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ABSTRACT 

Simulated radioactive waste solidification by a lower temperature ceramic 
(cement) process is being investigated .. The monazite component (simulated by 
Nd P04) of supercalcine-ceramic has been solidified in :c.ement and found to gener
ate a solid form with low leachibility. Several types of commercial cement~ and · 
modifications thereof were used. No detectable release of Nd or P was found 
through characterizing the products of accelerated hydrothermal leaching at 473 K 
(200°C) and 30.4 MPa (300 bars) pressure. 
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1.0 INTRODUCTION 

Centr~l to the concept of geologic waste isolation is the design of a stable 
radioactive waste form.· This p~per describes research on an alternative low-· 
temperature ceramic waste form .. The concept is to utilize modified calcium 
silicate, aluminate, and other cements for matrix-solidification utilizing a 
hydration bonding or other low-temperature bonding mechanism. Previous workers 
have shown that conventional cements are suitable for solidifying a variety of _ 
wastes (Roy, 1978). Advantages of cement-based solidification include relative 
ease of processing (Stone, 1977} and potentially low cost. Intermediate-level 
wastes have been incorporated in cementitious grouts at ORNL for a number of years 
(Moore and McDaniel, 1978). 

While conventional cements promise to serve well in many applications, further 
optimization was desired in order to generate a durable low~temperature ceramic 
waste form. One possibility involves low-temperature 11 hot pressing." Studies of 
simulated Purex wastes PW-4b and PW-4c treated at temperatures in the range 423 
to 523 K (150 to 2S0°C) were made earlier (Roy and Gouda, 1974; Roy and Gouda, 
1978}. The products had very high strengths (compressive strengths up to 345 
MPa (50,000 psi); and they were dense, impermeable, and characteristi.cally 1 each 
resistant. Related processing at modestly elevated temperatures and lower pres
sures (Oyefesobi and Roy, 1977) also is expected to have much potential. The 
most recent work has extended the studies of hot-pressed formulations to those 
based on supercalcine-ceramic (McCarthy, 1976) - cement combinations (Roy, et a1., 
1979) and has also involved studies at elevated temperature and atmospheric pres
sure. Products that were resistant to accelerated hydrothermal leaching were 
found. 

The two previous studies (Roy, 1978 and Roy et al., 1978a) have demonstrated 
that although waste-cement composites with low leachability were formed, the 
leachates exhibited variable compositions with concentrations of some ions greater 
than tho~e of the supercalcine-ceramic leachates (Scheetz et al., 1979). This 
variability suggests potential interactions between the phases of super-calcine
ceramic and phases of the cementitious matrix. Therefore, a series of studies 
was initiated to investigate the stability of the individual supercalcine-ceramic 
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phases (monazite, scheelite, etc) in the presence of cementitious materials that 
could account for the observed variability in the previous two studies. This 
paper describes the stability experiments for one supercalcine-ceramic phase, 
the monazite structure (NdP04), which is a typical supercalcine-ceramic component, 
in the presence of three commercial and adjusted cements, with solidification 
carried out at 60°C .. 
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2.0 EXPERIMENTAL 

2.1 CEMENTITIOUS MATERIAtS 

Two types of cementitious composite matrix_ were studied. The first composite 
was composed of three readily available as-received cements:· two silicate-based 
cements, a Class C and H; and an aluminate based cement, Secar ... Bulk chemical 
analyses for these three cements are presented in Table 1. The second set of 
composite cements that was studied represented the initial three cements but with 
the addition of oxide phases that adjusted the bulk chemical compositions of the 
systems to those of potentially desirable phases (explained below). The formu
lations investigated in this study are presented in Table 2. 

2.2 WASTE FORM PREPARATION 

Phase-pure NdP04, monazite, was prepared for this study by first achieving 
a chemic~l mixing in the aqueous solutions of stoichiometric amounts of 1 molar 
Nd(N03)3 and (NH4)H2Po4. This step was followed by dehydration at 373 K and de
nitration for 4 hat 873 K (600°C). The final phase-pure monazite was prepared 
by firing pressed pellets of the denitrated powder at 1473 K (1200°C) for 24 h. 
Phase purity was.determined by X-ray diffraction. The product from this proce
dure matched very well the PDF No. 25-1065 standard pattern. 

