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ABSTRACT 

The removal of trace coaponenta froa gaa atreaaa via Irreversible 

gas-solid reactions Is an area of Interest to the chaaicsl engineering 

profession. This research effort addresses the nee of fixed bade of 

*«(0B)2 hydrate flakes for the removal of an acid gaa, <X>2» fron air that 

contains -330 ppa* 002« Areaa of Investigation enconpaaMd (1) an 

alve literature review of Ba(0H)2 hydrate chemistry, (2) nlcroacale 

stodles on 0.150-g sanplea to develop a better understanding of the 

tlon, (3) process studies at the nacroncale level with 10.2-cm-ID fixed-

bed reactors, and (4) the developnent of a nodel for predicting fixed-bed 

performance. 

Experimental stodles Indicated fixed beds of oommrcidl Ba(0H)2^8B2O 

flakes at anblent tenperatnrea to be capable of high a>2~toaoval efficien­

cies (effluent concentrations <100 ppb), high reactant otlllsatlon (>99Z), 

and an acceptable pressure drop (1.8 kPa/n at a superficial gaa velocity 

of 13 cm/a). Ba(0H>2*8H2O una deteralned to be nore reactive toward 00 2 

than either Be(OH)2»3H20 or Ba(0H)2*lH20. A key variable In the develop­

nent of this fixed-bed process was relative humidity. Operation at con­

ditions with effluent relative humidities >60Z resulted la significant 

recryetalllcation and restructuring of the flake and subsequent pressure* 

drop problems. This phenomenon was attributed to capillary condensation 

of water at V-shaped contact points within the solid. For influent; gaa 

streams with water vapor pressures less than the dissociation vapor pres­

sures of Be(0B)2*8H20, the activity of the bed decreased to essentially 

zero as the lower hydrates ware formed. Baaed upon these icnstralots, am 
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operating window for optlnua bed operation for the iaotberaal treataent 

of en air-based (330-ppay 00 2) gas streaa was deterained. 

Modeling studies indicated the rate of aass transfer to je Halted by 

tbe gas-flla aass transfer coefficient, Kp. The rate-Halting species 

was the reactant, 002* Because of oommifomitles in the thickness aad 

aixe of tiie aamuivial Ba(0H)2*8H2<> flakes, the area available for BOSS 

transfer was nodeled sealeapirically as a function of reactant conversion. 

A - AgCl-I), where A© is the initial area and X is the extent of conver­

sion. Hunerical solutions to the controlling paitlal differential equa­

tions were obtained. Data analyses of che breakthrough profiles indicated 

excellent correlation between the data aad aodel wh«n the exponent, n, in 

the area correlatijn was equal to 1. Values for KfA,, obtained froa the 

breakthrough profiles were correlated as a function of systea paraaeters, 

aost notably relative hualdlty, teaper.-.ture, and gas velocity. Little 

correlation existed for either relative huaidlt/ or teaperature, the 

latter case being indicative of gas-flla control. KvAo was found to be 

proportional to V 0
1 , 1 1 , where V 0 is the superficial velocity at reference 

conditions (101.3 kPa, 294.3°K). Based up .o published correlations for 

beat and aass transfer, one would expect \f a V o
0 ' 3 * V o ° * 8 ' T h u s **• 

velocity exponent for KpAo was greater than expected and was attributed 

to result froa a functional dependency cf the Initial area available for 

aass transfer, AQ, upon gas velocity. For this systea that is composed of 

randomly packed flakes, Increases In gas velocity appear to realllgn the 

flakes slightly, thus reducing the nuaber of planar contact points aad in­

creasing the surface area available for aass transfer. Obaeived bed ex­

pansion was noainal. Pressure drop studies indicated the pressure drop or 



Ill 

viifl"" 

shear force to be a strong f>*nctiou of gaa velocity, a V***. Hence a cor­

relation appears to sxLst between tue shear force exerted opon the parti­

cle* and the Increase in surface area resulting from the slight realign-

nent of the flakes and & reduction in the number of planar contact points. 
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gas-solid carbonatlon reactions at 298.15 K. 15 

3.1> X-ray diffraction analyses of Ba(0H>2 hydrate samples . . 36 

3.2. Reactant an&lyses of tvo drums of coimercial Ba(OH)2"8H20 
obtained from the same batch number . . . . . . . . . . . 38 

3.3. Particle size analysis of coimercial Be(OH)2*8H20 flakes 

obtained from two different batch numbers . . . . . . . . 42 

3.4. Cross-sectional area, of adsorbed molecules 46 

3.5. Pore classification 48 
3.6. Ba(OH)2#8H20 and commercial Ba(0H)*8H2O densities 50 
3.7. Relative strength of the hydration bonds in Ba(0H>2 

hydrates . . . . . . . . e l 

3.8. Nitrogen adsorption Isotherm surface area analyses . . . . 54 

3.9. Conversion-profile surface areas per gram of BaC03 . . . . 60 
3.10. Comparison of single- and multi-point BET surface areas 

using nitrogen as an adsorbste . . . . . . . . . . . . . 62 
3.11. The dehydration of comercial Ba(0H>2'8H20 to Ba(OH)2*3H20 

and subsequent rehydration to Ba(0H)2*8H20 . 82 

x l l 



xiii 

TABLE PAGE 

3.12> Experimental and literature values for the equilibrium 
water vapor pressure of Ba(OH)2*8H2<> and the experimental 
rate constant, K Q V 83 

