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AN OVERVIEW OF THE DEVELOPMENT, TESTING, AND 
APPLICATION OF COMPOSITE ABSORBERS 

by 

Ferdinand Sebesta and Jan John 

ABSTRACT 

Although inorganic exchangers offer many advantages for 
removing selected elements from radioactive waste streams, 
few of these materials are suitable for use in packed-bed col
umns. We review various adaptations of inorganic exchangers 
for use in columns, which include granular forms of the intrin
sic absorbers, absorber compounds supported on other materi
als, and composite absorbers that use organic or inorganic bind
ers. An organic binding polymer of poly aery lonitrile (PAN), 
developed at the Czech Technical University, has been demon
strated to offer advantages. We describe general methods for 
preparing inorganic exchange materials, which then are incor
porated into PAN-based composites. Such PAN composites have 
been used to remove selected radionuclides from a variety of 
liquid waste streams. Sixteen different PAN composites were 
prepared for testing at Los Alamos National Laboratory (LANL) 
as part of an evaluation of potential partitioning agents for 
remediating the liquid waste in underground storage tanks at 
the Hanford site near Richland, Washington. Our collaboration 
with LANL is expected to continue for another 2 years. 



I. INTRODUCTION 
Composite ion exchangers (absorbers) have been developed and tested at the Department of 

Nuclear Chemistry, Czech Technical University (CTU), Prague, for several years.1"3 A general 
method for the preparation of composite organic-inorganic absorbers developed at CTU4-5 uses 
polyacrylonitrile (PAN) as a binding polymer. Various powdered active components, such as syn
thetic inorganic ion exchangers, can be embedded into this matrix. 

The main area of potential application of these composite absorbers is the treatment of liquid 
radioactive wastes from different sources. The results of testing some of our developed composite 
absorbers for treating several radioactive wastes were summarized at the 1993 International Con
ference on Nuclear Waste Management and Environmental Remediation.6 Some of these devel
oped composite absorbers are being used to treat liquid radioactive wastes from the decommis
sioning of the A-l nuclear power plant (Slovak Republic).7-8 We assume that the numerous advan
tages of composite absorbers could be applied in many other areas, such as treating various types of 
waste and underground waters contaminated by heavy and toxic metals. 

Los Alamos National Laboratory (LANL) is pursuing related development projects for de
creasing the level of hazardous components in nuclear waste streams at LANL and other U.S. 
Department of Energy facilities. To coordinate efforts between these institutions and to provide 
financial support for research and development of composite absorbers at CTU, a workscope and 
schedule have been agreed to in a "Memorandum of Understanding between Los Alamos National 
Laboratory and Czech Technical University." The terms of this memorandum include the prepara
tion of a baseline report, quarterly, and annual reports, summaries of recent research done at CTU, 
and projected activities. This report is a revised and updated version of the initial baseline report 
produced for LANL as part of the cited collaboration. 

2 



II. METHODS OF MODIFYING INORGANIC ION EXCHANGERS FOR USE IN 
PACKED-BED COLUMNS 

The application of inorganic ion exchangers for treating liquid radioactive wastes has recently 
gained support. These exchangers are attractive for developing advanced new technologies that 
should ensure greater safety and lower cost.9 Areas of possible application of inorganic ion exch
angers were recently evaluated by Hooper et al., 1 0 who also specified the exact requirements that 
prospective absorbers should fulfill. 

Inorganic ion exchangers have many advantages over synthetic organic ion exchangers. The 
main advantage of inorganic exchangers is their high selectivity for sorbing certain ions. Other 
advantages include greater thermal and radiation stabilities, generally good chemical stability even 
in strongly acid media, and compatibility with many of the matrices used for immobilization. The 
most serious disadvantage of synthetic inorganic ion exchangers is their unsuitable granular and 
mechanical properties that limit their use in column applications. 

Many different methods have been proposed for preparing granules of inorganic ion exchang
ers and for improving the mechanical strength of these materials. On the basis of the preparation 
method used, the resulting ion exchangers can be classified in three groups. Intrinsic inorganic ion 
exchangers represent a group of ion exchangers prepared without any additives. Supported ion 
exchangers represent a group of inorganic ion exchangers, in which the active inorganic compo
nent is deposited on a suitable supporting material. Composite ion exchangers represent the group 
of inorganic ion exchangers modified by using a binding material to prepare larger particles with 
high granular strength. 

Evaluating the suitability of these three groups of synthetic inorganic ion exchangers for treat
ing liquid radioactive wastes is somewhat difficult. Each of the groups of granular inorganic ion 
exchangers exhibits certain advantages, as well as disadvantages. 

In the following sections, we provide examples of various ways for preparing granular absorb
ers from single (as defined above) groups. Their properties are compared, and some possibilities for 
their application are evaluated. Although this survey is not complete, its primary aim is to summa
rize and provide examples of published methods for modifying inorganic ion exchangers for use in 
packed-bed columns. 

2.1. Intrinsic Absorbers 
2.1.1. Natural Inorganic Ion Exchangers. Natural inorganic ion exchangers are usually modi

fied for use in packed-bed columns by crushing, followed by sieving to obtain particles of the 
required size. Finally, the fine particles are washed out by flushing the absorber with water. 
Examples of natural zeolites that are often used for treating liquid radioactive wastes are 
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clinoptilolite, mordenite, and chabazite. The main advantage of natural inorganic ion exchangers is 
their low price; the main disadvantages are their poorly defined structures, low capacities, and 
impure chemical composition. 

2.1.2. Synthetic Inorganic Ion Exchangers. Synthetic inorganic ion exchangers are insoluble 
inorganic compounds prepared by precipitation, usually in water solutions. Depending on the spe
cific absorber prepared (type of chemical compound and method of preparation), the structure may 
be crystalline or amorphous. Most useful of such absorbers are those that can be prepared as crys
talline particles sufficiently large to be directly used as the column bed material. 

Unfortunately, few inorganic ion exchangers can be prepared in such suitable crystalline form.1 '>12 

In most cases, the precipitated inorganic ion exchanger must be separated by filtration and the 
undesirable chemical admixtures washed out. Suitable granules of ion exchanger are then obtained 
by sieving the dried, crushed filtration cake to obtain the fraction with the required grain size. The 
finest particles are removed (that is, by decanting) before the granules are used. Vesely and 
Pekarek 1 1 ' 1 2 state that many granular inorganic ion exchangers can be prepared using this proce
dure. 

