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PREPARATION OF POROUS THORIA t3Y INCORPORATION 
OF CARBON IN SOLS 

I(. J. Notz 

A 8s TRACT 

Porous thoria w i t h  a wide range of controlled porosity was 
prepared by a sol-gel technique. Carbon was incorporated in thoria 
sols to produce stable mixed sols, which were gelled as either shards 
or microspheres. Subsequent removal of the carbon by  combustion 
i n  air under appropriate conditions yielded thoria w i t h  porosities 
ranging from less than 1 to 72%. The two major variables affecting 
porosity are the C/Th02 mole ratio and the firing schedule. When 
the thoria matrix i s  f i r s t  "set" by sintering a t  a high temperature 
and the carbon i s  then burned out at a lower temperature, the re- 
sultant porcsity is approximately equal to the calculated volume of 
the removed carbon. After carbon removal, subsequent exposure to 
high temperatures sinters out much of the introduced porosity. In 
some cases, pore size distributions over narrow ranges are obtained 
i n  the submicron range. The pore size varies w i t h  both the carbon 
content and with the firing procedure; i t  can also be altered by  
using different sources of carbon. Surface area and density data, 
in conjunction w i t h  porosity values, were used to construct a realis- 
t ic interpretation of  the gelation and the sintering mechanisms. The 
kinetics of carbon burnout was studied, and an activation energy of 
41 kcaI/mole was determined for burning i n  air at 440 to 5OOOC. 
Carbon removal w i t h  steam, CO2, and hydrogen was examined 
briefly. Porous (Th,U)02 was also prepared by the some method 
used for porous Th02. 

1 .  INTRODUCTION 

For nuclear fuel applications, the incorporation of a controlled amount of porosity 

i n  thoria i s  of interest for the following reasons: (1) to relieve pressure buildup due 

to evolved gases i n  encapsulated fuels, (2) to provide an escape path for gaseous fission 

products i n  vented fuels, (3) io l imi t  and control fuel density, (4) to provide a relief 

for thermal and radiation-induced stresses, (5) to increase dissolution r a t a  during fuel 
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reprocessing, and (6) to permit the addition of a second phase within the oxide matrix 

where this may be desirable or necessary" From a more general viewpoint, an inorganic 

oxide w i t h  a narrow pore size distribution i n  the (100- to 1000-A range i s  potentially 
1 

useful a5 a chromatographic medium for biological separations, 

hyperfi ltration membranes and related applications. 

or as a subsh-ate for 
2 

Methods for fabricating fuels by the sol-gel process are receiving attention be- 

come of the advantages inherent i n  this process. lt has previously been demseasf.rated 

at BRNL. that a low level of porosity (up tc, 5%) can be Introduced i n  (Th,U)02 by 

adding lampblack to the sol and then burning the carbon out of the resuIting gel. 

Porous (Th,U)02 was prepared for the Dragon project using the same general method, 

but details of that work are not available; i t  has been reported that porosities ia the 

10 to 60% range were obtained. Another method involves incorporation and sub- 

sequent volatilization of MoO this method has been demonstrated over the porosity 

range 20 to 33%. Urania w i t h  porosities of 1 to 44% has been made from chloride- 

base sols by leaving residual chloride in the gel and subsequently driving i t  of f  as 

HCI, 

3 

4'5 

3; 
6 

6 

Experience gained previously i n  the preparation of ThO -carbon black so ls  showed 2 
that. mixed sols of exceptionul stability can be obtained QVW a cornposi tion range from 

zero to as high as 1.5 moles of carbon per mole of Tho2. Preliminary experiments i n  

wh ich  carbon black was burned out of C-ThO gels yielded two interesting products: 

one w i t h  a porosity of 37%, i n  the 220- to 350-A range; and the other w i th  a porosity 

of 5Ph, a l l  pores having a diameter of less than 120 A. 

7 

2 

8 

The primary objectives of the present program were to prepare porous thoria by 

a sol-gel technique and to determine the effects of the two major variables, the 

C/Th02 mole ratio and the carbon burnout procedure, on porosity and pore size dis- 

tribution. In addition, a number of  other factors were also studied: type of  carbon 

used, variations in sol preparation and gelation technique, and the type of product 

formed (shards vs micraspheres). The kinetics of carbon burnout were examined briefly. 

A porous mixed oxide of composition Th 
wi th  T h o 2 .  

8 was prepared for comparision 0.78'0.22 2 
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This report includes work conducted in  cooperation w i th  the MIT School of 

Chemical Engineering Practice. That portion of the work was conducted by  A. H. 
Mesch and C. K. Neulander. 

9 

2. EXPERIMENTAL 

2.1 Materials 

2.1.1 Thoria Sol 

The aqueous thoria sol used i n  this program had been previously prepared in the 

Chemical Technology Division Pilot Plant by the standard ORNL procedure. In  this 

procedure, thorium nitrate is steam-denitrated to give a hydrated oxide, which i s  then 

dispersed in  dilute nitric acid by agitation and digestion. 

size in these so ls  i s  typically 70 A. 

BET surface area of the air-dried gel, 83 m /g, gives a calculated crystallite size of 

72 A. An electron micrograph of this sol i s  shown in  Fig. 1. From the photograph, 

the size of the individual particles i s  determined to be about 60 A, which i s  i n  reason- 

able agreement w i t h  other measurements of size. 

10 
The x-ray crystallite 

1 1  
For the sol used i n  the work reported here, the 

2 

The sol used i n  this work i s  identified as Pilot Plant No. GS-44 and laboratory 

No. 11-29. Analyses and properties ure as follows: 

Tho2 content 585.4 g/li ter (2.52 - M) 

NO3 content 14.8 g/1i ter (0.238 - M) 

N03-/Th mole ratio 0.095 

- 

PH 3.4 

Viscosity 6 centipoises 

A pH dilution test indicated that the sol was slightly acid-deficient by about 

0.01 i n  the acid/Th02 ratio. The sol was diluted to 2.0 - M Tho2 before i t  was 

blended w i t h  carbon. 
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ORNL PHOTO 92776 

'44). 
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2.1.2 Carbon 

A proprietary pelletized channel black, Spheron 9* was used for virtually a l l  

the carbon black mixtures. The properties of  Spheron 9 are listed below: 

Fixed carbon (portion not volatilized 
at  lO0OoC in  argon) 92.4% 

BET surface area 105 m2/g 

Calculated particle size (from surface area) 300 A 

pH of aqueous suspension 4.5 

An electron micrograph (Fig. 2) of this carbon black shows rounded particles 

about 250 to 450 A in  diameter; this size i s  i n  agreement w i t h  that calculated from 

the surface area. 

In a few instances, other carbon blacks were used. These are characterized, as 

necessary, where they are mentioned. 

An extra fine grade of graphite, a modified Great Lakes grade 1008, was supplied 

by J. M. Napier of the Y-12 Plant. It originally had a size of less than 150P, but 
2 

had been reground and air-classified to less  than 2 P. The BET surface area, 16 m /g, 

was equivalent to a calculated particle size of 0.2 P. This material was 98.4% fixed 

carbon. 

2.2 Preparation of Sols and Gels 

2.2.1 Preparation of Sols 

Mixed sols were produced i n  100-ml batches by the ultrasonic blending of 2 - M 

2 Tho2 and the desired amount o f  carbon. Carbon contents, expressed as the C/ThO 

mole ratio, varied between 0.1 and 6. These l im i ts  were selected on the basis that 

they should bracket the entire useful range, since a ratio of 0.1 was expected to yield 

a product w i t h  less than 3% porosity, while at a ratio of greater than 6 the viscosity 

*Product of Cabot Corporation, Boston, Mass. 
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I 2000 A 

Fig. 2. Electron Micrograph of Spheron 9 Channel Black. 
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of the mixed sols becomes too high to allow the preparation of microspheres. The 

stated values of C/Th02 ratios are based  on the fixed carbon content. 

