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CARBON-14 IMMOBILIZATION VIA THE Ba(OH)2+8H0 PROCESS‘
G. L. Haag, J. W. Nehls, Jr., and G. C. Young
Chemical Technology Division
Oak Ridge National Laboratory
QOak Ridge, Tennessee
Abstract

The airborne release of WC from various nuclear facilities has been identified
as a potential biochazard due to the long half-life of 8¢ (5730 yrs) and the ease in
which it my be assimilated into the biosphere. At Oak Ridge National Laboratory,
technology is under development, as part of the Airborne Waste Management Program,
for the removal and immobilization of this radionuclide. Prior studies have indi-
cated that the 14C will likely exist in the oxidized form as CO0o, and will contribute
slightly to the bulk COp concentration of the gas stream, which is airlike in nature
(~330 ppmy CO2). The technology under development utilizes the CO» — Ba(OH)2-8Hp0
gas-sglid reaction with the mode of gas-solid contacting being a fixed bed. The
product, BaCO3, possessing excellent thermal and chemical stability, prerequisites
for the long-term disposal of nuclear wastes. For optimal process operation, stud-
ies have indicated that an operating window of adequate size does exist. When op-
erating within the window, high COp removal efficiency (effluent concentrations <100
ppby), high reactant utilization (>99%), and an acceptable pressure drop across the
bed (3 kPa/m at 13 cm/s superficial velocity) zre possible. Tnis paper will address
three areas of experimental invesiigation. These areas are (1) micro-scale studies
on 150-mg samples to provide information concerning surface properties, kinetics,
and eguilibrium vapor pressures, (2) macro-scale studies on large fixed beds (4.2 kg
reactant) to determine the effects of humidity, temperature, and gas flow-rate upon
bed pressure drop and 70z breakthrough, and (3) the design, construction, and ini-

tial operation of a pilot unit capable of continucusly processing a 34 m3/h (20

ft3/min) air-based gas stream,

¥Research sponsored by the Division of Waste Products, Office of Nuclear Waste
Management, U.S. Department of Energy under contract W-7405-eng-26 with the Union
Carbide Corporation.



I. Introduction

The release of '4C from the ruclear fuel cycle has been identified as a poten-
tial biohazard because of its long half-life of 5730 years and the ease in which it
may be assimilated into the biosphere. =20 In nuclear reactors, 'C is produced pri-
marily by neutron interactions with 13C, 1uN, and 170 which are present in the fuel,
the cladding, and the coolant. The bulk of the e is released in the gaseous form
at either the reactor or upon reprocessing of the spent fuel. Presented in Table I

are representative release rates at various nuclear facilities.

Table I. Approximate production and release rates®

Nuclear reactors Ci/CGu(e)yr
LWR 8-10
CANDU 500

Reprocessing plant

LMrBR 6
LWR 18
HTGR 200

1“C, like 3H, 85Kr, 1291, is a global radionuclide. That is, upon release to
the environment, its dosage impact is not limited to the region of relezse, z re-
lease which may be legislated by local government, but rather the net dosage is
distributed globally in a nearly uniform manner. Furthermore because of its long
half-life, T8¢ release poses a health hezard to both present and future generations.
Modeling studies have been conducted for predicting the dosage effects from 1“C
release., However, these studies require major assumptions concerning the effects
of low-level radiation, future population growth, and the time period of dosazge

