
MODIFIED PHOSPHATE CERAMICS FOR STABILIZATION AND
SOLIDIFICATION OF SALT MIXED WASTES

Dileep Singh, Kartikey Patel, A.run S. Wagh, and Seung-Young Jeong
Ener~ Technology Division
Argonne National LaboratoW

e
&

Argonne, IL 60439 @
$?)) ~)’&

($)Q%%$eo

)’
/June 1998

The submitted marmscript has been created
by the University of ChUgO as Operator of
Argonne Natiinal Laboratory ~Argonne”)
under Contract No. W-31 -I G9-ENG-38 with
the U.S. Department of Energy. The U.S.
Government retains for itself, and ofhers ect-
ing on its behalf, a paid-up, nonexclusive,
irravoable worMwide Ikensa in said articte
to reproduce, prepare derivative works, dis-
tribute copies to the pubfii, and perform pub-
licly and dsplay pubiicty, by or on behalf of
the Government.

Paper to be presented at Spectrum 98 Conference, Denver, CO,
Sept. 13-18, 1998.

*Work supported by the U.S. Department of Energy, Office of Science and
Technology, as part of the Mixed Waste Focus Area Program, under Contract
W-3 1-1 09–Eng-38.



DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.



.

.

the

MODIFIED PHOSPHATE CERAMICS FOR STABILIZATION AND
SOLIDIFICATION OF SALT MIXED W=TES

Dileep Singh, Kartikey Patel, Arun S. Wagh, and Seung-Young Jeong
Energy Technology Division
Argonne National Laboratory

Argonne, IL 60439

Abstract

Novel chemically bonded phosphate ceramics have been investigated for

stabilization and solidification of chloride and nitrate salt wastes. Using

low-temperature processing, we stabilized and solidified chloride and

nitrate surrogate salts (with hazardous metals) in magnesium potassium

phosphate ceramics up to waste loadings of 70-80 wL?40. A variety of

characterizations, including strength, microstructure, and leaching, were

then conducted on the waste forms. Leaching tests show that all heavy

metals in the leachant are well below the EPAs universal treatment standard

limits. Long-term leaching tests, per ANS 16. 1 procedure, yields

leachability index for nitrate ions > 12. Chloride ions are expected to have

an even higher (i.e., better) leachability index. Structural performance of

these final waste forms, as indicated by compression strength and durability

in aqueous environments, satisfies the regulatory criteria. Thus, based on

the results of this study, it seems that phosphate ceramics are viable option

for containment of salt wastes.
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Introduction

Currently, approximately 110,000ms of salt wastes are present within

the U.S. Department of Energy (DOE) complex. The major components of

this waste are salts, inorganic particulate, and heavy metal oxides, which

are generated as sludge and solid effluents from nuclear processing at

former weapons complexes. Primarily, these wastes contain salts such as

nitrates, chlorides, and sulfates. The volume of these wastes is expected to

increase dramatically over the next few years as other treatment

technologies, such as incineration and vitrification, become operational for

treatment of other mixed wastes in which salt residues are generated.

Because the physical and chemical compositions of salt waste streams

are so diverse, it is accepted that no single solidification and stabilization

technology can be successfully used to treat and dispose of all salt wastes.

Stabilization of such wastes requires that the contaminants and soluble

anions are immobilized effectively. Often the contaminants are volatile

compounds and hence cannot be treated effectively by high-temperature

processes. Moreover, conventional thermal treatment may not be cost-

effective for stabilizing all low-level mixed salt wastes. Thus, there is a need

for an alternative low-temperature stabilization technology.

The current low-temperature baseline technology for treating of salt

wastes is the cement grout process. However, the maximum waste loading

in cement waste forms is quite low because of the interference of salt anions

with the cement-setting reactions. In addition, high porosity in cement

waste forms provides pathways for leaching of the highly soluble salts, when
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in aqueous environments, leading to rapid structural degradation of the

waste form. Thus, there is a critical need for a low-temperature process to

stabilize/ solidi& salt wastes and ensure their subsequent safe disposal. To

this end, DOE’s Mixed Waste Focus Area (MWFA) is conducting a

comparative study with various low-temperature stabilization/ solidification

technologies, including cement grout, phosphate ceramics, and polymeric

encapsulation, to determine the pros and cons of each of the technologies

.for the treatment

This paper

of specific salt wastes.

focuses on salt waste stabilization using a modified

chemically bonded phosphate ceramic process. We fabricated waste forms

according to two salt surrogate waste formulations provided by the MWFA.

