¢! Desalination and Water Treatment

¢ www.deswater.com
(
doi: 10.1080,/19443994.2013.808446

52 (2014) 426431
January

Taylor &Francis
Taylor & Francis Group

Reduction of uranium (VI to IV) by hydrogenation using Adams’

catalyst

Avinash Sahu, Tessy Vincent*, ].G. Shah, P.K. Wattal

Process Development Division, Nuclear Recycle Group, Bhabha Atomic Research Centre, Mumbai 400 085, India
Tel. +91 22 25595488; Fax: +91 22 25505340; email: tessyv@barc.gov.in

Received 13 April 2012; Accepted 14 March 2013

ABSTRACT

Plutonium uranium reduction extraction using U(IV) as universal reductant for Pu
partitioning is the only technology practiced internationally to recover U and Pu from spent
nuclear fuels. Uranous requirement of Indian reprocessing plants is met by the electrolytic
reduction of uranyl nitrate with 50-60% conversion. Though the current requirement can be
met with this method, it increases the load on uranium purification cycle. In addition, it is a
batch process with slow kinetics. In order to achieve higher conversion of uranyl nitrate to
uranous nitrate, catalytic reduction method using hydrogen in presence of Adams’ catalyst
(PtO,) was tried. Parametric studies have been performed in an autoclave to evaluate the
effect of U(VD) concentration, the role of hydrazine nitrate and pressure. It is observed that
Kkinetics is improved at higher pressures. The studies revealed that near total conversion of
uranium from (VI to IV) can be achieved by the catalytic reduction route.
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1. Introduction

Reprocessing flow sheet-based on plutonium
uranium reduction extraction process essentially
involves dissolution of used nuclear fuels followed by
solvent extraction cycles. The first extraction cycle,
comprises of co-decontamination and U/Pu partition-
ing. Partitioning involves the selective stripping of Pu
from U. This is accomplished by the reduction of
extractable Pu(IV) to the non-extractable Pu(IlIl)
oxidation state. Among the various reducing agents,
U(IV) is most widely accepted and employed. In
Indian reprocessing plants, uranous nitrate [U(IV)] is
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produced externally by conventional electrolytic
reduction of U(VI) using titanium substrate insoluble
anode with hydrazine nitrate as uranous nitrate
stabilizer. Hydrazine nitrate scavenges the nitrous
acid generated by autocatalytic decomposition of nitric
acid and prevents the re-oxidation of U(IV) to U(VI)
[1]. Limited conversion of 50-60% leading to increase
in uranium processing load is the major drawback of
the existing electrolytic route. Other limitations
includes poor kinetics, frequent recoating of electrode
and secondary waste generation during decontamina-
tion of anode. Use of cation exchange membrane to
separate catholyte from anolyte could enhance percent
conversion. However, developing the membrane
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indigenously for higher throughput appears to be a
difficult task.

In order to achieve higher conversion of uranyl
nitrate to uranous nitrate, catalytic reduction method
using hydrazine was tried. In addition to its role as U(IV)
stabilizer, it also acts as a chemical reductant and reduces
U(VD to U(V) in the presence of Pt as follows [2]:

Pt

UO;" + 0.5N,H; + 1.5H" U*" +0.5N; + 2H,0

Laboratory scale studies for the conversion of
uranyl nitrate to uranous nitrate using hydrazine as
reductant was carried out in the presence of finely
divided PtO, (Adams’ catalyst) [3]. Bench scale
studies have been performed with 2wt.% platinum
loaded on alumina balls using hydrazine as reductant
[4]. Near total conversion could be achieved with cata-
lytic reduction using hydrazine. Use of hydrogen as
reductant in place of hydrazine, enhances the reaction
rate and make the process amenable for continuous
production of U(V). Laboratory scale studies on
uranyl nitrate reduction using dilute hydrogen gas as
at a pressure of 2kg/cm” in presence of Adams’ cata-
lyst were reported [5] in a reductor made of SS-304L.