3.13. Bate constants as determined via Equation (3.12) 85 

3.14. Experimental KpAg values obtained via two techniques . . . 110 

3.15. Particle shape factors for uniform packing 112 

3.16. Application of model, AP/L- 0.01BVa (kPa/m), for 
correlating pressure drop across converted beds of 
commercial Ba(OH) 2*8^0 flakes 140 

3.17. Application of model, AP/L- 0.01BV" (kPa/m), for 
correlating pressure drop across fixed beds of 
Sa(0H)2*8tf20 flake 143 

3.18. Comparison of the calculated area availability factor, f , 

with experimental data 155 

A.l. Ba(0H>2 hydrate vapor pressure data 175 

A.2. Vapor pressure analysis for thermodynamic consistency . . . '80 

A.3. Published dissociation vapor pressures for Ba(0H)2 

hydrates 181 

6.1. Pore classification 209 

G.2. Thickness of adsorbed layer at various relative 

pressures 215 

1.1. Hercury porosimetry data sheet . 231 

L.l. Fitted values in Ergun equation, ^/L-A'V+B'V2, and 
calculated values of e and ydp 239 

M.l. Shrinking core model predictions for limited mass transfer 
of gaseous reactant . . . . . . . . . . . . . . . . . . . 256 



LIST OF FIGURES 

FIGURE PAGE 

1.1. Dissociation vapor pressures for Ba(0H)2 hydrates . . . . . 10 

2.1. Schematic of the aicrobalance system 20 

2.2. Photograph of aicrobalance system 21 

2.3. Photograph of sample of eommrreidl 3a(0H)2*8H2° fl*k«* 
suspended in the sample hang-down tube 22 

2.4. Close-up photograph of gas transfer and pressure control 

portion of the aicrobalance system 26 

2.5. Mlcrobalance situated in stainless steel vacuum enclosure . 27 

2.6. Schematic of the fixed-bed experimental equipaent . . . . . 30 

3.1. Photograph of potential Ba(0H>2 hdyrate reactants for 
CO2 removal 37 

3.2. Top and brttoa views of a bcmwdal Ba(0H)2*8H20 flake 
(Original photograph: 7.3 by 9.5 ca; Magnification, 
12.8X) 40 

3.3. Top and bottom scanning electron micrograph (SEM) of 
comttreial Ba(OH)2-8H20 flake. (Original photograph: 
3.9 by 11.4 at, magnification, S000X) 41 

3.4. Top and bottom views of a eomiercuil Ba(0H>2 octahydrate 
flake subjected to relative humidity >602. (Origin?! 
photograph: 2.85 by 3.75 in.; magnification, 16.5 and 
13X, respectively.) 55 

3.5. Conversion profile obtained via two analytical techniques . 59 

3.6. Single-point BET surface area analyses using argon 
(P/PQ - 0.6) B» an adsorbate 64 

3.7. Mercury pcroslaetry results on ictmereial Ba(0B)2*8H20 

flakes from two different batch numbers * 67 

3.8. Mercury poroslmetry results on two BaCOs samples . . . . . 68 

3.9. Photograph of eormmial Ba(0H)2*8H20 flakes and BaO>3 
flake product. The product was obtained at a process 
relative humidity <60Z. (Original photograph: 
7.3 by 9.5 cm, magnification, 16.5 and 13X, 
respectively.) . . . . . . . . . . . . . 71 

xiv 



XV 

FIGURE PAGE 

3.10. Fcsnning electron micrographs of top and bottom surfaces 
of BaC03 product from COM-40. (Original photograph, 
8.9 by 11.4 cm; magnification, 5000X) . . . . . . . t . . 72 

3.11. The dehydration or dissociation of commercial Ba(0H)2*8H20 
flakes to Bi (Ofl)2*3ti20 as a function of time and water 
vapor prr,<*8vre 76 

3.12. T\e rehydration of Ba(0H)2*3H20 to Ba(0H)2*8H20 as a 
function of tinu and water vapor pressure 77 

3.13. Rates of dehydration and rehydration as a function of 
water vapor pressure at 304.9 K 78 

3.14. Rates of del\ya«.ation and rehydration as a function of 
water vapor pressure at 294.8 K . 79 

3.15. Cross-sectloual view of Ba(0H)2'8H2O-BaC03 flake. Note 
the sharp pioduct-reactant Interface . . . . . . . . . . 94 

3.16. A typical breakthrough curve and the change in pressure 
drop across the bed presented as functions of time . . . 104 

3.17. Logarithm of the experimental breakthrough profile and 
the change in pressure across the bed presented as 
function of tiwzj 106 

