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An overview of chemicaly bonded phosphate ceramics (CBPCs), that fill the gap between
cements and conventiona ceramics, is provided. CBPCs are synthesized by chemica reactions, most
of them a ambient conditions, and hence are most useful in high volume gpplications. These
gpplications include dabilization of hazardous and radioactive wagtes, various dructura materials
gpplications, including road repair, oil wel cements, and architectural products. The products are
mainly magnesum and iron-phosphate ceramics. Speciaty formulations have aso been developed for
biomaterids gpplications usng cacium-phosphate-based ceramics. This article reviews the chemistry of
gyntheses of these materias, usng magnesum iron and auminum phosphate ceramics as representetive

examples, provides asummary of their properties and an overniew of their niche gpplications.
Introduction

Sintered ceramics have served a critical need since the beginning of human culture. They have
been used in pottery and rudimentary tools over thousands of years, and their andysis in archaeological
gudies has told us much about human culture in distant times. Ceramics are dso modern technologica
materids, especidly in high temperature applications, and condtitute an intense field of research even
today.
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Sintering, however, is energy intendve and expensve when implemented on a large scde. The
dternative is chemica bonding. Portland cement is a good example of this aternative. Formed by
chemical reactions, it is an inexpensve product and, hence, can be used in high volumes. Thereisawide
gap between the attributes of sintered ceramics and Portland cement. While expensive compared with
cement, ceramics have superior mechanica properties and ceramics are far more stable in acidic and
high temperature environments. Modern technologica needs are not fulfilled entirdly by these two types
of materids. Often there is a need for materials with properties in between. Chemicaly bonded
ceramics can fulfill thisneed. In particular, chemically bonded phosphate ceramics (CBPCs) have been
developed aufficiently during the last decade that they are poised to fill this gap between cements and

ceramics.

CBPCs are formed by acid-base reactions between an acid phosphate (such asthat of potassum,
ammonium, or aduminum) and a meta oxide (such as that of magnesum, cacium, or zinc). Zinc
phosphates were developed as denta cements and were in use during the first half of the twentieth
century [1]. Subsequently, Brookhaven Nationa Laboratory developed magnesum ammonium
phosphate cements [2] and calcium-duminate-based CBPCs [3] as rapid-setting cements. Recently,
Argonne Nationd Laboratory developed a magnesium potassium phosphates (caled Ceramicrete) [4],
to fulfill the need for materids to stabilize and encapsulate radioactive and hazardous waste streams
gored within the U.S. Department of Energy’ s complex.

CBPCs are now finding their use in severd fidds. In addition to waste management applications,
they are being consdered for smple road repair during winter, development of nove architectura
products, improved oil-field cements, even advanced bone and dental cements, al based on superior
properties of CBPCs and their formation at ambient temperature. This paper provides an overview of

these materials and their wide range of gpplications.
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Solution Chemistry as Key to Forming CBPCs

When a metd oxide is dirred in an acid- phosphate solution, it dissolves and forms cations that
react with the phosphate anions to form a phosphate gel. This g subsequently crysdlizes and
consolidates into a ceramic. Dissolution of the oxide aso raises the pH of the solution, with the ceramic
being formed at a near-neutral pH. The CBPC is produced by controlling the solubility of the oxide in
the acid-phosphate solution. Oxides or oxide minerds of low solubility are the best candidates to form
CBPCs because their solubility can be controlled easly. Such oxides are categorized as “sparsdy
luble solids.”

Mogt of the oxides of divaent and trivalent metds are sparsdly soluble.  Even among these,
however, the solubility covers a very wide range. Generdly, divaent metd oxides have a higher
solubility than trivdlent metd oxides. For example, the solubility product constant, pKsp, of divaent
meagnesium oxide (MgO) isequd to 11.25, while the congtants for trivalent metal oxides such asdumina
(Al,O3) and iron oxide (Fe,05) are 24.05 and 44.06 [5]. Anincrease of pKgp by one number implies
that the solubility is lower by an order of magnitude; thus, the solubilities of dumina and iron oxide are
13 and 23 orders lower than that of magnesum oxide. Iron oxide adso exigts in a divalent oxide Sate,

FeO, and has apKgp of 16.3. Thus, this oxide is much more soluble than its trivalent counterpart.