2.3 SAMPLE PREPARATION 

All samples used in this study were prepared following API RP-10B procedures. 
The individual samples were prepared with the minimum water/cement ratio, ~0.3, 
and cast into polyethylene vials; compacted on a vibrating table for 60 s; and 
initially cured for 24 h at >95% relative humidity at 333 K (60°C). After the 
initial curing period the molds were removed, the samples coated with Protex-
0-Cote* and return~d to the 333 ·K (60°C) curing chamber. 

Chemistries of the initial silicate-based cements were adjusted to approxi
mate the composition of tobermorite. Silica was added to the aluminate cement to 
modify the bulk composition. All modifications were prepared both with and with
out the monazite waste-form component. These formulations are detailed in Table 2. 

*Type V-12 Strippable Protective Coating (Thermo Cote, Inc., Paterson, NJ) used 
to prevent vapor loss. 
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TABLE) 
BULK CHEMICAL ANALYSES FOR THE CEMENT SAMPLES 

PSU Code C2 PSU Code H3 PSU Code S2 
Oxide Class C Class H Secar 71 

(wt %) (wt %) (wt %) 

Si02 21.2 23.5 ·a. 35 
A1 2o3 2 ~ 72 3.0 70.5 
Fe2o3 5.17 3.17 ' 0.10 

.. 
M~O 0.90 1.48 0.43 
CaO 65.7 65.29 28.4 
so3 2.62 2.02 0.32 

P205 0.05 0.13 <0.01 

TABLE 2 
BULK COMPOSITIONS FOR INDIVIDUAL SAMPLES 

·• 

Sample Number 

79C200-001 

79C200-002 
79C2M1-003 
79C2M1-004 
79H300-005 
79H300-006 
79H3M1-007 
79H3M1-008 
79S200-009 
795200-010 
79S2M1-011 
79S2M1-012 

79H300-013 
79H3M1.,-014 

Percentage of Total Solids 
Class C Class H 

100 -

I 

61.5 -

83.5 -

51.3 -

- 100 
- . 62.3 
- 83.4 
- 52.1 
- -
- -

- -

- -

- 100 
- 83.4 
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Secar 

-
-

-

-

-

-

-

-

100 
61.8 
83.4 
51.5 
-

-

Added 
Si02 

-

38.5 
-··· 

-

32.0 
-

37.7 
-

31.3 
-

38.2 
-

31.8 
-

-

NdP04 

-

-
16.6 

15.8 
-

-

16.6 
16.6. 

-

-

16.6 
16.7 

-

16.6 

. 



-----·-------------------------------------------------------------------
Each of the individual samples was designed to follow a cu.ring schedule of 

· 28d, 56d, 6m, 12m and store. For this paper, results of the 28-day sampling 
period are reported. Accelerated hydrothermal leach testing of these formula
tions was performed on samples that had cured for 28 days. The leaching was 
conducted in sealed noble metal capsules with a 10-fold excess of water relative 
to the mass of sample. The hydrothermal 'leaching was conducted at 473 K (200°C) 
and 30.4 MPa·(300 bars),of overpre·ssure for 28 days. After the hydrothermal 
treatment, all solutions in contact with the cementitious composite were collected 
and analyzed for Ca, Al, Fe, Mg, Si, Nd, and P by means of an atomic emission 
spectrophotometer. Detailed discussions of these procedures and methods of liquid 
sampling are presented in McCarthy, et al. (1979). The solid com.ponents of the 
hydrothermal experiments were characterized by bulk X-ray diffraction and by 

scanning electron microscopy. 
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3.p CHARACTERIZATION OF CURED SAMPLES 

3.1 X-RAY DIFFRACTION CHARACTERIZATION OF THE 333 K {60°C) CURED SAMPLES 

. 3.1.1 Class C Cement Samples 

Bulk X-ray diffraction characterization of the samples of the as-received 
cement cured 28 days indicated the formation of portlandite, CSH gel, and calcite 

* . along with some unreacted s-c2s. In contrast, analyses of the chemically ad-
justed formulation indicated the presence of CSH gel and calcite with unreacted · 
B-C S. Although crystalline tobermorite was not formed with curing at 333 K 
(606C}, the absence of the deleterious portlandite phase suggests that all of the 
available calcium is being used for the formation of the tobermorite precursor, 
CSH gel. These observations are detailed in Table 3. 