A Branson model S-110 ultrasonic generator, w i th  a power output of about 110 

watts at 20 kc, achieved good blending i n  7 min. During this time, the dissipated 

energy heated the sol to about 6OOC. 

After the mixing step, the carbon-thoria sols were screened through a 100-mesh 

(149-11 openings) sieve to remove any carbon agglomerates that had not been incor- 

porated i n  the sol. The quantity removed was negligible. Each sol was then poured 

into a bottle and placed on a roll ing m i l l  for 24 hr. After agitation on the mill, the 

sample was allowed to stand for a day before conversion to gel. 

True sols are formed w i t h  carbon black and Tho Similar sols, which have been 2' 
on hand for over a year, are s t i l l  stable. During the blending operation a carbon-thoria 

interaction disperses and stabilizes the carbon. 

protective colloid, partially coating the carbon particles (Fig. 3) and giving the mixed 

sol a positive zeta potential, even though carbon i s  normally negative. The effect o f  

added Tho sol on the viscosity of an aqueous suspension of carbon black i s  shown i n  

Fig. 4. The viscosity decreases drastically when enough Tho 
thick paste of 8 M Spheron to "protectt' the carbon; this decrease occurs at  a C/Th02 

mole ratio of about 7.5 for Spheron 9 and Tho2 composed of 70-A crystallites. A 

reverse viscosity titration, starting w i t h  2 M Tho 
point" occurs at a C/ThO ratio o f  about 7. (The value i s  slightly lower i n  this case 

since the absolute values are twice as high as before; therefore relatively less  "free" 

carbon i s  required to increase the viscosity.) The maximum carbon concentration used 

i n  the present work corresponds to a viscosity o f  about 70 centipoises. 

12 
The thoria apparently acts as a 

2 
has been added to a 2 

i s  shown in Fig. 5. Again, the "end 2' - 
2 

Graphite did not form a sol w i t h  Tho2, even though a decrease i n  viscosity similar 

to that described above was observed. Low-viscosity f luid suspensions were obtained, 

but, on standing overnight, some graphite settled out. Reagitation gave a suspension 

that was usable for gel formation. In the present work, only shards were prepared from 

graphi te-thoria suspensions. It is possible to use such suspensions to form microspheres 
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P 

t+ 2000A i 

Fig. 3. Electron Micrograph of ThQ2-Spheron 9 Sol. 
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T H O R  

Fig. 4. Viscosity 
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i n  a column containing 2-ethyl- 1-hexanol; however, previous work yielded micro- 

spheres of poor quality. 

2.2.2 Preparation of Gels 

Shards were prepared by pouring mixed sol (about 20 ml) into a petri dish a d  

then drying i t  overnight at 110OC. The resulting fragments were crushed and screened, 

and the 10- to 80-mesh portion was retained for firing and porosity measurements. 

Microspheres were prepared i n  a 2-in. laboratory column by a previously described 

The dehydrating solvent used was 2-ethyl- 1-hexanoi. Two surfactants 
10,13 

method e 

were required i n  order to obtain a good product: 0.2 volume % each of Span 80" 

and Ethorneen 5-15'" The former control1ed coalescence, white the latter was necessary 

to obtain smooth surfaces. Typical product microspheres are shown i n  Fig. 6. Micro- 

spheres could also be formed i n  a mixtwre of 2-ethyl-l-hexanol and 10% 2-octanoIr 

plus 0.2% Span 80. 

Standard sols formed microspheres quite well, w i th  only a small amount of 

carbon being dispersed, or "shedded," to the organic phase. With unaged sols, that is, 

so l s  used immediately after ultrasonic blending, needle-plugging and excessive carbon 

shedding occurred. (Recently, i n  conjunction with other work, aged carbon-Tho 

sols were formed into spheres without any carbon shedding. The solvent was nominally 

the same as that used i n  the present work. At this time, the explanation for the later, 

improved performance i s  not known.) Spheres were formed from 10-ml botches of sol, 

which yielded abowt 5 g of dried spheres. After being formed, the spheres were held 

i n  the column for 30 to 45 min to harden; then they were removed, drained, and oven- 

dried overnight a t  1 10°C. Other work has shown that, during the sphere-forming step, 

adsorption of solvent causes an increase in the final C/ThO 

2 

14 
mole ratio o f  about 0.2. 2 

*Sorbitan monooleate, marketed by Atlas Chemical Industries, Wilmington, Del. 

**A tertiary amine, marketed by Armour and Company, Chicago, I l l .  
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2.2.3 Firing and Carbon Burnout 

. 
Because the surface area of unsintered thoria gel i s  quite high, this type of 

Therefore, i t  was fe l t  necessary 
15 

16 2' material tends to react w i th  moisture and CO 

to sinter the porous thoria produced i n  this program, at a temperature above 100OOC, 

at  some time during the firing and burnout process. Carbon burnout at 80O'C in  air  

was selected on the basis that this temperature should be high enough to effect com- 

plete burnout i n  1 hr or less, yet would be well below the sintering temperature. Two 

general methods were employed to accomplish sintering and burnout: (1) burnout at 

8OO0C, followed by sintering at 1200, 1300, or 1400'C in  air, and (2) sintering in  an 

argon atmosphere at the latter temperatures, followed by burnout a t  800'C. The rate 

of temperature rise used in  the fir ing ovens was: 400°/hr to 800', 300'/hr to 1 loo', 

200'/hr to 1300', and 100'/hr to 1400'. Time at the final sintering temperature was 

usually 1 hr, but a few t e s t s  were made at shorter times. 

The possibility of some conversion to carbide during the sintering of carbon- 

containing oxide was considered. The reaction 

Tho2 + 4C -, ThC2+ 2CO 

proceeds in vacuum above 1400'C. 

presses the reaction at this temperature. Under argon, a sufficient CO pressure i s  

present from the reaction of oxygen complexed on the carbon surface to effectively 

prevent the formation of thorium carbide. None could be detected by qualitative 

testing (hydrolysis w i t h  dilute nitric acid). 

However, a very small overpressure of CO sup- 

After the program was under way, i t  was found that carbon burnout for some 

samples required much longer than 1 hr. These samples were low i n  added carbon 

and had been sintered before burnout. Where necessary, burning was continued for 

as long as 3 days; even this extended burning period did not always accomplish 

complete carbon removal. 
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2.3 Analytical Methods 

17 
The mercury intrusion technique was used to determine the porosity, the bulk 

density, and the high-pressure density of a l l  samples. The measurements were performed 

w i t h  an Aminco porosimeter having a pressure l i m i t  of 15,000 psi (equivalent to a 

pore diameter of 120 A). The upper l i m i t  for diameters i s  17v, a t  about 12 psi (absolute). 

From the sample weight and the in i t ia l  volume, the bulk particulate density, that is, 

the density of individual particles including their internal void space, can be calculated. 

From the high-pressure volume, a final density can be obtained which excludes a l l  

void space penetrated by the mercury, that is, a l l  open pores having diameters greater 

than 120 A. As an example of the excellent reproducibility of the method, results for 

two samples from the same lot, submitted three months apart, are shown in Table 1.  

Table 1. Reproducibility of Measurements Made 
w i t h  Aminco Porosimeter 

Sample No. 50-Ma 1 30aa 

Porosity 4.21 4.43 

Bulk density, g/cc 3.41 3.40 

Final density, g/cc 3.56 3.56 

Pore size distribution, % of total: 

120-190 A 39 

190-350 A 28 

350-870 A 13 

870-2500 A 7 

4- 17 IJ 13 

41 

31 

17 

4 

7 

a 
Two samples, submitted three months apart, from same lot  of carbon-thoria shards. 
This material contains four moles of Spheron 9 per mole of thoria. The gel was 
dried at 110OC. 
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Helium densities, BET surface areas, porosities by nitrogen adsorption-desorption, 

and residual carbon contents were determined for selected samples. Helium displace- 

ment densities, when compared with the theoretical density, are useful for calculating 

the closed porosity; when compared w i t h  the high-pressure mercury density, they can 

be used to calculate the open porosity resulting from pores w i t h  diameters smaller than 

the lower l im i t  (120 A) by mercury intrusion. Nitrogen pore size distribution extends 

to a lower diameter l i m i t  of about 12 A. Carbon was determined by combustion to CO 

i n  CI Leco apparatus at 1000°C. 
2 

Thermogravimetric analyses were performed on a conventional thermobalance at 

I-atm pressure. A flow-through system provided the desired atmosphere. For programmed 

runs, a rise rate of about 5OC/min was used. 