3.18. Correlation of KpA0 data obtained via technique No. 1 
with model, KpA0 - KjP 0 vl'16/P . 115 

3.19. Residuals of model correlation of data obtained via 
technique No. 1 116 

3.20. Development of the concentration and the natural logarithm 
of the concentration profile as a function of 3 and S . . 119 

3.21. Development of the conversion and the natural logarithm 
of the conversion profile as a function of 0 and S . . . 120 

3.22. Developed concentration or conversion and natural 
logarithm of developaent concentration or conversion 
profile as a function of the KpAo coefficient and S . . . 121 

3.23. Developed breakthrough and the logarithm of the 
developed breakthrough profile as a function of the 
KpA0 coefficient and time . 123 

3.24. Natural logarithm of the developed conversion profile 
as a function of the KpA0 coefficient and axial distance 
for a superficial gas velocity of 13 cm/s 124 



xvi 

FIGURE PAGE 

3.25. The effect and the natuval logarithm of the effect of 
the exponent in the area (A) term upon the developed 
breakthrough profile 125 

3.26. The effct and the natural logarithm of the effect of 
temperature upon the developed breakthrough profile . . . 128 

3.27. The effect and the natural logarithm of the effect of 
pressure upon the developed breakthrough profile 129 

3.28. The effect and the logarithm of the effect of reactant 
molecular weight upon the developed breakthrough profile . 131 

3.29. Correlation of KpAo data obtained via technique No. 2 
with model, KfAj, « ¥LiV0V1'11/? 133 

3.30. Residuals from model correlation of data obtained via 

technique No. 2 134 

3.31. Conversion and model-predicted conversion profiles 135 

3.32. Pressure drop as a function of relative humidity during 
fixed-bed studies on commercial Ba(0H)2*8H20 flakes, 
reference superficial gas velocity of ~13 cm/s 137 

3.33. The effects of effluent relative humidity on the "B" 
term in the pressure-drop model, AP/L- O.OlBVfl1** 
(kPa/m) 141 

3.34. Operating window for the contacting of a 330 ppmy CO2 
gas stream with fixed beds of commercial Ba(0H)2*8H20 
flakes 159 

A. I. Dissociation vapor pressures for Ba(0H>2 hydrates . . . . . 178 

B.l. H20-Ba(OH>2 liquid-solid phase diagram 18?, 

C.l. Thermogravlmetric study of Ba(0H)2*8H2O samples prepared 
by different techniques 187 

F.l. Adsorption Isotherm data obtained with a balance-beam 
microbelance . . . . . . . . . 196 

G.l. Representative adsorption isotherms and associated 
sorption phenomenon! 210 

G.2. Representative adsorption isotherms for porous solids 
with differing pore geometries . . . . . . . . . . . . . . 214 



xvil 

FIGURE PAGE 

H Series. Adsorption i30therrs, BET plots, and sorption 
potential plots . . . . . 223 

K.l. Grid schematic for finite-difference solution of the 
controlling partial differential equations and their 
respective boundary conditions . 237 

K.2. Computer program flowchart 238 

N Series. Experlnental and model-piedicted breakthrough 
curves for the fixed-bed studies 257 

0.1. Calibration curve for IB No. 1 275 

0.2. Calibration curve for IR No. 2 276 



LIST OF SYMBOLS 

surface area, either internal or external depending upon usage, 
per ..ait volu 

initial surface area per unit voltne available for aass transfer 

particle area/particle 

arbitrary constant 

arbitrary constant 

arbitrary constant 

stoichiometry coefficient 
position of reaction interface fro* surface of flake 

thickness of flaked particle 

average flake thickness 

reactant concentration 

initial reactant concentration 

specific heat 

arbitrary constant 

arbitrary constant 

C/C o t normalized reactant concentration 

constant in BET equation 

dispersion coefficient 
diffusion coefficient (as defined in text) 

diffusion coefficient, for species n 

finite difference Increment in S domain 

finite difference lncreaent in 0 domain 

aean pore dlaaeter 

aean pore diameter 
particle diameter, effective particle diameter 

• activation energy in Arrhenlu* equation 

xviii 



xlx 

f - friction factor 
fp * pat tide friction factor 
f' - area availability factor 
6 » aass flow rate/unic cross-sectional are? 
b - heat transfer coefficient 
j - J factor 
.% m i f a r t o r * o r beat transfer 
JH « j factor for aass transfer 
KgQ-n - equilibrium constant for species n 
Kp - film mass transfer coefficient 
Kg * kineclc rate constant 
Ko " fate constant for reaction n 
KQ - frequency factor in Arrhenlus equation 
K] » arbitrary conntant 
L - bed length parameter 
I - pore depth 
MW - molecular weight 

n - arbitrary exponent 

P - pressure, subscript refers to vapor pressure of given spec ies 

P 0 - reference pressure of 101.2 kPa (1 atm) 
- saturation vapor pressure 

R - gas constant 

R - rate of reaction per unit volume 

R"' - normalized rate of react ion , X conversion/time 

Re - Reynolds number 

RSH • modified Reynolds number, G/(YAu) 



XX 

r - pore zadios 

Sc * Scheldt nraber 

Sh - Sherwood norjber 

T - abaolate teaperature 

t - tiae 

V - voluae of gaa adaorbed 
* auperf l c l a l ve loc i ty at system cor.dltlons 

Vj| - volume of gaa adaorbed a t Monolayer <w*erag£ 

V f t - superficial gaa veloclt) at reference conditions of 101.3 kPa, 
° 294.i K (1 ata, 70*F 

V • velocity of the s*ss transfer zone 

<V> - average atream ve loc i ty or free s t r e s s ve loc i ty (dependent upon 
definition aa cited in text) . 

