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Summary — A plant for the precipitation of sinterable nuclear grade UO. powders is 
described in this report. The plant lias been designed, built and set up by SMA TECH1NT. 
ENEA has been involved in the job as nuclear consultant. I 
Main process steps are: dissolution of U02 powder or sintered U02 pellets, udjutment of 
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report. Some laboratory data on precipitation of ammonium diuranate by means of 
NH.OH, are also reported. 
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INTRODUCTION 

A plant for the preparation of sinterable, nuclear grade U-
ranium dioxide powders is described in this report. The raw 
material is a refined Uranyl nitrate aqueous solution. Fur
thermore, Uranium powders, scraps and pellets recycle during 
fuel element fabrication can be processed in this plant. 
Main process steps are: 

- preparation and adjustment of an uranyl nitrate solution, 

- precipitation of uranium peroxide by means of hydrogen pe
roxide , 

- centrifugation of the precipitate, 
- drying, calcination and reduction to Uranium dioxide by 

means of hydrogen at high temperature. 
The main characteristic of this process is that the precipi
tation takes place in a narrow range of pH thus avoiding the 
copr ecipita tion of most of the impurities. The plant has 
been designe, built and set up by SNIA TECHINT from 1978 to 
1982. ENEA has been involved in the job as nuclear consul
tant. Moreover, ENEA has performed a set of laboratory tests 
to help the design, has built a pilot time to test the com
ponents and has supplied also analytical and health phisics 
support. 

We underline the relevance of this job, being this plant the 
first of its kind designed in Italy. 

DESCRIPTION OF THE PROCESS 

as shown in fig. 1 includes the following The process, 
steps : 
- dissolution of uranium powders, scraps and pellets to ob

tain an uranyl nitrate solution; 
- adjustment of the main parameters of the uranyl nitrate 

solution: e.g. concentration, pH and temperature; 
- precipitation of uranium peroxide; 
- centrifugation; 
- drying, calcination and reduction to uranium dioxide. 

2.1. Dissolution 

In this step the dissolution of the uranium oxide and the 
treatment of the gases arising during the chemical attack 
with HNO take place. 

3 
Main components of this section are: 
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- a batch type dissolver, heated by means of a steam jac

ket; 
- a feed globe box; 
- a vapour scrubber; 
- a tank and a metering pump for nitric acid make-up; 
- a tank for the collection of the uranyl nitrate produced. 
Before feeding the dissolver with the raw material, liquid 
solution coming from the vapour scrubber is recicled to 
the dissolver. This solution is slightly acid because of 
the HNO recovered from nitrous vapours in the previous 

3 
dissolutions. The dissolver is equipped with a basket to 
hold the solid charge and with an air bubbler to stir the 
solution. 
Steam is supplied to the jacket of the dissolver until 
70°C is reached. At this point a metered flow of nitric 
acid is allowed to enter the dissolver. 

A short time after introducing the concentrated nitric 
acid, the reaction starts to take place according to the 
global reaction mentioned below. 

The evolution of the reaction is recorded through the den
sity of the solution, measured by a densimeter (see hot 
test report), and due to the uranium passing into the li
quid phase. 

The temperature, registered by means of a termocouple, gi
ves information on the speed of the reaction which takes 
place evolving heat (see hot test report). 

The dissolver is kept under vacuum by means of a pressure 
control loop. The reaction of nitric acid with small size 
uranium powders is very fast and the equipment must be 
protected against the risk of overpressure and forming of 
foams. This is obtained by interlocking the nitric acid and 
steam supply with an high pressure sensor, installed at 
the top of the dissolver. If the pressure rises over the 
set value (which is about minus 50 mm w.g.) a valve on the 
HNO supply pipe will be automatically closed, the meter
ing pump for the HNO supply will be stopped and the steam 
to the jacket is closed. A condenser on the off gas line 
from the dissolver has the task of cooling the nitrogen 

oxides and the air, condensing the vapours of HNO - H O 
3 2 

and recycling them to the dissolver. The oxidation and the 
absorption of the nitrogen oxides take place in the absor
ber according to the reactions which will be mentioned be-
1 ow. 
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The gases leaving the scrubber go to the gas plenum, to 

which all the vents line 'of the conversion plant are con

nected and which are kept under vacuum by means of a blo

wer . 

The indication of the dissolution rate is given by the re

gistration of the solution density. When the density in 

the dissolver remains constant for about an hour the dis

solution can be considered completed and the solution is 

cooled by stopping the supply of steam and by connecting 

the dissolver jacket with a cooling water line until the 

temperature falls below 50°C. 

Reaction Chemistry 

The dissolution of UO powder takes place with a chemistry 

dependent upon the initial oxidation state of uranium. In 

the uranyl (UO ) ion uranium is at its hexavalent state. 
2 

If the uranium contained in the starting compound has a 

lower oxidation number the uranium must be further oxidi

zed. 

In the case the oxidation agent is the nitrate ion present 

in solution. The following reactions occur: 

a) 

b) 

c) 

UO + 
2 

4U0 

2N0 + 
3 

4H 

3U0 + 2N0 + 8H 

2N0 1 OH 

+ + 
UO + 

2 

3U0 

4U0 

+ + 

2 

+ + 

2 

2N0 
2 

+ 2N0 

+ NO 

2H 0 
2 

4H 0 
2 

5H 0 
2 

Itvis foreseen that reaction a) accounts for 25% and reac

tion, b) accounts for 75% of the dissolution of UO . Reac-
2 

tion c) is practically insignificant. 