3. RESULTS AND DISCUSSION 

Most of the work was done with shards in order to simplify the experimental program. 

The effects of the various parameters are, i n  general, clearly demonstrated with shards 

and can be extended to microspheres. However, some differences do exist, as described 

i n  Sect. 3.7. More work was done wi th  carbon black than w i t h  graphite since the 

former yields a stable sol w i t h  thoria while the latter merely forms a suspension. 

Graphite, along wi th  some carbon blacks other than Spheron 9, i s  discussed in  

Sect. 3.6. In  the following sections, unless stated otherwise, the results are for shards 

prepared w i t h  Spheron 9. 

3.1 Major Variables: C/Th02 Able Ratio and Carbon 
Burnout Procedure 

The primary effects of these two variables are shown i n  Fig. 7. The carresponding 

data are given in Table 2. The two burnout methods used i n  this test are as follows: 

( 1 )  Burn carbon out at 80O0C, then sinter at 14OOaC for 1 hr; 

(2) Sinter at 1400°C for 1 hr, then burn out the carbon at WOO. 
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Fig. 7. Porosity as a Function of C/Th02 Mole Ratio and Carbon Burnout Procedure 
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Table 2. Effects of C/Th02 Mole Ratio and F i r i n g  Schedule 
on Forosi ty and Density 

Method 
Porosity Bensi tya 

C/Th02 Mole Ratio ("M (9 /@ C> 

1) Burnout at 8OO0C, 0.1 
fol lowed by sintering 0.4 
at 1400°C 1 .o 

3.0 
8.0 

2) Sintering at 14OO0C, 0.1 
followed by burnout 0 "4 
at 800°C 1 .0 

3.0 
6.0 

(1 
1 

tl 
2 .0 
8.6 

(1 
2.8 

16.6 
46.7 
63.3 

9.88 
9.75 
9.76 
9.42 
9.28 

9.67 
9.35 
9.48 
9.50 
9.40 

a 
At 15,000 psi. Therefore, only closed pores or pores smaller than 120 A i n  
diameter are included i n  this volume. 

It is apparent from Fig. 7 and Table 2 that porosity i s  a direct function of the 

C/Th02 mole ratio. It is evident that high-temperature sintering followed by burning 

first "sets" the thoria matrix, after which the volume occupied by the carbon remains 

as open porosity, approximating the theoretical value. On the other hand, sintering 

after burnout i s  obviously quite effective in  sintering out virtually a l l  the porosity 

caused by carbon burnout, except at the highest C/Th02 mole ratio. 

The calculated porosity curve (Fig. 79 is based on the assumptions that the thoria- 

carbon gel is nonporous before burnout and that the total volume occupied by the 

carbon i s  converted to measurable parosi ty. Thus, 

amount of C presenf 
density of 6 

amount of C amount of Tho? present 
density of C i density of Tho2 

96 porosity = 
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By using 2.0 g/cc and 10.0 g/cc as the densities of carbon black and thoria, 

respectively, and converting to C/ThO mole ratio (fa), the above equation becomes: 2 

% porosity = 60008/(60R + 264) . 

Since the experimental C/ThO mole ratios were calculated on the basis that Spheron 9 

i s  92.4% fixed carbon, the above equation must be corrected by dividing both R terms 

by 0.924 i n  order to obtain the curve i n  Fig. 7. 

2 

For the sinter-burn method, the observed porosity approximates the calculated 

2 value; negative deviations occur a t  C/ThO ratios below 1.8, and positive deviations 

occur above 1.0. When the simplified assumptions made in calculating the curve are 

considered, the deviations are surprisingly small. The positive deviations are readily 

explained by recognizing that the unfired ge l  must have contained some porosity, and 

that part of this was retained by the final product. The negative deviations at a low 

C/ThQ2 mole ratio are nof so easily expjaind, parkicularly since the mercury densities 

are nearly theoretical (see below). It i s  unlikely that the T h o 2  sintered after carbon 

burnout at 800OC. Perhaps some carbon was losf during sintering due to inleakage of  

air. 

The mercury densities a t  15,000 psi, that is, the densities after a l l  open pores with 

diameters greater than 120 A have been penetrated by mercury, are also l i s t e d  in 

Table 2. None of the samples attained the theoretical density of 10.03 g/cc. The 

four samples whose open porosities were less than 2% have densities 97 to 99% of  

theoretical, while the remaining samples, w i t h  measurable porosities of 2% or more, 

have densities that are only 93 to 95% of theoretical. Thus, introduction of any 

significant amount of open porosity also introduces 5 to 7% closed, or t120 A porosity, 

which i s  not measurable by mercury intrusion. 

Table 3 gives the pore size distribution for the three high-porosity samples of 

Table 2. None of the pores i n  each of these samples i s  greater than 1000 A i n  diameter. 

The size distribution for the samples are relatively narrow, with 89% of the pores in 

the 120- to 190-A range at 17% porosity, 88% in the 250- to 350-A range at 47% 

porosity, and 79% i n  the 250- to 580-A range at 63% porosity. Thus, as the porosity 



19 

Table 3. Pore Size Distribution for High-Porosity Samples 
Listed i n  Table 2 

C/Th03 Mole Ratio 

1 .0 3.0 6.0 

Total porosity, % 17 47 63 

Total porosity i n  size range 
indicated, % 

0.1 - 171 0 0 0 

580 - 1000 A 5 0 13 

350 - 580 A 
250 - 350 A 

190 - 250 A 

120- 190A 

2 1 37 

2 88 42 

2 9 6 

89 2 2 

increases, the average pore size also increases and the range seems to become broader. 

For the low-porosity (2.0 to 8.6%) samples in Table 2, the distribution trend of 

Table 3 i s  reversed; that is, the pore sizes are larger, w i th  about 90% of the total 

pore volume greater than 1000 A a d  43 to 65% i n  the 3- to 17-p range. 

3.2 Minor Variables and Reproducibility 

8y definition, minor variables are those which have relatively l i t t le  no effect 

on the porosity of the ThO product. As w i l l  be shown, these variables include: the 

method of sol preparation, the method of gel preparation, and the size fraction of the 

shards. During the early part o f  the test program some extreme cases of nonreproducibilit). 

were noticed; therefore, a rather extensive series of t e s t s  was conducted to determine 

the degree of  reproducibility that could be expected routinely. In addition to the 

deliberate variables mentioned above, the effects of a change i n  operator and of 

sample preparation i n  duplicate by the same operator were also checked and found to 

be of minor importance. The data obtained are summarized in  Tables 4 and 5 far 

2 
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Table 4. Effects of  Minor Variables on Reproducibility of 
Preparation Having a C/Th02 Mole Ratio of 1.0 

Porosity Density‘ 
Sample No. (”/) ( g / d  

3- 1 

3-9 

3- 10 

3-11 

3- 12 

3-2-R 

3 

III-44-A-1 

B- 1 

c- 1 

D- 1 

I I I-45-A- 1 

B- 1 

C- 1 

D- 1 

111-55-c- 1 

D- 1 

2.9 

18.1 

17.4 

16.4 

16.6 

20.2 

16.6 

19.5 

19.4 

18.3 

19.3 

16.8 

17.4 

17.2 

18.0 

18.3 

18.4 

9.09 

9.48 

9.50 

9.48 

9.46 

9.53 

9.38 

9.62 

9,52 

9.53 

9.5 1 

9.42 

9.47 

9.49 

9.46 

9.52 

9.55 

a 
Mercury porosimeter measurements at 15,000 psi. 
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Table 5. Effects of Minor Variables on Reproducibility of 
Preparations Having Q C/ThO, Mole Ratio of 3.0 

