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SUMMARY

Spent ion exchange resins from power reactor operation contain
more than 95 % of the total radioactivity of wet reactor wastes.
Cementation and bituminization are the two methods applied in
Sweden up to now for the immobilization of spent resins. Over the
last years, however, R & D work at university institutions and at
Studsvik sponsored by the National Council for Radioactive Waste
(Prav), has resulted in a proposed process (PILO), where > 99.9 %
of cesium and strontium and around 90 % of other radioactive
nuclides are eluted from the spent resins and sorbed in zeolites
and titanates in a chromatographic process. The inorganic sorbents
are dried after loading and sintered to yield long-term stable
products, while the treated resins may be incinerated to give ash
residues of fairly short-lived activity. The development work has
included production, characterization and testing of different
zeolites and titanates, bench-scale optimization of the chromato-
graphic process using actual spent resins, heat treatment of the
loaded inorganic sorbents, and resin incineration.

Over-all system design studies including transport requirements,
integrated process flowsheets, and cost estimates are now in
progress. The aim is to have a sufficient basis during spring 1982
to decide on the merits of a PILO plant at the planned repository
for low and medium level waste (SFR), to be commissioned in 1988.

As the Prav council ceased to exist on July 1, 1981, the concluding
phase of the PILO project is sponsored by the utility owned company
SKBF.
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1. INTRODUCTION

Inorganic ion exchangers, such as zirconium

phosphate, were studied already in the 1950's as

decontaminating agents for radioactive waste

solutions with potential applications for reactor

cooling circuits. A number of such compounds

were produced and tried for such uses in a

cooperative effort between AB Atomenergi at

Studsvik (now Studsvik Energiteknik AB) and the

University of Lund. As commercial purification

systems based on organic ion exchange resins

were established these studies were concluded

during the 60's (1). In the 70's an interest was

developed in Sweden on the possible use of

zeolites and titanates as solidification matrices

for radioactive wastes, based on processes for

the production of these materials developed at

the Institutes of Technology in Lund and Stockholm.

Continued development of sorbent production,

centered on mordenite and sodium titanate, and

on the development of a process that uses these

sorbents to immobilize reactor waste nuclides,

has been sponsored by the National Council for

Radioactive Waste (2) until its dissolution on

July 1, 1981. The concluding phase of these

studies until spring 1982 is now under the

sponsorship of the KBS Division of the Swedish

Nuclear Fuel Supply Co.
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2. PRODUCTION OF SORBENTS

A number of zeolites, such as zeolite 13X, zeolite

Pc and mordenite, were prepared by hydrothermal

reactions. The cesium selective mordenite appeared

•ore stable at lower pHs and the effort was con-

centrated on the preparation of pure granular

mordenite.

For titanate production, the original process,

that started with titanium tetrachloride, was

found too expensive. Recently, a new preparation

route has been tried that is simpler and looks

economically attractive.

2.1 Zeolites

Synthetic zeolites have been prepared in many

places for the last thirty years and about forty

different synthetic zeolites have been presented

(3). The common method used is the crystallization

from hydrogels, which gives fast reactions and

crystalline products of uniform size. However,

the crystal size in these products is generally

very small, less than about a few pm, and there-

fore these products are not directly useful in

many applications. Thus methods for the prepara-

tion or larger crystals or aggregates are required.

Many attempts to make large crystals and crystal-

line aggregates of zeolites have been made, but

very few working methods have been presented.

Charnell (3) used the incorporation of a buffering

component for growth of zeolites A and X and his

method has also been used in some other cases.