Therefore on the average it is obtained 

UO + 3HN0 
2 3 

uo (NO ) + 1/2 NO + 
2 3 2 2 

1/2 NO + - H 0 
2 

Nitrogen oxide NO which is given off in the liquid phase 

is oxidized by the oxygen present in the air bubbling 

through the solution according to the following reaction: 

2N0 + 0 2N0 ( A H = - 13.5 kcal/mole of NO) 
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This reaction takes place in a quantitative way and its 

kinetics is governed by the relation: 

dp 
NO 

dt 
= K . P 

NO 

1 
where K (expressed in s atm ) is given by the relation: 

log K = 
552.1 

0.7356 with T expressed in Kelvin d£ 

gr ees 

The oxidation of NO favours the recovery in the scrubber 

of nitric vapours in nitric acid form. In fact, while ni

tric oxide (NO) is only slifhtly soluble, nitrogen dioxide 

NO , dirnerizes producing a compound which easily passes 

into the liquid phase 

2NO N 0 ( A H = - 14 kcal/mole of N 0 ) 
2 4 2 4 

The equilibrium of the dimerization reaction is given by 

2993 
log k = 0.9226 

2 - 1 
(atm ) where k = P / (P ) 

N O NO 
2 4 2 

The absorption reactions of N 0 are then: 
2 4 

N O + H 0 
2 4 2 

HNO + HNO 
3 2 

'jHNO — 
2 

HNO + H 0 + 2NO 
3 2 

that is; overall: 

3/2 N O + H 0 
2 4 2 

2HNO + NO 
3 

The equilibrium constant of this last reaction 
1.5 

Kc = P /(P ) is given by the equation: 
NO N O y 

2 4 

log kc = 7.412 - 20.28921 W + 32.47322 W 2 - 3087 W 3 

where W is the weight % of HNO in the liquid fraction. 

In order to promote the oxidation reaction of NO, it will 

be necessary to : 

9 



- pass through highly excessive amounts of oxygen in rela
tion to the stoichiometric quantity 

- operate at low temperature 
- allow for the gas to remain a sufficient time in the 

scrubber. 
The absorption of N 0 , on the othe1- hand, will be facili-

2 4 
tated by low acid levels in the solution coming into con
tact with the gas. 
If an alcaline solution circulates in the scrubber, thus 
renouncing to the opportunity of recovering nitric acid, 
the nitric ion stabilizes in the solution which is formed 
during the passage into the liquid phase of N 0 obtain
ing, in this way, a more complete purification. 
At any rate, the condenser-packed column system is desi
gned to allow for the recovery of 2/3 of the decomposed 
nitric acid while the remainder will be dispersed through 
the stack. 
If uranium is already prsent in a hexavalent state in the 
powder to be dissolved, the dissolution reaction can take 
place without the production of nitric fumes 

UO + 2HN0 ». UO (NO ) + H 0 
3 3 2 3 2 2 

(NO ) U 0 + 6HNO — » . 2U0 (NO ) + 2HN NO + 3H 0 
4 2 2 7 3 2 3 2 4 3 2 

In addition, nitric acid will have the only purpose of :;: 
bringing the nitrate ion into solution and allowing for 
the solubilization of the uranium. 
However, the air in the dissolver must be introduced in 
order to insure a good mixing of the aqueous phase. 

U£an_yl^_ni:t£at e_s_ol^utiLon_densi ty 

The density in the H O - nitric acid-uranyl nitrate terna
ry system at 25°C is given by the following equation: 

d = 1.012 + 0.00133 U (g/1) + 0.0316 HNO (M) 

this is valid within the range 

U = 50 + 200 g/1 
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and HNO = 1.5 + 6M 
3 

At temperature exceeding room temperature the equation can 

be corrected using the following formula: 

d = 1.U1b5 + 0.0294 HNO (M) + 0,3086 U (M) 
o 3 

d = do/ I 1 + C do (t - 20) | 

where 

C = 10~ . (0.341 + 0.056 HNO (M) + 0.015 U (M)) 

and d = density at desired temperature. 

Main equipment description 

1. Dis solver 

The dissolver consists principally of a vertical cylin
der made from a 10" pipe. The lower part is sealed off 
by a torespher i cai bottom and the upper part is flan
ged. 

Although the dissolver has a total capacity of about 
100 liters it is normally only half filled. The upper 
space is left free to collect foam that might be produ
ced during the dissolution reaction: 

The area in contact with the liquid is surrounded by 
a jacket useful either for heating or for cooling the 
solution. The entire apparatus, including the process 
fluid drainage pipes and the steam inlet pipes, are in
sulated. 

2 
An exchange area of 2.7 m has been found sufficient 
for this purpose. 

The design capacity of the dissolver is about 12 kg of 
uranium for each batch. In the reference process the 
uranium solution produced has a concentration of about 
240 g/1 , so 50 liters of uranium nitrate are produced 
during each batch. 

2. Condenser - Cooler 

This equipment has the purpose of cooling the gaseous 
effluents leaving the dissolver and condensing the 
steam and the gaseous HNO . These are recycled to the 
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dissolver. The heat input considered for the design of 
the condenser includes the heat given by the steam to 
the heating jacket (considered at its maximum capacity) 
plus the reaction heat. This is evaluated by making the 
hypotesis that the whole reaction heat is developed wi
thin 10 minutes, to take into account peak phenomena. 
The gas flow includes steam, air for bubbling and the 
nitrous oxides produced during the reaction, determined 
with the same criteria shown above. The outlet tem
perature must be under 40°C and an alarm goes off if 
a maximum of 50°C is exceeded. 