An overview of the preparation of granular metal hexacyanoferrates by this procedure was 
published by Jacobi.13 Many inorganic ion exchangers commercially supplied by STMI-RAN 
(France)14 appear to be prepared in this way. The most commonly used absorber prepared by this 
procedure is cobalt potassium hexacyanoferrate (KCFC), proposed by Prout et al. 1 5 Currently, 
KCFC is used in the large-scale treatment of liquid radioactive wastes in the Loviisa Nuclear Power 
Plant (NPP) in Finland.16 

A technical disadvantage of the above procedure includes substantial losses of material as dust 
and particles smaller than the required grain size. Moreover, granules produced by this method 
sometime undergo decomposition during contact with the treated solution (that is, peptization). 
This phenomenon may cause increased resistance of the column bed, resulting in a decreased flow 
rate or even column plugging. Drying the filtration cake at an elevated temperature (a usual step of 
the procedure) significantly worsens the ion-exchange kinetics and sorption capacity of the result
ing absorber. 

In the case of microcrystalline precipitates, it is impossible to produce absorbers with sufficient 
mechanical strength using the described procedure. For this reason, additional special methods 
were developed to modify inorganic ion exchangers. 

2.1.2.1. Slow-growth method. Under normal circumstances, ammonium salts of heteropolyacids 
may be prepared only in the form of very small crystals (-200 mesh). A procedure for preparing 
larger particles (0.4 mm), described by Smit,17 consists of adding a concentrated solution of ammo
nium nitrate to crystals of molybdophosphoric acid. The resulting relatively strong agglomerates of 
ammonium salt had sufficient mechanical strength to withstand several sorption-desorption cycles. 
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In a similar method used by Berak18 to prepare granules of barium sulfate activated by calcium, 
crushed calcium sulfate (as the natural mineral anhydrite or gypsum) was loaded in a chroma
tography column, and a solution of a barium salt was added. 

The slow-growth method has also been used to prepare zinc or nickel hexacyanoferrates.19'20 In 
this method, local growth occurs on sodium or potassium ferrocyanide crystals placed in concentrated 
zinc or nickel solution to produce hollow spheres that lack the mechanical stability of solid par
ticles. Particles of 0.1 to 0.5 mm can easily be prepared. The mechanical stability of a column filled 
with zinc potassium ferrocyanide was sufficient for processing a solution of 20,000 bed volumes. 
The chemical stability was verified for zinc ferrocyanide in solutions from pH 1 to 10 and for nickel 
ferrocyanide from pH 0 to 12. The limiting factor in using hexacyanoferrate salts prepared in this 
way is a partial release of zinc or nickel cations from the absorber. 

2.1.2.2. High-temperature treatment. An intrinsic absorber containing barium sulfate, acti
vated by calcium, was prepared by heating a mixture of barium and calcium sulfates at 1000°C to 
1300°C. After cooling the molten mixture, the solid product was crushed and processed in the usual 
way to obtain granular material. 2 1 , 2 2 A similar method was used to prepare potassium titanate 
fibers from a molten mixture of potassium carbonate and titanium oxide.23 Hydrothermal treat
ment for 20 hours at 200°C to 300°C was used to increase the crystallinity of sodium titanate.24 

2.1.2.3. Freeze-thaw method. This procedure was introduced to produce granules from inor
ganic ion exchangers that yield amorphous precipitates that settle and filter poorly. The method 
makes use of the fact that water is irreversibly separated when a gel (precipitate) is frozen, and the 
absorber becomes granular. After thawing, the granular absorber is separated from the solution and 
air-dried at ambient or elevated temperature. This method has been used to prepare various granular 
hydrated oxides—Sn0 2, S i0 2 , Mn0 2 , T i0 2 , Z r0 2 , F e 2 0 3 , and mixed absorbers—nickel 
hexacyanoferrate + Ni(OH)2, PbS + Pb(OH)2, MS + Ni(OH) 2. 2 5 

This method also has been used to prepare granular zirconyl phosphate2 6-2 7 and various 
hexacyanoferrates.28'13 Jacobi1 3 performed a very detailed study of the possibilities for preparing 
sodium nickel hexacyanoferrate and concluded that the conditions under which the precipitates are 
frozen are crucial to obtaining a product with good granular form. This absorber has good sorption 
properties for cesium but is only completely stable in the range of pH 4 to 10. Below pH ~4, nickel 
is released from the material into solution, but it decomposes above pH -10. 

2.1.2.4. Sol-gel method. The use of the sol-gel technique to prepare spherical particles of inor
ganic ion exchangers was a significant contribution to developing procedures for modifying their 
granular and mechanical properties. This method converts a sol (or even a true solution), dispersed 
in an organic solvent, to a hydroxidic gel.2 9"3 1 Using this method, it is possible to prepare uniform 
spheres of hydroxidic gels from only polyvalent hydrolyzable cations, e.g., Al 3 + , Fe 3 + , Cr 3 +, Si 4 + , 
Ti 4 + , Zr4"*", or their mixtures. 
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A sol may be converted into a gel by either internal or external gelation.2 9 , 3 1 Internal gelation is 
generally used to prepare intrinsic absorbers. Sols may be dispersed in media that are immiscible 
with water (paraffin or silicon oils, kerosene, etc.) in chemical reactors equipped with good stirring 
capability, or in continuous gelation columns by introducing small droplets from capillaries.31 

To extend the range of inorganic ion exchangers that can be prepared with the sol-gel method, 
a procedure for converting prepared hydroxidic gels was proposed and developed.29-30 The chemi
cal flowchart for converting gel spheres (Fig. 1) substantially increases the types and combinations 
of inorganic ion exchangers that can be prepared with the sol-gel method.30 

Hydroxid ic hydrogel 

Treated with 

Acidic or 
acidic salt 
solution 

Acidic 
gaseous 
or vapor 

Transfer to 
metallic form 

by ion exchange 
Converted 
hydrogel 

Freezing out or 
organic solvent 

dehydration 

Product for 
chromatographic 

use 

Fig. 1. Some options for preparing inorganic ion exchangers 
using the sol-gel method. 
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Figure 2 presents a flowchart for preparing titanium phosphate gel. Among the disadvantages 
of the sol-gel method are the greater shrinkage of dried particles to hydrogels and the resulting 
products of their conversion to xerogels. Moreover, the procedure is not universal; for example, it is 
not possible to prepare zinc or nickel hexacyanoferrates using this method.20 