integration. Depending upon the assumptions, total dosage estimates typically



.vary from 400 to 590 man-rem/curie. In a nndéling study by Killough and Rohwer
at ORNL, a total dosage estimate of 540 man-rem/curie was obtained. This study also
predicted dosage estimates for time periods of 30 and 100 years of 18 and 23
man-rem/curie, r'espectively.17 More recent modeling studies by Killough et. al.
have indicated that for 14C release from a 30.5 m (100-ft) stack at the Morris, Ill.
or Barnwell, S. C. reprocessing plants, .02 and .002% of the total dosage would
occur within 100 km of the respective points of release.18 A study by the Nuclear
Energy Agency (NEA) on the release of global radionuclides 3H, 14C, 85Kr, and 1291
restricted the time period of interest to 10,000 years. Hence a partizl dosage for
T8¢ of 290 man-rem/curie was used. 16 with knowledge of the worldwide release of
1L‘C, the resulting dosage per curie released, and assuming 146 fatal health effects,
105 nonfatal cancers, and 76 serious genetic effects per million man-rem of dosage
as estimated by Fowler and Nelson,20 an estimate of the health effects resulting
from Me release my be made. However these health effects must be placed in the
propér perspective. That is they may occur anyplace and anytime within the time
limits of dosage integration. For global radionuclides with long half-lives such as
14C, the often cited cost effective values of $100 to $1000 per men-rem for
controlling radiocnuclide release may not be justified, as certain questions of a
philosophical and technical nature must first be answered. However if a technology
of suitable cost-effectiveness is shown to exist, the conirol of 142 release will

then be warranted. Therefore, the primary goal of this research effort is to deve-~

lop such a cost~-effective technology.

II. Technology Development

In the development of technology for controlling the release of 14 from the
nuclear fuel cycle, we have establisned the following criteria for candidate
processes:

A. An acceptable process efficiency, nominal decontamination factor of 10.

B, An acceptable final product form for long-term waste disposal.



C. Excellent on-line process characteristics.
D. Process operation at near-ambient conditions.

'E. Acceptable process costs (<$10/man-rem).

Based upon these criteria, an operationally simple process which utilizes
fixed-bed cannisters of Ba(OH)2*8Ho0 has been developed at ORNL. At ambient tem-
peratures and pressures, this process is capable of removing CJ> (330 ppm,) in air to
concentrations <100 ppby. Thermodynamic calculations indicate eguilibrium concen-
trations to be at the part per trillion level.2! The product, BaCC03, possesses
excellent thermal and chemical stability as it decomposes at 1450°C and is sparingly
soluble in water, 0.124 mg-mol/L at 25°C.22’23 Furthermore, the soluble reactant
reacts to 100% conversion thus insuring an extremely stable material for final
disposal. Gas throughputs are such that reactor size remains practiczl for the .
treatment of anticipated process streams. For a design superficial velocity of 13
cm/s, a reactor with a diameter of 0.70 m (27 in.) would be required for the treatment
of a 170 m3/h (100 £t3/min) off-gas stream. Although extensive cost studies have not been
completed, initial comparative studies with alternatives technologies have indicated
the process to be extremely cost competitive.16’20'2u'31 Tne estimated process
cost is <310/man-rem.

The intent of this paper will be to highlight the contents of two mzjor tech-
niczl reports that are in preparation.32’33 For additionzl information, these reports
should be consulted. Studies concerning the development of the Ba{OH)>*8H 0 process
for 1”302 remcval will be broken into 3 areas: (1) micro-scale studies, (2) fixed-
bed macro-scale studies, and (3) the design and operation of a pilot plant.

Experimental studies have concentrated upon the use of flakes of Ba(GH),-8H,0.

s shown in Fig. 1, the material is a free-flowing solid and when reacted with
COp under the proper conditions, the flake-form remains intact upon conversion to
BaCO3. Vendor specifications indicate the meterial to be substoichiometric in water

znd to possess an overzll hydration of 7.0 to 7.9 H2D. Discussions with the vendor
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indicated the water deficiency to be intentional so as to insure a free-flowing non-
sticking product.