The presence of monazite does not alter the phases that were observed. In 
both cases ·the same phase assemblage was identified. 

3.1.2 Class H Cement Samples 

Although the bulk chemistries of the Class C and H cements are similar, the 
differences in coarseness of their grinding produce differences during hydration. 
The coarser Class H cement hydrated to form CSH gel and calcite after 28 days. 
Unreacted B-C2s w~s also identified in this hydration product. This behavior is 
contrasted to the finer Class C cement which contained appreciable amounts of 
portlandite at the ~arne curing interval. 

The Class H cement adjusted to tobermorite ·contained the same hydration 
products, with calcite, s-c2s, plus detectable amorphous silica. When NdP04 was 
incorporated into. the as-received cement, the formation of CSH gel did not occur . 
in detectable quantities, with the resultant formation of portlandite to accom
modate the ·excess calcium oxide. Residual B-C2s and calcite, along with NdP04, 
were detected. The adjusted compositions also failed to indicate the presence of 
much CSH gel. However, no portlandite was formed. The phases calcite, B-C2S,and 
monazite were identified in the reactants; a-C2SH and c4AF also may be present. 

*Cement chemistry abbreviations: C = CaO, A = A12o3, S = Si02, F = Fe2o3, 
H = H2o, W/C = water/cement weight ratio. 
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TABLE 3 
PHASES. CHARACTERIZED IN HYDRATED PRODUCTS SET CEMENTS 

Sample Number 

790200-001 

79C200-002 

79C2M1-003 

79C2M1-004 

79H300-005 

79H300-006 

79H3M1-007 

(Sheet 1 of 2) 

60°C Cured 200°C Hydrothermal Leached 

B-C2S 
Ca(OH) 2 
C-S-H 
CaC03 
B-C2S 
C-S-H 
CaC03 
NdP04 
B-C2S 
C-S-H 
Ca(OH) 2 
NdP04 
(3-C2S 
C-S-H 
CaC03 
f3-C 2S 
C-S-H 
Caco3 
CaS04·2H20 

f3-C2S 
C-S-H 
Caco3 
Si~2 
NdP04 
(3-C2S 
CaC03 
Ca(OH) 2 

B-C2S 
portlandite Ca(OH) 2 

C5S6H6. 
cal cite 

B-C2S 

C5S6H6 
ca 1 cite c6s6H 

NdP04 
(3-C2S· 

C5S6H6 
portlandite Ca(OH )2 . 

NdP04 
C5S6H6 
a-C2SH 

calcite 
f3-C2S 

C5S6H6 
calcite Caco3 
gypsum - ??? Ca(OH) 2 

c4AF 
a-C2SH 

C5S6H6 
c6s6H 

calcite 
amorphous 
monazite NdP04 

a-C2SH 

calcite Ca(OH) 2 
portlandite Caco3 

c4AF 

DOE/ET/41900-1 
(ESG-DOE-13309) 

11 

portlandite 
tobermorite -minor 

-minor 
tobermite 
xonotlite 
monazite 

tobermorite 
portl andite . 
monazite 
tobermorite 
? 

tobermorite 
calcite 
portlandite 

tobermorite 
xonotlite 

monazite 

portlandite 
calcite 



.. TABLE 3 

PHASES CHARACTERIZED IN HYDRATED PRODUCTS SET CEMENTS 

Sample Number 

79H3M1-008 NdP04 
ec2s 
ca:co3 
a-C2SH 
c4AF 

79$200-009 c3AH6 
C4A3H3 

79S200-010 c3AH6 
C4A3H3 
$102 

79S1M10-0ll NdP04 
· C3AH6 

C4A3H3 
792M1-012 NdP04 

c3AH 6 
C4A3H3 
CaC03 
c12A1 
Si02 

. ' 

(Sheet 2 of 2) 

60°C Cured 200°C Hydrothermal Leached 

monazite NdP04 
C5S5H6 

calcite· c6s6H 
- ??? 

