L Taadad o o

ORNL~-5887

DE84 000039

Contract No. W-7405-eng-26
CHEMICAL TECHNOLOGY DIVISION

NUCLEAR WASTE PROGRAMS

APPLICATION OF THE CARBON DIOXIDE—BARIUM HYDROXIDE HYDRATE
GAS—SOLID REACTION FOR THE TREATMENT OF DILUTE

CARBOR DIOXIDE-BEARING GAS STREAMS

Gary L. Haag*

This report was prepared as a dissertation and submitted to the
Yaculty of the Graduate School of the University of Tennessee
in pertial fulfillmeat of the degree of Doctor of Philosophy in

the Department of Chemical Engineering.

*Present address: Amoco Production Company Research Center. Tulsa,
Oklahoma -

Date Published — September 1983

UVAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
opersted by
UNION CARBIDE CORPORATION
for the
DEPARTMENT OF ENERGY

MAGTER

“WSTRIBUTIN OF THIS DUCUMENT 1S URLIMYTED

W\



ACKNOWLEDGMENTS

This research was sponsored Ly the Divisioa of Waste Products, thé |
U.S. Department of Energy, under contract W-7405-eng-26 with the I!n.'l.on . | |
Carbide Corporation. The research is part of the Natiomal Airborne Viste
Management Drogram. The author gratefully ackr wledges the support and _
guidance of R. A. Brown, J. D, Christian, and T. R. Thomas of “the | (
Airborne Waste Management Program Jffice. o - o \

The experimental stuilies were performid within the Expet!.-eml lngi-
neering Section of the Chemical Technology Division at the Osk ‘Ri.d'ge o
National Laboratory. To acknowledge all those who have been called upon
for help and expertise during this research effort would be impossible.

However, the acvthor desires to extend special acknowledgcents to D, E.
Ferguson, Division DMirector; C. D. Scot“, Associate Division Director;
Section Heads R. Y, Leuze and W. W, Pitt; and /mmediate supervisors W. D.
Bond and A. D, Ryon. D. F. Green and W. G. "‘\ap-an were instrumental in
the obtcining and the initial analyzing of the data. Drafting and edit-
ing support were provided by the Chemical Tecnology Division Support
Services Section. A special thank you to editors Cathy Shappert and Luci
Bell. Special appreciation is extended to Bobbie Hoyle, Donna Sunow, and
Wanda Gilliam, who have toiled for many hours in the typing an! retyping
of this manuscript and the originai research proposal.

Support services consisting of scanning electron aicrographs, x~ray
diffraction analyses, and mercury porosimetry data were provided by ex~
perts in the Analytical Chemistry Division. The author thanks L. M.

Ferris, Chemistry Division, and L. E. Fsller, formerly of the Chemistry

Division and now of the Y-12 Product Certification Division at the Y-12

ii1




iv

plant, for their support during the microbalance stucies. The informa-

tion, guidance, and expertise provided by Dr. Fuller were invaluable in

the design, construction, operatiom, and analysis of data from the micro-
balance system. Discussions with ORNL consultaant, Dr. Psul H. Emmett of
Oregon State University, were both educational and inspirational.

I wish to thank the following educationsal institutions: Bartley
Elementary and High School, McCook College, University of Nebraska, Iowa
State University, and the University of Tennessee. They, like my parents,
hveopened-yeyettothewnden of this world.

In particular, I would like to acknowledge the Chemical Engineering
faculty at the University of ‘tenneuee and the members of my committee:
Chairman J. J. Perona, J. S. Watson, E. S. Clark, and M. H. Lietzke

(Chemistry Depariment). These people are true crafcsmen of their trade,

Thunk you for your guidance and direction.

To uwv wife, Cindy, I extend a very speciel thank you, for you ss much
as I have paid the price. To my children, Blsine and Jessica, thank you
for the little things, sud may this work be of benefit to yours and to

all generations. And to my parents, thaok you for ever)thing.



ABSTRACT

The removal of trace cosponents from gas strvesms via irreversible
gas~solid reactions is an area of interest to the chemical eangineering
profession. This research effort addresses the use of fixed beds of
Ba(0H), hydrate flakes for the removal of an acid gas, 00y, from air that
contains ~330 ppey C02. Areass of ‘nvestigation encompessed (1) an exten-
sive literature review of Ba(OH); hydrate chealstry, (2) microscale
studies o0 0.150-g ssmples to‘ develop a better understanding of the resc—
tion, (3) process studies at the macro~cale level with 10.2-ca~-ID fixed-
bed resctors, aud (4) the development of a model for predicting Fixed-bed
performance.

Experimental studies indicated fixed beds of zommercial Ba(0H)2-8H20
flakes a: amblent temperatures to be capable of high COp~removal efficien-
cles (effluent concentrations <100 ppb), high reactant utilization (>99%),
and an acceptable pressure drop (1.8 kPa/m at a superficial gas welocity
of 13 ca/s). Ba(0H)2°8H;0 was determined to be more reactive toward 00,
than eitber Ba(OH)7°3H0 or Ba(0H);+1H20. A key variable in the develop-
ment of this fixed-bed process was relative humidity. Operation at coen~
ditions with effluent relative humidities D602 resulted in eignificant
recrystallization and restructuring of the flake and subsrquert pressure~
drop problems. Thic phenomenon was attributed to capillary condensation
of water at V-shaped contact points within the solid. For influent gas
stresas with wter vapor pressures less than the diuoci.atlon vapor pres-
sures of Ba(OH)2°8H20, the activity of the bed decreased to esseutially

zero as the lower hydrates were formed. Based upon these .custraints, san
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operating window for optimsm bed operatiov for the isotbersal treatment
of sn air-based (330-ppa, CO3) gas stream was determined.

Modeling studies indicated the rate of mass tnﬁsfe% to e limited by
the gas—film mass transfer coefficient, Kp. The rate-limiting speciee
was the reactant, C03. Because of nonuniformities in the thickness aad
size of the commercial Ba(OH);°8H20 flakes, the area available for mass
trausfer #as modeled semiempirically as a function of reactant coaversioan.
A = Ay(1-X), vhere A, is the initial area and X is the exteat of couver-
sion. Numerical solutions to the controiling pairtial differential equa-
tions were obtained. Deta analysis of che breakthrough profiles indicated
excellent correlation between the data and model when the cxpoment, n, in
the area correlat!.n was equal to 1. Values for Kpi, obtained from the
br=zkthrough profiles were correlated as a function of sysiem parameters,
most notably relative numidity, temper:ture, and g«s welocity. Little
correlation existed for either relative humidity or temperature, the
>htter case being indicative of gas-film control. KpAg was found to be
proportional to Vol'u, vhere V, is the surerficial velocity at reference
conditions (101.3 kPa, 294.3°K). Based up. n published correlations for
heat and mess transfer, one would expect i§ a Vo0*3 * V08, Thus the
velocity exponent for KpA, was greater than expected and was attributed
to result from a functional dependency cf the initial ares availabla for
mss transfer, A,, upon gas velocity. For this systea that is composed of
randomly packed flakes, incrcuses (n pas velocity appear to reallign the
flakes slightly, thus reducing the number of planar coantact points aad in~
creacing the surface ares available for mass icansfsr. Obseived bed ex~

pinsion was Ao-iml. Pressure drop studies indicated t!“ne pressure drop or
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shear force to be a strong f-nction of gas welocity, a vi4, Hence a cor
relation qipears to 2xist between tue shear force exerted upon the parti-
cles and the increase in surface area resulting from the slight realign-

ment of the flakes and & reduction in the number of planar coantact points.
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CHAPTER I

INTRODUCTIOR

Fackground and Process Application

In the radiation field that ex:l:ti within a mclear reactor, radio~-
isotope l4c 44 priduced by neutron interactions with ' X, i""l. 160, l70,
snd 13C that are present in the fuel, the cladding, and the primary
cooling system.'™ Althoush it is a veak beta emitter, 142 poges a loag-
term health hazard because of its long half-life of 5730 years and the
ease with vhich it msy be assimilated into living matter.l0-13

An appreclable fraction of the 14C produced would be expected to be
converted to gaseous effluent during norual nperation of a light-water
reactor, extensive fuel element failure, storage of speat fuel, and upon
fuel reprocessing. The 14C would exist as either CO, or low-molecular-
weight hydrocarbore, with the most probable method of treatment being the
oxidation of the hydrocarbons to C02 and subsequent fixation of the CO3.
Likely CO2 gas concentrations containing traces of 14¢ would range from
10 te 330 ppmy, with gas flow rates of up to 20 n3/-1n (700 ft3/-1n)
anticipated. Expected release rates from various nuclear faciliti=s are
presented in Table J.l.

For the removal and fixation of 14C in selected off-gas streams at
nuclear facilities, the following criteria f\ave been established with re-
spect to process development. First, the process removal efficiency must
be consistent with or greater than the anticipated release criteria from
the Nuclear Regulatory Commission. Second, the final product sust b2 in
an acceptable form for final waste disposal. Th11d+ the process must
possess excellent on~line reliability charactet‘uuc‘l. Fourth, it 1s




Table 1l.1. Approximate production and release rates
of carbov-14 in the muclear fuel cycle

Ruclear reactors C1/Gu(e)year
LWR 810
CANDU 500

Reprocessing plant
LMFBR 6
LR 18
BETGR 200

Source: W. Davis, Jr., Carbon-14 Production in Nuclear Reactors,
ORNL/RUREG/TM-12 (February 1977).

deoiuf:le that the process operate at ambient conditions. Fifth, process
costs must be reasonable.

Suggested technologies for 14¢ cortrol have general” followed com—
aercially available technology for C0; control.16,17 Th processes range
from COp absorption in amine-bearing solutions to physical adsorption oc
molecular sieves to chemical reaction with a NaOH soluirfon and carbonate
interchange with Ca(0H);, the double alkali process. However, absorption,
adsorpticn, and reaction with NaOH solution share a co-oﬁ trait in that
they are CO2 removal processes, bt they do not chemically fix the l"(:oz
for final disposal — a requisite for the disposal of nuclear waste.
Therefore, suggested technologies for the treatment of dilute COz~bearing
gases have generally empioyed a removal or an enrichment step to increase
the CN, gas concentration, followed by a final fixation step whereby the
COy is reacted with Ca(OH), slurry. 1621 e product, CaC03, possesses
excellent thersal and cher’~al gubﬂity that makes it suited for
long-ters waste disposal (thermal decomposition at 825°C .nd water solu-

bility of 0.0153 g/L at 25°C).22:23 However, for the treatment of

[




high-volusetric, low—C0j—conteat gas streams, this process suffers
severely because an enrichaent step is nquimd 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 snd the need
for sclid-liquid separation equipaent.

For the treatment of a high—-volumetric, diiute CO~bearing off-gas
stream, many potential advantages could be realized if a suitable tech~-
nology utilizing a gas-solid reaction for 14¢C removal and fixation existed.
However, such a technology would be required to meet the following
criteria:

1. possess favorable reaction kinetics at desired process conditiomns

(near ambient),
2. possess favorable thermodynamics to ensure low COy vapor
pressures at equilibrium,
3. produce a product that would achieve udequate thermal and chemi-
cal stability for the long-term disposal of l4c, and
4, utilize a reactant that would undergo ~100Z conversion in order
to minimize the amount of reactant required and to avoid the
presence of a poteuntially soluble reactant.
Generally, the Group I (alkal{i metal) and Group II (alkaline earth) hy-
droxides fulfill the first two requirements. However, widely acceptable
CO, sorbents such as ascarite (NaOH on acbestos) and L10H-H;0,24-29 which
have heen used extensively for CO; control in life support systems, lack
sufficient carbonate stability for final waste disposal. Studies in 002
removal heave been conducted on soda lime [NaOH-Ca(OH)2 mixture] and bera-
Iyme [Ca(OH)2-Ba(OH)2 mixture] with ressonable success.Z?9-34 However, the

’
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solubility of Wa;C03; in the former and poor reactaat utilizatioa in the
latter mske the use of these reactants doubtful. An examination of the
carbounate products of potentul-croup 1 hydroxides (Table 1.2) indicates
that they may be classified categurically as possessing excessive solu-
bility in water for long-term waste d’sposal. However, the higher-
molecular-weight carbonates of the Group 11 elemente are considerably
more stable. As showm in Table i.2, the carbonates of culcium, stron—-
tium, and bariun possess excellent solubility charcteristics and further-
wmore, decompose at greater te-pel:'acutes.zz'23

It has been suggested in the literature, and confirmed experimentally
in our laboratory, that at .amvient conditions a carbonate coating forms
about the Ca(OH)2 reactaant, thereby resulting in severe diffusional limi-
tations.35 Greater conversion has been reported by increasing the humi-
dity or operating at higher temperatures. A German patent was issues in
which thermal ramping was used to enhance the reactivity and conversion of
the Ca(OH); reactant. Process temperatures were 100 to 200°C.36 Person-
nel at Ontario Rydro-Canada have indicated reactant conversions of €0 to
be possible at 400°C. Furthermore, conversions of 69 to 807 have been
reporteds at smbient temperatures and extremely high relative hmmidities
(i.e., >90Z7). In the latter case, this author speculates that surface
water plays an active role in the overall mechanisa.

The alkaline earth hydroxides of strontium and barium differ from the
other alkaline earth hydroxides in that they may exist in a hydrated forum.
The most commonly reported coordination numbers are 1 and 8, although 2
and 3 waters of hydration have been reported for Be(OH);. Because of the

previously cited diffusional limitation in the Ca(OH)7 system, one might



Table 1.2. Solubility snd decomposizion properties of Group 1
{alkall metal) and Group 2 (alkaline esrth) carbonates

at low C02 partial pressurens

Molal Decorposition
solubility temperature
°c)
Group 1 carbooates
L1004 0.18 0.10 1310
NaC03 2.80 4,26 -
Rb2C03 19.48 -— 740
Cs2C04 8.00 — 610
Group 2 carbonates
MgCO4 0.00126% " 350
CaC03 0.00013 0.000375 825
SrC03 0.900075 0.00044 1340
BaC03 0.000124 0.000332 1450
a‘bld vater.

Sources: Handbook of Chemiety and Physics, 52d ed., The Chem-
ical Bubber Co., Cleveland, Ohic, 1972, pp. 13~70; W. F. Linke and
A. Seidell, Solubilities of Inorganic and Metal Organic

»

4th ed., American Chemicsl Society, Washingtomn, D. C., 1958.

speculate that Sr(0H)7°8H;0 and Ba(0H),°8E;0 sre more reactive because of

a more open crystal lattice since the waters of hydration would be

removed upon the reaction of the hydroxide.

To determine the likelihood of a reactant being coated by a nomporous

produc: that would result in severe diffusional limitations of the gas-

eous reactant, a comparison of the molar volume crystal ratios of the

product and reactant, referred to as the Pilling~Bedworth matio, is often
beneficial. The Pilling-Bedworth ratios for several alksli and slkaline
earth hydroxides and their carbonate products are presented in Table 1.3.
With the exception of the Ba(0H); and Sr(0H); data, the table was tsken

¥
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from a paper by Markowitz.Z4 A Pilling-Bedworth Tatio >1 indicates a
high probebility of diffucionsl limitations, and a value of <l indicates
that product poroeity may exist. Apparent excepticns to this relation~
ship may result for various mixtures where synergistic effects or physi-
cal changes of the solid such as sintering or melting may occur. From
Table 1.3, one would anticipate that LiOH-H70, Sr(OH)2°8E20, Ba(0H#);°H20,
and Ba(OH),°8H,0 would be efficient CO, absorbents if the chemical reac-
tions werz iinetically favored. Additionally, one might predict that
Ba(0H)2°8H20 will be wore efficient than Ba(OH)2°E20 for CO; removal.

The Pilling—Bedwor:h ratio of 1.18 for Ca(OH), is consisteat with the ra-
ported forwatfon of an impervious shell abour the Ca(OH)2 particle, thus
resulting in diffusional limitations. Similarly, worl performed by
Boryta and M12s25 and the Naval Research LaboratoryZ6 have indicated
LiOHH,0 (Pilling Bedworth ratio of 0.64) to be the reactive species in
CO2 removal studies and LiOH (Pilling Bedworth ratio of 1.07), to be
relatively unreactive. References concerning the reactivity of strontium
and barium hydroxides are few. In the comprehensive treatise by Mellor
in 1928, it was cited that care must be taken to avoid exposure of the
hydroxides to CO; in moist air,35 Many comparative studies have been
conducted on lithium hydroxide, soda lise, and baralyme.l’ 34 Baralyme
has a 20/80 wt % mixture of Ba(0H)2°8H20 and Ca(OH)2. Occasionally, the
mixture may contain up to 5% potassium hydroxide. In two papers pub-
lished in 1942 by physicians Adriani and Battern, experimental results
regarding the potential use of baralyme as a replacement for soda lime in
rebreathing api:lhncel in hospitals were presented.33—34 Although the

rasults were promising because the systea could remove C0; efficiently



Table 1.3. Molar volume relationships aaong some possible
carbon dioxide absorbents
~ Forwula Densily Molar volume Pilling-
Substance weight _(g/cmd) (cm3/mol) Bedworth ratio

LioH 23.95 1.43 16.75 1.07

L1OHHy0 41.96 1.51 27.79 0.64

Li,C04 73.89 2.07 35.70

NaOH 40.01 2.13 18.78 1.47-Ha2C03°H20

1.13-Ra)C03

NayCO3 106.00 2.51 §2.25

Na2C03°H20 124,02 2.25 55.12

Mg(oH), 58.34 2.39 25.41 1.14

MgCO3 84.33  3.04 27.77

Ca(OH)2 74.10 2.34 31.63 l._l8

CaClj 100.09 2.71 36.92

Sr(0H)°8H,0 265.76 1.90 139.87 2.29

SrCo3 147.63 3.70 39.90

Ba(0H),*8H,0 315.48 2.10 144,73 0.31
Ba(OH)7*1H,0 189.48 3.65 51.8 0.86

BaC03 197.35 4.43 44.47
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fron gas streams, little ianformation concerning the overall reaction rate
was provided or could be inferred. Work performed for the Navy, Air
Force, and NASA on closed life-support systems was often of a comparative
nature.,24732 These studles indicated baralyme to be less reactive than
either lithium hydroxide or soda lime, and the materfal had s iower util-
ization efficiency. No information on the use of barium hydroxide hydra-
tes was presented., In the opinion of this investigator, such studies
were not conducted because of th- higher molecular weight of Ba(OH),
hydrates (i.e., less capacity jer gram of material), the greater reactant
cost, and the toxicity of the barium cation. Extrapolation of infor-
mation from the baralyme data would be very difficult because of the
possibility of synergistic effects.

Of the two elements, the Ba(OH) hydrates were selected for addi-
tional studies.37»38 The reasons for this are ;wofold. First, the
Ba(OH)2 hydrates are more stable than the Sr(OH)2 hydrates. Second,
Ba(OH), hydrates are readily z-rZl.ble in commercial quantities at rea-
sonable costs. Such a market sas not developed for the Sr(OH)7 hydrates
possibly because of (1) the smaller fra~tion of strontium in the earth's
crust (0.018% as compared to 0.04Z for the barium), and (2) the inacces-
slbility of strontium~-rich minerals.3? 1In comparison, calcium comprises

3.6 wt 7 of the earth's crust,

Ba(OH)2 Hydrate—BaC03 Literature Review

An extensive literature veview of Ba(OH)2 hydrate vspor pressures,
the binary water—Ba(OH) system, thermal studies on Ba(OH), hydrates, the

thermodynamics of the CO2~Ba(OH)2 hydrate reaction, and the crystal prop-

erties of Ba(OH); hydrates and BaCO3 are presented in this section and



Appendixes A, B, C, and D. As no similar compilatiop was found in the
open literaturc, this review is presented in its entirety such that it
may be an aid to future researchers. The intent of this section will be
to highlight information of special sigiificance to this study.

Although hydrates of Ba(OH); have been cited in the literature as
being reactive toward CO2 in ambient air, 35 the extent of this reactivity
had not been examined until this research. The stoichiometry of the

overall reaction may be represented by
Ba(OH)°xH0(s) + CO5(g) + BaCO3(s) + (x+1)Hp0(g), (1.1)

where x 18 the initfal degree of hydratiomn.

In the opinion éf this author, iie most credible study conducted to
date on the dissociation vapor pressures of Ba(OH)7 hydrates was that of
Kondakov, Kovtunenko, and Bundel.?0 The results were published in 1964.
In this study, the water vapor pressure of Ba(OH)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. l.l1. The lines correspond to
Ba(OH)7 hydrate samples in which Ba(OH),°H0, Ba(CH);°3H,0, and
Ba(OH)2°8H20 were the contr! wuting species to the water vapor pressure
within the system. The controlling decomposition reactious and their

respective dissociation vapor pressure equations were found to be the

following:

Ba(OH)* 1H0(s) + Ba(OH)(s) + Hy0(g), (1.2)

61353

log P = - 1377357

+ 12.421 ;
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Figure 1.1. Dissociation vapor pressures for Ba(OH), hydrates.
Source: B. A, Kondakov, P. V., Kovtunenko, and A. A, Bundel, "Equilibria

Between Gaseoue and Condensed Phases in the Barium Oxide — Water Systea,”
Ruse. J. Phys. Chem. 38(1), 99-102 (1964).
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Ba(OH)2°3R20(s) » Ba(OH)2°1H0(s) + 2H0(g), (1.2)
log ""’Tgf:_g? +13.823 ;
sa(0)2°8H20(s) + Ba(OH)2°3H20(s) + 5120(g), (1.4)
log P "’T%?‘lzg'g?* 13.238 ;

where
P = vapor pressure, Pa or nt°s2,

T = temperature, K,

Using the Van't Hoff equation, the data were analyzed for thermodynamic
consistency. Based upon the eatropy change for the formation of the
trihydrate, they concluded that the trihydrate may be less stable than
the other crystulline hydrates. However, other investigators under
highly controlled conditions have reported Ba(0H)7°2H,0 and amorphous
compounds to exist. Attributing to the difficulties in the analysis of
vapor pressure data may be the prusence of a Ba(OH)2°3Hy0—Ba(0H)7°8H20
eutectic. The existence of this eutectic, consisting of 10 mol %
Ba(OH)2+3H20 or a s.oichiom:tric composition of Ba(0H)3°7.19 Hp0, was
reported by Michand in 1968 (see Appendix B).41,42

With the exception of Ba(OH)2¢3H;0, the thersodynamics of the COp—
bariumn hydroxide hydrate gas-solid reaction may be calculated from pud~
1ished values.%0:43-48 seyeral sources were consulted for enthalpy and
entropy of formation values at 298,15 K., With the exception of Ba(OH);
and its hydrates, the values were attmly: consistent. The thermodynamic
values presented by Kondskov for Ba(OH)2, Ba(OH)7°1H;0, Ba(0H)e3H0

and Be(OH)2+8H20 were chosen so as to ensure internsl consistency. The
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enthalpy of formation values for 3a{0H);°1H,O and -Ba(0H),*8H,0 differed
from the valves of the Natiomal Bureau of Standards by <D.7I. Table 1.4

shows the thermodynamic values for the following reactioms:
Ba(0H)2(s) + C02(g) + BaCO3(s) + Hy0(g), AH = -115 kJ/mol; (1.5)
Ba(0H)2°H20(3) + C02(g) + BaCO3(s) + 2Hy0(g), AH = =53 k¥/mol; (1.6)
Ba(0H)2°3H27(8) + COx(g) + héo;;(:) + 4H70(g), AH = +73 kJ/mol; (1.7)

Ba(0H)2°8H20(s) + CO2(g) + BaCO3(s) + 9H0(g), AH = 364 kI/mol. (1.8)

Table l.4. Thermodynamic properties of the CO>—Ba(OH); hydrate
reaction at 298.15 K

——

AG AH aS
Reaction kJ/mol kJ/mol Jemol~1le k-1 Keq
(1.5) ~103.5 -114.6 -37.2 1.42-1018
(1.6) - 84.1 -52.9 104.6 5.5001014
(1.7) - 59.3 +72.6 542,3 2,47-1010
(1.8) -2.3 366.4 1230.0 2.55
(1.9) -79.8 -31.8 161.3 9.80-1013
(1.10) -103.8 -113.3 -31.7 1.58-101

At conditions of 298 K and 1 atm, the fugacities of the gas species
(assuming gas ideality) may be approximated by their partial pressures
(atm), and the fugacir‘es of the crystalline species, with respect to
their reference states, are equal to ~l. If the water product is present
as vapor, the equilibrium constant, Keq, 18 equal to (P(H,0)]x*1/[P(CO,7)],
where x is the hydration number of the reacting species and P(H20) and
P(CO2) are the partial pressures of water and carbon dioxide that exist
within the system. The maximum water vapor partial pressure witiin the




systeam at a fixed temperature is that at cosplete saturation. At 25°C,

this value 1s 3.165 kPa (23.75 == Hg).

Therefore, based upon the pre-

viously calculated equilibrium constants for the speculated mactioms,

the corresponding CO2 partial pressure at equilibrium ~an be calculated

for the possible carbonation reactions (Table 1.5).

This analysis

Table 1.5. Equilibrium values for tho J0p-Ba(0H)
hydrate gas-solid reaction
T’coz
Reactant — e
Reaction Keq hydration Pa = Hg
(1.5) 1.421018 0 2.2¢10"15 1.7.10"17
(1.6) 5.50+1014 1 1.8-10713 1.3-10715
(1.7) 2.47-1010 3 3.9.10712 2.9-10"14
(1.8) 2.55 8 1.1.1079 8.5-10712
(1.9) 1.58-1018 aqueous 2.0010"15 1.5+10"17
(1.10) 9.80-1013 8 1.041079 7.8-10"12

assumes that (1) the transforaation to a higher hydrate is slow, and (2)
the maximum water vapor pressure is that at saturation. va the kinetics
of the hydration steps are rapid, the maximum water vapor for the hydrates
will be lowered and will correspond to that of the next higher hydrate,
resulting in a lower-than-calculated C02 equilibrius concentration., With
respect to the preceding analysis, if any of the speculated reaction pro-
cesses were equilibrium—controlled, the effluent CO; conccnécntnti.on
would be less than 1 part per trillion. Also presented i{n Tables 1.4 and
1.“5 are the tnermodynamic and equilibrium values for the reactiom of 002

wi:th soluble Ba(OH)2., The reaction may be represented by

Be(OH)y (aq) + COx(g)+BaC03(s) + Hy0(1), AH = ~113 kJ/mol. (1.9)
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Again the reaction will become equilibriue—coutrolled only for very low
C02 partial pressures.

Based upon a dissociation pressure for Ba(0H)°8H0 of 1.1 kPa (8.26 mm
Eg) at 298 K, any water vapor pressure greater than this value would over—
ride the thermodynamic constraints £, formation of Ba(OH)2°8H20. However,
the kinetics of ‘thia exothermic transformation are unknown. If the gas
surrounding the particle is water saturated, the excess water of reactiom
(nine molecules of water per molecule of CD2 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 1.4 and 1.5 for the following reaction:
Ba(OH)°8H20(s) + C02(g) + BaCO3(s) + 9H20(1l), AH = ~32 kJ/mol. (1.10)

Again, the effluent CO2 concentracion will be limited by equilibrium con-
siderations ouly at very low CO; partial pressures.

When no work is being performed on or by the system, the enthalpy
change for a systea with fluid flow is a measure of the endo~ or exo-
thermicity of the reaction at 298 K. Although hydroxide-carbonate reac-
tions are generally regarded as exothermic, as reflected by the stability
of the carbonate product, the waters of reaction (when released as a
vapor; tend to mete the reaction less cxothemmic. If the surrounding gas
is water saturated and heat is not removed from the systeam by vaporization
of the released waters of i:ydracion, the reaction becomes more exothermic.
Therefore, for situations in which the feed gas is rich in CO7, the gas
become saturated rapidly with water., In this case, part of the coluan
may operate under endothermic conditions [Reaction (1.8)) and another

section under exothermic conditions [Reaction (1.10)].



Similer Systems—The Reaction of Ca(OH); and LiGH*H;0 with CO

Presented in Table 1.6 for the purpose of comparison are thermody-
nanic values for the anslogous calcium aud lithium hydroxide gas-solid

systems. The overall reactions are the following:
Ca(0H)2(s) + C0(8) * CaC03(s) + By0(g), 48 = -69 kJ/mol; (1.11)

2L10H(s)*F0 + C02(g) * L1yC04(s) + 3H0(g), 4H = +32 kJ/mol. (1.12)

Table 1.6. Thermodynamic properties of the Ca(0H)2 and
LiCH H20 gas-solid carbomation reactions at 298.15 K

Ac AH bs Keq Pco2

Reaction kJ/mol kJ/mol  Jewol=lex-1 (Pa)
(1.11) -63.5 -69.4 -19.6 1.3-1011 2.40108
(1.12)  -45.1 -32.1 258.7 8.0-107 3.8¢1078

The reaction of Ca(0OH)2 with C02. It has been reported that when

Ca(OH), reacts vith C0p, a protective CaC03 coating is formed sbout the
Ca(OH)2 particles tnich creates severe diffusionsl resistances and causes
the reaction to essentially cease.35 In our studies, this observation was
verified. Improved solid reactivity har been noted when temperature

L mps are used to crack the surrounding CsCO3 coating,“ the temperature
1s raised to 400°C, or the relative humidity is increased to >90%.3
Reactant conversions are still limited. When Ca(0H); is incorporated
with NaOH (sods lime), an acceptable CO2-removal process is possible.
However, the efficicncy ..f the process is closely coupled to the smount

of excess water.29-32 A typical composition for high-moisture sods lime

&"\ﬂ;ﬁ;m o
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is 4.5 wt X NaOH, 17.5 wt I Hy0, and 78 wt I Ca(OH)2. It has been specu-

lated that the reaction proceeds via the following mechanism:

C0, + Hy0 + BCO3™ + HF
Ca(0H)2 + BCO3™ *» CaCO3 + OH™ ‘ (1.13)
2Me0H + BCO3~ + HayC03 + OH

oa~ + HY ¥ Hy0

The exient of carbonate-hydroxyl interchange between HajyCO3 and Ca(OH)2
is ot known.

The Ca(0H)2 reactant has shown excellent CO; scrubbing capabilities
when present in aqueous solutions. Because of the low solubilities of
Ca(OH)2 (pH, 12.5) and CaCO3 at ambilent conéitions, the solution is often
ia slurry form with an accompanying solution-dissolution mechanism. The
reaction is fonic in nature, taking place in the aqueous solution.
Because the water reaction product is liquid, the reaction is more
exothermic than the gas-solid reaction. The overall carbonation reaction

is
COp + 208" + C032~ + Hp0. (1.14)

This reaction in aqueous solution is usually broken into two steps, the

formation of the bicarbonate ion and the formation of the carbonate

10n.49 The first step may be sccomplished by one of two mechanisms:
Coy + OH™ » BCO3™ (1.15)
€02 + H20 + BCO3~ + HY (1.16)

The rste constant for reaction (1.15) is giveu by

2895
T (1.17)

log Kog~ = 13.635 -
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vhere T is the temperature in degrecs Kelvin. At 20°C and infinite
dilution, Kog- is equai to 6000 L/mol-OH *s. Reaction (1.16) is first
order, with a rate constant of approximately 0.02 s~! at 20°C. There-
fore, if the solution has a hydroxyl ion conceantration in excess of
104 =01/L fon (pH >10), reaction (1.15) will be controlling. As the
hydroxyl ion concentration is decreased, the contribution from reactiom
(1.16) will increase and finally become controlling. Also, reactiom
(1.16) can be catalyzed by certain anions. The formation of the car-

bonate ion may be represented by the following equatiom:
HCO3™ + OH" » ‘€032~ 4 g,o0. (1.18)

Since this reaction is ionic in nature, in alkaline solutions it is
assumed to be instantaneous, Therefore, in alkaline solutions, reactiom

(1.15) is the rate controlling step in the overall mechanism.

The reaction of LiOH with C0y. Lithium hydroxide is a widely

accepted solid reactant for CO2 removal.24-26 At near ambient tempera-
tures, anhycrous LiOH is unreactive toward CO2. However, when the water
vapor pressure is raised and the monohydrate (LiOH:H20) becomes stable,
the reaction is quite rapid. It has been reported that care must be
taken to avold the formation of a saturated Li0H solution, which occurs
at sufficiently high water vapor pressures. The saturated solution has
been observed to glaze over the outside of the particle, causing the
reactant to become inactive., Therefore, the partial pressure of the
water vapor within the bed must be maintained between the dissociation

vapor pressure of LiOH+H70 and the vapor pressure >f a saturated LiOH
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solution. The contribution of the water reaction” prodact must be
included in the total water vapor pressure as three molecules of E20 are
released per molecule of C0y reacted. Thus by having the water wvapor
pressure data available for saturated LiOH sclutions and LiOH-H20
dissociation, one may predict acceptable operating conditions for a given
COy concentration, systeam pressure, and temperature. Inhereat in the
preceding logic is the assumption that certain physical changes such as

melting, sintering, etc., do nmot occur.
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CBAPTER 2

EXPERIMENTAL EQUIPMENT, INSTRUMENTATION, AND COMPUTER SUPPORT

Microbalance System

To aid in the development of a model for the fixed-bed ﬁcrocysten,
an understanding or at least an awareness of phenomena that occur at
the microscale is required. Therefore, with the guidaace of E. L.
Fuller, Research Scientist at the Union Carbide Y-12 Plant, a microbal-
ance aaalytical system was designed, constructed, and successfully
operated. "his system is particularly well suited for experimental stu-
Jdies in which mass, pressure, and temperature are key parameters. Such
situations often occur during thermod=mamic, kinetic, and surface studies
on reacting solids. 054 A schematic and a photograph of the experisen-
tal system are presented in Figures 2.1 and 2.2,

The heart of the microbalance system is a Cahn Model RG automatic
electrobalance. The balance is sensitivé to 0.1 yg and has an upper capa~-
city of 2.5 g. The microbalance was calibrated over the 100~ to 200-mg
range with U.S. National Bureau of Standards Class M weights manufactured
by Ainsworth Weights. The tolerance on these weights is 0.0054 mg. The
calibration was performed by placing the reference weights and the coun-
terbalance weights {n quartz or glass pans that were suspended from the
ends of the microbalance beam by 25-pm~diam tungsten wire (Figure 2.3).
System cali'rar un was performed at a system pressure of <10’4 Pa
(<1076 torr) to avoid buoyancy effects (Appendix F). The output from the
microbalance was monitored with a Kefithly Model 177 digital multineter

and recorded with a Linear Instrument Corp. Model 485 strip chart
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ORNL-PHOTO 8163-81

Figure 2.3, Photograph of sample of commercial Ba(OH),°8H,0 flakes
suspended in the sample hang-down tube.
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recorder. Baseline nois: and drift were probleas during the initial

cal bration of the system. IYowever, the severity of t.aese problems

was greatly reduced by (1) maintaining a more uniform room temperature;
(2) obtaining electrical power for the microbalance and other key com—
ponents from a Elgar AC Line Conditioner thus minimizing the effects of
line voltage fluctuations; (3) applying antistatic solution to the quartez
hangdown tubes; and (4) applying a small time—dependent linear correction
factor. The accuracy of the overall umicrobalance system was determined
to be t2ug.