Transport reactions in Carbopolgels have been

worked out by Ciric (5). Furthermore Sand and
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Dodwell (6) have produced rather large crystals

of synthetic mordenite. Common to these Methods

is the long crystallization time, up to 6 weeks,

which is costly and a hindrance to their com-

mercial use. To arrive at a »ore economic process

the industries have developed methods for granu-

lation and pelletization of the products from

hydrogel processes, commonly with the use of

binders, such as clays, which are added in amounts

of up to about 25 %. This results in product

properties not identical with the properties of

the pure zeolites, which may obstruct the possi-

bilities to produce tailor-made zeolites, for

example for selective sorption of Cs and a sub-

sequent drying-sintering process. We feel it is

obvious that a new, economically reasonable

method for the crystallization of large crystals

and aggregates would be very useful, commercially

as well as for scientific studies of the zeolites.

During the last year we have tried to find such

new methods. Some preliminary results from this

search will be presented in the following.

Other authors have reported zeolite crystalliza-

tion from natural or synthetic glasses (7, 8).

They have been successful in the zeolite crys-

tallization but not in the crystal growth. The

question is why the crystals did not grow, when

it is obvious that many large natural zeolite

crystals originate from glasses. We believe there

is a small number of critical conditions for the

crystallization from glasses in a hydrothermal

system with autogenic pressure concerning
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- glass composition

- composition of the surrounding solution
or vapour

temperature

particle size of the glass.

If these conditions are optimized for a certain

zeolite the crystallization speed will be at its

maximum and if the glass particles are large enough

the crystals will grow. Composition and temperature

are critical since these parameters, together with

glass particle size, control the crystal growth.

The mordenite, NaAlSi5O12 • 3H2O for the column

experiments were prepared using the method described

by Sand and Dodwell (6) modified in order to yield

as large particle size as possible. A very dry

alumina-silica-hydrogel was used with an extremely

high silica content. This resulted in a mordenite

crystal size large enough for the column experi-

ments (Figure 1).

New methods for the preparation of larger particles,

i.e. granulation without binders and crystallization

from synthetic glasses, were successfully elaborated

(9) in order to establish processes suitable for

their production on a larger scale (Figure 2).

2.2 Titanates

Titanium dioxide was suggested as a host material

for solidified radioactive waste by one of us (TW)

in 1974. The publication of the Sandia solidifica-

tion process (10) stimulated the development of a

new preparation route at the Royal Institute of

Technology (RIT) for sodium titanate and other
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Figure 1

Mordenite, NaAlSi5O12 • 3H2O, crystallized
from a hydrogel

Figure 2

Nordenite, NaAlSi5O12 • 3H2O, crystallized
from a synthetic glass
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titanate ion exchangers (11). This route used

titanium tetra chloride, an intermediate product

in industrial production of TiO2 pigments, and was

thus considered a possible basis for ar economic

large-scale production of titanate ion exchangers.

A patent for the preparation process was applied

for in Sweden (12) and other countries.

In this process, TiCl4 is dissolved in ethanol and

reacted with a sub-stoichiometric amount of gaseous

ammonia. Precipitated ammonium chloride is filtered

off and the solution reacted with an excess of

sodium hydroxide. The sodium titanate formed is

separated by filtration, slurried in water and

filtered. The washed and filtered material is

dried, crushed and sieved. The grain sizes most

frequently used have been, in order, 125 - 250,

250 - 500, 63 - 125 and 500 - 1 000 pm.

All titanate ion exchangers used in the develop-

ment of the PILO process were, until 1981, pre-

pared from titanium tetrachloride. The product

had a good mechanical stability, and could also

be prepared to meet more exceptional requirements

with respect to attrition (13).

However, on the scale corresponding to the demand

of a full-scale Swedish PILO plant, 40 tonnes per

year, this titanate product turned out to be too

expensive. No supporting large market was found,

in which case radical simplifications and cost

reductions might have been obtained in the pro-

cessing of titanium tetrachloride (14).