To form CBPC, the solubility of divaent metd oxides is adequate or dightly higher than needed,
while the solubility of trivaent metd oxidesistoo low. Asshown in Figure 1, the solubility, represented
as the concentration for the corresponding metd ion, initially decreases as the pH increases during the
acid-base reaction.  For magnesum oxide, it steedily decreases, while for iron oxides and dumina, it
reaches a minimum and then increases, exhibiting amphoteric behavior. Also notice that the solubility of
divaent metd oxides is much higher than thet of trivalent meta oxidesin acidic and neutrd regions. The
solubility needed to form ceramics is somewhere in between these two metad oxides. Therefore, to form

a ceramic, one must lower the solubility of magnesum oxide and increase the solubility of dumina and
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trivdent iron oxide. In the following discussion, we illustrate how the solubility can be adjusted to form

ceramics from these three oxides.
Magnesium Phosphate Ceramics:

To reduce its solubility, magnesum oxide is cadcined a 1300 °C <0 that its grains are well
crystdlized, and micropores from the grains are removed.  Such “dead burnt” magnesum oxide can
then be reacted at room temperature with any acid- phosphate solution, such as ammonium or potassium
dihydrogen phosphate, to form a ceramic of ether magnesum ammonium or magnesum potassum
phosphate [2, 6]. When the powder is stirred in the solution, it forms a paste that sets within an hour.
This method is well suited for making ceramics of smdl sze, i.e, for filling a pothole with a galon

volume of paste.

While making large samples, like in a drum to sabilize large volume waste streams, the reduced
solubility of the @cined magnesum oxide is Hill too high, and the acid-base reaction is too rapid
because the large amount of exothermic heat generated raises the temperature and accelerates the
reaction. In such cases, a very smdl amount (<1% of the tota powder) of loric acid is used as a
retardant. This boric acid reacts with the acid-phosphate and forms atemporary coating of lunebergite
[7], a magnesum boron phosphate on the surface of oxide particles which prevents the dissolution of
magnesum oxide into the solution. As the oxide powder is mixed in the acid solution, however, the
coating itsalf dissolves and exposes the oxide particle surface to the acid solution, and magnesium oxide
then starts dissolving into the solution. This boric acid addition reduces the rate of reaction and provides
aufficient time for the acid-base mixing to yield practical ceramics.
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Aluminum Phosphate Ceramics

The solubility of dumina can be enhanced by smply raising the temperature of the acid-base
solution to 150 °C. On the bass of the thermodynamics of oxide dissolution, the solubility product
congtant for dumina reaches a maximum at 118°C [8]. At this temperature, the solubility is sufficiently
increased that the dumina particles can be partidly dissolved in phosphoric acid solution to form a gel
containing AlH3(PO,4),'H,O. This gd reacts with dumina a 150 °C to form a ceramic of berlinite
(AIPO,). The end product is ahard ceramic of berlinite.

Iron Phosphate Ceramics

In the case of iron oxide, the solubility can be enhanced by the smple reduction of trivdent to

divaent iron by usng asmal amount of dementd iron [9]:

Fe,O5; + Fe = 3FeO. Q)

As shown in Figure 1, FeO has a much higher solubility than Fe,O5. Thus, the reduction
represented by Equation (1) enhances the solubility of individuad Fe,O5 surface, which will then react
with the acid solution to form hydrophosphates of iron. The reaction products bind the particles, and a

ceramic isformed.

The three examples given above demongtrate how te solution chemidtry plays a key role in
forming CBPCs. The methods can be gpplied to other divaent and trivaent meta oxides and even to

quadrivaent metad oxides, such as zirconium oxide, which is nearly sparsely soluble.