2.2. Ad justment 

The whole dissolution batch, containing about 12 kg 
of Uranium, has to be transferred into the adjustment 
column from UNH storage tank. 

A fixed volume of solution can be charged automati
cally by setting a level switch s.t the needed amount 
of the solution to be processed. The switch closes 
automatically the inlet valve thus interrupting the 
filling. Then the solution is allowed to recirculate 
in the tank. At the same time the necessary reagents 
are added to adjust the pH to the appropriate value 
for te precipitation and the solution is diluted and 
cooled. 

Dilution is made by deminerali zed water added in the 
recycle line in order to facilitate the homogenizing 
of the solution. Cooling is made by means of a sh-ell 
and tube heat exchanger placed on recycle line. 
The adjustment is made by adding aqueous ammonia co
ming from the relevant make-up tank. The reagent ad
dition is controlled by a pH recorder controller lo
cated on the recycle pipe downstream of the pump. 
At the end of the adjustment the following values ha
ve to be reached : 

U concentration 
temperature 
pH 

120 g/1 

38°C 

3 

Chemi1£try_of_the reaction 

In the adjustment column, the uranyl nitrate solution 
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with an excess of HNO is neutralized by adding ammo

nia according to the reaction: 

HNO + NH OH 
3 4 

NH NO + H 0 
4 3 2 

A H = - 12.240 Kcal/moles 

Equipment 

The adjustment column is a vertical cylinder made 
from a 10" pipe. Its capacity corresponds to one bat
ch of about 12 kg of uranium that, during the adjust
ment, is diluted to 120 g/1 . So the useful capacity 
has to be at least 100 It. 

Precipitation 

The precipitation is made batchwise by means of two 
columns working in parallel. 
Before loading the solution into the precipitation 
column this must be filled to about 1/10 of its volu
me with dmineralized water in order to: 
- facilitate the priming of the recirculation pumps 

- avoid precipitation of the first part of the new 
solution entering the tank because of residues from 
previous precipitations. 

The amount of hydrogen peroxide added is determined 
on the basis of the amount of UNH to be precipitate 

and allowing for a slight excess of H 0 in the solu-
2 2 

tion. During the precipitation, the solution's pH de
creases because of the formation of nitric acid. A 
low pH value causes the solubilization of small a-
mounts of uranium. To contrast this effect it is ne
cessary to add again NH OH to the solution by means 
of metering pumps. After this neutralization opera
tion an excess of H 0 is added again to the solution 

2 2 
to prevent possible subsequent solubilizations. 

Chemistry of the reaction 

The precipitation reaction of uranium peroxide by ad
dition of hydrogen peroxide is the following: 

UO (NO ) + H 0 + H 0 — 2HNO + UO 
2 3 2 22 2 3 4 

r 2H 0 
2 
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Since hydrogen peroxide is consume and hydrogen ion 
liberated the precipitation progress can be governed 
by controlling the addition of H 0 and the acidity 

2 2 
of the solution. 
If hydrogen peroxide and ammonia are added in a molar 
ration of 1 : 2 and the solution is well stirred, the 

pH is approximately constant until the precipitation 

is complete. 
When the addition of H CL fails to lower the pH, the 

2 2 ^ 

NH is stopped and a slight excess of hydrogen pero
xide is added to complete the reaction. Another me
thod, which does not require a strict control of the 
pH is to add the stoichiometric quantity of hydrogen 
peroxide plus a slight excess without neutralizing 
the nitric acid produced. 
There are a number of factors affecting the comple
tion of the peroxide precipitation. These factors are 
(*) : 

1) Solution pH; 2) hydrogen peroxide concentration; 
3) original uranium concentration; 4) interfering a-
nions; and 5) interfering cations. 
1) Solution pH. Precipitation is quantitative over 

the pH range 1.0 -r 3.5, provided a reasonable ex
cess of hydrogen peroxide is present. While above 
a pH of 3.5 considerable uranium may be held in 
solution as ammonium peruranate. 

2) Hydrogen Peroxide Concentration. An excess of 
0.3 T 0.5 molai concentration above the stoichio
metric requirement is ordinarily added to increase 
the reaction rate with as little as 0.002 M suffi
cient to prevent any significant dissolution of 
the peroxide precipitate. 

3) Original Uranium Concentration. Concentrations of 
uranium above 1.0% give satisfactory precipita
tion. Below this concentration, more uranium is 
held in solution. In practice the concentration 
is generally above 10%, with the solution being 
concentration by evaporation, if necessary, to ob
tain this minimum concentration. 

(*) Rif. Reactor Handbook 

Vol. II Fuel Reprocessing, 1961, edited by Stoller and Richards, 

Interscience Publisher Inc. 
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4) Interfering Anions. Certain anions interfere with 
the completeness of precipitation. Nitrate ion has 
little effect; other anions, in the order of in
creasing inhibiting effect, are acetate, chloride, 
malonate, . sulfate and fluoride. The effect of 
sulfate is lessened by the presence of magnesium 
ion and the effect of fluoride ion can be nulli
fied by the addition of an equimolal concentration 
of aluminum nitrate. 

5) Interfering Cations. Some cations interfere by the 
formation of soluble peruranates (particularly at 
high pH) while others interfer by the catalyc de
composition of H 0 . One of the worst of these is 
, 2 2 
ferric iron. If present in appreciable concentra
tion, its effect may be minimized by (1) prelimi-
nar precipitation of the iron, (2) addition of ma-
lonic acid (2 moles malonic acid for each mole of 
iron), or (3) precipitation of the uranium pero
xide at a low temperature (20°C). Cobalt, mangane
se and cerium in alkaline solutions are powerful 
catalysts for the destruction of H 0 . 