The flakes are prepared by the distribution of a Ba(0H)2 hydrate magma (~78°C)
on a stainless steel conveyor belt, which is cooled on the underside with cooling
water.3% The resulting flakes are variable in thickness, an average thickness of
0.10 em (1/16 in.). Presented in Table II are the results of a particle-size analy-
sis on material originating from different batch numbers. Analysis of samples

Table II. Particle size analysis of commercial Ba{OH}-8H,0 flakes
obtained from two different batch numbers

Particle size Weight %

Mesh mm Batch #1 Batch #2
4 4,75 18.5 5.8
8 » 14 2.36 » B.75 46.9 33.0
20 + 8 .850 » 236 31.6 54.5
50 » 20 .300 » .850 2.0 4.9
120 » .125 » .300 .4 1.2
+ 120 + 125 .6 .6

obtained from the two batches indicated stoichiometries of approximately 7.5 and

7.0 HyQ0, respectively. For a given batch number, little variation was observed

in the extent of hydration. X-ray analysis of the two samples failed to confirm the
presence of Ba(OH)2+3H20, the next stable hydrate of lower stoichiometry. However,
the existence of a Ba(OH)p*3Ho0—Ba(OH)5-8H50 eutectic with an overall water stoichio-
metry of 7.139 has been reported.35!36 It is specvlated that the failure to detect
the trinydrate species results from an extremely smzll crystallite size. Sorption
isotherm studies indicated the reactant to display negligible microporosity (d <2 nm)
or restrictive mesoporosity (2 nm <d <150 nm). Mercury porosimetry studies indi-
cated tne pore size distribution to be bimodal with maximas of 0.17 and 1.0 ¢m and a

flake porosity of 12%. It was observed that when a2 flake was exposed to a water




vapor pressure that was < or > the vapor presgure of Ba(OH)>+8H20, the material
either dehydrated to the trihydrate or hydrated to the octahydrate. Rehydration was
observed to proceed in one of two regimes and to be dependent upbn the relative
humidity. This factor will be addressed in subseguent sections. The best correla-
tion for predicting the vapor pressure of Ba(OH)2°8H20 appears to be that presented

by Kondakov et.al,37

Log(P) = - 28230 . 13 238

~ 19.155T
where
P = pressure, Pa or nt/mz, and
T = temperature, K.

With respect to published vapor pressure data on Ba(OH),+8H20, a comprehensive,
chronological review of the published vapor pressures is presented elsewhere by the
authors. 32

As shown in Fig. 1, operating conditions exist for which the integrity of the
flake-form is retained upon conversion to BaCO3. Because of the low molar volume of
the product as compared to that of the reactant, a ratio of 0.31, and an initial par-
ticle voidage of 12%, cne would predict a final product porosity of 73%. Mercury
porosimetry studies have indicated product porosities of 65 to 72%.21:32 Visual
evidence of this porosity may be observed by comparing scanning electron micrographs

of the reactant angd product (Fig. 2).

with respect to Ba(OH), hydrate ncmenclature, the following convention will be
used in the remainder of this paper. The substoichiometric flakes will be referred
to as commercial Ba(OH)+8H20 (7.5). Wnere it is of significance, the term in paren-
thesis will refer to the initial hydration stoichiometry. 7The term Ba(OH),+8Ho0

will refer to the stable crystalline species with 8 waters of hydration.

III. Micro-Scale Studies

Realizing that an understanding or at least an awareness of phenomenon which

oceur on the micro-scale is often reguired to develop an understanding of macro-sczle
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phenomenon, basic studies were conducted on the hydrates of Ba(OH)z and the 2aCOz
product. Analytical techniques consisted of scanning electron microscopy, mercury
intrusion for porosimetry determination, acid-base titrations and overall mass
balances to determine the extent of conversion and hydration, x-ray diffraction
analysis, single-point BET analysis, and the operation of a microbalance system
whereby studies of a kinetie, thermodynamic, and surface morphological nature could
be performed on 150 mg samples (Fig. 3). Results from these studies were useful in
the characterization of the Ba(OH)2:8H20 reactant which was reported in the preceed-
ing section. The intent of this section will be to highlight experimental resulis
from these studies. Detailed information will be available in a previously cited

report that is in pregaration.32 Highlights from the micro-scale studies are:

A. Methods of preparation of Ba(OH)2+Ho0, Ba(OH)p+3H20 and Ba(0H)2<8H20 were
developed and the presence of said species confirmed.