- ??? 

hydrogarnet c3AH 6 
y-A100H 
CaC03 

hydroga rnet C5S6H6 
y-A100H 

amorphous a -C2SH 
monazite NdP04 
hydroga rnet c3AH6 
? y-A100H 
monazite NdP04 
hydrogarnet c3AH6 
? y-A100H 
calcite a-C2SH 
- ??? ·CAS 2 
amorphous 
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monazite 
tobermorite 
xonotlite 

hydrogarnet 
boehmite 
calcite 

·tobermorite -? 

boehmite 

monazite 
hydrogarnet. 
boehmite 
monazite 
hydrogarnet 
boehmite 

hex. anorthite 



3.1.3 Secar Cement Samples 

In the presence of excess water, the bulk chemical composition of this cement 
is very nearly that of hydrogarnet. Therefore~ it is not surprising that the as
received cement readily formed c3AH6 and possibly c4A3H3. The anorthite-adjusted 
formulation also contained these two hydration products with amorphous silica. 
The presence of monazite did not alter the hydration products in either the as
received cement,or the compositionally adjusted one. 

3.2 SCANNING ELECTRON MICROSCOPY 

The samples cured 28 days all appeared to be dense, competent ceramic bodies. 
Characterization of these products revealed typical cementitious morphologies 
(Langton,' et al., 1978), while monazite appeared as discrete grains dispersed 
throughout the cementitious matrix. Careful examination did not reveal any 
monazite-cement interactions across the grain boundaries, although the monazi.te 

grains were very tightly bonded into the matrix. 
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4.0 CHARACTERIZATION OF LEACHED SAMPLES 

4.1 X-RAY DIFFRACTION CHARACTERIZATION OF THE HYDROTHERMALLY LEACHED SAMPLES 

4.1.1 Class C Cement Samples 

After hydrothermal treatment, the CSH gel that was formed during curing at 
333 K (60°C) was crystallized to tobermorite in minor amounts. Unreacted s-c2s 
and portlandite also were detected. For the formulation that was adjusted to 
tobermorite, extensive formation of both tobermorite and xonotlite was observed, 
with only minor amounts of unreacted s-c

2
s remaining. 

In th~ presence of monazite, the as-received cement contained the same phase 
assemblage: portlandite, minor tobermorite, and s~c2s. However, the adjusted 
formulation with monazite indicated only tobermorite and monazite, with minor 
a-C2SH. 

4.1.2 Class H Cement Samples 

Tobermorite, portlandite, calcite, and possibly c4AF were recognized in the 
reaction products of the as-received cement, along with unreacted s-c2s. The 
compositionally adjusted sample without monazite: crystallized to a mixture of 
tobermorite and xonotlite. For those samples that contained monazite, the above 
observation of individual phases was the same, suggesting that very little if any 
interaction between the cementitious matrix and NdP04 occurred. 

4.1.3 Secar Cement Samples 

Extensiv~ formation of hydrogarnet, c3AH6 and y-A100H, boehmite, with a trace 
of calcite was characterized in the reaction products of the as-received Secar 
cement. On the other hand, the compositionally adjusted formulation. crystallized 
to tobermorite, boehmite, and a-C2SH instead of anorthite. The as-received Secar 
plus monazite formed the same set·of reaction products. The adjusted formulation 
with monazite, however, produced boehmite, hydrogarnet, and hexagonal anorthite 
(described by Roy, et al., 1979b). 

4.2 SCANNING ELECTRON MICROSCOPY 

Characterization of the reaction products of these hydrothermally leached 
·samples typically revealed enhanced crystal growth. Surface characterization of 
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these samples generally did not reveal the presence of monazite because of the 

extensive formation of hydrous calcium silicate. 

Tobermorite was readily recognized as fibrous and platy crystals. The as
received samples of the silicate-based ceements typically exhibited crystal growth 

of the normal phases described above. 