Various physical property measurements and leaching tests were conducted

on the waste forms to quali& their performance. In addition, since salts can

be flammable, waste forms were subjected to the Department of

Transportation’s oxidation test to establish flammability. Results of this

work provide an insight into the stabilization efficiency of phosphate process

for salt wastes. This effort will benefit the end users in the DOE complex in

their decision making for the treatment of various salt wastes in their

inventory.

Chemically Bonded Phosphate Ceramics

Chemically bonded phosphate ceramics (CBPCS) have been developed at

Argonne National Laboratory over the past few years for the treatment of

various low-level mixed wastes [1]. CBPCS are fabricated by acid-base

reactions at room temperature [2,3]. Phosphates are particularly good
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candidates for stabilization of radioactive and hazardous wastes because

phosphates of radionuclides and hazardous metals have extremely low

volubility in groundwater [4]. C13PCSare also dense and hard materials with

excellent durability; they act as the binding materials that encapsulate waste

in a monolithic solid of high structural integrity.

Specifically, magnesium potassium phosphate (MKP) has been

extensively developed and applied for treatment of various DOE waste [5,6].

Fabrication of the MKP involves reacting calcined magnesium oxide powder

with potassium phosphate solution according to the reaction

This

MgO + KHzP04 + 5Hz0 --->>MgKPOz.

reaction is mildly exothermic and produces a thick paste or slumy that

can be poured into a mold. The slurry hardens in few hours and gains full

strength after several weeks.

Surrogate Waste Stream Composition

For this effort, MWFA provided the formulation of typical chloride and

nitrate salt waste for stabilization(see Table 1). These formulations are

representative of the salt waste inventory within the DOE complex. Using

the provided recipe, we prepared chloride and nitrate surrogate wastes.

Net concentrations of chloride and nitrate ions in their respective wastes

were 6 wt.o/o ppm and 44 wt.%o. In addition, heavy metals such as Pb, Cr,

Hg, Cd, and Ni up to levels of 800-900 ppm were added as contaminants.
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Fabrication of Waste Forms

Magnesium potassium phosphate ceramic waste forms were then

fabricated by incorporating the formulated waste stream. A binding matrix

is formed by reacting calcined magnesium oxide (MgO) powder with

potassium phosphate under aqueous conditions, as in the above equation.

The binder powder was added to the waste and mixed for 120-30 min to

.fom_ a homogeneous slurry; then the slurry was poured into a plastic mold

and allowed to set. The fabrication method for the phosphate waste forms

with surrogate wastes is illustrated in Figure 1. After 14 days of curing, the

waste forms monoliths were removed from the molds for testing and

evaluation. Final waste forms were fabricated with two waste loadings, 58

and 70 ti. %o, for each of the waste streams. To ensure efficient..

containment of salt anions and hazardous contaminants, some process

modifications were made and will be discussed at a later date. Figure 2

shows some of the fabricated monoliths.

Physical and Mechanical Properties of CBPC Salt Waste Forms

The density of the final fabricated waste forms depended on the waste

loading. Density values ranged from 1.70 to 2.00 g/cm3 for all the

wasteforms. Compression strength of cylindrical samples was determined

on an Instron machine in the uniaxial compression mode. Compression

strengths ranged from 1400 to 1900 psi for both the chloride and nitrate

waste forms. These

disposal requirement

values are significantly higher than the NRC land

of 500 psi for cement-based waste forms [7]. Thus,



-6-

MKP salt waste forms at extremely high loadings are relatively dense and

hard materials and are suitable for salt waste stabilization.

Microstructural and Phase Characterization of Waste Forms

Scanning electron microscopy (SEM) was used on waste forms to

identi& and establish various phases and fates of the contaminants in the

waste form. Figure 3, a typical photomicrograph, shows the fracture surface

“of a waste form, which appears 10be quite dense and thus confirms the high

compressive strength measurements thate were obtained for these waste

forms. Figure 4 shows the distribution of hazardous metals in the nitrate

waste forms. Heavy metal distribution is observed to be homogeneous in the

waste form without any segregation into localized clusters. We expected a

similar uniform distribution of metals to be obtained in the chloride waste

forms. This uniform metal distribution, along with chemical stabilization in

the binding matrix, results in superior stabilization of the contaminants in ‘-

the waste form.