2 2 
Localized regions where the concurrent addition 
of ammonia causes momentary alkalinity may result 
in these cations destroying the iiydrogen peroxide. 
To conunteract this effect, the precipitation may 
be carried out without the addition of ammonia. 
Although the pH decreases, sufficient hydrogen pe
roxide can be added to give quantitative results. 
Alkali and alkaline earth metal (except magnesium) 
slow the rate of precipitation. Zinc, cadmium, ni-
kel, aluminum, chromium, and copper have no ef
fect . 

Centrifugation 

This section is designed to process the suspension 
coming out of the precipitators, by separating the 
product (a precipitate of uranium peroxide) from the 
mother waters. Mother waters have to be separated 
from the solid particles to p.p.m. levels to meet the 
specifications that allow their discharge to the wa
ste collecting tanks. 

The solid-liquid separation is performed in two steps 
by means of two centrifuges. The first one is called 
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dewatering centrifuge and the second one the mother 
waters clarifier centrifuge. 
The solid-liquid separation is made by the following 
equ ipment : 
- precipitate storage tank (collecting the suspension 

coming from the precipitators), as well as the slur
ry recycled from the mother waters clarifier cen
trifuge. This tank is equipped with a recycle pump 
drawing continuosly the suspension from the bottom 
and recirculating it to the top of the tank. Thus 
the settling of the suspension is avoided. 
Part of the suspension is drawn from the recycle 
line and sent to a dewatering centrifuge. 

Dewatering_centrifuge 

In this equipment, separation takes place in a hori
zontal conical-cylindrical rotor containing a screw 
conveyor (see Fig. 2) . 

The conveyor, which rotates in the same direction as 
the rotor but at a slightly different speed, trans
ports the separated solids to the discharge port of 
the rotor. 

The feed enters the machine at the wide end of the 
rotor through a central inlet pipe in the hollow con
veyor shaft. On leaving the pipe, the feed is distri
buted by centrifugal force to the wall of the rotor 
cavity. 

The solids in the feed are deposited as a layer on 
the rotor wall leaving the liquid to form an inner 
ring, the depth of which is determined by the posi
tion of adjustable effluent weirs at the wide end of 
the rotor. The screw conveyor transports the solids 
towards the narrow end where they are discharged by 
centrifugal force. The liquid overflows through ef
fluent weirs. 

The mother waters are collected in a tank where they 
are stirred by means of a recycle pump. This provides 
also the feeding of a second centrifuge. This has the 
purpose to purify the mother waters from its residual 
solids content. 
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Mother Water clarifier centrifuge 

In this equipment separation takes place in a solid-
ejecting type rotor or "bowl" (see fig. 3). "Solid-
ejecting" means that the separated solids are dischar 
ged at predetermined intervals while the machine is 
running at full speed. 
This function, is achieved by having a separate in
ner rotor-bottom that is free to move vertically. 
During separation this bottom is pressed upwards hy-
draulically, ensuring a tight seal against the rotor 
hood and forming an anular space in which the solids 
collect. 

At suitable intervals the hydraulic pressure is drop
ped very rapidly causing an instantaneous downward 
movement of the bottom with an ensuing opening at the 
anular slit through which the solids are ejected. The 
raising and lowering of the hydraulic pressure is ac 
tuated by pulses of operating liquid feed into the 
rotor's operating system from an external supply. 
These pulses and subsequent solid discharge (known 
as "shootings") can be either under the indirect con
trol of discharge program equipment, actuated by a 
timer, or under manual control. 

The process liquid is fed into the rotor from the top 
through a central inlet pipe, and is distributed to 
the periphery by means of a distribution cone. The 
solids, being the heavier phase, are forced towards 
the rotor wall. The liquid leaves the rotor as its 
top after passing through the disk stock and a built-
in paring disk pump. 

Mouther water_di1scharge_tanks 

Mother waters leaving the mother water clarifier cen
trifuge are collected in two tanks where the solution 
is stirred by means of recirculation pumps. The capa
city of these tanks is designed to allow sufficient 
time to take and analyse a sample and discharge the 
content of one during the time necessary to fill the 
other. Therefore, the concentration can run conti
nuously without interruptions. 



Fig. 3 - MOTHER WATER CLARIFIER CENTRIFUGE 
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Drying 

The purpose of this section is to produce a high 
quality, free flowing and dry powder by spraying the 
slurry produced in the previous operations into a hot 
a ir stream. 

The precipitation coming from the dewatering centri
fuge is collected in a conical-bottom tank and stir
red by means of a low-speed mixer. 

A peristaltic pump pushes the slurry from the bottom 
of the tank to a two-fluid spray nozzle. The nozzle 
produces a dispersion of the slurry in a large drying 
chamber. Here a stream of hot air entraine the parti
cles and dries them by the evaporation of all their 
water content. 
The gas-solid separation is furtherly obtained by 
means of a cyclone; the powders are collected in a 
drum connected to the bottom of the cyclone and loca
ted in a sealed glove box; the exhaust air is filtred 
by means of a wet scrubber. 

The advantage of this process is the complete elimi
nation of thè H 0 present in the precipitate and part 
of the cristallization water without agglomeration 
or compaction fenomena. 
The complete drying section is showed in Fig. 4. 

Calcination, reduction and passivation 

2£Ì£Ìn.2.Ì.i°H 

The calcination section is compared of a rotary fur
nace and its auxiliary components. 

