (see Fig. 6, spectra 4, 3 and

2 respectively);
� a
 small amount of gaseous N2O was detected in the IR cell

after the end of PCO of all the three species (UDMH, NDMA

and hydrazine);
� th
e N–N absorption band of gaseous N2O (2206 cm�1) is

close to that observed for the surface intermediate (see Fig. 6,

spectrum 1).
3.2. The analysis of N-containing products

We demonstrated in our previous study of gas phase PCO of

diethyl sulphide that the photocatalyst deactivation takes place

due to accumulation of surface sulphates [15]. In the present

work we also studied the problem of TiO2 deactivation with the

UDMH PCO products. The first question under consideration

was the distribution of ultimate nitrogen-containing PCO

products, which could be divided into two groups (see Table 1).
Nitrosodimethylamine was detected among neither inter-

mediates, nor end PCO products of UDMH with GC/MS

analysis of rinsing water from the TiO2 surface. Also, the

analysis of FTIR spectra of the gas phase during PCO

experiments and their correlation with NDMA FTIR spectra

published by the other authors did not indicate any presence of

NDMA [16].

The analysis of the ultimate N-containing species adsorbed

on TiO2 samples was conducted using ion-selective electrodes

for NH4
+ and NO3

� in the rinsing water resulted from a

complete (3 h) PCO of a small amount of UDMH (0.5 ml) at

3 mg TiO2 sample. The amount of evolved N2 was estimated as

the difference between the initial amount of UDMH and the

sum of NH4
+ and NO3

�. The results are presented in Table 2.

The majority of UDMH nitrogen transforms to the molecular

N2, ammonia being present in a very small amount. The

predominant formation of molecular nitrogen as the final

product is important from the practical point of view, allowing



Fig. 5. IR spectrum of HNO3 adsorbed on the TiO2 surface. D – Absorbance.

Fig. 6. IR spectra of the TiO2 surface in 10 min of PCO of (2) – hydrazine

(N2H4), (3) – nitrosodimethylamine ((CH3)2N–N O) and (4) – 1,1-dimethyl-

hydrazine ((CH3)2N–NH2), 1 – the IR spectrum of gaseous N2O. D – Absor-
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application of PCO for effective degradation of hydrazines

without formation of secondary pollutants, nitrogen oxides.

3.3. PCO pathways for UDMH and other hydrazines

The formation of surface nitrates and ammonia was

observed as a result of PCO of hydrazine (N2H4) and NDMA,

similarly to UDMH. Similar PCO behaviour of all three species

– formation of common intermediates N2O(ads) and N2O(gas)

and also end products NH4
+, NO3

� and N2, the following

reaction rationale of PCO could be proposed:

TiO2þ hn ! hþ þ e� (1.0)

hþ þ H2OðadsÞ ! ȮHðadsÞ þ Hþ (1.1)

O2ðgasÞ ! O2ðadsÞ (1.2)
Table 1

N-containing products of UDMH PCO

Product Gaseous form Adso

Intermediates

Nitrosodimethylamine

Nitrogen (I) oxide N2O

Final products

Ammonia NH3 NH4
+

Nitric acid HNO3 NO3
�

Nitrogen N2
O2ðadsÞ ! 2OðadsÞ (1.3)

e� þ O2ðadsÞ !O�2ðadsÞ (1.4)

e� þ OðadsÞ !O�ðadsÞ (1.5)

Stages (1.0)–(1.5) are common for the photocatalytic oxi-

dation of all three substrates and describe the formation of

active particles (ȮH, O� and O�2 ) on the TiO2 surface under the

UV radiation [17,18].

The next stages describe the adsorption of N2H4 on the TiO2

surface leading to the breakage of N–N bond (2.1) [19] and the

bance.
rbed form Detection method

Was not detected

Surface FTIR spectra, PM3 simulation

Water washout analysis by ion selective electrodes

Calculated from nitrogen balance



Table 2

Mole fraction of N-containing PCO products of UDMH, NDMA, N2H4, and

NH3 after 180 min irradiation (temperature T = 300 K, humidity x = 0%,

illumination was conducted by condensed light of high pressure Hg lamp,

W = 20 mW/cm2)

Substance Mole fraction of the products of PCO (v), %

N2 N2O NH4
+ NO3

�

UDMH 89.55 3.85 0.30 6.30

NDMA 78.84 7.79 1.25 12.12

N2H4 92.16 0.06 0.10 7.68

NH3 83.04 3.01 0.08 13.87
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following interaction of obtained NH2(ads) particles with

photogenerated ȮH adsð ÞO
�
2 adsð Þ and O�adsð Þ species:

N2H4ðgasÞ ! N2H4ðadsÞ ! 2NH2ðadsÞ (2.1)

NH2ðadsÞ þ ȮHðadsÞ !NHðadsÞ þ H2OðadsÞ (2.2)

NHðadsÞ þ ȮHðadsÞ !NðadsÞ þ H2OðadsÞ (2.3)

NHðadsÞ þ O�2ðadsÞ !HNOðadsÞ þ O�ðadsÞ (2.4)

2NðadsÞ ! N2ðadsÞ ! N2 " (2.5)

NðadsÞ þNOðadsÞ ! N2OðadsÞ ! N2OðgÞ " (2.6)

HNOðadsÞ þ ȮHðadsÞ !NOðadsÞ þ H2OðadsÞ (2.7)

NH2ðadsÞ þNOðadsÞ ! N2ðgÞ " þ H2OðadsÞ (2.8)

NOðadsÞ þO2 ! NO2ðadsÞ þOðadsÞ (2.9)

NH2ðadsÞþNO2ðadsÞ ! N2OðadsÞ þH2OðadsÞ (2.10)

N2OðadsÞ ! N2ðgÞ " þ OðadsÞ (2.11)

NO2ðadsÞ�!
Ox

nitrates (2.12)

A similar mechanism (stages (2.4)–(2.12)) was described by

Cant and Cole for the PCO of NO and NH3 on TiO2 surfaces

[20]. Authors demonstrated that the N2 formation rate exceeded

the one of N2O for 4.5 times in PCO of NH3 and also detected a

small amount of nitrates. For PCO of UDMH, the main

mechanistic features are as follows:
� m
olecular nitrogen (N2) and adsorbed nitrates (NO�3ðadsÞ) are

the main N-containing products (see stages (2.5), (2.8), (2.11)

and (2.12));
� th
e absorption band attributed to N2O(ads) in the TiO2 IR

spectra testifies in favour of this species formation (stages

(2.6) and (2.10));

The initial stages of PCO of UDMH and NDMA vapours

probably proceed through the breakage of N–N bond:

ðCH3Þ2NNOðadsÞ ! ðCH3Þ2NðadsÞ þNOðadsÞ (3)

ðCH3Þ2NNH2ðadsÞ ! ðCH3Þ2NðadsÞ þNH2ðadsÞ (4)
The reaction (4) is known to occur in the gas phase under the

thermal activation [21]. In PCO, the N–N bond breakage could

be catalyzed by TiO2 surface analogously to stage (2.1). The

NO(ads) and NH2(ads) species could be directly involved into the

processes described by stages (2.2)–(2.12). The transformation

of (CH3)2N species probably proceeds through the oxidation of

CH3 groups and formation of the NH and NH2 particles on the

one hand and formic acid and, further, CO2 and H2O, on the

other hand.

Serpone and co-workers studied the titania-photocatalyzed

oxidation of ethanolamines in aqueous solutions [22]. The

authors demonstrated that hydroxyl radicals could attack

amines either at the carbon atoms or the nitrogen atoms

eventually leading to the formation of CO2, NH4
+ and a small

amount of NO3
�. In gas phase PCO, the formation of HNO3 is

more preferable than that of NH3 probably due to a higher

lability of adsorbed NH3 molecule as compared to the

symmetrical solvated NH4
+ ion. Moreover, it will be

demonstrated below that ammonium is oxidized into nitrates

on the UV-irradiated TiO2 surface.

According to the PCO mechanism equations (2.1)–(2.12)

the formation of gaseous NO and NO2 also probable but

according to our FTIR measurements using Vector-22 (Bruker)

spectrometer with low detection limit equal to 5 ppm for both

gases they were not observed. Nevertheless if to recalculate the

ratio of molecular N2 taking into account the possible presence

of NOx in the gas phase then this ratio will become lesser in 2–

3%.

3.4. Catalyst deactivation

In practice, the PCO N-containing products of UDMH

should accumulate on the TiO2 surface on course of long-term

reaction. The deactivation of photocatalyst may develop due to

the decrease of the number of surface sites available for the

reaction in several consecutive batch runs over the photo-

catalyst.

The CO2 evolvement and changes in TiO2 surface spectra

are shown in Fig. 7A and B, respectively. One can see that the

UDMH conversion ultimate level remained unchanged at 85%,

although the conversion time necessary to reach this level

increased from 150 to 180 min. Since the product accumulating

on the TiO2 surface is nitric acid, the rising from run to run

absorption bands 1316 and 1445 cm�1 in Fig. 7 are attributable

to nitric acid (Fig. 5), one can make a conclusion that the

photocatalyst activity remained almost unchanged as nitric acid

accumulated on the surface.