Porosity Densi tya 
Sample No. (Yo) ( g / 4  

4- 1 

4-7 

4-8-A (>lo mesh) 

4-8-B (10-20 mesh) 

4-8-G (20-80 mesh) 

4 

111-44-A-3 

B- 3 

c- 3 

D-3 

111-45-A-3 

B- 3 

c-3 

D-3 

I I I -55- c- 3 
D-3 

10.0 

47.4 

45.2 

45.5 

46.2 

46.7 

48.7 

49.1 

48.5 

48.7 

47.5 

47.4 

47.7 

47.0 

46.6 

46.5 

9.46 

9.6 1 

9.44 

9.46 

9.54 

9.57 

9.56 

9.36 

9.44 

9.54 

9.55 

9.5 1 

9.56 

9.53 

9.45 

9.54 

a Mercury porosimeter measurements a t  15,000 psi. 
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C/Th02 mole ratios of  1 .O and 3.0, respectively. In all cases the firing procedure 

used was sinter-burn, as described earlier. 

The nonreproducibility mentioned above i s  shown by samples 3-1 and 4-1. One 

other sample (No. 5-1, not included in  the tables) also showed extreme deviation. 

At  a C/Th02 mole ratio of 6.0, it had a porosity of only 23% vs a norm of 64%. At 

the t ime this problem appeared there was no obvious explanation. It i s  now believed 

that aberrations in  the firing cycle were probbly  responsible for the very low poro- 

sities observed for these three samples. During the f i r s t  few preparations, the method 

of changing from sintering to burning temperature was not standardized, and these 

three samples were probably burned at  temperatures well above 800°C. Samples 3-1 

and 4-1 w i l l  not be included i n  the following discussion. 

Three different persons prepared the samples listed i n  Tables 4 and 5. Numbers 

3-1 through 3-12 (Table 3) and 4-1 through 4-8-C (Table 5) were prepared by C. K .  

Neulander, while 3-2-R, 3, and 4 were prepared by A. H. Mesch. The remainder 

were prepared by the author. No significant trend i s  observed as a result of the 

change i n  operators. 

Samples 4-8-A, 4-8-8, and 4-8-C represent three different sieve size fractions 

of the same gel. The total variation i n  porosity, 1%, for these samples i s  only one- 

fourth of the total deviation shown by a l l  the samples in  Table 5 and i s  not significant. 

It i s  interesting to note that within this series both the porosity and the mercury 

density increase slightly as the particle size decreases. These increases occur because 

a greater portion of the porosity that is inaccessible to mercury i s  exposed as more 

surface is made available. However, the smallness of this trend shows that the bulk 

of the porosity, which i s  open, i s  readily accessible. 

Likewise, variations i n  the mechanics of sol preparation and gel formation are 

shown to have an insignificant effect on porosity. The 111-44 and 111-45 series repre- 

sent four methods of sol handling. The overall scheme i s  as follows: 

A .  Blend Spheron 9 and ThO sol by ultrasonic agitation for 7 min. 

B. Tumble for 24 hr. 
2 
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C ,  Let stand for 24 hr. 

D. Blend again by ultrasonic agitation for 7 min. 

Samples designated A, 8, C, and D (Tables 4 and 5) were gelled immediately 

after each of the corresponding operations. Within Q given series, the maximum vari- 

ation in porosity was 1.2%, which i s  not significant when compared with the total 

variation at  either C/ThO mole ratio. 2 

The Ill-55 samples involve two different gelation procedures. The standard 

method i s  drying overnight a t  110'C. The "C" samples were allowed bo gel very 

slowly by evaporation at  about 50°C, while the "D" samples were gelled very rapidly 

(about 3 min) by heating on a hot plate, Again, no differences in porosity were found. 

The only significant variable causing a change in porosity was the preparation of 

a new batch of sol, that is, weighing out carbon, measuring a volume of Tho sol, and 

combining the two materials. Table 4 shows that the average porosity of the 111-44 

series samples, a l l  of  which were prepared from the same blended sol, i s  19.1 * 0.4%; 

for the 111-45 samples, the average is 17.4 f 0.4%; and for the 111-55 samples, i t  i s  

18.35 * 0.05%. The corresponding figures from Table 5 are 48.7 * 0.296, 47.4 f 

0.2%, and 46.55 * 0.05%. The variation from series to series i s  significantly greater 

than the variation within a series. Similarly, the variations from series to series in 

the 3- and 4- samples are greater than the variation within a series. The following 

groups (shown in parentheses) were prepared from different sols: (3-9, - 10, - 1 1 , - 12), 

(3-2-R), (3), (4-7), (4-8-A, -B, -C), (4). The 3-9, -10, - 1 1 ,  and -12 samples involve 

differences in gelation procedure. The magnitude of these differences i s  less than that 

for the 111-44 and 111-45 series. 

2 

In preparing duplicate sols, small errors in weighing or in volume measurements 

cause variations in the C/ThO mole ratio. Assuming conservatively that the weigh- 

ings, which were made on a triple beam balance, are accurate to f 0.1 g and that the 

volumes measured in a 100-ml graduate are accurate to * 2  ml, the resultant variations 

in the C/Th02 mole ratio are * 0.06 at  a value of 1 .00, and hO.10 ut 3.00. From the 

slope of the curve in Fig. 7, (A porosity) - 27 (A ratio) at  R = 1 and (A porosity) = 9 - 

2 
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(A ratio) at  R = 3, from which the porosity limits are calculated to be f 1.6% at R = 1 

and f 0.9% at R = 3. These values are in reasonable agreement with the actual ranges 

of * 1.9% observed at  C/Th02 mole ratios of both 1 and 3 .  The extra range observed 

experimentally includes other sources of error in addition to init ial  measuring errors. 

For example, a varying amount of carbon i s  always lost on the walls of the mixing 

vessel and on the ultrasonic probe. Direct analysis for carbon and thoria gives a ratio 

that i s  accurate to only f 0.1 and is ,  therefore, useless far direct verification of the 

preceding explanation of the observed variations. Assuming the validity of the above 

argument, i t  should be possible to control the porosity more closely by working with 

larger batches and using more precise measuring and weighing techniques. 

Ultrasonic blending was used to prepare a l l  the mixed sols in the present work. 
8 

However, one of the trial porosity samples mentioned earlier was made from a sol 

which had been blended on a bal l  mil l .  This material had a C/Th02 mole ratio of 

2.1 and a mercury porosity of 37%. This compares favorably with the data given in 

Fig. 7, which shows a porosity of 35% a t  a C/ThO ratio of 2.1. 2 

All the mercury densities listed in Tables 4 and 5 are in the range of 93 to 96% 

of theoretical, thus indicating 4 to 7% of either closed and/or very fine porosity. 

The same observation was made earlier, based on the data in  Table 2. There i s  no 

observable trend in Tables 4 and 5 to suggest that density per se i s  related to any of 

the minor variables discussed in  this section. 

3.3 Other Factors Related to Firing Schedule 

3.3.1 Variations in  Firing Cycle 

The major effect of the firing cycle in terms of burn-sinter vs sinter-burn (sin- 

tering at  1400OC and burnout at  800'C) has already been discussed in Sect. 3.1, The 

use of lower sintering temperatures and the effect of time are other factors that should 

be considered briefly. 
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Table 6 lists the porosities and pore size distributions resulting from sintering 

temperatures of 1200, 1300, and 1400OC. Measurements were obtained at C/ThQ 

mole ratios of 0.4 and 3. Both types of firing cycles were used: (1) burn-sinter and 

(2) sinter-burn. 

