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CARBON—14 IMMOBILIZATION VIA THE C02-Ba(0H>2 HYDRATE 

GAS-SOLID REACTION 

G. L. Haag 

ABSTRACT 
it 

Although no special restrictions have be&n placed on the 
release of l^C, it has been identified as a potential health 
hazard due to the ease in which it may be assimilated into the 
biosphere. The intent of the Carbon-14 Immobilization Program, 
funded through the Airborne Waste Program Management Office, 
is to develop and demonstrate a novel process for restricting 
off-gas releases of ^ C from various nuclear facilities. The 
process utilizes the CO2—Ba(OH)o hydrate gas-solid reaction to 
directly remove and immobilize The reaction product, BaC03, 
possesses both the thermal and chemical stability desired for 
long-term waste disposal. The process is capable of providing 
decontamination factors in excess of 1000 and reactant utiliza-
tion of >99% in the treatment of high-volumetric, airlike (330 
ppm CO2) gas streams. 

Experimental studies have been conducted on fixed and fluid-
ized beds of Ba(0H)2 hydrates. For these studies, commercial-
grade Ba(0H)2'H20, Ba(0H)2'5H20, and Ba(OH)2-8H2C and analytical-
grade Ba(0H)2*8H20 have been examined. Studies at ambient condi-
tions have indicated Ba(0H)2'8H20 to be the active species. 
Therefore, process operating conditions will likely be required 
which favor the formation of Ba(0K)2'3H20. The dissociation 
water vapor pressure for Ba(0H)2*8H20 at 25°C is 1.10 kPa (8.26 mm 
Hg). Although both commercial- and analytical-grade Ba(0H)2*8H20 
have been found to be reactive toward CO2, they are considerably 
less reactive than either Ba(OH)2*H20 or Ba(0H)2*5H20 which have 
been hydrated to Ba(0H)2*8H20. We have observed that during the 
fixed-bed treatments of humidifed-air gas streams, the two reac-
tants undergo a conditioning period during which the C02 removal 
efficiency of the bed dramatically improves. However, this acti-
vation step is accompanied by a twofold increase in bed volume 
and degradation of the reactant particles. The resultant bed is 
extremely active for C02 removal, but gas throughput is restricted 
because of increased pressure-drop problems. For the operation 
of a fluidized bed, this would likely not present a problem. 
However, because of the many merits of the simpler fixed—bed con-
cept, considerable effort has been directed toward reducing the 
magnitude of the pressure drop problem. Recent experimental re-
sults have indicated that for the treatment of an air-based off-
gas stream, packed beds of commercially available Ba(0H)2*8H20 
flakes possess acceptable C02 removal, bed utilization, and 
pressure drop properties. Under appropriate conditions, we have 
observed a pressure drop of 3.64 kPa/m (0.14 psi/ft) at a super-
ficial gas velocity of 13 cm/s. 

*General release limits for ^ C and -other radionuclides are tested 
in 10 CFR 20. 
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1. INTRODUCTION 

In the radiation field which exists within a nuclear reactor, radio-
isotope -^C is produced by neutron interactions with ^ N , ^ 0 , 
and which is present in the fuel, the cladding, and the primary 
cooling system. Although it is a weak beta emitter, l^C poses a long-
term health hazard due to its long half-life of 5730 yr and the ease with 
which it may be assimilated into living matter. 

An appreciable fraction of the 
produced would be expected to be 

converted to gaseous effluent during normal operation of a light-water 
reactor, extensive fuel element failure, storage of spent fuel, and upon 
fuel reprocessing. The would exist as either C0£ or low-molecular-
weight hydrocarbons with the most probable method of treatment being the 
oxidation of the hydrocarbons to CO2 and subsequent fixation of the CO2. 
Likely CO2 gas concentrations containing traces of 1 4C would 

range from 10 
to 330 ppm with gas flow rates of up to 20 m^/min (700 ft-Vmin) antici-
pated. Expected release rates from various nuclear facilities are pre-
sented in Table 1. Table 1. Approximate Production and Release Rates 

of Carbon-14 in the Nuclear Fuel Cycle^ 

Nuclear reactors Ci/Gw(e)yr 

LWR 8-10 
CANDU 500 

Reprocessing plant 
LMFBR 6 
LWR 18 
HTGR 200 

For the removal and fixation of ^ C in selected off-gas streams at 
nuclear facilities, we have established the following criteria with respect 
to process development. First, the process removal efficiency must be con-
sistent with or greater than anticipated NRC release criteria. Second, the 
final product must be an acceptable form for final waste disposal. Third, 
che process mist possess excellent on-line reliability characteristics, 
fourth, it is desirable that the process operate at ambient conditions. 
9'i£th, mxloum process costs should not exceed $1000/man-rem. 
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2. SUGGESTED TECHNOLOGIES FOR 1 4C0 2 CONTROL 