Titanium oxychloride Solution of 
solution hexamethylenetetramine 

Cooling 5.0°C I Cooling 6.5°C 

^ Mixing 

Organic phase Dispersion by Organic phase 
paraffin oil *" two-liquid jet for regeneration 

\ 
Gelation (temperature 60-65°C) 

\ 
Separation of phases by filtration 

\ 
Washing (CCI4; C2H5OH) 

I 
Leaching (water solution of ammonia 1:10 

Separation of phases by filtration 

Decantation (by solution of NaOH) 
I 

Washing (by distilled water) 
I 

Conversion to phosphate (by H 3 P0 4 solution) 
+ 

Washing (by distilled water) 

Fig. 2. Preparation of titanium phosphate using the 
sol-gel method. 

2.2. Supported Absorbers 
Many materials have been proposed as suitable supports for inorganic ion exchangers. Inert 

behavior is an essential requirement for these materials; that is, no ion exchange or sorption should 
take place on the support materials. The simplest way to prepare supported absorbers is to either 
mix the fine-grained, or amorphous, precipitate of the ion exchanger with an inert support material 
or induce it to precipitate on a suitable support. Materials used as supports include asbestos, char
coal, alumina, filtration paper, glass fibers, glass wadding, and other porous materials.1 '- 1 2 
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Disadvantages of these procedures were a considerable increase in volume and problems with 
preparing materials for larger columns. The sorption capacity of the resulting columns was too low, 
and the ion exchanger washed out of the bed of the columns when they were used for longer periods. 

Later, silica gel was proposed and used as a more suitable support for inorganic ion exchangers. 
In this case, inorganic ion exchangers were deposited on silica gel of a suitable grain size. Caletka 
et al. 3 2" 3 5 used silica gel as the support for various inorganic ion exchangers. They proposed proce
dures for depositing several hexacyanoferrates on different types of silica gel. 3 2 Their intent was to 
develop the best procedure for producing absorbers with the highest sorption capacity. In addition, 
they studied the ion-exchange properties of phosphoantimonic acid prepared by various procedures 
and deposited on silica gel. 3 3 This absorber was proposed for separating alkaline metals and stron
tium from acid solutions containing nitric acid. Using a similar technique, polyantimonic acid has 
been deposited on silica gel. 3 4 

Two different procedures were proposed for depositing ammonium molybdophosphate (AMP) 
on silica gel. This absorber was tested for separating radiocesium from acid solutions.35 Terada et 
al. 3 6 used silica gel as the support AMP and some binary hexacyanoferrates used to concentrate 
radiocesium from natural waters. In a similar way, Ganzerli et al. 3 7 used copper hexacyanoferrate 
deposited on silica gel to concentrate stable cesium from river and sea water. 

In spite of this frequent use of silica gel as a support for inorganic ion exchangers, it has not 
been used on a broader scale to treat liquid radioactive wastes. Only the procedure for decontami
nating waste solutions from 1 3 7Cs proposed by Wilding38 was based on the use of AMP precipitated 
in situ on silica gel. This product contained 23% (w/w) of AMP, and its sorption capacity was lower 
than that of a mixture of AMP with asbestos. 

Porous stainless-steel membrane was used as a support for hydrous titanium and zirconium 
oxides.39 Titanium dioxide and zirconium dioxide were precipitated within the porous metal ma
trix using tetraisopropyl orthotitanate or zirconium propoxide and LiOH solution. Such stainless-
steel membranes may be impregnated with Ti0 2 equal to 7% of their weight. Impregnated steel 
membranes were tested as a means of removing radio-nuclides from the primary coolant used in 
pressurized water reactors. 

Organic polymers shaped as beads have often been proposed as a support for inorganic ion 
exchangers. 4 0 - 4 7 Watari et al. 4 0 was the first to describe the preparation of copper hexacyanoferrate-
loaded anion exchange resin. Macroreticular anion exchange resin (Amberlite IRA-904) was con
verted to the hexacyanoferrate form, and the different hexacyanoferrates were precipitated with 
solutions of the respective metals (copper, iron, nickel).40-41 Lehto et al. 4 2 also studied possible 
applications of IRA-400 and IRA-904 anion exchange resins and Chelex-100 chelating resin as 
supports for potassium cobalt hexacyanoferrates. However, Lehto selected granular potassium co
balt hexacyanoferrate for separating I 3 7 Cs from concentrates at the Loviisa NPP. Amberlite 
8 



IRA-900 macroreticular anion-exchange resin has been used to prepare AMP-bearing resin that 
retains 1.09 g AMP per gram IRA-900.43 

Macroreticular anion exchange resin AG-MP-1 (Bio-Rad) and Dowex MSA-1, type MP, were 
used by Dosch4 4 to prepare resins loaded with sodium titanate, sodium niobate, and sodium tanta-
late. His studies with sodium titanate-loaded resin, containing 30% to 40% (w/w) of sodium titan-
ate in the dry residue, proved that the sorption properties of sodium titanate are not influenced by 
the supporting material. Resin loaded with sodium titanate exhibited good mechanical stability, and 
a column filled with this resin was operated continuously for 527 hours with no evidence of particle 
attrition or channeling. The loaded resin also was shown to be stable to 5 x 106Gy of radiation. 
Elution of spent resin and the possibility of its reuse were verified. 

Other organic polymer beads were also employed as carriers for inorganic ion exchangers. Dry 
beads were first soaked in an aqueous solution containing one component of the ion exchanger. 
After removing the supernatant, an aqueous solution of the second component was added to pre
cipitate the inorganic ion exchanger within the pores of the beads. Such a procedure was used to 
prepare a divinylbenzene-styrene copolymer loaded with AMP,45 which was used to determine 
cesium in sea water. Macroreticular spherical cellulose was also proposed as a support for inor
ganic ion exchangers.46 Cellulose loaded with nickel hexacyanoferrate47 was tested as a means for 
separating 1 3 7 Cs from liquid radioactive wastes in NPP A-l (Slovak Republic). 