. Pressure within the system 1s controlled by one of two pressure sen-
sors and a pressure control valve. Since both pressure sensors measure
differential pressure, an absolute pressure reading is obtained by con-
necting the reference side to a 10~4 Pa vacuum. A Datametric Model Type
1018 electronic manometer equipped with a Model Type 1045 offset adapter
or null pot was used for onitoring pressures in this study. Accuracy of
the instrument is 0.077 of the reading plus 0.003Z of the operating
scale. For a 4.0-kPa (30-torr) reading, accuracy would then be *4.0 Pa
(£0.031 torr). Although not used in this study, the systea is also
equipped with a MKS Baratron electronic manometer that is capable of
operating over pressure ranges of 0 to 1.33 kPa (0.0l torr) up to O to
4.0 kPa (30 torr). For digital output, accuracy is 0.02% of the full
range plus 0.15% of the dial reading taken from the null pot. Both sen-
sors are of the éapacitance type and are thermostated to avoid drift from

1

fluctuations in the ambient temperature. During operation, the desired

system pressure 1is dialed at the electronic manometer and a nulled or

i

error output signal is produced and sent to a Granville-Phillips Series
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216 pressure controller. The pressure controller then actuates a ser-
vodriven valve.

Temperature control is possible over the continumous range of =35 to
1100°C. Ethylene glycol-water or water baths in vacuum Dewars flasks may
be used at the lower temperatures. Refrigeration is supplied by a Poly-
science Model ER50 refrigeration umit, and heating is by a regulated
thermostated Hallikainen Instruments Thermotrol equipped with an immer-
sion heater. An electric stirrer is situated in the bath to ensure
temperature uniformity. For operation at higher temperatures, a Marshall
furnace is used. Previous studies by Fuller have indicated this furnace
to exert a negligible magnetic inductance force on the tungsten hangdown
wire and sample. This force, if appreciable, would result in erroneocus
microbalance readings. Control for furnace temperatures over the ambient
to 300°C range is provided by a Barber Coleman Serles 527Z temperature
controller. Temperature control over the 200 to 1100°C range is provided
by a Varian Model 901-2060 temperature controller. System temperature is
monitored with a calibrated Omega Trendicator teaperature indicator con~-
nected to a Type K themocouple. Liquid nitrogen and dry ice baths may
be uses for isotherm studies at -196°C and -78,5°C, respectively.

Vacuua {s proviied in the syscem by either a standard rotary oil
vacuum pusp cspable of evacuating the system to <1.33 Pa (<10 ym Hg) or a
Varian Model H2S diffusion pump, equipped with a Model 0325 Cryo~baffle
11quid nitrogen trap, connectsd to & roughing pump (standard rotary oil
pump). The system has 2 maximua pumping speed of 22.7 kPs L/s. Using
the trasp as a baffle to prevent backstreaming, an adequate vacuum of

10~4 Pa (<10~6 torr) was possible. Vacuum pressures withla the system



are monitored via an independent Bastings DV-6 gauge, sad two
Granville-Phillips Therwmo—Casuges snd one Bayard-Alpert louisstica gauge
connected to a Granville-Phillipe SctluZﬁOmmtt;lht. Ilth
event of rapid system pressurizstion, sn alars signal fm the gauge
controller actuates a ralay that in turn shuts off the diffusion pump,
thus avoiding systeam contamination by the polypheaylether pump oil.

As indicated in Pigure 2.1, the vacuum systom was coastructed of
stainless steel tubing, having dismeters of 1 1/2, ¥4, ¥/8, aad 1/4 in.
Stainless steel was chosen in lieu of copper as the matsarial of coastruc—
tion because of its greater inertuess sund rapid ocutgassing motthl.ss
Joints within the system were constructed with comsercislly available
' Varian Conflat flanges and copper gaskets, Cajun fittings snd gaskets, or
they were welded or silver soldered. With the exception of one wecoum
valve, all valves ware constructed of stainless stesl, momel, or inconel
with matal bellows seals. The 3/4~1i:. valves were Varisa Model 951-5014,
bakesble to 400°C. The 3/8-in. valves were either Hoke Model 4611MAM or
Model 4628N4M, bakeadle to 180°C. The 1/é~1in. valves were Nupro lbdol
4H-TSW, tekeable to 485°C, sud the 1 1/2-in. valve was a Varian Model
951-5092 valve vith a stainless steel body and & polyimide bellows. This
valve is capable of a 300°C bskeout temperature. The pressure coutrol
valve, upon minor disassembly of key electrical components, may bs sud~
Jected o temperatures as great as 450°C. Thus in the event of eystea
contamination, much of the system may be thetaslly cutgessed. A close~-up
photograph of this portion of the system is presented in Pigure 2.4. A
unique sspect of the microbalance systes is the high wacuum microbslance

enclosure chowm in Pigure 2.5, The standard vacuum enclosure supplied by
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ORNL-PHOTO 8161-81

TR TN RO ——

Pigure 2.4. Close-up photograph of gas transfer and pressure control
portion of the microbalance system.
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Cahn is constructed of glass, and access to the balance for adjustment ot
repairs is difficult. The enclcsure, designed for this study, is
coustructed of stainless stgel that has been electropolished to minimize
outgassing. Access to the balance is made possible by a 3/4-in. safety
glass plate that may be removed for repairs and adjustments. A seal be-
tween the glass plate and flange is provided by a 1/4~in. neoprene O-ring
situated in a machined groove. When under vacuum, a force of 3.36 kN
(750 1b) is exerted by atmospheric pressure on the O-ring surface, thus
providing an excellent scal. Standard tie—downs enable the system to be
operated at a slightly pasitive pressure.

Upon the suggestion of Fuller, the microbalance beam is oriented in a
north/south direction. This precaution was taken to reduce the possibil-
ity of strain being induced on the balance by thermal expansion of the
building because the building is heated in an east to west manner during
the day. For highly accurate work, it is important that the_te-perature
of the laboratory be uniform so as to avoid possible straine in the
system due to thermal expansion and to minimize instrument drift. The
microbalance analytical system was firmly attached to a rigid metal rack
«nat was bolted to the floor. Bullding vibrations were occasionally
uonitored by the balance; when severe, they caused the suspended sample
to oscillate in a pendulumlike manner. At a pressure of 10~% pa
(1076 torr), the damping out of these oscillations by the dilute gas pre~
sent in the system was extvemely slow. Under certain conditions, the
oscillations were observed to increase in amplitude. Precautions were
also taken with respect to the amount of line noise in the electrical

;§¥ circuite that were used. As previously mentioned, an AC line conditioner
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was used to supply electrical power to crucial instrumentation. Static
electricity wvas a problem, particularly during the dry wiater wonths.
This problea was reduced by the routine use of an antistatic solution on

glass and quartz surfaces.

Fizxed Bed Experimental Systes

Studies have indicated that the most likely mnde of gas-solid contact
is a fixed bed. A uchematic of the fixed-bed experimental equipwment for
this study is presented in Figure 2.6. Two identical systems were con—
structed, and the equipment may be used for either differential-bed or
extended-length fixed-bed studies. The feed gas, dry air containing ?330
ppmy CO2, is metered through calibrated rotometers and to a humidifier.
The extent of humidification is controlled by the temperature and pres-
sure of the humidifier. Operation of the humidifier at eubambient tem-
peratures is possible with a refrigeration system. The gas is then
passed through a preheater and to the reactor. Because of the endother-
mic aature of the reaction, 364 kJ/mol (U, the reactor is jacketed with
a Glascol heating mantle to insure near-igothermal operating conditions.
Calibrated thermocouples are inserted at the top and bottom of the resc-
tor and are monitored on an Omega Trendicator digitsl temperature indica-
tor. Temperature control to the electric heaters in the humidifier and
preheater and to the heating mantle is provided by Barber-Colcman Series
527 temperature coutrollers. At the bsse of the 10.2-ca (4-in.)-ID glass
rexctor, the gas is dispersed by pall rings before passing through the
fixed bed. The fixed bed is supported by 100 mesh wire screen. The

aininal bed depth for differential reactor studies is 6 mm (1/4~in.).
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The common luagth for the extended-length fixed-bed studies is 51 em
(20 in.). Five centimeters of glass or ceramic beds are placed oa top of
the reactant to ensure pecked-bed flow contiouity (minimize end effects)
and to winimize bed expansioce in the upper section. For these studies, a
calibrated Foxboro Model El30H differential pressure cell wms used to
monitor the pressure drop across the column. The gauge pressure st the
top of the column was also determined by referencing the low-pressure-
side to atmospheric pressure. An absolute pressure value was then
obtained by & knowledge of the barometic pressure. Generally, the
pressure at the top of the column was maintained at ~105 kPa (0.6 psig).
A small portion of the effluent gas is filtered and fed to a Metal
Bellows Corp. met.l bellows pump for pressurization to 145 kPa (7 peig).
Following pressurization, the gas flows through two knockout vessels for
water removal and then to the C0; analytical systea. A second off-gas
streams is routed to the water vapor analysis system.

The C02 analytical systea consists of two flowthrough Wilks-Foxboro
Miran lA infrared snalyzers (IR) that are located in a glove box.
Because the window to the flow cell and IR light source in the analyzer
are separated by the surrounding gas, it was necessary to place the ana-
1lyzers in a controlled environment because of fluctuatioms in the ambient
CO2 concentration and hence, the drifting of the baseline. The glove box
is continuously purged with argon. The infrared spectrometer wavelength
is set at ...> ym and the pathlength is set at 20.25 m. The csll pres-
sure is mintained at 136 kPa (5 psig), and the cell 1is jacketed and
maintained at 50°C to svoid water condensation within the cell. A sample

gas flow rate of 1 L/min to the 5.6~L cell ensures rapid instrument




response. The instrument was calibrated over the conceantration range

100 ppby to 330 ppm, CO,, using calibration gases obtained from the Bureau
of Mines Helium Operations Plant in Amarillo, Texas, and from commercial
vendors. Calibration curves are presented in Appendix N. The calibra-
tion gases obtained from the Bureau of Mines are excellent sub-ppmy
standards because they have been analyzed by a freeze—out precon-
centration technique followed by mass spectroscopic analysis. The system
is recalibrated on a routine baeis. '!he voltage output from the IR is
monitored on a Keithly Model 177 digital multimeter and is recorded on a
Linear Instruments strip chart recorder. No interference from high water
concentration was observed at extremely low C07 concentrations.

A mmall portion of the total effluent gas is routed to the HyO ana-
lytical system that consists of a EG&G Model 660 dewpoint hygrometer and
ancillary equipment. This instrument directly determines the temperature
at vhich water in the off-gas stream condenses on a mirror surface, thus
providing a true dewpoint measurement for a given sensor pressure. As
liquid condensation 1s a function of temperature and pressure, a precise
knowledge of the sensor pressure is required. These measurements are
obtained with a Magnahelix differential pressure gauge referenced to
ambient atmosphere, An absolute pressure value is then obtained via
knowledge of the then current barometric pressure. The original hygro-
meter calibration is traceable to the National Bureau of Standards.
Instrument specifications indicate a dewpoint accuracy of $0.2°C. The
calibration was routinely checked by recosbining an 02-H, gas mixture
under reducing conditions over an Air Products and Chemicals Houdry Nixox

HSC~205 catalyst maintained at 200°C. For a gas containing 0.544Z 0, and
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excess H), a resulting dewpoint of 8.4°C should be monitored at a sensor
pressure of 101 kPa (1 atm). Using this technique, no significant
deviation from the factory calibration was observed in the course of the

experimental work.

Reactant and Product Characterization Instrumentation

Reactant and product analysis of Ba(OH); hydrate/BaCO3 samples were
performed on a Brinkmann Model E536-535-549 automatic titrator using a
standard acid/base titration procedure. Special care was taken to avoid
sample contamination from CO2 in the ambient air during sample prepara-
tion. To increase the sharpness of the BaCO3 peak when operating in the
derivative mode on the automatic titrator, the samples were either soaked
for several days or magnetically stirred in a sealed vessel for several
hours. In either case, a definite improvement in the resolution of the
analysis was obtained. This problem was most severe for samples that
were predominantly BaCO3. A typical titration consisted of piacing
1.24 g of solid in 40 mL of distilied H20. The titration required 20 mL
of 1.0 ¥ HC1 and was conducted under a nitrogen cover gas. The titra-
tion rate was 0.1 nL/min of titrate for a total titration time of 200 min.

Using the single-point BET adsorption theory, the surface area of the
BaCO3 product was routinely determined with a Quantachrome Monosorb.
Typical sample size was 1.0 g. Sample preparation consisted of thermally
outgassing the sample while under an inert gas purge. The adsorption
point was obtained with a 157 argon~helium gas mixture at 77 K. The
amount of sorbed gas was determined by raising the sample temperature
from 77 K to ambient and integrating the change in argon concentration

(1.e., thermoconductivity) in the purge gas. However, this procedure was




34

not applicable to Ba(OH),°8H,0 samples, even when the outgassing step was

omitted, because of the high water vapor pressure of the hydrate.

Computer Support

Data analyses and modeling studies were performed via the use of
three computer systems. Least-squares analyses of the data were per—
formed using an IBM 375/3330 system and an Apple Plus II compuve.-
Software for the former case was the Statistical Analysis Systea (SAS)
Library, Version 79.5, which was developed by the SAS Institute, Raleigh,
North Carolina.’® Software for the Apple computer was a program and
plotting ruutine entitled "Curve Fitter,” which was developed by Paul K.
Warme, Interactive Microware, Inc., State College, Pa.’7 4 second
program by Warme, "Scientific Plotter,” was used for the overlaying and
plotting of data.58 For process modeling, numerical solutions using a
finite difference technique were obtained with a Digital Equipment

Company PDP 10 computer.,
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CHAPTER 3
EXPERIMENTAL STUDIES AND DATA ANALYSES

The inte -pcetation of experimental data 1s often a tedious and dif-
ficult endeavor. Tur many cases, it may be likened to the famrus tale of
five blind men burdened with the task of describing an elephant, each
‘eing placed in contact with a unique, but different part. True, the
whole is equal to the sur. of its parts, but how many parts are required
before one can predict the whole with adequate confidence? Such is the
case with the experimental data to be presented and their subsequent
interpretation. No piece of data and its interpretation can really stand
alone. Rather, information avallable in the literature and from other
experimental data obtained as part of this study was often required for
successful interpretation and theorizing. Where such information was
required, the author will attempt to cite it explicitly.

For the sake of nomenclature and consistancy, the raw reactant used
in these studies will be designated as "commercial Ba(OH)2°8H20."
Analyses have indicated the material to be substoichiometric in water.
Discussions with the vendor indicated that the fiake reactant was pur-—
posely prepared in this manner to ensure a free-flowing solid (i.e., to
avoid particle agglomeration and sticking problems). Typically, water
hydrations of 7.0 to 7.9 per molecule of Ba(OH)2 are likely. Where the
hydration stoichiometry is important, it will ve reported in parenthesis,
such as commercial Ba(OH)7°8H20 (7.1 H20). The term "Ba(OH)2°8Hp0" will
be used to designate the stable Ba(OH)7 crystalline species with 8 waters

dishydration.
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Ba(GH),; Hydrate Reacta.t Characterization

Studies were conducted on analytical-grade Ba(OH);°8H30 and commer-
cially designated Bu(GH)2°1H70, Be(OH);+5H0, and Ba(Gi)+8H70. A pho-
tograph of these materials is presented in Figure 3.i. X-ray diffrac-
tion patterns were obtained for each material form, and the results are
rresented in Table 3.1. For reascns to be discussed in a later section,
the bulk c¢f the experimental work was conducted on flakes of commercial
Ba(OH)2*8H50.

Titriometric analysis ¢f flakes of commercial Ba(OH)2°8H70 indicated
them to be substoichiometric in water. As irdicated in Table 3.2, the
amlysis of samples from two separate drums, but of the same batch
number, indicated little variation in the reactant stoichiometry. Hydra-
tion stoichiometries of 7.54 and 7.47 were obtained with respective stan-
dard deviations of 0.0966 and 0.0830. The standard deviation attributed
to the experimental technique was 0.077., This value was obtained by
repetitive titration of analytical grade Ba(OH),°8H,0. Therefore, with
considerable confidence, the bulk of the deviation about the mean that
was observed for the two drume of commercial Ba(OH);*8H70 may be
attributed to the analytical technique and not to the sample position in
the drum or tae drum number. Analyses petriuvrmed on subsequent shipments
indicated that the stoichiometry varied between batches. Vendor specifi-
cations for the commercial Ba(OH),°8H,0 indicate that the rezctant com=~
position falls between Ba(04)2°7.0H20 and ba(OH)2°7.9H20. The product
sheet apecifications are present:d in Appendix E. In no shipment was
there appreciable BaC0O3. It is interesting to note that Michaud reported

a Ba(OH)2¢3H20-Ba(OH)2:8H70 eutectic to exist during solubility studies
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Figure 3.1. Photograph of potential Ba(OH); hdyrate reactants for
COy removal.
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Table 3.1. X-ray diffraction analyses of Be(OH), hydrate samples

Observed
. line
Sample intensities
Ba(OH) 2°H0 Ba(0d)°H)0 - stroagest
Ba(0H) 2°3H0
Ba(OH)2° 58,0 Ba(0H)2°Hz0 |
*3H,0 | - same intensity
*8H0
Ba(0R)9°8H,0 — commercial Ba(0H) 2°8H20
(Bydration stoichiometry of
7.0 and 7-5)
Ba(0H),°8H,0 - analytical Ba(OH),~8H,0

Table 3.2. Reactant analyses of two drums of commerc:ial Ba(OH)2°8H0
obtained from the same batch number

Drum Number of
No. Average composition Standard deviation samples
1 Ba(OH)2°7.54H,20 0.0966 12

2 Ba(OH) 2+ 7.47H,0 0.0830 20




on the Ba(OH); hydrate-water system (Appendix B).41,42 The stoichionetric
composition of the eutectic corresponds to Ba(OH)2°7.19H0, and consists
of 16 mol X Ba(0H)2°3H20. Therefore, for a hydration stoichiometry of
7.5, the reactant would consist of 61 mol I eutectic and 39 mol X
Ba(OH)2°8H2¢. The tctal amount of Ba(OH)2+3H;0 would then be 10 mol Z.
It 18 also interesting to note that x-ray diffraction analysis of commer-
cial Ba(0H),+8H,0 samples failed to confirm the presence of Be(OH),*3H,0,
although it was present in sufficient concentrations to be detected under
normal conditions with the available instrumentation (05Z). The author
speculates that the Ba(OH);°3H;0 crystallites are extremely small and
well—-dispersed. Failure to observe the compound via standard x-ray
diffraction analysis would then be analogous to difficulties in analyzing
amorphous compounds 09,60

Discussions with the vendor have indicated that the flakes are pre~
pared sy distributing a hot magma of Ba(OH)2 hydrate (~1.0 mm thick) on a
conveyer belt that is cooled on the underside by a water bath.6l As
shown in Figure 3.2, the two sides of the resultant flake a-e quite dif-
ferent — the side next to the belt is wvery smooth; the outer side, some-
what rough. However, when the flakes are magnified 5000X with an electron
microscope (Figure 3.3), the flakes appear to be porous, and little dif-
ference is observed between the top and bottom of the flakes. Mercury
porosimetry studies were conducted on saaples of commercial Ba(OH),+8H0
flakes obtained from two different batch numbers, hydration stoichiometries
of 7.0 and 7,5. Results indicated flake porosities of 11.8 and 13.3%7, re-
spectively, and flake densities upon mercury penetration of 2.18 g/cm3.

This density value is also the reference density of n.(ou)z-suzo.zz
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ORNL-PHOTO 4450-83

Pigure 3.2. Top and bottom views of a commercial Ba(OH)2°8H20
(Original photograph: 7.3 by 9.5 cm; magnification, 12.8X).

flake



ORNL-PHOTO 4451-83

Figure 3.3.

Top and bottom scanning electron micrograph (SEM) of

commersial Ba(OH)2°8H20 flake. (Original photograph: 8.9 by 11.4 cm,
magnification, 5000X).
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Although no published density data were found for the Ba(OH)j;e3H,0-8H,0
eutectic (overall stoichiometry of 7.19 Hy0), the author speculates that
(1) the density is similar to that of Ba(OH)2°8H;0, and (2) very little
internal or locked-up voidage exists that is unavailable to mercurcy
penetration. Similar flake density values were obtained, p = 2,16
g/c-3, from the volumetric displacement of acetone, a liquid in which
Ba(OH)°8H,0 is insoluble. The acetone displacement studie. and overall
bulk density studies indicated a bed porosity of ~48Z. Therefore, a
representative fixed bed would consist of ~52 vol I Ba(OH); hydrate,
~45.5 vol X interparticle volds, and ~6.5 vol I intrapartic. e voids.
Although the flaked form of Ba(OH)2°8H;0 is more ideally suited for
fixed-bed operations than the particulate form, the characterization of
flakes for modeling studies is very difficult because of variations in
flake size and thickness. Presented in Table 3.3 are the results of a
particle size analysis performed on flake samples obtained from two batch

numbers. From a process development perspective, one would desire to use

Table 3.3 Particle size analysis of commercial Ba(OH)<8H20
flakes obtained from two different batch numbers

Particle size Weight 7

Meeh L] Batch No. 1  Batch No. 2
4 » 4,75 » 18.5 5.8
8+ 4 2.36 » 4,75 46.9 33.0
20 + 8 0.850 +» 2.36 31.6 54.5
50 » 20 0.300 + 0.850 2.0 4.9
120 » 50 0.125 + 0.300 0.4 1.2
+ 120 + 0.125 0.6 0.6




all size fractions of reactant, and such was the case in the studies to be
discussed. The manner in which the flakes were characterized for modeling
studies will be covered in the latter portion of Chapter 3, “Fixed-Bed
Macroscale Studies.”

Attempts were made to make spheres, tablets, and cylinders of
Ba(OH)2+8H20. However, upon conversion to BaC03, these geometries were
extremely unstable. Furthermore, from a mass transfer perspective, the
flake geometry does offer some unique advantages with respect *> packing
density, particle thickness or diameter, and total particle surface area.
For systems In which reactant conversion may be represented by a
shrinking-core~-type model, the area available fét mass transfer for a
flake of uniform thickness is a weak function of conversion. This factor
is particularly important when eignificant maes transfer resistance is
assoclated with either diffusion through the produrt layer or the kinetic

rate at the reaction interface.

Surface Morphology and Microscale Studies

Sorption morphology studies.

Introduction. The use of various sorbates as molecular probes to elu-
cidate the surface properties of solids has been the topic of many 11ives-
tigations. These studies are generally conducted by measuring the sorp-
tion properties of a solid (sorbent) as a function of the partial pressure
of the sorbing gas or vapor (sorbate) at isothermal conditions. From the
shape of sorption isotherms, information concerning chemisorption, surface
area, and porosity properties of the solid may be obtained. Numerous

chemical species at various temperatures have been i:zed a3 sorbates; the
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choice of the sorbate is often depende~t upon the solid and phenomenon
being studied.

The use of adsorption isotherm data for determination of the sur-
face area of a sorbent has been an area of great importance.>0—54,62—66
For the determination of surface area, initial information concerning the
croes section or area covered by a sorbing molecule and the mmber of mol-
ecules at wonolayer coverage was published in 1937 by Emmett and Brunauer.
The procedure attempted to identify the point, "Point B,” on the adsorp-
tion isotherm at which the affinity of the molecule for the surface
changed most rapidly (i.e., from adsorbate-sorbent interactions to
adsorbate-adsorbate interactions). The Point B methed was later replaced
by the classical Brunauer, Ezmett, and Teller (BET) adsorption method
published in 1938. This sethod was to become the cornerstone of surface
area determination because it provided a simple, easily reproducible tech-
nique for adsorption analyses. The technique has become universal, and
although the reported values are relative, they are usually within 30Z of
the absolute area. A derivation of the BET equation and the associated

assumptions are presented in Appendix G. The working equation is

P -1 + (c=1) P_
- »
(Po P)V Vﬁc V;c Po

(3.1)

where
P = adsorbate vapor pressure,

P, = adsorbate saturation vapor
pressure,

<
]

volume of gas sorbed,

Vg = volume of gas for monolayer
formation,

¢ = constant.



For nitrogen adsorption at liquid nitrogen temperatures, the range of
validity of the BET equation is usually 0.05 < P/Py < 0.35, where P is
the adsorbate vapor pressure and Py 18 the adsorbate vapor pressure at
saturation. The range of validity is affec.ed by the assumptions impli-
cated in the development of Equation (3.1) (see Appendix G). The adsorp-
tion isotherm range must include the point of monolayer formation.
Factors indicating a wore limited range of validity are a negative value

of ¢ and the failure of Equation (3.1) to be linear when plotted as

P
W vs P/Pp. (3.2)

The range of application may also be reduced by the presence of micro-
pores (diameter <2 mm), whose existence may be confimmed by obtaining an
adsorption isotherm with a larger diameter adsorbate; or the existance of
strong chemical bonding b?tween the sorbate and sorbent, chemisorption.
The sorbed volume terms, V and VM, may be converted to mass terms, I ana
I'yq, via the information presented in Table 3.4. With respect to the
formation of a nitrogen monolayer, a weight increase of 280 ug per square
meter of surface area would be predicted.

Surface area determination may also be performed via application of
the sorption potential theory. This method, based upon thermodynaaic

principles, has unique advantages over the BET because the entire sorption

isothem 1is used.’0~54,62~65 However, its application has not been as
universal. The derivation is presented in Appendix G, and the resulting

working equation 1is

r, = 2.0[r,(p/P = 0.6065) - I (P/P = 0.3678)] (3.3)

- 1
PR 2



Table 3.4. Cross—-sectional area of adsorbed molecules
Bath Saturation vapor Cross—sectional area factors
temperature pressure — #M-101 P .
Adsorbate Bath (X) (torr) (Pa) (m?/molecule) (m2/g) (u2/m3)
N2 Liq. nitrogen 77.4 760.0 1.01-103 0.162 3480 4,35
A Liq. nitrogen 77.4 193.7 2.58+10% 0.138 3970 3.71
A Liq. oxygen 90.19 1000.4 1.33°10° 0.138 3970 3.71
Kx Liq. nitrogen 77.4 1.95 2.66°102 0.202 1450 5.43
Kr Liq. oxygen 90.19 17.02 2.27-103 0.214 1540 5.75
02 Liq. oxygen 90.19 760.0 1.01¢103 0.14 2630 3.76
Xe Liq. oxygen 90.19 0.0686 8.00 0.232 1090 6.39
H0 Ice/water 273.2 4.579 6.11+103 0,125 4180 3.36
0, COz/acetone 195 792.7 1.06¢103 0.21 2870 5.64
Benzene Ice/water 273.2 31.3 4,17+103 0.43 3320 11.55
n-butane  ILce/water 273.2 770 1.03¢105 0.444 4610 11.93

— Source: E. Robens and G. Walter, 'Determination of Specific Surface Area and Porosity of Solids,"
pP. 678 in Analytical Methods (CB), Academic Press, New York, 1974,



vhere

[ = smount sorbed at P/P,

Iy = amount sorbed on monolayer.
As previously cited, many different adsorbates have been used for
sorption isotherm studies (Table 3.4). Historically, nitrogen adsoxp-
tion at liquid nitrogen temperatures has been the preferred method.
However, in an extensive study by louquerol,Gz argon vas determined to be
a wore ideal absorbate than nitrogen (N2) because of the following:
l. a greater range of wvalidity for application of the BET equation
(1.e., more consistent with assumptions in the derivation of the
BET equatiom),

2. reduced cheaisorption,

3. the spherical form of the molecule, and

4. the absence of an electric quadrapole moment.

Another area of applicability of adsorption isotherm data is in the
evaluation of sorbent porosity. A detailed review of the theory and the
methods of evaluation of pores and pore size distributions are presented
in Appendix G. Generally, porosity is broken into three regimes that are
based upon the mean pore width, d(mm), (Table 3.5). Micropores are
responsible for the mechanical properties of the solid, and because of
the small diameter, pore & eas cannot be determined. However, pore
dismeters may be measured via adsorption studies with molecules of dif-
fering sizes. Mesopores contribute significantly to the internal surface
area and generally play an important role in chemical surface reactions.
Pore sizes are usually determined via adsorption studies and application

of the Kelvin equation for desorption. Macropores are visible under an



Table 3.5. Pore classification

Relative pressure range

Pore width, d for adsorption
Pore type (om) (P/Pg)
Macropore >50 20.95
Mesopore 2-50 0.35-0.95
Micropore <2 <0.35

Source: E. Robens and G. Walter, "Determination of Specifi: Surface
Area and Porosity of Solids,” Analtyical Methods 1(B), Academic Press,
New York, 1974.

optical microscope and determine the bulk denmsity of the solid. As the
pore size increases, the use of adsorption-desorption data and the Kelvin
equation becomes progressively more difficult. For pore diameters >50
nm, the technique of mercury penetration is the standard method of pore
size characterization.65

Specific studies were conducted to determine and deve’.op an awareness
of the surface characteristics of commercial Ba(OH)2°8H20, Ba(OH);°8H20,
BaC03, and partially converted samples of Ba(OH),°8H,0. With the excep-
tion of the mercury porosimetry studies, the results were performed on
equipment described in Chapter 2. The mercury porosimetry studies were
performed by the Analytical Chemistry Division at Oak Ridge National
Laboratory. To keep this section as brief as possible, experimental
results and their interpretation are presented. Other information such
as adsorption isotherms, BET plots, data analysis techniques, etc., are

presented in the cited appendixes.
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Nitrogen adsorption isotherms — commercial Ba(OH),*8H,0 and

Ba(0H)2°8H70. Using the microbalance analytical system described in a
preceding secrion, nitrogen adsorption isotherms ngé obtained on commer-
cial Ba(OH)2+8H20 flakes, commercial flakes dehydrated to ~Ba(OH)2+6.4H20,
.and commercial flakes hydrated at low and high humidities to
Ba(0H),+8Hy0. Typical sample sizes were 150 to 200 mg and consisted of
several flakes (Figure 2.3). Because of the high water vapor pressure of
the hydrated samples, outgassing to remove sorbed water from the surface
wvas not possible. In fact for Ba(OH)+8H)0 at room temperature, the
dissociation vapor pressure corresponds to a relative humidity that would
result in ~1.65 layers of sorbed water on the solid surface.%% Because
of the volatility of the sample, a reproducible method for changing

the temperature and pressure of the sample enviionment from 101 kPa (760
torr) and 295 K to 10'4 Pa (10"6 torr) and 77 K was developed. The pro-
cedure consisted of the rapid room temperature evacuation of the sample
to a pressure of 4 kPa (~30 torr) over a 2-min period, followed by place-
ment of the hangdown tube and sample in a 1iquid nitrogen bath and sub-
sequent evacuation to a pressure of 1074 pa (10'6 torr). Typically, the
sample weight would decrease by ~0.42 (~0.6 mg for 150-mg sample). Upon
conclusion of the isotherm analysis, the stoichiometry was determined by
sample decomposition to Ba(OH)7 and a subsequent mass balance.

Nitrogen adsorption studies were conducted on Ba(OH)2°8H70 prepared
from commercial Ba(OH)2~8H70(~7.0H,0) which was hydrated at a relative
humidity <60% and commercial Ba(OH),+8H0(~7.0H)0). Before buoyancy
corrections, the isotherms displayed negligible curvature, “hus indica-

ting extremely low surface areas. From the observed weight changes that
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were assumed to result solely from buoyancy effects, solid densities were
determined (Appendix F). However, as presented in Table 3.6, the

measured acusity for Ba(OH)2+8H20 at liquid nitrogen temperatures (77 K)
wag considerably less than that expected based upon literature values.
Using a weighted average based upon the crystal densities of Ba(OH)<H50
and Ba(OL)2+8R30, a corrected density was calculated for the commercial
Ba(OH)9+8H20 (~7.0 Hy0). Ideally, a density value for Ba(OH)2°3H20 or

the Ba(OH)9+3H90 — Ba(OH)°8H20 eutectic (H20 stuvichiometry of 7.19) would
have been more rigorous, but such values were not found in the literature.
In both cases as presented in Table 3.6, the experimental density values
were roughly 127 less than the znticipated values based unon crystal den-—

sit?:g ai. room temperature. Because the transition of the sample from

Table 3.6. Ba(OH),°8H20 and commercial Ba(OH)2+8H20 densities

Observed Predicted Z of
density at 77 K density prediction
Commercial Ba(OH)2¢8H20 2.12 2.39 88.7

(7.0 Hy0)

voom temperatur. to 77 K was not instantaneous, the author speculates
that crystal expansion occurred in a manner very similar to the freezing
of water, for which the solid density is ~9% less than the liquid den-
aity.22 The author feels that one may view the Ba(OH)2¢8H20 solid as a
semirigid water solution containing approximately 11 mol % Ba(OH)7. The

relative strength of the hydration bond may be evaluated by compaiing the
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enthalpy and entropy changes associated with the hydration of Ba(OH); and
its lower hydratass, the condensaiion of water vapor, and the freezing of
water. As shown in Table 3.7, the greater decreases in enthalpy and
entropy, on a per mole water basis, indicate that considerable bonding

strength is associated with the hydration step.ho

Table 3.7. Relative strength of the hydration bonds
in Ba(OH)2 hydrates

Reaction? Temgﬁgature kJ/mﬁ?—HZO J/molegzo K
Ba(OH)2(s) + Hy0(g)+Ba(OH)*H,0 293.15  -61.35 -141.8
Ba(OH)°H,0(8) + 2H,0(g)*Ba(OH),*3H,0 298.15  -62.62 -138.8
Ba(OH)2+3Hp0(s) + SH0(g)+Ba{OH)+8Hy0 298.15  =-58,23 -157.7
Hy0(g) + Hp0(1) 298.15 -44.,02 -117.5
HpyO0(1) + Hy0(s) 273.15 -6.12 =22.4

9hermodynamic values for Ba(OH)2 hydrates were tzken from B, A.
Kondakov, P. V. Kovtunenko, and A, A. Bundel, "Equilibria Between Gascous
and Condensed Pha.es in the Barium Oxide - Water-System,” Russ. J. Phya.
Chem. 38/1), 99-102 (1964).

