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Stabilization of Lead-Rich Low-Level Mixed Waste in Chemically
Bonded Phosphate Ceramic

Seung-Young Jeong, Arun Wagh, and Dileep Singh
Energy Technology Division, Argonne National Laboratory
9700 S. Cass Ave
Argonne, IL 60439, USA

ABSTRACT
A chemically bonded magnesium potassium phosphate ‘ceramic has been

developed by an acid-base reaction at room temperature, for use in stabilizing U.S.
Department of Energy low-level mixed waste streams that include hazardous metals
and low-level radioactive elements. Using this ceramic, we solidified, in
monolithic waste forms, low-level mixed waste streams containing various levels of
PbC~ and PbCO~. These final waste forms were evaluated for their land disposal
suitability. The results showed low open porosity (1.48-4.61 vol.%); hence, low
permeability, and higher compression strengths (43 10-6734 psi) that were one
order of magnitude above that required. The level of lead in the leachate following
the Toxicity Characteristic Leaching Procedure test was reduced from 50,000 to
<0.1 ppm. Leachability indexes from the long-term leaching test (ANS 16.1 test)
were between 11.9 and 13.6. This excellent lead retention is due to its chemical
fixation as insoluble lead phosphate and to physical encapsulation by the phosphate
matrix.

INTRODUCTION
U.S. Department of Energy (DOE) low-level mixed wastes (LLMW)

containing high levels of lead compounds, was stabilized by a chemically bonded
magnesium potassium phosphate ceramic at room temperature [1]. Residue after
combustion of organic waste contains chloride form of Pb which is highly soluble
in water and has a low boiling point (950°C). Ash from the Waste Experimental
Reduction Facility (WERF) at the Idaho National Engineering and Environmental
Laboratory (INEEL) contains 3.5 wt.% lead and 16.9 wt.% chloride. Therefore,
we need a method that converts the lead chloride in these waste streams into
insoluble form and produces a monolithic waste form.

Conventional thermal treatment for stabilizing LLMWS is expensive and
generates volatiles and pyrophorics as secondary hazardous gases that must be
stabilized before disposal. Beacuse Pb compounds generally exhibit melting and

boiling that are lower than the temperature of the vitrification process (=1050-
1500°C), they are volatilized during the process. Using a cyclone vitrification
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furnace, Babcock & Wilcox Company [2] conducted melting tests on soil
containing elementary heavy metals and obtained a slag that contained 8-17% Cd,
24-35% Pb, and 80-95% Cr. This result implied that the remainder of the heavy
metals was volatilized. The capture of heavy metals in the slag was inversely
proportional to the volatility of the metal. The U.S. Environmental Protection
Agency (EPA) has promulgated an ambient-air quality standard that is designed to
limit the exposure of the general population to airborne Pb. To avoid the volatility
of Pb and maintain the U.S. EPA air quality standard, “probIem” waste streams
must be stabilized by a nonthermal treatment.

The metals Hg, Pb, Cr, Cd, and Ni in the waste streams are converted into
their most insoluble phosphate mineral analog and are encapsulated by the
phosphate ceramic matrix. Monazites Ce, La, YP04 and autunite
Ca(U02)2(P04)2.10-12H20 are phosphate minerals of radioactive eIements, which
suggests that the phosphates may also be good hosts to radionuclides [3]. The
volubility products (pKso) of lead phosphate Pb3(P04)2 and monazites are 42.1 and
23, respectively. The advantages of using a phosphate ceramic process are the
chemical fixation and the physical immobilization of the contaminants in the
LLMW. Furthermore, Schwinkendorf and Cooley [4] who evaluated the total
treatment and disposaI costs of various LLMW treatment systems, reported that the
phosphate-bonded-ceramic technology is the most cost-effective system.

This paper describes the stabilization of various levels of lead-contaminated
LLMW by the phosphate ceramic process. The LLMW includes 0.5, 1, and 5 wt.%
of PbC~ and 0.5, 1, and 5 wt.% PbCOq.

EXPERIMENTAL PROCEDURE
Phosphate ceramic is formed through a mild exothennic reaction produced

by reacting stoichiometric amounts of MgO, KHzP04, and water. To incorporate
the waste in the phosphate ceramic, the surrogate waste, MgO, KHzP04, and
water, were mixed for 30 min to form a homogeneous slurry. The slurry was then
transferred to 20cm3 syringes and allowed to set for 2h to form a monolithic
structure. Samples were cured for three weeks before physical and leaching
testing. Fig. 1 is a schematic diagram of final waste form production.