A reduction process with 99.9% hydrogen in
presence of Adams’ catalyst has been developed for
the reduction of uranyl nitrate.

The reduction reaction of U(VI) by hydrogen [6] is
as follows:

Pt

UO,(NO3), + H, + 2HNO;  —>  U(NOs), + 2H,0

Most of the experiments have been carried out
using combination of hydrogen and hydrazine.

2. Experimental setup
2.1. Apparatus

Reduction studies of U(VI) to U(IV) have been car-
ried out in an autoclave designed for a maximum
pressure of 120kg/cm”. The operating volume of the
reactor vessel is 1.5L. A cooling coil is provided
inside the reactor to remove the heat generated during
the reaction. It is also provided with a thermowell &
RTD to monitor the temperature during the progress
of reaction, which is then displayed by the digital
indicator. The reactor has a stirrer, magnetically
coupled with a rotating pulley. The stirrer is provided
with two impellers, one at the bottom and the other
one at the middle of the stirrer shaft. Pressure inside

the reactor is indicated by a glycerin-filled analog
pressure gauge. Reactor is provided with two inlet
connections for the reactants which reach up to the
reactor bottom and one outlet connection for the gas.
Bottom drain is also provided to withdraw the sam-
ples online or to drain out the liquid. All lines are of
Y, size made of stainless steel. The photograph of the
system is given in Fig. 1.

Since the experiments involve the use of hydrogen,
which is explosive in nature, precautions have always
been taken to see that hydrogen is always accompa-
nied with an inert gas so that during depressurization
or release, dilution of hydrogen gas is ensured to avoid
the H, concentration reaching the explosive limits.

2.2. Chemicals

Experiments have been carried out with PtO,
(Adams’ catalyst) (M/S. Arora Matthey Ltd., Kolkata,
India). Electron microscope (SEM) image was taken to
know the average size of Adams’ catalyst and is
shown in Fig. 2.

U305 was supplied by Uranium Extraction Divi-
sion, Bhabha Atomic Research Centre, India. Nitric
acid used for dissolution was of analytical grade.

2.3. Procedure adopted for hydrogenation studies

A stock solution of uranyl nitrate solution was
prepared by dissolving U;Og (natural) in concentrated
nitric acid. From the stock solution, feed solution
containing 100g/L of uranium with varying free
acidity and hydrazine have been prepared after
adding required volumes of hydrazine nitrate and
distilled water and used for experimental runs.

Pretreatment of the catalyst particles with nitric
acid was found to be mandatory to activate the

Fig. 1. Experimental set-up for catalytic hydrogenation
studies.
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Fig. 2. SEM image of Adams’ catalyst.

reaction sites. Accordingly, catalyst powder was
pretreated prior to each experimental run. After
charging the reactor with required volume of feed
solution and catalyst quantity, lines are purged with
argon. Argon supply line is then closed and hydrogen
gas is passed through the reactor for 2-3 min to carry
away the inert gas from the reactor. After closing the
gas outlet line, desired pressure is built-up by operat-
ing the ball valve in the hydrogen line. Agitator is
kept on. The samples withdrawn at regular intervals
are analysed till quantitative conversion is achieved.
After the run, hydrogen regulators are properly
closed. Electric supply is switched off. Then the
product solution is drained out and the reactor vessel
is washed to avoid its pitting and corrosion.

In order to evaluate the performance of the
reduction process, solution samples were analysed for
total uranium concentration, uranous nitrate concen-
tration, free acidity and hydrazine concentration.
Modified Davis-Gray method and redox titration with
standard potassium dichromate were used for total
uranium and uranous analyses, respectively [7,8]. The
accuracy and precision of these methods is within
+0.2% and total error is within *1%. Free acidity and
hydrazine concentration were analysed by titration
with standard alkali [9].

