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and hydrazine nitrate using Ru/ZSM-5 catalyst

under mild reaction conditionsy
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Hydroxylamine nitrate and hydrazine nitrate are dangerous explosives and toxic chemicals. Catalytic
decomposition is an efficient way for disposal of these chemicals. In the current work, a Ru/ZSM-5
catalyst has been fabricated and evaluated for the decomposition of hydroxylamine nitrate and hydrazine

nitrate in 1.0 mol L™* HNO3. The hydroxylamine nitrate and hydrazine nitrate can be thoroughly

Received 19th October 2021
Accepted 20th December 2021

decomposed under 80 °C. And the Ru/ZSM-5 catalyst can be separated from the reaction mixture and

reused at least 130 times with stable catalytic performance. Easy operation, less solid waste generation,

DOI: 10.1039/d1ra07724d

rsc.li/rsc-advances economically attractive.

1. Introduction

In the Purex process, Pu(wv) is reduced by the reducing reagent
hydroxylamine nitrate (HAN), and hydrazine nitrate (HN) acts as
a stabilizer.»” In the reducing process, a waste liquid containing
nitric acid (0.8-1.8 mol L™'), hydroxylamine nitrate
(0.3 mol L") and hydrazine nitrate (0.1 mol L™ ") is generated.?
To reduce the amount of secondary radioactive waste, a large
amount of raffinates containing nitric acid and reducing agents
used should be handled through the process of continuous
evaporation and denitration.* However, the presence of
hydroxylamine nitrate and hydrazine nitrate in aqueous waste is
undesirable, because it often makes the treatment of liquid
radioactive waste complex. Furthermore, hydrazine, which is
capable of reacting with nitrous acid to form explosive hydra-
zoic acid, is a potentially hazardous chemical compound in the
course of chemical denitration, and hydroxylamine nitrate has
been involved in several incidents due to its instability and
autocatalytic nature.> Therefore, it is necessary to decompose
hydroxylamine nitrate and hydrazine nitrate to provide the final
safe disposal of radioactive waste liquid. The most common
methods for the decomposition of hydroxylamine nitrate and
hydrazine nitrate in HNO; are adding excess NaNO, (reaction
(1)) or passing in N,O, gas (reaction (2)). However, adding
excess NaNO, will generate large amounts of radioactive solid
waste (approximately 17 kg of sodium salt are produced for

Chinese Institute of Atomic Energy, PO Box 275(126), Beijing 102413, China. E-mail:
zchen_2008@126.com

t Electronic ~ supplementary
10.1039/d1ra07724d
1 The first two authors contributed equally to this work.

information  (ESI) available. See DOI:

© 2022 The Author(s). Published by the Royal Society of Chemistry

and a simple catalytic device make the strategy reported here practical, environmentally friendly, and

disposing of one ton of waste liquid). And the method passing
excess N,O, gas into waste liquid suffers from several draw-
backs, such as large amounts of radioactive gas being generated
and complicated operation. Therefore, the development of easy
operation, inexpensive and environmentally friendly methods
of decomposing hydrazine is still a challenging research topic.

A lot of research has been reported on the catalytic decom-
position of hydrazine and hydroxylamine as
propellants.®™ Recently, a new high temperature tolerant
catalyst based on cobalt doped cerium oxide that was found to
be both thermally and chemically stable under monopropellant
decomposition conditions was developed by Ruchika and the
kinetics and mechanism of the thermal decomposition and
catalytic decomposition of hydroxylamine nitrate were
studied."** Heterogeneous catalytic decomposition of hydrox-
ylamine nitrate has not been reported in the HNO; system.
Among various metal catalysts proposed for hydrazine decom-
position, noble metals, such as Ru and Pt, exhibited good
catalytic activity and stability in acid solutions.'*** However,
only several examples have been reported focusing on the
kinetics and mechanism of catalytic decomposition of hydra-
zine,'*?° which proves that heterogeneous catalysis (reaction
(3)) is a promising method for the decomposition of hydrazine
and heterogeneous catalytic decomposition of hydroxylamine
nitrate has not been reported in HNO; system. This method is
simple and available, which offers several advantages: (i)
reduced solid radioactive waste, (ii) ease of operation, (iii)
simple device structure, (iv) small reactor volume. Therefore,
the further development of an efficient and stable catalytic
system to catalytically decompose hydrazine in the HNOj;
system is a very important subject.