B. Commercial Ba(COH)o*8Hp0 flakes were found to display negligible surface
area. Hydration to Ba(OH)2-8Hp0 was observed to proceed in one of two regimes. For
relative humidities <60%, the increase in surface area was small and the flake-form
remined intact. For relative humidities >60%, the flake recrystallized in a manner
which resulted in greater surface area, but the increase in activity also resulted in
& more fregile product.

C. Dehydration of commercial Ba(OH)p-8Hp0 to Ba(OH)z+3Hp0 and subseguent
rznydration to Ba(0H)2-8H20 at relative humidities <60% was modeled by a shrinking
core model. Tne rel=tive rate was found to be dependent upon the difference between

the water sorbed on the surface for a given P/Py value (i.e. relative humidity) and

)

that required on the surface for Ba(OH)2:8H20 to exist in a stable form.
D. There was evidence of considerable hydrogen bonding within the
Ba(OH)o-8H-0 crystal. These results paralleled the crystallography studies of

Monohar and Ramaseshan in which they cited diffieculty in differentiating the loca-

tion of the znydroxyl ions from the waters of hydration.38
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E. The vapor pressure correlation for éa(OH)g'BHZO cited in the previous sec~
tion was indirectly verified at two temperatures.

F. At low Q0> vapor pressures, Ba(OH)»+8H0 was observed to be 3 orders of
magnitude more reactive toward CO2 than either Ba(OH)p+3H20 or Ba(OH)2+H20.

G. For relative humidities <60%, the increase in surface area with product

conversion was found to be a very strong function of the specific rate of reaction

and was not a linear function of conversion.

H. The surface area of BaCO3 product was retermined to be a function of rela-
tive humidity. In a manner analogous to the dehydration of commercial Ba(OH)p<8HX0
and the rehydration of Ba(OH)2+3H20, surface water appears to aid in the transport
of the reactant and product species, thus resulting in lower surface areas at higher
values of P/P, (i.e. relative humidity). However, it is the opinion of the authors
that the increase in surface water could not account for the drastic difference in
CUp reactivity observed for the various hydrate species. The difference in
reactivity appears to result from the additionzl water in the crystal structure and
the greater mobility of the hydroxyvl ions.

I. Based upon the analysis of nitrogen sorption isotherm data, there were no
indications of hysteresis. Therefore if capillary condensation should occur, one
would speculate it to result from the wall effects of noneircular pores (ex. V-

shaped points of intersurface contact).

Iv. Fixed-bed macro-sczle studies

Over 18,000 hours of experimsntal operzting time have been obiained on fixed-
beds of 3a(0QH)p*8Hp0. These beds typically contained from 2.9 to 4.3 kg of reactant.
A schematic of the experimental system, which has been described in detail in a pre-
vious paper, is presented in Fig. 4.21 The intent of this aspect of the study was
to deterzine the effects of air flowrate (superficizl gas veloeities of 7-21 cm/s),
operating temperature (22-42°C), and water vapor pressure or r:lative humidity
(0-80%) upon the operational characteristics of the fixed bed, most notebly the

shape of the breakthrough curve and the pressure drop across the fixed bed. As the
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reaction is endothermic, the reactor was jackéted and the temperature of the in-
fluent and effluent streams was held constant. Presented in Fig; 5 is a typical
breakthrough curve and pressure drop plot. For this particular run, the pressure
drop increase was noticeable and was not solely a function of bed conversion.