Fibrous polymers as a support for inorganic ion exchangers were first used by Krishnaswami 
et al., 4 8 who developed a procedure for impregnating acrylic fibers with iron hydroxide. Iron-treated 
fibers were used for the in situ extraction of various elements from sea water. Moore and Reid 4 9 

developed a procedure for impregnating acrylic fibers (Monsanto Acrilan, 3.0 denier, type B-16) 
with manganese oxides (MnO + Mn0 2). Their procedure included the conversion of the fiber to a 
cation-exchange resin by treatment with 6 M NaOH at 80°C to 90°C, and the sorption of manga
nese from 5 M MnCl2 at 30° to 40°C and a pH of ~1 to 2). The manganese-soaked fiber was im
mersed in 6 M NaOH at 25°C to precipitate Mn(OH)2, then separated, fluffed, and exposed to air to 
oxidize Mn(OH)2 to a mixture of hydrated MnO and Mn0 2 . As much as 12 to 15 g of manganese 
was loaded per 100 g of fibers, and subsequent washing removed less than 50% of the loaded 
manganese from the fibers. These alkaline manganese-impregnated fibers have been used to 
remove radium and other trace metals from natural waters49 and radium from drinking water.50 

Later, a simpler procedure was developed for preparing manganese-impregnated fibers.51 Acrylic 
fibers were immersed in 0.5 M potassium permanganate solution (at 70°C to 80°C), which partially 
oxidized the fibers and deposited Mn0 2 on them. As much as 10 g of manganese could be loaded 
on 100 g of fibers. Loss of Mn0 2from these manganese fibers during their use was less than 3%. 
These manganese fibers are suitable for extracting lead, mercury, copper, zinc, cobalt, and 
cadmium from dilute solutions. 
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Higuchi et al. 5 2 patented a procedure for preparing Mn0 2 , hexacyanoferrates, or their mixtures, 
supported on acrylic fiber in the form of woven or nonwoven cloth. These materials may be used to 
collect and concentrate radionuclides and heavy metals present in liquid radioactive wastes, indus
trial waste waters, and natural water. Acrylic fiber prepared by copolymerizing vinyl chloride with 
8% (w/w) methyl acrylate will withstand up to 30% hydrochloric acid, nitric acid, or sulfuric acid. 
However, the resistance of these fibers to alkaline solution is very low. The most suitable range of 
pH 7 to 9 provides nearly 100% efficiency for collecting 5 4Mn, 6 5Zn, 5 9Fe, 6 0Co, 1 0 3 + 1°6R U , '37Cs, 
and 1 4 4Ce. The authors reported neither the quantities of inorganic ion exchangers that can be sup
ported by acrylic fibers nor the sorption capacities of their materials. 

2.3. Composite Absorbers 
Powdered and microcrystalline inorganic ion exchangers may also be converted to granular 

form by using suitable binding materials. The required properties of such binding materials are the 
following: sufficient aggregation force, ample chemical stability, no adverse influence on the ion-
exchange properties of the inorganic exchanger, no ion-exchange properties of their own, high 
permeability for aqueous solutions of the targeted ions, and an ability to produce granules with a 
very high quantity of the active absorber component. Both inorganic and organic materials may be 
used as binding materials to prepare such composite absorbers. 

2.3.1. Composite Absorbers with an Inorganic Binding Matrix. The higher radiation and 
thermal stability of inorganic binding materials makes them attractive for preparing composite 
absorbers to be used to treat liquid radioactive wastes. Possible inorganic binding materials include 
appropriate clay minerals, which may be mixed with powdered inorganic ion exchanger and water 
to form a paste of suitable consistency. This paste is then used to form pellets, which are dried and 
calcined to improve their mechanical strength. Similar procedures are used by many commercial 
firms to produce molecular sieves. However, calcination at elevated temperatures may deteriorate 
the sorption capacity and ion-exchange kinetics of the material. 

Cement also has been used as a binding material for granulating nickel hexacyanoferrate.53 

First a dry mixture of cement and the hexacyanoferrate salt (3:2 or 4:1) was prepared and then 
mixed with water. The resulting dense grout was molded into the desired form. After 3 to 7 days of 
curing, the product was crushed and sieved. Granules obtained from both of these mixtures exhib
ited ample long-term stability in contact with solutions. The K D values for cesium from saline 
solutions (-20% solutions of sodium and potassium salts) ranged from 4,000 to 8,000. 

An interesting procedure for granulating some inorganic ion exchangers was proposed by Peeters 
et al. 5 4 Barium sulfate and barium carbonate are usually obtained as fine powders, and as such are 
unsuitable for use in industrial columns. However, a suitable structure can be imparted by 
10 



preparing BaS0 4 or BaC0 3 as a mixed precipitate with nickel hexacyanoferrate. This mixed pre
cipitate is filtered (without washing), dried, and ground into granules of the required size. 

Another suitable binding material is silica gel. A sol-gel procedure is used for granulating pow
dered inorganic ion exchangers into a matrix of S i0 2 . 5 5 Urea and hexamethylenetetramine are 
added to the sol of silicic acid and up to 70% (w/w) of the exchanger. This mixture is dispersed into 
an organic medium, such as silicon oil, at high temperature. The spherical particles produced dur
ing dispersion must be purified from residue of the organic dispersion medium before their use. A 
composite dried absorber containing AMP prepared by this procedure56 contained 65% (w/w) of 
the active component and had a sorption capacity of 0.22 mmole Cs.mL'1. Although drying this 
absorber slightly decreased the ion-exchange kinetics, the sorption capacity of a packed bed in
creased from 0.10 mmole Cs.mL"1 to 0.22 mmole Cs.mL-1. Moreover, this absorber was stable dur
ing twenty sorption-elution cycles for 3 weeks of operation. 

Krylov et al. 5 7 produced a silica-gel matrix that contained higher loadings of the active compo
nent, which provided higher sorption capacity. Their laborious procedure included concentrating a 
dilute sol of silicic acid (prepared on cation exchangers) by evaporation to between 28% and 32% 
(w/w) Si0 2 . The finely divided active component of barium sulfate, activated by calcium, was 
added to this concentrated sol. The optimum ratio was 7 g of S i0 2 to 100 g of BaS0 4. Pellets 
produced by pressing the resulting paste through defined openings were dried at 100°C. Suitable 
granules were obtained by sieving the crushed pellets. Elevating drying temperature above 100°C 
adversely affected the properties of this absorber material. 