With respect to the entropy of formation values for Ba(OH)2¢3H20, Kon-
dakov questioned the stability of this species. As discussed earlier in
this chapter, mercury porosimetry and acetone displacements studies on
commercial Ba(OH)2¢8H20 (7.0 and 7.5) at ambient temperatures have indi-
cated crystal densities of ~2.18 g/cm3. However, as shown in Table 3.6,

the predicted densities based upon the weighted average of Ba(OH)z-Hzo
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and Ba(OH)2°8H0 are much greater. Therefore, this analysis indicates
the molar volume of Ba(OH)2°3H20 or the Ba(OH),°3H,0 — Ba(OH),°8H,0
eutectic is much greater than expected. Little information exists con-
cerning Ba(OH)é-3H20. It does possess a distinct x-ray diffraction pat-
tern and was routinely prepared in the course of this study by the
room-temperature, vacuum dehydration of commercial Ba(OH)2+8H20 flakes.
The author speculates the greater than anticipated entropy of formation
for Ba(OH)9°3H,0 results from the larger than expected molar volume.
Unlike Ba(OH)2+8H20, no im-depth study of the crystal structure has been
conducted, It is unfortunate in the course of this study that sorption
isotherms with differing sorbates were not conducted because molecular
voids may exist within the structure of Ba(OH)2¢3H20. These molecular
voids would then account for the smaller than anticipated change in
volume between the experimertally determined density of commercial
Ba(OH)2°8H20 and the same material at liquid nitrogen temperatures.
Manohar and Ramaseshar.,, in determining the crystal structure of
Ba(OH)7+8H20 via x-ray analysis, noted considerable mobility of the OH™
ions and considerable hydrogen bonding in the Ba(OH)2°8H20 crystal struc-
ture. 67 Therefore, the formation of crystalline linkages and expansion
upon exposure to sub~zero temperatures would seem highly plausible. Ome
might view Ba(OH)2+8H20 at sub-zero temperatures as a clathrate compound
with Bat and OH™ occupying voids in the Hy0 crystal structure,68,69
Although commercial Ba(OH)7°8H,0 was determined to possers negligible
surface area, room temperature dehydration to a stoichiometry of 6.4
waters of hydration resulted in considerable curvature of the adsorption

isotherm. The 1isotherm is presented in Appendix H along with the BET and
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sorption potential plots. As the isotherm displayed mo hysteresis and
the upper adsorption pressure (P/P,) was >0.99, few mesopores (2 m < d
< 50 nm) and macropores of diameters <150 mm likely exist. Furthermore,
from the shape of the adsorption isotherm and the extremely weak energy
of the interaction (E,) of 3.20 kJ/mol obtained from the sorption poten-
tial model, very few micropores (d { 2 mm) appear to exist. For the
condensation of nitrogen at saturation conditions, the energy of.interac—
tion should equal the heat of liquifaction (E;) which is 5.65 kJ/mol.
Hence the physical system and the.postulated model are in slight con-
flict as Ey > £y . From the value of the enefgy of interaction and the
BET “c” value of 21.0, the sorbate-sorbent bond appears to be comparable
ian strength to the sorbent-sorbent bond. The BET and sorption potential
surface areas correlated quite well, indicating areas of 0.99 and 1.35
nZ/g respectively (Table 3.8, Sample 1).

The information in the preceding paragraph may be used as a check
with respect to the sample evacuation procedure for Ba(OH)2 hydrates.
For a typical weight loss upon sample evacuation of 0.6 mg (~0.4Z of
ganple mass) and assuming a linear relationship between weight loss and
surface area formation, an increase in BET surface area of only 0.1l1 nzlg
would be predicted. Because of kinetic limitat{ons, the true oumber is
likely less since the sorbed water (minimum of ~1.65 layers) would pro~-
bably be released first. For 1.65 monolayers of water on a surface area
of 1 m2, 0.40 mg of water would be lost upon total desorption. Hence
this analysis indicates that little additional surface area may be attri-

buted to the evacuation procedure.

&



Table 3.8. Nitrogen adsorption isotherm surface area analysis

BET Sorption potential
Surface Surface Energy of
a c agea interaction
Sample Composition (n%/g) Value (m=/g) kJ/mol
2 Ba(OH)2+8H20 0.98 1825 0.95 7.27
3 BaCO3 7.52 180 6.16 9.43
4 BaCO3 8.70 511 6.58 11.40
5 2.7% Ba(OH)2°8H0 5.46 123 4.03 11.51
6 15.4% Ba(OH)2+8H70 .44 263 3.56 8.53
7 50.5Z Ba(OH)o*8H,0 1.67 350 0.93 19.95
8 59.6% Ba(OH)2*8H20 1.48 -97 0.91 20.77
9 76.42 Ba(OH)2+8H20 <0.5 — <0.35 —_
10 87.0Z Ba(OH)2°8H,0 <0.5 _ <0.35 -
11-A  ¢2.9% Ba(OH),°*8H,0 <0.5 _— <0.35 -_
11-B 97.5% Ba(OH)2+8H,0 <0.5 —_— <0.35

Studies have indicated that the hydration of commercial Ba(OH);*8H;0

may proceed in one of two regimes.

For humidities of 60X or less, little

or no physical change is observed upon hydration to Ba(OH);°8H0. The

actual rates of hydration and dehydration are discussed later in this

chapter., However, for relative humidities in excess of ~60%, the flakes

are observed to recrystallize and preferentially curl as shown in Figure

3.4. Although this curling results in a more active solid (greater
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Figure 3.4. Top and bottom views of a commercial Ba(OH)2°8H 0 flake
flake subjected to relative .smidity >60%. (Original photograph: 2.85 by
3.75 in.; magnification, 16.5 and 13X, respectively.)
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surface area), the solid is also more fragile and degrades easily upon
conversion to BaCO3. Based upon this and other data to be presented in
this chapter under the heading entitled "Fixed-Bed Macroscale Studies,”
the author believes that in the regime of 60Z relative humidity and
greater, sufficient sorbed water exists on the surface for rapid
recrystallization to take place. This recrystallization and crystal
growth proceeds very likely in capillaries or at contact points where
wvater has coidensed via a phenomenon referred to as capillary conden—
sation (Appendix G). A contact point may be described as the meeting of
two nonplanar surfaces. Therefore, as the adsorption isotherm was extre-
mely linear for the commercial Ba(OH),°8H,0, the number of capillaries or
contact points must be small. The BET and sorption potential surface
areas, the BET c value, and the sorption potential energy of interaction
for the commercial 11(0H)7+8H)0 sample hydrated at a humidity in excess
of ~607 are presented in Table 3.8 as Sample 2. The BET analysis indi-
cated a very large c value of 1825, thus indicating the energy of
sorbent-sorbate interaction to be considerably greater than sorbent-~
sorbent interactions. The sorption potential energy of interaction was
relatively weak for such interactions as it was 7.27 kJ/mol. It is
interesting to note that although the two models predicted essentially
the gsame surface area (0.98 vs 0.95 mzlg), the strength of the sorbent-

sorbate interactions are in conflict.

Nitrogen adsorption isotherms — BaCO3z. Nitrogen adsorption isotherm
studies were conducted on a representative BaCO3 product from a fixed—-bed
run (latter portion of this chapter). These samples were outgassed for

several hours at room temperature and a pressure of 1074 Pa until no



weight change wags observed. Adsorption isotherms were obtained on two
samples. Buoyancy corrections were made assuming a BuCO3 density of 4.43
g/c-3, and the: isotherms displayed no hysteresis. The isotherms are pre-
sented in Appendix H. As the maximum value of P/Pg during the adsorption
experiment was in excess of 0.99, the absence of hysteresis would indi-
cate few restrictive mesopores (2 mm < d { 50 mm) or macropores of diame-
ters <150 om. From the shape of the adsorption isotherms and the value
of the sorption potential energy of interaction, 9.43 and 11.40 kJ/mol,
few micropores (d < 2 mm) would be predicted. The energy of interaction
is what would be expected for a moderately active surface. Th¢ BET and
sorption potential surface areas were found to be reasonably consistant
and are presented in Table 3.8, Samples 3 and 4. The surface areas from
BET theory were 7.57 and 8.73 m’/g, respectively, and those from the
sorption potential model were 6.16 and 6.58. For each analysis
technique, differenres in surface areas for the two samples are relati-

vely small and are attributed to both experimental techique and nonhomo-

genity of the samples.

Nitrogen adsorption isotherms - comversion profile studies. Adsorp-
tion studies were conducted on the conversion profile of a typical fixed
bed run. This profile was obtained by terminating a fixed-bed experiment
prior to the start of the COy breakthrough. The 10.2-cm~diam bed was
then partitioned in the axial (z-direction) into 2.54~cm increments for
cubgevuent titriometric analyses. Because of the presence ofA
£a(0H)y*8H70 in the samples, sample out-gassing was not possible. The
150- to 200-mg samples were prepared for the adsorption study using the

same procedure that was developed for Ba(OH)2°8H20 adsorption studies.
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Sample weight loss between loading conditions, 101 kPa (760 torr) and 295
K, and adsorption conditioms, 104 pa (1076 torr) and 77 K, were reaso-—
nably consistent at ~0.4 wt Z. Based upon the experimental conditions of
the fixed-bed run and the titriometric analysis, the reactant was assumed
to be fully hydrated (i.e., Ba(OH)2°8H30). To correct for the buoyancy
effect, e extent of sample conversion to BaC03 and the respective
crystal densities at 77 K were required. The extent of conversion was
obtained by the room temperature, vacuum dehydration (10’4 Pa) of the
Ba(OH)2+8H20 to the stable species at these conditions, Ba(OH)2. From a
mass balance, the amount of Ba(OH)2°8H70 was determined, and the mass of
BaCO3 was calculated by mass differences. Experimental values obtained
via this tachnique and acid-base titriometry are presented in Figure 3.5.
As the surface adsorption samples were only ~150 mg, the titriometric
samples were ~2.4 g, and the total weight of the 2.54-cm sample increment
was ~200 g; the observed differences could easily result form the nonho—
mogeneity of the sample (i.e., was the analyzed sample characteristic of
the top or bottom of the 2.54~cm increment?). The density values used in
the buoyancy calculations were the 1.90 g/cm3 for Ba(0H)2+8H20 obtained
in the preceding section and the literature value of 4.43 g/cm3 for
BaCO3.22 A weighted average was then used to calculated a corrected den-
sity for the partially converted samples.

The sorption profiles and the subsequent analyses are presented in
Appendix H. The lack of hysteresis for these profiles and the linear
sorption potential plot indicate few mesopores of macropores of diameters
<150 nm. The initial shape of the isotherms and the increase in the sorp-

tion potential theory energy of interaction with decreasing conversion,
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8.53 to 20.77 kJ/mol, indicates that microporosity may exist in the less
converted samples. The surface areas obtained via BET and sorption
potential theories :ve presented in Table 3.8, Samples 5—11B. Since the
relative humidity of the fixed-bed run was <60Z (a value >60Z would
result in éapillary condensation of Hy)0 and subsequent recrystallizatiomn
and increased surface area), the surface area contribution from
Ba(OH)2°8H70, was agsumed negligible. The surface area per gram of
BaC03 was calculated and is presented in Table 3.9. These studies indi-
cated that a more rapid increase 1In surface area occurred for the more
highly converted samples or those samples exposed to the greatest

C02 concentration. Exparimental data, obtained from fixed-bed studies

Table 3.9. Conversion profile surface areas per gram of BaCOj

BET surface tET surface
area area
Sample Composition (mzlg-sample) (mzlg-BaC03)
3 BaC03 7.57 7.57
4 BaC03 8.93 8.93
5 2.66% Ba(OH)2°8H20 5.46 5.61
6 15.43% Ba(OH),*8H0 4.46 5.27
7 50.45% Ba(OH)j*8H,0 1.67 3.37
8 59.55% Ba(OH)2+8H20 1.47 3.63
9 76.37% Ba(OH),°8H,0 <0.50 <2,12

and to be 31scussed later in this chapter, have indicated the specific

reaction rate of unreacted material to be roughly proportional to
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C0y concentration. Thus, the rapid specific rates coincide with a
greater incremental increase in surface area per gram of product. This
factor snd its significance will be addressed in greater detail im a sub—
sequent section entitled "Single-Point BET Analyses of BaCO3 Products.”
The BET "c™ value for Sample 9 reported in Table 3.8 is slightly neg—
ative because of a negative BET intercept. Typically, this is an indica-
ticn of a deviation from the assumptions in the BET theory. However,
based upon the proximity of the intercept term to zero and the value of

the slope term, the discrepancy was judged to be insignificant.

Single-point BET analyses of BaCO3 products. Single-point BET sur-
face areas were obtained using the Quantachrome Monosorb described in
Chapter 2. These studies were conducted to determine the effects of
fixed-bed parameters such as relative humidity, temperature, gas flow
rate, etc., on the surface area of the BaCO3 product. The merits and
limitations of the single-point BET technique are described in detail
in Appendix G. Basically, they require that the "¢” term in the
BET equation be of sufficient mag.itude to ensure a zero or near—-zero
1ntercept.on the BET plot. Furthermore, the single-point adsorption
pressure must lie within the BET regime. Typically, this value is 0.05
< P/Py < 0.35. However, the regime of applicability is dependent upon the
sorbent and sorbate. Multipoint BET studies on BaCO3 indicated appre-
ciable sorbate-sorbent interaction, thus a large value of "c” and a near-
Zero intercept. Argon was chosen as the adsorbent for these studies as
work performed by Roqueral indicated 1t to be a m?te ideal adsorbent than
nittogen.62 The argon adsorbent pressure for thejsingle-point method was

0.60. This value is outside the normal BET regime, and this factor was
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investigated to determine the validity of such data. (The gas mixture
was 15X argon and the balance helium. At liquid N7 temperaturas, the
P/Pg value is 0.60. If the adsorbent gas was nitrogen, the corresponding
P/Py value would be 0.15, which is near the center of the BET regime. The
choice of 151 argon was an oversight of the investigator.)

Using the nitrogen adsorption data presented in a previous section,
a comparative study of surface areas using the multi- and single-point
BET methods was conducted. For the latter case, a P/P, value of 0.60 was
chosen. As may be seen in Table 3.10, the single-point surface area was

approximately 807 of the value obtained from the multipoint analysis.

Table 3.10. Comparison of single- and multipoint BET surface
areas using nitrogen as a» adsorbate?

Multipoint Single-point
BET surface BET surface XM-SP
area, area,

Sample Composition (nzj:;np (nzj:;sp Bkl
1 Ba)OH)2°6.4H70 0.99 0.83 0.834
2 Ba(OH)7*8.0H,0 0.98 0.84 0.856
3 BaCOj3 7.52 6.08 0.809
4 BaCO3 8.70 6.97 0.801
5 2.66% Ba(OH),°8H,0 5.46 4.19 0.767
6 15.43% Ba(OH)2°8H20 bob44 3.36 0.757
7 50.45% Ba(OH)2°8H20 1.67 1.07 0.638
8 59.55% Ba(OH)7*8H0 1.48 1,02 0.689

% /py=0.60 for single-point method.



[-}]
w

Using the same bulk sample as used for Samples 3 and 4 in Table 3.8,
a single-point BET rurface area using argon as an adsorbate was obtained.
The surface area was 9.24 nzlg as compared to values of 7.57 and 8.93 nzlg
obtained from the multipoint analysis using nitrogen as an adsorbate.
Thus reasonable consistency exists. A second area of concern regarding
the validity of using argon (P/2; = 0.60) as an adsorbate was whether
capillary condensation might occur, thus resulting in a calculated sur-
face area greater than the actual area. Multipoint studies have indi-
cated no hysteresis and thus negligible filling of circular or near-
circular pores on any of the isotherms. Sorption potential studies indi-
cated no appreciable capillary condensation for any samples. However,
the mercury porosimetry data (next section) did indicate a possible
decrease in pore size as the surface area increased for BaC03 product
samples. However at P/Py = 0.60, only pores of diameter <5 om would be
filled. From the mercury porosimetry density function plots in the
subsequent section, one may observe that 1ln (0.005) = -5.,30 18 far to the
left of the experimentally determined maximas. Thus it was concluded
that the single-point BET surface areas obtained with argon at 2 P/Pg =
0.60 could be used, with reservation, for establishing possible data
trends.

Presented as a function of relative humidity in Figure 3.6 are the
single-point surface areas of BaCO03 product samples. These samples were
obtained from fixed-bed studies in which the dependent variables were
relative humidity, temperature, and gas flow rate. An area of interest,
previously cited earlier in this chapter and to be discussed in greater

detail later, is the effect of water vapor upon the surface of the
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reactant and product. The amount of water vapor on the surface 1is
dependent upon the extent of saturation of the vapor in equilibrium with
the sorbed liquid, the percent of saturation of water vapor being termed
relative humidity. Adsorption processes are then a strong function of
the percentage of vapor saturation, P/P;, and are not a function of
temperature. As shown in Figure 3.6, surface area data obtained at run
temperatures of 22°C and 32°C correlate reasonably well whnn plotted as a
function of relative humidity. For this temperature range, the satura-
tion vapor pressure, Py, increases from 2.64 kPa (19.8 torr) at 295.2 K
to 4.76 kPa (35.7 torr) at 305.2 K. Futhermore, the surface area is
observed to decrease as a function of relative hmidity. It therefore
appears that adsorbed water on the surfece plays an active role in the
transport of the Ba2+, OH~, and 0032' ions; thus affecting the reaction
aad recrystallization process and resulting in larger crystallites and
less surface area. Although the data are not conclusive, there are indi-
cations (as shown in Figure 3.6) that lower gas flow rates may result in
lower surface areas. In the previous section, the observation was made
that the increase in specific surface area was dependent upon the rate of
reaction; the greater the specific rate of reaction, the greater the sur-
face area per gram of product. It would, therefore, seem plausible that
for a slow reaction, fewer sites of crystal nucleation and growth would
exist and the presence of adsorbed wezter on the surface would aid in the
transport of the Ba2+, OH™, ard 0032' ions to the existing BaCO3 crystal-
lites. The reaction process wiuld then take place in a more orderly
environment. In conclueion, the presence of sorbed water on the solid

surface appears to take an active role in the ov:rall mechanism.
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Mercury porosimetry studies. Previous adsorption studies have indi~
cated few capillaries of mean diameters <150 mm. Furthermore, density
measurements presented earlier in this chapter indicated very little
intraparticle porosity that was available for penetration. To obtain
additional information concerning the surface morphologr of commercial
Ba(OH)+8Hy0 and BaCOj product, mercury porosimetry tests were performed
by the Analytical Cnemistry Division at Oak Ridge Natiomal Laboratory.
For data interpretation, the assumption of circular pores was made. The
data, presented in Appendix I, were analyzed by the author and converted
to density distribution plots. The density distribution is equivalent to
dV/d[ln(dp)], where V is the penetration volume and dp is the capillary
radius. The data for two commercial Ba(OH)2°8Hy0 samples, stoichiometry
of 7.0 and 7.5, are preseited in Figure 3.7. Little difference was
observed to exist between the two samples. However, there are indica-
tions that the peak distribution may be bimodal, with maxima at ~1.0 um
and ~0.17 ym. Porosities for the two materials were determined to be
13.26 and 11.34%, respecrivcly. As discussed previously, it is specu-
lated that internal voids, which are not accessible to mercury porosime-
try, contribute very little to the net voidage.

Similar studies were conducted on two different BaCO3 product samples,
each sample originating from the saae commercial Ba(OH)°8H0 batch number.
Sample COM-35 was determined to have a BET single-pcint surface area of
18.3 mzlg, whereas COM—40 had a surface area of 9.2 mz/g. The data were
analyzed in a simi’ar manner as the preceding data to determine the den-
sity distribution (presented in Figure 3.8; the actual data are given in

Appendix I). For COM-40, a bimodal distribut.on exists with a weak.
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maxima at a diameter of ~3.50 pym and a strong maxima at ~15 pym. PFor
COM-35, which possesses a greater surface area, the single maximm is
downshifted and corresponds to a diameter of ~8.2 ym. The porosity of
COM~40 was 72.05%, whereas the porosity of COM-35 was 66.49Z. Based upon
‘a Pilling~Bedworth ratio of 6}31 (molar volume of product/molar volume 6£
reactant) and an initial flake porosity of 0.12, a final intraparticle
void volume of 7327 would have been predicted. Thus the results are
reasonably cousistant. Discrepancies could result from capillaries of
such diameter that they are penetrated at very low mercury pressures.

Assuming negligibl> coatribution to the total surface area from pores
of <3.5 um in diameter, the following analysis may be made. For cylin-
drical pores, the surface area per unit volume of pore 1is

A= 2';‘ (3.4)

r £

-2,
where
r = pore radius,
4 = pore depth.

Thus the racio of surface areas per unit volume of sample for COM-35 to

COM-40, R, would be the following:

A
2 o | coM-35
COM-40
- £ x L : .
et e o5

COM-35 COM-40
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0.665 , 0.15

= 0.082 © 0.7z - 199

vwhere € is the intraparticle wvoidage. The ratio obtained from the
single-poimu. BET analysis was 1.99. In light of the potential error in
estimating the maxima from Figure 3.8 and other potential sources of
error, the comparison is reasonably consistent with anticipated results.
As may be seen from the density distribution plots, the voidage con-
tribution of pores with diameters <30 pm (1n(0.03) = 3.5) is very small.
For a pore diaseter of 30 ym, the Eelvin equation predicts a desorption
P/Pg of 0.993. Hence hysteresis during adsorption-desorption studies
would not be observed with the present experimental system. As a point
of reference, the dzsorption P/Py + 1.0 as the pore diameter becomes pro-

gressively larger.

Photographs and scannirng electron micrographs of BaCOz product. As
previously discussed, the relative humidity of the system may greatly
affect the surface morphology of the reactant, the product, or both.
When o.erating at relative humidities in excess of 60%, the commercial
Ba(OH)2: 8H20 (Figure 3.4) is observed to recrystallize and curi. Upon
conversion to EaCOj, the particle degrades and operational problems
become uwore severe. For humidities <{60Z, this phenomena is less apparent
upon hydration to Ba{OH)2¢8H20. The flake form 1is cobserved to remain
essentially ictact, even upon conversion to BaCO3 (Figure 3.9). Scanning
2lectron micrographs of the smooth and rough side of Sample COM-40 are
preseunt:d in Figure 3.10. As predicted, consf{derable g~rrosity is

observed. Assuming negligible particle shrinkage, calculaticns indicate
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Ba(OH), * 8H,0

Figure 3.9. Photograph of commercial Ba(OH);°8H0 flakes and BaCO
flake product. The product was obtained at a process relative humidity
<60X.

(Original photograph: 7.3 by 9.5 cm, magnification, 16.5 and 13X,
respectively.)
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ORNL-PHOTO 1305-83

Figure 3,10, Scanning electron micrographs of top and bottom sur-
faces of BaCO3 product from COM~40. (Original photograph, C.9 by 11.4
em; magnification, 5000X).
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the particle should be ~73% void. Mercury porosimetry measurements indi-

cated a voidage of 72.1X for this sample.

The reactivity of Ba(OH)7 hydrates toward CO3. Studies were con-

ducted vith the microbalance analytical system to determine the reac-
tivity of Ba(OH),*Hy0, Ba(OH),*3H0, and Ba(OH)~+8H70 toward CO-.
Ba(OH)2*H20 was prepared by the room temperature, vacuum dehydration of
commercial Ba(OH)2+8H0 to Ba(OH)2 and subsequent quantitative rehydra—-
tion at 294.8 K and 266.0 Pa (2 torr) water vapor pressure to Ba(OH);°H30.
Ba(OH)7°3H20 was prepared by subjecting a sample of commercial
Ba(0H)7°8H20 to a water vapor pressure of 480.0 Pa (3.6 torr) at 294.8 K.
The validity of this tech~ique will be established further in the next
section. Finally, Ba(0K),+8H0 was prepared by subjecting commercial
Ba(0H)2°8H20 to a water vapor pressure of 1.28 kPa (9.6 torr) at 294.8 K.
The relative humidity for this step was 50X. Since this value was <60%
relative humidity, curling of the flake during rehydration was avoided.
For the reaction of €0y with Ba(Oﬁ)2°Hzo, Ba(0H)2°+3H20, and
Ba(OH)9+8Hy0, the respective relative humidities were 10Z, 19Z, and 50Z.
The first relative humidity corresponds to the approximate completion of
the initial monolayer of water, whereas 507 relative humidity corresponds
to the approximate completion of two layers of water or a water film
thickness of ~0.7 nm. The pressure of each system was then raised from
the respectiv: water vapor pressure to a pressure that was 132.3 Pa (1.0
torr) greater by the addition of CO;. The rate of reaction was then
monitored by the resulting weight changes. Because of an accompanying
increase in molecular weight (MW), the Ba(OH)2¢H70 sample increased in

weight upon couversion to BaCO3 (MW = 189 » MW = 197), vhereas
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Ba(OH)7°3Hp0 (MW = 225) and Ba(OH),-8Hy0 (MW = 315) lost weight upon con-
version to BaCOj. At 5 mol X conversion, the relative rates of reaction
were compared. The rates for Ba(OH)2°H70 and Ba(OH);°3H70 were roughly
equivalent. However, the rate of the COp—Bal{OH),+8H)0 reaction was more
than 3 orders of magnitude greater (~3000 times). To state whether the
increase in reactivity results from the presence of Ba(0H)7°8H20 or the
presence of increased surface water is difficult. Earlier in this
chapter, it was shown that sorbed water does play an active role in the
surface transport process. However, because of the small increase in
surface water and the sharpness of the transition, the author speculates
that the presence of the 5 additional waters of hydration in the crystal
lattice near the reactive hydroxyl ions are largely responsible for the

drastic increase in the kinetic rate.

Ba(OH),+8H,0 vapor pressure, dehydration, and rehydration studies.

As previously discussed, the presence of Ba(OH)2°8H70 is wvery important
for a rapid CO2 reaction. 7Therefore, studies were conducted with the
microbalance system on 150- to 200-mg samples of commercial Ba(OH),°8H,0
(7.0 H0) to determine (1) the validity of published vapor pressure data
and correlations, and (2) the rates of dehydration of Ba(OH)2°8H20 to
Ba(CH),+3H,0 and subsequent rehydration.

Static vapor pressure studies to determine the equilibrium vapor
pressure of Ba(OH);°8H20 were attempted. However, because of fluctua-
tions in the ambient temperature of the room in which the equipment was

housed (these fluctuations affected the pressure within the system) and
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the slowness of the kinetics as equilibria was approached, these studies
were abandoned.

Studies were conducted at 294.8 and 304.9 K and varying water vapor
pressures to determine the rates of dehydration of commercial Ba(OH);e8H70
flakes to Ba(OH)2°3H70 and the subsequent rehydration to Ba(OH),°8H,0.
The presence of Ba(OH)2+3H,)0 was confirmed gravimetrically and by x-ray
diffraction. As shown in Figures 3.1l and 3.12, the dehydration and
rehydration conversion profiles were a linear function of time for up to
802 conversion. Furthermore, as shown Figures 3.13 and 3.14, the rate
data for both dehydration and rehydration were linear functions of water
vapor pressure. Mathematically, it was found that by assuming a
shrinking-cor:z model for a flat flake and a first— rder kinetically
controlled reaction (Appendix M), a suitable model arplicable to both de-
hydration and rehydration could be developed. The conversion profile

from such a shrinking-core model would be represented by

t
XB-?’

(3.6)
where
Xp = fraction cruverted,
pbo

'2bec ’

solid density,

©
1

particle thickness,

o
(=)
[}

b = stoichiometry coefficient, mole-
cules solid reactant/molecule
gaseous reactant,

Ky = kinetic rate constant,

C = reactant gas concentration.
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The dehydration or dissociation of commercial
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The derivation of this equation and other shrinking—core models for kine-
tic, gas film, and diffusion control for flat plate, cylindrical, and
spherical particle gecaetries ..ud the associated assumptions are presented

in Appendix M. The chosen rate expression for dehydration was of the

form

- x

R = x‘c = E (Pn-nzo - Pnzo) . (3.7)
where

R = gas constant,
T = sbsolute temperature,

PE-Ilzo = equilibriua water vapor
pressure of Ba(0il),-8H70,

Pnzo = yater vapor pressure in
systea.

The drivirs force for the reaction was assumed to be the difference be-
tveen the water vapor pressure and the dissoclation wvapor pressure. When

the preceding equation is subgtituted into Bquation (3.'6). the following

couversion expression is obtained:

Zbky
X - SR "z—uzo - Pnzo" . (3.8)
- R,
vhers

R* ~ PFractional conversica per unit time.

Yor rehydration, the equation is the same except the driving force becomes

(?rz0 = Px-Hj0)°
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From a plot of conversion versus time, the reaction rate R' was
determined and is presented in Table 3.11 as a function of tupet;tnn
and water vapor pressure. The least-squares correlation coefficiemnt at
S0Y conversion is also presented. TL:. change in correlation coefficients
between 50 and 80X was small. However, since the flakes did vary in
thickness by a factor of ~2, some nounlinearity in the coaversioan
equation would be expected, and the R' values for 50% coaversion were
used .

Using the preceding assumptions, the kinetic rate terms and the
dissociation vapor pressures were determined with Equation (3.8) via
least-squares analyses (Figures 3.!3 and 3.14). The calculated
equilibrium vapor preesure and rate constant, K,,, are presented in Table
3.12, where K,y 18 defined as follows:

2b
B2 = S (Pg.gzo - Pnzo) R (3.9)

= Kov(PE-Hz0 = PHj0) »
vhere K,y = overall rate constant. Also presented in Table 3.12 are
the literature values for the dissociation vapor pressure at these tem~
peratures and the least-squares correlatiou coefficients for the fitted
equction. From Table 3.12, the experimental vapor pressure values cor-
relate quite well vith the published values, thus establishing a degres
of validity to the preceding assumptions. These assumptious are (1)
kinetically limited dehydration and rehydration reactions that may be
sodeled by a shrinking core within a flat plate, and (2) kinetic rats
constants for dehy’ration and rehydration that zre similar ir msgnitude.

The consistency of the data is demonstrated by the 1:.«:: that with the
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Table 3.11. The dehydration of commercial Ba(OH)2°8H0
to Ba(OH),°3Hy0 sad subsequent rehydration
to 8a(0H)7°+8H20

Water vapor Fractional  Least-squares

Experimental Temperature pressure conversion per correlation
conditions (°c) (torr)  (kPs) (min x 102)  coefficient
Dehydration 21.6 3.0 0.40 2.219 0.9993
Dehydration 21.5 4.0 0.33 1.401 0.9999
Dehydration 21.6 4,25 0.56 1.134 0.9999
Dehydration 21.6 §.7 0.63 0.650 0.9995
Dehydration 21.6 5.0 0.66 0.268 0.9996
Rehydration 21.6 7.25 0.97 0.589 0.9988
Rehydration 21.6 9.8 1.31 3.777 0.9998
Rehydration 21.6 12.5 1.67 6.269 0.9999
Dehydration 31.7 9.4 1.25 1.786 0.9996
Dehydration 31.7 9.6 1.28 1.470 0.9999
Dehydration 31.7 12.0 1.60 0.761 0.9999
Rehydration 31.7 14.5 1.93 0.627 0.9967

Rehydration 31.7 17.0 2,27 1.655 0.9998
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Table 3.12. Experimentasl snd literature values for the equilibrium
vater vspor pressure of Ba(0H)7°8H20 snd the-experimental
rate constant, K,,

“Equilibrium water vspor

pressu-e
Rate constant, Koy (kPa)
Temperature [Fraction converted Experi- Litera- usicesa— Correlacion
(X) /(Pa-min)] nental ture ture coefficiens
294 .8 6.59°10~6 0.747 0.839 2.757 0.9956
304.9 3.32¢10°6 1.770 1.845 1.635 0.9916

Data obtained from B. A. m‘. P, V. b‘tmnko. and A. A.
Bundel, "Equilibria Between Gaseous and Condensed Phases in the Barium
Oxide-Water System,” Ruse. J. Phye. Chem. 38(1), 99102 (1964).

Data obtained from S. Tamaru and K. Siomi, "Redetermination of

Thermal Dissocistion Equilibria of Inorganic Cowpounds,” V. Z. Phys.
; Chem., 1714, 229 (1934).

exception of one data point, all hydration-dehydration data were used in
the least-squares analyses. One rehydration data point 6btaiud at 304.9
K and 2.53 kPs (19.0 torr) was not used because of the proximity of the
vapor pressure to saturation at system conditions. (ldeally, one would
desire to enclose the entive microbalance system in a thermal enclosure,
thus eliminating this restriction.) A factor that is particularly notice-
able in Figures 3.12 and 3.13 is the existence of a possible induction
phenomenon or a slower-than-expected reactica rate as the equilibrium
vapor pressure is approached. This phenomenon may result from a change
in the extent of control of various steps in the overall mschanisms.
However, a problum exists with the precedirg msthematical model.

Although the calcula:ed vapor pressures correlate with the literature

1

4
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values, the rate coanstant for the kinetic reaction &t 21.6°C is 1.96
times greater than at 31.7°C. Although not rigorous, the Arrhenias
equation usually provides an excellent means of estimating the effect of
temperature upon the kinetic rate constant 70 end takes tae following
form:

Ky ~ Koexpl[-E,/RT] , (3.10)
vhere

Ko = frequency factor,

Ep = activation energy,

R = gag congtant,

T = absolute temperature,

In the real world, the energy of activation Afot a rate-limited reaction
is usually constrained to be a positive number. From the form of the
equation for a given activation energy and frequency factor, ome would
expect the rate constant to increase with temperature (a positive activa-
tion energy) or for very low activation energies, to remaiu constant and
to approach an asymtote very rapidly because there are no kinetic
barriers. The calculated activation energy was -48 kJ/mol-H20. Although
mathematically the developed ﬂel correlates the data quite well, an
error appears to exist because the model zives a negative activarLion
energy and thus violates the expected constraints of the real world.