Phase analysis of waste forms was done by X-ray diffraction (XRD)

analysis. Figure 5 shows an X-ray diffraction pattern. Phosphate ceramic

wasteforms show crystalline phases; prominent peaks in the figure

represent those of magnesium potassium phosphate (MKP), which is the

binding phase in the waste forms. For the nitrate salts, waste form peaks of

sodium nitrate are also prominent. MKP is highly insoluble in aqueous

solutions (volubility 10-9 M), and hence its presence is desirable in the ftial

waste form. Additionally, the XR13 plot also shows peaks of unreacted

magnesium oxide, which acts as a filler material in the waste form.
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Leaching Properties of Salt Waste Forms

Toxicity Characteristic Leaching Procedure (TCLP)

As per the U.S. Environment Protection Agency (EPA) recommendation,

the TCLP was conducted on the chloride and nitrate final waste forms [8].

Results for the MKP-nitrate waste forms have been obtained and are

presented in Table 2. Concentrations of the hazardous metals in the

leachant are well below the EPAs stringent Universal Treatment Standard

(UTS) limits for both sets of nitrate waste loadings. In some cases, leaching

levels of contaminants are orders of magnitude lower than the UTS limits,

indicating effective stabilization of heavy metals in the waste forms. The

superior stabilization of heavy metal contaminants in phosphate ceramic

waste forms is due to chemical stabilization of contaminants upon reaction

between the contaminant metals and the phosphates, followed by physical

encapsulation of the stabilized contaminants within the dense phosphate

matrix. We expect effective stabilization of heavy metals in the chloride

waste forms because the stabilization mechanisms will be the same as for

the nitrate waste forms.

ANS 16.1

Long-term leaching studies, such as the American Nuclear Society ANS

16.1 (ANS 16.1) standard test [9], was conducted to evaluate retention of the

anions (nitrate and chloride) from the matrix in an aqueous environment.

Release of anions from the waste forms over a period of time can lead to

significant structural degradation of the waste forms. In this test, the waste

form specimens are completely submerged in the leachant. At the end of
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each leaching interval, leachant was removed from the test vessel and the

specimen are placed in a fresh leachant. Analysis of the replaced leachant

was conducted after cumulative leaching times of 2, 7, 24, 48, and 72 h. By

three additional leach intervals (14, 28, and 42 days), the entire test was

extended to 90 days. The collected leachants were analyzed for chloride

and nitrate anions using direct reading spectrophotometer.

Table 3 shows the concentration levels of the chloride and nitrate ions

in &e various leachant solutions. The chloride ion is below detection levels

up to cumulative exposure times of 456 h, while the nitrate ions did show

some egress from the waste form. Using the nitrate leaching data, we

determined an effective diffusivity, D, assuming that the anion was released

from the waste form by diffusion from a semi-infinite medium. The negative

logarithm of the diffusivity is referred as the leachability index. Thus, the

higher the leachability index value, better the retention in the waste form.

Table 4 shows the effective diffusvity and leachability index determined for

the nitrate ion from the wastle forms with 58 wt.?40nitrate salt loading.

Effective diffusivity is as low as =7 x 10-1s cm2/s and the corresponding

leachability index is >12. For chlorides, the leachability index is expected to

be even higher. These values are significantly higher than the typical NRC

acceptance criterion leachability index for radionuclides (>6). Thus, MKP

ceramics are extremely efficient in containing the chloride and nitrate ions.

Water Immersion Studies

Long-term water immersion was to study the durability of the waste

forms in an aqueous environment. Three waste form specimens were
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immersed in deionized water for 90 days. Compression strengths of the

three specimens were determined at the end of the test period. The

average compressive strength of three waste forms immersed in water for

90 days was found 770 psi

waste loading. Once again,

disposal requirement of 500

.Oxidation Test

for 58% waste loading and 640 psi for a 70?40

these values are higher than the minimal land

psi.