In the course of these fixed-bed studies, it was observed that for a given
mass throughput, certain process conditions resulted in a greater pressure 4rop than
others. In several instances, the increase in pressure drop during a run behaved in
an autocatalytic manner and necessitated discontinuation of the run. The increase in
pressure drop appeared to result from two phenomenom; a slow graduzal increase that
was a function of bed conversion and a rapid increase which was a function of
relative humidity. The megnitude of the latter often overshadowed the former. The
observed pressure drop plotted as a function of relative humidity at two
tempe?atures, 295 and 305 K, and a superficial velocity of ~13 cm/s is presented in
Fig. 6. It is significant that the data is consistent at the two temperatures as
the saturation vapor pressures differed by a factor of 1.8. Furthermore, the depen-
dency upon relative humidity indicates the presence of a surface adsorption
phenomenon. For physical adsorption on surfaces, the extent of adsorption is depen-
dent upon the extent of saturation, P/Pg, Or in the case of water, the relative
huridity. The fact that the pressure drop bscomes more severe at ~60% relative
humidity indicates that capillary condensation is likely present. As no hysteresis
was observed during nitrogen adsorption studies, it is speculated that the conden-
sation occurs at V-shaped contact points or pores. The presence of the condensed
water then provides sites of rapid recrystallizaton. As the flaked reactant was
prepared by the rapid cooling of a magma which was substoichiometric in octahydrate
(7.0 to 7.9 waters of hydration), the rate of recrystallization is likely enhanced
by a need to reduce internal energy locked up within the flake. Thi: caergy may be
present as defects within the crystallites or surface energy resulting from the small
size of the crystzllities and the presence of the Ba(0H),°3Hp0 -- 32{(0H) -840 eutec-

tic. Photographs of commercial Ba(OH)2-8H20 flakes after recrystallization at a
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relative humidity in excess of 60% are presented in Fig. 7. For rehydration at

lower humidities, external changes of the flake were small.

The functional dependency of pressure drop upon relative humidity is helpful
in understanding the autocatalytic pressure drop behavior observed at high relative
humidities. For a fixed influent water vapor concentration, any increase in system
pressure at constant temperature will result in an increase in the water vapor
pressure and likewise the relative humidity, P/Py. Therefore as the pressure drop
across the bed increases, so does the relative humidity within the bed and each con-
tinues to increase until the run must be terminated. At lower relative humidities,
the rate of increase in pressure drop as a function of relative humidity is not suf-
ficient to autocatalyze the process.

The pressure drop dependency upon relative humidity also restricts the upper
flowrgte which the process may treat. Increased gas flows result in greater
pressure drops across the bed (i.e. a greater pressure at the entrance to the bed).
Therefore the relative humidity at the entrance of the bed must be <60%, but the
influent water vapor pressure mist be greater than the dissociation vapor pressure
of Ba(OH)2+8HZ0.

Extensive modeling studies were performed on the breakthrough curves from the
fixed-~-bed studies. Because of the nature of the governing partial differential
eguations and their respective boundary conditions, solutions were of a numerical
nature. An in-depth review of the method of analysis and the associated
assumptions is presented elsehwere.32 The analysis indicated that the rate

expression could be modelled by an equation of the form:

R = KFAO(1-X)C

wnere
Kp = gas film mass transfer coefficient,
A5 = initial surface area available for mass transfer,
X = fractional conversion of reactant, and

C = bulk COp concentration.






Data analysis indicated KFAo to be a weak function of temperature and a strong
function of veloecity, indicative of gas-film control. Considerable dispersion in
the value o the KpA, coefficients were observed for a given mass throughput.

There were indications that the dispersion resulted from differences in the actuzal
area avallable for mass transfer and the possible presence of localized channeling.
Based upon published correlations for the Kg coefficient, the correlation for the
KrAo coefficient possessed a greater functional dependency upon velocity than
expected. Because the studies were conducted on flaked material with considerable
interparticle contact, it is speculated that the amount of surface area available
for mass transfer increased as a function of gas velocity, thus resulting in the
greater than anticipated functional dependency of KpAg upon velocity. Tanis factor
may also account for the greater than anticipated dispersion in KpAgy as some loca-
lizedApacking arrangements would be more conducive to restructuring. A represen-

tative breakthrough curve and the model-predicted curve are presented in Fig. 8.