To develop a more plausible model, we now ti.rm o the physical sys-
tea. Surface area measurements reported earlier indicated that sorbed
surface water takes an active role in the recrystallizacion of the
BaC03 product. Hence the assumption that sorbed water will play an

active role in the dehydration and rehydration mechaunisms would ceem

e — W



85

appropriste. As may be observed from the adsorption isotherss in Appen—
dix H, the increase in the smount of sorbate on the solid surface wvaries
linearly over the range 0.15 ¢ P/Pg < 0.55. Thus the sssumption is made
that water sorption may be modeled by a linear isotherm. This assumption

is also commonly uswed in the modeling of adsorption studies on resins, as
indicated by

I =xg ;6' , (3.11)

-3
[}

H20 sorbed, (g/g),

—.
™~
L]

H20 sorbed, {g/g), at Pg-j,0 for Ba(0H)z°8H20,
Kg = equilibrium constant,

P = water vapor pressure,

Py " saturation water vapor pressure.
Theretore, based upon the preceding analysis, the following rate equation

was examined:
R =k [rg -] . (3.12)

The preceding equation states that the rite of dehydrstion or rehydrs~
tion is proportions)l to the difference in water sorbed on the solid sur-
face and that present at equilibrium with Ba(OH),°8H;0. Values for

the rate consteat Kg based upon combined debydration snd rehydratiom
data are prasented in Table 3.13. From the data presented in Table 3.13,
one may concludc thst this mcdel comes very “el.ou to both model.ag the
system and to being consistant with the physic«l constrsints imposed upon

the system by che real world. Since the .ate constants are nearly equal,



Table 3.13. Rate constants as determined vi: Equation (3.12)

Temperature Rate constant, Kg
(K) (Fractional conversion/min)
294.8 1.699 « 102
304.9 1.588 « 102

a difference of <10Z, this would indicate a very low activation eaergy.

Tte activation energy for - exact fit was calculated to be -6 kJ/mol-H20
added or removed. Considering the assumptions nade in the model develop~
menr, the fit is excellent, The proximity of the activation energy to
zero iudicates that near-equilibria ~ust exist. Hence the author specu-
lates that the actual system consists of two solids, Ba(OH)2°8H20 and
Ba{OH)7°3H70, and a liquid, Hj0. The system strives to maintair. the
following equilibrium:

Ba(OH)2°uH20(8) ¥ Ba(O0H)2°3H20(s) + 5H70(1) (3.13)

In striving to maintain equilibrium, the absence of sufficient amounts of
sorbed water to stabilize the crystalline Ba(OH)2°8H)0 causes Ba(Oi),°8ky0
to decompose, thus attempting to reestablish the equilibrium concentration
of sorbed water. Rehydration occurs in a similar but reversed manner. A

phase diagram for the system is presented in Appendix B.

Conclusions ~ surface morphology and microscale studies. With regard

to the gsurface morphology and microscale studies reported in this

section, the conclusions may be highlighted ia the following menner:
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1. Meihods of preparation of Ba(OH)2°H,0, Be(OH),-3H70, and
Ba(0H)2°8H70 were developed, and the presence of sald species was con-
firmed.

2, Commercial Ba(0H)2°8H20 flakes were f-und to display megligible
surface area. Hydration to Ba(0H)2°8H70 was observed to proceed in oune
of two regimes. For relative humidities <60Z, the increagse in surface
area wvas small and the flske form remained intact. For relative humidi-
ties >60%, the flake recrystallized in a menner which regsulted in greater
surface area, but the increase in activity also resulted in a more fra-
gile product.

3. Dehydration of commercial Ba(OH)2°8H20 to Ba(O0H)y°3H;0 ana wub-
sequint rehydratida to Ba(OH),°8H O at relative humidities <60% was
modeled by a shrinking-core model. The relative rate was f-und to be
dependent upon the difference tetween the water sorbed on the surface for
a given P/P, value (i.e., relative humidity) and that required on the sur-
face for Ba(0H)7°8H,0 to exist in a stable foru.

4. There was evidence of considerable hydrogen bonding within the
Ba(0H)»°8Hy0 crystal. These results paralleled the crystallography
studies of Monohar and Ramaseshan in which they cited difficulty in
differentiating the location of the hydroxyl ions ‘rom the waters of
hydration {n the unit cells.67

5. The vapor pressure correlation for Ba(OH)2°8Hj0 cited in the pre~

vious section was indirectly verified at two temperatires. w

6. At low CO; vapor pressures, Ba(OH);°8H,0 was obrerved to be three

i

orders of magnitude more reactive toward (02 than either Ba(OH)2¢3H20 or
Ba(OH)2°H20. ‘




7. For elative huaidities <60%, the increase in surface area with
product conversion vas found to te a very strong function of the specific
rate of reaction and was not a linear function of conversion.

8. The surface area of BaCOj product was determined to be a function
of relative buridity., In a manner analogous to the dehydration of com-
mercial Ba(0H)2°8H20 and the rehydration of Ba(OH),°3H70, 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/Pgy (i.e., relative
humidity). However, it is the opinion of the author that the increase

in surface water could not account for the drastic diiference in COp

reactivity observed for the vari.ous» hydrate species. The difference in
reactivity appears to result from the additional water im the crystal
structure and the greater mobility of the hydroxyl ioms.

9. Based upon the analysis of nitrogen sorption isotherm data, there
were no indications of hysteresis., Therefore, if capillary condemsation
should occur, one would speculate it to result from the wall effects of

noncircular pores (e.g., V-shaped points of intersurface contact).

Fixed-bed l'acroscale Studies

Modeling of fixed-bed processes.

Introduction. The modeling of fixed~bed processes has been an area of
much interest to the chemical engineering profession. However, with the
exception of a few specific cases, analytical solutions of the governing
different{sl eq.ations are nonexistent. The intent of this section will

be to review briefly the modeling approach for various fixed-bed systeas
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ard to act as a starting poliut in the development of a model for the
fixed-bed process of interest.

The starting point of most fixed-bed models is a differential sass
balance performed upon the gas phegse. Assuming that there i3 negligible
radial dispersion and that axicl dispersice csu be modeled by & diffusion-

type sodel, th: differential mass bslance equation takes the following
form:

e!g_n___cc,',v_‘_q.

ét 8z 8z

(3.14)

where

C = concentrarion of component
of interest,

t = time,

z = axial distance,

€ = interparticle void fraction,

D = effective dispersion coefficient,

V = superficial velocity,

& = rate of reaction/unit volume.
Upon examining the precedinz equation in & term-by-tere msnner, e8C/ét
represents the nonsteady or transient change of concentration with ti-e;
-D§2C/82z2 accounts for the effects of longitudizal dispersion (i.e.,
deviations from true plug flow of the gas phase), and V6C/8z reflects the
effects of net msss flow and the chsnges in the longitudinal conce¢ntration
profile upon the differential mass bslance. The tatciof reaction, i, is

the specific rate st which the component of interest il being gsnerated
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(a positive value) or reacted (a negative value) within the element of
differeantial vrlume.

As one aight expect, the great diversity of the solutions to fixed-bed
p-ocesses results from the nany possible forms of thz rate equatlon and
the ways 1a which it is coup’ed to the capacity of the sorbent or
reactant. For the case of =orption on resins, an expression cften exists
which relates sorbate concentcation to sorbate loading on the sorbent.
Because of ihis relationship und the wideepread interest in saparation
processes based upon the sorption charzctoristics of various solids, con-
siderable effort has been directed toward determining solutions to the
mathematic equations of interest. Papers by Schumann, Fu:rna:, Wilke,
Rosen, and Rasmu3on provide an excellent chronological review of the
various srages of wodel development for these systems.7l'75 In the last
paper, an sxact solution of a fixed-bed model for diiffveion and transient
adsorption with longitudinal dispersion is preseunted. By assuming a
linear sorption isotherm, Rasmuson's model 2ccounts for the effects of
both internal (Intraparticle) and external (interparticle) diffusion of
sorbate and longitudinal dispersion effects when represented by a
diffusion-type model.

However, when tne amount of reactant sorbed or reacted cannot be
directly coupled to the sclution phase, the following two differential

equations muat be solved simultaneously:

2
éC 8°C 8C =
o Pz t Ve "R (3.13)

T " - /R, (3.16)




TSI, M)

e T W F -y

91

where

X = mole fraction of solid reacted,

MW = molecular weight of the
reactant,

p = density of reactant.

The second differential equation results from a mass balance on the solid
reactant. For a few cases, the rate equations are such that the two dif-
ferential equations may be coupled and an analytic esolution obtained.
However, for most ceses, exact solutions are possible only througn rhe use
of mmerical techniques and a computer.

For gas—solid or liquid~solid reactions, the form of the rate equatioan
is dependent upon (1) the resistances associated with various mass
transfer steps, (2) the surface area available for mass transfer, and (3)
the geometry and physical properties of the solid. For a shrinking-core-
ty,e model (a distinct reaction interface), resistance terms associated
with mass transfer may result from reactant or product transfer across the
gas film or boundary layer surrounding each particle, mass transfer
through the product layer surrounding the unreactea core, and kinetic
limitations at the reaction interface. For a porous solid with reaction
occurring throughout the solid, the complexity of the rate equation 1is
further fncreased. A review and derivations of shrinking-core models
for various controlling resistances and particle geometries are preseanted
in Appendix M. For additional information, excellent texts by Levenspiel

or Szekely, Soha, and Evans should be consulted.’6:77

Model formulation. In the preceding section, the controlling partial
.'fetenti‘al equations for fixed-bed processes were presented. This




section is directed toward the formulation of a model for the
C02-B3a(0H)2+8H20 fixed-bed process. Although the fixed-bed data will be
preseanted in a subsequent section, knowledge of the trends in dats is
used in initial modei formulation. The starting point in th? wodel de-
velopment {s the gas—phase mass balance, shown by

62

oz

Q

+ -R. (3.17)

:'"'[3
I
eTs

[

The extent to which dispersion will affect the removal efficiency of the
fixed bed may be estimated. #ith respect to the preceding equation for a

§-ven z value within the bed, §C/8t ~ 0.0, and dispersion effects may be

neglected if
§%c s
-I)——z- << Vg— . (3.18)
Sz z

As an approxination, experimental data have indicated that the concentra-

tion profile within the fixed bed may be modeled by

& = exp(-0.52) , (3.19)
(<]

where £ hag units of ca. If we were working with uniform, nearly spheri-
cal particles, one could calculate the Reynolds number, dpVp/u, and from
& correlation, determine the Peclet mvmber, Vdp/D. However, for a fixed-
bed systom of flakes, escimation of a suitable particle diameter is diffi-
cult. As pointed out by Carberry, the particle diameter is an estimate
of the mixing length.%6 Hence for a fixed bed of flakes, the mixing
length woul\! likely be petween the nominal and maximum flake dimensions,
or 0.1 em ¢ tlp < 1.2 cm for the system of interest, For an airlike

gae stream at ambient cunditions and superficial gas velocities of 8 to
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21 ca/s, the Reynolds number for mixing lengths of 0.1 to 1.2 ¢m ranges
from 5 to 100. Based upon the correlations of Wilhem as presented by
Bischoff wad Levenspiel or the study of Edwards and lichatd.ou,n-n the
Peclet mmber for these gas velocities would be ~2.0. The eomspondin;
effactive dispersion coefficients would then range from 0.40 to 12.6 ca/s.
Upon n.bstituting the preceding values into Equotion (3.18) and rearrang-
ing, one obtains the following:
0.03 + 0.30 <K 1.0 . ~(3.20)

Hence this analyeis indicates the dispersion coantributions will likelw
be small and as an initial approximetion, they are ignoved., For the pre-
cediang conditions, the calculated affective dispersion coefficients wete
6 to 200 times greater than the corcvesponding effective wolecilar dif-
fusivity (eDco,) for €O in air.

A second area éf interest is the forx of the rate equati-n in the
overall mass balance. As discussed in the preceding Qetim, the fora
of the rate equatfion will be dependent upon (1) the recistances sswoci-
ated with the various mass transfer steps, (2) the external area avail-
able for mass transfer, and (3) the geometry and physical properties of
the solid. As shown in Figures 3.1 and 3.15, the reactant used in this
study 1s flakelike in nature and upon reacting with C02, a sarinking-core
phenomenon is observed with respect to the product-reactant interfacec.
The actual area available for mass transfer will be discusied in greater
detail in a subsequent paragraph. Assuming that the flakes are of a wmi-~-
fora thickness and may be approximated by infinite-plate geometry, the |
mass transfer ares can be separated from the mass transfar venistance !

terus in the derivation of the overall rate equations. Such is not the !

- S

&
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Figure 3.15. Cross-sectional view of Ba(OH)2°8H20-BaC03 flake. Note
tke sharp prcduct-reactant interface.
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case for cylindcical or spherical geometry because .the surface ares and
concentretion are both functions of the particle radius. The maws
transfer resistances tesult from compovent traasfer through the gas film,
the product layer, and kinetic limitations a" the reaction interface.

For the reaction of Interest,

C02(g) + Ba(OH)2-8H20(s) » Bar03(s) + 9H20(g), (3.21)

it will be assumed that the controlling component @1} be €02 and that
the COz concentration is regligible. Furthermore, experiwental results
have indicated the gas-phe.2 water vapor pressure, hence the driving
force for the removal of the water vapor product, does not appreciably
affect th2 mass transfer properties of the process.

To determine the relative extent of control of the various resistan-
ces to mass transfer, they may be compared vicz dimensionless numbers.
The corresponding rate equations and resistances for mass transfer are as

follows:

Gas film controlling

= KpAC KF = gas film mags transfer
coefficient
8 (Film Control) = 1/Kp

A = area for mass trausfer

1 = revistance

Diffusion controlled through product layer

- Pco,cAC Dgg, = 07 diffusivity
b € = product porosity
bt
8 (Diffusion ccntrol) = 5 T = tortuosity
co,’
b = thickness of product layer

&
<
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Kinetic controlied by first-order reaction

R = KgAC kg = kisetic rate constaant

1
R2(Reaction Control) = —
Xx

From a rigorous standpoint, the equation for reactant diffusfion through
the product layer is not correct. From the reaction svoichiometry, 9
water molecu.es are released for each wolecule of C02 that reacts.
Hence equimolal flow does not exist, but rather there is a net wass flow
outward awvey from the reaction interface. However, because of the small
CO2 coucentrations used in this study (a meximum value of 330 ppmy), the
overall ratg and the resulting net mass flow will *e extiemely small and
are therefore neglected.

From the preceding .esistance terms, the following dimensionless num—

bers may be defined.66

bt
8 (Diffusion comzrol) _ KP -
i1m control) 5co ¢ = Blot ouaber
2

8 (Film control) - ‘K

ction control) q = Damkohler number

8 (Diffusion control) _ Klbr

2
2 (Reaction coatrol) Deo € = (Thiele modulus)

2

Experimental studies conducted at 22, 32, and 42°C indicated little

(if any) change in reaction rates. If the process were kinetically

controlled, a factor of ~2 to 4 increase in reaction rate would have been
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ptediéted. Hence kinetic control does not appear to be & limiting step
to mass transfer for this process.

The ratio of mass trsusfer resistance through the product layer to
that through the gas film (in this case, the Biot mwmber), should then
provide an indication of the extent of control of each mechanism. Based
upon the correlations of Gsmson and the .nterpretation of fixed-bed data
from this study in the vegime of negligible product diffusional resist-
ance (very low reactant conversion), a gas fila mass transfer coefficleat
of ~0.2 + 1.0 cm/s would be predicted.80 The diffusivity of 007 in air
at ambient temperature and pressure is 0.16 cuZ/s.3! The porosity of the
product is 0.73, and because of the high porosity, the tortuosity is
assumed to be 1,0. For these studies, the average particle thickness for
the flakes s approximately 0.1 cm. Since we are interested in a compar-
ison of t..e average resistances, the specific Bint mmber will be inte-

grated over the flake half-thickness to determine the average Biot

mmber,
0.05
IO (Biot number)db
Average Biot Number = 0.05
[T db
0

b .
10.05 " T d

b
Dco €

- oo — 2
.05
] 0 db

(3.22)

= 0,042 » 0.21
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Bence the vreceding anslysis would indicate diffusion through the pro-
duct layer to coatribute from 4 to 17 of the total resistance. There-

fore, this effect is ignored in initial model formulationm.
Based upcn the preceding analyses, one wouid predict the differen-

tial gas-phase mass balance to be the following:

éC 8C
+ V—" - 02
6'6-; o ‘ZFAC s (3.23)

witk the following boundary conditions:

C
'c—-'o t=0 z»>0
[+

c
E--l t>0 z=0
o
The corresponding solid-phase mass balance differential <~uatiom and
boundary conditions would be

p_&X _

vhere

X=0 t=0 z2>0

However, for the system of interest, a major problem exists in predicting
the area available to mas3 transfer because the flakes are of nonuniform
thickness or eize (Figure 3.9). Unlike spheres for which the contact
ares is extremely small, cne contact area between nonhomogeneous flakes
may reduce greatly the area available to mass transfer. Experimental
dats and correlations for heat and mass transfer with nonspherical par-
ticles, in particular for f'~kes, are limited. After a thorough review

of the literature, the correlstions of Camson (1951) were deemed most
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applicable. Gamson attempted to account for differences in particle geo~-

metry via use of the total external surface area and a shape Zactor. 82,83
However, because of the nonuniformity of the flakes in the present study

and the difficulty in predicting external surface area, even this
approach is impractical. Therefore, because of thé complexity of the
present gystem, an approximaticn of the surface area available for mass
transfer as a function of comversion will be postulated. The postulated
equation will be of the following form:

A=Ayl -X9) , , (3.25)
where

A = area available for mass transfer,

Ag = initial area available for mass traasfer,

X = average conversion of flakes,

n = exponent,
Precedence for reducing the complexity of a problem via a simpie mathema-
tical expression includes the velocity profile approximation by Von ‘
Karman in the development of boundary layer theory and the parabolic con-
centration profile assumed by Liaw, Wang, Greenkowvn, and Chao in modeling
radial dtspersion.84-85 Upon substituting Equation (3.25) into Equations

(3.23) and (3.24), and dividing by the initial concentration, C,, one

obtains

e%% + v%g - KA (1 - x*)¢ (3.26)
and

g8 ™6

i Kycvo(l Xx)c, (3.27)
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with the boundary conditioas:
C=C/Cy=0 x>0 t=0,
C=1 2£=G t>0

X=0 £+,20 t=0

Since the preceding :quations are nonlinear, an snalytical solution is
unot possible. However, the equations with their respective boundary con-
ditiocns may be solved mmmerically. To simplify the preceding equations,

the following change of variables will be made:

EL

0=t -2,
v
S'l .
v

The equation may be transformed to the new coordiuaste systes by using the

following equations:

8Q 68Q 80 . 6Q &S

'6%"&%3‘;‘*3%,3‘5- (3.28)

8 _8Qse  &938s

3z 806z T 888z’ (3.29)
where

Q d 5 or X.

The transformed equations and corresponding boundary corditions sre the

following:

.:.Ss:. - KA (1 - x?)C, C=1 8=0 6; (3.30)

b g, = KA C (1 - X°)E, X=0 >0 0=0, (3.31)
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Since the preceding nonlinear partial differential”equations are hyper-
bolic in form, mumerical solutions may be obtained vias the metb.d of
characteristics or the ugse of a finite difference technique.“ The

finite difference technique was chosen, and the following substitutions

were made:
§¢ . UL KGs,0) (3.32)
X(5,6+1)-X(S,0)
%_xse;éuxse ) (3.33)

where DELS and DELT are the respective finite differeace increments in the
S and © domains, Using the respective boundary conditiors €(0,0) = 1.0
and X(S,0) = 0.0, the conversion and concentration ~rofiles were solved
as a function of S and 6, The tec’inique used in this study was to solve
the equations for a given © value and to increase the S value until the
concentration of the rzacting species approached zero. The © value was
then incremented and a new concentration and conversion profile were
determined. The importance of the change in variables becomes apparent at
this point. Initially, a very short © increment is required because of
the step change in concentration at 6 = 0.0, However, as this change 1is
damped out, the change in concentration with 6 becomes much slower and
the O increment may be increasad, thus singificantly reducing computer
time. Furthermore, as © becomes large, the value of £z/V will remain
small and 6 = time, t. Without the change in variables, stability
problems would have prevented such an increase in the time incresent, and
the computer time required for a solution would have been increased by 3

to 5 orders of magnitude. A copy of the computer program, s list of
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program nomenclature, and a prograa flowchart are located in Appeadix K.
Numerical solutions to the controlling partial differeantial equatiouns

will be presented later in this chapter.

Experimental studies. Using air as a feed gas (330 ppmy C03), experi-

mental studies were conducted on 10.2-cm-ID fixed beds of commercial
Ba(0q),°8Hy0 flakes. The studies were designed to evaluate the effect of
water vapor pressure, temperature, and superficial gas welocity upon the
operational properties of the bed (most notably, the shape of the C0;
vreakthrough profile and the change in pressure drop across the bed).,
The rarge of water vapor pressures corresponded to relative huniditi_ea of
25 to 70Z at system conditions. Operating temperature: were varied from
294 to 315 K, and superficial gas velocities ranged from 8.5 to 20 cm/s.
Due to the endothermic nature of the reaction (364 kJ/mol), the reactor
is jacketed so as to ensure near—-isothermal operaticn. For the treatment
of an air-based (330-ppmy—C0;) gas stream under near-adiabat’c conditions,
a tempevatyre drop in the gas stream of ~4°C would be predicted. This
temperature drop has been experimeatally verified. Bed depths were
varied from 36 to 5| ca and were chosen to ensur2 the complete develop-
ment of the conversion and concentration profiles. Because of the low
CO concentration in the influent gas and the time required to reach
steady state, a typical run required ~300 h and ~680 to 1160 o3 (24,000
to 41,000 fr.3) of air, depending upon the bed depth. In most cases, the
runs were continued until the CO; breakthrough was complete. During the
course of these studies, the influent C0j concentration was observed to
vary, Further analyses indicated the variation to result from the air

supply system at Oak Ridge National Laboratory, The system, designed to
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supply instrument-grade air with a dewpoint <-40°C, uges sorption beds
for water removal. Upon bed regeneration, the beds have an sffinity for
both H20 and C02, and the CC2 coucentration of the efflueut gas is
decreased. OCace the bed becomes loaded with 007, the CO; conceatration
of the efflueant ges increases ss more stroungly sorbed water displaces
C02 from the bed. The problem was much wore severe during the summer
moaths when the increased water coctent of the outside alr resulted

in more frequent bed regenerations. The noninal peak-to-peak time was
~24 h. Therefore, prediction of the actual time of breakthrough was
difficuls. However, extremely valuable information was obtained based
apon the shape of the break-throagh curve.

The existence of an initial ianduction period with respect to reactant
reactivity i{s a point of debate. For the fixed-bed studies with bed
lengths of 36 and 51 cm, the induction effect (if present) was effec-
tively masked out by the bed length. However, differentizl bed studies
with bed depths of 0.6, 1.3, and 2.5 ca were discontinued because of the
effects of relative humidity on bed properties and difficulties im the
interpretation of the experimental data, possibly a result of an induc-
tion phenomenon. Presented in FPigure 3.16 18 a typical breakthrough
curve and pressure drop profile, cross-plotted as a function of time.
The breakthrough curve is the familiar S—shaped curve which is charac-
teristic of many fixed-bed processes and may be produced by a nuamber of
differeut mass transfer mechanisms. The change in pressure drop with

time is a8 key parameter for fixed-bed operations and will be addressed in

[
R
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.detail in a subsequent section. It should be noted that the pressure
drop did not increase linearly with bed coaversion or time.

As described in Chapter 2 under the section "7ixed Bed Experimental
Equip-ent,‘ accurate C02 analyses over the 100~ppby—~ to 330-ppmy CO2
conceatration range were performed routinely. As shown in Figure 3.17,
the data in the lower conceuttation‘tegine may be better displayed by
using the logarithm of concenttation; Rather than being S—shaped, the
breakthrough curve now consists of a linear section to ~80 ppa, followed
by a section of rapid curvature, The significance of these two regimes

in analyzing fixed-bed data will be addressed in the unext section,

Data analyses and modzling studies.

Introduction. A model for predicting the CO, removal properties of a
fixed bed of Be(OH),°8H,0 was developed earlier in this chapter. The
analys2s presented there indicated that mass transfer of the reactant
through the ,as film would likely be the controlling resistance. This
discussion will address the applicability of the model. First, the
KFAp coefficients will be determined from a section of the breakthrough
curve. The numerical solutions associatec¢ with the controlling partial
differential equations in the model will then be presentcd. The
solutions, applicable over the oatire breakthrough profile, will be
tested against experimental data, and values for the KpA, coefficients
will be obtained. These values will then be tested against those

obtained in the first step.

Determination of the KPAo coefficient — Tecnnique No. 1. The con-

trolling partial differential equations were developed earlier in this
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work. The corresponding gis and solid differential mass balances are the

following:
8+ Ve - T OO @-34)
,g - g KA (1-X%)C , (3.35)

with the boundary conditionms:

C=C/Cp=1.0 z=0 ¢t>0,

C=0 z20 t=0

X=0 z>0 t=0
In obtaining a solution to the fixed-bed problem, the two equations are
coupled by the interfscial area, A, available for mass transfer, which is
a function of conversion, X. In the model development, it was assumed
that the area may be related to bed conversion as follows:

A= Ay(1-X") . (3.36)
For small conversions, X ~ 0, the area becomes a constant, and the dif-
ferential equations are no longev coupled. Furthermore, as the rate of
movement of the mass transfer zone is much less than the superficlial gas
velocity, a pseuuo-steady state exists and 8C/8t = 0. Iherefore, C 1is

no longer a fuaction of time, and Equation (3.26) becomes

€. 12, (3.37)

vith boundary conditions of C = C5 at z = 0. The solution to this

equation 1is

z
1n6-1“c—--§.-‘—?—

Co v

. (3.38)
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However, iu evaluating the conceantration profile during breskthrough, one
is observing the change in coaceatration at a given position in the bed,
2o, 88 a function of time. At this point it will be assumed that upon
£srmation of a developed concentration and conversion profile within the
bed, the >rofile (the developed mass transfer zome) will then advance
through the bed essentially unchanged. The validity of this assumption
will be established in the next section where numerically derived exact
solutions will be presented. Therefore, to determine the concentration
profile within the bed from the breakthrough profile, one may define V,
the velocity of the steady state or developed mass transfer zone, in the
following way:

MWVC
()
P

One ma7y then use the following equation to determine “he concentration

profile within the bed from breakthrough data or vice wversa, starting at

zg and t,:
z-z = V(t-to) . (3.39)

By rearranging and substituting the preceding equation into Equation

(3.38), one obtains a wodel-predicted breakthrough curve for the

regime of X ~ 0.0,

KhoV

1n§-- 2 t+aQ, (3.40)
(]

vhere Q is a constant., Furthermore, for a given packing density and

molecular weight for the solid reactant and a given inlet concentration
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of the gas reactant, the V/V term will be a constant. Thus in the regime
0° low reactant conversion, a plot of the breakthrough curve, ln C/Cq
vesus t, should be linear. Hence the lincar regime discussed in the
preceding section may be used to determine the KyA, coefficient.

The results of the fired-bed analyses using this techmique are pre-
sented in Table 3.14. The values of KpA, were then correlated as a
function of system paraseters, wost notably nlative humidity or water
vapor pressure, temperature, reactant batch mwber, and gas flow rate.
The system pressure at the top of the fixed bed did vary between the rums
by ~7 kPa (~1 psig) and was included in the correlation. Furthermore, as
the pressure drop across the bed was often appreciable, the avarage
pressure within the bed at the conclusion of the run was used as the
system pressure. As may be seen in Table 3.14, little correlation was
observed ro exist between KpA, and relative humid: ty. This observation
was somewhat surprising as a correlation was noted to exist between
pressure Jdrop and relative huaidity. This factor will be addressed in
greater detail in a subsequent section. As would be predicted for gas
film concrol, KyA, 1s a weak function of temperature. No dependency upon
reactant batch number was observed. The anticipated dependency of Ry
upon system parameters will now be exaained.

Based in principle upon the Chilton-Colburn analogy, Gemson used the
following equation for correlating mass transfer coefficients obtained on

particles of differing geometries in fixed and fluidized beds:80

A'vun"

2/3
" El:;c[}‘::ﬁl - “"R‘H) - , (3.41)

(1-¢)Y

. .
TS
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where

Kp = gas film mass transfer coefficient, length per unit time;

pc = gas density; '

G = mass flow rate/unit cross—sectional area;
p = viscosity;

D = diffusivity;

¢ = shape factor;

Rey = modified Reynolds Number, G/(Yiu);

A = area/unit bulk volume;

A* = 17 for Rey <10, = 1.46 for Rey >100;

x = -1.0 for Rey <10, = ~.41 for Rey >100;

€ = bed voldage;

y = 0.2,
Thus the form of the rate equation is

R = KpAC. (3.42)

A more in-depth analysis of the analogy between momentum, heat, and mass
transfer via ths Reynolds and Chilton-Colburn analogies will be presented
later. The preceding equation 1is unique in that it can be applied to
systems of differing particle geometry. The shape factors for fixed and
fluidized beds are presented in Table 3.15 and were determined from
experimental data.

Frequently, the Reynolds number for j—-factor correlations on spheres
is defined as dpG/u. where dp is the sphere diameter, It can be shown
for spherical gemet:  and for equivalent bed voidage that this Reynolds
number is proportional to Gamson's modified Reynolds number for spheres.

Furthermore, Gamson's correlation predicts the functional dependercy on
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Table 3.15. Particle shape factors for uniform packing

Particle shape L4
Spheres 1.00
Cylinders 0.91
Fiakes 0.86
Raschig rings 0.79
Partition rings 0.67
Berl saddles 0.80

Source: B. W. Gamson, "Heat and Mass Transfer, Fluid-
Solid System,” Chem. Bng. Prog. 47(1), 19 (1951).

bed voidage to be weak. Hence j-factor correlations obtained on spheres
may be used for predicting mass transfer coefficients on particles of
differing geometries. With respect to the j-factor correlations, con-
siderable variation in the magnitude of the various coefficients has been
reported by experimentel investigators. This variation will be addressed
in greater detail later in this chapter.

An area of potential confusion are the terms effective diameter and

sphericity, which are often used in the reaction of solids. The effec~-
tive diameter, dp» is defined as the diameter of a sphere with the same
volume as the particle of interest. The sphericity factor, ¢, is the
ratio of the surface area of the sphere of diameter dp to the surface

ares of the actual particle.56,82,83 fence

- Ares of particle bur 2 3
A = Volume of perticie (!¢ =| 5 4ap 3 (1-¢) ,
| 4
- 5 (3.43)

Mp
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Therefore, as cited in the previous paragraph (¢ = 1 for spheres, and € =
constant),

d G

d 6
6 __p____ P
“H'M'GH(I-E)".‘ *Tu (3.44)

For particles that are nearly spherical, the use of the effective dl.a-
meter and the sphericity factor enables solutions obtained for spherical
reactants to be used as approximate solutions, thus veducing the complex-
ity of the overall problea.

Assuming (1) D a T3/2/P, y a T, and p a P/T where P and T are the
absolute pressures and !:e-peretm:cm;al and (2) a relatively small change
in the absolute temperature of the experimental data (~3%), the pre-
ceeding j-factor equation can be rearranged in the following mcnner:

e fc f_:_li]u 3 % X

3/2

2/3 r X
T(pT ‘1 G
Kok [? P ?] ["r']

Fev |7

(3.45)

n Py

xpa%n'r' x S g~y

P P

where Vo 1s the superficial velocity at reference conditions, 101.2 kPs
and 294.3 K (1 atm, 70°F, noted by subscript 0). The functional effect
of pressure is retained because of a variation of ~20% in the experimen-
tal pressures. The assumption is made that A,, the area available for

mass transfer, at zero conversion is 8 constant. Therefore,
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Po Vo'

‘F‘b a !P e . (3.46)

Assuming P to be the average systeam pressure, correlation of the pre-
ceding experimental data (Table 3.14, technique No. 1), for gas veloci-

ties up to 15 cm/s resulted in the following expression:

Po
KA =K 5 Vlrle . (3.47)

The data and the fitted model are preseanted in Figure 3.18. Data at
greater flow rates were of limited quantity and displayed much greater
variance in the KpA, values. Therefore, these dats ° tc not used in the
correlation. Presented in Figure 3.19 is the dispersion of the fitted
values from the actual data. It is interesting to note that for these
flow velocities, the dispersion was nmot a strong function of Vj, the
superficial velocity at reference conditions.

For this study, the modified Reynolds number as defined by Gamson was
varied from ~40 to 90. As cited by Gamson,80 Carmon noted that for mass
transfer in a fixed bed of spheres, a transition zone, from laminar to
turbuleat flow, existed for 20 < Rey < 100. A similar transition in the
present systea could help to account for the dispersion in the data.

This dispersion phenomenon will be addressed in greater detail in the
final section of this chapter.

From the KpA, data presented in Table 3.14, an estimation of the gas
fils mass transfer coefficient, Kp, may be made. Assuaming infinite flat-
plate geometry (negligible area froam the sides of the flakes) and an
interparticle porosity of 0.46, the transfer area-per-unit volume may be

represented by the following equation:
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Area o 2(1-€)
A, ™ Bed volume 'Sio , (3.48)

where

€ = interparticle porosity, ~0.46,

by = flakes thickness.

Assuming an average particle thickness of 0.1 cm (0.05 in.), the pre-
dicted value of A, s 10.8 cmZ/cm3. Hence for a superficial velocity of
~13 cm/s, this order—-of -magnitude calculation indicates a modified Kp
value of ~0.7 em/s. The correlation by Gamson predicted a modified Ky of
1.0 cm/s. Hence the experimental values are reasonable for film mass
transfer coefficients at the conditions studied. Gamson's flake data

were based upon the dissolution of flakes of 2-napthol in water.87

Determination of the KpAg Coefficient — Technique No. 2. Using the
finite difference equations developed earlier {n this chapter, nmumerical
solutions for the postulated model were obtained. Because of the form
of the partial differential equations, stability was not a significant
problem in obtaining solutions. Convergence to the correct values was
assured by decreasing the step size in both planes, S and ©, umtil there
was negligible effect on the final solution. The 43 increment (S = z/V)
chosen for these studies was etther 0.0035 or 0.0070 s, depending upon the
value of the KpAp coefficient, The development of the concentration pro-
file as a function of © (0 = t - €z/V) may be “roken into two regimes.,
The first 1is the rapid development of a concentration profile within the
bed, regulting from the step change in dimensjionless concentration from

Otol at S =0and © = 0., Upon the developument of this profile,



o
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additional changes will be much slower and will be associated with the
development of the conversion profile and subsequent.advanceuent of the
mass transfer 2cne as the bed is depleted. The initial 20 increment was
0.00015 s. Upon the development of the concentration profile within the
bed resulting from the step change, the increment was increased to 10.0 s.