Consequently, we looked at other known methods of

synthesis and found that, on the actual scale, the

original method of Sandia, starting with tetra-
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isopropyltitanate (10), as well as the method of

0 Hcinonen (15), starting with hydrous titania,

might yield cheaper products. At the same tine we

obtained very encouraging results with a very

fine-grain quality of sodium titanate, that is

obtained as an intermediate product in the pro-

duction of 25 000 tonnes per year of rutile

pigments from ilmenite in Norway (16). A thick

slurry of this titanate, with about 25 % dry

substance, is filled in the holes of perforated

steel plates and dried in hot air (17). During

drying, the material shrinks and the cylinder

shaped grains, in present work of 1 mm height and

1 mm diameter, are easily loosened from the plates.

The mechanical stability of the product obtained

is inferior to that of the products from our

previous process. We feel, however, that with

careful handling it may serve the PILO process

at a very low cost.
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3. PROCESS DEVELOPMENT

The original idea to replace the organic ion ex-

change resins by a zeolite-titanate system, was

tested at the Oskarshamn 1 nuclear power station.

Although sorption of important nuclides was

satisfactory, leakage of sodium, aluminium and

silicate fro* the inorganic sorbents was too

high to be acceptable (18). The attention was

therefore turned to an evaluation of a possible

transfer of the important nuclides fro» the

spent organic resins to the zeolite-titanate

system in a separate operation with a subsequent

drying and sintering of the active sorbents.

Some experiments were also performed on resin

incineration in a fluidized bed.

3.1 Transfer of radioactive elements fro»

spent resins to inorganic sorbents

The development work aimed at a transfer of

nominally 99.9 % of 137Cs and of »°Sr fro* the

spent resin to the zeolite-titanate system with

a simultaneous transfer of activated corrosion

products, especially of <0Co, deemed desirable.

The goal also included

an effective utilization of the sorbents

a good stability and leach resistance
of the final inorganic products

a competitive process regarding safety
and costs.

The bench-scale process development and demonstra-

tion has been reported (19, 20). Salient points

are given in the following.
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Elution of the spent resins by mineral acids

tried and found impracticable. The use of complex-

ing agents showed to be promising, allowing a

direct sorption on the inorganic sorbents of

active elements eluted from the spent resins.

Tartrate was finally chosen as the most effective

transfer agent.

A laboratory scale system of consecutive columns

is shown in Figure 3. A 0.3 H disodium tartrate

solution is recirculated until at least 99.9 %

of the radioactive cesium isotopes are transferred

from the mixed-bed resin to the zeolite. As the

pH of the effluent from the second titanate

column rises to above 9 aud some active corrosion

products are less easily eluted at this pH, a

continuous pH adjustment was introduced in the

system by a weak cation exchange resin column.

This reconstituted the pH of the solution to

about 5.5.

Typical elution efficiency of a 0.3 H sodium

taxtrate solution is shown for the main nuclides

in Table 1.

Table 1

Main radioactive nuclides in a 0.5 1 bed of BUR spent
mixed-bed resin, before and after elution with 20 1
0.3 H sodium tartrate solution. Muclide activities are
given in HBq/kg dried resin. (From ref 20)

Nuclide

Before elution

After elution

ia?Cs

900

< 2

»°Sr

40

> 0.01

•°Co

1 900

200

*«Hn

70

5

•*zn

3 600

15C
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FIXATION OF MLW IN ZEOLITES AND TITANATES

Spent organic
ion exchanger
( Lxed bed)
G.ain sizes:
300 - 1 200 pm

Eluted

99.9 % of Sr
99.9 % " Cs
90 % « Co
95 % " Zn

Zeolite

(mordenite)

< 63 Mm

Sorbed

"All"*
Traces
Traces

Titanate

250 - 500 Mm

"All"*

80 % 10 %
90 % 5 %

Weak cation
exchanger
(carboxylic
acid) in
H /Na -form
for control
of pH

300

'44 A

15 ml/min

I pHj=9 pH=

2 1 of
0.3 M di-
sodium
tartrate

Figure 3

The columns and beds, to scale, with connections and
circulating system. The flow rate in the beds is
~ 1 cm/cm2*min. Dimensions are in mm.

Within limits of analysis
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The elution of 60Co varied according to the
amount of crud present; in some experiments only
2 % of 60Co remained in the spent resin.