V. Pilot Unit Development

In the development of this fixed-bed technology, a pilot unit capable of pro-
cessing 34 m3/h (20 ft3/min) was designed, constructed, and is currently in

operation. Specific goals of this aspect of process development are:

L. Provide the bzsis for the design of a T8¢ immobilization module for future
testing under hot conditions.

3. Provide data at operating conditions not achievable with present bench-
scale equipment, in particular operation at near-adabatic conditions.

C. Provide necessary scale-up data.

D. Provicde operating data on key hardware items wnd instrumentation.

Y s 2 -~ : D . Y 'n £ > - . -
Presented in Fig. § is a flow schematic of the T Tmmobilization pilot unit.

A photograph of the system is presented in Fig. 10. The designed gas throughput at

a superficial velocity of 13 cm/s in the reactor is 34 m3/h {20 ft3/min). Tne system
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consists of 2 reactors which contain cannisters loaded with 32 kg (70 1o} of commer-
cial Ba(OH),+8Ho0 reactant. Due to the size of the cannisters and the relatively
long loading times prior to breakthrough, continuous operation with only two reac-
tors is possible. The steam, air, and C0» flow stati.ons are unique to our pilot
unit and will not be discussed in detail.

The overzall pilot unit is controlled by a 5TI Logic Controller manufactured by
Texas Instruments. The unit is presently capable of monitoring 8 DC and 16 AC input
signals and providing 24 DC and 16 AC output signals. The logic controller monitors
alarm signals from the COz analyzer, the hygromster, flowmeters, timers, and pressure
and temperature sensors. Upon sensing an alarm condition such as a CO0p concentration
of 1 ppmy in the effluent gas stream, valves are actuated in the proper sequence at
prescribad time iatervzls thus diverting flow to the second coluzn. Numerous 374
and 1/4-in. Whitey ball valves are located within the systex for bulk flow conirol
and for gas szmpling. For valve actuation, electronic DC signals from the logic
contrcller are converted to pneumatic signals using modular Humphrey TAC electrie
air valves. The Whitey bzll valves are then actuated pneumatically via whitey
actuators. Gas samples mey be routinely taken end returned {rom any one of 5 points
within the system. Sampling from these locztions may bs controlled by the logic
controller. Tne szmple gas is filtered and a2 portion of it fed to & Genersl Zastern
Model 1200 4PS hygrometer sensor. The unit utilizes the "vapor condensation on a
zirror" principzl thus providing a true dewpoint deterzmination. Because of the
small sensor volume and the resulting sz2ll gas throughput (.5 L/zin), this portion
of the gas sample is vented to the atmosphere. The remainder of the sample gas is
pressurized via a metal bellows pump, fed to 2 knockout vessels for H20 removzl, and
to a Wilks-Foxboro Mirzn 1A infrared spectrometer. Tnis unit is capadble of zna-
lyzing COp over the continuous 100 ppb, =0 330 ppxy Cz range aad has been described
elsewnere.21:32 Because of the 5.6 L seasor volume and tc insure an adequate
instrument response time, the gas throughput is appreciahle and the sample sirsam is

racycled to the pilot unit.



Gas preheaters connected to Barber-Colehan Series 520 temperature controllers
are located before each reactor to provide the desired influent temperature. The
pressure drop across each column and the gauge pressure at the base of the column
are monitored via Foxboro Model E13DH differential pressure cells. Dwyer Photohelix
pressure gauges/switches monitor the pressure drop across the gas distributors and
HEPA filters. Thermocouples are located throughout the system for temperature
control and sensing. Original plans were to enclose the pilot unit in a thermal-
regulated structure, thus enabling studies at 30 and 40°C under highly controlled

conditions to be conducted. These studies are currently in jeopardy bscause of

funding uncertainties.