X - fraction of solid reacted 

z - bed depth 

F - mount sorbed at given P/P 0 

Tfi - aaount sorbed at monolayer coverage 
A G - Glbbe free energy change 
^R m enthalpy change 
A - entropy change 
e - voldage (either Inter-or intrapartlcle depending upon usage) 
a - t - | * 
V - viscosity 
p « solid density 
PG " •*• o r 'l^M density 
a " standard deviation 



t 

nd. 

o - standard deviation 

T - riant esquired for coaalete conversloa of jolld 
• tort toslty 
- shear force 

t - shape factor 

* 



1 

CHAPTER I 

IKIR0DUCIIOII 

Fackground and Process Application 

In the radiation field that exists within a unclear reactor, radio­

isotope " C is produced by neutron interactions with X, i*M. 160. " o , 

and l 3 C that are present In the fuel, the cladding, and the priaary 

cooling system. ̂ "9 Although it Is a neak beta emitter, **C poses a long-

tea health hazard because of its long half-life of 5730 years and the 

ease with vhich it nay be assiailated into living aatter. l 0"" 1 5 

An appreciable fraction of the **C produced would be expected to be 

converted to gaseous effluent during norual operation of a light-water 

reactor, extensive fuel element failure, storage of spent fuel, and upon 

fuel reprocessing. The **C would exist as either OO2 or low-aolecular-

weight hydrocarbon?, with the aost probable aethod of treataent being the 

oxidation of the hydrocarbons to (X>2 *nd subsequent fixation of the 002* 

Likely CO2 gas concentrations containing traces of **C would range froa 

10 to 330 ppay, with gas flow rates of up to 20 a3/aln (700 ft3/ain) 

anticipated. Expected release rates froa various nuclear facilities are 

presented in Table J.I. 

For the reaoval and fixation of 1 4 C in selected off-gas streaas at 

nuclear facilities, the following criteria have been established filth re­

spect to process developaent. First, the process reaoval efficiency aust 

be consistent with or greater than the anticipated release criteria froa 

the Nuclear Regulatory Coamlsslon. Second, the final product aust be in 

an acceptable fora for final waste disposal. Third; the process aust 

possess excellent on-line reliability characteristics. Fourth, It is 
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Table 1.1. Approxiaate production and release rates 
of carboc-14 In the nuclear fuel cycle 

Nuclear reactors Cl/Gw(e)year 

UHR 8-10 
CAHDO 500 

Reprocessing plant 
LMFBft 6 
LUR 18 
HTGR 200 

Source: W. Davis, Jr., Cartxm-14 Production in Wueleccr Beactore, 
OKSL/H01E6/TM-12 (February 1977). 

desirable that the process operate at aablent conditions. Fifth, process 

costs aust be reasonable. 

Suggested technologies for **C control have general'., followed coa-

aerclally available technology for (X>2 control.16,17 xn» processes range 

from (X>2 absorption In aalne-bearlng solutions to physical adsorption oc 

aolecular sieves to chemical reaction filth a MaOH solution and carbonate 

Interchange with Ca(0H)2* the double alkali process. However, absorption, 

adsorption, and reaction with NaOH solution share a coaaon trait In that 

they are 002 reaoval processes, but they do not chealcally fix the **C02 

for final disposal — a requisite for the disposal of nuclear waste. 

Therefore, suggested technologies for the treataent of dilute G02~bearlng 

gases have generally employed a reaoval or an enrlchaent step to increase 

the &>2 8 " concentration, followed by a final fixation step whereby the 

CO2 1* reacted with Ca(0H>2 slurry. l f r - 2 1 The product, CSCO3, possesses 

excellent thermal and che*«ial stability that aakes It suited for 

long-ten waste disposal (thereal decoaposltlon at 825*C ^nd water solu­

bility of 0.0153 g/L at 25*C). 2 2» 2 3 However, for the treatment of 
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high-volumetric, low-G02-conteut g*a streams, tills process suffers 

severely because an enrichment step is required to restrict the overall 

alee of the Ca(0H)2 slurry reactor. Other areas of concern with this 

technology are the generation and recycle of aqueous wastes and die need 

for solid-liquid separation equipment. 

For the treataent of a high-volumetric, dilute 002-bearlttg off-gas 

streaa, nany potential advantages could be realised if a suitable tech­

nology utilising a gas-solid reaction for 1*C removal and fixation existed 

However, such a technology would be required to neet the following 

criteria: 

lr possess favorable reaction kinetics at desired process conditions 

(near aabient), 

2. possess favorable themodynaailcs to ensure low (X>2 vai»or 

pressures at equilibrium, 

3. produce a product that would achieve adequate thermal and chemi-

cal stability for the long-tera disposal of l*C, and 

A. utilize a reactant that would undergo ~100% conversion In order 

to ainlnlze the amount of reactant required and to avoid the 

presence of a potentially soluble reactant. 