Another suitable inorganic binding material is alumina (A1203). Dosch4 4 studied the properties 
of sodium titanate pellets produced by Norton Company (Akron, Ohio, USA). The pellets con
tained 10% to 30% of binder material and were dried using temperatures that ranged from ambient 
to 340°C. Pellets with satisfactory strength and strontium sorption capacity were produced by cal
cining at 320°C for 1 hour from mixtures containing 70% sodium titanate and 30% alumina. 

The strength of pellets prepared with calcium aluminate,44 another material used to prepare 
pellets of sodium titanate, was inferior to that of pellets containing alumina binder when both were 
dried at ambient temperature. Pellets with calcium aluminate binder were degraded by contact with 
caustic solutions. 

2.3.2. Composite Absorbers with an Organic Binding Matrix. The development of organic 
macromolecular materials whose properties may be modified to meet various requirements also 
resulted in their being used to granulate or to modify many powdered materials.58"80 The classifi
cation of such materials is rather problematic because the patent literature contains broad classifi
cations of polymers prepared and modified by many different procedures and because most of these 
polymers have rarely been used. 
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White 5 8 proposed abroad scale of hydrophylic gels for granulating finely divided ion-exchange 
materials. In his procedure, he usually used water-soluble material that had been gelled in an aque
ous medium to a water-insoluble form. Such gelable material may be a natural substance (gelatin, 
cellulose) or may be synthetic gels formed by crosslinking polyacrylamide or polymethacrylamide. 
These synthetic gels may also be formed by polymerizing water-soluble vinyl monomers in an 
aqueous medium that contains a water-soluble crosslinking agent. Polyacrylamide gel was used by 
Shigetomi et al. 5 9 to prepare gel particles that contained various metal hydroxides, which were used 
as absorbers to collect uranium from sea water. A disadvantage of gel-based absorbers is their 
relatively high water content (70% to 90%) and their poor stability in strong acid media. 

Some of the procedures of agglomerating suspended particles patented by Rosenthal60 may 
also be used to prepare composite absorbers. The granulating agent in this case is a synthetic plastic 
dissolved in a liquid organic solvent. Plastics that serve as granulating agents include polyacrylic 
acids, polymethacrylates and their copolymers, polyvinyl acetates, cellulose derivatives, polysty
rene, polyamides, and polycarbonates. 

To improve the granular properties of powdered ion exchangers, polymers slightly soluble in 
water (such as polyvinyl alcohol) were used. Yoroda61 mixed an aqueous solution of polyvinyl 
alcohol with natural bentonite and dried and pulverized the resulting paste. A disadvantage of this 
process is the slow dissolution of the organic binding polymer, especially at elevated temperatures. 

Hydrophobic binding agents can be used if they are added in an amount just sufficient to bind 
the particles together, but not enough to prevent contact between the inorganic material and the 
solution. Stejskal et al. 6 2- 6 3 used polyvinyl acetate, polystyrene, polyvinyl chloride, polymethyl 
methacrylate, and epoxy resin as binding materials. The organic polymer was dissolved in a suit
able organic solvent and mixed with powdered sorbent to produce a paste that was dried, crushed, 
and sieved. Ammonium molybdophosphate and zinc hexacyanoferrate were granulated in this way. 
A similar procedure64 was also used to prepare granules of nickel hexacyanoferrate with polyvinyl 
chloride. 

The preparation of composite ion exchangers composed of hydrated oxides of titanium, zirco
nium, or tin and a thermosetting resin (binding matrix) as an epoxy, unsaturated polyester, or 
polyurethane resin was described by Takeuchi et al. 6 5 The resulting composite absorbers are 
suitable for separating many anions (especially phosphate ions) and cations. They can be regener
ated and used over a long period of time. These absorbers are prepared by directly mixing the 
powdered dry metal oxide hydrate (or their mixtures) with liquid resin or with a solution of the 
resin in a suitable organic solvent. The mixed components are cured at room temperature or at 
elevated temperatures up to 90°C. The cured material is then crushed and sieved. 

The procedure used to prepare macroreticular spherical cellulose from viscose46 was also pro
posed for the preparation of composite absorbers. This procedure may be applied to inorganic ion 
12 



exchangers that are sufficiently stable in an aqueous alkaline solution of technical viscose 
cellulose. Composite absorbers containing PbS and Si0 2 were prepared by this method. 

For supporting biomasses that contain the mycelia of micro-organisms (preparation of so-called 
"biosorbents") a polymerizable component from the group consisting of formaldehyde, resorci-
nol, urea, epoxide resin, acrylic resin, etc., was found to be suitable.66 The solid product is 
crushed and sieved. Such material has good sorption properties for uranium and heavy metals. A 
similar procedure for supporting biomasses of plant or algae material makes use of urea or urea 
with formaldehyde as the binder.67 The crushed and sieved product polymerized at 100°C is suit
able for separating uranium and heavy metals. An improved procedure68 for supporting the biom
asses of mycelia fungi involves the dispersion of dry biomass in a nonpolar organic medium, ag
glomeration of the dispersed biomass with a polymerizing component, such as formaldehyde, 
formaldehyde-resorcinol, formaldehyde-urea, and a surface-active agent in a solvent that is 
immiscible with the dispersion medium. The polymerization reaction of the agglomerated mixture 
is initiated by adding a catalyst and heating the mixture to at least 70°C. 

Phenolic resin6 9 was used to prepare spherical particles of composite absorbers with metal 
hydroxides as the active components. Phenolic resin is first precondensed with an aldehyde com
pound in the presence of an acid catalyst. A metal salt or oxide is then incorporated into the reaction 
mixture. Salts of titanium, iron, aluminum, zirconium, tin, antimony, etc., may be used. A polyconden-
sation reaction is completed while the resulting reaction mixture is suspended in a suitable me
dium, such as carbon tetrachloride, chloroform, or chlorobenzene at temperatures of 70°C to 150°C. 
After the reaction is complete, the resulting absorber is removed from the reaction mixture and 
treated with an alkaline agent. Such absorbers can be used to purify various waste waters, including 
wastes from nuclear power plants. 