Versatile Ceramics from Cement-Like Fabrication Process

CBPCs are formed by gtirring a powder mixture of oxides and additives such as retardants and
fillersinto a phogphate solution.  In the case of magnesium potassium phosphate , a mixture of MgO and
KH,PO, can smply be added to water and mixed from 5 min to 25 min, depending on the batch sze.
KH,PO, dissolvesin the water first and forms the acid- phosphate solution in which MgO dissolves and
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reacts with the phosphate and sets into a ceramic.  This process mimics that of convertiona cement,
and hence, this product is named “Ceramicrete’ (a ceramic with a fabrication process smilar to
concrete). In the case of iron phosphate, the process is Smilar except that a mixture of Fe,0O3 and a
very smdl amount of Fe (<1 wt.%) are mixed with adilute solution of H;PO, to form aceramic. Inthe
case of duminum phosphate ceramic, the mixing procedure is again smilar, but the mixture needs to be
heated to 150°C.

A consderable amount of mineral and other industrid waste can be added to these ceramics,
thereby reducing their cost . A good example is Ceramicrete, one of the most versatile CBPCs, in
which various industrid byproduct waste streams have been added to recycle benign wastes and
produce vaue-added products. Table 1 lists some of these waste streams and potential products or

aoplications.

In genera, any inorganic waste siream can be added to CBPCs, as long as their loss on ignition
(LOI) vaues are sufficiently low. If LOI is high (typicaly >8 wt.%), evolution of gases (such as CO,)
during the acid-base reaction makes the products porous, and this increased porosity reduces the
grength and integrity of the products. In practice, such waste streams can be pretrested with a dilute
phosphoric acid solution to diminate these gases and they can then be used in formation of the ceramic.
Thus, virtudly any inorganic waste streams, in particular mineral waste streams, can be used to develop
structural products.

One of the mgjor advantages of the versatility of CBPCs is that materias with a desired property
can be produced by adding suitable minerals. The binders by themsalves exhibit physical properties
gmilar to conventiona cement. For example, the compressive strength of magnesum  phosphate-based
CBPCs is between 21 ad 28 MPa (3000 and 4000 psi), comparable to that of portland cement.
Moreover, when Class F and Class C fly ash is added a 60 wt.% loading, the compressive strength
increases to 55 and 83 MPa (8000 and 12,000 psi) [10], respectively. This property makes the CBPC
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processes well suited for high-volume waste products. In these processes, waste recycling is not only

an advantage, it is a necessity.

Table 2 ligts the properties of CBPCs with various additives, including the particular application
for which the product is intended. For the sake of comparison, it dso gives corresponding typica
properties in conventional cements. The data in Table 2 show that, overdl, the properties of CBPCs
are superior to those of conventiona cement. The cost, however, is higher than that of cement. Among
the three candidate formulations described earlier, the one containing Mg phosphate (such as
Ceramicrete), ash, and aggregates is ill at least two times more expensive than conventiona cemern.
Typicdly, the retall priceis ¢3-4/Ib (¢6.6-8.8/kg) for cement and ¢10-12/1b (¢22-26/kg) for Mg-based
CBPC. Because of this discrepancy, Mg-based CBPCs are being considered for niche markets, where
conventiond cement formulaions are not suitéble.  Aluminum-phosphate ceramics are even more
expensve because some heat treatment is needed to form them. Thus, Al-based ceramics have more
limited use; one possihility isin casting refractoriesin proper shapes prior to firing.

Phosphate ceramic formed by iron-oxide, caled Ferroceramicrete, is comparatively chesp,
costing the same as cement. It dso has nearly the same drength characteristics as cement but has
advantages of rapid setting, better stability over a range of pH, and other attractive properties such as
bonding to itsdf.

Figure 2 shows scanning eectron photomicrographs of the three CBPCs discussed above.
Ceramicrete has a highly crystdline structure; Al phosphate, a granular Sructure; and Ferroceramicrete,
an amorphous or glassy dructure. In the case of Ceramicrete, most of the matrix is MgKPO,-6H,0
cysas. With the Al phosphate, berlinite forms only on the surface of individud aumina particles and
binds these particles, and hence, is this CBPC granular. Ferroceramicrete is formed by rapid setting of

the gel and, hence, is amorphous.

Niche Applications
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Potential applications of CBPCs fal into the following three categories:
»  Stabilization of radioactive and hazardous waste,

» Architecturd and congtruction products formed by recycling benign wastes and ail-fidd

cements, and
¢ Boneand denta cements.