Wnereas pricr studies on the 10.2-cm-I.D. fixed beds were conducted at near-
isothermzl conditions, the pilot unit studies are being conducted under near-
adiabatic conditions. For the treatment »f an air-based (330-ppmy-CO2) gas strearn,
one Qbuld predict a temperature drop of ~4°C in the gas strezm due to the endother-
mic nature of the reaction (364 kJ/mol). Such a temperature drop has been experi-
mentally verified. Because of the sensitivity of the operational canaracteristics of
the bed (i.e. pressure drop) upon relative humidity and the dependancy of relative
humidity upon system temperature, the results from these studies are extremely
valuable in determining conditions for optimzl process operation. Studies will also
be conducted to determine if preconditioning of the bed prior to contaet with COp is
beneficizl in reducing pressure drop problems. During the preconditioning step, the
substoiciometric commercial Ba(OH)p +8Ho0 will be hydrated to Ba{OH)>8Ho0 at con-
ditions wiich ensure the retention of flake integrity (a relative humidity <50%).

It is speculated that pressure drop problems during subsequent COp removal at rela-

tive humidities >60% will be reduced.

VI. Conclusion

Extensive studies have bzen conducted upon Ba{JH)p hvdrates, their resction

with COp, and the operation of a fixed-bed process for COp removal. Micro-sczls



studies indicated (1) the published vapor pressure datz for 3a{OH),<8H0 to be

valid, (2) tne rate of dehydration or renydration to be proportionzl to the amount
of free water on the surface (i.e. a function of relative humidity), and (3) the
reactivity of Ba(OH)p+*8H0 for CO» to be 3 orders of magnitude greater than that of
elither Ba(OH),*3HZ0 or Ba(OH)2+Ho0. Macro-scale studies under near-isothermal con-
ditions on 10.2-cm-ID fixed beds of commercial Ba(OH)2:8Hp0 flakes indicated tnat
the pressure drop across the bed increased dramatically as 60% relative humidity in
the effluent gas was approached. It is speculated that this phenomenom results froz
the capillary condensation of water at V-shaped contact points or pores and that this
facilitates the subsequent rehydration and rescrystallization of the flake. Although
the resulting flakes have greater external surface arez, they are more fragile and
degrade more readily upon conversion to BaC03, thus resulting in increased pressure
drop across the fixed beds.

Experimental studies indicated the transfer of tﬁe reactant gas through the
gas film to be the major resistance to mass transfer. A model, assuming gas film
control, was deveioped and exact numericzl solutions obtained. An excellent corre-
laticn between the model-predicted breakthrough curves and the experimental
breakthrough curve was obtained when the area available for mess transfer was modeled
as a linear function of conversion [i.e. A=A5(1-X)]. Tne magnitude of the mass
transfer coefficient was characteristic of literature values. Tnere were indicz-
tions that the mzgnitude of the initial surface zrea availsble for reaction, 4g, mv
be a weak function of velocity due to a rezllignment of the flakes. This rezllign-
ment rasults from fluid shear forces and an accompanying reduction in the number of
planar contact points between neighboring flakes, thus increasing the area availatle
for mass transfer.

Based upon the experimental data obtzined during this study and its subseguent
analyses, a window or regime o optimal process operaiion under near-isotherm=i
condisions was determined to exist for the fixed-bed process. Tne window is bounded

on the lower side by the dissceiation vapor pressure of Ba(OH)28Ho0 znd on the




RELATIVE HUMIDITY (%)

INFLUENT

80

S 10 1

ORNL DWG B2-306

TEMPERATURE (°C)

70 —

&
Q

30

20

O

TEMPERATURE (K)

5 20 25 3I0 35 40 45 50 55
l I | l [ I ! l I I l
REACTANT: COMMERCIAL Ba(OH) + 8H,0 FLAKE _
INFLUENT GAS: 330 ppm CO»