Suggested technologies for 14c 
control have generally followed com-

mercially available technology for inert CO2 control. The processes range 
from CO2 absorption in amine-bearing solutions to physical adsorption on 
molecular sieves to chemical reaction with a NaOH solution and carbonate 
interchange with Ca(0H>2, the double alkali p r o c e s s . H o w e v e r physical 
absorption, adsorption, and reaction with NaOH solution share a common 
trait in that they are CO2 removal processes, but they do not chemically 
fix the C02 for final disposal, a requisite for the disposal of nuclear 
waste. Therefore, suggested technologies for the treatment of dilute 
C02~bearing gases have generally employed a removal or an enrichment step, 
to increase the C02 gas concentration, followed by a final fixation step 
whereby the C02 is reacted v;ith Ca(0H)2 slurry.15"20 The product, CaC03, 
possesses excellent thermal and chemical stability making it suited for 
long-term waste disposal (thermal decomposition at 825°C and water solubi-
lity of 0.0153 g/L at 25°C).21»22 However for the treatment of high-
volumetric, low-C02

-content gas streams, this process suffers severely as 
an enrichment step is required to restrict the overall size of the Ca(0H>2 
slurry reactor. Other areas of concern with this technology are the 
generation and recycle of aqueous wastes and the need for solid-liquid 
separation equipment. 

For the treatment of a high-volumetric, dilute C02-bearing off-gas 
stream, many potential advantages could be realized if a suitable tech-
nology utilizing a gas-solid reaction for removal and fixation existed. 
However, widely acceptable C02 sorbents such as ascarite (NaOH on asbestos) 
and LiOH*H20, which has been used extensively for CO2 control in life sup-
port systems, lack sufficient carbonate stability for final waste disposal. 
Studies in CO2 removal have been conducted on soda lime [Na0H-Ca(0H)2 mix-
ture] and baralyme [Ca(0H)2~Ba(0H)2 mixture] with reasonable success.2-*-2® 
However, the solubility of Na2C03 in the former and poor reactant utiliza-
tion in the latter make the use of these reactants doubtful. An examina-
tion of the carbonate products of potential Group 1 (alkali metals) hy-
droxides (Table 2) indicates that they may be categorically classified as 
possessing excessive solubility in water for long-term waste disposal. 
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Table 2. Solubility and decomposition properties of Group 1 
(alkali metal) and Group 2 (alkaline earth) carbonates 

at low CO2 partial pressures^!>22 

25 C 

Molal 
solubility 

100°C 

Decomposition 
temperature 

(°C) 

Group 1 carbonates 

Li2C03 0.18 0.10 1310 
Na2C03 2.80 4.26 — 

K 2CO 3 8.10 4.41 — 

Rb2C03 19.48 — 740 
Cs2C03 8.00 — — 610 

Group 2 carbonates 

MgC03 0.00126<* — 350 
CaC03 0.00013 0.000375 825 
SrC03 0.000075 0.00044 1340 
BaC03 0.000124 0.000332 1450 

aCold water. 

However, the higher-molecular-weight carbonates of the Group II (alkaline 
earths) aire considerably more stable. As shown in Table 2, the carbonates 
of calcium, strontium, and barium possess excellent solubility character-
istics and furthermore, decompose at considerably greater temperatures. 

It has been suggested in the literature, and confirmed experimentally 
at ambient conditions in our lab, that a CaC03 coating forms about the 
Ca(0H)2 reactant thereby resulting in severe diffusional limitations.29 
Some success has been reported at higher temperatures. A German patent 
was issued in which thermal ramping was used to enhance the reactivity and 
conversion of the Ca(0H)2 reactant.^ Process temperatures were 100 to 
1U0°C. Work performed by Ontario Hydro has indicated that the reaction 
proceeds more readily at 400°C, but reactant conversions in excess of 60% 
have been uncommon.5 

The alkaline earth hydroxides of strontium and barium differ from the 
other alkaline earth hydroxides in that they may exist in a hydrated form. 
The most commonly reported coordination numbers are 1 and 8, although 2 and 
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3 waters of hydration have been reported for Ba(0H>2. Our studies have con-
centrated on the use of Ba(0H)2 hydrates since the hydrates of Sr(0H)2 are 
not as available in commercial quantities. 