Generally, the Group I (alkali aetal) and Group II (alkaline earth) hy­

droxides fulfill the first two requirements. However, widely acceptable 

GO2 sorbents such as ascarite (HaOH on asbestos) and LiOH'H^O,2*"*' which 

have been used extensively for CO2 control in life support systems, lack 

sufficient carbonate stability for final waste disposal. Studies in CO2 

removal have bean conducted on soda 11ms [aa0H-Ca(0H)2 mixture] and bara-

lyme [Ca(0H)2-sa(0H)2 alxture] with reasonable success. 2 9" 3 4 However, the 
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solubility of H»2 C 03 i n t n e { o i w r *nd poor reactant utilisation in the 

latter make the use of these reactanta doubtful. An examination of the 

carbonate products of potential Group 1 hydroxides (Table 1.2) indicates 

that they may be classified categorically as possessing excessive solu­

bility in water for long-ten waste disposal. However, the hlgher-

molecular**weight carbonates of the Group II elements are considerably 

s»re stable. As shown in Table 1.2, the carbonates of calcium, stron­

tium, and barluci possess excellent solubility charcterlstics and further-

taore, decompose at greater temperatures.22»23 

It has been suggested in the literature, and confined experimentally 

in our laboratory, that at .ambient conditions a carbonate coating fons 

about the Ca(0H)2 reactant, thereby resulting in severe dlffusional limi­

tations.^ Greater conversion has been reported by increasing the humi­

dity or operating at higher temperatures. A Geraan patent was issue! in 

which themal rasping was used to enhance the reactivity and conversion of 

the Ca(0H>2 react&nt. Process temperatures were 100 to 200*0.36 Person­

nel at Ontario Hydro-Canada have indicated reactant conversions of 60Z to 

be possible at 400°C. Furthermore, conversions of 60 to 80Z have been 

reported^ at ambient temperatures and extremely high relative humidities 

(i.e., >90Z). In the latter case, this author speculates that surface 

water plays an active role in the overall mechanism. 

The alkaline earth hydroxides of strontium and barium differ from the 

other alkaline earth hydroxides in that they may exist in a hydrated fora. 

The most commonly reported coordination numbers are 1 and 8, although 2 

and 3 waters of hydration have bean reported for Ba(0H>2. Because of the 

previously cited dlffusional limitation in the Ca(0H>2 system, one might 
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Table 1.2. Solubility and decoaposltlon properties of Group 1 
(alkali aetal) and Group 2 (alkaline earth) carbonates 

et low OO2 partial pressure* 

"23*E" 
Molal 

solubility 
TOW 

DecoKyoeltlon 
temperature 

Group 1 carbonates 

U2C03 
8a2G03 
K2CO3 
M»2C03 
CS2OO3 

0.18 
2.80 
8.10 
19.48 
8.00 

0.10 
4.26 
4.41 

1310 

740 
610 

Group 2 carbonates 

MgC0 3 

Ca003 
SrC03 
BaC03 

0.00126a 

0.00013 
0.000075 
0.000124 

0.000375 
0.00044 
0.000332 

350 
825 
1340 
1450 

<zCold snter. 

Sources: Handbook of Chemist «y and Biyeiee, 52d ed., The Chest-
ical Rubber Co., Cleveland, Ohic, 1972, pp. 13-70; W. F. Unke and 
A. Seidell, Solubilities of Inorganic and Metal Organic Compounds, 
4th ed., Anerlcan Chealcal Society, Washington, D. C , 1958. 

speculate that Sr(0H)2#8H2<) and Ba(0H)2"8E20 are nore reactive becauae of 

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

reaoved upon the reaction of the hydroxide. 

To deteraine the likelihood of a reactant being coated by a nonporous 

produce that would result in severe diffuelonal llaitatlona of the gas­

eous reactant, a comparison of the solar voluae crystal ratios of the 

product and reactant, referred to aa the Pllllng-Bedworth ratio, is often 

beneficial. The Pilliag-Bedwortta ratios for several alkali and alkaline 

earth hydroxides and their carbonate producta are presented in Table 1.3. 

With the exception of the Be(0H>2 and Sr(0H) 2 data, the table was taken 
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from a paper by Markowiti.2* A Pilling-Bedworth -ratio >1 indicates a 

high probability of dlffuclonal limitations, and a value of <1 Indicates 

that product porosity amy exist. Apparent exceptions to this relation­

ship any result for various Mixtures where synergistic effects or physi­

cal changes of the solid such as sintering or aeltlng any occur. Froa 

Table 1.3, one would anticipate that U0H*H2<>, Sr(OB)2'8E20, Ba(OH)2-H20, 

and Ba(0H>2*8H20 would be efficient 00 2 absorbents if the chemical reac­

tions were i>inetically favored. Additionally, one might predict that 

Ba(0H)2*8H2<> will be aore efficient than Ba(0H)2*E2<> for OO2 removal. 