Sube.quent analyses of breakthrough curves will indicate that excel-
lent correlation between the miudel and the experimental data may be
chtained when the area availabie for mass .ransfer is modeled as a linear
function of conversion,

A= Ap(1-X) . (3.49)
Using this equation and assuming a KpA, = 6.0 s~! and a system tempera-
ture and pressure of 295.3°K and 1.04 atm, respectively, the development
of the concentration aid the logarithm of the concentration profile as a
function of S and distinct values of © was determined and is presented in
?igure 3.20. In a similar manner, the development of the conversion
proiiles 1s presented in Tigure 3.,21. In ootaining these solutions, the
dimensioniess concentration profiie in the S—-plane was determined to a
lower concentration of 1010'6, whereupon it was assumed to be zero.
Further reduction of this value had negligible effect upon the concentra-
tion or conversion profiles in the regimes of interest. Presented in
Figure 3,22 are the developed concer.ration and conversion profiles for
differing KFA. ccoefficients. For large values of ©, © reduces to t, the
time. Therefore, upon the development of the dimensionless concentration
and conversion profiles within the bed, the profiles then advance through
the bed essentially unchanged. Furthermore, the concentration and con-

version profiles within the bed are essentiully identical.
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By transforming the developed concentration profile from the S-plane
to the z-plane (multiplication by V) and using the relationship developed
in the preceding section [Equation (3.35)] for converting a coucentration
profile within the bed to a breakthrough profile at a given z position,
one can obtain a model-predicted breakthrough curve. Presented in Figure
3.23 are a series of model-predicted breakthrough curves for various
KFAp ~oefficients. Because of the terms involved in the preceding trans-
formation, the resulting shape of the breakthrough curve is independent
of gas velocity for a given KgA, value. The functional dependancy of
velocity appears only in the magnitude of the KpA, coefficiént. For the
case of transforming the conversion profile from the S- to z-plane, the
resulting profile within the bed 18 a linear function of velocity because
the S values are multiplied by velocity in the transformation. In
essence, increasing the gas velocity will increase the length of the mass
transfer zone, but if the KpA, coefficient is not a function of velocity
(an invalid assumption), no change in the breakthrough curve is pre-
dicted. Figure 3.24 indicates the predicted conversion profiles under
condiéions for which the profile is fully develsped and a superficial gas
velocity of 13 cm/s.

Previously, the assumption was made that the area available for mass
transfer was a linear function of convecsion., Presented in Figure 3.25
are the results of a sensitivity analysis performed on the following
equation:

A= A (1-X0) , (3.50)
wvhere n = arbitrary exponent. In general, the curvature of the break-

thrnugh curve becomes sharper ae X + 1,0, and n becomes larger., The
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choice of n = 1 provided the best correlation between the wmodel and the
experimental data.

Although the correlation for predicting mass transfer area as a func-
tioa cf conversion is mpirical in nature, the question arises as to what
physical nignificance can one attach to the correlation. It must be
remembered that the correlation not only models the functional effect of
conversion upon transfer area, but it also helps to account for devia-
tions between the assumed wodel and the actual physical systeam. Most
notable among the model assumptions are the lack of a resistance term
associated vith mass transfer through the porous product layer and the
absence of significant amounts of axial dispersion and channeling.
Assuming that these and other neglected effects contribute very little to
the overall process mechanisam, the correlation will not be examined to
see if indeed physical significance can be attached to it.

Assumang that the flakes, which are of variable thickness, iay be
modeled by infianite flat-plate geometry, the following analysis for
predicting the available sres as a function of flake thickness, by, may
be performed:

A=A(l -X)

bp
Jo Mdby

X (3.51)

Jo Adby
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A solution to this equation is A/Ap = exp(-Kb), where K is a constant.
Upon substitution into the preceding equation, an identity is obtained,
thus validating the solution. That the area available for mass transfer
can be modeled by an expounential function of flake thickness is not
physically consistant and not too surprising since exponential functions
are commonly observed in nature. However, it must be remembered that if
the assuaptions to this point are valid, the exponential dependancy of A
vith respect to by may be only an approximation to the exact solution,

which might be a function of a Gaussian distribution.

%o- - 1¢, [} exp[~c,(vo-5)2]abg , (3.52)
vhere b is the average particle thickness, and C) and Cy are constants.
The incorporation of such improper Integrals and other complicated
functions into the actual development of the model is often not
Justifiable because of the increased difficulty and complexity in
extracting a solution. Such was judged to be the case for the present
study.

Since temperature and to a lesser extent pressure were variables in
this etudy, a sensitivity analysis of the effects of changes in these
variables was conducted, and the results are presented in Figures 3.26
and 3.27. Although the breakthrough curves were off-set from one
another, the general shapes were unchanged. Thus model-predicted
breakthrough curves obtained for operating conditions of 295.3 K and 1.04
atm were used for the other temperatures and pressures encountered in

this study.
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Specifications for the Ba(OH)2°8H70 flakes indicated & bulk density
of 1.04 g/cn3 and a reactant stoichiometry of Ba(OH)2°7.0H20 to
Ba(OH)2°7.9H70. Presented in Figure 3.28 are the effects of variations
in the hydration stoichiometry (i.e., changes in reactant molecular
weight) for a fixed bulk density. Little change {8 observed in the shape
of the breakthroug.. curve; the major effect is a shiit in the *fme of the
breakthrough. Indications based upon mercury porosimetry studies
(reported earlier in this chapter), show that upon hydration to
Ba(OH)2*8H,C, the molecular weight to bulk density values for various
hydration stoichiometries would be approximately equal. In this case, no
effect upon the shape or time of the breakthrough curve would be antici-
pated.

Values for the KgA, coefficients based upon the entire breakthrough
curve were obtained by overiaying the model-predicted breakthrough curves
on the actual experimental breakthrough curve and determining the
modified mass transfer coefficient, KpA,, which best correlated the data.
The experimental and model—-predicted breakthrough curves are presented in
Appendix N. In general, the fit was excellent., The data from this ana-
lysis are tabulated and presented in Table 3.14, Comparison of KpA,
values obtained via the two techniques indicated the latter values to be
~10% greater than the values obtained when using oaly the linear portiom
of the breakthrough curve. It is speculated that the bias results from
extension of the analyses in the former case into the nonlinear regime.,
The effect of process variables upon these data was evaluated in a manner
similar to that use in the preceding section, and the results were very

similar, The KFAg coefficients were determined to be weak functions of
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relative humidity, water v .por pressure, batch number, and teamperature.
Whea modeling the data for superficial velocities up to 15 cm/s, the
correlation was also very similar to tuat obtained In the preceding sec-

tion (Figure 3.29),

o y.n
K'.?AO - Kl 'F' VQ . (3'53)

The dispersion of the data from the fitted value was easentially inde~
peudent of gas velocity (Figure 3.30) over the velocity range examined.
The researcher also cited greater confidence in the analysis technique at

the lower gas wvelocities.

Determination of KFAo via the comversion profile. To develop a
better understanding of the process, a typical fixed~bed run was termi-
nated after the development of the concentration and conversion profiles,
but prior to breakthrough. Samples were takern at 2,5-cm (l=-in.) inter-
vals in the bed, and the extent of conversion was determined via acid-
base titration and Ba(OH)7¢8H70 thermal decomposition (data shown earlier
in this section). Using the model-predicted conversion profiles«, a mass
transfer coefficient was determined (Figure 3.31). Although the pre-
dicted KpA, «£ 5 8”1 13 less than asxpected, the ruult is not unreason-
able because of the dispersion observed in determining mass transfer

coefficients at similar conditions.

Pressure drop during fixed-bed operation.
Introdustion. Knowledgs of the pressure drop associated with the

flow of a fluid through a packed bed is beneficial in determining accept-

able operating conditions and in cdeveloping a better understanding of
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the transfer processes. The first portion of this section will be
directed toward the determination of suitable operating conditions for
the fixed-bed system and to develop correlations for predicting ptessnie
drop as a function of systea parameters. The second portion will address
the significance of the analogy between momentum and mass transfer in the

system of interest.

Pressure drop—operational characteristics. In the development of this
fixed-bed process, it was observed that for a given mass throughput, cer-
tain process conditions resulted iIn a greater pressure drop 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 frou two phenomena: (1)
a slow gradual increase that was a function of bed conversion, and (2) a
rapid increase that was a function of relative humidity. The magnitude of
the latter often overshadowed the former. The observed pressure drop
plotted as a function of relative humidity at two temperatures, 295 aand
305 K, and a superficial velocity of ~13 cm/s 1s presented in Figure 3.32.
It 1s sigaificant that the data are consistent at the two temperatures
since the saturation vapor pressures differed by a factor of 1.8. The de~-
pendency upon relative humidity indicates the presence of a surface ad-
sorption phenomenon. Physical adsorption on surfaces (addressed exten-
sively earlier and to be discussed again in Appendix G) is dependent upon
the extent of saturation, P/Pg, or in the case of water, the relative
humidity, Furthermore, the fact that the pressure drop becomes more
severe at ~607 relative humidity indicates .nat capillary condensation 1is

likely present. Because no hysteresis was observed during nitrogen
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alsorption studies, it is speculated that the condensation occurs in V-
shaped contact points or pores ( Appendix G, Figure G.2). The presence of
the condensed water then provides: sites of rapid recrystallization. Since
the flaked reactant was prepared by the rapid cooling of a magma that

was substoichiometric in octahydrate (7.0 to 7.9 waters of hydration), the
rate of recrystallization is likelv enhanced by a need to reduce the
energy locked up within the flake. This energy may be present as defects
within the crystallites or surface energy, resulting from the small size
of the crystallites and the presence of the Ba(OH);*3H0-Ba(0H),*8H,0
eutectic. Photographs of commercial Ba(OH)2°8H20 flakes before and after
recrystallization at a relative humidity in excess of 601 are presented in
Figures 3.2 and 3.4. For rehydration at lower humidities, extemal
changes of the flake were small.

The dependency of pressure drop upon relative humidity also explains
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/Pj.
Therefore, ac the pressure drop across tte bed increases, so does the
relative humidity within the bed; each value continues 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 1is not suf-
ficient to autocatalyze the process.

The dependence of pressure drop upon relative humidity also restricts
the upper flow rate that the process may t:eat. Increased gas flows

result in greater pregsgure drops acrogs the bed (i.e., a greater pressure
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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
must be greater than the dissociation vapor pressure of Ba(OH),*8H;0.
Upon the completion of many of the fixed-bed rums, the pressure drop
acroes the bed was determined as a function of superficial wvelocity over
the range O to 22 cm/s (7 data points). Attempts were then made to
correlate the pressure drop as a function of systea parameters. Two
correlation techniques were used. The first was the standard friction

factor approach, and the second was the widely used Ergun equatiom.

The friction factor method for pressure drop correlation. The stand-
ard friction factor approach defines the friction factor, f, via the

following equati.on:88

sp/L = £A o 2, (3.54)
where
AP/L = pressure drop/unit bed length,

A

external surface area exposed to fluid (i.e. wetted
surface)/unit volume,

pc = gas density, and

{V> = average stream velocity or free stream velocity (dependert
upon the definition).

Using the experimental data cited in the preceding paragraph, the

pressure drop was correlated as a power function of the superficisl gas

velocity at system conditions, V:

The results of th’s avalysis are presented in Table 3,16. F-om this

data, the exponent, n, 18 reasonably constant and has an average value of

x;.‘;.lﬂfum
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Table 3.16. Application of model, AF/L = 0.01BV?(kPa/m), for
correlating pressure drop across converted beds of
commercial Ba(OH)2°8H,0 flakes. V has units of cm/s.

“Superficial

CDM  Relative velocity

Run humidity v Temperature Correlation
No. (%) (ca/s) nd 1n(B) coefficient
54 47.8 13.65 317.5 1.35 2.05 0.992
50 48.5 8.73 296.3 1.40 2.62 0.997
53 53.1 8.89 303.9 1.46 2.68 0.998
52 54.2 8.66 296.2 1.38 2.38 0.993
56 54.8 14.16 316.2 1.35 3.02 0.997

49 54.9 13.94 305.3 1.48 2.96 0.998

55 59.1 9.08 304.0 1.34 4.85 0.999
48 60.2 8.65 296.3 1.42 4.83 0.998

46 61.2 17.50 299.7 1.48 2.93 0.998

57 62.6 9.08 304.0 1.41 4.27 0.999
40 63.3 13.88 305.2 1.44 4.29 0.999
45 66.4 18.50 296.1 1.29 5.66 0.999

47 69.6 8.93 296.0 1.541 5.02 0.999

An(average) = 1.40; o = 0.058.

1.40, However, the value of B is a very strong function of relative
humidity. Presented in Figure 3.33 is a plot of In(B) versus relative
humidity. In a manner very similar to Figure 3.32, the value remains

small and relatively constant up to a relative humidity of ~60%. Again,
there are definite indications of capillary condensation and flake restruc-
turing. The phenomenon does not appear to be a strong function of tempera-
ture., Similarly, the correlation of the data as a function of superfi-
cial velocity indicates that over the regime studied, the phenomenon is

a weak function of gas velocity. Therefore, for prediction purposes,
Figure 3,33 and Equations (3.56) and (3.57) should provide reasonable

estimates of anticipated pressure drops across the fixed beds.
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A

fli- 0.018v**  , «kpa/m; and (3.56)
8 -4 1.4

£ =462« 107 Bol4, pet/se; - (3.57)

where V hags units of cm/s at system conditioms.
Applying a force balance upoa the systea and defining the frictiom

factor in the standard way for flow around particles, one obtains the

following:
A
£
fl'; - 1A = TA‘ pcvuz , (3.58)
where

t = ghear force,

A

area/volume,

£ = friction factor,

Voo = free stream velocity.
It will be assumed that the free stream fluid velocity, Ve, may be
approximated by the superficial velocity, V, divided by the bed voidage,
€. Rearranging and eliminating the term AP/L via Equation (3.52), ome
obtains the following fric.ion factor expression for flow-through fixed
beds of commercial Ba(OH)9+8H20 product (B values are for c-g-s unit

system).

- 2332

fA = —5= (3.59)
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Attempts were also made to correlate the initial pressure drop across
fixed beds of commercial Ba(OH),°8H,0 flakes. The results are presented
in Table 3.17. The correlation was not as good as for the converted beds
because the smaller pressure drop at the lower flow rates were near the
sensitivity of the D/P cell and the overall analytical technique. The
unreacted beds did demonstrate a greater functional dependency of pres-

sure drop upon flow rate than their reacted counterparts.

Table 3.17. Application of model, 3P/L = 0.01BV®(kPa/m),
for correlating pressure drop across fixed beds of
commercial Ba(OH)7¢8H30

Sample Correlation
No. n 1n(B) coefficient
1 1.59 +0.3806 0.971
2 1.74 ~0.1458 0.995

The Ergun Equation for Pressure Drop Correlation. The Ergun equation
has received widespread application for predicting and modeling pressure
drops associated with liquid or gas flow across packed beds of
spheres.77'33'39 The Ergun equation is actually a combinatioﬁ of two
fixed-bed equations — the Blake—Kozeny equation developed to model lami-
nar flow where shear forces dominate the pressure drop, and the
Blake~Plummer equation developed to model turbulent flow, where inertial
forces dominate the pressure~drop term. Application to other particle
geometries has been demonstrated by defining an effective particle
diameter, dps and a sphericity factor, ¢, and substituting the term odp,

in place of dp in the Erg'n equation for spheres., The effective
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diameter, d,, 1s defined as the diameter of a sphere of equal volume to
that of the particle. The sphericity factor is the ratio of the surface
area of a sphere with diameter dp divided by the actusal surface area of

the particle. The resulting Ergun equation is

.Y 2 P V2
= 150 (1-;) o+ 1.75-31:§l ;g—- , (3.60)
€ (¢dp) € P
where
L = bed length parameter,
€ = void fraction,
p = viscosity,

V = guperficial gas velocity at system conditioms,

¢ = sphericity, surface area of sphere of equal volume to the
particle/particle area,
dp = effective diameter, diameter of sphere of equal volume to the

particle,

pc = gas density.

The preceding equation may be rearranged in the following manner:

P 150( 1-¢ l1-¢ 2
<" [ﬁT)' + 1.75] %—l pGV ’ (3.61)
P e ¢d
— P
w?
150(1-€) (1-¢) P¢
- [ e + 1,75] cor T »
P
where
rp = effective particle radius,

{V> = average interparticle fluid velocity, V/e,

r _
<

particle Reynolds number.
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From this equation, a particle friction factor may be defined.89

g = 2300€) ) o

p Rep (3.62)

The particle surface area per unit bed volume may be represented by:

1-¢

2
3e¢r
¢ P

A= (3-63)

The rearranged Ergun equation is now of similar for to the standard fric-

tion factor definition.

A 2
P <
T "fAec
o <2
_ 1 [150(1-¢) 3(1-¢) 6
3e[ " + 1.75] , 5 (3.64)

p

1 pG<V>2
=—=f A
3P 2

The functional dependancy of the friction factor upon the Reynolds number
is readily apparent in the preceding equations.
The pressure drop data were correlated as a function of velocity with

the following equation.
8p/L = A'V + B'V2 , (3.65)

The results of the least-squares analysis are presented in Appendix L.

From the values of A' and B', values for € and ¢d, were determined., As
may be seen in Appendix E, the values of these parameters were not con=-

sistent with the actual physica. system. Handley a..d Heggs argued in a



1968 pape- that the constants used in the Ergun equation, 150 aad 1.75,
are n)t cuonstants tut rather are functions of the geometry and size of the
particles composing the system.9° For simple systems, they proposed that
the pres:ure drop be modeled by an equation of the form of Equation
(3.59). Therefore, attempts were made to correlate the parameters A' and

B' as a function of system parameters, most notably relative humidity.

No simple correlation was cbtained, and this apprvach was abandoned.

Application of the Chilton-Colburn Analogy. Because of the similari-
ties in the partial differential equatiouns for momentum, heat, and mass
transfer and their respective boundary conditions, Reynolds in 1928 spe-
culat=: *hat for turbulent flow in a pipe, an analogy between the trans-
fer of murmentum, heat, and mass should exist.88,91 Therefore, he proposed

the following analogy:

KePg

f h
Z2"CG6" ¢ (3.66)
P
where
f = friction factor,

h = heat transfer coefficient,

(2]
o
[ ]

specific heat of fluid,

G = superficial mass velocity per unit area,

Kp = mass transfer coefficient,

pG = density of fluid.
Feance with experimental knowledge of either pressure drop, heat transfer,
or mass tfanafer data, the analogy woul& enable one to predict the magni-

tude of the other transfer coefficients in similar systems. Subsequent
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application of this analégy indicated that an additional correction factor
was required to account for the effects of molecular diffusion upon heat
and mass transfer since no analogous phenomenon exists for momentum trans-
fer. In a 1938 paper, Chilton and Colburn presented their semiempirical

Chilton—Colburn analogy:91

f. h (223, X, [b_)2/3 (3.67)
2 cpc D G "GpgD
or
f
7 3y "N
where

u = viscosity,

D = molecular diffusivity,

Jg = j factor iir heat transfer,

M = J factor for mass transfer.
For relatively eimple systems, the preceding equations have received
widespread applications. Furthermore as f is frequently a function of
the Reynolds anumber, jy and jy must also be. However, extension of the
Reynolds-Colburn analogies to fixed-bed systems must be approached with
caution since the flow patterns may be extremely complex and may vary from
turbu.ent to laminar to stagnant within a small spatial regime. Purther-
more, bed voidage, particle geometry, particle surface area, and entrance
and wall effects may also affect the momentum, heat, and mass transfer
properties of the system. Foram drag may contribite significantly to the
transfer of momentum, but an analogous transfer process does not exist for
either heat or mass transfer. The use of boundary layer theory is usually

impractical because of the effects of surrounding particles upon the flow

s .ﬂavz{iiﬁu‘ﬁéw;
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patterns. Therefore, analogies between momentum and mass or heat transfer

for a fixed-bed system are often constrained to a particular particle size
and geometry. Correlation between the j factoras for heat and mass trans-
fer are generally much better because of the increased similarity in the
physical transfer mechanism. Ganson80 correlated heat and mass transfer
data obtained on spheres and found jy/Jy = 1.076.

For the system of interest, this study has indicated KgA, to be a H@ak
function and 8P/L to be a strong function of relative humidity. Hence
rigorous application of the Chilton-Colburn analogy may not be possible.
However, since muss throughput or the superficial wvelocity at reference
conditions (101.3 kPa, 294.3 K, or 1 atm, 70°F, noted by subscript o) is
2 key process parameter, an indication of the functional effect of super-
ficial velocity upon the mass transfer coefficient as predicted by the
Chilton—Colburn analogy from fiiction factor data may be very beneficial.
Combining the experimental friction expression obtained in the preceding
section with the Chilton-Colburn analogy, one obtains the following

expressions for jy and KpAgy:

p 2/3 2/3
R L I R T
pGD v pcD 2
2
A = 2Be ,
v0.6
e
0.6
2 2 [ToP -
O :: [TP ] W, (3.68)
Ap V° G“-"0 .
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Assuming A to be equal to Ay the initial surface area, the calculated
KgA, values were 2 to 3 orders of magnitude greater than the experimental
values. Based upon the work of Handley and Heggs, this differential is
not surprising because their study on simple fixed-bed systems of
spheres, ordered plates, cylindefs, etc., indicated an order of magnitude
variation between the experimental values and the Chilton~-Colburn pre-
dicted values,J0 Therefore, the wide deviation between predicted theory
and experimental data for the present system could result from the highly
disordered nature of the packiﬁg within the bed, considerable contribu-
tion to the pressure drop from form drag, and the fact that the pressure
drop was obtained on completely converted beds. These effects could also
account for the lack of a functional dependency of relative humidity upon
the KpA, data.

A key process parameter is the effect of gas throughput upon the mass
transfer coefficient or the jy factor. The Chilton~Colburn analogy has
indicated the Jq factor to be proportional to Vo'°-6. Data concerning j
factors for flake or slab geometry are lacking. However, numerous j fac-
tor correlations“’77'80'87_101 on epheres or cylinders have indicated j
a vo-O.Z » Vo'°'7. Hence some significance might be assigned to this
analyeis.

Realizing that for most fixed-bed systems the predicted jp factor
based upon friction factor data was significantly greater than tue

experimental jp factor, Handley and Heggs attempted to break the pressure

e HL.'»-‘JA’m
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drop into two parts via the Ergun equation.9o They found that for simple
systems, the pressure drop resulting from inertial forces, the v2 term,
was an indication of the tortuosity of the flow pattern and hence the
efficiency of the gas—-solid contacting process. However, application of
this technique in the present study was not possible because of the
failure of the Ergun equation to correlate the data as a function of

system parameters.

Conclusion — fixed-bed stud{gg.

Correlation of the nodel predicted and experimental breakthrough cur-
ves were excellent. The observation that the area available to mass
transfer may be modeled as a linear function of conversion is not totally
surprising due to the variation in the thickness and surface area of the
flakes. Contributions to this term may also result from deviations from
the assumptions in the model development, most notably negligible gas
dispersion and channeling and negligible resistance to mass transfer
through the product layer.

Although the correlation of the model with the data was excellent,
the dispersion in the data at the two superficlal velocities studied in
detail was much greater than expected. As the dispersions about the
least-squares fit were similar for the two procedures of data analyses,
the dispersion appears to be an inherent property of this fixed-bed pro-
cess and effectively masks out the effects of other process variables. A
possible cause of the deviations in the KpA, coefficient would be dif-
fering flow patterns (i.e., the presence of channeling) in the fixed bed.
Based upon the modified Reynolds number »s defined by Gamson and the

information cited earlier, it is possible that the experimental data were



obtained in the transition range from laminar to turbuleat flow.80 1In
the experimental studies, no special precautions were taken in the
loading of the fixed bed as the commercial Ba(OH)2°8H70 flakes were
loaded in a random manner. Examination of the data indicated no correla-
tion between reactant batch number and the KpA, coefficient. Therefore,
the randomness associated with the modified mass transfer coefficient
appears to be a property of the process. It is interesting to note that
Sherwood et al. reported similar difficulties in correlating mass
transfer data obtained on fixed beds of spheres and cylinders.95 Their
analysis was based upon 15 papers. According to Sherwood et al., “The
agreement between the several investigators is poor, but the experimental
difficulties are considerable and the spread of the lines 1is perhaps not
much greater than the experimental error.” Based upoan these correlations
and assuning the data discrepancy to result from experimentsl error, ome
might expect a factor of ~2 variation in experimental mass transfer coef-
ficients at a given mass throughput. This variation is consistent with
the present observations on the fixed beds of commercial Ba(OH)2*8H,0
flakes.,

A second unique aspect of the process and of particular interest in
process design is the greater-than-anticipated functional dependency of
the KpA, coefficient upon velocity. The preceding analyses have indi-
cated KpA, to be proportional to velocity to the 1.1 power. This aspect
will now be addressed in greater detail.

Historically, the rererence system for the determination of heat or
mass data has been fixed beds of spheres. With uniform spheres, one need

not worry about the packing geometry provided the ratio of the bed
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diameter to the particle diameter is sufficiently large. Typically, the

j factor correlation is of the following form:

j = A'Re" , (3.69)
where
A' = constant,
d G d Vo
Re = Reynolds number, —uE- a —p—u—'

n = arbitrary exponent.

Reported values66,77,87—101 of the exponent n vary from -0.2 + -0.7.

Thus one would predict Kp a V0°'3 +> Voc's. Several empirical heat
transfer correlations!02 have indicated h, the heat transfer coefficient,
a Vo'g. Thus employing the analogy between heat and mass transfer, ome
might expect Kp a V°°'9. Baged upon boundary _ayer theory, one would
predict Kp o V°0'5. The correlation of Rowe and Claxton’’ for mass

transfer from spheres into air is of the form

Sh = 2.0 + 0.69 Rel/2gc1/3 | (3.70)
where
Sh = Sherwood numbet,

Re

Reynolds number,

S¢ = Schmidt number.
In the regime of interest, the equation predicts Ky a Voo-s. Earlier in
rhis chapcer, the j factor correlation developed by Gamson for particles
of widely differing geometries was presented. This correlation80 indi-
cated Kp a Vp© to V0°-5.

The greater-than-anticipated dependency of the KpA, coeificient upon
gas velocity, KpAg @ Volel, indicates that the initial area available for

mass transfer, A,, may be a function of velocity. Although bed expansion
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was nominal, it is speculated that the number ‘of planar contact points
between neighboring flakes is reduced by the upward shear force of the gas’
flowing through the bed. The shear force causes the particles to realign
in a geometry parallel to the direction of gas flow and the resulting re-
reduction in planar coantact points provides greater area for mass trauns-
fer., For the smaller particles, localized fluidization may occur. The
extent to which the points are realigned and localized fluidization
occurs is dependent upon the shear force exerted on the flakes. Pressure
drop studies presented earlier indicated the shear fo-ce to be propor-
tional to the superficial wvelocity to the 1.4 power. Assuaming the
realignment and increase in surface area to be a function of the shear
force, the functional dependance of the gas film mass transfer coeffi-
cient would then correlate more closely with the published values. 1In
essence, the shane factor as defined by Gamson appears to be a function
of velocity, It should be noted that for packing arrangements in which
particle reallignment is restricted, a reduction in A, from the predicted
value would be observed. This variation in Ao would then contribute to
the larger than anticipated dispersion in the experimental KgA, coeffi-
cients,

In the j-factor correlation developed by Gamson, the portion of the
surface area available for mass transfer was assumed to be dependent upon
the particle geometry through the shape factor, and the extent of fluidi~-
zation through the bed voidage term. With respect to the Gamson correla-
tion, Gupta and Thodos?8 argued that the correlation was inconsistent for

n
]
A chH

W "7 - (3.71)
M (1_5)0. ‘
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large bed voidages as jy + =, and therefore Kg + ®. They argued that a
better correlation for uniform packing, based upon the actual area avail-
able for mass transfer and the bed wvoidage, could be developed. In the
development of their correlation, they assumed the available surface area
for mass transfer to be dependent upon the particle geometry and the
packing arrangement. In this way, they were able to account for the
surface area lost to mass transfer because of interparticle contact.
Their correlation based upon data obtained from fixed and fluidized beds
of uniform spheres, cylinders, cubes, partition ring#, Raschig rings, and

Berl saddles, but which excluded flakes, was of the following form:

0.300 £'
j = 6' 35 ? (3.72)
e(Re " - 1.90)

where

f' = area availability factor,

€ = voldage,

Re =  AyG/u,

A, = particle area/particle.

Presented in Table 3.18 are the predicted and experimental area
availability factors for uniform packing in fixed and fluidized beds. In
general, the correlation between predicted and experimental values is
excellent. The factor of concern in the present study is the change in
the area availability factor from one extreme, a fixed bed, to the other
extreme, 3 fluidized bed. In the transition range, one would expect area
avallability factors between the extremes, that is the presence of some
localized fluidization, and spread or dispersion in the values obtained

at a given superficial velocity. Therefore, for nonuniform packing such



as flakes of differing sizes, it is speculated that the change in the
area availability factor from one extreme to the other would be of
greater magnitude and a stromger function of velocity, f'a VoP. These
speculated observations are consistent with the present experimental
resulte. It also appears that for the present system and superficial

velocities >15 cm/s, a rather dramatic change may occur and this would

Table 3.18. Comparison of the calculated area availability
factor, f', with experimental data

Area availability factor, f*

—Calculated Experimental _
Particle shape Packed Fluidized Packed Fluidized
Spheres 1.000 1.000 1.000 1.000
Cylinders 0.952 1.144 0.865 1.16
Cubes 0.820 1.24 0.825
Partition rings 1.25 1.40 1.24
Raschig rings 1.22 1.37 1.34
Berl saddles 1.48 1.98 1.36

account for the extremely large dispersion observed in the rather limited

data base at these conditioms.
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CHAPTER 4
CO:"LUSIONS AND RECOMMENDATIONS

Conclusions
Extensive studies have been conducted uon Ba(OH)2 hydrates, their

reaction with C0j, and the operation of a fixed-bed process for C0,

removal. Microscale studies indicated (1) the published vapor pressure
data for Ba(OH),°8Hy0 to be valid,-(Z) the rate of dehydration or rehy-
dration to be proportional to the amount of free water on the surface
(1.e., a function of relative humidity), and (3) the reactivity of
Ba(OH)°8H,0 for CO, to be 3 orders of magnitude greater than that of
either Ba(OH)2+3H;0 or Ba(OH)7°Hp0. Macroscale studies on 10.2-cm-ID
fixed beds of commercial Ba(OH)2°8H20 flakes indicated that the pressure
drop across the bea increased dramatically as 60X relative humidity in
the effluent gas was approached. It 1s speculated that this phenomenon
results from the capillary condensation of water in V-shaped contact
points or pores and that this effect facilitates the subsequent recrysta-
11zation of the flake, Although the resulting flakes have greater exter—
nal surface area, they are more fragile and degrade more readily upon
conversion to BaCOj; thus resulting in increased pressure drop across the
fixed beds.

Experimental studies indicated the transfer of the reactant gas
through the gas film to be the major resistance to mass transfer. Values
of the KpAg coefficient (gas film mass transfer coefficient multiplied by

the initial surface area) were determined from the initial portion of the



breakthrough profile. For a given mass throughput, considerable disper-
sion in the values of the KpA, coefficient was observed. However,
attzmpts to correlate the dispersion with system parameters were fruit-
less. A model, assuming gas film control, was developed and exact
numerical solutions were obtained. Excellent correlations between the
model—-predicted breakthrough curves and the experimental breakthrough
curve were achieved when the area available for mass transfer was modeled
as a linear fuaction of conversion [i.e., A = A,(1-X)]. The dispersion
in the determined KpA, coefficient was again greater than expected and
appears to be an Iinherent aspect of the process. Indications are that
the dispersion resulted from differences in the actual area available for
mags transfer and the possible presence of localized channeling. Based
upon published correlations for the Kp coefficient, the correlation for
the KpA, coefficient possessed a greater functional dependancy upon velo-
city than expected. Because the studies were conducted on flaked
material with considerable f‘nterparticle contact, it 1is speculated that
the amount of surface area avallible for mass transfer increased as a
function of gas velocity, thus resulting in the gireater-than-anticipated
functional dependancy of KgA, upon velocity. This factor may also
account for the greater-than-anticipated dispersion in modified mass
transfer coefficients since some localized packing arrangements would be
more conducive to restructuring. Such dispersion in mass transfer data
has been observed by others.

Based upon the experimental data obtained during this study and its
subsequent analyses, a window or regime of optimal process operation wae

determined to exist for the isothermal operation of this fixed-bed
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process., The window is bounded on the lower side by the dissociation
vapor pressure of Ba(OH),°8H70 and on the upper side by the onset of
appreciable capillary condensation and subsequent pressure drop problems
(~60% relative humidity). An operating envelope is presented in Figure
3.34 for the treatment of 330 ppm, CO, gas stream at a system pressure of
0.5 psig. The relative humidity of the influent gas must fall within the
envelope for optimal gas throughput. If changes are made in either (1)
the COp concentration, thus affecting the amount of water vapor produced,
or (2) the system pressure, thus affecting the partial pressure of the
water vapor and subsequently the relative humidity (P/P;), the operating
envelope will change. Additionally, the operating envelope demonstrates
why operational problems at 22 and 32°C were .ot severe, yet considerable
difficulty was encountered when trying to operate the process at 42°C,
Successful operation at higher relative humidities (>60%) 1is possible
by significantly reducing the gas throughput. The effect of operating the
bed at conditions of water vapor saturation, whereby the water product
would remain in the bed and the reaction would become exothermic, was not
examined in detail. However, the reaction does proceed readily at these

conditions, and the BaCOj product is insoluble.
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Rec 'mmendations

The COy—8Ba(0H)2+8H70 gas—solid reaction offers a unique system for
future mass transfer studies because few aml'ent temperature reactions

exist In which there 18 a factor of ~3 reduction in molar volume upon

-mversion of the reactant to the product. As previously cited, the pro-
duct 18 ~73% porous, and for thir flakes, di{fusional resistance of the
gaseous reactaut through the product layer 1is small. With respect io the
present studies, areas requiring additional investigatiom include the (1)
evaluation of the effects of different C0 concentratioms ii ke ieed
gas, (2) operation of the process at 10 and 50°C, and (3) coanduction of
studies with a different carrier gas (i.e., helium or argon ratier than
the 02-N2 mixiure in air). This latter change would gieatly affect the
physical properties of the gas stream.