To determine the likelihood of a reactant being coated by a nonporous 
product which would result in severe diffusional limitations of the gaseous 
reactant, a comparison of the molar crystal volume ratios of the product 
and reactant, referred to as the Pilling-Bedworth ratio, is often benefi-
cial. The Pilling-Bedworth ratios for several alkali and alkaline earth 
hydroxides and their carbonate products are presented in Table 3. With the 
exception of the 3a(0H)2 anc* Sr(0H>2 data, the table was taken from a paper 

O 1 
by Markowitz.JJ- A Pilling-Bedworth ratio >1 indicates a high probability 
of diffusional limitations, and a value of <1 indicates that product poro-
sity may exist. Apparent exceptions to this relationship may result for 
various mixtures where synergistic effects or physical changes of the solid 
such as sintering or melting may occur. From Table 3, one would antici-
pate that Li0rt2'H20, Sr(0H)2*8H20, Ba(0H)2*H2°> and Ba(0H)2'8H20 would be 
efficient CO2 absorbents iE the chemical reactions were kinetically fa-
vored. One might also predict Ba(0rt)2'8H20 to be more efficient than 
Ba(0H)2'H20 for C02 removal. The Pilling-Bedworth ratio of 1.13 for 
Ca(OH)2 is consistent with the reported formation of an impervious? shell 
about the Ca(0H)2 particle, thus resulting in diffusional limitations. 
Similarly,, work performed by Boryta and I-laas-*2 and the Naval Research 
Laboratory-*-1 have indicated Li0H'H20, Pilling Bedworth ratio of 0.64, to 
be the reactive species in C02 removal studies and LiOH, Pilling Bedworth 
ratio of 1.07, to be unreactive. 

3. LITERATURE REVIEW 

Although hydrates of Ba(0H>2 have been cited in the literature2^ as 
being reactive toward CO2 in ambient atr, the extent of this reactivity 
had not been examined until this study. The stoichiometry of the overall 
reaction may be represented by 

Ba(0H)2'xH20(s) + C02(g) BaC03(s) + (x+l)H20(g), (1) 
where x is the initial degree of hydration. 
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Table 3. Molar volume relationships among some possible 
carbon dioxide absorbents 

Formula Density Molar volume Pilling-
Substance weight g»cra-^ (cnrVg'mol) Bedworth ratio 

LiOH 23.95 1.43 16.75 1.07 

L10H'H20 41. ,96 1. ,51 27. ,79 0. ,64 

Li2^03 73. ,89 2. ,07 35. ,70 

NaOH 40. ,01 2. ,13 13. ,78 1. ,47-Na2C03 

1. ,13-Na2C03 

Na2C03 106. ,00 2. ,51 42. ,25 

Na2C03*H20 124. ,02 2. ,25 55. .12 

Mg(0H)2 53. ,34 2. ,39 24. .41 1. .14 

MgC03 84. ,33 3. ,04 27. ,77 

Ca(0H>2 74. .10 2. ,34 31. .63 1, .18 

CaC03 100. .09 2. .71 36. .92 

Sr(0H)2*8H20 265. .76 1. .90 139. .87 0, .29 

SrC03 147. .63 3, .70 39. .90 

Ba(0H)2'8M20 315. .48 2. .10 150. .23 0, .30 

Ba(0H)2'lH2° 189, .48 3, .65 51, .8 0, .86 

BaC03 197, .35 4, .43 44, .47 
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In the opinion of this author, the most credible study conducted to 
date on the dissociation vapor pressures of Ba(0H)2 hydrates was that of 
Kondakov, Kovtunenko, and Bundel.^4 The results were published in 1964. 
In this study, the water vapor pressure of Ba(0H)2*xH20 samples with x 
values of 0.3896, 1.342, 2.260, 3.282, 4.196, 5.042, 5.882, and 6.763 were 
determined. When the results were plotted (log p vs 1/T), three distinct 
lines were obtained as shown in Fig. 1. The lines correspond to Ba(0H)2 
hydrate samples in which Ba(0H)2'H20, Ba(OH)2*3H20, and Ba(OH)2'8tt20 were 
the contributing species to the water vapor pressure within the system. 
The controlling decomposition reactions and their respective dissociation 
vapor pressure equations were found to be the following: 