3. Hydrogenation studies with 3.34% hydrogen

Experiments were done on one litre scale with
3.34% H, (rest-N,) gas at a pressure of 2kg/cm?
under agitated condition for uranyl nitrate solution
having U: 102g/L, free acidity of 0.97 and 0.77M
hydrazine with catalyst to uranium (C/U) ratio of 1:5
and the reduction progress in terms of percent reduc-

tion, acidity and hydrazine are summarized in Table 1.

Poor kinetics was observed during the reduction.
Even after 4h, merely 65% conversion could be
obtained.

3.1. Effect of pressure

Since the conversion is only 60%, after 4 h at a pres-
sure of 2kg/cm?, set of experiments were conducted
by varying the pressure up to 35kg/cm” to improve
the kinetics for the above feed conditions and the effect
of pressure on conversion is shown in Fig. 3. It is
observed that percent conversion increases with pres-
sure and near total conversion was achieved after
210 min of reaction time at a pressure of 33kg/cm?.

3.2. Effect of hydrazine nitrate concentration

In the conventional electrolytic route, hydrazine is
added in the feed stream to maintain the valency state
of uranous nitrate by suppressing the autocatalytic
decomposition of nitric acid. In order to investigate
role of hydrazine in catalytic reduction process, vari-
ous runs were carried out at 33kg/cm? for conversion
of U(VD) to U(IV) with uranyl nitrate solution having
uranium concentration of 101g/L, acidity of 1.05M
and C:U ratio of 1:10 by changing the hydrazine con-
centration in the range 0-0.75M under agitated condi-
tion. Reduction performance is depicted in Fig. 4.

Without hydrazine, conversion of U(VI) to UIV)
using 3.34% hydrogen was found to be difficult. It is
clear from Fig. 4 that for hydrazine concentration in
the range of 0.25-0.6M, the reduction trend remains
almost same but above 0.6 M hydrazine, better kinetics
is observed. It is envisaged that in catalytic reduction
process, hydrazine acts as reductant in addition to its
role as nitric acid scavenger.

Table 1
Variation of percent reduction, acidity and hydrazine with
time using 3.34% hydrogen at 2kg/cm?

Time (min) % Conversion Acidity (M) Hydrazine (M)

0 0 1.25 0.77
30 11.2 1.21 0.71
60 23.8 1.2 0.68
90 34.0 1.17 0.60
120 41.2 1.14 0.54
150 47.8 1.13 0.46
180 529 1.1 0.39
210 60.1 1.09 0.32
240 65.0 1.09 0.28
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Fig. 3. Effect of pressure using 3.34% hydrogen for
reduction of uranyl nitrate solution having U: 102g/L, free
acidity: 0.97M and hydrazine: 0.77M with a catalyst to U
ratio of 1:5 under agitated condition.

4. Hydrogenation studies with 99.9% hydrogen

With an aim to enhance the reduction rate, experi-
ments were performed at moderate pressures with
hydrazine and 99.9% hydrogen. By maintaining a C:U
ratio of 1:10, reduction of the feed solution containing
U: 101g/L, free acidity of 1.05 and 0.76 M hydrazine
has been studied for pressures 15 and 33kg/cm’
under agitation. Behaviour is represented in Fig. 5.

Time required for quantitative conversion has been
reduced drastically with 99.9% hydrogen under agi-
tated condition even at a lower C:U ratio of 1:10, as
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Fig. 4. Effect of hydrazine nitrate concentration using
3.34% hydrogen at 33kg/cm” for reduction of uranyl
nitrate solution having U: 101g/L, acidity: 1.05M and a
catalyst to U ratio: 1:10 under agitated condition.

compared to that required with 3.34% hydrogen at
C:U ratio of 1:5.

Using 99.9% hydrogen at 33kg/cm?, uranyl nitrate
solution with U: 101g/L and 1.15M acidity (Fig. 6),
reduction process has been carried out with 0.75M
hydrazine nitrate and without hydrazine nitrate by
maintaining C:U ratio of 1:10 under agitated condition.