The Pilling-Bedworth ratio of 1.18 for Ca(OH) 2 is consistent with the re­

ported formation of an lapervlous shell about the Ca(0H>2 particle, thus 

resulting in diffuslonal limitations. Siallarly, work performed by 

Boryta and Haas^S and the Naval Research Laboratory26 have indicated 

LiOH"H20 (Pilling Bedworth ratio of 0.64) to be the reactive species in 

(X>2 removal studies and LiOH (Pilling Bedworth ratio of 1.07), to be 

relatively unreactive. References concerning the reactivity of strontiua 

and bariua hydroxides are few. In the comprehensive treatise by Mel lor 

in 1928, it was cited that care must be taken to avoid exposure of the 

hydroxides to 00 2 in moist air. 35 Many comparative studies have been 

conducted on lithium hydroxide, soda liae, and baralyae. 2 7 -^ Baralyme 

has a 20/80 wt X mixture of Ba(0H)2«8H20 and Ca(0H) 2. Occasionally, the 

mixture may contain up to ">X potassium hydroxide. In two papers pub­

lished in 1942 by physicians Adrlanl and Bat tern, experimental results 

regarding the potential use of baralyme a* a replacement for soda lime in 

rebreathlng appliances in hospitals were presented.33—34 Although the 

results were promising because the systea could remove C0 2 efficiently 
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Table 1.3. Molar voluae relationships 
carbon dioxide absorbents 

possible 

Foraula Density Molar vol 
Substance weight (g/csi 3) (c» 3 /«ol) 

Pilllng-
fiedworth ratio 

LiOH 23.95 1.43 16.75 1.07 

LiOH»H20 41.96 1.51 27.79 0.64 

Li 2C0 3 73.89 2.07 35.70 

NaOH 40.01 2.13 18.78 1.47-8a2003*H20 

1.13-Ha2C03 

Ha 2C0 3 106.00 2.51 42.25 

Na2O03#H2O 124.02 2.25 55.12 

Mg(0H) 2 58.34 2.39 24.41 1.14 

MgC0 3 84.33 3.04 27^77 

Ca(0H)2 74.10 2.34 31.63 1.18 

CaC0 3 100.09 2.71 36.92 

Sr(0H)2'8H20 265.76 1.90 139.87 3.29 

SrC03 147.63 3.70 39.90 

Ba(0H)2'8H20 315.48 2.10 144.73 0.31 

Ba(OH)2'lH20 189.*8 3.65 51.8 0.86 

BaC03 197.35 4.43 44.47 
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froo gas streams, l i t t l e Information concerning the overall reaction rate 

was provided or could be inferred* Work perforaed for the Navy, Air 

Force, and NASA on closed life-support systeas was often of a comparative 

nature.24—32 These studies Indicated baralyme to be less reactive than 

either lithium hydroxide or soda lime, and the material had a lower u t i l ­

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 thi higher molecular weight of Ba(0H>2 

hydrates ( i . e . , less capacity ier 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(0H>2 hydrates were selected for addi­

tional studies.37*38 The reasons for this are twofold. First, the 

Ba(0H)2 hydrates are more stable than the Sr(0H)2 hydrates. Second, 

Ba(0H)2 hydrates are readily KVliable in commercial quantities at rea­

sonable costs. Such a market «»as not developed for the Sr(0H>2 hydrates 

possibly because of (1) the smaller fraction of strontium in the earth's 

crust (0.018% as compared to 0.042 for the barium), and (2) the Inacces­

s ibi l i ty of strontium-rich minerals. 3 9 In comparison, calcium comprises 

3.6 wt 7. of the earth's crust* 

Ba(0H)2 Hydrate-BaC03 Literature Review 

An extensive literature review of Ba(0H>2 hydrate vapor pressures, 

the binary water-Ba(0H>2 system, thermal studies on Ba(0H>2 hydrates, the 

thermodynamics of the C02-Ba(OH)2 hydrate reaction, and the crystal prop­

erties of Ba(0H>2 hydrates and BaC03 are presented in this section and 
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Appendixes A, B, C, and D. As no siallar compilation ins found in the 

open literature., this review is presented in its entirety such that it 

•ay 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(0H) 2 have been cited in the literature as 

being reactive toward 002 in ambient air,3^ the extent of this reactivity 

had not been examined until this research. The stoicbiometry of the 

overall reaction may be represented by 

Ba(0H)2'xH20(s) •* C0 2(g) • BaC03(s) + (x+l)H20(g), (1,1) 

where x is the Initial degree of hydration. 

In the opinion of this author, Cue most credible study conducted to 

date on the dissociation vapor pressures of Ba(0H) 2 hydrates was that of 

Kondakov, Kovtunenko, and Bundel.*" The results were published in 1964. 