The pressure drop was determined to be a function of the relative hu-
midity during the hydration of the water-deficient commercial Ba(OH) ;°8H20
to Ba(OH)2¢8H;0. Additional studies are needed to determine if operation
at effluent relative humidities >60% 18 possible by prior hydrati n of
the bed at relative humidities <60% with a COj-free gas.

48 previously cited wi-hin the text, the reactant appears to possess
tte scrubbing capabilities of a caustic solution. Therefore, because of
~his observation and tre favorable molar volume ratio of the reactant to
the product, one would predict that thc reaction shot:ild prouceed with
other acid gases and vapors (such as NO, NCj, S0j, HC1l, acetic acid,
etc). Initial scoping studies with NOp have indicated this prediction to

be the case. H.,wever, further process studies are required to better
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characterize the reactivity of this unique material -tosard other acid
gases and vapors.

Since this study was oriented toward process development, additional
fixed-bed studies are required to develop a more basic understanding of
phenomena associated with a flaked reactant. Additional heat and mass
transfer information is required to supplement published information and
thus develop a better understanding of the operational characteristics
of fixed beds of uniform flakes. What are the effects of flake thickness
and geometry: For deep beds, at what particle length do dispersion
effects become appreciable? Is a conventional sphericity factor or shape
factor approach really sufficient to correlate data obtained on flaked
reactant with more conventional data obtained on spherical reactant? For
fixed-bed operation, can more easily obtainable heat transfer data be
used in lieu of mass transfer data via the Chilton-Colburn analogy for
heat and mass transfer? Can mass or heat transfer coefficients be esti-
mated with confidence from pressure drop data via the Chilton-Colburn
analogy? Finally, how does this information extend to the present

system, a fixed bed of nonuriform flakes?
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APPENDIX A.

VAPOR PRESSURE DATA FOR Ba(OH), HYDRATES

The vapor pressure of Ba(OH)) hydrates and even the existence of cer-
tain hydrates have been areas of considerable contioversy. The existence
of Ba(OH)2 compounds with 1, 2, 3, 3.3, 4, 7, 8, 9, and 16 waters of hy-
dration have becen cited. However, only two of these, Ba(OH)*H,0 and
Ba(OH)7+8H70, have bean commonly observed.36=46 15 this section, a
literature review of published Ba(OH)2 hydrate dissociation pressures
will be presented in a chronological manner.

Due to the similarity of barium and strontium hydroxide hydrates, the
two have often been studied together. Ome of the earliest studies of
Ba(OH), hydrates was that of Lescour!03 in 1883. The results of this
vapor pressure study presented in Table A.l, indicate two stable hydrates,

the mono- and the octahydrate.

Table A.l. Ba(OH); hydrate vapor pressure data

Temperature, °C 13.5 20 35.5 58 70 74.5 100
Dissociation pressure
Ba(OH)2+8H,0, mm Hg 4.5 5.5 20.5 84 124 213 530
Ba(CH)2+Hy0, mm Mg <1 1 1 1 1 14 15

Source: H. Lescour, Compt. Rend. 96, 1578 (1883).

Muller-Engbach104 in 1887 also reported the existence of two hydrates; a
dihydrate and an octahydrate. The reported dissociation vapor pressure

at 15° . .nr the dihydrate was 1.33 mm Hg and tiat of the octahydrate was
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11.4 mm Hg. In 1903, Bauer!03 reported that Ba(OH)2°+3H20 could he pre-
cipitated from a saturated Ba(OH)2 aolufion at 105°C.

Johnstonl06 in 1908 conducted a thorough study of strontium and barica
hydroxide hydrates and compared his results with previousgly published
values. From dissociation vapor pressure studies, he reported three
stable hydrates: Ba(OH);°16H;0, Ba(OH),°8H;0, and Ba(OH);*1Hy0. The
vapor pressures for the first two were found to be represented by:

t' = ty + 2.0, and (A.1)

t' = 0.84 t, + 3. (A.2)

In the above equations, t' (°C) is the temperature of the Ba(O0H)2 hydrate
solid and t, (°C) is the temperature of water whose vapor pressure is
equivalent to the dissociation vapor pressure of the solid. For t' =
54,3°C, tw = 36.7°C and the vapor pressure of water at 36.7°C is 45.9 ma
Hg. #e concluded the Muller-Engbach vapor pressure data for Ba(OH);°8H,0
to be valid for Ba(OH)9°16H0 and questioned the validity of Lescour's
data, particularly in the higher vapor pressure regime.

In 1934, Tamaru and Siomil07 published the results of a study on the
hydrates of Sr(OH); and Ba(CH)2. They concluded that the presence cf
Ba(OH)2°3H20 and Ba(OH)2+16H20 could not be confimed from vapor pressure
studies. Also, the water vapor dissociation pressure for conversion of
the monohydrate to the anhydrous form could not be determined because of
the slow kinetics. The dissocliation vapor pressure for the octahydrate

was found to be represented by an equation of the fom

log P = =13600 + 10.840 , (A.3)

4,575T
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where

P = water vapor pressure, mm Hg,

T = temperature, K.

In the opinion of this author, the most comprehensive and credible
study conducted to date on the dissociation vapor pressure of Ba(OH)2
hydrates was that of Kondakov, Kovtuneako, and Bundel.('o The results
were published in 1964. 1In this study, the water vapor pressures of
Ba(0H)7*xH70 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 obtzined, as shown in Figure
A.l1. The lines correspond to Ba(OH); hydrate samples in which the
monohydrate, the trihydrate, and the octahydrate were the comtributing
species to the system's water vapor pressure. The controlling decom—
position steps and equations used to predict the dissociation vapor

pressure were found to be:

Ba(OH),*H,0(8) *+ Ba(OH)(8) + Hy0(g), (A.4)

log P = 81333 L ¢, 4oy, (A.5)
19.155T

Ba(OH)2°3H20(s) ¥ Ba(OH)2*1H70(8) + 2H,0(g), (A.6)

log P = 52818 . 13 823; (A7)
19.155T

Ba(OH)2¢8H20(s) ¥ Ba(OH)2¢3H,0(s) + Hy0(g), (A.8)

log P . 238230 + "2.238; (A.9)
19,1557

vhere

P= nt/mz, Pa,

T = temperature of the system, K.
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Usiag the Van't Hoff equation, the data were analyzed for thermodynamic
consistency with the results presented in Table A.2. Basea upon the
entropy changes for the formation of the trihydrate, they concluded that
the trihydrate may be lese stable than the other crystalline hydrates.
For comparative purposcs, Figure A.1 includes a dashed }ine which
represents the dissociation vapor pressure for Ba(OH)7°8H70 as determined
by Johnston.106 A review of Ba(0H)2 hydrate vapor pressures at several
temperatures, as reported by various researchers, is presented in Table

A.3.



Table A.2, Vapor pressurs

analysis for thermodynamic consistency

dpe -1 a g° -1 ° -1 .=l
R (kJemol™') (kJ*aol™!) 8 (kJemol “*K °)
298 Relative 298 Relative 298 Relative
. Standard eTror Standard srror Standard error

Meaction Results tables (¢ Results tables {!) Results tables Zx)

BaiOR) 20 H0(s) -1253.%00 -1251.900 0.1 -1133.900 171.24

Ba(0H) 2+ 320{s) -1862.700 ~1616.000 211.01

3a(OH) 2°8H,0(e) -3363,700 «3347.300 0.3 -2826.000 =-2791.800 0.87 366.76

3a(0n) 2(s) -949.980 -947.0%0 0.3 -886.140 =835.360
-337.040 3.% 124,39 103,83 19.7
-536.1%0

sa(olt); (aq.) -963.060 -998.890 33 =848.660 875.880 3.1

8a0(e) «539.260 $28.790 70.338

H20(s) -242.000 228,730 188.82

Source: B. A. Kondakov, P.
Oxide — Water Sysrem,” Ruse. J.

V. Kovtunenko, and A. A. Bundel, "Equilibris BSetweei. Gaseous and Condensed Phases i(n ths Bariua
Phys. Chem. 38(1), 99-102 (1964).

081




Table A.3. Publishad dissociation vapor pressures for Ba(OH)2 hydrates
‘ Pressures of dissociating species, Ba(OH)2°xH20
Reference Year Temperature *H20 *2H2C *3H20 *8H20 *16H20
lavestigator nunber published *Cc (om Hg) (om Hg) (om Hg) (om Hg) (wm Hg)
7 Lescour 103 1883 20 1 5.5
Huller-Ersbach 104 1887 15 1.33 11.4
Johnson 106 1908 17.7 3.6 13.4
7 Tamacu and Siomi 107 1934 20.0 5.01
Kondakov et al. 40 1964 20.0 0.234 3.32 5.54
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APPENDIX B.

THE BINARY WATER-Ba(OH), SYSTEM

Studies cited thus far have concentrated on the gas-solid system and
have attempted to determine from vapor pressure measurements the presence
of distinct Ba(OH)2 hydrate species. In 1966, Michaud®1:42 published the
results of a study conducted on the yquid-loud equilibria of the bimary
H20-Ba(OH)7 system. After a thorough review of the literature, he con~
cluded that his study was to be the first conducted on this system. In
his work, the solubility of Ba(0H), and its hydrates in water were deter-
mined as a fun~iion of system temperature. Uhere required, the experi-
ments were conducted under pressure to maintain a liquid or liquid-solid
system. Thermal analyses, using a calorimeter, were conducted on the
precipitated solid to determine the invariant plateaus. The compositions
of the precipitants were confirmed by x~ray diffraction analysis. The
patterns obtained for the trihydrate were the first reported and are
referenced in the ASTM file. The resulting phase diagras is presented in
Figure B.l.

Michaud's results indicated the presence of the monohydrate, trihy-
drate, and octahydrate, which is in agreement with the results of
Kondokov, et al,%0 However, he observed a phenomenon that researchers
conducting gas-s0lid studies would likely not observe and which might
help to explain prior difficulties in confirming the existence of
Ba(0f)2°3H20, Thermal analysis revealed a plarcau between Be(OH),°8H20
and 3a(OR)y°*3H,0, signifyirg r.he existence of a eutectic phase consisting

of Ba(OH)2°3H70 and Ba(OH),°8H20. The eutectic composition was found to
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cousist of 16 mol percent Ba(0H)2°3H;0 and to have a stoichiometric com—
position of Ba(OH)2°7.19H0.
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APPENDIX C,

THERMAL STUDIES OF Ba(0OH), HYDRATES

Conside rable research has been conducted on the therwal decomposition
of alkaline earth hydroxides in the prepsration of oxides with favorable
electron emission properties. In the course of this work, data obtained
via thermmo—gravimetric anslyses (TGA), thermsl or calcrimetric analyses.
differential thermal analyses (DIL), and evolved gas analyses (EGA) have
been published on the hydrates of barium hydroxide. however, these
results have often been of queltic...;blé quality. since the equipment and
experimental objectives were directed toward studies at higher tempera-
tures (i.e., i{s the decomposition of the hydroxide to the oxlde). A major
disadvantage of thermal studies, in contrast to vapor pressure and solu-
bility stud’es, is that they are dynamic in nature. Vapor pressure and
solubility studies are conducted in a gas-solid or liquid-solid systea at
equilibrium, vhile thermal analyses typically try to locate points of
equilibrium by studying the response of a system to dynamic change. Care
sust be taken to ensure that the response being observed, usually a
change in temperature or weignt of the samplc, is not masked by other
phenomena within the systea,

In 1958, ¥:.rti and ClavellO8 reported the results cf a study on ny-
drates of strontium hjlroxidz snd barium hydroxide. The intent of their
study was to distinguish between waters of adsorption, waters of coordi~
nation, and constitutional water. Experimental techniques used included
differential therunl analyeis, cheamical analysis, end thermogravimetry
under isotherasl and temperature ramp conditions. Althougl. the rate of

temperature incraase was given, the size of the ssaples was not., Marti
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and Clavel reported the existence of two stablc hydrates of Ba(CH)), the
mono— and the octahydrate, and they believed the seven waters of hydra-
tion released during the reaction Ba(OH)7°8H0 + Ba(0H)°H70, to be
equally volatile.

A similar study in 1971 by Judd and Pope, 109 who have published
extensively in the field of thermoanalytical techniques and decompusition
modeling, reached the same conclusions. Their sample size was 500 ng,
and the presence of the final product, Ba(OH),°Hy0, was confirmed by x-
ray dif’raccion analysis. The material was prepared by evacuating
samples of Ba(O0H)2°8H;0 to 0.1 mm Hg at 25°C for 5 k.

A study by Habashy and KoltallO on the thermal decomposition of the
hydrates of barium hydroxide, published in 1972, utilized thermogravi-
metric, differential themmal, x~ray diffraction, and infrared spectral
analysis. A unique aspect of this work was that twn types of
Ba(OH)7°8H,0 samples were used. Ole type was prepared by preclpifating
Ba(OH)2°8H)0 cryetals from a saturated solution, while the second was
prepared by dehydrating the Ba(OH);°8H,0 crystals at 80°C under a dynamic
vacuum to form Ba(OH)7°Hy0, followed by rehydration in moist air to form
Ba(OH)2°8H,0.

Their results, presented in Figure C.l., indicate the presence of
three hydrates: Ba(OH)2°H20, Ba(OH)2°2H;0, and Ba(OE),*8H0. However,
the preparation of Ba(OH)2°2H;0 was possible only under specially
controlled conditions. When recrystallized Ba(OH),°8H,0 '@as subjectea to
a vacuum at temperatures ranging from 30 to 150°C for several hours, the
dehydrated product was B-Ba(OH)2°H20. A similar product was obtained

when the dehydration took place in air at 150°C; however, when the

(RS '.’r
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material was dehydrated in air at temmeratures less thar 90°C for several
hours, the resulting product was Ba(OH)2°2H30. Formation of this com
pound was subsequently verified by a separate endothermic peak during
differential thermal analysis, a divtinctive infrared spectrum, and by an
x—-ray diffraction pattern that was distinct €from those pubiished for a-
and -Ba(OH),*H,0, Ba(0H),°3H,0, end Ba(OM),*8H,0. However, the
dihydrate was not observed during similar studies on the rehydrated
Ba(0H)2°8H20. Habashy and Kolta concluded that the formation of the
dihydrate was dependent upon the rate of water removal from the decom—
position interface. They speculated that the two lower hydrates are
formed by one of the following mechanisms:
) rehydration

Ba(0H),+8H70(s) * amorphous product + Hy0(g) > Ba(OH),° 2H,0(s)

or

activated diffusion
Ba(0H)2°8H20(8) # amorphous product + Hy0(g) »

Ba(OH)2°H20 (C.2)

They concluded that when a dynamic vacuum was applied to the systeam,
the rate of diffusion was increased cr activated, resulting in more rapid
water removal at the decompositicn interface. The formation rate of the
dlhydrate would likely be dependent upon 21 kinetic rate corstant and the
water vapor partial pressure, thus it would be impaired by vacuum appli-
cation, so that the reaction would likely proceed via the mechanism of
Equation C.1. They also speculated that the rehydraced saample would
possess 3 more open structure as a result of the prior dehydration and
subsequent rehydration, causing the diffusion of water molecules from the

structure to be more rapid than that from the nrecipitated uctahydrate.
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Hence, the reaction mechanism of Equation C.2 would control the dehydra-
tion process. ‘‘hese results were cited to parallel those of earlier
ctudies conducted by Habashy on BeSO;4 and CaS0O;, where ihe existence of

monohydrate and hemihydrate phases were confirmed.
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APPENDIX D.

CRYSTAL PROPERTIES OF Ba(OH)) HYDRATES AND BaCOj3

The crystalline structure of Ba(OH),+8H20 has been determined to be
monoclinic®’ and : wember of the CI2,—P2;1/n space group, having a unit
zell with four formula units of a = 9.35 A, b = 9.28 A, c = 11.87 A, and
8 = 99°. The calculated crystal density is 2.06 g/cm3; the measured den-
sity is 2.18 g/cl3- The barium cation is coordinated by eight water oxy-
gens in the form of a slightly distorted Archimedian prism at a distance
of 2.69 to 2.77 A. The vnit cell has been shown to consist of 4 barium
cations, 8 hydroxyl ions, and 32 water molecules. Studies®” have indi-
cated that each hydroxyl ion is surrounded by five water molecules and
one hydroxyl ioa =5 closest ueighbors, a faztor of potential significance
in the overall reaction mechanism with an acid gas.

Relatively little information is available on the crystalline struc-
ture ot Ba(CH)9°3H0, although it does possess a unique x-ray diffraction
pattern. Bauerlos, in some studies published in 1903, stated that
crystalline Ba(OH);3H70 could be prepared from a saturated
Ba(OH), solution maintained at 105°C. He determined the structure to be
thombic with an a:b:c ratio of 0.58905:1:0.7803.

In 1969, Lutz, Heider, and Beckerlll published the results of an in-
frared absorpticn study on Ba(OH)7 and Ba(0H)2°H20. Their resulte indi-
cated that Ba(0H)2°H20 exists in two stable forms designated beta (B)
and gamma (Y). The B phase is more stable and is commonly prepared by
the room temperature evacuation of Ba(0OH)7°8H20. The Y form is umstable

at room temperature, but it may be prepared at 60°C by evacuating a

M
I3
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Ba(OR)2+8H20 sample to a pressure of 1074 om Hg. It may also be prepared
by contacting B-Ba(OH) with a moist streaw of nitrogem or by the hydro-
lysis of barium alcoholates. Because of a lack of data, uncertainty
exists as to whether the y-Ba(0H)2°H20 is identical to the a-Ba{O0H)2°H2D
observed by Michaud41,42 in his phase diagram studies (Appendix B). A
sscond factor of interest in the study Ly Lutz et al.lll is the dif-

iculty that was cited in interpreting the infrared-sorption spectrua.
They atiriputed this to the presence of amorphous compounds. However,
they were uncertain as to whether these compounds were stable species or
reaction intermediates. The mos: common monochydrate, B-Ba(OH)2-H20, 18 a
member .f the P2j/am space group.l!3 Tt has an orthorhombic structure
vith unit cell lengths of a = 6.9522 A, b = 6.3657 A, and c = 3.3947 A.
The crystal density is 3.65 g/cm3-

The final product of interest in the preseant investigation, BaCOj,
may exist in one of three stable crystalline forms: gaamma, beta, aud
alpha.113 The gamma form, sometimes referred to as witherite and the
208t common, is orchorhombic, with cell dimensions of a = B.8345 A, b =
6.549 A, and ¢ = 5.2556 A. “The crys-al density is 4.43 g/cm3. The gamma
transforms to the beta form and finully to the alpha form at 811 and

982°C, respectively. Decomposition of BaCOj occurs at ~1450°C.
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APPESNDIX E.

SPECIFICATIONS FOR OMMERCIAL Ba(0H)2°8H20

Sarimm Octalydrate
Ba(0H) 88,0
Crade: 063
Yor Gemeral Applicatien
Chemical Analysis Shscigications
Total Barium
(wveak acid soluble) as BeO ¢ 4.0 .- 51.0
Bag0, (acid inscluble) & 0.1 max.
BaCO, § 9.8 max,
as 0.02 sax.
8 (ss sulfide) ¢ 0.02 max.
Fo 8 0.002 mex.
Qther Properties
Appearance White dry flakes
mktm. 1b/fe* 1]
B s
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APPENDIX F.
CALCULATION OF CORRECTION FOR THE BUOYANCY EFFECT
IN MICROBALANCE STUDIES

One must remember that a balaﬁce—bean microbalance operating outgside
a vacuum mesgures an apparent weight or force, rather (han masz. There-
fore, buoyancy eff?cts mus{ often be accounted for to insure that a
resl mass measurzmnt Is obtained. This is particularly crue when the
sample being weighed is at the temperzture of iiquid nitrogen (~77 K) and
thz counter~balance weight 1s at ambien: temperatu.e.

For the following derivation of a buoyeancy effect cerrection factor,
the reasonable asauaption of gaa ideality will be used. Applying
Archimedes' principle, that the decrease in weight caused oy the buonyancy
effect is equal to tii2 weight of the displaced guas, the net weight chenge
for a b;lance-bean microbalance i{s then tne difference between tue
buoyancy effects for the sauwple-side and for the counterbelance-side.

Therefore,

AV = p(gas-8) Vs ~ P(gas-c) Ve» (F.1)
where

P(gas)-s 8as dengity at ssmple-side
conditions,

Vg = volume of samplz-side items,

P(gas)-c = 8as density at counterbalance-side
~ conditions,

Ve = volume of counterbalance-side items.
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The saxple velume is related to the sample nass ant density by the

following exprussion:

i
/Tl (F.2)
i
where

Vs = volume of sample i,
m{ = mass of szmple 1,

pg = density of szmple {i.

Assuming an 1deal gas,

Pras-i =~ W %T , (F.3)
i

where
MW = molecular weight of gas,

P = pressure,

~
]

ideul gas constant,

Ty = absolute temperature
of 1.

Combining Equationa (F.l), (F.2), and (F.3), one sbtains:

MW ns Be .
AW ‘i—[p T —;‘T] P . (F.4)
8 s cec

To be totally accurate, the buoyancy effects resulting from the
sample, the counter-balance weight, the sample pans, and the suspension
wires at their respective temperatures, as well as the unsymmetrical pro~
perties of the balance beam must be accounted for. However, the approach

used in this study was to place on the sample-side s weight of kaown mass
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and density » d to experimeitally delermine the cnrrection factor that
would account for buoyancy effects and other system faitors. Buoyancy
correction.. between other samples and this reference weight could then be
calculated, using the preceding equationes. A 150-mg, class-M weight,
constructed of tantalum with a density of 16.6 glc-3 was used as the
reference weight. The samnle side with the reference weight was placed
in a liquid nitrogen bath, and the AW effect as a function of
Ny pressure was determined. This is represented by the lower line In
Figure F.l. As expected, a0 curvature was observed, indicating negli-
gible surface adsorption and other nonlinear effects. (Surface adsorp-
tion did occur, but the effec’ was negligible because of the swall sur-
face area.) A linear, least-squares analysis provided the following
equation, with a correlation coefficient of 0.9999.

AW = -0.00052896 P - 0.0754817 , (¥.5)
where

AW = apparent weight change, mg,

P = absolute pressure, um Hg.

As the absolute pressure approaches zero, ome would expect the bouyancy
effect also to approach zero. It is speculated that the nonzero intercept
in the preceding equation results from thermomolecular effects on the
sample—~side hangdown wire as the temperature changes from 77 K to
ambient.63

Equation (F.4) may be rearranged in the following manner:

m m, ] ]
Aw'%w' p;-p:+ “:- "l: P, (F.6)
8 8 RR PrR'R Pcle
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or
MW | "s "= w | "= "c

vhere su'script R refers to the 150-mg tantulum reference weight. From
the microbalance system, the last term in Equation (F.7) was experimen-
tally determined to be represented by Equation (F.5). Furthermore, both
the refereace and the sample mass are at ~77 K, and the buoyancy effects
from the sample wire, pan, and other items cancel. Therefore, the mass
snd density terms are those of the actual reference and sample materials.
Rearrangement of Equation (F.7) gives a true correction factor for rhe
microbalance system:

n
AW, = —[p—s - ;:5] P + 0.00052896P + 0.0754817 (F.8)
8 R

vhere AWcp = correction factor, mg. For nitrogen adsorption studies at
77 X, the preceding equation reduces to:
-3 ™ _o0.150
AW, = 5,81938 x 10 -2 P + 0.00052896 P + 0.0754817 ,
8 (F.9)
where

mg = mass of the saample, g,

pg = density of the sample, g/ca3,
P = gystem pressure, mm Hg, and
AWcp = apparent weight change, or buoyancy factor.
A true mass reading it then obtaj~-41 by subtracting Eq. (F.9) from the
indicated microbalance weight of a sample:

M =W - AWCF , (F.10)
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wvhere
M = true wass, ug, and

W = {indicated microbalance weight, mg.

Presented in Figure (F.l) are the observed weight changes for a nitrogen
isothera (middle data points), and the final isothera obtained from
Equation (F.10) (upper curve). Tils isotterm was obtaired from a BaCO3

ca.ple.
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APPENDIX G.

SORPTIOE THEORY

The EET Mcogtion Theory

In the development of the BET adsorption theovry, the followlng
assumptions are made:

l. Equilibrium exists between each layer of adsorbate and the adsor-
bate vapor pressure,

2. The solid is monporous.

3. The bonding eaergy between the adsorbent and the adsorbate is
much greater than between the adsorbate layers.

4. The bonding energy between subsequent layers is constant.

5. The ratio of adsorption-desorption kinetic terms for the second

and subsequent layers is constant.

This derivation of the BET adsorption equation will follow an approach
similar to that presented by Cm:bm:lry.66 As stated in aisumption 1,
equilibriua i{s assumed to exist between each layer of adsorbate and the
adscrbate vapor pressure. At equiliprium, the rate of molecules adsorb-
ing on a given layer must equal the number of molecules escaping. From a
statistical perspective, the energy of tihe adsorbed molecules may be

represeated by the Boltzman Distribution Law.70»115

Ny = gy exp(-a) exp(-€4/kT) , (G.1)
vhere

Nj = number of molecules in
state jJ,
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gj = degeneracy of state j,

.G = constant,

&y = molecular emnergy of state j ,
k = Bolteman constant,

T = gbsolute texerature.

If we assume that tiere are many molecules and that the distinct energy
levels may be approximated by a continucus functiou, the following

equations mey be developed.

I=A € €

z A N de A €
=A N, Ac —
! Ny = -L—J—ijj 1 .j ! -gmi.a)j‘; d (c.2)
J=o f A, f A 4

The fraction of molecules with energy <cp is then:
Nc(eA (N c<c') j Aexp(— de
Ne= “‘l‘otal j(., (ﬁ')d‘
-€
A
- ""(?f_) =1 (6.3)
ot

1w ()

Therefore, the fraction of molecules with energy in excess of ¢, is

ll(c)zA) -,
s exp\T— /. (G.4)
l"l'oul (u )

N -Q’ﬁf
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The surface area covered by a layer of molecules may be represented bv
81 = Aol , ’ (G.5)
where
8y = surface area covered by layer i,
Ao = specific area per molecule,

Ni = numbe> of molecules on layer 1.

Therefore for a given layevr of adsorbates, substitution of Equation (G.4)
into Equation (G.$) results in the surface fraction of that layer with

molecul2s of edep, or

(90) | %
8 " exp(tf-). ‘ (G.6)

Multiplying the denominator and numerator of the exponential term by the

Avogadro number, one obtairs:

s(B)E ) ~E )
A A
—8—— = aex -R_T_ » (G'7)
i
where

EA = activation energy,

R = gas constant,
The meaning of E, may now be clarified. For bonding between the adsor-
bate and adsorbent, it is a meagure of bond strength and is frequently
termed the heat of adsorption. For bonding between adsorbate molecules
in subsequent layers, the activation energy (Ep) is assumed to be equal

to the latent heat of liquifaction or condensation for the adsorbated3
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(~5.65 kJ/mol for N2 at 77 K). For equilibrium to exist, the rate of
adsorption mist equal the raic of desorption, as represented by the
following equation.

a) sg? = bj 81 , (G.8)
where

aj = kinetic adsorption factor,

sg = unoccupied surface,

P adsorbate pressure,
b: = propor-ionalicy factor,

s] = surface area of first layer possessing sufficient energy for
desorption.

Substitution of Equation {G.8) into Equation (G.7) results in the follow-

ing equation:
_E l)
ay1s,P = bysy expl—]) . A (G.9)
139 181 KT
For subsequent layers, ome obtains:

-E
318(1_1)P = bysy exp(ﬁi) o (G.10)
The total surface area, S, of the solid may be expressed as

1= 00
S= Y sy . (G.11)
1-0
The assumption of a nonporous solid enabl’es th= upper limit of the sum~
mation to be infinity, The volume of gbz adsorbed on the monolayer per

unit surface area is

Yy

Q=3 ., (6.12)
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where Vy = volume of molecules on monolayer. Therefore, the total volume

of gas adsorbed is given by

1= v, i=0

M
V=Q s, = — 2 1s , (G.13)
i=0 S i=0
Rearrdanging,
1=
z isg
v i=0 . (G.14)
W o
2. 51
i=C

Upon rearranzement of Equations (G.9) anl (G. 10), one obtains:

L el
8 '4?1- Psy exp RT/ ° (G.15)
E
] (22
s, 2 5 exp\RT), and (G.16)
8 =(§) . (G'17)
i>1

The energy of activation for the monolayer Ej, 1s assumed to be much
greater than that of the subsequen: layers. Furthermore, the activation
energies of subsequent layers are assumed to be equal to the heat of
liquifaction (EL). The preceding equations may be combined such that

Equation (G.17) is a direct function of sy, the free surface acea:
a\ p2 E) [EL] P
s, (-—5)1 re exp[RT] expP|zT |80 ° <G.18)

The ratio of kinetic terms for the second and sub.equent layers, (%) ’

1
is also assumed to be a constant which results in the following

general equation: !
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E1-E i iE

a 1-5Lj (P L

8, = (3-)1 g exp[—ﬁ.-r——] (E) exp[—m. ] 80 o (6.19)
The following definitions are nou made.

a E}
x =L exp[E‘i] , and (G.21)

(G.22)

(B - Ex.] ]

c =1-(3) 8T

Combining Equations (G.19) asd (G.22), one obtains:

i iE
8, = c(%) exp[i.r—“—] 80 (G.23)

This equation may be further simplified via Equation (G.21),
8{ = CYJ‘SO

Upon substitution into Equation (G.l14), one obtains:

i=00 i= 0
z 131 Z ic x1 8,
i=0 o 1=0
i=0 i=00
M z 8y z 84
1i=0 i=

(G.24)

i= 00 1
Z ie x so
{=0
- 1= (G.25)

8g + 3 ex! 8¢
is=0
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=0
i} c-oixi
=
1l +c¢ ‘2 xi
{=1

(G.26)

It can be shown that:

i=n
(1 - x) z xl = x - x(otl) (G.27)
i=])

Fov x<1, the physical meaning of x<{l to be demonstreted in a subsequent
step and n + =, this equation raduces to
i=n

T <t -

i=] l1-x

. ’ (G.28)

Also, the following identity may be shown to be valid.

ix" = 3 — X, (G.29)
{=1 dx o1 1

Combining the two preceding equations,

"i‘ 1 d [ b4 ] x
? X =X I g - . G.30
=1 dx L1 - x (1 - x)2 ( )

Equations (G.28) and (G.30) are uow substituted into Equation (G.23) to

obtain
v X 1 cxX
—— = = . (G031)
VM (l-x)21+c(lx (1 -x) (1 -x + cx)
o x)

Previously, we defined x in the following manner:

B

X = % exp(ﬁ-) . (G.32)

i oo e B e ted
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At P = Py, the sat.uration vepor pressure, the ter-f!—--ust approach infinity.

i
For this to occur, x sust approach 1.0;
Py
Xporg " 3 “P(Er) = 1.0 ; (6.33)
or
Po =8 ﬁl'P(F) . "~ (G.34)
Thus,
P
0

Equation (G.31) now reduces to:

C P/ Po
y . (G.36)
vy (1 -(/BNI[0 - P/P) +(cP/Pq)) e

cP
(Pg - PI[1 + (c-1) P/Py)

After further rearrangement, one obtains the widely used BET equationm,

P _ L 2o L, (e=1) (B
TPV ™ oV [l + (e ”Po] ch"' oV, (po)' (6.37)

Plotting the term P/[V(Py - P)] on the ordinate axis and P/P; on the
abscissa, a straight line would be expected for systems with constant
Vy and c. With knowledge of the slope and intercept, the monolayer
volume (Vyq) and the c value may be determined. Generally, the BET
equation is assumed applicable over the range of 0.05 < P/Py < 0.35.

However, this range is dependent upon the propertics of the solid and the
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extent of deviation from the original assumptions. As has been pointed
out by Fuller,so's‘_the adsorption properties of the solid over the
entire pressure rarge, 0 < (P/P3) < 1.0, must be used in establishing the
validity of the BET equation over any range. This topic will be
discussed more fully in the section emtitled "Polarization Theory and the
Sorption Potential Model.”

Using the microbalance data presented in Appendix F, the acsorption
isotherm, Figure F.l, vas linearized via Equation (G.37) and the results
are presented in Appendix H (Sample 6). Since mass was the dependent
variable rather than volume, Equation (G.34) was modified l'y replacing
the volume terms, V and VM, with iass terms, I' and Ty, and using tue data
for nitrogen adsorbate presented in Table IIL.B.l1 (3480 mZ/g adsorbate at
monolayer coverage). The saturation vapor pressure, Py, was experimen-
tally determined to be ~757 mm Hg. For Sample 6, the surface area was
determined to be 4.44 mzlg and the correlation coefficient of the
straight line was 0.9946. The value of c was found to be 263. Since ¢

was defined in Equation (G.22) as:

(3), s ewl—iY)
¢ .‘b)l & eXP\" T /°

this value for ¢ leads to the conclusion that the adsorbent—adsorbate
bonding is very strong and is much greater than the bonding in subsequent
layers (Ej}>>E;). This phenomer- - is commonly observed for adsorption on
oxides, hydrated oxides,63 and carbonates,>0~33

For such ~ystems, the BET surface area may be estimated via a single-
point method.b% For large values of c, Equation (G.37) reduces to:

b ()

M

A e Wt o i 2w 8
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(Bp ~.P)V = Po¥y (6.39)

() (s.t0)

The choice of the adsorbate partial pressurz for the single-point method
18 important. Adsorbate partial pressures generally must fall within the
linear range of the BET equations (typically 0.05 to 0.35).

Analytical accuracy is usually improved at the higier gas conceantratisns

because of the greater adsorption.

Analyeis of Porous Solids

When the assumptions implicit in the development of the BET equation
are no longer valid, care must be exercised in the interpretation of
adsorption isotherm data. Such a situstion exists when pores are present
within the solid.30-54, 62-66 The presence of pores reduces the upper
summation li~its in Equation (G.14) from infinity tu a finite oumber.
Furthermore, when extremely small micropores (diam <2 mm) exist within che
solid, the adsorbate may be bonded to more than one surface, causing
experimental data to indicate an exceseively large heat of adsorptica.
Such physical adsorption 1is often difficult to distinguish from chemi-
sorption in which a cheaical bond is formed. Its presence may often be
detected through the use of several adsorbates of differing diameters.
Pores are usually classified bty their mean width, d, as presented in
Table G.1.