These different gpplications are possble because CBPCs can be made with very high loading of either
waste materiads or aggregates. They aso can incorporate waste materials over a wide pH range. In
addition, like cement, most CBPCs except duminum phosphate, are formed at ambient temperature.

Figure 3 illudtrates these attributes of CBPCs in comparison with conventiona cements.

Because of the high loading of aggregates possible, the properties of a CBPC aslisted in Table 2
can be modified easily. For example, a heavy Ceramicrete of density >3 g/cm? may be produced by
adding iron oxide a aloading of >60 wt.%, while a light-weight Ceramicrete of densty <1 g/cm3 may
be produced by adding hollow silica spheres (Cenospheres) at a loading of 50 wt.%. In addition, the
high loading dlows stabilizing hazardous and radioactive wagtes in smaler volumes of waste forms and
recycling larger volumes of benign wastes into useful products. Details of the above gpplications that

make use of these attributes are given below.
Stabilization of Radioactive and Hazardous Waste

Stahilization technologies that have been consdered during the second haf of the last century are
glass for high-level nuclear waste and cemert for high-volume and low-level waste. Both have not been
entirdy satisfactory in performance. Vitrification of high-level waste requires intense hest trestment and
has a potential to generate hazardous and radioactive volatiles that need to be captured and stabilized.

The process adso contaminates furnaces and other equipment that would need proper disposa.
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Cements, being inherently porous, do not produce sufficiently nonleachable stabilized forms for severd

wadte streams, and their cement chemidiry is not competible with certain chemical wastes such as acids.

During formation of CBPCs, if an inorganic waste is incorporated, the contaminants will aso be
converted into phosphates. Phosphates of these hazardous contaminants have a much lower solubility
than their oxides or other salts. Thus, during formation of a stabilized product, the contaminants are
converted into nonleachable phosphate products. At the same time, they are physically encapsulated in
a dense phogphate matrix. This dua mechanism of chemica immohilization and physica encapsulation
isvery effective [4].

The ability of a materid to immobilize hazardous contaminants is messured by the U.S.
Environmenta Protection Agency’s (EPA’s) Toxicity Characteristic Leaching Procedure (TCLP) [14].
The stabilized waste matrix is crushed to a particle Sze of 9.5 mm, and then leaching is conducted with
an aqueous olution at a pH that smulates acid-rain conditions. The leve of contaminants is measured
in the leachate and is compared with the minimum prescribed by EPA’s Universd Trestment Standards
(UTS). Table 3 summarizes the leaching data on some of the tests using Ceramicrete. This table shows
that the contaminant leaching are typicaly about one order of magnitude smdler than the UTS limits.
These daa illudrae the effectiveness of the chemica immobilization and physica encapsulation
rendered by the phosphate matrix. These results are particularly important in the case of Hg, because
the UTS limit is very low and difficult to attain with other technologies. Meeting this limit has been
demondirated by encapsulation of severa waste streams in the CBPC matrix [15]. Introducing a small
amount of sodium or potassum sulfide converts the mercury to its most insoluble form, mercury sulfide,

which is then encapsulated in the CBPC matrix.

In the case of radioactive contaminants, the solubility issue is twofold. The first issue involves the
oxides of transuranics, such as UO, and PuO,, which are insoluble in water. They are dso the most
stable compounds in most waste streams but are dispersible if the waste streams are powders or dudge.

For this reason, these waste streams should be solidified in a dense and hard matrix prior to their
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dorage in repositories. Leaching of the radioactive species from the waste form can occur by diffusion.
Therefore, it is necessary to measure the diffusion congtant of these radioactive contaminants when such
a dabilized wagte form is immersed in water. In the 90-day immersion test of the American Nuclear
Society (ANS 16.1) [16], this diffuson constant is measured and expressed as a leaching index thet is
negative log of the diffuson congtant.

The second issue involves the fisson products. Radioactive isotopes of Cs, S, Ba, and Tc are
more soluble than transuranics and can leach out in amanner Smilar to hazardous metds. In particular,
Tcinavaence date of +5 has atendency to convert into +7 (in achemica form caled pertechnetate),
which is more soluble and can leach from the waste form into groundwater easilly. Addition of avery
gamdl amount of tin chloride to the Ceramicrete matrix during tabilization retains Tc in the lower

oxidation gate and immobilizesit.