SYSTEM PRESSURE: 104.8 kPa (1.03 atm)
//
—
1 l [ | 1 l l ! | l
75 2085 295 305 315 325



upper side by the onset of appreciable capillary condensation and subseguent
pressure drop problems (~60% relative humidity). An operating envelcpe is presented
in Fig. 11 for the treatment of 330 ppmy COp gas stream at 2 system pressure of
104.8 kPa (.5 psig). The relative humidity of the influent gas must fall within the
envelope for optimal gas throughput. If changes are made in either the CJ, concen-
tration, thus affecting the amount of water vapor produced, or the system pressure,
which will affect the partial pressure of the water vapor and subseguently the rela-
tive humidity (P/P,), the operating envelope will change. Tne operating envelope
also demonstrates why operational problems at 22 and 32°C were not severe and con-
siderable difficulty was encountered when trying to operate the process at 42°C.

Successful isothermal operation of the process at higher effluent relative
huridities (>60%) is possible by significantly reducing the gas throughput. The
effect of operating the bed at conditions of water vepor szturation, whereby the
water product would remain in the bed and the reaction_would become exothermic, was
not examined in detsil. However, the reaction does proceed readily at these con-
ditions and the 3aC03 product is extremely insoluble.

Studies are underway on a pilot unit to determine the effects of operation at
near-adizbatic conditions, whereupon the endothermic reaction resultis in a 4°C drop
in the gas temperature upon passing through the bsd. The authors speculzte that
complete rsactznt utilization and an accectadble pressure is possitble when the rela-
tive humidity, bzsed upon the influent wzter vapor pressure and the effluent satura-

tion vazpor pressurz, fzlls within the operzting window. Tanis speculation is bassd

e

upon a relative comparison of the rate of axial movement of the rsaction zone
<hrouzh the bed and the rate of dehydration and zccompanying deactivation of comper-
cial 3a(0lH)p+8Hp0 flakes. Furthermore, studies are underway to determine if prior

ydration of the water-deficient commercial 32(0H)p+8Ho0 to Ba(OH)5+8450 2t con-

jay

et A e

ditions which retazin the integrity of the flzke, z relative humidity <509 and =

water vapor pressure > the dissociation vapor pressure of Ba(Oh),*SH,0, will enabie



subsequent CU, removal at mach higher relative humidites in the absence of signifi-

cant pressure drop problems.
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Fig. 1. Photograph of commercial Ba(0H)+8Hp0 flaked reactant and
BaCO3 flaked product. The product was obtained at a process relative humidity <60%.

Fig. 2. Scanning electron micrographs of z flake of commercizl Ba{0H)z*8320
(zop) and the BaCOE product. The product was obtained at z process numidity <60%.
(Original photo - B.9 x 11.4 cm, magnification — 5000X).

Fig, 3. Photograph of the microbalance system.
Fig. 4. Schematic of the fixed-bed experimental equipment.

rig. 5. Logarithm of the experimental breakthrough profile and the change in
re drop across the bed presented as function of times, superficizl gas velo-
T ~13 cm/s.

press

a
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"Fig. 6. Pressure drop as a function of relative humidity during fixed-bed
studies on ccmmercial Bz(OH)2°8E20 flakes, superficial gas velocity of ~13 cu/s.

Fig. 7. Top and bottom views of a commercial Ba(OH),-8Hp0 flake subjected to
relative humidity >60%.

Tig. 8. Breaxthrough curve and model-predicted breakthrough curve for a typi-

ozl fixed-bed run.
ig. 9. Schemztic of the We Immobilization pilot unit.
WA =

ig. 10. Pnotograph of the '"C Immcbilization pilot unit.

. 1. Operating window for the contacting of a 330 ppm, COs gas stream with
s of commercial Ba(OH)p+8Hy0 flakes under isotnermal conditions.