For these reasons, application of the BET equation is oftean limited

to the regime, 0.05 < P/Pg <0.35. A typical BET isotherm is presented in
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Table G.1. Pnre classirication

~Pore width ~ Relative presesure range
Pore type (om) for adsorption
MACTOpOTes >50 >0.95
mesopores 2-50 0.35~0.95
nicropores <2 <0.35

Source: E. Robens, and G. Walter, 'Section 9.7 Determination of

Specific Surface Area and Porosity of Solids,” Analytical Methods 1(B),
678, Academic Press, New York, 1974.

Figure G.1, along with the associated adsorpiion and desorption phenomena
vhizh may occur as a function of P/Pg.

The hysteresis shown in Figure G.l1 is indicative of either a nonrigid
solid or the presence of mesv— and macropores. At ~77 K, the solid 1is
usually assumed to be rigid, a 41 the hysteresis likely results from pore
filling and emptying.

Lor. Kelvin66 observed that the vapor pressure of a liquid in a small
diameter capillary was less than the normal free surface vapor pressure.
He attributed th: difference to surface tension forces between the liquid
and the capillary wall. For the evaporation of a liquid at a given
temperature, the Helmholtz free energy change per unit mass is a gtate
function and 18 equivalent to the negative of the energy available from
the system as work exterral work, and PdV work under reversible condi-
tions. For the case of evaporation from a free surface in a closed
isothermal system with no external work (assuming gas ideality), the
following equations are applicable:

n(2A;) = n[-SAT - PdV] = n[-PdV] = nRT ln(Pg/fy) = 0.0 , (G.41).

e sy
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where
n = moles evaporated

AAv = Helmholtz free enecgy of vaporizationm,
S = entropy,
W = work done by the system,
V = volume,
P = pressure,
R = gas constant,
T = absolute temperature,
Py = saturation vapor pressure,
f;, = liquid fugaecity.
Assuming that equilibrium {s maintained in tne isothermal system, the
entire work energy is available as PdV energy. However, for the evapora-
tion of a liquid in a capillary, a portion of the total free energy is
required to move a force, surface tension times perimeter, through a
distance. Mathematically, the equations are represented by
ndA, = nRT In(P/f) = -0CcsOdA , (G.42)
where

P = vapor pressure,

o = gurface tension,
A = area,
0 = angle of contact.

Combining Equations (G.41) and (G.42) and assuming the angle of rontact
to be ~0°,

nRT In(P/Py) = ~odA . (G.43)
Assuming cylindrical pores, one may now make the following substitutions:

'dA = 2nrdl , (G.44)

e v S oo oo pm—
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where r = pore radius, and 1 = pore length; and

2
n-%v--';_dl’ (GC‘S)
M M

where Vy = molar volume. Upou combining Equations (G.43), (G.44), and

(G.45), one obtains:

VM 2xrdl 20Vy
In (P/Pg) = = ———— 0 = - . (G.46)
xr2RTdL RT
or, in exporeuntial form,
(-ZGVH)
P/Pg = exp W/ (G.47)

Hysteresis 1s obaerved because the pores fill and empty via different
mechaunlsms. Physical adsorption is accompanied by the radial filling of
pcres as subsequent adsorbate layers are added, resulting in a continuing
decrease of the effective pore diametr:. Therefore, the ares. and volume
terms in the preceding equations are functions of r, as represented by

dA = 2xldr ,

dV = 2xrldr .

Upon substitution into Equation (G.43) and subsequent integration and

rearrangement, the following equation is obtained:
Pa VM
Py e""(’ rR‘L‘) ’ (G.48)

where P = adsorption vapor pressure.
The desorption step has been shown to proceed via the mechanisa
assumed in the development of Equation (G.47), an axial emptying of the

pores:
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(G. 49)

where Pp = desorption vapor pressure.

Upoa combining Equations (G.48) and (G.49) for a given pore radius, oue

obtains:

(3)2 -ﬁ (G.50)
Py Py ’
or expressed in the nomenclature of Figure G.2, AZ = D, Also, presented
in Figure G.2 are the respective sorption isotherms for pores of wvarious
configurations and the ooserved relationships between A and D.32 Nitrogea
adsorption isotherm studies have indicated pore sizes down to 2 mm will
exhibit hysteresis.>! When pore sizes are <2 ma (a P/py of <0.30 for ni-
trogen), the validity of the Kelvin equation is suspect, and the physical
sorption forces dominant for both sorption and desorption mechanisms. 54
For systems with adsorption and desorption isotherms congistent with
Equation (G.50), methods have been proposed and successfully used for
determining the pore size distribution from desorption data. When vapor
pressure condirions are such that a pore of radius r is emptied, layers
of physically adsorbed sorbate of a thickness consistent with adsorption
on a smooth surface at the same P/Pp still remain upon the surface. The
average thicknesc of this adsorbed layer for nitrogen as a function of
P/Py is presented in Table G.2. The Halsey equation may be used for

estinétlng the thickness, t, of the sorbed layer:

5 1/3
t = 3.54 [TH_(-FB/T)] s (GvSl)

where t has units of A. (A nitrogen monolayer has a thickness of
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Table G.2. Thickness of adsorbed layer at varlous
relative pressures

P/Po t,A P/Po  t,A P/Po  t,A P/Po t,A

0.3 3.6 0.62 7.7 0.75 9.1 0.87 11.5
0.35 5.9 0.64 7.8 0.76 9.2 0.88 11.9
0.40 6.2 r.66 8.0 0.77 5.4 0.89 12.2
0.420 6.3 ¢.67 8.1 0.78 9.5 0.90 12.7
U.45 6.5 0.68 8.2 0.79 9.7 0.91 13.1
0.475 6.6 0.69 8.3 0.80 9.9 0.92 13.7
0.50 6.8 0.70 8.5 0.81 10.1 0.93 14.4
0.52 6.9 0.71 8.6 0.82 10.3 0.95 16.2

0.54 7.0 0.72 8.7 0.83 10.5 0.96 17.3

0.56 7.2 0.73 8.8 0.84 10.7 0.97 19.2
0.58 7.3 0.74 8.9 0.85 11.0 0.98 22.1
0.60 7.5 0.86 11.2 0.99 27.8

Soutrce: S. Lowell, Imstruction Manual for the Quamtasorb
Sorption System, Quantachrome Corp., Syosset, New York, 1975.
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~3.54. For desorption data, wheelerf2 suggested the following equation

for estimating the pore size distribution:

v -vex [ (-0 o, (G-52)
[

where
Vg = pore volume at saturationm,

V = volume remaining upon desorption to P,/Py,

Lo}
(]

radius,

t thicknesa of adsorbed layers,
L(r) = pore length distribution functionm,

L(r)dr

length of pores with radil of r to (r + dr).
For desorption, the Kelvin equation may be used to determine the respec-

tive pore radius for a given P/Py. For nitrogen desorption,

ZOVm cos ) 53
"k = BT 1a(P,/P) ° (6.33)

where

gy =t ~t, A,

R = 8.31 x 107 ergs/mol k ,
T =77 K,
8 = 0°,

8.85 ergs/cm?,

o
VM - 3"-7 CIII3/I01-

Substituting the respective values into the preceding equation,

4.146
rk - _7—7-108 Po P)' . (G.Slb)
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Ir. analyzing desorptioun data, Wheelerb2 agsumed a density distribution
function, such as Gaussian, for the pore radii, L(r), and determined

the characteristics and guodness of fit for that particular distribution

fvaction when substiiuted into Equation (G.52).
Rather than specifving a given density distribution function, Barret,

Joyner, and Holenda®2 s 'mplified Equation (G.52) by using a summation to

approximate t.e integral expression:
ap
V-V = wg:(r - 6% . (G.55)
c
The desorption curve was then evaluated in a stepwise manner and the
distribution function determined. For additional information concerning

the two techniques for estimating pore size distribution, the doctoral

thesis by Rouquerol62 is recommended.

Polarization Theory and the Sorption Potential Model

Wher~as the BET Model assumes a distinct sorbent—-sorbate bonding
energy and i4entical sorbate-sorbate bonding energies for the formation
of subsequent adsorbate Javers, polarization theory and the resulting
sorption potential model assumes that the bonding energy varies as a
function of the number of sorbed layers,30-54,62-63 jAn evcellent review
of tﬁe sorption potential model and its apnl{ication in the analyses of
sorption data is preserted in papers by Fuller et al.30-53  These papers
will be referenced extensively in the ensuing paragraphs.

The sorption potential, E, as defined by Polangi52»63 is the rever-

siple work performed on the system, the change in free energy, required
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to isothermally compress the adsorbate trom the system pressure to its

saturation vapor pressure. Thus for an ideal gas,

E=dA=—PdV—SdT=-RT1n!-=RT1n-P—, (G.56)
Vg Pg

where
E = sorption potential,
A = Helmhotz free energy,
V = volume,
P = vanor pressure,
Py = saturation vapor pressure,

R = gas constant,

]
[]

absolute temperature.

For the adsorption to occur on the surface, the sorption potential
(actually the energy of sorption) must equal the energy of the sorbent-
sorbate bond. Thus the extent of adsorption is a direct function of the
corresponding energies:

I = £(E) , (G.57)

where

I = g adsorbate :

g adsorbent

As indicated by Fuller,3Y} 54 several functional forms for Equation (G.57)
have been proposed (some from first principles) and tested. However,
Fuller determined the relationghip proposed by deBoer and Zwicker to be
quite beneficial in the analyses of sorption isotherms. Their model is
based upon the interaction of the sorbeuat and sorbate by mutual field-

multipole forces. The functional form of the interaction equation is
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e-aP
E = Eg . (5.58)

where
E; = initial (zero coverage) emergy c¢f interaction,

a = exponential decay factor,

I = amount adsorbed.

Equations (G.56) and (G.57) may now be used in analyzing the sorption
isotherm. Determination of the monslayer coverage, Iy, is possible via
application of the equipartition of energy theory.

Depending upon the energetics of the surface, the sorption potential
for a given ccverage wiil equal RT and this energy [see Equation (G.56)]
will correspond to a unique value of P/Py. The specific energy value,
RT, corresp~zis to the loss of two degrees of translational freedom
in forming a given layer, and the bonding energy must equal this. 1In a
similar manner, a sorption potential exists for which only one degree of
translatinnal freedom was used. Thais layer would then ccntain only half
the molecules present in a completed layer and would have a sorption
potential of 0.5 RT. The monolayer coverage may then be calculated from
the extent of adsorption at E = 0.5KT and € = RT or:

Ty = 2.0 [To(E = 0.5 RT) ~ I'|(E = RT)].

Since Rauation G.56 shows that E = -RT ln(P/Pg), one may then obtain:

Iy = 2.0 [FZ(P/PO = 0.6065)-T1(P/Py = 0.3679)]. (G.60)
Thus the monolayer coverage may be estimated by the adsorption values at
tvo values of P/Pyg. As indicated by Fuller,51 highly energetic surfaces
will generally require Iy and I} to be sorption values for the second and
third adsorbate layer. For less energetic surfaces, the sorption poten-
tial quickly drops and 1is equal to RT and 0.5 RT for the first and second

adsorbate layers, respectively.
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In the analyses of sorption data, the term Eg, the energy of interac-
tion at zero coverage, 1s extremely important as it provides an indication
of the type and strength of the sorbate-sorbent bonding. This value may be

obtained from isotherm data by rearrangement of Equation (G.58):

ln(%,r-) = -l + m(—i—;l) (G.61)

Combining Equations (G.56 and (G.61), one obtains the following linear
equation: .

In [-1a (P/Py)] = —al + 1n(E,/RT) (G.62)
From adsorption data and a plot of In [-ln(P/Po)] versus I', one car then
determine Ep from the intercept value. Fuller's study indicated that for
a square or hexagonal crystal lattice array, 16 degrees of surface free-
dom would be lost upon adsorption (termed a moderately active surface).
Thus for this case, Ey/RT = 8.0 (Eg = 5.1 kJ at 77 K would be the
minimal intercept value). In reality, values which are greater than and
*egs than this value are commoniy observed due to variatiors in the
energetics of sorbent-sorbate interaction. Large positive deviations
from thic value usually result from chemisorption or the existence of
neighboring surfaces with accompanying surface potentials.

A major advantage of the sorption potential model is that ic may be
applied over the entire P/Py range. As previously demonstrated by Eq.
(G.61), the amount of adsorbed sorbent is ideally a linear function of
1n(E/RT) or 1n (-ln (P/Po)]. Depending upon the properties of the solid,
several linear regimes iIn the sorption potential plot may be observed
which indicate changes in the energy of interaction (Ey) or the presence

of other phenomena such as capillary condensation and hysteresis.
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Typical sorption potential plots are presented in Appendix H. Analysis

of the experimental data is presented in Chapter 3.

Conclusion

Information obtained via sorption potential model analysis, BET model
analysis, sorption—-desorption data amalysis, chemistry studies on the
solid, and through the experience of the researcher increases our under-
standing of the surface characteristics of solids. These research tech-
niques are omly tools, however, and the final information can only be
reliable when these tools are correctly used in their regime of applica-

bility and the resulting data are properly correlated and interpreted.



[
N
[ \}]

APPENDIX H

ADSORPTION ISOTHERMS, BET PLOTS, AND SORPTION POTENTIAL PLGTS
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APPFIDIX I

MERCURY POROSIMETRY DATA SHEET

Table I.l. Mercury porosimetry data sheet

Cumuiative pore volume (mL)

Mercury Pore BaC0j3 BaC0j
pressure diameter Ba(OH}2¢7.0H20 Ba(OH)2+7.5H20 COM-35 COM-40
(psig) (pm) (2.0975 g) (2.4311 g)  (0.2793 g) (0.2972 g)
a 0.0009 0.0000 0.0000 0.0000
5 35.0 0.0005 0.0006 0.0004 0.0010
10 17.5 0.0011 0.0016 0.0006 0.0029
15 11.7 0.0021 0.0030 0.0010 0.0059
20 8.75 J.0030 0.0051 0.0015 0.0080
30 5.83 0.0047 0.0088 0.0021 0.0115
40 4,38 0.0065 0.0124 0.0027 0.0144
50 3.50 0.0088 0.0199 0.0033 0.0175
75 2.33 0.0140 0.0256 0.0045 0.0225
100 1.78 0.0194 0.0358 0.0057 0.0225
125 1.40 0.0231 0.0427 0.0067 0.0276
175 1.00 0.0335 0.0562 0.0084 0.0309
250 0.700 0.0450 0.0682 0.0115 0.0345
350 0.500 0.0547 G.0787 0.0142 0.0384
500 0.350 0.0655 0.0887 0.0181 0.0477
600 0.291 0.0695 0.0946 0.0212 0.0575
700 0.25) 0.0747 0.1001 0.0240 0.0715
900 0.1%4 0.0846 0.1109 0.0300 0.0974
1000 0.175 0.0861 0.1132 0.0315 0.1109
1500 0.117 0.1045 0.1396 0.0501 0.1350
2000 0.0875 0.1082 0.1421 0.0743 0.1541
2500 0.0700 0.1102 0.14348 0.0902 0.1631
3000 0.0580 0.1115 0.1456 0.1177 0.1654
4000 0.0438 0.1120 0.1459 0.1271 0.1663
5000 0.0350 N.1125 0.1471 0.1284 0.1667
600v 0.0292 0.1127 0.1476 0.1289 0.1670
8000 0.021% 0.1132 U.1476 0.'297 0.1670
10000 0.0175 0.1134 J. 1482 0.1298 0.1673
12500 0.0145 0.1135 0.1484 , 0.1298 0.1673

15000 0.0112 0.1139 0.1482 0.1298 0.1676
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APPENDIX J

GAS ROTAMETER CALIBRATION AND CORRECTION FACTORS

Gas flowrates for the fixed-bed studies were measured with Fischer—
Porter Model 10A1755 rotameters. The rotameters were factory calibrated
for air in the flowrate range of 1 to 6 ft3/miz at 70°F and 14.7 peia.
Because of different operating conditicns and to validate the tactory
calibration, the rotameters were recalibrated by the Physical and
Electrical Standards Laboratory at the Y-12 Plant operated by Union
Carbide Nuclear Division. The calibrations were conducted with air at 5
and 15 psig and 75°F. For this calibration, standard temperature and
pressure were defined to be 70°F and 14.7 psia. The flowrate was found
to vary linezrly with the rotameter scale. However, a method was re-
required to calculate gas flowrates at other than the calibrated system
conditions. Using a technique patterned after that of Vaux, an equation
was developed to account for differences in gas temperature, flowrate,
and molecular ueight.lla Assuming that the annular space between the
float or ball and the rotameter tube may be viewed as an orifice, one may
apply the orifice equation for gases. This equation was developed by
applying a wmomentum or force balance on the float.
ch AP

108%

Q vYp = CYS (J.1)

whe -

o
[ ]

volumetric flowrate,

gas density,

he)
n

(9]
]

discharge coefficient,

Y = expansion factor,
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S = orifice area,

gc ™ Newton's law factor,

8

cross—-section ratio, and

AP = pressure drop.

For a given float position, z, the terms on the right hand side of the
preceding equation are constant. Thus:
QYp = constant (3.2)
z = constant
Therefore, for the same float position but at differing system conditions,
the following equality must hold.
Q 7op = QYo - (3.3)
For the gas conditions to be encountered, the reasonable assumption of

gas ideality will be used, so that

PMW
p = RT ] (J'a)

where

P = pressure,

£

molecular weight,

R = gas constant, and

T = absolute temperature.
Combining Equations (J.3) and (J.4), (with subscript 1 referring to
calibration conditions for tne rotameters and subscript 2 referring to
actual rotameter flowrate reading and operating conditions), one obtains:

P.MW P, Md

1'% ¥
Q = QV ==
TR 2 7RI,
P, M, T
} 2 M, T,
A =QV 5w T (J.5)

171 72
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However, the calibration curve provides referenced flowrates at 1 atm and
70°F as a function of pressure (5 psig or 15 psig) and float position or:
Q. = f(P},2) J.6)

Therefore, from the calibration curve for a given float position and at
ambient teamperatures, one can determine the flow rate at reference condi-
tions, 1 atm and 70°F, for system pressures of either 5 or 15 psig. Ome
may then use Equation (J.5) to correct for the effect of other rotameter
pressures. In our system, the molecular weights of the gases for the two
conditions were identical, and the changes resulting from differences in

absolute temperature were negligible. Therefore,

-

P2
®R=yE % (3.7)

where
Qr = flow rate at reference conditions, 1l atm and 70°F,
Py = system pressure at rotameter,
Py = rotameter pressure used for the calibration curve, and

flow rate at reference conditions for given rotameter pressure,

Qe

P1.

As the rotameters were calibrated at 5 and 15 psig, Equation (J.7) was
used to predict flow rates at 15 psig from the calibration data at S

psig. For the two rotameters, maximum errors of 4.4 and 2.2% were

calculated.
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APPENDIX K.

FINITE DIFFERENCE SOLUTION TO THE FIXEr-R:iD
PARTIAL DIFFERENTIAL EQUATIONS

Computer Program Nomenclature

T = Temperature, K
P = Pressure, atm
A0 = Surface area, area/volume, cmZ/cm3
CO2FRAC = Volume fraction of COy in feed
AMW = Molecular weigit of reactant
CIN = Inlet CO2 concentration, g—mol/cm3
SDEN = Reactant bulk density, g/cm3
AXF = Gas film mass transfer coefficient, cm/s
DELS = S increment where S = z/V, s
DELT = @ increment where O =t - €z/V, s
TIME = 6, h
S=95, 8
X(NZ) = Fractional conversion of solid reactant
C(NZ) = Fractional conversion of gaseous reactant
NZ = Counter for total number of DELS increments
L = Counter for number of DELS Increments since last output
KKK = Counter for number of DELT increments since last output

KK = Counter for increasing KKK Values
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0
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Computer Program Listing for the Finite Difference Solution of the
Fixed-Bed Partial Differential Equations

DIMENSION C(2000)s X(2000)
1 FORMAT (F15.8)
2 FORMAT (3E20.10)
T T=2935.3
P=1,03881
A0=6.0
CO2FRA=.00033
ANN=298.8
CIN=P2CO2FRA/(82.,068T)
SDEN=1,0
AKF=1,0
DELS=0.00700
DELT=,00013
TIME=0,Q
DO 100 MZ=1+,2000
X(NZ)=0.0
100 C(NZ)=0.0
C(1)=1,0
N=0
NN=2
KK=0
KKK=10
140 K=0
L=9
N=N44 .
TIMEsTINME+DELT/3600.0
IF (N.NE.KKKX) GO TO 140
TYPE 1»TINME
160 8=0
DD 200 NZI=NN,2000
NZM1=NZ-1
C(NZ)=-DELSSAKF&4A0%(1,0-X(NZ)2%1.0)XC(NZH1)+C(NZN1)
8=S+DELS
IF (N.NE.KKK) GO TO 170
L=L+1
IF (L.NE.10) GO TO 170
L=0
183 TYPE 2/8+CI(N2) s X{(NZ)
170 X(NZ)=X(NZ)+DELTSAMWSCINSSAKFSAQ/SDEN2(1,0-X(NZ)$%1,0
C)SC(NZ)
IF (C(NZ).LT,1,0E-06) GO TO 210
200 CONTINUE
210 IF (TIME.GT,.S.0E-07) DELT=10.0
IF (N.NE.KKK) GO TO 220
IF (KK.NE.b8) KK=KK+1
N=0
KKK=KK%3500
220 IF (TIME.GT.120) GO TO 300
60 TO 140
300 STOP
END
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APPENDIX L

FITTED VALUES IN ERGUN EQUATION

Table L.1. Fitted values in Ergun Equation, AP/L = A'V + B'VZ,
and calculated values of € and de
Effluent

COM relative Superficial

Run humidity velocity, Vo2 Temperature Constants Voidage ¢dp
No. (2) (cm/8) (K) A B € (cm)
31 40,2 13.00 296.7 0.8904 0.4100 0.093&4 5.6524
54 47.8 13.65 317.5 - 8.6862 0.7513 0.1332 1.0153
50 48.5 8.73 296.3 17.6362 1.5176 0.1056 1.0424
53 53.2 8.89 303.9 26.7312 1.7478 0.1104 0.7877
52 54.3 8.66 296.2 12.9348 1.1651 0.1136 1.0808
56 54.8 14.16 316.2 26.3669 1.7791 0.1086 0.8146
49 55.0 13.94 305.3 26.0630 2.6249 0.0835 1.1237
55 59.1 9.08 304.0 204,751 7.8009 0.2309 0.6392
48 60.2 21.90 296.3 3.3151 0.2032 0.0509 1.0488
46 61.2 17.50 299.7 25.3273 2.8154 0.7893 1.3861
57 62.6 9.08 304.0 114,166 6.5648 0.0735 0.7311
40 63.3 13.88 305.2 8.0672 0.3035 0.0655 0.8599
45 66.4 18.50 296.1 390.931 16.5176 0.0604 0.5372
47 69.6 8.93 296.0 222.632 15.644 0.0519 0.9013

8y, = superficial velocity &t refcrence conditions, 294.3 K and

101.3 kPa.

V = guperficial velocity at system conditions.
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APPENDIX M

MASS TRANSFER MODELS FOR SHRINKING-CORE SYSTEMS

In the modeling of gas-solid reactions, omne often assumes that the
reaction interface i8 reasonably sharp. Mass~transfer nodelg based upon
this assumption are often referred to as 'shrinking—coré models."76,77
Factors which may affect or control the rate of mass transfer in these
models are (1) mass transfer of gaseous reactant or product through the
gas film surrounding each particle, (2) mass transfer of gaseous reactant
or product through the solid product layer, and (3) a kinetically limited
chemical reaction at the reaction interface. Models will be developed for
the following reaction for the cases in which mass transfer of reactant
through the gas film and the product layer is controlling and for the case
of a kinetically controlled reaction: aA(g) + bB(s) * -C(g) + dp(s).

For these cases, the entire concentration gradient or driving force
is applied to the step that is rate comntrolling, thus equations can be
developed for predicting particle conversion as a function of time for
planar, cylindrical, and spherical reactant geometry. For cases in which
no single step 1s rate controlling, and the rate controlling steps are

linear functions of concentration, the mass transfer resistance terms may

- be grouped and solved in a manner analogous to thermal resistances in

heat transfer. The solutions to such problems are straightforward and

will not be presented.



241

Gas-Film Controlled Mass Transfer

Gas film controlled: planar geometry. The mass transfer rate, R, through

the gas film may be expressed as:

R = KgACg , (M.1)
where

KfF = mass transfer coefficient,

A = area for mass transfer, and

Cg = bulk gas concentration of reactant.

The advancement of the reaction interfaces into the particle, with
the center of the particle as the reference for the coordinate system,

results in the following rate expression:

= b dv

or

- b dr

R=20n (- <), (M.3)
where

a = gtoichiometric term,
b = stoichiometric term,
p = molar density,
r = distance rrom particle center,
V = volume, Ar.
Combining Equations (M.l) and (M.3) and using as boundary conditions,

r = R at t=0, (where R is 1/2 the particle thickness), one obtains:
b dr
af (' dt)-KFCB

a
R~-r -'E; KFCBt
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= SRx;crazbe (M.4)
B

The time, 1, required for complete particle conversion (i.e., r = 0) is
given by:

. -%‘(’:-; . . (M.5)
B

Dividing Equation (M.4) by Eq. (M.5), one obtains:

R-r r
= 1 R " (M.6)

.
T
For planar geometry, the unreacted fraction of the solid is

X = . (M.7)

BlE
(]
x|

Upon substituting Equation (M.7) into Equation (M.6), the desired solu-

tion is obtained:

t

?-l-x. (M.8)

Gas-film controlled: cylindrical geometry. The derivation proceeds in a

manner analogous to the preceding case for planar geometry.

R = KpACg ,

A=l

R=2Pa’

V = nr?y .

= _b _dneZn) _ b d(r?)

R a [} at 2 p 2mh —d-t——- . (H.g)
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Combining Equations (M.l) and (M.9), one obtains:

-b d(r?) _
b T: KeACy s
2 .2 . aKFACB .
bh 2xp ’
bh2wnp 2 2
t (aKFACB) (R r) . (M.10)

At 100Z conversion, r=0and t = T,

- (b h2np ) bp
T =R ( = R (M.11)
a KFACB aKFCB

Dividing Equation (M.10) by Equation (M.ll), one obtains:
t
= —_— x] - — ., (M. 12)

The iraction of solid reactant remaining as a function of r is:

2 2

mr<h (r)

x = = il . M.l3
#R2h R ( )

Upon substitution of Equation (M.13) into (M.12), the desired result is

obtained,

%-1-x ; (M. 14)
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Gas film controlled: spherical geometry

Agaia proceeding in a manner analogous to the two prior derivations,

one obtains:

I.{=AKpCB
= bp dv
R=2 &
V =4/3 xr3
(4::3) 3
= _bod 3 = - Lbpx d(rJ)
R a dt 3a dt (M.15)

At boundary conditions for this differential equation, (r = R at

t = 0), the solution 1is:

3 3  3aAKpCp

R -r Gbpn t,
t -(—“—"-9"7) (R3- r3) . (M.16)
F'B

At 100X conversion, r = 0 and t = 1, therefore:

4bpn 3 be
T =] e | R = - R . (H. 17)
(3aAKFCB) 3aKF.B

Dividing Equatfion (M.16) by (M.17), one obtains:

t
.‘.[---——————-1-'— (H.ls)
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The fraction of solid reactant remaining, X, i3 given by:

4ur3 3
3 r
X = - X (M.19)
4IR3 13
3
Thus:
t

is a valid equation for the case of film diffusion controlled mass

transfer in planar, cylindrical, and spherical g-ometry.

Diffusion Contro..led Mass Transfer

Fer the case ol diffusional control, the development of shrinking-core
models requires several additional assumptions. Using the center or the
particle as the reference point, the partial differential equation

|
| 1lescribing gas-phase mass transfer in planar geometry within the solid

L R (M.21)
6\. 61 61’2 .
i wher¢

¢ = product volidage,

V = +aulk gas velocity,

D « effective diffusivity.
Because »f the difference in the molar densities of gases and solids,
the movement of the reaction interface is extremely sitow; therefore,

contributions to the overall mass transfer rate frowm the term 6C/St
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are extremely small. Assuming equiisolal counterdiffusion, the bulk

velocity term in Equatfon (M.20) is 0.0, thus:

2
p4=C . 0.0, and
dr2
dC -
DE = constant = R . (M.22)

“his equation may be integrated, reirranged, and equated to a rate term based

upon movement of the reaction interface as in Equation (M.2):

L]
® o

p 4V
dt

Solution of the resulting differential equation provides an excellent
estimate of the rate o. conversion as a function of tine.i Although
derived for planar geometry, Equation (M.22) is also applicable to

cylindrical and spherical gecvwetry where the radius is the variable of

interest.

Di.fusion controlled: planar geometry. Starting with Zquation (M.22),

we have:

= dc
R ADdr.

Upon solving this equation with the boundary conditions, C = Cg at r = R,

and realizing that C = 0 at the reaction interface, r, one obtains:

- ADCp
R-r

. (M.23)
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This equation 1s now equated to the rate term based on movemeant of the
interface, rearranged, and integrated with the boundary conditions, r = R

at t = 0:

aDC
0.5r2 + 0.58% - Ry = —B

t,
t =2 (0.5¢% + 0.58% - Rr) . (M.24)
aDCB

At complete reactant utilization, r= 0 and t = T,

bp

aDACB

T = (o.snz) . (M.25)

Jividing Equation (M.24) by Equation (M.25), one obtains:

2

+1-2L%, (M.26)

t.
T R

|

As previously shown in Equation (M.7), the fraction of unreacted solid 1iu

planar geometry is

=

BI%
]
|~
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Thus Equation (M.26) reduces to:

Diffusion controlled: cylindrical geometry. As previously shown by a

mass balance on the reactive gaseous species:

- dC dC
R-Ana,--hth DH-Constaut .

Upon integration with the boundary conditions, C = Cg at r = R, one obtains:
Rin(x) = -2shocy . (M.28)
The mass balance on the reacting solid provides the following equation.
R _ By o (M.29)
afa dt ° °

Combining and rearranging Equations (M.28) and (M.29) and integrating by

parts, with the boundary conditions r = Rat t = 0, one obtains:

-b dr
a PPe " Tate7my * o

ln(i) r % - pr ’

where the following definitions apply:

u = 1n(3) dv = ndr

du = %S vV = 0.51‘2



0.5r2 ln(—;-)I; - j;" 0.5r ar = 2B ¢

beh
2 1n(E 2 2 . 2%
0.5r2 1n(g) - 0.25¢2 + 0.25R2 = == ¢
2 1n(%) - 2 2
t -T“%n (0.5¢” 1n(E) - 0.25r2 + 0.2582) . (4.30)

At complete conversion, r = Rand t = T, 80

- [ D2_ 2
T (aDCB) 0.2582 , M.31)

Dividing Equation (M.30) by (M.31), one obtains:
2 2
t T T r
z=2(3) w(z)-(3) +1. (M.32)

The fraction of unreacted solid, X, in the cylindrical geometry is given

by Equation (M.13):

2 2
leh (R)

Thus, Equation (M.32) reduces to:

-:-- X InX - X + 1.0 . (M.33)
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Diffusion controlled: spherical geometry. The rate of gas-phase mass

transfer through the product layer may be expressed by:

R = AD-%% = 4Ir2D§E-= Constant M.34)

"

Upon integration with boundary conditions C = Cg at r = R, and recogniz-

ing that C = 0 at the reaction interface, r, one obtains:

- 1 ay!
R = 4nc, (E - ;) (M.35)

The rate of reaction based upon movement of the reaction interface is:

_bpav Ed_(‘mr:’) _ bp4nr2
R=32 &t ~a a\3 a (4.36)

Combining, rearranging, and integrating Equations (M.35) and (M.36) with

the boundary conditions r = R at t = 0, results in:

(1__1_)r2£1_‘ 38DCB
dt bp

¢ 'fﬁcﬁ H- [(§)3 - 1] -%[(-;-)2 - 1]] (M.37)
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At complete conversion, r = 0 and t = 1. The time required for complete

conversion is then:

/1y
\E) (M.38)

T = prZ\
aDCB)

Dividing Equation (M-37) by (M.38), one obtains:

L z(%)3 - 3(;;-)2 +1 (M.39)

For spherical geometry, the fraction of unreacted solid is given by

Equation (M.18):

Equation (M.39) then reduces to:

;- x - 3’3 + 1 (M.40)

First Order Kinetically Controlled Mass Transfer

Reaction controlled: planar geometry. For the case of a controlling

chemical reaction controlling step in planar geometry, the rate expres-

sion may be expressed by:

i-AKKcB,

where Kg = kinetic rate constant. This equation 1s now coupled with an
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equation relating the movement of the solid interface and integrated with

the boundary conditions, r = R at t = 0. The resulting equations are

a
t-R-—EKKCBt

bp
t =— (R - ). (M.41)
a KCq

At complete conversion, r = 0 and t = t. The time requirea for complete

conversion is

b o
T = TKKTB R (M.42)

Dividing Equation (M.41l) by (M.42), one obtains:

t T
foa-% (M=43)

The fraction of unreacted solid 1s given by Equation (M.7):

Ar _r
x-—-i

Upon substituting into Equation (M.42), the desired form is obtained.

t .
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»

Reaction controlled: cylindrical geometry. The reaction rate may be

expressed by:

R = AKKCB = le'hKKCB .
This equation is now combined with the mass balance equation based upon

the movement of the interface, rearranged, and integrated with boundary

conditfons, r = R at t = 0, The resulting equations are

.24V _b
a dat a

dar’n) _ _b dr
dt P T

dr a
It " " oe KB

8KKCBt
B~-rs= 5o ,
t 3 cg (R-1). (M.45)

At complete conversion, r = 0 and t = T. Therefore,

- bp
T (M-46)
Dividing Equation (M.45) by Equation (M.46), one obtains:
t r .
—t- =] - —R- - (H047)

The fraction of unreacted solid is found by Equation (M.13):

wrzh r 2
X = 3 - (E) .
nRh
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Upon substitution into Equation (M.47), the final stlution is
T=1-x"%, (M.48)

Reaction controlled: spherical geometry. The reaction rate for spheri-

cal geometry may be expressed as:

= 2
R-AKKCB-hrKKCB.