Typical axial distribution of Cs, Zn and Co in
the mordenite column is shown in Table 2. Table 3
shows the axial profiles of Co, Mn, Ag and Zn in
the first titanate column. No cesium passed on
to the titanate columns.

It was found that the process is not sensitive
to the concentration of tartrate. A somewhat
lower tartrate concentration and a slightly
higher temperature might be of advantage for the
total process.

Most experiments were performed with spent BWR
resins. Some experiments with spent PWR resins
indicate no hindrance from the borate present.

Table 2

Relative count rates, from a bed of mordenite

Distance from
top,

0 -
3.5

8.5

cm

2.5

- 6
- 11

Cs

15

7

Radioactive element

000

300

104

Zn

170

45

32

Co

220

96

15
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Table 3

Axial nuclide distribution in the titanate
column. Activities are given in MBq/kg dried
titanate. Strontium was not detected below 10 cm
from the top. No cesium was detected,
nd = not detected.

Titanate
fraction
from the

0

0-10

10

10 - 20

20

bed
in cm
top 60

3

6

2

1

Co

200

400

300

160

21

Nuclides

54Mn 1 1 O mAg

700 400

nd nd
n II

2.6 "

65

10

15

1

Zn

000

800

380

670

6

3.2 Sintering of inorganic sorbents

In order to guide the choice of sintering process,

the resulting materials from three different

sintering routes were studied:

Hot Isostatic Pressing, HIP

Hot Uniaxial Pressing, HUP

Cold Pressing and atmospheric Sintering,
CPS.

The sorbents studied were mordenite in its

sodium form, containing radioactive cesium, and

titanate loaded with corrosion products. Two

series of titanates were prepared for sintering

experiments, one containing about twice the

concentration of corrosion products anticipated

in an applied process and one series containing

about half that concentration, i.e. about 5 %

and 1 % by weight in the dried titanate. In some

samples sodium was replaced by ammonium (21, 22).
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Two HIP series, at 1 200°C and 1 300°C (150 MPa),
one HUP series at 1 070°C (5 MPa) and CPS tests
up to 1 300°C (100 MPa cold pressing) were
performed. Main crystalline phases as determined
by Guinier analysis of the sintered material are
exemplified in Table 4. No essential differences
in crystalline structure of materials sintered
above 1 000°C by the three different routes
could be detected.

Table 4

Crystalline phases and their abundances in
materials, HUP treated at 1 070°C or HIP treated
at 1 200°C.
Authentic: used in authentic act iv i ty transfer
experiments
High CP, low CP: refers to concentration of
corrosion products
R = ruti^e, C+= crichtonite
e.g. Fe16 Fe14Ti660

Starting material Type of structure, weight %

Nordenite, authentic, Na

Zeolite P

Titanate, High CP, Na+

Titanate, High CP, NH*

Titanate, Low CP, Na

Titanate, Low CP, NH.

Titanate, authentic, Na

Amorphous

Nepheline

R 60, NaFeTi30830, C 10

R 90, C 5, FeTiO35

NaoTi,0..60, R 20, NaFeTi,0o20
R 90, C 5, FeTiO35

The CPS treated titanates exhibit, however, low
mechanical stability, especially when sintered
below 1 200°C. The original grains remain with
voids between grains and between crystals in the
grains, as seen from Figures 3 and 4. For com-
parison ammonium titanate, heat treated at 900°C
and HIP treated at 1 300°C, is shown in Figure 5
and Figure 6.
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Figure 3

Sodium titanate, low CP-concn
CPS 1 200°C, 350X

Figure 4

Sodium titanate as in Figure 3
3 500X
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Figure 5

Ammonium titanate heat treated at 900°C 3 500X

Figure 6

The same ammonium titanate after hot isostatic
pressing at 1 300°C, 150 HPa
3 500X



STUDSVIK ENERGITEKNIK AB STUDSVIK/NW-81/113 16

1981-10-22

The sintered materials were leach tested by

different methods:

72 h Soxhlet leach test on crushed and
sieved materials

14 days Soxhlet leach test on monoliths,
cut with a diamond saw

a static test at 40°C in ground water
according to MCC-1 (23).