2 

With firing cycle ( l ) ,  at a C/ThO mole ratio of 3, a lower sintering temperature 

has two effects: i t  results in a greater porosity, and i t  shifts the pore size distribution 

toward smaller sizes. However, even at  1200°C, the total porosity i s  only about 23% 

that obtained with cycle (2). At  a C/Th02 ratio of 0.4, no effect was noted over the 

1200-14OO0C temperature range with fir ing cycle (1). 

2 

With cycle (2), the product properties are not affected by temperature, except for 

a shift to smaller pore sizes at the lower sintering temperatures. Sample No. 4-4 (see 

Table 6) i s  obviously in error. 

Table 7 shows that decreasing the sintering time from 1 to Q.5 hr a t  1400OC has 

no uppreciable effect on the porosity. In later work with spheres, one sample was in- 

advertently given "zero" exposure time, as compared with a standard I-hr exposure, 

ut 1400'C without affecting the porosity. I t  must be remembered that with the heating 

program used, a l l  samples are exposed to lower temperatures for significant times (see 

Sect. 2.2.3). 

Three samples were prepared by sintering and burning in  a single step, at 140OOC 

in air. As would be expected, the resulting porosities were intermediate between the 

values obtained by using firing cycles ( 1 )  and (2). Obviously, the heating rate and the 

availabil ity of oxygen are governing factors in the combined method. 

controlling the porosity would be expected for this method. 

Diff iculty in 

3.3.2 Thermal Stability of Product 

The thermal stability of porous thoria made by using firing schedule (2) (i.e., 

sintered at 1400OC and burned ab 808'C) was determined by subsequent exposure to 

temperatures of 1000, 1100, 1200, 1300, and 1400°C for 1 hr. The results for two 



Table 6. Effect of Sintering Temperature 

Pore Size Distribution ("h) Carbon 
to-Thoria Porosity 

17.2-3p 3-0.51.1 0.5-0.1 /J 1000-250 A 250- 120' A Sample No. Ratio Tempera tu re ("/. ) 

( 1 )  Burning in Air at  8OO0C, Followed by Sintering in Air at Temperature Indicated 

- - - - - 2-2 0.4 1400 1 

2-3 0.4 1300 <1 - 
2-5 0.4 1200 (1 

4- 2 3 1400 1.98 60 24 8 8 0 

4-3 3 1300 2.78 43 33 17 8 0 

- - - - 
- - - - - 

4-5 3 1200 10.92 22 28 20 3 27 

(2) Sintering in Argon at Temperature Indicated, Followed by Burning in Air at  8OOOC 

2- 1 0.4 1400 2.82 65 21 0 7 7 

2-4 0.4 1300 1.78 67 8 8 0 17 

2- 6 0.4 1200 1.49 60 20 0 20 0 

4 3 1400 46.68 0 0 0 89 1 1  

4- 6 3 1200 46.73 1 0 0 3 97 

4-4 3 1300 (33.84) 2 0 0 0 98 



Table 7. Effect of the Length of Time at Sintering Temperature 

The carbon was burned out according to the Schedwle: Sintering at  14OOOC 
for the time specified, followed by burnout a t  800°C. 

Carbon Pore Size Distribution (%> 
To- Thor io Time Porosity 

Sample No. Ratio (hr) (“N 17.2-3~ 3 - 0 . 5 ~  0.5-0.1 1000- 120 A 

2- 1 0.4 1 2.82 65 21 0 14 

2-7 0.4 0.5 3.17 34 3 3 60 

4 3 1 46.68 0 0 0 100 

4- 7 3 0.5 47.36 0 2 0 98 

h) v 
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levels of porosity are given in Table 8. Above 1 100°C, sintering begins; a t  120OoC, 

about 20 to 30% of the original porosity has been lost; at  13OO0C, virtually a l l  the 

porosity has been sintered out. 

Table 8. Effect of Post-Sintering on Porous Thoria 

C/Th02 Mole Ratio 

1 .o 3.0 
~- ~ ~ __ 

Porosity, % 

Ini t ia l ly  

After Firing at: 

1 ooooc 
1 1 OOOC 

1 2oooc 
13OOOC 

14OOOC 

19 48 

1 9' 47 

18' 45 

15 32 

< 1  1.5 

(1 <1 

a 
These values include corrections to compensate for measurements made to 
only 10,000 psi (rather than the usual 15,000 psi) because of equipment 
di ff i cu I ties. 

3.4 General Structure 

A better understanding of the general structure of porous thoria can be obtained 

from other physical measurements such as helium density, nitrogen adsorption/desorption, 

hardness, and surface area. 

3.4.1 Density, Pore Size Distribution, and Hardness 

I t  has already been seen that, for samples with 2% or more open porosity, the 

mercury density a t  15,000 psi i s  only 93 to 95% of theoretical (Sect. 3.1). Helium 

densities on four such samples are as follows: 



29 

Sample No. 

44- c- 1 

45-c- 1 

44-c-3 

45-c-3 

Helium Density (g /cc)  

9.94 

9.80 

10.10 

9.94 

Since the helium densities are 98 to 100% of theoretical, the "missing" 5 to 7% not 

found by mercury intrusion i s  actually present as open pores that are smaIIler than 

120 A in diameter. For samples of less than 2% measured porosity, the final mercury 

density i s  97 to 99% of theoreticul. The mercury density of one sample of nonporous 

Tho2, prepared during this program (i.e., no carbon was added), was 9.91 g/cc, or 

99% of theoretical. 

The pore size distribution of several samples was obtained by N, adsorption/ 
L 

desorption. (This service was provided by Paul Dake, ORGDP.) These measurements 

were obtained for two reasons: to check on the pore-size distributions as determined 

by the mercury method, since the two methods overlap; and to determine the size dis- 

tribution of the 5 to 7% porosity referred to above (which i s  below the range of the 

mercury method) by the nitrogen method. Figures 8 and 9 compare, graphically, the 

results obtained by both methods for samples 45-5-1 and 45-8-3. In general, agree- 

ment between the two method i s  excellent. 

For sample 45-5-1, the Hg porosity i s  17.5%, and the final density implies an 

additional 5.5% porosity, for a total of 23%. The N 

2% closed porosity, while the Hg value, after correction for 2% porosity below a 

diameter of <120 A, gives 3.5% closed porosity. Correcting the N 

porosity below 120 A gives 19% above 120 A, or 1.5% greater than the Hg value, 

porosity of 21% thus indicates 2 

value for the 2% 2 

For sample 45-5-3, neither method shows any porosity below 120 A. The two 

direct values are 47.5 and 490/, with the N 

the Hg value to compensate for the final density gives 52% porosity, which indicates 

3% closed porosity vs the N 

value again being 1.5% high. Adjusting 2 

value, or 4.5% vs the Hg porosity. 2 
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Fig. 8. Pore Size Distribution for Sample 45-B-1, as Determined by the 
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Fig. 9. Pore Size Distribution for Sample 45-B-3, as Determined by the 
Mercury and the  Nitrogen Methods. 
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The pore size distribution of different samples i s  a function of both total po- 

rosity (i.e., original carbon content) and firing cycle. (This was discussed in Sect. 

3.1 for samples sintered at 1400'C.) Similar results were obtained for the reproduc- 

ib i l i ty  series samples (Tables 4 and 5). At  a C/Th02 mole ratio of 1 .O, the diameters 

of the pores averaged 180 to 240 A, with ranges of 120/220 A to 150/290 A, while at 

a C/ThQ2 ratio of 3.0, the pores centered at 300 to 400 A with ranges of 250/440 A 

to 300/460 A. Thoria with large pores was obtained only at porosities of less than 

11%. ratio of 0.4, 3% porosity was ob- 2 
tained in  the micron range. With a burn-sinter schedule, pores in the micron range 

resulted. A greater degree of porosity was obtained at the highest carbon contents 

for a constant sintering temperature of 1400'C (up to 8.5%) or at lower sintering 

temperatures for constant carbon content (up to 11%). 