In this study, the water vapor pressure of Ba(0B)2'xH20 samples with x 

values of 0.3896, 1.342, 2.260, 3.282, 4.196, 5.042, 5.882, and 6.763 were 

determined. When the results were plotted (log P vs 1/T), three distinct 

lines were obtained, as shown in Fig. 1.1. Tie lines correspond to 

Ba(0H) 2 hydrate samples in which B0(OH)2*H2O, Ba(0H)2*3H20, and 

Ba(0H)2*8H20 were the contra rating species to the water vapor pressure 

within the system. The controlling decomposition reactions and their 

respective dissociation vapor pressure equations were found to be the 

following: 

Ba(0H)2'lH20(s) •»• Ba(0H)2(s) + H20(g), (1.2) 

log P - - iffilto + 12.421 ; 
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Figure 1.1* Dissociation vapor pressures for Ba(0H)2 hydrates. 

Source: B. A* Kondakov, P. V. Kovtunenko, and A. A. Bundel, "Equilibria 
Between Gaseous and Condensed Phases in che Barium Oxide — Water System," 
Ruee. J. Phye. Chem. 38(1), 99-102 (1964). 
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Ba(0B)2*3H20(s) * Ba(OB)2-lH20(a) • 2H 20(g), (i.2) 

U.(0a)2-«a2O(.) • Ba(«)2-3e20(<> + OT20(g), (1.4) 

Where 

P - vapor pressure, Pa or nt'i" 2, 

T - temperature, K. 

Using the Van't Hoff equation, the data were analyzed for theraodynaalc 

consistency. Based upon the entropy change for the formation of the 

trihydrate, they concluded that the trlhydrate aay be less stable than 

the other crystalline hydrates. However, other Investigators under 

highly controlled conditions have reported Ba(OH)2'2H20 and amorphous 

compounds to exist. Attributing to the difficulties In the analysis of 

vapor pressure data nay be the presence of a Ba(0H)2*3H2O-Ba(0B)2*8H2° 

eutectlc. The existence of this eutectlc, consisting of 10 sol X 

Ba(OH)2"3H20 or a stoichiometric composition of Ba(0H)2*7.19 H2O, was 

reported by Michand in 1968 (see Appendix B ) . 4 1 » 4 2 

With Che exception of Bs(OH) 2*3^0, the thermodynamics of the CO2— 

barlua hydroxide hydrate gas-solid reaction say be calculated froa pub­

lished values,*0»*3-48 Several sources were consulted for enthalpy and 

entropy of formation values at 298.15 K. With the exception of Ba(0H)2 

and its hydrates, the values ware extremely consistent. The thermodynamic 

values presented by Kondakov for Ba(0H)2» Ba(0H>2»IH2O, Ba(0B)2*3H20 

and Ba(OH)2*8H20 ware chosen so as to ensure Internal consistency. The 
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enthalpy of formation values for aa(0H)2«lH2O and -*a(OB)2'8H20 differed 

from the values of the Rational Bureau of Standarda by <0.7Z. Table 1*4 

ahows the thermodynamic values for the following reactions: 

Ba(0B)2(«) + 002(g) • BaC03(8) + H 20(g), AH - -115 kJ/mol; (1.5) 

Ba(OH)2"H20(s) + C0 2(g) • BaC0 3(a) + 2H 20(g), AH - -53 kJ/eol; (1.6) 

Ba(OH)2*3H20(s) + 00 2(g) • BaC03(a) + 4H 20(g), AH - +73 kJ/eol; (1.7) 

Ba(OH)2*8H20(s) + C0 2(g) • BaC03(s) + 9H 20(g), AH - 364 kJ/mol. (1.8) 

Table 1.4. Thermodynamic properties of the 002-Ba(0H)2 hydrate 
reaction at 298.15 K 

AG AH AS 
Reaction kJ/nol kJ/aol j.«oi-l. g-1 g ^ 

-37.2 1.42-10^ 
104.6 5.50*10}4 

442.3 2.47-10 1 0 

1230.0 2.55 
161.3 9.80»10}J 
-31.7 1.58-1018 

At conditions of 298 K and 1 at«, the fugacltles of the gas species 

(assuming gaa Ideality) nay be approximated by their partial pressures 

(ata), and the fugaclr'es of the crystalline species, with respect to 

their reference states, are equal to ~1. If the water product Is present 

as vapor, the equilibrium constant, Kgq, la equal to [P(H20)J*+l/[P(CO2)J, 

where x la the hydration number of the reacting species and P(H 20) and 

P(C0?) are the partial pressures of water and carbon dioxide that exlat 

within the system. The maximum water vapor partial pressure within the 

(1.5) -103.5 -114.6 
(1.6) - 84.1 -52.9 
(1.7) - 59.3 +72.6 
(1.8) -2.3 364.4 
(1.9) -79.8 -31.8 
(1.10) -103.8 -113.3 
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systea at a fixed teaperature is that at coaplete saturation. At 25*G» 
this value is 3.165 kPa (23.75 mm &g). Therefore, based upon the pre­
viously calculated equilibrium constants for the speculated reactions, 
the corresponding CO2 partial pressure at equilibrium <2aa be calculated 
for the possible carbonation reactions (Table 1.5). This analysis 