Phenolsulfonic-formaldehyde resin was used by Narbutt et al. 7 0 to prepare composite ion 
exchangers in the form of spherical beads. A flow diagram of the preparation is shown in 
Fig. 3 . 7 J The polycondensation process also was operated in a fluid reactor on a pilot-plant scale. 
Composite absorbers containing the following active components have been prepared by this pro
cedure: hexacyanoferrates of titanium(IV),72"75 zinc, 7 1 ' 7 2- 7 6 nickel,71.72,76 copper,71 and cobalt,7 2-7 5-7 7 

as well as titanium phosphate,75 synthetic mordenite,7 2'7 5 and hydrated antimony pentoxide (poly-
antimonic acid).7 2-7 8 Phenolsulfonic-formaldehyde composite absorbers typically contain 15% to 
35% (w/w) of the active component in dried residue,71-75 with the exception of hydrated antimony 
pentoxide absorber, which contains 60% of the inorganic filler.72-78 

The mechanical stability of the composite beads of 1 mm diameter was 25 to 30 N. 7 5 A review 
of potential applications of these absorbers in nuclear and radioanalytical chemistry was presented 
at the SIS '93 conference (Stara Lesna, Slovak Republic) and was submitted for publication.79 The 
phenolsulfonic-formaldehyde matrix is chemically stable in strongly acidic to slightly alkaline media, 
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Fig. 3. Generic procedure for preparing spherical 
phenolsulfonic-formaldehyde composite beads.' 

except for solutions containing oxidizing agents, such as 5 to 7 M HN0 3 , in which the matrix 
slowly degrades.79 The phenolsulfonic-formaldehyde binder is not totally inert, for it behaves as a 
strong-acid cation exchanger.72 

The described preparation procedure is unsuitable for active components that are unstable in 
sulfuric acid. Although these composite absorbers offer advantages for many potential nuclear ap
plications,79 their main disadvantage is rather slow ion-exchange kinetics in moderate-to-high salt 
solutions.73-75-77 

A sulfonated polystyrene-divinylbenzene polymer80 was used to prepare a composite ab
sorber containing hydrated antimony pentoxide as the active component. The prepared absorber 
contained -40% (w/w) of inorganic filler and was synthesized in a block polymerization process 
from styrene, divinylbenzene, benzoyl peroxide, and powdered (<0.03 mm) active component. The 
polymerization product was swollen in dioxane and sulfonated. The final product was washed with 
distilled water, then ground and sieved. This composite absorber was used for separating sodium 
14 



from digested biological material in concentrated HN0 3 solutions. However, the sorption capacity 
of this composite absorber was lower than the theoretical value. Attempts to obtain a composite 
absorber with a higher content of the active component were unsuccessful. 

Modified polyacrylonitrile was proposed as a universal binding polymer for almost any inor
ganic ion exchanger (active component).4-5 A flowchart of the preparation of the composite ion 
exchangers containing modified PAN as the binding polymer is shown in Fig. 4. 

This procedure can be modified or simplified in several ways. Initial components (or their 
solutions) for preparing the inorganic ion exchanger can in some cases be mixed directly with the 
solution of the binding polymer, instead of using the ready-made dried and powdered exchanger. 
The active component of the composite ion exchanger is then formed during (or after) the coagula
tion of the binding polymer. Another possibility is to mix one of the components of the inorganic 
ion exchanger with the solution of the binding polymer while the other component is dissolved in 
the coagulation bath. 

Powdered inorganic 
ion exchanger Solution of binding 

(active component) polymer 

Mixing 
(preparation of suspension) 

t 
Dispersion in water bath 

(coagulation bath) 1 
Separation of the absorber I 

Washing with water I 
Wet-sieving 

Fig. 4. Generic procedure for preparing composites of 
inorganic exchange materials using modified 
polyacrylonitrile (PAN) as the binder. 
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These methods enable incorporation of very fine to colloidal particles of the active component 
in the binding polymer, which increases the capacity and improves the ion-exchange kinetics of the 
resulting absorber. The final product can be shaped as grains, beads, fibers, felt, fabric, membranes, 
or tubing. From an economics perspective, it is worth mentioning that even some industrial-grade 
PAN can be used to prepare these composite ion exchangers. 

The use of PAN-based organic binding polymer has a number of advantages related to the 
relative ease with which its physicochemical properties (hydrophylicity, porosity, mechanical 
strength) are modified. These properties can be modified by the degree of polymer crosslinking, the 
use of suitable copolymers, or by the composition and temperature of the coagulation bath. Another 
advantage is the ability to prepare the composite ion exchangers directly in the aqueous solution, 
eliminating the possibility of introducing water-immiscible solvents and oils that would require 
subsequent removal by washing. 

The ion-exchange kinetics of such composite ion exchangers is not influenced by the PAN 
binding polymer. The contents of the active component in the composite exchanger can be varied 
over a wide range (5% to 90% of the dry weight of the composite ion exchanger), depending on the 
intended application. 

The PAN-binding polymer is stable in all aqueous solutions of common electrolytes, except for 
concentrated solutions of ZnCl2, LiBr, CaCl2, and NaSCN, which are known to dissolve poly-
acrylonitrile. However, this polymer dissolves in acids more concentrated than 8 M HN0 3 , 5 
M H3PO4, or 5 M H 2 S0 4 . It also hydrolyzes to gel after prolonged contact with acid or alkaline 
solutions. 

The described method is suitable for most of the inorganic ion exchangers known. A list of 
composite ion exchangers already produced in our laboratory is shown in Table I. These composite 
absorbers have been developed and most have been tested for the selective separation and concen
tration of radionuclides from environmental samples, as well as removal from radioactive liquid 
wastes produced in the operation and decommissioning of nuclear power plants. 
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TABLE I. Some PAN Composites Successfully Prepared at the Czech Technical 
University 

CONTENTS 
OF AC IN 

ABSORBER ACTIVE DRY GRAIN SIZE 
CODE COMPONENT (AC) RESIDUE (%) BATCH (mm) 