The process which takes place in the furnace is the 
drying-calcination of the bihydrate tetroxide 
UO. . 2H 0/UO coming from the centrifugation-drying 

4 2 3 
section. 
The product of calcination is a mixture of oxides in 

form U 0 -U0 (it depends on the operating condi-
3 8 3 

tions) produced by the thermic decomposition of the 
tetroxide . 

Description of the equipment 

The furnace will essentially consist of a cylindrical 
drum rotating on special bearings slightly inclined 



Fig. 4 - DRYING SECTION 



with respect to the horizontal. 
The powder to be processed will be fed at one end and 
will pass through the furnace being stirred by the 
combined effect of the rotation and of the inclina'-
tion, and it will be discharged at the other end. 
In this way the powder will be well mixed and the 
product will have homogeneous physical characteristi
cs. 
The rotary cylinder will be heated indirectly by 
means of insulated electric resistances on its outer 
side. 
These resistances can be regulated independently so 
that the operating conditions judged as most favou
rable can be obtained in every part of the equipment. 
The ends of the drum, through which the powder will 
be charged and discharged, will be fixed and connec
ted to the central rotating part by sealed couplings. 
The volatile products, which are liberated during the 
drying and calcination of the powder, will be disper
sed by a moderate flow of air. 

This will enter the powder discharging section and 
will pass through the kiln counter-current, finally 
existing at the other end. 
The elimination of any powder entrained by the ga
seous current will take place in a spray column where 
the condensable vapour is scrubbed and the gaseous 
waste is cooled. 

Reduction 

The process which takes place in this section is the 
reduction of the uranium oxide coming from the calci
nation furnace. 

The reducing agent is H which is fed in counter-
2 

current to the powder in a rotary kiln similar to the 
calcination fornace previously described (see fig. 

5) . 
The reaction which takes place in the furnace is the 
following : 

U 0 + 2H 
3 8 2 

-»• 3U0 + 2H 0 
2 2 

UO + H 
3 2 

•• UO + H 0 
2 2 
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The reduction atmosphere which will circulate in the 
furnace will be produced by purging with hydrogen the 
rotating tube. Nitrogen will also be needed to flush 
all the sealing points thus preventing the hydrogen 
to enter in contact with the external atmosphere. 
The gas will enter through separate ducts at the 
powder discharge section and will pass through the 
furnace in counter-current finally leaving by a sin 
gle piping at the other end. 
The equipment and the off-gas treatment system is si
milar to that of the calcination furnace. All the re
quired safety related to the presence of hydrogen are 
of course provided. 

££££ìva.Ìì£n 

Whilst the calcination reaction is a quantitative one 

and almost irreversible, the same cannot be said for 

the reduction reaction. Uranium dioxide, in contact 

with air, in fact easily tends to reoxidize to U 0 
' 3 8 

and turns yellow. This reaction should be avoided 
since the powder could, during the successive proces
ses, sinter with less density and therefore with less 
satisfactory nuclear characteristics. 
Fortunately, the oxidation reaction needs a quite 
elevated activation energy and therefore will not ta
ke place at room temperature. It can, however, take 
place in those molecules which have a greater reacti
vity because of their crystalline position (molecules 
on the grain surface) and because they are in direct 
contact with the atmospheric oxigen. If these mole
cules react, because of the heat developed they can 
also induce the reaction in the molecules of the in
ner layers and therefore cause a complete deteriora
tion of the product. 
Because of this, the reduction treatment is followed 
by one of passivation, which makes only the more ex
ternal molecules react and covers the grain with a 
protective layer of high valence oxide. 
This treatment takes place in the passivation cham
ber, consisting of a dr.um where the powder is put 
first of all in contact with pure nitrogen, then with 
commercial nitrogen (2% of 0 ) " then with air. This 
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is done in such a way as to obtain a slow and gra
dual increase in the oxigen concentrations in the 
chamber's atmosphere. The final product will thus 
conserve a satisfactory uranium/oxigen ration and mo
reover can come into contact with air without dete
riorating . 

Analytical chemistry aspects 

The characteristics of the UO pellets depend upon 
the powder's properties, therefore controls have to 
be performed not only on the end product (pellets) 
bui also on the intermediate product (powder). 
Quality assurance procedures have been developed with 
the double intention of controlling the process stage 
by stage and of controlling the product. 
The powder characterization is determined by the fol
lowing parameters: 

- Sur face area 
- Tap and b u l k d e n s i t y -
- S t o i c h i o m e t r i c 
- I m p u r i t i e s 
Below the UO characteristics found in 

2 
duct are shown : 
U CONTENT (%) 
0/U RATIO 
SURFACE AREA (m /g) 
TAP DENSITY (g/cc) 
BULK DENSITY (g/cc) 
PARTICLE SIZE (/« ) 8 
MOISTURE CONTENT (ppm) 8 
NITROGEN (ppm) 
FLUORINE 
CHLORINE " 
B " 
Cd 
Al " 1 

Si 
Fé " 1 
Mn 

Mg 
Pb 
Cr 

the final pro-

87, 
2. 
3. 
2. 
1 , 

50 
37, 
57, 
2, 
3, 
0, 
0, 

25 
25 
50 
1 0 
50 
0 

50 

1 3 
05 
68 
1 5 
32 

7 
6 
0 

1 5 
72 
5 
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Ni 
Mo 
Sn 
V 
Cu 
Ti 
Zn 

(ppm) 50 . 0 

5.0 
5.0 
0 . 5 

1 . 0 

2 . 5 

50 . 0 

The last step of the process is the passivation of 

the powder to increase the chemical stability. 
It is interesting to show the powder 0/U variation 
before the passivation step (see fig. 6) . 