Surface determinations on crushed material were

made by the BET-method. In all samples radioactive

tracers were added and leach rates were calculated

from the tracer activity appearing in the leachant.

Some results are given in Tables 5 - 7 , for

sodium titanate, mordenite and a mixture of

sodium titanate and mordenite in proportion 4:1.

It may be concluded from the leach tests that

i) Initial leach rates of different samples
of the same material may vary with a
factor of 10 for any of the sintering
methods.

ii) Initial leach rates in ground water at
40°C are not significantly lower than
in Soxhlet tests (at 100°C). The leach
rates decrease at prolonged leaching.

iii) Sintered samples of mixed mordenite-
titanate exhibit considerably higher
leach rates than materials sintered
separately.

A comprehensive English report will be issued

later in 1981.
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Table 5

Leach rates in pg-cm~ -d~ from 72 h Soxhlet
tests on crushed samples, sieved.to 250 - 500 um.
A specific surface of 200 cm2-g~ was provisionally
assumed (BET surfaces measured).

Saaple

ST1

ST1

ST1

ST5

ST aut

H

H aut

M

ST1 +M

ST5 +H

Sintering
route

HIP

HIP

CPS

HIP

CPS

HIP

HIP

HUP

CPS

HIP

HIP

Explanations

Co

2.5

0.9

28

15

28

2

4

70

Sr

2

6

6

60

3

40

80

Na

120

6

4

7

30

130

240

Cs

47

560

0.8

2.5

0.7

130

140

BET-surface
o«''g

590

^
4 490

i

170

ST1,ST5: sodium titanate with 1 % resp 5 % of
corrosion products

N: Hordenite

ST + M: 80 % ST + 20 % M

HIP: hot isostatic pressing, 1 300°C at
150 HPa for 6 h

HUP: hot uniaxial pressing, 1 070°C at 5 MPa
for 2 h

CPS: cold uniaxial pressing at 500 HPa,
sintering at 1 300°C

aut: samples from authentic transfer experi-
ments
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Table 6

-2 -1Leach rates in pg*cm "1 from 14 d static
leach test on monoliths at 40°C in ground water
according to NCC-1 (23). Average leach rates
over day 15-35 are also included. Other symbols
as in Table 5.

Sample

ST1, 14

ST1, 15-35

ST5, 14

ST5, 15-35

ST5, 14

ST5, 15-35

M 14

ST1+M, 14

ST1+M,
15-35

ST5+M, 14

ST5+M,
15-35

Sintering
route Co

HIP

HIP

HIP

HIP

CPS

CPS

HIP

HIP

HIP

HIP

HIP

2

0

2

3

11

1

20

3

110

24

.4

.3

.5

.5

.9

.8

Sr

4.2

2.3

3.4

13

9

4

19

17

63

19

Na

300

120

50

nd

1

nd

150

90

300

90

Cs

1.4

21

19

120

150

Table 7

—2 —1
Leach rates in pg-cm *d from 14 d Soxhlet
test on monoliths. Symbols as in Table 5.

Sample

ST1

ST5

M
ST1 +M

ST5 +M

Sintering
route

HIP
HIP
HIP
HIP
HIP

Co

5

0

4

21

.04

.2

Sr

4

0.

6.

140

9

8

Na

1

830

29

100

420

Cs

2

1.6

200

520
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3.3 Resin incineration

The most effective way to reduce the volume of

spent resin waste is by incineration, which may

reduce the volume by at least a factor of 10 to

20. Inactive pilot plant studied on resin incine-

ration in a fluidized bed were performed at the

Institute of Technology in Lund, as a part of

the PILO programme. The experimental set-up is

illustrated in Figure 7.