ZrP-PAN Zirconium phosphate (b) 92.3 LANL-11/93 0.18-0.63 
ZrO-PAN Zirconium oxide (b) 75.0 LANL-11/93 0.18-0.63 
CSbA-PAN Polyantinmonic acid (a) 85.7 LANL-11/93 0.18-0.63 
SnSbA-PAN Tin (IV) antimonate (a) 85.7 LANL-11/93 0.18-0.63 
TiSbA-PAN Titanium (IV) antimonate (a) 92.3 LANL-11/93 0.18-0.63 
TiP-PAN Titanium phosphate (a) 92.3 LANL-11/93 0.18-0.63 
NM-PAN Nickel hexacyanoferrate (a) 

and Manganese dioxide (a) 42.8 + 42.8 NAEC-1/93 0.18-0.63 
ZrOP-PAN Zirconium oxide (b) + 

zirconium phosphate (b) 60.0+15.0 LANL-11/93 0.18-0.63 

a - laboratory preparation 
b - commercial product 

An overview of some possible applications of PAN composites for treating radioactive liquid 
wastes was presented at the 1993 International Conference on Nuclear Waste Management and 
Environmental Remediation.6 A more detailed description of the properties of PAN-based com
posite absorbers containing ammonium molybdophosphate as the active component also has been 
published.81 The numerous non-nuclear-fuel-cycle applications of PAN-based composite absorb
ers include the determination of 1 3 7 Cs in fresh and sea water, digested biological materials, fresh 
milk, and urine, and 6 0 Co in drinking, fresh, and sea water. Applications also include the separation 
and concentration of cesium from other alkali metals, uranium from surface water, radium from 
drinking and fresh water, and saline solutions. 

The described composite ion exchangers are not limited only to radiochemical applications; 
they also can be used in many other concentration and separation procedures. 
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III. COMPOSITE ABSORBERS PROVIDED FOR EVALUATION AT LANL 
All composite absorbers furnished to LANL were prepared according to the general proce

dure5-6 from powdered (grain size <0.1 mm) active components of the respective inorganic ion 
exchangers. Two modifications of this method were used. The simplest and cheapest modification 
of the preparation procedure was applied to all composite absorbers in both shipments, except for 
Ba(Ca)S04-PAN and AMP-PAN composite absorbers. We advise that composite absorbers pre
pared by this simple, cheap method should never be dried before use because of possible dramatic 
deterioration of their sorption properties. The likely adverse effects from drying are much less 
pronounced for absorbers prepared by the other procedure (Ba[Ca]S04-PAN and AMP-PAN, first 
shipment). 

The active components used to prepare the composite absorbers were laboratory preparations 
synthesized according to published procedures, commercial preparations, or intermediate com
pounds from the pigment industry (see Tables II and III). The prepared composite absorbers were 
thoroughly washed with distilled water and wet-sieved after removing fines by decanting. For most 
test experiments, the fraction with a grain size of approximately 0.2 to 0.6 mm was selected. All 
absorbers were kept wet in polyethylene bottles before testing. 

3.1. First Shipment of Absorbers 
The first set of composite absorbers, sent to LANL at the beginning of February 1993, con

tained nine different composite absorbers that had previously been prepared and tested at CTU 
(Table II). The following active components were used for their preparation: 

TABLE II. Initial Group of PAN Composite Absorbers Sent to LANL for Evaluation 

ACTIVE 
COMPONENT 

ABSORBER ACTIVE IN DRY GRAIN SIZE 
CODE COMPONENT (AC) RESIDUE (%) BATCH (mm) 

Ba(Ca)SO -PAN Barium sulfate activated 
4 by calcium (a) 85.7 SNO-1/93 <0.6 

MnO-PAN Manganese dioxide (a) 85.7 SNO-1/93 0.18-0.63 
TiO-PAN Titanium dioxide (c) 85.7 SNO-1/93 0.18-0.63 
NiFC-PAN Nickel hexacyanoferrate (a) 85.7 NAEC-1/93 0.18-0.63 
NaTiO-PAN Sodium titanite (a) 92.3 NAEC-1/93 0.18-0.63 
AMP-PAN Ammonium molybdophosphate (a) 81.1 LANL-1/93 <0.6 
MgO-PAN Magnesium oxide (b) 80.0 LANL-1/93 <0.6 
M315-PAN Synthetic mordenite M315 (b) 93.0 XXX-2/89 <0.45 
Na-Y-PAN Synthetic zeolite (b) 94.3 XXX-2/89 <0.45 
a - laboratory preparation 
b - commercial product 
c - intermediate from pigment industry 
18 



Barium sulfate activated by calcium was precipitated, according to the procedure of Berak,82 

by adding one part of mixed 1 M BaCl 2+ 1 M CaCl2 solution (7:1) to two parts of 1 M Na 2 S0 4 . 
The resulting precipitate was filtered, and the filtration cake was first washed with a small volume 
of distilled water, and then dried, powdered, and sieved. 

Manganese dioxide was prepared according to the reaction:83 

2 KMn0 4 + 3 MnS0 4 + 2 H 2 0 -» 5 Mn0 2 + K 2 S0 4 + 2 H 2 S0 4 . 
The solution of manganese sulfate (0.5 mole.L-1) was stirred at 80°C to 90°C and the precipitate 
slowly formed by adding a stoichiometric amount of potassium permanganate solution (0.22 mo
le.L"1). After cooling and sedimentation, the precipitate was filtered and washed with distilled wa
ter until the filtrate pH was >4. Then the filtration cake was dried, powdered, and sieved. 

Titanium dioxide was prepared from its water suspension produced as an industrial intermedi
ate from the sulfate process for producing titanium pigments (Pferov Chemical Factory, Czech 
Republic). The suspension in water was filtered, washed with water, dried, powdered, and sieved. 

Sodium titanate with the composition Na4^ ,Ti 9O 2 0 2.13.6 H 2 0 8 4 was prepared from powdered 
titanium dioxide (see above). To the suspension of 100 g of Ti0 2 in 1,000 mL of C2H5OH, a solu
tion of NaOH in water (160 g NaOH + 320 mL H 2 0) was added and stirred. The mixture was 
heated under a reflux condenser with vigorous stirring for 3 hours. The product was washed, fil
tered, powdered, and sieved.85 

Nickel hexacyanoferrate with the composition Ni2[Fe(CN)6].xH20 was prepared by precipi
tation from solutions of H4[Fe(CN)6] and NiS0 4 in stoichiometric amounts.86 After settling, the 
precipitate was separated by filtration, and the filtration cake was dried (without washing), pow
dered, and sieved. 

Ammonium molybdophosphate (NH 4) 3P0 412Mo0 3-3H 20 was the powdered commercial 
product supplied by Lachema, Brno (Czech Republic). 