Ba(0H) 2' 1 H 2 0 ( S ) -»- B a ( 0 H ) 2 ( s ) + H 2 0 ( g ) (2) 

p - - flflfsT + 1 2' 4 2 1 • 

B a ( 0 H ) 2 ' 3 H 2 0 ( s ) B a ( 0 H ) 2 * 1 H 2 0 ( S ) + 2 H 2 0 ( g ) ( 3 ) 

^ ' - - S * i3-823 • 

B a ( 0 H ) 2 * 8 H 2 0 ( s ) + B a ( 0 H ) 2 - 3 H 2 0 ( s ) + 5 H 2 0 ( g ) (4) 

i p 58230 l o g p = " iTTrsyF + 1 3 - 2 3 8 ' 

where 

P = vapor pressure, Pa or nfm~2» 

T = temperature, K. 

Using the Van't Hoff equation, the data were analyzed for thermodynamic con-
sistency. Based upon the entropy change for the formation of the tri-
hydrate, they concluded that the trihydrate may be less stable than the 
other crystalline hydrates. However, other investigators under highly 
controlled conditions have reported Ba(OH)2*2H20 and amorphous compounds to 
exist. 
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ORNL-DWG 8 0 - I 9 2 R 

o 5.042 V 
* 6.763 ~ -

I I I 1 I I 
2.8 2.9 3.0 3.1 3.2 3.3 3.4 35 

'f(i) 
Fig. 1. Dissociation vapor pressures for Ba(0H)2 hydrates. 
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With the exception of Ba(0H)2«2H20, the thermodynamics of the C02-
barium hydroxide hydrate gas-solid reaction may be calculated from pub-
lished values.34-40 Presented in Table 4 are the thermodynamic calcula-
tions for the following reactions: 

Ba(0H)2(s) + C02(g) •>• BaC03(s) H20(g) AH = -115 kJ/mol ; (5) 

Ba(OH)2'H20(s) + C02(g) -»• BaC03(s) + 2H20(g) AH = -53 kJ/inol ; (6) 

Ba(OH)2'3H20(s) + C02(g) + BaC03(s) + 4H20(g) AH = -73 kJ/mol ; (7) '' 

Ba(0H)2'8H20(s) + C02(g) •»• BaC03(s) + 9H20(g) AH = 364 kJ/mol . (8) 

Table 4. Thermodynamic properties of the C02—Ba(0H)2 hydrate 
gas-solid reaction at 298.15 K 3 2" 3 7 

AG AH AS 
Reaction kJ/mol kJ/mol J'raol-*' K-* Kg, 

5 -85.7 -114.6 -37.2 i.05'1015 

6 -66.5 -53.0 104.6 4.52-1011 

7 -41.6 -72.6 442.3 1.94-107 
8 15.9 364.4 1230.0 0.00187 
9 -61.9 -31.8 161.3 6.84-1010 

At 298 K and 1 atm, the fugacities of the gas species may be approxi-
mated by their partial pressures (atm), and the fugacities of the crystal-
line species, with respect to their reference states, is equal to ~1. If 
the water product is present as vapor, the equilibrium constant, Keq, is 
equal to [P(H20) ] X + V [P(C02) 1, where x is the hydration number of the 
reacting species and P(H2°) a nd pC C 02) a r e t h e partial pressures of water 
and carbon dioxide that exist within the system. The maximum partial 
pressure water vapor that can exist within the system at a fixed tempera-
ture is that at complete saturation. At 25°C, this value is 3.165 kPa or 
23.75 mm Hg. Therefore, based upon the previously calculated equilibrium 
constants for the speculated reactions, the corresponding C02 partial 
pressure at equilibrium may be calculated for the possible carbonation 
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reactions. These values are presented in Table 5. With respect to the 
preceding analysis, if any of the speculated reaction mechanisms were 
equilibrium controlled, the effluent CO2 concentration would be less than 
15 part per trillion. 