The aluminate-based cement exhibited extensive development of a ground-mass 
of spherical clusters of blade-like crystals of boehmite, with euhedral hydro

garnet trapezohedra, commonly twinned. 

4.3 SOLUTION CHARACTERIZATION AFTER HYDROTHERMAL LEACHING 

Duplicate experimental runs for each sample in Table 2 were hydrothermally 
treated at 473 K (200°C) and the solution phase analy~ed. Only Ca and Si were 
routinely detected in solution for the silicate based cements; Ca, Si, and A1 
were detected from the aluminate-based cement (Table 4). For those samples in 
which monazite was incorporated, no detectable Nd or P were observed in. the 
solutions. The data presented in Table 5 for NdP04 leached under similar condi
tions indicate that the concentration of Nd in solution was below the limits of 
detection for these experimental conditions. These observations, coupled with 
the results of the SEM, strongly suggest that the monazite component of a 
tailored ceramic waste form should be stable in the presence of a ~ementitious 
matrix material. This statement is in harmony with the anticipated behavior of 
monazttes found in nature (McCarthy et al ., 1978), which suggests excellent 

phase stability. 

Ancillary to this observation, examination of the data in Table 4 suggests 
that the increased amount of Ca and Si in solution in the silicate-based ~ements 
is a function of the larger Ca0/Si02 ratios designed into the indiv~dual formu~ 

lations. 

DOE/ET/41900-1 
(ESG-DOE-13309) 

15 



0 
fT1 0 
(/) fT1 
Ci) ......... 
I fT1 

0 -1 
0 ......... ....... fT1 ~ 

0'\ I ....... 
....... 1.0 w C> w 0 
0 I 
1.0 ....... ..._.. 

TABLE 4 
ANALYSES OF SOLUTIONS FROM HYDROTHERMAL LEACHING 

EXPERIMENTS WITH VARYtNG CEMENT FORMUATIONS 

A1 Ca 

* wt % \19/ml wt % \19/ml wt % 

79C200-001A NDt <0,5 2.9 1400 ± 100§ ND 
79C200-001B. ND <0.5 2.8 1300 ± 100 Nl) 

79C200-002A ND <0.5 1.2 340 ± 10 ND 
79C200-002B ND <0.5 1.2 360 ± 10 ND 

79C2M1-003A ND <0.5 1.9 720 ± 10 ND 
79C2M1-003B ND <0.5 3.1 1400 ± 100 ND 

79C1M1-004A ND <0.5 L1 260 ± 10 ND 
79C2M1-004B ND <0.5 1.2 300 ± 10 ND 

79H300-005A ND <0.5 3.3 1500 ± 100 ND 
79H300-005B < ND <0.5 3.7 1300 ± 100 ND 

79H300-013A 0.24 7 ± 1 4.7 2200 ± 100 ND 
79H300-013B ND <0.5 5.6 2600 ± 100 ND 

79H300-006A ND <0.5 1.5 440 ± 10 ND 
79H300-006B ND <0.5 1.2 330 ± 10 ND 

79H3M1-C07A ND <0.5 3.8 1500 ± 100 rm 
79H3M1-007B 0.4 8 ± 1 4.9 1900 ± 100 ND 

79H3M1-014A ND <0.5 2.0 780 ± 10 ND 

79H3M1-008A ND <0.5 1.3 300 ± 10 ND 
79H3M1-008B ND <0.5 2.0 80 ± 5 ND 

79S200-009A 0.4 130 ± 10 2.4 440 ± 10 ND 
795200-0098 0.8 310 ± 10 3.0 550 ± 10 ND 

79S200-010A. ND <0.5 0.5 55 ± 5 ND 
795200-0108 ND <0.5 0.6 85 ± 5 ND 

79S2M1-011A 0.6 200 ± 10 2.2 340 ± 10 ND 
79S2M1-011B 0.5 160 ± 10 2.7 420 ± 10 ND 

79S2Ml-021B ND <1 0.9 85 ± 5 ND 

* = (mass in solution/mass in original sample x 100). 
t = none detected. 
§ = estimated experimental error. 