Without hydrazine, initially the reduction rate was
very low. But after 70min duration, the rate is
enhanced. It could be attributed to autocatalytic
behaviour of U(IV). With hydrazine, near total conver-
sion was obtained in 40 min.

4.1. Effect of uranium concentration

To investigate the behaviour of reduction by vary-
ing the concentration of uranium, runs have been car-
ried out with 99.9% H, at 33kg/cm’. Uranyl nitrate
solution (acidity 1.05M and hydrazine concentration
of 0.75M) with a C:U ratio of 1:10 was used as the
feed. Percent conversion is compared in Fig. 7. It is
observed that under similar conditions, the reduction
rate is reduced with U(VI) concentration due to the
lower acidity of feed solution.

4.2. Hydrogenation studies at higher pressures

By maintaining the parameters U: 108.3g/L, H™:
1.1M and hydrazine: 0.76 M and C/U=1:10 constant,
catalytic hydrogenation of uranyl nitrate solution was
carried out using 99.9% H, at 45, 60 and 70kg/ cm?.
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Fig. 5. Effect of pressure using 99.9% hydrogen for
reduction of uranyl nitrate solution containing U: 101g/L,
free acidity: 1.05M and hydrazine: 0.76 M with catalyst to
U ratio of 1:10 under agitated condition.
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Fig. 6. Plot of percent conversion vs. time obtained w1th &
without hydrazine using 99.9% hydrogen at 33kg/cm? for
reduction of feed solution having U: 101g/L and acidity:
1.15M.
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Fig. 7. Converswn trend with 99.9% hydrogen at
33kg/cm? for reduction of feed solution having U: 101
and 195g/L, acidity: 1.05M and hydrazine concentration
of 0.75M with a C:U ratio of 1:10 under agitated condition.

Details of the performance are given in Figs. 8-10,
respectively.

It is seen from Figs. 8-10 that the rate of conver-
sion to U(IV), increases with increase in pressure and
>99.99% conversion is achieved in 10min at a
pressure of 70kg/cm?® This could be attributed to the
higher solubility of hydrogen at higher pressures.
Acid and hydrazine consumption was found to more
at 45kg/ cm?. Temperature of the solution was raised
from 31 to 71.2°C when the pressure was set at
45kg/cm®. At pressures 60 and 70kg/cm? tempera-
ture rise of around 20°C was noticed.

—u— Temperature

1004 —*— % Conversion ~1.2
o —+— Acidity
Q . . >
< —x— Hydrazine Nitrate 1
© 1.0 2
= 80 4 =
‘5 <
b Los ¥
2 =
L 604 =
£ &
) -
= -0.6 £
. 8,
2 401 2
= L 04 Z
w * " =3
= * =1
%) &
> =3
g 20 7 - 0 2 :-b\
o <=2
= 5
0 T T T T T T T T T T T T T 0-0
0 5 10 15 20 25 30 35
Time (min)
Fig. 8. Variation of percent conversion, temperature,

acidity and hydrazme nitrate concentration with time at
45kg/cm?® using 99.99% hydrogen.
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Fig. 9. Plot of percent conversion, temperature, acidity and
hydrazme nitrate concentration with time at 60kg/cm?
using 99.99% hydrogen.
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Fig. 10. Variation of percent conversion, temperature,
acidity & hydrazine nitrate concentration with time at
70kg/cm? using 99.99% hydrogen.
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5. Conclusions

Studies conducted in the pressure range of 2-
70kg/cm” reveals that the reduction kinetics of U(VI)
to U(IV) enhances with the increase in pressure and
with the addition of hydrazine. Due to the fast kinetics
in presence of catalyst, use of hydrogen and hydrazine
together as reductants enhances the reaction rate and
makes the process amenable for continuous production
of U(V). It has been confirmed that uranyl nitrate
solution having 195g/L of U(VI) can be subjected to
hydrogen-hydrazine-based reduction process. Cata-
lytic hydrogenation process is established on bench
scale for near total conversion of U(VI) to U(IV).
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