Using a sinter-burn schedule at a C/ThO 

Hardness measurements were made on two porous thoria samples, as follows: 

Sample No. % Porosity D iamon d Point Ha rdn ess 

44-B-3 49 69 

44-B- 1 19 572 

From the Knoop hardness for dense thoria,18 a D.P.H. of 630 i s  calculated. I t  i s  

rather surprising that the 19% porous thoria i s  almost as hard as the dense material. 

A t  49% porosity, the hardness decreased by almost 90%. 

Figures 10 and 1 1  are photomicrographs (1OOX) of samples 44-8-3 and 44-8-1, 

mounted in epoxy resin. The resin has penetrated into the body of each fragment, to 

a depth of about 50 p for the 19% porous sample and about 120 p for the product with 

49% porosity. In both cases, the oxides appear to be dense, because the pores are far 

too small to be observed microscopically. 

3.4.2 Surface Area and Structure 

Surface areas were obtained for: (1) air-dried carbon-thoria gels, (2) 1400OC- 

sintered material, and (3) sintered and burned oxide. The first two sets of measurements 
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Fig. 10. Cross Section of Sample 44-8-1, Mounted in Epoxy Resin. lOOX. 
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Fig. 11.  Cross Section of Sample 44-8-3, Mounted in Epoxy Resin. 1OOX. 
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were obtained previously for gels having a C/ThO 

are also applicable here. The third set of data was obtained from some of the samples 

prepared for the post-sintering study (Table 8); the samples used were those treated at 

temperatures of 1 OOO°C and 1 1 OOOC. 

mole ratio of 4, but the results 
2 

Table 9 lists the experimental (BET) and calculated specific surface areas for 

f ive different air-dried gels, representing three different carbon blacks and three dif- 

ferent blending methods. The calculated values are based on simple addition of the 

Tho2 and carbon areas, using 15 wt % carbon and 85 wt % Tho for the composition. 

The individual specific surface areas used for the calculations were: 
2 

2 Tho2 

Spheron 9 1 05 

86 m /g (70-A crystal I i tes) 

Sterling L 30 

Neospectra Mark I1 1 000 

The agreement between calculated and experimental values serves to verify the addi- 

tion method used in  the calculation. On this basis, i t  can be assumed that the "pro- 

tective" action of thoria on carbon black to form stable sols neither creates nordestroys 

surface area, and that the resulting gels are porous enough to permit complete pene- 

tration by nitrogen. An idealized model of such a gel might be such as that shown in 

Fig. 12, where the large spheres are carbon, the cubes are thoria, the relative carbon 

size shown i s  for Spheron 9, and the relative amounts of carbon and Tho represent a 

C/Th02 mole ratio of 7.5 (the titration end point in Fig. 5) .  
2 

Sintering the air-dried carbon-thoria gels (Table 9) in argon at  140OOC caused 
2 

their specific surface areas to decrease to 13, 17, 17, 10, and 81 m /g respectively. 

These areas are sti l l  quite high in view of the thermal treatment. In an effort to 

establish a basis for calculating the areas of these sintered gels, several models were 

considered; however, none gave a systematic agreement with a l  I the observed values. 

This failure i s  probably due to real differences in  the actual sintering of the thoria 

in the presence of such widely differing carbon blacks as those listed in Table 9. 
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Table 9. Surface Areas of Five Air-Dried Carbon-Thoria Gels 

C/Th02 mole ratio = 4 

2 Surface Area (m /g) 

Carbon Black Blending Method BET Ca Icu la ted 
~ 

Spheron 9 

Spheron 9 

Spheron 9 

Sterling L 

Neo. Mark II 

Ball m i l l  

U I trason ic 

Pump loop 

Ball m i l l  

Ball m i l l  

90 89 

91 89 

87 89 

77 76 

2 23 25 0 

Figure 13 shows one possible model in  which the thoria i s  assumed to sinter into a shell 

around each carbon particle. The resulting area would be the external area of the 

double spheres. On this basis, the calculated areas for the three types of carbons 

(see Table 9) would be 25, 7.6, and 54 m /g, respectively. These values are higher, 

lower, and lower, respectively, than those actually observed. Another possible model 

involves the assumption of the loss of a l l  Tho area due to sintering, so that only the 

carbon area contributes to the total area of the fired gel. This method gives values 

of 16, 4.5, and 150 m /g, which are approximately correct, low, and high, respectively, 

when compared with observed values. In actuality, some combination of the features of 

these two models, whereby the thoria forms an irregular matrix in  and around the carbon, 

would provide greater accuracy. 

2 

2 

2 

Table 10 gives the surface areas and other porosity data for four samples of sin- 

tered and burned porous Tho For a given C/ThO mole ratio, the surface area i s  

reproducible. The calculated areas are based on the assumptions that the total pore 

volume i s  present entirely as average-sized pores and that the total area of spherical 

pores i s  measurable. The latter assumption w i l l  obviously give a high result, since the 

2' 2 
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ORNL DWG 68-9434 

Fig. 12. Idealized Model of Air-5ried Curtaon-Thoria Gel. 
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ORNL DWG 68-9432 

Fig. 13. Idealized Model of 1400'C-Sintered Carbon-Thoria Gel. 
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pores are known to be connected. Thus, the 5096 factor between observed and calcu- 

lated areas i s  in reasonable agreement with the above model. The pores themselves 

are probably larger than the measured size, since the measured value actually refers 

to the connecting openings through which the mercury must be forced. 

2 Table 10. Surface Areas of Porous ThO 

Sample No. 

111-133-1 I II- 134- 1 I I I- 133-3 I I I- 134-3 

C/Th02 Mole Ratio 

Porosity, % 

Hg density at 1 atm 

A t  10,000 psi 

Pore size range, A 

Avg. pare size, A 

2 Surface Area, m /g: 

Observed 

Calculated 

1 

14.5 

7.33 

9.16 

1 70-250 

200 

2 -5 

5.7 

1 

13.0 

7.65 

8.80 

170-350 

190 

2.5 

5.7 

3 

45.2 

5.16 

9.4 1 

190-440 

320 

8.0 

16.5 

3 

47.0 

5.07 

9.57 

170-440 

320 

3.1 

16.5 

In many cases, the pore sizes are of about h e  same magnitude as the Spheron 9 

particles, particularly in instances where the C/ThQ volume ratios are in the range 

0.25 to 1.0 (;.e., a t  mole ratios of 1 to 4). A t  lower C/ThQ, mole ratios, the pores 

are larger, perhaps because the thoria sinters away from the carbon particles. A t  

higher mole ratios, i t  i s  probable that the carbon particles touch each other and create 

larger agglomerates and, in turn, larger pores. Therefore, in a porosity range of 15 to 

60%, pore size control should be possible by using carbon blacks of larger or smaller 

particle size than Spheron 9.  The lower size l im i t  for commercial ly available material 

i s  about 100 A, while the upper l i m i t  for a readily dispersible carbon black i s  about 

1000 A. 

2 



40 

3.5 Residual Carbon 

Prior to sintering, carbon was readily burned out of carbon-Tho gels. However, 2 
if sintering preceded burning, the carbon was more diff icult to burn out, particularly 

in the case of less porous gels (even though these contain a lower percentage of car- 

bon). The problem became acute at  porosities of about 3% or less (C/Th02 mole 

ratios 20.4). At  C/Th02 ratios of 3 and higher, a period of 1 or 2 hr at 80OOC in air  

was adequate to burn to a snow-white gel; at  a ratio of 1.0, about 2 to 4 hr was re- 

quired, At  ratios of 0.4 and 0.1, as long as three days (at 800OC in air) was necessary 

to obtain a white oxide visually "free" of carbon. After a sample had passed the 

visual test, no special effort was made to reduce the carbon content further. 