Fe Mg Nd 

\19/ml wt % \19/ml wt % \Jg/ml 

<0.5 ND <0.5 ND <0.5 
<0.5 ND <0.5 ND <0.:. 

<0.5 ND <0.5 ND <0.5 
<0.5 ND <0.5 ND <0.5 

<0.5 ND <0.5 ND <0.5 
<0.5 ND <0.5 ND <0.5 

<0.5 ND <0 .. 5 ND <0.5 
<0.5 ND <0.5 ND <0.5 

<0.5 ND <0.5 ND <0.5 
<0.5 ND <0.5 ND <0.5 

<0.5 ND <0.5 ND <0.5 
<0.5 ND <0.5 ND <0.5 

<0.5 ND <0.5 ND <0.5 
<0.5 ND <0.5 ND <0.5 

. . 
<0.5 ND <0.5 NO <0.5 
<0.5 ND <0.5 ND <0.5 

<0.5 ND <0.5 ND <0.5 

<0.5 ND <0.5 ND <0.5 
<0.5 ND <0.5 ND <0.5 

<0.5 ND <0.5 ND <0.5 
<0.5 ND <0.5 ND <0.5 

<0.5 ND <0.5 ND <0.5 
<0.5 ND <0.5 ND <0.5 

<0.5 · ND <0.5 . ND <0.5 
<0.5 ND <0.5 ND <0.5 

<0.5 ND <0.5 ND <0.5 

p Si 

wt % \Jg/ml wt % \19/ml 

ND <1 0.4 35 ± 2 
ND <1 0.3 26 ± 2-

ND <1 0.3 70- ± 5 
37 5 ± 2 0.7 160 ± 5 

ND . <1 0.9 75 ± 5 
ND <1 1.8 150 ± 5 

ND <1 0.5 110 ± 5 
0.03 3 ± 2 0.3 70 ± 5 

ND <1 2.4 240 ± 10 
ND <1 0.4 45 ± 5 

ND <1 1.3 140 ± 5 
3.0 3 ± 2 2.3 240 ± 10 

4.0 4 ± 2 0.4 110 ± 5 
ND <1 0.3 85 ± 5 

ND <1 0.8 70 ± 5 
8.4 7 ± 2 2.8 230 ± 10 

ND <1 0.4 35 ± 2 

ND <1 0.6 120 ± 5 
ND <1 0.7 150 ± 5 

ND 1 ± 2 ND <1 
ND <1 ND <1 

ND <1 0.2 40 ± 5 
ND <1 ND <1 

ND <1 ND <1 
ND <1 ND <1 

ND 7 ± 2 0.5 55 ± 5 



-----------~---------------------------------------------------------

TABLE .5 
ANALYSES OF SOLUTIONS FROM HYDROTHERMAL LEACHING 

"EXPERIMENTS WITH NdP04, MONAZITE 

wt % 
t ND 

Mg 

wt %* 

J.lQ/ml 

<0.5 

A1 Ca 
].lg/ml wt % 

<0.5 ND 

Nd 

wt % ].lg/ml 

ND <0.5 

J.lQ/mo wt % 

<1 ND 

p 

wt % J.lQ/ml 

0.01 

*- (mass in solution/mass in original sample x 100). 
t ~ none detected. 
§ = estimated experimental error. 

** = contaminant from sample preparation. 
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Fe 
J.lQ/ml 

<0.5 

Si 
wt % ].lg/ml 

** 70 ± 5 



5.0 CONCLUSIONS 

Experiments were designed to study the solidification of monazite, in which 
Nd simulates rare earths and actinides, in a cementitious matrix. The initial 
results of these experiments are encouraging. Detail.ed SEM exmaination of the 
composite waste form suggests that the monazite phase is being bound into the 
matrix. No interactions across the grain boundaries were observed, but some 
exchange might be anticipated with the minor amount of calcium phosphate in the 
cement, with prol~nged curing at elev~ted temperature and pressure. The absence 
of detectable Nd or P from the solution analyses for these experiments, after a 
severe accelerated leach treatment at 473 K (200°C) for 28 days, is also very 
encouraging. 

. DOE/ET I 41900-1 
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