The effectiveness of the phogphate matrix in immobilizing radioactive contaminants may be seenin
the leaching indices presented in Table 4. For comparison, the leaching index for Tc in cement is 6
[20]. These results demondrate the effectiveness of phosphate materials containing radioactive
contaminants. the CBPC matrix is an effective as vitrified glass but does not have the drawbacks of

vitrification.

In addition to dabilizing contaminated waste sreams, CBPC can dso be usad in
macroencapsulating large equipment and components. For example, we have encapsulated a
radioactively contaminated spool of a wire to reduce the radiation level from 700 disntegrations per
minute (dpm) to an acceptable level of 150 dpm for transportation and disposal. In a collaborative
gudy involving the Russan Federation Research Center a Arzamas — 16, ANL, and Eagle Picher
Industries, the CBPC matrix was evauated for its ability to encapsulate large- scae nuclear materids for
trangportation and storage.  The effect of freeze-thaw and fire resulting from an accident was evaluated.
Model calculations showed that these materids would pass these tests. The details will be published

dsawhere.
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In summary, the CBPC mairix can chemicaly stabilize hazardous contaminants and fisson
products, and it can encapsulate radioactive elements and large- scale contaminated equipment. Such
versatility isnot found in any other materid.

Recyding of Benign Wadtesin Vaue-Added Products

CBPC processes are ided for recycling high-volume waste streams and converting them into
vaue-added products because a very high waste loading (in the range of 60 — 80 wt.%) ispossiblein
these materials. Examples of these waste streams include industrial combustion residues such asfly ash
from utility plants, minerad wastes such as red mud from aumina plants, machining wastes (swarfs) from
iron and stedl industries, and natural wood fibers. Some of these waste streams, in fact, improve the
performance of the CBPC products and, hence, are considered part of the formulation. For example,
Class F and Class C fly ashincreases the compressve srength of the CBPC matrix from “28 M Pa
(»4000 ps) to 56 and 83 MPa (8000 and 12000 psi), respectively [10]. The resulting products are
dense and pore free. Because of these superior properties, ash isan integra component in severd
CBPC products used or proposed for use for road repair during winter seasons, oil well cements, and
novel architectura products.

Adding fibers result in a smilar improvement in the drength of the products. In generd, these
fibers improve te flexura drength of the products significantly. For example, adding 3wt.% glass
fibers of 13-inch length enhances the flexura strength of Ceramicrete products from 6 MPa (900 ps) to
asmuch as 11 MPa (1600 ps). Also, CBPC can bind natura fibers such as corn stalk, wood chips, or
saw dust to generate vaue-added products for construction materials [12]. The main advantage hereis
that the products are fire resstant, and unlike polymer binders such as urea formadehyde, do not
produce harmful gases in the presence of fire. CBPC products are safe for theworkers that produce

them and for the users.

Red mud, a highly dkaine resdue from the Bayer process extraction of aumina from bauxite,

may be used for development of smilar products. Because red mud contains very high concentrations



TECHNOLOGY REVIEWS AND STUDIES 12

of hemdtite (Fe;O3), structurd materias can be prepared by the reduction described earlier (Equation
1). The advantagein this caseisvery high loading, ranging from 80 to 85 wt.% [21].

The performance of CBPC \due-added products is key to their commercial success. CBPC
products, when used with high volumes of benign waste streams, are ill two to three times more
expendve than conventional cement products. However, they aso exhibit superior properties and are,
therefore, seen to have niche applications where conventional cement products fail. For example, one
key application of CBPCs that may not depend on cogt is use as an oil-field cement. Brookhaven
Nationa Laboratory [3] and Haliburton Energy Services[22] have developed cacium-auminate-based
phosphate cements for oil-fild gpplications. These cements are made from reection of cacium
auminate with a phosphate source that forms a durry, which setsin geothermal wells at 400 °C. These

cements do not deteriorate in the presence of carbon dioxide in geothermal wells.