Table 5. Equilibrium values for the 
C02~Ba(0H)2 hydrate gas-solid reaction 

Reactant pco? 
Reaction K g q hydration P a m H8 

5 l.O-lO15 0 3.1-10"12 2.4-10"14 

6 4.52-1011 1 2.2-10"10 1.7-10"12 

7 1.94-107 3 5.0'10~9 3.7-10-11 

8 1.37-10"3 3 1.5-10"6 1.1-10"8 

9 6.84'1010 3 1.5*10~6 l.l'lO"3 

Based upon a dissociation pressure for Ba(OH)2*8H20 of I.I kPa (8.26 mm 
Hg) at 298 K, any water vapor pressure greater than this value would over-
ride the thermodynamic constraints for formation of Ba(0H)2*8H20- However, 
the kinetics of this exothermic transformation are unknown, if the gas 
Furrounding the particle is water saturated, the excess water of reaction 
(nine molecules of water per molecule of C02 reacted) must remain as a liq-
uid in the pore structure and may have a deleterious effect on the overall 
reaction. Thermodynamic and equilibrium values for this reaction sequence 
are also presented in Tables 4 and 5 foe the following reaction: 

Ba(OH)-3H20(s) + C02(g) -»• BaC03(s) + 9H20(1) AH = -32 kJ/mol. (9) 

Again, the reactions will be equilibrium controlled only for very low C02 

partial pressures. 
When no work is being performed on or by the system, the enthalpy 

change is a measure of the endo- or exothermicity of the reaction at 298 K. 



11 

Although hydroxide-carbonate reactions are generally regarded as exother-
mic, as reflected by the stability of the carbonate product, the waters of 
reaction (when released as a vapor) tend to make the reaction less exother-
mic. If the surrounding gas is water saturated and heat is not removed 
from the system by vaporization of the released waters of hydration, the 
reaction becomes more exothermic. Therefore, for situations in which the 
feed gas is rich in CO2, the gas may quickly become saturated with water. 
In this case, part of the column nay operate under endothermic conditions 
(Reaction 8) and another section under exothermic conditions (Reaction 9). 

4. EXPERIMENTAL STUDIES 

Experimental studies are being conducted to develop a better under-
standing of the CO2 — Ba(0H)2 hydrate gas-solid reaction and to develop a 
process capable of treating a high-volumetric, low-C02~content gas stream. 
Studies have been conducted on packed and fluidized beds of 8a(0H)2 hy-
drate. Presently, the packed-bed concept is preferred due to overall 
operational simplicity. 

4.1 Potential Ba(OH)2 Hydrate Reactants 

As previously mentioned, stable Ba(0H)2 hydrate species with hydration 
of 1, 2, 3, and 8 have been reported. To date, we have examined the reac-
tivity of reagent-grade Ba(0H)2'8H20 and commercially available Ba(0H)2*H20, 
Ba(0H)2*5H2O, and Ba(OH)2'8H20. A photograph of the materials is presented 
in Fig. 2. X-ray diffraction patterns were obtained for each material form, 
and the results presented in Table 6. Reactant analyses were conducted on 
two 200-lb drums of the commercial Ba(0H)2*8H?0. These resulcs are pre-
sented in Table 7. 

FroM the results, one cannot statistically reject the hypothesis that 
the raean compositions for the drums are the same. In a similar manner, the 
standard deviation attributed to the experimental technique was determined 
to be 0.077. This value was obtained by repetitive titrations of 
analytical-grade Ba(OH)2'8H.20. Therefore, the deviation about the mean 
which was observed for the two drums of commercial-grade Ba(0H)2'8H20 may 



Fig. 2. Commercial and analytical Ba(0H)2 hydrates. 
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Table 6. X-ray diffraction analyses of Ba(0H)2 hydrate samples 