The rate of gaseous reactant consumption as a function of interface move-

ment is
- 3 2
Ra=t2 4V _bp 4w d(r’) _ _ bphwr dr (M.49)
a t a 3 dt a dt

Upon combining, rearranging, and integrating the two preceding equations

with the boundary conditions r = R at t = 0, one obtains

dr a
T I

akgCp
R - r-—bs—t ’
te =2 R-1). (M. 50)

aKeCq
At complete conversion, r = 0 and t = T, therefore the time required for

complete conversion is

b
T --a_l(hk . (M.51)
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Dividing Equation (M.50) by (M.51), oune obtains:

t LS (4.52)

In spherical geometry, the fraccion of unreacted solids, X, as a function

of r is given by Equation (M.18):

41:3
3
3 r
x- 3-—30
4R R
3

Upon substitution into Equation (M.52), the desired solution is:

¢ 1/3
'; =]1-X . (Mc53)
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Table M.l. Shrinking core model predictions for limited
mass transfer of gaseous reactant

Particle
Controlling mechanism __geometry Reaction time?
Gas film Planar %- l1-X; 1= :::’c
B
Cylindrical fel-x51- ::‘;c
B
Spherical Tel-x - ::‘;c
B
t 2 sz
Diffusion through Planar T=X- X +1; t= TZD‘&L
solid product / B
JJ
t szg
Cylindrical - XInX - X+ 1; 1= a4DCB
L ¢ 2/3 bRZ
Spherical . " X -3 +1; 1= _LaGDCB
First-order, kinetically
controlled reaction Planer fa l1-X; t = BRp
T aKKCB
172
t bRp
Cylindrical —-=]1-X ;1=
T al(KCB
173
Sphericeal %- 1-X ;1= -2-%5—
B

8Reaction time as a function of fractioral conversion of reactant.
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APPENDIX N

EXPERIMENTAL AND MODEL-PREDICTED BREAKTHROUGH
CURVES FROM FIXED-BED STUDIES



tn C/Cq

tn C/Cyo
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ORNL DOWG 82-344

0 I T I ,J;.—sy——g 1.0

@ DATA POINT °
=1~ — mooEL o7

R 7

0.1

0.01

COM--20
KgAo * 8.5 s~
Vo= 13.5 cm/s
Ps411.6 xPo
T= 315.5 K
EFFLUENT R.M.= 33.0%
AP * 19.1 kPa/m
BED DEPTH = 50.8 ¢cm

001

LJ_LiLuul__LJJJJHﬂ Loyl 1

60 100
TIME (h)
ORNL DWG 82-345
0] e —o—=03 1,0
—q |- ®DATA POINT S -
[ — MODEL o -
-2 - 7]
] = 0.1
-3 ° ::':
=9.01
COM- 23A 3
KpAg * 8.0 5”1 -
Voo 12.9 em/s
P« 108.4 kPa T
Ts 296.3 x
EFFLUENT R.H.* 36.1% = 0.00%
AP s 0.7 kPo/m =
-8} BED DEPTH » 50.8 cm
-9 | | | 1 ]
0 20 40 60 80 100

TIME (h)

C/Co

C/Cq



In C/Co

tn 7/Cq
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ORNL DWG 82- 346

— 4| ®DATA JOINT o 3
— MODEL -
°
-2 KpAg *10.0 ]
= 0.1
KFA° = 8.0 i
=] 0.0%
COM-238 =
KgAg * 9.0 s~1 -
Vo®12.9 cm/s N
P*104.1 kPo 1
T - 296.6 K
EFFLUENT R.H.* 34.0% = 0.001
AP » 0.9 kPa/m 3
BED DEPTH = 50.8 ¢m ]
-9 | ] | I 3
0 20 40 60 80 100
TIME (h)
ORNL DWG 82- 347
4 1.
o ! | e s q v oyl
_y | @0aTA T . -
— MODEL o -
/ |
-2 -
R E 0.1
-3 e / f
A ]
.‘4 —_— PY —
= 0.01
-5 e COM-24 3
/ KgAg = 9.0 5! ]
-6 Vuo*13.0 cm/s |
£ s102.1 kP
T:304.6 K ]
-7 EFFLUENT R.H.» 4512 0-001
AP * 1,8 kPa’m
-8 BED DEPTH = 50.8 ¢m
-9 | | 1 | ]
0 20 40 60 80 100

TIME (h)

C/Co

C/Co



in C/Co

In C/Co
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ORNL DWG 82-348

. I ' /‘;-;L' L 1.0
—4 | ®DATA POINT ./. °
— MOOEL
0.1
0.01
coM-25
- KgAg = 9.0 !
Vg5 13.6 cm/s
P *107.0 kPo
T -306.8 K
EFFLUENT R.M.« as.7%] 0-00!
aP s 1.7 kPo/m
-8 BED DEPTH = 50.8 cm
-9 I | | |
0 . 20 40 60 80 r
TIME (h)
ORNL DOWG 82-349
o] | | T et e 1.0
© DATA POINT ry.
= 11— MODEL /
“r A 0.1
o
/
—={ 0.01
COM- 26 3
KgAg * 7.0 3~! -
Vo® 12,9 cm/s o
P=100.3 kPg
T:296.9 K
EFFLUENT R.H.s 26.12 S 0-001
4P+ 0.5 kPo/m =
il BED DEPTH « 50.8 cm  —
-
-9 | | | I

TIME (h)

C/Co

C/Co



in C/Co

in C/CQ
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ORNL DWG 82-230

Y [ | | o—en 1.0
_.|_ o0aTA POINT 3
1 — mooeL / 2
-2} -
/ = 0.1
-3 |- ® =
-5} ® 0.01
/ com-26
Vad KpAg = 6.0 51
-€— o Vo* 139 cm/s
@ P= 106.9 kPo
T-3050K
=7 EFFLUENT R.H. = 35.6% = 0-00!
AP = {.0kPa/m
-8 BED DEPTH * 50.8 cm
9 1 1 | I
o 20 40 60 80 100
TIME (h)
ORNL DWG 82-351
° | l  _—Fev 3"
_1 | ®0ATA POINT o =
— MODEL -
2 = 0.1
—4 e —
0.01
-5 e
COM~-29
KpAo = 8.0 s~!
-6 | Vo* 12.9 cm/s
P *108.3 kPa
Ts 2469 K
il EFFLUENT R.H. » 35.2% 5 ©-00!
) AP 0.5 kPa/m
-8 BED DEPTH » 50.8 cm
-9 | | | 1
(o] 20 40 60 80 100

TIME (h)

C/Co

C/Co



In C/c°

In C/Co
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ORNL DWE 82-352

i //

| | e 1.0
| _ ®DATA POINT .

0.1

0.01

COM-30

KpAg * 8.0 371

Vg©13.2 ecm/s

P = 106.9 kPo

Te 305.4 x

EFFLUENT R.M.* 56.6%
AP * 1.0 xPg/m

BED DEPTH = 50.8 cm

0.001

TIME (h)

l ,
60 80 100

ORNL DWG 82-333

1.0
1 | I’///,;—ﬂr ° 3'15
© DATA POINT ° 3
[ — MODEL /‘ -
B o/ = 0.1
_ / S
. -
.o'
B ./ CoOM-31
KeAg * 8.0 s~!
— / Vo ® 13.0 cm/s
P+ 107.6 kPo
Te 296.7 K
F— EFPLUENT R.H. s 40,25 0-00!
AP * 0.5 xPa/m
OED DEPTH » 50.8 cm
| ! | |
0 20 40 60 80 100

TIME (h)

€/Co

C/Co



in C/CQ

in C/Co
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ORNL DWG 82-354

0 ! T T T, =5 1.0
—¢} ® DATA POINT /.
- °
-2 /
° 0.1
-3 /
4
-4 //‘(’
-5 b o 0.01
COM- 32
P KgAg = 7.0 s~
-6 [~ Vo s 13.5 cm/s
o ¢ P = 190.0 xPo
Te306.4 K
T EFFLUENT R.H. s 64.5%=] 0-001
aP = i3.2 kPa/m
-8 BED DEPTH = 50.8 cm
-9 N l 1 |
o 20 40 60 80 100
TIME (h)
ORNL DWG 82-355
° l 1 P = L
—¢ | ©0aTA POINT P =
r-"MOOEL ’/. -
. —
r ./ = 0.1
=
-3} ™ S
° -
-4 - N
= 0.01
S ° CoM-33 3
KpAg * 9.0~ .
-6 Vo *12.9 cm/s
P »109.2 kPo -
Ts 2959 K
T EFFLUENT R.H.= 51.6% T 9-00!
AP s 4.1 kPo/m =
-8 BED DEPTH s 50.8 cm ]
]
-9 ] | 1 |
o 20 40 60 80 100

TIME (h)

C/Co

€/Co



In CICQ

In C/Cq
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ORNL OWG 02-356

0 ] I .LWQT'-.-.-E .0
—¢|_ ODATA 20iNT e -
-2 / 7

) T_-: 0.1
-3} 3
~4 {— -
— 0,01
-5+ =
COM-35 3
o KpAg = 10.0 s~ ! -
-6 Vo= 21.0 cm/s :
P =111.9 kPo
T+299.7 K
7 EFFLUENT R.H. s 53.45 ] 0-00!
AP = 318 kPo/m —
~-8|» BED DEPTH = 50.6 cm
9 / | | | I
0 20 40 60 80 100
TIME (h)
ORNL DWG 82-357
© DATA POINT
=1~ — mooeL /
“er 0.1
°
i /
—4 e /
0.01
-5 coM-36
KpAg * 9.03~!
-6 — Vo *13.0 cm/s
/0 P +105.0 kP
. T 5296.2 K
-1 o EFFLUENT R.H. « se.ax S 0-001
aPr* 4,2 kPo/m
-8 BED DEPTH* 3086 cm
" /1 | | 1
0 20 40 60 80 100

TIME (h)

C/Co

€/Co



in C/Cyq

in C/CO
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ORNL DWG 82-338

|

| @DATA POINT
—MODEL

-_

I I

o

/.

COM-37
Kpug * 6,03~"
Vo=13.0 cm/s
P=112,5 kPo
Te 2979K

EFFLUENT R.H.= 60.2%

4P * 6.9 kPo/m
BED OEPTH = 50.8 cm

1.0
T3

CsCo

0.01

0.001

]

40 60 80
TIME (h)

100

ORNL DWG 82-359

]

| ®DATA POINT
— MODEL

e

] I —=e -

p~d

COM-~39
KgAg * 7.0 s~ !
Vo *13.0 cm/s
Pe 111.6 kPo
Ts 304.8 K

AP » 15.6 kPo/m
BED OEPTH » 50.8 ¢cm

1 ]

ool 1 lnum

EFFLUENT R.H.* 62.2%

)

o
-

.01

c/Co

0,001

60 80
TIME (h)

8
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In C/Cq

In C/CQ
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ORNL DWG 82-360

o] I T I T 1.0
OOATA POINT o’ é
- 7 p
-1 - MODEL ./. -
° -
2 ./ = 0.1
-3 ./ E
-4 — ° s 8
° Ho0.01 S
-5 o’ ® COM-40 =
KgAg = 6.0 31 -
-6 Vo 513.9 cm/s 7]
A g P=111.0 kPa -
T 308.2 K
T o/ EFFLUENT R.H. = 63.3%] 9-001
Y AP s 27.9 kPa/m :
-8 / BED DEPTH » 50.8 cm —|
-9 1 l I ] ]
0 20 40 60 80 100
TIME (h)
ORNL DWG 82-361
° ! Il e—eT*—3"0
©® DATA POINT ° -
-1 — MODEL / —
-
o = 0.1
-3 /./ -:-
-4 - ° -
/ = 0.01 L\?
e ¢ COM-41 3 ©
/ KgAg = 10.0 5! ]
-6 @ Vo*i3.1 cm/s
P = 108.: kPo 7
T1305.4 K
77 EFFLUENT R.H. » 60.2% 5 0-00!
° AP 5 7.15 kPo/m =
-8 }— BED DEPTH = 50.86 cm ]
-9 | 1 L 1 i
L&) 20 40 60 80 100

TIME (h)
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ORNL OWG 62-362

o

| J I ] ®

4| @0aTA POINT .)/.’
— MOOEL ./

b4
-3 | _ /.

"o

o _al o
g - ’
0.01
£ -5 0/ COM- 42
KeAg = 7.0 s~}
-6 Vo* 14.7 cm/s
P+ 120.8 kPo
° T s 304.6 X
=7 F EFFLUENT R.H.* 70.7% 0.001
L4 AP s 66.6 kPa/m
-g-® 8ED DEPTH = 50.8 cm
-9 | 1 | | |
(o] 20 , 40 60 80 100
TIME (h)
ORNL DWG 82-363
0 ® =@ ms § cwes § o @ wmmmmy 1.0
| =9 ? =
@ DATA POINT 3
=1~ — wmooeL L/ -
2 ] = 0.1
B/ -
—1
S b / ]
S / 0.01
s -5 CoOM~44
KgAg » 18.0 s~ '
-6 Vos 21.9 cm/s
P*129.% kPa
° Te298.2K
-1 EFFLUENT R.N.» 60.6%S 0-0C1
AP 5 89.2 kPa/m
-8 7 BED DEPTH * 30.8 cm
-9 | | ] {
O 20 49 60 80 100

TIME (h)

C/Co

C/Co



In C/c°

tn C/Cq
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ORNL OWG 82-364

0 T [s-o°T° I 319
-1 ©® DATA POINT 4 -
[~ = MODEL —
-2 I
= 0.1
d =
-3 o :
° -
-4 — -
=0.01
S /. coM-45 3
KeAg® 10.0s~" -
-6 |- Vo= 18.5 cm/s =
Pe127.3 kPo -
T 296.1K
=7 EFFLUENT R.H.» 66.4%S 0-00!
AP = 81,4 kPa/m -
-8 BED DEPTH s 50.8 cm -]
-9 l 1 ! !
o 20 40 60 80 100
TIME (h)
ORNL OWG 82-365
0 T T AP 30
—«L_ ®OATA POINT o~ 3
1 [~ — mooee yd -
_1
= 0.1
5
= 0.0t
COM~-46 3
KpAg ¢ 7.0 5! —
Vo= 17.5 cm/s 7
P s 106.9 kPo m
Ts298.5K _
e EFFLUENT R.H. » 61.2% 0.001
AP * 11.9 kPa/m =
-8 |- BED OEPTH » 30.8 cm
-9 | 1 | 1
0 20 40 60 80 100

TIME (h)

C/Co

€/Cq



In C/Co

ln C/Cq
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ORNL DWG 82-366

0 | I | °|® 1.0
—4 |- ®OATA POINT
— MODEL (
-2 e
o 0.1
-3 pee PY
.
o ©
0.01
coM- 48
KeAg = 6.0 s~
Vo2 8.7 cm/s
P s 108.1 kPa
T 296.3 K
EFFLUENT R.H. « 60.2% 5] 000!
AP = 24.2 xPa/m
8ED DEPTH = 35.6 cm
-9 ] | | 1
(o] 20 4) 60 80 100
TIME (h)
ORNL DWG 82-367
n | P 10 r.—g 1.0
©® DATA POINT 3
=1~ — mooeL -
-2 = 0.1
-3 é
-
-4 |- o -1
= 0.0
-5}— =
( COM~ 47 3
KgAg = 10,0 s~ =
-6 }— Vo *13.9 cm/s -
P = 108.6 kPo =
. T » 308.3 K -
A ° EFFLUENT R.i. = 35.0% T 0-00!
AP s 7.9 kPa/m 3
-8 BED DEPTH » 50.8 cm ]
-9 | | ] ]
o] 20 40 60 80 100

TIME (h)

C/Co

C/Co



Ir. C/CO

in C/Cq
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ORNL DWG 82-368

o .
I | ] —do 1.0
©® DATA POINT ®
-1 | — MODEL /(
. @ { ]
-2 /
® 0.1
sl /
°
° °
-4 - o _
-5 0.01 1
°* COM-30 o
/ KgAg = 7.0 s~!
-6 o Vot 8.7 cm/s
L P+ 104.3 kPo
T s 296.4 K
=7 / EFFLUENT R.H. = 48.5% 0-001
® AP s 2.4 xPa/m
-8 BED DEPTH = 35.6 cm
-9 1 | ] ]
0 20 40 60 80 100
TIME (h)
ORNL OWG 82-3¢3
Y 1.0
' I I l [ P °
_¢ | ooaTa POINT ./
— MODEL
.%
. e
-3 o
° o(
-4 /
[ -]
-5 (— 0.01 ¢
cCoOM-52 o
KgAg * 3.0 5~!
-6 Vo* 8.7 cm/s
P+ 107.2 kPo
T+303.9 K
T ESFLUENT R.H. s 54.3%2] 0-00
AP - 3.5 kPo/m
-8 BED LEPTH = 35.6 ¢m
-9 | | | ] |
(5] ‘20 40 690 80 100

TIME (h)



In €/C,

in C/Cq
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ORNL OWG 82-370

° T | T T e =l o - I
-1} © DATA POINT .,.,0’
— MODEL P
-2 -
0.1
-3}
coM-53 0.01 2
-8 KeAg = 5.0 ! o
-6 Vo= 8.9 cm/s
/ P = 107.2 kPo
T-303.9K
i . EFFLUENT R.H. » 53.2% 0.001
'./ AP 3.5 kPa/m
-8 BED DEPTH = 35.6 ¢cm
-9 1 I J 1 I 1 ]
() 20 40 €0 80 100 120 140 160
TIME (h)
v
ORNL DWG 82—1371
0 — 1.0
| | L <o lo o ®
©® DATA POINT /0 °
1 I~ —wmooeL /°
™
L /
o 0.1
o
-3
®
-4 — /
o o
5 / 0.01 ¢
/® COM-54 o
o KgAg » 8.0 5"
-6 Vo* 13.7 cm/s
P = 105.0 kPa
Ts 317.5 K
=7 EFFLUENT R.H. = 47,87 0-001
AP s 4.5 kPa/m
-8 BED DEPTH = 50.8 cm
-9 | 1 | l
0 20 40 60 80 100

TIME (h)
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In C/Co

in C/Cq
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GRNL O¥G 82-373

0
T Pt')l T ! l’ ".’ °°
1 ©DATA POIN
= [~ — mooeL - /
°
-2 ,:5”//”
Pr
o
4%
0.01
=S COM-55 .
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APPENDIX O

INFRARED SPECTROMETER CALIBRATION CUKVES




CONCENTRATION (ppb CO2)

275

ORNL CWG 82-328

106 T T j
IR #4 o
109 - -
104 |- -
103 |- =
e

102 o =
10 | & |

0.00t 0.01 (o} 1 10

’18“‘." O.1.

VOLTAGE (V)

Calibration curve for IR Mo, 1.



CONCENTRATION (ppb CO2)

276

ORNL DWG 82-327

106 T J j
IR #2
10° |- _
10* |- -
10° |- -
10 || i |
0.00t 0.01 0.t 1

Fiqure 0.2.

VOLTAGE (V)

Calibration curve for IR No. 2.

10



277

ORNL-5887
Dist. Category UC-70

INTERNAL DISTRIBUTION

1. J. 0. Blomeke 26. E. W. McDaniel
Z. W. D. hrch 27- W. H. hchin
3. C. H. Byers 28. J. J. Perona
‘- ’o u- CCOG 29-33- “o “o Pitt
5. W. C. Qllplln 34. W. J. Pottratz
6. J. H. Coobs 35. J. W. Ioddy
7. R. M. Counce 36. T. H. Row
8. C. S. Dow 37-39. C. H. Shappert
9. L. R. Dole 40. J. W. Snider
10. R. S. Eby 41. B. B. Spencer
11, C. S. Fore 42, M. J. Stephenson
12"150 !o Lo P“ller. Jr- ‘30 M. G. st“‘rt
16. T. M. Gilliam 4. J. Till
17. H. W. Godbee 45. V. C. A. Vaughen
18. J. R. Hightower 46. J. S. Watson
19. F. 0. B “i1zan, Jr. 47. S. K. Whatley
20. R. A. Jarohus 48. G. C. Young
21. R. T. Jubin 49-50. Central Resear:h Library
22. J. H. Kessler 51. ORNL-Y-12 Technical Library
23. E. H. Kreig, Jr. 52. Laboratory Records
24. R. E. Leuzez 53. Laboratory Records, ORNL R.C.
25. D. K. Little 54. ORNL Patent Section
EXTERNAL DISTRIBUTION
55. A. L. Ayers, EG&G ldaho, Inc., P.O. Box 1625, 1daho Falls, ID 83401
" 56, C. B. Bartlett, Chief Fuel Cycle Research Braanch, Division of Fuel
Cycle gnd Environmental Research, U.S. Nuclear Regulatory Commis-
sion, Mail Stop SS-1130, Washington, DC 20555
57. S. J. Beard, Fuel Reprocessing Engineering, Exxon Nuclear Company
Inc., 777 106th Avenue, NE, Bellevue, WA 98009
58. R. H. Beers, Idaho Operations Office, Department of Energy, 550
59. W. F. Bennett, Rocky Flats Ares Office, P.0. Box 928, Golden, CO
80401
60. W. Bergman, Lawrence Livermore Laboratory, P.0. Box 808, Liverwore,
CA 94550
6l. L. C. Borduin, Los Alamos Scientific Laboratory, P.0. Box 1663, Los
Alamos MM 87544
62. Dr. Ken Brog, Battelle~Colurhus Laborato.ies, 505 King Avenue,
Columbus, OH 43201 |
63. R. A. Brown, Exxon Nuclea. Idaiioc Company, Inc., P.0. Box 2800, Idaho

Falls, ID 83401 !



65.

66.

67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
17.

18.

79.
80.
8l.
82.
83.
84.
8s5.

86.
87.

278

Je A. hlcm. Allied-General Nuclear Services, P. 0. Box “7.
Barowell, SC 29812 -

L. L. Burger, Battelle Pacific Northwest Laboratory, P.O. Box 999,
Richland, WA 99352

R. H. Campbell, Manager, Uranium Mine Tailings Remedial Program, U.S.
Departw:nt of Energy, Albuquerque Operations Office, Actions Oifice,
P.0. Box 5400, Albuquerque, NM 87115

W. A. Carbiener, Office of Nuclear Waste Isolation, Battelle Project
Office, 505 King Avenue, Columbus, OH 43201

K. A. Carlson, ldsho Operations Ofﬂce, U.S. Department of Energy,
550 Second Street, ldaho Falls, ID 83401

C. H. Cheh, Ontario Hydro Research Division, 800 Kipling Avenue,
Toronto, Ontario, MBL:S4, Canada

T. D. Chikalla, Battelle-Pacific Northwest Labora’.ory, P.0. Box 999,
Richland, WA 99352

W. A. Carbiener, Office of Huclear Waste Isolation, Battelle Project
Office, 505 King Avenue, Columbus, Ohio 43201

K. A. Carlson, Idsho Operations Office, U.S. Department of Energy,
550 Second St., Idsho Falls, ID 83401

C. H. Cheh, Ontario Rydro Research Division, 800 Kipling Ave.,
Toronto, Ontarfio, MBZ5S4, Canada

T. D. Chikalla, Battelle-Pacific Northwest Laboratory, P. O. Box
999, Richland, WA 99352

J. D. Christian, Exxon Muclear Idaho Co., Inc., P. O. Box 2800,
Idaho Falls, ID 83401

Ed Clark, Department of Chemical Engineering, University of
Tennessee, Knoxville, TN 37916

J. L. Crandall, Director, Savannah River Lnboutory, P.0. Box A,
Aiken, SC 29801

G. H. Daly, Technology Division, Office of Waste Operations and
Tecnnology, U.S. Degartment of Energy, Mail Stop B-107, Washington,
DC 20545

R. Danford, Attun: Input r.ocessing Divigion, Institute for Research
and Evaluation, 21098 IRE Control Center, Eagen, MN 55121

M. M. Dare, Oak Ridge Operations, U.S. Department of Energy, P.0. Box
E, Oak Ridge, TN 37830

V. R. Deitz, Naval Research Laboratory, Code 6170, tashington, LC
J. E. Dieckhoner, Operations Division, Office of Waste Operations an
Technology, U.S. Department of Energy, Msil Stop 3-107 Washington,
DC 20545

P. T, Dickman, EG&G Idaho, Inc., P. O. Box 1625, Idaho Falls, ID
83401

J. P. Duckworth, Nuclear Puel Services, Inc., P. 0. Box 124, West
Valley, NY 14171

A. G. Evans, E. I. du Pont de Nemours, Ssvaannah River Laboraiory,
Aiken, SC

P. H. Emmet, Portland State University, Portiand, OR

M. W, Pirst, Harvard Air Cleaning Laboratory, 665 Huntington Ave.,
Boston, MA 02115

George Frazier, Department of Chemical Engineering, University of
Tennessee, Knoxville, TN 37916

R. G. Garvin, Savannah River Lsboratory, P.0. Box A, Alken, SC 29801




D A T

91-95.
96.
97.
98.
99.

100.
101.

102.
103.
104.
105.
106.
107.

108.
109.

110.
111.

112.
113.
114.

115.
116.
117.

118.

279

W. S. Gregory, Los Alamos Scientifi: Laboratory, P.0. Box 1663, Los
Alamos, WM 87544

G. L. Haag, Amoco Pr.duction Company Research Ceuter, 4502 East
4lst Street, P. G. £ x 591, Tulsa, OK 74102

J. P. Hamric, 1daho Operctions Office, U.S. Department of Energy,
550 Second Street, Idaho Falls, ID 83401 ) .

E. C. Hardin, Albuquerque Operations Office, U.S. Department of
Energy, P.0. Box 5400, Albuguerque, WM 87115

C. A. fleath, Office of Waste Isolation, U.S. Department of Energy,
Mail Stop B-~107, Washington, DC 20545

L. L. Hench, Division of Materials 3cience and Engineering,
University of Florida, Gainesville, FL 32611

M. Kabat, Oatario Hydro, Toromto, Canada

B. F. Judson, General Electric Compary, 175 Curtner Avenue, M/C
858, San Jose, CA 95125

E. L. Keller, Oak Ridge Operations, U.S. Department of Energy, P.O.
Box E, Oak Ridge, TN 37830

R. G. Kepler, Organic and Electronic, Departmeant 5810, Sandia
Laboratories, Albuquerque, WM 87185

A. Kitana, Tokyo Electric Power Clompany, Inc., 1901 L Street,
Northwest, Suite 720, Washington, DC 20036

J. H. Kitrtel, Office of Waste Management Programs, Argonne National
Laboratory, 9700 South Cass Avenue, Argonne, IL 60439

D. A. Knecht, Exxon Nuclear ldaho, Inc., P. O. Box 2800, Idaho Falls
ID 83401

J. L. Kovach, Nuclear Consulting Services, Inc., P.O. Box 29151,
Columbus, OH 43229

Charles Kunz, N.Y. State Department of Health, Albany, NY

T. Kyle, Los Alamos Scientific Laboratory, P. O. Box 1663, Los
Alamos, NM 87544

J. L. Landers, Division of Waste Products, Mail Stop B-107, U.S.
Departr2nt of Energy, Germantown, MD 20545

J. R. Lendon, Richland Operations Office, U.S. Department of Energy
P.0. Box 550, Richland, WA 99352

L. Lani, Nuclear and Magnetic Fusion Divisiom, San Francisco Opera-

tions Office, U.S. Department of Energy, 1333 Broadway, Oakland, CA
94612

D. E. Large, Manager, ORO Radioactive Waste Management Programs,
U.S. Department of Energy, Oak Ridge Operations, Oak Ridge, TN
37830

M. J. Lawrence, Acting Director, Offfce of the Director, Office
of Transportation and Fuel Storage, NE~340 Mail Stop B-107,
U.S. Department of Energy, Germantown, MD 20545

M. Lencoe, Office of Nuclear Waste Isolation, Battelle Project
Office, 505 King Avenue, Columbus, OH 43201

J. A. Lenhard, Oak Ridge Operations (ffice, U.S. Depar:ment of
Energy, P.0. Box E, Oak Ridge, TN 37830

W. He Lewis, Vice President, Nuclear Puel Servi.es, Inc., 6000
Executive Blvd., Rockville, MD 20852

M. H. Lietzke, Chenigtry Department, The University of Univer-
sity of Tennessee, Knoxville, TN 37916



119.

120.
121.

122.

124.
125.

126.

127.
128.
129.
13v.
131.

132.
133.

134.
135.
136.
137.
138.

139.
140.
141.
142.

280

R, Y. Lowrey, Chief, Waste Management Branch, Weapons Production
Division, U.S. Department of Energy, Albuquerque, Operations

Of€ice, P. 0. Box 5400, Albuquerque, MM 87115

R. Maher, Waste Managea:nt Programs, Savannah River Plant, E. I.
duPout de Hemours and Compsny, Aiken, SC 29801

S. A. Menn, Chicago Operations and Regional Office, U.3. Depart-
ment of Energy, Argonne, IL 60439

A. B. Martin, Rockwell International, Energy Systems Group, 8900
DeSoto Avenue, Canoga Park, CA 91304

E. F. Mastel, Planning and Analysis Division, Office of Rescurce
Management and Planning, Mail Stop B-107, U.S. Department of
Energy, Germantown, M 20545

M. D. McCormack, EG&G Idahec, Inc., P. O. Box 1625, Idaho Falls,
ID 83401 )

J. R. McDonald, Naval Research Laboratory, Code 6110, Washington,
pC 20375

D. J. »cGoff, Projects Division, Office of Waste Operations and
Technology, U.S. Department of Energy, Mail Stop B-107,
Washington, DC 20545

R. J. Merlini, Rockw¢ll International, Atomics Internstional
Division, Rocky Flats Plant, P. 0. Box 464, Golden, CUO 80401

5. Meyers/R. Romatowski, Office of Nuclear Waste Managesment, U.S.
Department of Energy, Mail Stop B-107, Washington, DC 20545

Paul Monson, E. T. du Pont, de Nemours and Company, Ssvannah
River Laboratory, Afken, SC 29808

B. G. bte‘,- Exxon Nuclear mm, Inc-, P. 0. Box m’ Idaho
Falls, ID 83401

J. O. Neff, Program Msnager, NWTS Program Office, U.S. Department
of Energy, 505 King Aven.e, Columbus, Ohio 43201

Jim Nillis, Sherwin Williams Company, Coffeeville, Kansas

G. X. Oertel, Director, Office of Waste Operations and Technology,
Mail Stop B-107, U. S. Department of Energy, Germantown, MD 20545
Hayne Palmour III, 2140 Burlington Engineering Laboratories,
North Caroliuna State University, Raleigh, NC 27607

R. W. Passmore, EG&G ldaho, Inc., P. O. Box 1625, Idaho Yalls, ID
83401

J. W. Peel, Idaho Operations Office, Department of Energy, 550
Second Street, Idaho Falls, Idaho 83401

Dallas Pence, Science Applications, 4030 Sorrento Valley Boulevard,
San Diego, CA 92124

R, W. Ramsey, Acting Program Manager, Remedial Action Progras,
Division of Waste Products, Mail Stop B-107 (NE-30), U.S. Depart-
ment of Energy, Germantown, MD 20545

M. L. Rugers, Monsanto Research Corporation, Mound Facility,

P. 0. Box 32, Miamisburg, Ohi., 45342

Rustum Roy, 202 Matnrials Rese¢arch Laboratory, Penansylvania State
University, University Park, PA 16802

7. J. Schriber, Manager, Waste Manageament Division, Richiand
Operations Office, U.S. Depari.ent of Energy, Ricnland, WA 99352
M. J. Steindler, Chemi.al Enginsering Divieion, .:gonne MNational
Laboratory, 9700 South Cass Ave., Argonne, IL 60439

' ! )




143.

144.

145,

146.
147.
148.
149.

150.
151.

152.

153.
154.

155.

156.

157.
158.
159.

1.0.
161,
162.
163.
164.
165.
168.

169-500.

281

Syd Strausberg, General Atomic Corp., P. 0. Box 81608, Sen Diego,
CA 92138 )

A. L. Taboas, TRU Program Manager, Waste Management Branch, U.S.
Department of Energy, Albuquerque, WM 87115

T. R. w. Exxon Nuclear Idaho CO., Im.. P. O. Box 2800,
Idaho Falls, ID 83401

Major Thompson, E. I. DuPont de Nemours, Savannah River Labora-
tory, Aiken, SC 29801

G. T. Tingey, Battelle Pacific Northwest Laboratory, P. 0. Box
999, Richlard, WA 99352

R. E. Tomlinson, Manager, Exxon Nuclear Co., Inc., 210l Horen

- Rapids Road, Richlsnd, WA 929352

Verne Trevorrow, Argonne Nationasl Laboratory, 9700 South Cass
Ave., Argomne, TL 60439

D. L. Ulricrson, Iowa State University, Ames, lIowa, 50010

A. C. Vikis, Atomic Energy of Ca adas Ltd., Pinawa, Manitcba,
Canadu, ROE 1l

R. D. Waiton, Te.hnology Division, Office of Waste Operations
and Technology, U.S. Department of iZnergy, Mail Stop B-107,
Washington, DC 20545

R. P, Whitfield, Savanuah River Operations, Aiken, SC 29801

J. B. Whisett, Radioact.ve Wsste Programs Zianch, Nuclear Fuel
Cy-le Division, Idaho Operacions Office, 350 Second Street,
Idaho Falls, ID 83401

Margaret A. Widmayer, U. S. Department of Energy, 550 Second
Street, Idaho Falls, ID 83401

B. Wilson, Savannah River Operations Office, U.S5. Department of
Energy, P.0. Box A, Alken, SC 29801

FOREIGN DISTRIBUTION

R, Von Ammon, Kernforschungazetrum, Karlsruhe, Federal Republic
of Germany

J. Purrer, KFK, Krsrleruhe, Postfach 3640, D-}500, Federal
Republic of Germany '

E. Hoarich, Kernforschungszentrum Karlsruhe (KFK), Institute of
Hot Chemistry, 7500 Karsruhe, Postfach 3640, FPederal Republic
of Germany

F. J. HBerrmann, GWK, Karlsruhe, 7514 Eggentsein, Hayon Str 10A,
Federal Republic of Germany 7514

Rs Jokoll, Sektion Chemie der Priedrich~Schiller-Universitat,
DR 69 Jena, Steiger 3, Haus III, Federal Republic of Germany
R.-D. Penzhorn, KFK, Karlsruhe, Postfach 3640, D-7500, Federal
Repubiic of Germany

H.-P. Wichmann, GWK., Bruschsal 3, Hauptmann 21b, Federal
Republic of Germany, 7520

J. Wilhelm, KFK, Karlsruhe, Postfach 3640, D-7000, Pederal
Republic of Germany

H. Ringel, Kernforschungsanlage Jul!ich, federal Republic of
Garmany !

J. Go Wilhelm, Nuclear Reserach Center, Karlsruhe, Federal
Republic of Ger~-ny ‘

Given distribdution as shown in TID-4500 under Nuclear Waste
Management Cstegory, UC-70.




-

DISCLAIMER