mono-
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N2H5NO3 + NaN02 - NzT + Non + NaNO3 + Hzo (1)
N,HsNO; + N,O4 — N1 + N,OT + HNO;5 + H,O 2

N,H;NO; 28 NH,NO; + N, 1 + N,01 + HNO; + H,0  (3)

ZSM-5 type acid zeolites*~>* have been widely used in catal-
ysis because of their excellent features such as strong acidity,
superior hydrothermal stability, unique shape selectivity and so
on. Based on the above consideration, herein we reported an
acid-stable catalyst Ru/ZSM-5, which simultaneously achieved
the complete decomposition of hydroxylamine nitrate
(0.3 mol L") and hydrazine nitrate (0.1 mol L™")in 1.0 mol L™*
HNO; under moderate conditions (80 °C). The study of this
work may be of great significance for the effective treatment of
waste liquid containing hydrazine nitrate and hydroxylamine
nitrate in reprocessing plants.

2. Experimental section

2.1 Materials and regents

RuCl;-xH,O0 (AR, 38% wt Ru), HNO; (AR, 68 wt%) and hydrazine
hydrate (AR, 55 wt%) were purchased from Macklin Reagent
Co., Ltd (Shanghai, China). Hydrazine nitrate was prepared by
the neutralization reaction of hydrazine hydrate and nitric acid.
Hydroxylamine nitrate was produced from hydroxylamine
hydrochloride by ion exchange method with strong acid cation
resin. Commercially available ZSM-5 sphere (Si/Al = 365) was
purchased from Xianfeng Nano Co., Ltd and dried at 100 °C for
12 h before use. Ru/TiO, and Ru/SiO, catalysts were purchased
from Kaili Catalyst & New Materials Co., Ltd (Xian, China).

2.2 Preparation of Ru supported zeolite catalyst Ru/ZSM-5

The synthesis of the Ru/ZSM-5 catalysts can be illustrated as
shown in Scheme 1. The synthesis can be divided into two main
steps: (i) the impregnation of Ru on the ZSM-5 support by wet-
impregnation method; (ii) calcination and reduction of the Ru/
ZSM-5 catalysts.

The Ru supported zeolites was prepared by a wet impreg-
nation method. Typically, RuCl;-xH,O (1.84 g 38% wt Ru
precursor) was dissolved in 10 mL of deionized water, and it was
then added into 10 g of zeolite (particle size, manufacturer)
under stirring at room temperature for 24 h. The solvent was
then removed by vacuum-rotating evaporator, and the sample
was dried in an oven at 100 °C for 12 h. Finally, the impregnated
catalyst was calcined and reduced by 5% hydrogen and nitrogen
mixture at 450 °C for 5 h to obtain the Ru/ZSM-5 catalyst.

2.3 Characterization of catalysts

X-ray diffraction (XRD) patterns were recorded with a Rigaku D/
max-2400 diffractometer, using Cu Ko (4 = 0.15432 nm) oper-
ated, in the 26 range from 3° to 90°. The specific surface areas of
the prepared materials were measured by nitrogen adsorption—
desorption isotherms at 77 K after degassing the samples using
a Micromeritics Model ASAP 2010 instrument. The specific
surface area of the sample was measured by the BET method.
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Scheme 1 Synthesis of Ru/ZSM-5 catalyst.

The structure of Ru/ZSM catalysts was observed by transmission
electron microscopy (TEM, Tecnai G2 F30). X-ray photoelectron
spectroscopy (XPS, PHI-5702) was recorded to investigate the
chemical state and elemental composition of the catalyst.
Elemental analysis and inductively coupled plasma atomic
emission spectroscopy (ICP-AES) were employed to measure the
actual content of Ru in the material. Simultaneously, the
content of Ru after reaction was also analyzed to determine the
amounts of these species leached into the solution.