Magnesium oxide, grade BPC 68, was the commercial powdered product supplied by Lachema, 
Brno (Czech Republic) and was not treated or modified before use. 

Synthetic mordenite M315 was the powdered commercial product prepared by VtjRUP, 
Bratislava (Slovak Republic) and supplied in the Na+ cycle. Its molar ratio of Si0 2 :Al 2 0 3 was 
approximately 12.8. 

Synthetic zeolite, NaY (Faujasit) was another powdered commercial product prepared by 
vtjRUP. Its molar ratio of Si0 2 :Al 2 0 3 was approximately 5.7. 

3.2. Second Shipment of Absorbers 
Some of the composite absorbers from the second set were prepared in response to a specific 

request from S. F. Marsh, then of LANL. These composite absorbers were prepared from antimonate-
based active components and have been reported to exhibit high selectivity for Pu 4 + and Am 3 + ions 
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from acid solution.87 In addition to antimonate-based composite absorbers, a few samples of com
posite absorbers containing other promising inorganic ion exchangers as their active components10 

were shipped (e.g., zirconium phosphate, titanium phosphate, and zirconium oxide). 
Subsequently, two types of "mixed" composite absorbers were prepared for testing. These ab

sorbers contained mixtures of NiFC + MnO or ZrP + ZrO as the active components. These com
posite absorbers should allow a broader range of radionuclides to be simultaneously separated. An 
overview of the prepared composite absorbers is given in Table III. These mixed composite absorb
ers are entirely new and have not yet been tested. The following active components were used for 
their preparation: 

TABLE III. Recently Prepared PAN Composite Absorbers, Including 
Some Not Yet Tested 

CODE ACTIVE COMPONENT 

AMP-PAN Ammonium molybdophosphate 
NiFC-PAN Potassium-nickel hexacyanoferrate 
CoFC-PAN Potassium-cobalt hexacyanoferrate 
ZrP-PAN Zirconium phosphate 
TiP-PAN Titanium phosphate 
MnO-PAN Manganese dioxide 
TiO-PAN Titanium oxide 
ZrO-PAN Zirconium oxide 
MgO-PAN Magnesium oxide 
NM-PAN Manganese dioxide and nickel hexacyanoferrate 
ZrOP-PAN Zirconium oxide and zirconium phosphate 
NaTiO-PAN Sodium titanate 
CSbA-PAN Crystalline antimonic acid 
SnSbA-PAN Tin (IV) antimonate 
TiSbA-PAN Titanium (IV) antimonate 
Ba [Ca] S04-PAN Barium sulfate activated by calcium 
CuS-PAN Copper sulfide 
NaY-PAN Synthetic zeolite NaY 
M315-PAN Synthetic mordenite M315 
CLIN-PAN Natural clinoptilolite 



Zirconium phosphate (acid form, dried), grade SCP 163, was a commercial powdered product 
supplied by MEL Chemicals, Manchester (U.K.) and was not treated or modified before using. 

Zirconium oxide, grade X20632/03, also was a commercial powdered product supplied by 
MEL Chemicals, Manchester (U.K.) and was not treated or modified before using. 

Crystalline antimonic(V) acid (polyantimonic acid) was prepared in our laboratory by 
hydrolysis of antimony pentachloride according to the usual procedure.87-88 

Tin(IV) antimonate was prepared according to a published procedure.8 7'8 9 Solutions of 4 
M SbCl5 and 4 M SnCl4 were mixed at 60°C (molar ratio Sn:Sb ~ 0.5), and this mixture was added 
to a volume of distilled water 25 times greater than the original solution, at 60°C, to form a precipi
tate. 

Titanium(IV) antimonate was prepared according to a published procedure.87-90 

Solutions of 4 M TiCl4 and 4 M SbCl5 mixed at 60°C (molar ratio Ti:Sb = 1.5), and this mixture 
was added to a volume of distilled water 25 times greater than the original solution, at 60°C, to form 
a precipitate. 

Titanium phosphate was prepared at our laboratory by directly precipitating 15% TiCl4 and 
adding it to a 70% excess of 4.8 M H 3 P0 4 . Once the TiCl4 solution was added to the phosphoric 
acid, water also was added and carefully mixed. The titanium phosphate precipitate was filtered 
and washed until it was free of chloride.91 

For the preparation of composite absorbers that contained mixtures of the active components 
nickel hexacyanoferrate + manganese dioxide or zirconium oxide + zirconium phosphate, the indi
vidual active components described in this and preceding chapters were used. 
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IV. APPLICATIONS OF COMPOSITE ABSORBERS 
4.1. LANL Absorber Studies for Hanford High-Level Waste 

Los Alamos National Laboratory is screening many absorbers that may be useful for treating 
high-level waste stored in underground tanks at the Hanford Reservation, near Richland, Washing
ton. During their tests with the CTU-prepared PAN composites, the LANL investigators chose to 
air-dry the PAN composites to constant weight at room temperature to maintain consistency with 
the other absorbers tested in their studies.92"95 Because the CTU-prepared composite absorbers 
were air-dried before these tests, rather than left wet as we had requested, their measured Kd values 
should be considered minimum values that might have been higher in the absence of air-drying. 

The LANL researchers measured the distribution of 14 elements onto the first batch of PAN-
composite absorbers from three simulant solutions that represented acid-dissolved sludge, acidi
fied supernate, and alkaline supernate for Hanford HLW Tank 102-SY.92 These same researchers 
later measured the distribution of 15 elements onto both batches of PAN-composite absorbers from 
simulated Hanford double-shell slurry feed.93 

Recently, the LANL investigators measured the distribution of 12 elements onto both batches 
of PAN-composite absorbers from simulated Hanford neutralized current acid waste.9 4 In addition, 
several PAN-composite absorbers were included in a study of the effects of aqueous-soluble or
ganic compounds on the sorption of cesium, strontium, and technetium on 18 selected absorbers.95 

4.2. Other Applications of PAN-Composite Absorbers 
We recently published a discussion of inorganic-organic composite absorbers with polyacry-

lonitrile binding matrix that cites successful applications of these materials.96 These recent appli
cations include the determination of radionuclides ( 1 3 7Cs, 6 0Co, U, Ra) in the environment, treat
ment of various industrial and/or radioactive waste solutions, and the removal of natural and/or 
artificial radionuclides and heavy or toxic metals from underground water plumes.96 
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