2.00 
IO DAYS 

FIG. 6. 0/U RATIO VARIATION OF THE UO POWDER BEFORE 

THE PASSIVATION S'TEP 

The plot shows that after 10 days the 0/U ratio in
creases from 2.02 to 2.06 only. 

For quality control purposes the 0/U ratio of the 
powder is routinely measured by the gravimetric me
thod and the U content by the Davies and Gray method. 
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The surface area is determined by nitrogen adsorbtion 
(B.E.T. method). Tap and bulk densities are determi
ned according to standard procedures (ASTM). 
The impurities are measured and controlled by spec
trographs, spectrophotometry and hydropyrolytic 
method . 

As far as the sampling procedure is concerned, we can 
identify four different process materials on the ge
neral block diagram: 
- Dry powders 

- Cake 
- Acid s o l u t i o n s 

- Basic solutions 
For every material a well established procedure was 
applied, generally accepted in normal analytical 
practice. In particular: 

- for the dry powder a "core sampler" and "coming/ 
quartering" systems were used tc get a representa
tive sample of the identified batches 

- - for the starting materials the homogeneity of ma
terials in each batch was assumed. Sampling was 
randomly applied to the identified batches 

- for the solutions, homogeneity was assured by ma
nual or mechanical stirring, air bubling or liquid 
pumping 

When the analysis concerned uranium accounting, two 
samples were drawn and the difference between the two 
samples had to be not more than 0.009 kg/1. 
If these conditions were not obtained the sampling 

procedure was repeated. 
If the conditions were obtained the two samples were 
mixed and subsequentes divided in three parts: 
- 1st part was analyzed 
- 2nd part was stored (for inspectors) 

- 3rd part was stored (as a reference) 

TECHNICAL_REPORT_ON_^HOT_TESTS^ 

"Hot tests" were performed in the plant after 
of the installation and the set up of all 
These have included the tests performed to d 
rent operating parameters and the "acceptance 

the completion 
the equipment.' 
efine the cor
te s t s " .< 
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These last had the purpose of demonstrate that the plant was 
capable of fulfilling the contractual requirements. 

3.1. Powder dissolution 

Four batches of dissolution were necessary to set up the 
parameters of the operation, while two further dissolution 
batches were necessary to perform the contractual accep
tance tests . 

During these dissolutions a total of 81.6 kg of UO powder 
was dissolved dividied in six total batches (about 13.5 
kgs each). 

During the first dissolution batch, an obstruction occur
red on the Dissolver Off Gas filter. The troube was caused 
while charging the powder from the globe box to the dis
solver because the homogenizing air of dissolver system 
was left open. Some UO powder was entrained through the 
vent lines and small quantities of it were found in some 
of the process tanks. 

During the dissolution phase it was noted that the density 
signal was not correct; this was caused by the great quan
tity of bubbling air. Anyway it was possible to establish 
that the influence of the bubbling air on density signal 
was costant and therefore to obtain the real value from 
the density shown by the instrument (see fig. 8, batches 
n°1, 2 and 3). 

The fourth dissolution was performed with the homogenizing 
air to the dissolver closed. 
This lack of stirring caused no reaction to take place at 
the beginning; then when nearly all the HNO had been char 
ged to the dissolver an uncontrolled reaction took place 
causing large foaming and a sudden increase of pressure 
in the dissolver. The high pressure alarm went on and the 
safety valve, located at the dissolver head, opened. At 
the same time an increase of the temperature in the dis
solver condenser occurred too. The temperature increased 
till 50°C and set off the High Temperature alarm. The si
tuation was brought under control in a few minutes and the 
dissolution was completed. Anyhow some liquid was transfer 
red from the dissolver pot to the scrubber column during the phase. An 
analytical check in a sample from the scrubber determined 
an uranium content of 4,8 g/1 and the presence of some UO 
powders. 
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The last two batches of dissolution were carried out ob

taining excellent operating conditions. These conditions 

are the following: 

preparation 

- the dissolver is charged with 30 It. of demineralized 
water and 2.4 It of 14.4 M HNO in order to obtain a 
concentration of about I M HNO . 

- the UO powder is charged directly from the glove box 

into the dissolver with a depression in the glove box 
of 25 mm H 0 and in the dissolver of 30 mm H 0. 

2 2 
- homogenizing air to the dissolver is closed 
- homogenizing air to the scrubber is fixed at about 6 

cum/hr. 

Dissolution 

- depression in the dissolver: 200 mm H 0 
^ 2 

-"• temperature: 80°C 
- air to the dissolver: 4 cum/hr (at this air flow rate 

the difference between real and measured density is qui
te small) 

- air to the scrubber: 8 cum/hr. 
With these conditions the duration of dissolution is about 
40 minutes and the reaction in practically completed (see 
fig. 7 T 8 ) . There follows a phase of about 20 minutes du
ring which the solution is kept at 100°C. 
The maximum temperature of the gases at the outlet of the 
condenser is 40°C and it is reached at the end of the 
feeding of HNO , that is, when the reaction rate is at its 
highest. 
After the dissolution the UHN solution is transferred to 
a vessel and the dissolver is filled with 40 It of solu
tion coming from the scrubber which is then transferred 
to the above mentioned vessel. The purpose of this washing 
operation is to help the UHN solution move along the down
stream line of the dissolver and to complete the reaction 

of the powder still present in the dissolver. 
The analysis of samples obtained after the transfer of the 
dissolution and washing solutions have given the following 
results : 
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\S CONTENT 
FREE HNO 

3 
DENSITY 

120 - 130 gr/1 
0 .96 - 1.07 N 
1.18 - 1.22 gr/cc 

The schematic flow-sheet and the material balance of the 

dissolution step are shown in fig. 9? 