Sample 

Observed 
line 

intensities 

Ba(OH)2'H20 Ba(0H)2»H20 -

Ba(0H)2'3H20 

strongest 

Ba(0H)2-5H20 Ba(0H)2'H20 _ 

•3H20 - same intensity 

. 8H 20_ 

Ba(0H)2'8H20 - commercial Ba(0H)2«8H20 

Ba(0H)2-8H20 - analytical Ba(0H)2-8H20 

Table 7. Reactant analyses on commercial Ba(0H)2*8H20 

Drum 
No. Average composition 

Number of 
Standard deviation samples 

1 Ba(OH)2-7„54H20 0.0966 12 

2 Ba(0H)2'7.47H20 0.0830 20 
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be attributed to the analytical technique and not the sample position in 
the drum. Vendor specifications for the commercial-grade Ba(OH)2'8H2° 
indicate the reactant composition to be between Ba(0H)2*7.13H20 and 
Ba(0H)2'7.86H20. The mean of these values is Ba(0H)2'7.50H2O, which agrees 
well with the analyses reported above. It is interesting to note that 
Michaud reported a Ba(0H)2'3H2°—Ba(OH)2'8H20 eutectic to exist during 
solubility studies on the Ba(0H)2 hydrate—water system.41,42 stoichi-
ometric composition of the eutectic corresponds to Ba(OH)2*7•I2H2O, which 
agrees with the lower specification cited by the vendor. This eutectic 
consists of 18 mol % Ba(0H)2* 3 ^ 0 . Therefore, the samples of commercial 
Ba(0H)2'8H20 used in our studies appear to consist of 47 mol % eutectic and 
53 mol % Ba(0H)2'8H20. The total amount of Ba(0H)2'3H20 in these samples 
would then be 10 rool %. 

Discussions with the vendor have indicated that the flakes are pre-
pared by distributing a hot magma solution of Ba(0H)2 hydrate mm 
thick) on a conveyer belt which is cooled on the underside by a water bath. 
As shown in Fig. 3, the two sides of the resultant flake are quite dif-
ferent — the side next to the belt is very smooth; the outer side, somewhat 
rough. Presented in Fig. 4 is a photo obtained by the transmission of 
light through the flake. Of particular interest are the star-shaped pat-
terns appearing in the material. Based upon the observations of Flemings 
in Solidification Processes for a similar solidification process in which 
eutectic and pure species are present, we speculate the dendritic-like 
stars to be Ba(OH)2'8H20.43 This material preferentially crystalizes next 
to the cool surface at the conveyor belt and then extends in a dendritical 
manner up through the flake. The eutectic then precipitates out and fills 
in the voids. The stoichiometric composition of the commercial Ba(0rt)2*8H2O 
is 47% eutectic, 53% Ba(OH)2'8H20. 

4.2 Experimental Equipment 

A schematic of the experimental equipment is presented in Fig. 5. The 
equipment may be used for either differential-bed or extended-length 
packed-bed studies. The feed gas is metered through rotameters and fed to 
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ORNL-PHOTO 4310-81 

rF!NL-PHOTO 4311-81 

Fig. 3. Top and bottom views of commercial Ba(OH)2*8H20 flakes; 
2.85-by 3.75-in. original photograph, magnification — 12.75X. 



Fig. 4. Ba(0H)3»8H20 flake; 2.85-by 3.75-in. original photograph, 
magnification — 12.75X. 



ORNL DW« SO-UOS 

Fig. 5. Schematic of the experimental equipment for CO2 removal 
studies. 
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a humidifier. The extent of humidification is controlled by the tempera-
ture and pressure of the humidifier. The gas is then passed through a pre-
heater and to the reactor. At the base of the 10.2-cm (4-in.)-ID glass 
reactor, the gas is dispersed by Pall rings before passing through the bed. 
The Ba(OH)2 hydrate reactant is supported in the glass column by 100-mesh 
wire screen. The reactor is jacketed to ensure a uniform temperature pro-
file. The minimal bed depth for differential reactor studies is 6 mm (1/4 
in.). The common length for the extended-length packed-bed studies is 51 
cm (20 in.). For these studies, a differential pressure (D/P) cell was 
used to monitor the pressure drop increase across the bed as a function of 
time. To ensure a positive pressure system for gas analyses, the pressure 
at the top of the bed is maintained at 108 kPa (1 psig). A small portion 
of the effluent gas is passed through a filter and to a metal bellows pump 
for pressurization to 145 kPa (7 psig). Following pressurization, the gas 
flows through two knockout vessels for water removal and then to the off-
gas analytical system. 

The analytical system consists of a flowthrough Wilks-Foxboro Miran 1A 
infrared analyzer that is located in a glove box. Because the window to 
the flow cell and IR light source of the analyzer are separated by the 
surrounding gas, we have found it necessary to place the analyzer in a 
controlled environment because of fluctuations in the ambient C02 concen-
tration and hence, the drifting of the baseline. The glove box is con-
tinuously purged with argon. The infrared spectrometer wavelength is set 
at 4.25 ym and the pathlength at 20.25 m. The cell pressure is maintained 
at 136 kPa (5 psig), and the cell is jacketed and maintained at 50°C to 
avoid water condensation within the cell. No interference from high water 
concentrations has been observed at extremely low CO2 concentrations. The 
instrument has been calibrated over the concentration range of 100 ppb to 
330 ppm CO2, using calibration gases obtained from the Bureau of Mines 
Helium Operations Plant in Amarillo, Texas, and from commercial vendors. 
The calibration gases obtained from the Bureau of Mines are excellent sub-
ppm standards as they have been analyzed by a freeze-out preconcentration 
technique followed by mass spectroscopy analysis. 
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The runs are generally continued through column loading (complete 
breakthrough of CO2). The product is then analyzed by a standard acid-base 
titration with a Brinkmann automatic titrator. The reactant conversion is 
determined from the titration results, and the extent of hydration is 
calculated by an overall mass balance on the analyzed sample. 