In general, salt wastes are highly reactive and there are always concerns

regarding their flammability. Therefore, from a transportation and storage

standpoint, it is necessary that waste forms be evaluated for the flammability

of the waste form. In this regard, Department of Transportation

oxidation test [10] was conducted on the wastes and fabricated waste

In this test, the test material is crushed and mixed with saw dust in

(DOT)

forms.

1:1 or

4:1 mass ratio. This mixture is ignited using an electrical pulse. The time

taken up for consumption of the entire mixture by the flame is recorded.

The results of this test are presented in Table 5. Table 5 shows extremely

rapid burning of mixtures of saw dust and known flammable salts such as

potassium bromate and ammonium persulfate. Whereas, time for burning of

waste form and saw dust mixture was observed to be more than 8 minutes;

this value is much longer than combustion time for potassium bromate. This

implies that salt wastes solidified in phosphate ceramic would not require

any special packaging. Thus, these results demonstrate that because

phosphate ceramics are inorganic ceramic-type materials they assist in

inhibiting the spread of flames and can be excellent solidification medium

for flammable salt wastes.
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Magnesium potassium phosphate (MKP) ceramics, were utilized in the

stabilization of salt wastes. Waste forms were developed with high

compression strength and structural integrity. The MKP ceramics are

extremely effective in stabilizing of hazardous contaminants in salt wastes.

Stabilization of contaminants is due to the dual mechanism of chemical

fixation and microencapsulation. Overall, MKP ceramic waste forms are

extremely efficient in containing both nitrate and chloride ions. Moreover,

oxidation tests on the waste form indicates excellent flammable retarding

character of MKP ceramic. Thus, MKP ceramics are ideal candidates for the

treatment of salt waste streams containing contaminants at low

temperatures.
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Table 1. Composition of salt waste streams

High Chloride High Nitrate
Constituent Wt.%0 Wt.!!!0

FezO~

A1(OH)3

Na~P04
MicroCel E

(calcium silicate)

HZO

salts

NaCl

CaS04

NaNO~

contaminants

PbO

cro3
HgO

CdO

NiO

Trichloroethylene

12.75

8.50

4.25
17.0

29.75

10.0

5.0

0.0

mg/kg

1000

1000

1000

1000

1000

1000

6.0

4.0

2.0
8.0

14.0

0.0
0.0

60.0

mg/kg

1000

1000

1000

1000

1000

1000

..
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Table 2. TCLP results for nitrate waste forms

Cr Cd Hg Ni Pb
58940(cone. in 300 510 540 460 540
waste form)

TCLP results 0.04 <0.01 <0.00004 <0.05 <0.20
(ppm)
EPA regulatory 0.86 0.19 0.025 5.0 0.37
limit

700/0(cone. in 360 610 650 550 650
waste form)

TCLP results 0.02 <0.01 0.00005 <0.05 <0.02
(ppm)
EPA regulato~ 0.86 0.19 0.025 5.0 0.37
limit

Table 3. Cumulative leaching of chloride and nitrate ions from MKP
waste forms

Cumulative Time (h)

2

7

24

48

72

96

456

1128

2136

cl-

ND

ND

ND

ND

ND

ND

3.4
*

*

N03-

3.96

5.28

2.20

3.08

2.64

2.20

13.20

43.12

176.00

ND: None detected

*: Test in progress



Table4. ANS 16.1 results

NO~ in Fraction Effective
Waste form waste form of N03 diffusivity Leachability
description (ppm) leached out (cm2/s) Index

58% nitrate salt 218700 0.0169 6.87 X 1013 12.16
wasteforms

Table 5. Combustion time for different mixtures subjected to oxidation test

Mixture

I: 1 Potassium bromate & sawldust ‘

1:1 Ammonium persulfate & sawdust

1:1 Surrogate waste & sawdust

4:1 Surrogate waste & sawdust

1:1 Wasteform & sawdust

.
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Combustion time

19 seconds

49 seconds

87 seconds

197 seconds

>8 minutes
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Figure 1. Schematic
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diagram for waste form fabrication



Figure 2. Photograph of chloride waste forms.
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Figure 3. Photomicrograph of 58 WL?40 nitrate final waste form.
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Figure 4.
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