2.4 Catalytic testing

The decomposition reaction of hydroxylamine nitrate and
hydrazine nitrate in HNO; was operated using a batch reactor
system. In a typical procedure, 2 g of unreduced catalyst, 20 mL
of liquid (0.3 mol L™ HAN and 0.1 mol L™ " HN in 1.0 mol L™*
HNO3) to be treated, were loaded in a round-bottom flask
equipped with a reflux condenser and exhaust gas absorption
device at 80 °C. After the reaction was completed, the catalyst
was separated from the reaction mixture by simple filtration
and then reused directly in model reaction for the next round
without further purification.

3. Results and discussion
3.1 Catalyst characterization

The Ru/ZSM-5 catalysts were fully characterized by N, adsorp-
tion at 77 K using Brunauer-Emmett-Teller (BET), powder X-ray
diffraction (XRD), transmission electron microscopy (TEM) and
SEM energy dispersive X-ray spectroscopy (EDS), and X-ray
photoelectron spectroscopy (XPS).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 N, adsorption and desorption isotherms (a) and corresponding
pore size distributions (b) of fresh and used Ru/ZSM-5 catalysts.

Table 1 Physical and chemical properties of the fresh and reused Ru/
ZSM-5 catalysts

SBET Pore volume Pore size
Catalysts (m*g™) (em® g™ (nm)
Ru/ZSM-5 (fresh) 359.86 0.193449 1.5008
Ru/ZSM-5 (used) 346.99 0.198479 1.5413

The Ru metal amount of the immobilized catalyst was found to
be 4.95% wt Ru based on inductively coupled plasma atomic
emission spectroscopy (ICP-AES) analysis. The textural properties
of the fresh and 30 times reused catalysts were analyzed by N,
adsorption-desorption isotherms. As shown in Fig. 1a, the
isotherms of the fresh and used catalysts exhibited a combination
of type I and type IV isotherms,* indicating that the Ru/ZSM-5
catalyst was typical of mesoporous structured material contain-
ing also a certain of amounts of micropores, which was consistent
with corresponding BJH pore size distribution denoted in Fig. 1b.
The pore size distribution, BET surface areas and pore volumes of
the fresh and used catalysts were shown in Table 1. The surface
areas of the Ru/ZSM-5 catalyst slightly decreased after 30 cycles,
while the pore volume and pore size distribution remained
essentially unchanged. From these results, it is obvious that the
prepared Ru/ZSM-5 catalyst is stable enough to endure the
hydrothermal nitric acid conditions.

Fig. 2 shows the XRD patterns of ZSM-5(a), Ru/ZSM-5(b) and
Ru/ZSM-5 reused 130 times(c) samples respectively. All samples
displayed similar unique characteristic peaks of MFI structure
at 20 = 7-10°, 22-35° and 45°, suggesting that introduction of
ruthenium species, and catalytic decomposition reaction
process made little change in the topology structure of ZSM-5.%"
Ruthenium species diffraction peaks at 26 = 38.6° and 44.2°
along with an additional weak reflection at 58.4° were observed
in the patterns of Ru/ZSM-5(b) and used Ru/ZSM-5(c) samples,
which corresponded to the (100), (101) and (102) reflections,
respectively.”®* It is apparent that these diffraction peaks are
consistent with the diffraction planes of bulk hexagonal
ruthenium metal (JCPDS-ICDD card No. 06-0663).*

The SEM images of fresh and 130 times reused Ru/ZSM-5 are
shown in Fig. S1.1 The SEM micrographs present that the fresh
catalyst particles are stacked in rods, the diameter of a single
rod is about 2-10 um, and the length is about 15-20 pm. It can
be seen from the Fig. S1(c and d)t that the shape of the 130
times reused catalyst did not change obviously.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of ZSM-5 and 5% Ru/ZSM-5 samples (a) ZSM-5,
(b) 5% Ru/ZSM-5 (fresh), (c) 5% Ru/ZSM-5 (reused).