To elucidate the effect of nitrate ion, the additional

experiments were performed on the effect of adsorbed nitrates

on the PCO rate of UDMH and acetone in the continuous flow

reactor.

The reason of the acetone vapour PCO rate measurement in

this work is that this reaction was well investigated previously

[23,24]. H2O and CO2 was found to be the only end products of

PCO. There were not detected any catalyst deactivation during

acetone PCO and therefore this reaction is good test for the

measuring of the TiO2 photocatalyst activity [25].



Fig. 7. PCO of seven consecutive runs of UDMH in the batch reactor: 300 K,

the amount of UDMH 0.5 ml. (A) – Kinetics of the CO2 evolvement in the gas

phase. Symbols &, *, ~, ^, correspond to 1st, 2nd, 4th, 5th and 6th run.

Dashed line corresponds to the 100% UDMH conversion to gaseous CO2. (B) –

IR spectra of the TiO2 surface after the PCO of each run. Spectrum (0) – pure

TiO2 sample, all other numbers above spectra correspond to the number of

oxidation run. D – Absorbance.

Fig. 8. Dependence of the rate of CO2 formation in PCO of acetone (&) and

UDMH (*) on the HNO3 content on the photocatalyst surface in the continuous

flow reactor: air flow 25 cm3/min, humidity 50%, 300 K. Illumination by

condensed light of Xe-lamp at 70 mW/cm2.

Table 3

Quantity of ammonium and nitrate ions on the surface of TiO2 impregnated with

NH4NO3 salt before and after UV irradiation in the batch reactor (temperature

T = 300K, humidity x = 0%, illumination time t = 180 min, illumination was

conducted by condensed light of high pressure Hg lamp, W = 20 mW/cm2)

Ion Quantity, 10�6 mole

Before irradiation After 180 min of irradiation

NH4
+ 18.5 10

NO3
� 18.5 23.8
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For the experiment on the NO3
� ions effect several

samples of TiO2 powder were impregnated with HNO3

aqueous solution of different concentrations. The dependence

of CO2 formation rates for acetone and UDMH on the HNO3

content were measured and are shown on the Fig. 8. One can

see that the PCO rate of acetone was independent on the

quantity of adsorbed HNO3. The PCO rate of UDMH

increased with the increase of the HNO3 content. This

increase could be attributed to two simultaneous tendencies:

the increased adsorption of basic UDMH on the acidic

photocatalyst, and the changes in adsorption and activation
energies of some stages of complex PCO reactions due to the

change of surface acidity [26]. One may conclude, therefore,

that nitric acid may not be a direct reason for the catalyst

deactivation.

The picture changed when NH4NO3 was used instead of

HNO3 for TiO2 impregnation. The composition of nitrogen-

containing species changed on course of UV-irradiation of the

photocatalyst impregnated with ammonium nitrate in the

batch reactor (see Table 3); a small amount of gaseous N2O

was also detected in the gas phase during the PCO

experiment. The quantities of ammonium and nitrate ions,

equal before irradiation, changed: after 180 min of irradia-

tion, the quantity of NH4
+ decreased by 10 mmole, whereas

the NO3
� quantity increased only by 5.3 mmoles. Thus, the

residual nitrogen was evolved in the N2 and N2O forms and

the N2 quantity was bigger than the N2O one. The following

reaction pathway for the PCO of ammonium nitrate could be

proposed:

NH4NO3 �!
hn;TiO2

N2Oþ H2Oþ HNO3 þ N2
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4. Conclusions

1. Photocatalytic oxidation of UDMH proceeds until complete
mineralization of the target compound in a batch reactor with

carbon dioxide, surface nitrates, ammonium and molecular

nitrogen as the major final products.
2. N
2O was registered as the surface and gaseous intermediate

product in the PCO of UDMH.
3. S
imilar behaviour of N2H4, (CH3)2NNO and (CH3)2NNH2 in

PCO was observed with surface nitrates and ammonium, and

gaseous nitrogen being the major N-containing ultimate

products, and N2O being the minor gaseous and surface

intermediate.
4. A
ccumulation of surface nitrates in the long-term PCO of

UDMH was responsible for the TiO2 photocatalyst insig-

nificant deactivation, which was explained by the minor,

about 10%, amount of initial UDMH nitrogen converted to

the surface nitrates and the major amount of nitrogen evolved

in the molecular nitrogen form.
5. U
niversal mechanism is proposed to explain the kinetic

features and products distribution of hydrazine and its

derivatives, nitrosodimethylamine and dimethylhidrazine.
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