A t  C/Th02 mole ratios of 1.0 and 3.0, carbon analyzes of six products prepared 

by sintering at 14OOOC and burning at  8OOOC were as follows: 

Ratio of 1: 100, 140, 120 pprn 

Ratio of 3: 300, 450, 380 pprn 

A l l  of these products were white and appeared to be homogeneous. The residual car- 

bon from four other samples, having C/ThO mole ratios of 0.1 and 0,4, were 360, 

1700, 3400, and 2700 ppm. These products were not homogeneous; some fragments 

contained dark centers, indicating that oxygen diffusion was not yet complete. 

2 

A t  the higher porosities, diffusion was less of a problem, as indicated above. In 

connection with kinetic studies (Sect. 3.8), microspheres having a C/ThO 

were burned at  about 5OOOC in air  and at about 4OOOC in oxygen, each for approxi- 

mately an hour. A l l  products appeared homogeneous, and a l l  were light blue-gray in 

color. Carbon analyses, in relation to the firing schedules, were as follows: 

ratio of 4 2 

Burned in air at 46OOC 

Burned in air at  480°C 

Burned in air at  50OOC 

Burned in oxygen at  430°C 

Burned in oxygen at 45OOC 

2480 pprn 

2030 ppm 

2000 ppm 

1640 ppm 

1450 ppm 
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Since the burnout characteristics of gels with C/ThO mole ratios of 0.1 and 2 
0.4 are very different from those with ratios of 1.0 and higher, a gel having an inter- 

mediate C/Th02 ratio of 0.7 was prepared. Its burning properties classify i t  with the 

gels having C/Th02 ratios of 0.1 and 0.4. One explanation of the sharp line of demar- 

cation between mole ratios of 0.7 and 1 .O can be stated as follows: A t  low C/Th02 

ratios, the sintered thoria matrix completely surrounds and encapsulates each carbon 

particle; at higher ratios, the thoria matrix, although sti l l  continuous, i s  not present in 

sufficient volume to completely coat each carbon particle. 

3.6 Graphite as Carbon Source 

Five samples of parous thoria were prepared with graphite instead of Spheron 9 

as part of the scheduled test program. Two C/ThO moles ratios were used, and both 2 
standard firing schedules were used at each ratio. Results are summarized in Table 11, 

and are compared with the corresponding samples prepared with Spheron 9 .  The results 

for samples fired according to the sinter-burn firing schedule were as expected at a 

C/Th02 ratio of 3.0. The observed porosity agreed well with the calculated porosity 

(Fig. 7) (as in the case of the samples prepared with Spheron 9),  and the pore size 

agreed with the BET (calculated) particle s i r e  of 0.2 p. At  a C/Th02 ratio of 0.4, 

the amount of porosity was greater than that obtained with samples containing Spheron 

9 (but nearer the calculated value than was Spheron 9),  whereas the pore size, al- 

though greater than at a C/Th02 ratio of 3.0, was s t i l l  smaller than for samples con- 

taining Spheron 9. The porosities of the samples fired according to the burn-sinter 

cycle were low and, therefore, diff icult to discuss, The two results for graphite samples 

appear to be anomalous, but i t  may be significant that, at the 3.4% level, the pore 

sizes are sti l l  in the 0.2-p range. 

2 
matrix i s  "squeezing out'' porosity. The smaller pores introduced by Spheron 9 would 

be more mobile and, therefore, more l ikely ta be "squeezed out;" they would a150 be 

more prone to coalesce into very large pores. 

One possible explanation for the poor results at low porosities is  that the Tho 
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3,7 Porous Microspheres 

Table 12 gives results for several porous microspheres prepared by a sinter-burn 

firing schedule. The porosities are plotted vs the C/ThO ratio in Fig. 14, and are 2 
compared with those of shards. The mercury porosity of the spheres follows a curve 

similar to that for the shards, except that the porosity of the spheres i s  about 10% 

greater. Part of the increased porosity i s  probably due to carbon acquired during 

sphere formation, which increases the C/ThQ 2 
add 1 to 5% porosity, depending on the original carbon content. The densities of 

spheres exhibit a far greater variation than those for shards. Five of the eight sphere 

samples have low densities in two instances, which indicate the presence of additional 

porosity. 

mole ratio by about 0.2; this should 

The pore size distributions (Fig. 15) for spheres seem to follow a pattern in which 

the pore sizes are at a maximum a t  C/Th02 ratios of 3 to 4, then tend to become 

smaller a t  both higher and lower porosities. This trend differs from the distribution 

pattern for shards, in which the pore size increases monotonically with increasing 

porosity in the C/l'hO2 range of 1 to 6. Except at the highest porosity, the pore size 

at any given C/ThQ ratio i s  greater in spheres than in  shards. 2 

Post-sintering of 111-1 15-2 spheres caused a smaller loss of porosity than for 

shards. For example, the original porosity of 64% decreased to 60% after sintering 

at 128OoC, and to 21% after sintering at 1300OC. (Compare with data in Table 8 for 

shards.) This greater resistance to sintering i s  due to the larger pore size of the spheres. 

The differences between spheres and shards, with regard to porosity and pore 

size distribution, must result from differences in the gelation mechanism. One might 

speculate that, in the sphere forming column, rapid gelation "sets" the gel matrix in 

a looser structure, thereby increasing both pore size and total pore volume. This 

theory, however, does not agree with the results for samples 111-55-C-1 and 111-55-C-3, 

and 111-55-19-1 wnd 111-55-D-3 (Tables 4 and 51, in which neither rapid nor slow yela- 

tion caused significant effects. Consequently, i t  follows that either the spherical 
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Fig. 15. Comparison of Pore Size Distributions of Shards and Spheres. 
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geometry or the presence of the solvent (and surfactants) cause microspheres to have 

somewhat different pore structure than shards. 

The crushing strengths of spheres IV-7 and IV-12 were determined, with these 

results (data are the averages of four measurements each): 

Avg. Crush 
Sample Porosity, % Sphere Diameter, p Strength, g 

IV-7 64 500-530 150 * 30 

IV-12 51 340-420 140 5 45 

Four microsphere samples were prepared by using a burn-sinter firing cycle. 

These samples had low C/Th02 ratios (0.1 and 0.4), and each had a porosity of less 

than 1%. 

3.8 Kinetics of Carbon Burnout 

Carbon burnout kinetics were examined in order to obtain a better understanding 

of burnout rates in  air, the temperature dependence of the burning rate, and the rel- 

ative rates of carbon removal with oxygen and carbon dioxide. In connection with 

other work, carbon removal with hydrogen and steam was also tested. Kinetic studies 

were made on available rnicrospheres, which contained 4.1 moles of carbon per mole 

of thoria and which had been presintered at 100OT. These spheres had porosities of 

more than So"/, chiefly below 170 A in diameter; the mercury density at 10,000 psi 

(the cutoff point, corresponding to 170 A) was 2.71 g/cc. 

Programmed temperature runs (rise rate, 400°C/hr) were conducted in various 

atmospheres, with the following results: 

Air: Oxidation starts about 3OO0C, i s  rapid at 45OoC, and i s  complete at 550°C. 

Oxygen: Oxidation starts at 3OO0C, then becomes very rapid and goes to com- 

- 

pletion at  410'C. 

Carbon Dioxide (Reaction C 0 2  + C -+ 2CO): Oxidation starts at 5OO"C, be- 

comes rapid at 100OoC, and i s  completed ut l l OO'C, 
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Steam (Reaction: H 2 0  + C 4 H2 f CO): Oxidation starts at 85OoC, becomes 

rapid at 925OC, and i s  completed at 1050°C. 

Hydrogen (Reaction: C f 2H2 * CH ): This reaction i s  discussed in the next 4 
section. I t  did not occur to a useful degree a t  temperatures up to 1000°C. 

Oxidations in pure oxygen at 1-atm pressure could not be conducted under iso- 

thermal conditions. A t  temperatures of 430 and 44OoC, self-heating of the sample 

(after admission of oxygen) caused an indicated 10 to 2OoC rise in an adjacent thermo- 

couple, and the reaction rate became very rapid. 