The TEM images of Ru/ZSM-5(a) and Ru/ZSM-5 reused 130
times(b) samples are shown in Fig. 3. The average diameter of
ruthenium particles was figured out to be about 6.9 nm for the
fresh catalyst by Nano Measure software. For used Ru/ZSM-5
samples, the obvious size growth of ruthenium particles was
observed as shown in Fig. 3b with ruthenium particles size
about 10.5 nm, which led to the reduction of the amount of
active sites on the surface of the catalyst. Furthermore, element

R 00/nm)

(©) d=6.9nm (d) d=10.50m

Intensity(a.u.)
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Fig. 3 TEM images and ruthenium particle size distributions as well as
ruthenium elemental mapping images of fresh Ru/ZSM-5 catalysts (a, ¢
and e) and used Ru/ZSM-5 catalysts (b, d and f).
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Fig. 4 XPS full spectrum of (a) fresh Ru/ZSM-5 and Ru 3p XPS spectra
of Ru/ZSM-5 (b) fresh catalyst, (c) used catalyst.

Table 2 XPS results of fresh and reused Ru/ZSM-5 catalysts

Peak area
Catalyst Ru species 3pase 3p1s Ru’/Ru**
Fresh Ru** 3545.697 1450.118 2.14
Ru’ 6398.616 4267.877
Used Ru* 6468.229 4314.309 1.49
Ru’ 9654.702 6439.687

mapping was adopted in order to further describe the spatial
distribution of ruthenium particles. As a result, it confirmed
ruthenium particles were well dispersed on the surface of fresh
Ru/ZSM-5 samples, and the aggregation of ruthenium nano-
particles and reduction of catalytic active sites in the used Ru/
ZSM-5 samples, which was also in a good agreement with the
results from TEM. In order to determine the amount of ruthe-
nium located inside the channel, the fresh Ru/ZSM-5 catalyst
was further characterized by HR-TEM. As shown in Fig. S2, the
ruthenium content located inside the channels was very low.
XPS was performed to determine the chemical elements
present in the Ru/ZSM-5 catalyst and to explain the possible
reason of inactivation. Based on the XPS wide scan spectra, Ru/
ZSM-5 catalyst was found to contain C, Si, Ru and O elements
(Fig. 4a). The ruthenium XPS spectra of sample fresh Ru/ZSM-5
(Fig. 4b) is compared with that of Ru/ZSM-5 reused 130 times
(Fig. 4c). It can be seen that two Ru species are discriminated in
fresh Ru/ZSM-5 and used Ru/ZSM-5 with binding energies
around 462.2 eV and 463.5 eV, which are ascribed to Ru(0) and
RuO,, respectively, confirming that RuO, species on the surface
of ZSM-5 are converted partially to metallic Ru species during
reduction.®® As shown in Table 2, in fresh Ru/ZSM-5, the
majority of surface ruthenium species is contributed to Ru(0),
which accounts for about 68%, whereas in used Ru/ZSM-5, the
portion of surface Ru(0) species is about 59%. It is possible that
Ru(0) species on the catalyst was gradually oxidized and trans-
formed into RuO, species as the number of cycles increased.
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Table 3 Catalytic performances for the decomposition of hydroxyl-
amine nitrate and hydrazine nitrate®

Time HAN decomposition HN decomposition

Entry Catalyst (min) rate (%) rate (%)
1 No 60 1.0 1.88

ZSM-5 60 1.1 1.98
3 Ru/ZSM- 38 100 100

5
4 Ru/TiO, 60 71.2 31.5
5 Ru/SiO, 60 78.5 28.4
@ Reaction conditions: T = 80 °C, Cyn = 0.1 mol L™}, Cuyan =

0.3 mol L™*, Crno, = 1.0 mol L™%, 2.0 g 5% Ru/ZSM-5.