Mixture of-
MgO and ~L

LEz!E.1
- With ”water Final waste form

I 1
Waste

Stream
P

Fig. 1. Schematic diagram of final waste form production.
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The surrogate wastes comprise nonradioactive materials that are equivalent
to radioisotopes and that represent the expected behavior of the radiological
constituents. Table 1 lists the composition of and lead levels in the surrogate waste
used in this study. The surrogate waste included a simulated DOE low-level mixed
ash waste stream that was spiked with 0.5, 1, and 5wt.% of PbC12or 0.5, 1, and
5wt.% PbCO~. We used PbClz and PbCO~ because these two compounds are
major hazardous components in most municipal solid waste incineration ashes and
in DOE’s Fernald Silo Wastes. After demonstrating successful stabilization of the
surrogate waste streams, actual low-level soil waste and wastewater were tested for
stabilization with phosphate ceramic. The actual waste streams were provided by
the Environmental Management Operations group of Argonne National Lab. The
wastewater, which was contaminated by radioactive components, was used instead
of clean water to maximize waste loading. To assess the stabilization in a worst-
case scenario, the low-level mixed soil waste was spiked with hazardous metals.
The microstructure of the final waste forms were investigated by X-ray diffraction
(XRD) and scanning electron microscopy (SEM). Compression strength of the
phosphate ceramic and the final waste form was determined with an Instron
mechine. The Toxicity Characteristic Leaching Procedure (TCLP) and the ANS
16.1 leaching test were conducted on the final waste forms to confirm the
solidification and stabilization capability of the phosphate ceramic.

Table 1. Composition of and lead level in DOE surrogate ash waste and actual soil
waste.

Waste ID and Composition Lead level Lead form Sample No
(wt.%) (wt.%)

DOE ash waste
Activated carbon 5 0.5 PbClz Pcl
Vermiculite PbClz PC2
Class F fly ash :; ; , PbClz PC3
Coal bottom ash 33 0.5 PbC03 Pcol

PbC03 PC02
: PbC03 PC03

ActuaI low-level mixed soil waste
Soil 55 0.245 Pb2+ -
waste water 21

RESULTS AND DISCUSSION
Characteristics of Waste Forms

Production of the waste forms is based on an exothermic acid-base reaction
between magnesium oxide (MgO) and an acid phosphate solution such as
monopotassium phosphate (KHzP04). The reaction is governed by equation

MgO + KHzP04 + 5H@ + MgKPOA.6Hz0 AG = -67.37 kJ/mol. (1)

-Jr’.
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This chemical reaction yields a hard, dense ceramic of magnesium potassium
phosphate hydrate that acts as the host matrix for the waste. During this reaction,
the hazardous and radioactive contaminants also react with H2P04- to form highly
insoluble phosphates. The bulk ceramic will then encapsulate the reacted
contaminants in the dense matrix. Thus, both chemical reaction and physical
encapsulation of the contaminants occur simultaneously to yield a waste form that is
highly resistant to leaching in a wide range of ground water pH condition.

The phosphate ceramic formed in this process is a highly crystalline
product. As seen in Fig. 2, the XRD output pattern of phosphate ceramic is
dominated by a single phase of MgKP04.6Hz0 and by residual unreacted MgO. In
addition to this ordered structure, some amorphous phase is also present.
Amorphous phase is indicated by a broad hump at low angles in tie XRD outputs.
Our investigations show that this amorphous phase is often enhanced by water that
is added in excess of the stoichiometric amount given by the reaction in Eq. 1. This
excess water is needed to obtain a good fiowable slurry during mixing of the
various components; it also exerts a beneficial effect because the glassy phase
reduces connected porosity.

The XRD pattern in Fig. 2 is that of an ash waste form that is a composite

of major phases, i.e., MgKP04.6Hz0, silica, and MgO. The broad hump at =30°
indicates the occurrence of an amorphous phase that seems to improve the structural
properties of the waste form.

10 20 30 40 50 60

2e

Fig. 2. X-ray diffraction pattern of ash waste, magnesium
potassium phosphate ceramic, and ash waste form.
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MgKPOQ.6Hq0 is a very durable phase with a very low aqueous volubility.
Taylor et al [5] have reported its volubility product constant (pKsp) as 16. It is
also thermally stable, as maybe seen in the differential thermal analysis (DTA) and
thermogravimetric analysis (TGA) plots given in Ref. 6. Except for the endotherm
at 120°C, the patterns show very stable phases at high temperatures. At 120”C, the
loss in weight is =34 wt.%, the same as the stoichiometric proportion of water
given by Eq. 1. Thus, the only transformation that occurs by heating at a lower
temperature is the water of hydration loss, during which the material becomes
anhydrous MgKP04.

The fracture surfaces of the ash waste form (Fig. 3) show spherical
structures that are silica spheres from ash waste. These spheres are covered and
well joined to the matrix by an amorphous phase, which is actually responsible for
the physical encapsulation of the waste particles.

Fig. 3. Photomicrograph of ash waste form.