In air, isothermal oxidations were conducted at  440, 460, 480, and 5OO0C. 

These runs were made with whole spheres, at an air flow rate of 350 cc/min (STP). 

Two runs at 480°C were also made, one using powdered spheres and one at  a gas flow 

rate twice that normally employed. The weight-vs-time curves were smooth, showing 

a short induction period of accelerating rate during the first 5% reaction, probably 

due to the time required to change over from argon to air atmospheres. After the in- 

flection point, the rate decreased continuously, becoming asymptotic near completion. 

A typical curve, at 48OoC, along with those for the two special runs at  48OoC, i s  

shown in Fig. 16. 

The reaction rates in Fig. 16 are very similar, with the exception of the slightly 

faster rate for the run made at  the higher flow rate. This indicates that the runs at  the 

normal flow rate were slightly retarded by a deficient oxygen supply. (If any further 

work i s  to be done along this line, higher flow rates should be employed to completely 

eliminate this factor.) Since whole spheres reacted as fast as powdered spheres, the 

reaction rate i s  independent of the sample geometry. Therefore, the spheres are suf- 

f iciently porous to supply oxygen by diffusion as fast as i t  can be consumed chemically. 

This was further demonstrated by  halting a reaction at a point halfway through the 

oxidation and withdrawing the partially reacted spheres. They were st i l l  black on the 

outside and, in cross section, appeared entirely uniform. 

The rate data were fitted to various kinetic models, none of which was com- 

pletely satisfactory for a l l  the runs. The models tested were: 
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Fig. 16. Oxidation of C-ThQ2 Microspheres at  480°C in Air. 
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(1) First order 

(2) Second order (in carbon) 

(3) Phase boundary (spherical model) 

(4) Phase boundary, plus diffusion control (spherical model) 

(5) First order, plus diffusion control. 

The best overall fit, up to about 60% reaction, was provided by model (3). Even this 

model had rather large negative deviations at the higher temperatures. However, by 

using the first 60% of the data, reaction rates were obtained from the linear parts of 

the graphs. These values are listed below: 

Tempera tu re, OC Relative Rate 

502 
479 
460 
43 9 

38.1 
20.9 
9.7 
4.3 

These data were used to construct an Arrhenius plot (Fig. 17), which gave an activa- 

tion energy of 40.9 kcal/mole. This value can be compared with results of Khaikina 

(40 kcal for electrode carbon, and 30 kcal for wood charcoal) and Patai -- et al.20 (25 

kcal for carbon black). The lower values for wood charcoal and carbon black may be 

the result of the presence of presorbed surface complexes of oxygen. These surface 

complexes are not present in electrode graphite, and have been largely driven off the 

carbon black in the present work by the 1000°C presintering treatment. 

19 

3.9 Porous (Th,U)02 

One sample of porous Tho - U 0 2  was prepared in order: (1) to demonstrate 2 
that the method for preparing porous Tho 

and (2) to compare the results with those for Tho2. Spheron 9 carbon black was 

blended with a mixed Th(lV)-U(V1) oxide sol containing 22.0 cation % uranium; the 

C/metaI mole ratio was 3.3. Gel shards were prefired at 140OOC under argon for 1 

can be extended to include mixed oxides, 2 

hr, and carbon burnout was then attempted in three ways: 
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( 1 )  in air at 8OO0C, 

(2) in ai r  at 8OO0C, followed by H2 at  JOOO°C, 

(3) in H 

Both methods (1) and (2) were successful; the residual carbon contents were 50 

at  1000°C, using a slow temperature rise rate, 2 

and 180 ppm, respectively. Method (3), even though thermodynamically possible 

(C + 2H2 -+ CH4), did not remove any significant amount of carbon (13.6% carbon in 

starting material vs 13.4% in product). 

Products from methods (1) and (2) were identical. The porosity was 59%, higher 

than for Tho at  a comparable original carbon content (48%). Also, the pores were 

slightly larger, 440 to 870 A vs about 400 A for Tho2. 
2 

X-ray diffraction (performed by R. L. Sherman, Analytical Division) of a l l  three 

products and the sintered starting mixture showed only single-phase cubic structures. 

The product from method (2) gave the sharpest pattern, from which a 

determined, in agreement with the assumptions of ideal solid solution and the presence 

of uranium as U(1V). [From Vegard's Law and values of a (U0 ) = 5.4582 and 

a (Tho ) = 5.5997, the calculated value for U 

from method (1) gave Q slightly blurred pattern, probably because of the presence of 

interstitial oxygen, According to Anderson et a i m f  this product should have been U 

= 5,5705 was 
0 

0 2  
Th 0 i s  5.5708.1 The product 

0 2 0.22 0.78 2 

0.22 -- 
3 1  
L I  

Th0.7802. 16' 

The final mercury density of products from methods ( 1 )  and (2) was 9.82, from 

which a closed porosity of 4% was calculated. These calculations were based on a 

theoretical density of 10.22, which was obtained by linear interpolation between the 

value for U 0 2  and Tho2. The value of 4% i s  about the same as the closed porosity 

(-5%) observed for porous Tho in this porosity range. 2 

4. SUMMARY AND CONCLUSIONS 

A wide range of controlled porosity can be introduced into sol-gel thoria by in- 

corporating carbon in  the sol and subsequently burning the carbon out of the gelled 

shards or microspheres. 
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I t  has been demonstrated that any desired amount of porosity can be attained, 

up to a maximum of 72%. The degree of control i s  primarily a function of the precision 

with which the mixed carbon-thoria sols can be formulated. 

The two primary variables are the carbon-thoria ratio and the sintering-burning 

method. For a firing schedule in which the thoria matrix i s  first "set" at 1200 to 

140O0C, followed by carbon burnout at 800 to 1080°C, the porosity i s  about equal to 

the calculated volume of the carbon. However, i f  the operations in  the firing schedule 

are reversed, much of the porosity introduced by carbon removal i s  sintered out. The 

temperature variations within these two general firing schedules are of lesser importance 

However, porous thoria prepared by the first method w i l l  sinter i f  subsequently heated 

above 12OOoC, 

The pore size distribution i s  a function of the C/Th02 mole ratio, the fir ing 

schedule, the type of carbon used, and the type of material formed (gel shards or 

microspheres). Highly porous thoria with a narrow pore size distribution in the sub- 

micron range can be readily prepared. Thoria with pores in the micron range can also 

be prepared, but the porosity w i l l  be lower. 

The carbon-thoria sols are very stable and are quite insensitive to operational 

variations during their preparation. The only variable in the gelation procedure found 

to have any effect on the porosity was whether shards or microspheres were formed. 

In general, the spheres had greater porosity and larger pore diameters than the cor- 

respond ing shards. 

The residual carbon contents of the porous ox 

the 190-450 ppm range). However, since no specia 

very low carbon contents, further work along these 

improvements 

des were relatively high ( e . ~ . ~  in 

effort has been made to obtain 

ines would probably lead to 

The pore structure was related to the properties of the source carbon for both 

carbon black and graphite. Control over the pore size distribution should he possible, 

within limits, by  proper selection of the carbon source. 
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A reasonable model of the gel structure and the sintering mechanics was con- 

structed on the bases of porosity, pore size distribution, surface area, and density 

data. This model assumes a thoria matrix in which carbon i s  dispersed. The relative 

C/Th02 volume ratio determines the degree of openness of the final product. 

The kinetics of carbon burnout in air  was studied thermogravimetrically, and 

an activation energy of 41 kcaI/mole was determined. Carbon removal by means of 

C 0 2  and steam was demonstrated; hydrogen was not effective. 

Porous mixed oxide of composition Th U 0 with about 60% porosity was 

prepared. The product obtained was a solid solution of thoria-urania, which had a 

somewhat greater porosity than that found for Tho 

0.78 0.22 2 

prepared under similar conditions. 2 
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