Pellets dissolution 

In spite of the fact that the dissolver had been built for 

UO powder dissolution, during the plant hot test sintered 

UO pellets were used (about 13.500 kg UO rejects pellets 
were processed per each batch). 
In the first batch after 13 hr (see fig. 10) the dissolu?-
tion was not complete because the HNO concentration insi-

y 3 

de the dissolver was not high enough. The same parameters 
as for UO powder dissolution were used in this phase. 
The second batch was faster than the first, the fig. 10 
shows that the real time was about 7.30 hr. The dissolu
tion was complete in about half the time because a grea
ter amount of concentrated HNO was added. 
The table shows the difference from 1st and 2nd batch: 

FINAL SOLUTION VOLUME 
h at 25°C 

ADDED HNO (Moles/h) 
DENSITY (gr/cc) 
TIME (HR) 
TEMPERATURE (°C) 

1 ° BATCH 

47 

144 

1 . 4 5 

1 3 

1 00 

2° BATCH 

39 

1 7 4 . 3 

1 . 56 

• 7 . 3 0 

1 00 

Adjustment and precipitation 

All the Uranyl nitrate produced during the operations pre
viously described was also processed through this section. 
For each batch a fixed volume was taken from the UHN sto
rage tank, having a known concentration of about 120 g/1 . 
Then by means of a metering pump aqueous ammonia from the 
make up tank was added to the solution to reach the opti
mum value for the precipitation phase. 

A pH recorder-controller located on the recirculation pipe 
(see fig. 11) gave the pH rise due to the ammonia addi
tion. Optimum pH value for this step was found 2.8 * 3.1 
and no cooling was necessary. 
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Preparation took place in the precipitation columns by ad
ding to the adjusted solution the necessary amount of 
H C to allow the reaction: 
2 2 

+ + + 
UO + K 0 »• UO + 2H 

2 2 2 4 

DUring the reaction the pH of the solution decreased to ar 
bout 0.6 and after that, a further addition of NH OH was 
necessary to neutralize partially the solution and to lo
wer the uranium solubility. Aqueous ammonia was added un
til a value of pH o£ 1.6 was reached. Above this value the 
control of the pH starts to become less reliable and large 
fluctuations, related to the flow rate of ammonia addition 
may appear. Other batches of precipitation were done ad
dino the H O in several steps and neutralizing with a-

2 2 . 

queous ammonia after each step. They allowed the precipi
tation in a range narrower than that of the previous case. 
No significant variations in the quality of the precipita
te and in the uranium content in the mother waters were 
anyhow detected. 
After the neutralization, an excess of H 0 was added to 

2 2 
complete the precipitation of Uranium peroxide and to pre
vent later solubilizations. 
In these conditions the amount of uranium in the mother 
waters, detected from samples taken in the precipitate 
storage tank, is of a few p.p.m. and this results was con
sidered acceptable. 
So this procedure appeared not only extremely flexible but 
also very reliable as regards the pH regolation system. 
After the first batches of precipitation, it has been pos
sible to operate with high flow rates of ammonia for neu
trali zat ion . 
Most of the troubles met during the phase of precipitation 
concerned the stability of the hydrogen peroxide used in 
the plant. 
The Hydrogen Peroxide, when removed from the shipping bot
tles and transferred to the make up tank, decomposes in 
a few days, and the title had to be controlled at least 
daily. 
Moreover, during the H 0 addition in the rate of decompo-

2 2 
sition of H 0 because of impurities in the solution (main 

2 2 ^ -
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ly iron) is comparable to the reaction rate with uranium. 
So the required amount was always more than the one fore
seen. 

Centrifugation 

Optimum parameters of centrifugation were found by feed
ing the dewatering centrifuge at about 150 1/h and the mo
ther water clarifier on 200 1/h. Under these conditions 
the amount of suspended solids found after the first cen
trifugation was 0.85 g/1 and after the second centrifuga
tion no suspended solids were detected in the samples. 
The capacity of this section is much larger than what is 
needed and good results were still found by increasing the 
feed flow rate to 500 r 600 1/h. 

Drying calcination and reduction 

Some adjustments were needed in the process parameters to 
ensure a safe and reliable running of this section. In 
particular some modifications were necessary for the fol
lowing purposes: 

- to avoid the clogging of the pipe feeding the jet atomi
zer installed in the spraying chamber; 

- to avoid the sticking of the powders to the walls of the 
drying chamber; 

- to avoid too large entrainements of powders from the 
spray drier and from the two rotary fornaces to the wet 
scrubbe rs. 

The first problem to solve was the clogging of the lines 
carrying the slurry coming from the dewatering centrifuge. 
The slurry produced in this step is a Briham plastic and 
its reological properties greatly depend on the amount of 
water remaining in the solids. 

Moreover, the part of the tube near to the two-fluid jet 
is inserted in the drying chamber and the flow of hot air 
warms up the slurry in that section of the piping thus re
ducing the reological characteristics of the slurry. 
To avoid the risk of clogging due to these conditions it 
was decided to dilute the slurry by means of deminerali-
zed water. 
This was added in the slurry collection tank at constant 
flow rate (about 20 1/h) by means of a flow meter (see 
fig. 4) ; 
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The optimum position for the two fluid nozzles was found 
at the bottom of the drying chamber. The flow of the 
sprayed suspension was in this case upwards and counter-
current to the flow of air. This allowed a larger residen
ce time for the particles and a more effective drying' thus 
reducing the risk of wet powd'er contacting the chamber 
wells . 
Entrainment of powders to the wet scrubber has been larger 
than what foreseen both for the spray drier and for the 
two kilns. 
This mainly depends upon the small size of the powders be
ing processed (the average diameter was between 1 and 5 A*, ) 
and this fact is only due to the parameters of precipita
tion. Anyhow the wet scrubber efficiency was found to be 
good and a more frequent recovery of the entrained powders 
from the bottom of the scrubbers was sufficient to opera
te without further problems. 