Mainly powder resins were used. A slurry of

spent inactive resins, water and ethanol was

pumped into the fluidized bed. Different types

of sand qualities were tested as bed materials.

Special attention was given to the volatilization

of cesium (added as CsCl) and the retention of

cesium by different additives. The experiments

demonstrated the feasibility of resin incineration

in a fluidized bed but also that an extensive

off-gas cleaning system would be needed (24). No

effective cesium retention mechanism was found

and the experiments were discontinued.

Small scale active pyrolysis and incineration

studies were made at Studsvik. During pyrolysis

of granular resins at 300 - 500°C no cesium was

detected in the off-gas. The product from the

pyrolysis step may be incinerated in a second

step without cesium volatilization, and a combined

pyrolysis-incineration process thus be the

preferred solution in view of the off-gas problem.

It seems, however, that still a great deal

of R & D work would be needed to get a good and

reliable system.
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COOLING CIRCUIT

SLURRY
TANK

CIRCULATION
PUMP

rnnniNC.
PUMP

REACTOR

ELECTRICAL
HEATLR

GAS

CYCLOM:

STEAM
TRAP

»AC
IILTF R

AIR

Figure 7

Experimental arrangement for studies of fluidized
bed incineration of spent resins
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4. PILOT PLANT DESIGN STUDIES

Based on the development work described in

part 3.1 of this paper an engineering design

study of a pilot plant with a nominal capacity

of 10 m3/y of spent resins was made in 1979-80

by ASEA-ATOM. A principal flowsheet is shown in

Figure 8.

The pilot plant would comprise the following

systems

reception and storage of spent organic
resins

separation of an- and cationic resins
(option)

loading of columns with organic resins

loading and unloading of columns with
inorganic exchangers with the help of
special inserts

elution and sorption

process control and sampling

collection and recycling of water

No decision was taken to build the pilot plant.

Instead priority was given to an analysis of the

consequences for the total reactor waste treatment

system in Sweden, if the PILO concept were

adopted for a full-scale application.
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5. SYSTEM DESIGN STUDIES

Coordinated with and based on experimental work

on the use of zeolites and titanates in reactor

waste treatment, studies on the application of

these new techniques on an industrial scale are

in progress.

The full-scale system under study comprises

transport of spent organic resins fi
power plants to a central waste trea
plant

elution of medium level resins and
sorption of eluted nuclides on zeolites/
titanates

heat treatment of active zeolites/
titanates into ceramic bodies

incineration or "direct disposal" of
eluted organic resins and other low
level organic resins.

Main advantages of the proposed system compared

to present practices (solidification in cement

or bitumen) are

an efficient volume reduction (initial
waste volumes are reduced by a factor
of 10 compared to a volume increase by
a factor of 2 for bituminization and a
factor of 4 - 20 for cementation)

stable, very leach'resistant inorganic
final products.

A disadvantage might be the introduction of more

complex systems for waste treatment.

Studies on central waste treatment plant processes

and layout, overall system analysis and cost

calculations will be made during 1981. A compre-

hensive technical/economical comparison between

present practices and the proposed new methods

will be presented early in 1982.
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6. CONCLUDING REMARK

A main principle in guiding the choice of waste

treatment and disposal is an acceptable safety

at a reasonable cost. With this in mind and a

serious consideration of the nuclear power

programme limit in Sweden, a new process would

have to demonstrate significant advantages from

management and economy points of view to replace

existing immobilization technology. Of importance

is also the attitude of the licensing authorities

as to demands on long-term stability of waste

forms. The capacity of the PILO process in waste

volume reduction and increased waste stability

is beyond doubt. Less clear are the degree of

economic savings and changes in waste treatment

complexity by the introduction of the PILO

process. With this background, independent

experimental studies have started at Studsvik

aiming at a simple, continuous immobilization

process for all types of spent resins, that

yields one inorganic final waste product with no

intermediaries that demand a separate handling.

It is expected that essential results for process

design will become available during 1982.
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