Physical Properties
The fabricated samples were cured for three weeks and their physical

properties, evaluated by several methods, rue listed in Table 2. The density and
porosity of the binder ceramic were 1.73 g/cm3 and 2.87 vol.%, respectively. The
density of the ash waste form (60 wt.% of ash waste loading) was 2.07 g/cm3 and
the open porosity was 3.4 vol.%. Compression strength was measured on
cylindrical samples with an Instron machine in the uniaxial mode. Compression
strengths of all of waste forms were greater than that of the phosphate ceramic and
exceeded the niinimum for the Land Disposal Requirement (LDR) of 500 psi.
These superior physical properties may minimize leaching of contaminants.
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Table2. Physical properties ofphosphate ceramic andwaste forms.
Phos~hate DOE Ash waste Actual low-level

Property cerziinic form soil waste form

Waste loading (wt.%) - 50 76

Density (g/cm3) 1.73 1.83 2.06

Porosity (vol.%) 2.87 3.4 2.7

Compression 3337 6734 4910
strength (psi)

Leaching Studies on Waste Forms
Stabilization of Pb in several typical DOE surrogate waste streams was

demonstrated by using the phosphate ceramic process. The TCLP tests was
conducted to demonstrate retention of the contaminants in these surrogate waste
forms. The American Nuclear Society’s ANS 16.1 (ANS 16.1) standard test
confirmed the long-term durability of the nonteachable waste forms in aqueous
environments. ANS 16.1 tests were performed with monolithic cylindrical samples
which had a length-to-diameter ratio in the range of 2-2.5. The leachability index
(LI) was determined by chemical analysis of the Ieachants by inductively coupled
plasma atomic emission spectrometry (ICP-AES). The LI is expressed as the
negative log of the effective diffusion coefficient (De).

Results of the TCLP Wd ANS 16.1 tests are listed in Table 3. The TCLP
leaching levels of Pb in ash waste forms were below the detection level of cO. 1
ppm. The Universal Treatment Standard (UTS) for Pb imposes very stringent
limits of 0.75 ppm, which is several times greater than the performance level of
waste forms stabilized by the phosphate ceramic. The results obtained from
leachants during ANS 16.1 test indicated that the detection limit for Pb was 0.1
ppm in both surrogate waste spiked with PbClz and that spiked with PbCO~. The
calculated LI values from the analyses of Ieachants were between 11.9 and 13.6.
These leaching studies revealed that Pb in the mixed-waste streams may be
chemically fixed as insoluble lead phosphates and physically encapsulated in the
dense matrix of the phosphate ceramic.

Encouraged by the successful results from the surrogate wastes, we
stabilized actual low-level mixed soil waste and wastewater with magnesium
potassium phosphate. Wastewater contaminated by radioactive components was
used instead of clean water. The low-level mixed soil waste was spiked with
hazardous metals in order to assess stabilization in a worst-case scenario. The waste
streams were then stabilized in the phosphate ceramic, and the resultant waste forms
were subjected to leaching tests. The TCLP leaching levels of the final waste form
of actual soil and wastewater was reduced from 2450 to <0.2 ppm. The LI of Pb
was 16.6. These results confm the phosphate ceramic process as an effective
stabilization method for low-level mixed waste as well as surrogate waste.
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Table 3. Lead content and leachability index of waste and stabilized waste.

Waste form DOE Ash waste form (ppm)
sample No. In waste TCLP after stabilization LI”

DOE ash waste
Pcl 5,000 <0.1 11.9
PC2 10,000 <0.1 12.5
PC3 50,000 <0.1 13.6

Pcol 5,000 <0.1 11.9
PC02 10,000 <0.1 12.5
PC03 50,000 <0.1 13.5

Actual SOil 2,450 <0.2 16.6
waste

‘ determinedbyANS16.1test

The calculated volubility curves for PbHP04 and Pb(OH)2 are as shown in
Fig. 4. At pH of <9, the volubility of PbHP04 is lower than that of Pb(OH)z.
Because pH levels of groundwater range is between 6 and 8, phosphate is a more
effective stabilization medium than hydroxide. Lead oxide was reacted with MgO
and phosphate to identify the formation phase. The XRD output in Fig. 5 shows
that lead forms lead phosphate in a magnesium phosphate matrix. These
fimdamental studies confii the effectiveness of chemically bonded phosphate
ceramic in chemically stabilizing lead rich waste streams.

q ~
o 2 4 6 8 10 12 14

pH

Fig. 4. Volubility curve on lead phosphate and lead hydroxide.
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Fig. 5. X!lD output of reaction between PbO, MgO, and H3P04.

SUMMARY
A magnesium potassium phosphate ceramic that can be used to stabilize the

U.S. Department of Energy’s low-level mixed waste streams has been produced by
acid-base reaction at room temperature. Using this nonthermal method, we
converted low-level mixed waste into superior waste forms with a monolithic
structure without generating any secondruy gases. The final surrogate waste forms
showed low open porosity (1.48-4.61 vol.%), permeability, and one order of
magnitude higher compression strength (4310-6734 psi) than the UTS limits. The
leaching levels of lead in the TCLP were reduced by several orders of magnitude.
The leachability indexes (LIs) from the long-term leaching test (ANS 16.1 test)
were 11.9 to 13.6. In addition, actual low-leveI waste in soil and wastewater was
stabilized in the same waste form by the phosphate ceramic method and achieved 76
wt.% of waste loading. The TCLP result for lead was below the detection limit of
cO.2 ppm. These superior leaching results showed that Iead in waste streams is
chemically fixed by phosphate and physically encapsulated by the phosphate
ceramic matrix. Therefore, the chemically bonded phosphate ceramic approach
used in this study may be an alternative, inexpensive, and efficient method for
stabilizing low-level mixed waste streams.
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