The mgor parameters that affect setting of CBPCs in downhole environments are temperature
and pressure.  The temperature ranges from 27°C for a shalow well to “150°C for a deep well of
6096 m (20,000 ft). Correspondingly, the pressure ranges from 5 MPa (700 ps) to 117 MPa (17,000
ps). Under norma conditions, CBPCs are fast-setting cements, and the setting is accelerated by
elevated temperatures and pressures. Even conventiona cements flash-set in such environments. Inan
ongoing project, we have developed CBPC sedants that provide a pumping time of 3-5 h for shdlow
to deep wells. These sedants are ill under development, but if successful, CBPCs will have a market
for large-scde usein il fidds.

Bone and Denta Cements

As mentioned earlier, the firs CBPCs were zinc-phosphate-based dental cements. A recent
thrust has been in developing CBPCs that are more biocompatible. Biologicad systems form bone and
dentine a room temperature. Therefore, it is natura to expect that biocompatible ceramics should dso

be formed at ambient temperature, preferably in a biologica environment, when placed in abody as a
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paste. CBPCs hold good promise toward producing materias Smilar in compogtion, if not in exact

dtructure, to bone.

A typicd bone congds of a ceramic that is a combination of minerds, 69 wt.% of which is
hydroxyapatite (Cag(HPO4)3(OH)), with the rest being other cacium phosphate compounds [23].
Subdtitutions for Ca include K, Mg, and S, while OH subgtitutions include Na and F. These

subdtitutions play significant rolesin the structure and mechanica properties of bones.

Bore is a light-weight materid. Mogt of the orthopedic replacements currently used, such as
ded, titanium, and dumina, are much denser than bone. Comparatively, CBPC materids are fairly
close to the dendty of compact bone. Moreover, calcium-based CBPCs are biocompatible with bone
and dentine. They can be formed at room temperature as a paste and placed in the body, where they
harden and form a suitable microstructure, smulating biologicd materias. Mainly for the reason of
biocompeatibility, recent development in bone and dental cements has concentrated on caldum-based
CBPCs. In particular, formulations that produce hydroxyapatite have been mgor candidates as CBPC

bioceramics.

Hydroxyapatite can be formed by the reaction of ether anhydrous dicdcium phosphate
(CaHPQy) or dicdcium hydrophosphate dihydrate (CaHPO42H20) and tetracacium phosphate
(Cay(PO4)20), given by the following reaction [24,25],

CaHPO4 + Cay(PO4)20 = Cag(POy4)30H )

Adding phosphoric acid to the solution expedites the reaction. The compressive strength of these
ceramics is 34 MPa (»5,000 ps), more than that of portland cement. Mogt of this strength is gained
within a day [26].

Even hydroxyapatite does not produce a compogtion exactly the same as the minerd in bone.
Bone contains carbonated and fluorinated hydroxyapatite. Constanz et a. [27] synthesized a
carbonated gpatite caled dahllite, which is given by the stoichiometric formula
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Cag g(HPO4)05(PO4)45(CO3)0.7(OH)1.3.

They produced dahllite by reacting a mixture of monocacium phosphate monohydrate
(Ca(HoPO4)2H20), a- tricdcium phosphate (Cag(POg4)2), and cacium carbonate (CaCOsg) with a
solution of trisodium phosphate (NagPO4). The mixture formed from the ingredients was gpplied as a
paste that set within minutes under smulated physiologica conditions. The mixing timewas » 5 minutes,
and the paste st by crygdlizing into dahllite in another 10 minutes. The initid compressive strength was
» 10 MPa and increased to » 55 MPawithin 24 h. When completdly s, itstensle strength was » 2.1
MPa. The compressive strength is gpproximately the same as that of cancellous bone, while the tensile
strength gppears to be lower than that of abone. The crystdlite sizes of bone and this biomateriad were
very smilar equa to an average Sze of 5 nm. The density of the new biomaterid is 1.3 g/cm?, and the

average pore diameter was 30 nm.