4.3 Ba(OH)2'H20 Studies 

Due to the lack of reactivity and poor product conversion associated 
with the carbonation of Ca(0H)2, the prime objective in initial studies on 
the hydrates of Ba(0H>2 was to establish the reactivity of the various 
hydrated species. As indicate 1 in Fig. 6, beds of B a ^ H ^ ' ^ O were supe-
rior to either beds of Ba(0H>2'8H20 or Ba(OH)2'5H2° for the treatment of a 
humidified 4.8% CO2 gas stream. Therefore, initial experimental emphasis 
was placed upon the use of Ba(OH)2'H20 for C02 removal and fixation. The 
results of these studies indicated C02 removal from air (330 ppm CO2) con-
centrations to <100 ppb to be possible. Reactant utilization in excess of 
99% was routinely obtained, and the mass transfer zone was extremely short. 
As may be observed in Fig. 2, the reactant is particulate in nature. How-
ever, these runs were characterized by a twofold increase in bed volume and 
accompanying increases in pressure drop across the bed. As indicated in 
Fig. 7, when a bed of Ba(0H)2'H20 was contacted with a dry feed gas, poor 
removal was noted. However, when the water vapor pressure of the feed gas 
exceeded the dissociation vapor pressure of Ba(0H)2'8H20 (Fig. 7 or Fig. 
8), the reaction proceeded quite rapidly. The formation of Ba(0H)2*8H20 
was confirmed by x-ray diffraction analysis. As shown in Run 10 (Fig. 8), 
a packed bed of Ba(0H)2'H20 undergoes a conditioning period when contacted 
with a humid C02-bearing gas, during which the activity of the bed 
decreases and then increases. The initial reactivity is attributed to the 
presence of a small amount of Ba(0H)2*8H20 which is gradually depleted. In 
time, moisture from the air converts the rest of the bed to active 
Ba(OH)2*8H2C>. As indicated by Run 22 (Fig. 8), the bed may also be precon-
ditioned by a humid inert gas. In both cases, a factor of 2.5 increase in 
bed volume, resulting from Ba(0H)2*8H20 formation was observed, and reac-
tant conversions in excess of 99% v >.re obtained. The bed expansion did 
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result in a significant pressure drop increase across the bed. Therefore, 
the increase in reactivity of Ba(0H)2*lH20 o v e r that of eithe Ba(0H)2'5H20 
or Ea(0H)2'8H20 is now attributed to the existence of a more active 
(greater surface area) form of Ba(0H)2*8H20. Similar jsults were obtained 
on fluidized-bed studies with humidified air (330 ppm) C02 as a feed gas 
and Ba(0H)2*H20 as a reactant.. Initial results were promising although the 
entrainment of fines in the off-gas presented and will present a consider-
able problem for process operation. Therefore, because of operational 
simplicity, the fixed-bed approach has been designated as the desired mode 
of gas-solid contacting. 

For the treatment of an airlike (330 ppm CO2) gas stream, initial stu-
dies on packed beds of commercially designated Ba(0H)2'5H20 flakes were 
discontinued as the material degraded upon conversion to octahydrate. This 
degradation resulted in severe pressure drop problems. Attempts to press 
either Ba(0H)2*H20 or Ba(0H)2'5H20 into pellets also failed as the pexiets 
degraded upon conversion to the octahydrate. As a result of these obser-
vations, the research effort was then redirected toward the development of 
a sufficiently active Ba(0H)2'8H20 species which, when placed in a packed 
bed, resulted in acceptable operational characteristics, particularly with 
respect to pressure drop. 