3.2 Catalytic decomposition reaction conditions

The activity of the prepared catalyst was tested for the reaction
of decomposition of hydroxylamine nitrate (0.3 mol L™") and
hydrazine nitrate (0.1 mol L") in 1.0 mol L™' HNO; at 80 °C.
The reaction, as shown in Table 3, proceeded very slowly in the
absence of catalyst (Table 3, entry 1) or in the presence of ZSM-5
(Table 3, entry 2), and both hydroxylamine nitrate and hydra-
zine nitrate had a low decomposition rate after heating for
60 min (Table 3, entry 1). Pleasingly, when Ru/ZSM-5 was used
as the catalyst, the decomposition rate of hydroxylamine nitrate
and hydrazine nitrate reached 100% (Table 3, entry 3). Ru/TiO,
(Table 3, entry 3) and Ru/SiO, as catalyst (Table 3, entry 4) were
examined, but no better result was obtained. Nitrogen oxides
and nitrogen were the main products.*

The effect of the reaction temperature on the decomposition
rate of hydroxylamine nitrate and hydrazine nitrate were
examined in 1.0 mol L™' HNO,, as shown in Table 4. The
decomposition rate slowly increased with the raised reaction
temperature from 50 °C to 70 °C (Table 4, entries 1-3), but
rapidly increased to 100% at 80 °C (Table 4, entry 4). The
experiment of catalytic decomposition of nitric acid showed
that the concentration of nitrous acid increased obviously by
increasing the temperature above 80 °C (Fig. S371), which
increased the decomposition rate of hydrazine nitrate and
hydroxylamine nitrate and shorten the reaction time signifi-
cantly.**** And increasing the reaction temperature to 90 °C
made the decomposition reaction violent (Table 4, entry 5).
These results indicated that the reaction temperature is
a significant factor to regulate the decomposition rate. At the
present reaction conditions, the suitable temperature was
selected at 80 °C.

Under the condition of 80 °C and 1.0 mol L™ HNO;, the
effect of different amount of catalyst on the decomposition
reaction was listed in Table 5. It can be seen that the reaction
time significantly reduced from 190 min to 38 min with the
elevated amount of catalyst from 0.3 g to 2.0 g. It may be the
decrease in the amount of catalysts lead to a reduction in the
active sites, so the reaction time was prolonged. Therefore, from
the single-factor experiment results, the appropriate reaction
conditions is obtained that reaction temperature is 80 °C and
the amount of Ru/ZSM-5 catalyst is 2.0 g in the decomposition
reaction of hydroxylamine nitrate and hydrazine nitrate.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The influence of reaction temperature on the catalytic performance of Ru/ZSM-5 for the decomposition of hydrazine and

hydroxylamine®

HAN decomposition HN decomposition

Entry Catalyst Temperature (°C) Time (min) rate (%) rate (%)
1 Ru/ZSM-5 50 60 6.29 12.28
2 Ru/ZSM-5 60 60 5.56 14.08
3 Ru/ZSM-5 70 60 19.24 34.32
4 Ru/ZSM-5 80 38 100 100
5 Ru/ZSM-5 90 24 100 100
“ Reaction conditions: T = 50-90 °C, gy = 0.1 mol L™, Cyan = 0.3 mol L™, Crno, = 1.0 mol L7, 2.0 g 5% Ru/ZSM-5.
Table 5 The influence of the catalyst amounts on the reaction
duration for achieving the 100% decomposition of hydrazine and 1209 =
hydroxylamine®

100

Catalyst quality £
Ent Catal i i 5 o0
ry atalyst ] Time (min) g
£ "
1 Ru/ZSM-5 2.0 38 £ %1 L
-
2 Ru/ZSM-5 1.5 60 8 "
3 Ru/ZSM-5 1.2 65 7 laay® o -
- L]
4 Ru/ZSM-5 0.9 78 ""\ﬁ.'?“ﬂ*ﬁ'ﬁn%'--'-
5 Ru/ZSM-5 0.6 130 2
6 Ru/ZSM-5 0.3 190 0 20 40 6 8 100 120 140
Recycle

@ Reaction conditions: T = 80 °C, Cyy = 0.1 mol L', Cyan =
0.3 mol L™, Cuno, = 1.0 mol L™, 0.3-2.0 g 5% Ru/ZSM-5.