3.6. Reagents 

- HNO : the concentrate acid used for the dissoluition was 
3 

charged in a storage tank and analyzed (about 14.5 M). 
2 M HNO was prepared inside a second tank used during 
the adjustment phase like cleaning solution for the cen
trifuge or other equipments 

- NH OH: aqueous ammonia was charged and analyzed (it was 
4 

found to be 8.5 M ) . The NH OH concentration was much less 
4 

that the foreseable value because decomposition had oc
curred during the long storage time 

- H 0 : an analysis done before charging hydrogen peroxide 
inside the tank showed that this reagent is instable and 
gives some problems. The H 0 concentration in fact de-

2 2 
creases in a few days. 

4 . SOME_ASPECTS_ON_ADU_PREC^P I_TATÎ ON 

UO in the form of sintered pellets is the accepted fuel ma-
2 

terial for many kinds of important nuclear power reactors 
including BWR, PWR, etc. 

The difficulty and the cost of UO powder fabrication de-
2 

pends on its physical and chemical properties, such as par
ticle size, surface area, stoichiometry and impurities (see 
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analytical aspects). These properties are critically depen
dent on conditions used to prepare the powder. 
There are many plants in the world producing UO pellets by 
AMMONIUM DIURANATE (ADU) and in this report some laboratory 
data on ADU precipitation are also reported. 
The precipitation of ADU by ammonia is not a difficult pro
cess and there are two main advantages: 

H O /: 
2 2 

this reagent is instable and gives some problems 
with respect to storage. In the ADU process there 
are only two reagents (HNO and HN ) while there 

y y 3 3 
are three reagents for the dissolution, adjustment 
and precipitation steps. 

* pH range: in this process the pH range is greater than in 

the H 0 process (3 T 9 instead 2.8 T 3.1). 
2 2 r 

Of course the H 0 process is more selective than the ADU 
2 2 

one, but we do not need this characteristic. Before the pre
cipitation step in fact, we have the PUREX process for the 
dirty uranyl nitrate and so we will use a refined uranyl ni
trate aqueous solution. 

2. Starting material 

Uranyl nitrate aqueous was produced by dissolution of UO 
powder. 
The reagent solutions and Uranyl nitrate were made using 
demineraiized water. 

The ammonia was an analytical grade reagent. 

2. Equipment 

Normal laboratory equipment. 

Results 

S_t^andard_conditions : U cone. = 153 g/1 
volume solution = 100 ml 
NH OH = 5/7 M 

4 
1st batch : 

This batch was made with continuous and constant stirring, 

the temperature was maintained constant at 35°C. 
At the begining 24 ml of NH OH were added for the neutra-

+ 4 
lization of free H and so the U concentration decreased 
to 123.4 g/1. 
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The starting conditions of the reaction were at pH 0.5. 
At pH 2.7 there was no change in the conditions of the Ura-
nyl nitrate solution. 
Initially at pH = 2.7 undissolved precipitate was formed. 
As shown in fig. 15 at pH = 2.95 the formation of a "buf
fered" zone is evident. The precipitate is in "powdered" 
form and there were no problems. 
During the precipitation the temperature was stabilized 
at about 35°C. 

After about 20' the precipitation was completed at pH = 
8.5 T 9. 
The sedimentation was very fast (see fig. 14) • 
From the mother water analysis 9.3 ppm of U were found in 
the solution : 

The microscopy examination of precipitate show the presen
ce of small ADU aggregate (see fig. 16). 

2nd batch: 
This batch was commenced in a similar way to the first one 
but with a higher temperature (60 r 70°C). 
After neutralization at 30°C the temperature was increased 
to 60°C and NH OH reagent was added. 

4 y 

As soon as NH OH was added, a colloid precipitate was for-
med and the pH indicator started to give a noised signal. 
This phenomena was due both to the colloid formation land 
to the increased stirring necessary for colloid disper
sion. 

The ADU precipitate was terminated at pH 8.1. In this 
batch the sedimentation was very low, see fig. 14. 

. 1 i . •//-

BATCH 

U) 
A — 

\ 2nd BATCH 

• / / -

Fig 

z 4 e a 10 12 i<* minutes 

14 - SEDIMENTATION TIME OF ADU PRECIPITATE 
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Fig. 15 - pH RECORDING OF ADU PRECIPITATION 
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This difference was caused by some aggregate formation du
ring the ADU precipitation. The microscopic analysis of the 
precipitate showed the presence of a large aggreage (see 
fig. 16) . 
In the mother water 67.52 ppm of Uranium was found. 

DRYING & CALCINATION OF ADU 

The ADU precipitation was dryed in a laboratory stove. After 

drying the powder was calcinated in a laboratory oven at 900 
- 1000°C for 2 h. 
After the calcination the microscopic analysis showed that 

the U 0 from the first precipitation batch was more regular 
3 8 

and the particle size was greater than the U 0 produced 
^ y 3 8 

from the second batch. 
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Fig. 16 - MICROSCOPIC ANALYSIS OF ADU PRECIPITATE (MAGNIFICATION x 250) 

a) 1st BATCH b) 2nd BATCH 
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