4.4 Commercial 8a(0H)2*8H20 Flake 

Present efforts are directed toward the use of the flakes of commercial 
Ba(0H)2*8H20 in packed—bed reactors. Although these flakes possess con-
siderably less reactivity than hydrated Ba(0H)2'H20, the material has been 
found to have sufficient reactivity for the treatment of dilute C02 gas 
streams. The bulk of these runs have been conducted on 10.2-cra-ID by 
51-cm-long (4-in.-ID by 20-in.-long) packed beds which contain 4200 g of 
reactant. The initial void volume of the bed is 52%. However, negligible 
bed expansion is noted upon complete conversion to carbonate, and the final 
void volume is 77% due to the lower molar volume of the product. Although 
several gas superficial velocities have been examined, a nominal super-
ficial velocity of 10 cm/s has been established as a reasonable process 
standard based upon desired scale-up criteria. The bulk of the data to be 
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presented, however, was obtained at a superficial velocity of 13 cm/s. For 
these studies, variables of particular interest are the effect of water 
vapor pressure and column temperature upon the removal efficiency of the 
bed, and the final pressure drop across the bed upon 100Z conversion. 

Results of a run operated at near optimal conditions are shown in Fig. 
9. The CO2 breakthrough was reasonably sharp with a mass transfer zone of 
18 cm. The initial pressure drop across the bed was 1.01 kPa/m (.04 
lb-in."2ft_1) and gradually increased to 3.64 kPa/m (.14 lb«in.-2ft-1). 
The final bulk conversion of the bed upon completion of the run was greater 
than 99%. The final product was a free-flowing solid which was easily 
removed from the column (Fig. 10). 

As previously mentioned, it is believed that the conditions for the pre-
ceeding run were near optimal as results have indicated an operating enve-
lope to exist. The relative humidity for this run was 40%, which corre-
sponded to an inlet water pressure of 1129 Pa (3.47 mm Hg). The disso-
ciation vapor pressure of Ba(0H>2*3H20 at these conditions is 918 Pa (6.89 
mm Hg). Results obtained under similar conditions with water vapor pres-
sures less than that of the dissociation vapor pressure for Ba(0H)2*8H20 
have resulted in bed deactivation and early CO2 breakthrough, indicating 
Ba(OH)«3H20 to be considerably less reactive than Ba(OH)2*8H20' This deac-
tivation step appears to be kineticaily controlled. Studies are presently 
under way to develop a better understanding of the deactivation phenomenom. 
Although prolonged operation at vapor pressures below the dissociation 
vapor pressure of Ba(OH)2*8H20 does not appear feasible. 

Experimental studies have also indicated that there may be an upper 
relative humidity or water vapor pressure, above which it may not be 
desirable to operate as pressure drop problems are compounded. As pre-
viously cited, the flakes of commercial Ba(0H)2*8H20 are composed of 53 
mol % Ba(0H)2'8H20 and 47 tnol % Ba(0H)2'3H20-Ba(0H)2'3H20 eutectic. 
Results have indicated that when a flake is exposed to a high-humidity gas 
stream, a transformation takes place whereby the flake preferentially curls 
on one side and becomes a more active species (Fig. 11). Work is in pro-
gress to develop a better understanding of the mechanism for this trans-
formation, although conversion of Ba(0H)2'3H20 to Ba(0H)2'8H20 and capil-
lary condensation of H2O vapor within the pores of the flakes appear to be 
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ORNL-PHOTO 4314-81 

ORNL-PHOTO 4315-81 

Fig. 11. Top and bottom views of commercial Ba(0H)2*8H20 subjected to 
high humidity; 2.85-by 3.75-in. original photograph, magnification — 
16.5 and 13X, respectively. 
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likely candidates. The resulting material is more active, but pressure 
drop problems are also much greater due to ensuing particle degradation. 
Studies are under way to determine the severity of the problem as the humi-
dity or water vapor pressure is increased while other system parameters 
remain constant. 

5. CONCLUSION 

For the treatment of an air-based off-gas stream, the use of packed 
beds of Ba(0H)2*8H20 flakes to remove C02 has been demonstrated. However, 
t'.e operacing conditions must be maintained between certain upper and lower 
.imits with respect to the partial pressure of water. If the water vapor 
pressure in the gas is less than the dissociation vapor pressure of 
Ba(0H;2*8H20, the bed will deactivate. If the vapor pressure is con-
siderably greater, pressure drop problems will increase with increasing 
humidity as the particles curl and degrade. Results have indicated that 
when operated in the proper regime, the bulk of the increase in pressure 
drop results from the conversion of Ba(0H)2"8H20 to BaC03 and not from the 
hydration of the commercial Ba(0H)2'8H20 (i.e., Ba(0H)2*7.50H20) to 
Ba(OH)2'8H20. 
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