The dahllite was clinicaly tested [26] as an implant for internd Stabilizetion of a wrigt fracture by
injection. The materid was dlowed to harden in Stu before castings of the wrist. The hedling process
was fagter than with conventiond techniques. The six-month grip strength surpassed that of two-year

average vaue determined from the historica controls.
Conclusion

Research on CBPC materias during the last decade has made significant advances. On the basis
of solution chemistry principles, a range of CBPCs can be now produced. Tallored CBPCs are
possible partialy by sdlecting appropriate oxides or mineras and phosphate solutions.  High-volume
benign wastes and aggregates may be added to manipulate the CBPC properties. Production of
versatile CBPCs has opened up wide-ranging applications for these materias that neither cement nor
ceramics can maich. Thus, these materials have the potentia to close the commercia gap between

ceramics and cements.
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Table 1. Industrid waste streams as additivesin Ceramicrete and potentia gpplications

Waste stream Waste |oading (wt.%) Potentid goplications
Class C and F fly ash from power 40-80 Structurd ceramics,
plants, sted dag, other combustion superior cements, waste
products [10] manegement
Red mud, an dkaine minerad wagte from 50-60 Structura products
Bayer process extraction of dumina[9]
Swarfs, a machining waste from sted! 50 Metd recycling
and automobile industry [9]
Contaminated soil [11] 50 Stabilization and safe

disposal

Shredded styrofoam [12] 80 Insulation pands
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Table2. Typica properties of CBPC products and cement

Property in Property in
CBPC Composition Property CBPC Application Cement
Ceramicreteand ash | Setting time 1-7h Structural ceramics, oil well | First setting
cements, waste a6h
encapsulation
All types Setting pH 7-8 All » 11
Ceramicreteand ash | Density 1.7-2.0 g/cm3 Any, Density can bevaried | 2.4 g/(:m3
by adding aggregates
All types Volumechange | Slight expansion | Architectural moldings, oil | Slight
during setting well cements contraction
Ceramicreteand ash | Compressive 55-83 MPa Structural ceramic, waste 28 MPa (4,000
strength (8,000-12,000 management psi)
psi)
Ceramicrete, ash, and | Flex. strength 90-119 MPa Macroencapsulation of rad. | 5MPa (700
1-3% glass fiber (1300— 1700 psi) | wastes, structural ceramics | psi)
Ceramicrete with ash | Fracture 0.6—0.7 MPaOm | Structural ceramic » 0.3 MPaOm
and sand toughness
Borated Ceramicrete | Heat » 0.53 W/mk Radioactive waste 1.28 W/mk
conductivity encapsulation
Borated Ceramicrete | Linear »17x10°/°C | Macroencapsulation of 12x10°°°C
expansion coeff. contaminated equipment
Borated Ceramicrete | Neutron abs. 3.08cril Encapsulation of nuclear 0.06 cnit
[13] Coeff. materids
Ceramicrete, ash, Water <1lwt.% All 515wt.%
aggregates [10] absorption
All types Durability in 3-11 Stabilization of acids and 7 and above
water at given alkalis, resistance to acid

pH

ran
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Table 3. Mgjor results of TCLP tests conducted on Ceramicrete-stabilized hazardous wastes

Contaminant Leaching
Concentration Loading level UTSIimit
Waste stream in waste (Wt.%) (mg/L) (mg/L)
Pb, 11.3 wt.% 35 <0.1 0.37
Ash[4] CdO, 0.5wt.% 50 0.09 0.19
Cr,03, 0.5wt.% 50 <0.05 0.86
NiO, 0.5 wt.% 50 0.21 5.00
Smulated DOE ash | HgCl,, 0.5 wt.% 50 0.00085 0.025
waste [15]

Table 4. Leachingindices (L.l.) for various radioactive contaminants in the Ceramicrete matrix

Contaminant Waste stream Levd inwade Loading L.l
23y Waste water 32 pCi/mL 57% 14.52 [11]
Pu(Ceas TRU in ash from Rocky 31.8% as PuO, 24.75% 19.7 [17]
surrogéate) Hats, a DOE dte
Cs Waste water 8.3 pCi/mL 57% >14.85[18]
Tc Partitioned from smulated Precipitated Tc 903 ppm 14.6 [19]

Hanford high-level tank »100 wt.%

waste
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[8-10].
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Figure 3. Range of gpplicability of CBPCs and cement.