To investigate the effect of nitric acid concentration on the
catalytic decomposition reaction, we performed a series of
experiments and the results were shown in the Table 6. An
increase in the HNO; concentration in the range 0.8-
1.8 mol L' HNO; made the reaction time decrease from 48 min
to 11 min.

This phenomenon is consistent with the Avaniev's research
results under the condition of 1% Pt/SiO, catalyst.>* It may be
attributed to the increase in the amount of nitrous acid with the
increase of nitric acid concentration (Fig. S4t), which promotes
the decomposition of hydroxylamine nitrate and hydrazine
nitrate.*

3.3 Recyclability of the catalyst

Finally, the catalyst recyclability (Fig. 5) has been tested in the
presence of 2.0 g Ru/ZSM-5 catalyst at 80 °C in 1.0 mol L™"

Fig. 5 Stability test of Ru/ZSM-5 catalyst for the decomposition of
hydrazine and hydroxylamine.

HNOs;. In this procedure, the catalyst was separated from the
reaction mixture by simple filtration. The recovered catalyst was
washed with deionized water, and then reused directly in model
reaction for the next round without further purification. It was
found that the catalyst could be reused at least 130 times under
the same reaction conditions without the requirement to add
any additional catalyst. One hundred and thirty runs can be
efficiently performed with 100% decomposition rate of
hydroxylamine nitrate and hydrazine nitrate.

After the 130th cycle, the reused catalyst was analyzed by
XRD (Fig. 2), and the results showed that the catalyst main-
tained its structural integrity. In order to confirm the morpho-
logical stability of the catalyst, TEM (Fig. 3) analysis was also
performed, indicating the aggregation of ruthenium nano-
particles and reduction of catalytic active sites in the reused Ru/

Table 6 Comparison of activity for hydroxylamine and hydrazine decomposition tests over different concentration of nitric acid®

HAN decomposition HN decomposition

Entry Catalyst Crno, (mol L) Time (min) rate (%) rate (%)
1 Ru/ZSM-5 0.8 48 100 100
2 Ru/ZSM-5 1.0 38 100 100
3 Ru/ZSM-5 1.2 31 100 100
4 Ru/ZSM-5 1.4 16 100 100
5 Ru/ZSM-5 1.6 12 100 100
6 Ru/ZSM-5 1.8 11 100 100

@ Reaction conditions: T = 80 °C, Crn = 0.1 mol L™, Cyyan = 0.3 mol L™

© 2022 The Author(s). Published by the Royal Society of Chemistry

!, Cimvo, = 0.8-1.8 mol L™%, 2.0 g 5% Ru/ZSM-5.
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ZSM-5 samples. The leaching amount of Ru was also deter-
mined by inductively coupled plasma technology. It was found
that the content of Ru was reduced from 4.95% wt to 2.78% wt
after the 130th cycle. The ruthenium XPS (Fig. 4) spectra
confirmed Ru(0) species on the surface of ZSM-5 decreased over
fresh Ru/ZSM-5. These results indicate that the increase in
reaction time after the 110th run is due to the growth and loss of
Ru particles, and change of Ru valence state, which simulta-
neously led to the reduction of catalyst activity.

4. Conclusions

In summary, Ru/ZSM-5 was successfully prepared and
confirmed using XRD, BET, TEM, ICP-AES, and XPS techniques.
The Ru/ZSM-5 catalyst was shown to be an efficient heteroge-
neous catalyst for decomposition of hydroxylamine nitrate and
hydrazine nitrate at 80 °C in 1.0 mol L' HNO;. The catalyst
could be easily recovered by simple filtration and reused 130
times without significant loss of activity, showing good poten-
tial for industrial application. The characterization results
showed that the catalyst maintained its MFI structure after
long-term reaction and the ruthenium nanoparticles agglom-
erated and gradually transformed into oxidized state leading to
the decrease in catalyst activity. This conclusion may have
a guiding role in optimizing the preparation method of the
catalyst.
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