Table 1.5. Equilibria values for the C02-Be(0H)2 hydrate gas-solid reaction 

Reactant ^002 
Reaction Kg, hydration *» •• % 

(1.5) 1.42-lojf 0 2.2-10" 1 5 1.7»10~17 

(1.6) 5.50-10 1 4 1 1.8«10~13 1.3»10~ 1 5 

(1.7) 2.47-10 1 0 3 3.9*10-12 2.9»10"lJ 
(1.8) 2.55 1 0 8 l.WO** 8.5»10~J* 
(1.9) 1.58-1018 aqueous 2.0»10" 1 5 1.5-10"17 

(1.10) 9.80-1013 8 1.0-10-9 7.g.iQ-12 

assumes that (1) the transformation to a higher hydrate is slow, and (2) 
the maximum water vapor pressure is that at saturation. If 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 002 equilibrium concentration, with 
respect to the preceding analysis, if any of the speculated reaction pro­
cesses were equillbriusr-controlled, the effluent CO2 concencentration 
would be less than 1 part per trillion. Also presented in Tables 1*4 and 
1*5 are the thermodynamic and equilibrium values for the reaction of (X>2 
with soluble Ba(0H)2# The reaction may be represented by 

Ba(0H) 2 («q) + C02(g)*BaC03(s) + H 20(1), AH - -113 kJ/mol. (1.9) 
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Again the reaction will becoae equilibrium-controlled only for very low 

002 partial pressures. 

Based upon a dissociation pressure for Bs(OH)2*8H2° of 1.1 kPa (8.26 an 

Eg) at 298 K, any water vapor pressure greater than this value would over­

ride the theraodynaaic constraints f *ir formation of Ba(0B)2*8H20. However, 

the kinetics of this exothemic transformation are unknown. If the gas 

surrounding the particle is water saturated, the excess water of reaction 

(nine molecules of water per molecule of 002 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) + 002(g) * BaC03(e) + 9H20(1), AH - -32 kJ/aoI. (1.10) 

Again, the effluent 002 concentration will be limited by equilibrium con­

siderations only at very low CO2 partial pressures. 

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

change for a system with fluid flow Is a measure of the endo- or exo-

thermiclty 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 inaction (when released as a 

vapor) tend to aaKe the reaction less exothermic. If the surrounding gas 

is water saturated and heat is not removed from the system by vaporization 

of the released waters of hydration, the reaction becomes more exothermic. 

Therefore, for situations in which the feed gas Is rich in 002* t h e 8** 

become saturated rapidly with water. In this case, part of the column 

aay operate under endotheralc conditions [Reaction (1*8)] and another 

section under exothermic conditions [Reaction (1.10)]. 
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Slallar Systems—The Reaction of Ga(0H)2 and LiOH^HjO with OO2 

Presented In Table 1.6 for the purpose of comparison are theraody-

naalc values for the analogous calclua and lithium hydroxide gas-solid 

aysteas. The overall reactions are the following: 

Ca(OH)2(a) + 002(g) * Ca00 3(s) + B^Ofe), *H - -69 kJ/aol; (1.11) 

2LiOB(8)»P20 + 002(g) * U 2003(s) + 3H2<>(g), *H - 4-32 fcJ/aol. (1.12) 

Table 1.6. Thermodynamic properties of the Ca(0B)2 and 
Li0H*H2O gas-solid carbonation reactions at 298.15 K 

*C AH »S, . I - - '002 
Reaction kJ/aol kJ/mol J»aol-l»R-l ~ (Pa) 

(1.11) -63.5 -69.4 -19.6 1.3* 1 0 " 2.4-MT* 

(1.12) -45.1 -32.1 258.7 8.0-10 7 3.8*10"* 

The reaction of Ca(0H)2 with <X>2» It has been reported that when 

Ca(0H) 2 reacts with CO2, a protective Ca003 coating Is foraed about the 

Ca(0B)2 particles 1 Rich creates severe dlffuslonal resistances and causes 

the reaction to essentially cease. 3 5 In our studies, this observation was 

verified. Inproved solid reactivity ban been noted when teaperature 

i-taps are used to crack the surrounding CSCO3 coating, 3 6 the teaperature 

is raised to 400*C, or the relative bualdlty Is Increased to >90Z.5 

Reactant conversions are still Halted. When Ca(0B)2 la Incorporated 

with NaOH (soda lias), an acceptable OOg-reaoval process is possible. 

However, the efficiency of the process is closely coupled to the amount 

of excess water.29-32 A typical composition for blgh-aolature soda 11a* 
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is 4.5 wt Z aaOB, 17.5 vt Z Vtf>, and 78 wt Z Ca(OB) 2* It h u been specu­

lated that the reaction proceeds via the following mechanism: 

CO2 + H2O * BOO3" + H+ 

Ca(0B)2 + HOO3"" • Ca003 + 0B~ (1-13) 

2HaOH + BCO3- * aa2G03 + OH" 

OB" + H+ * HjO 

The extent of carbonate-hydroxyl Interchange between •a2 G 03 **& Ca(0B)2 

is not known. 

The Ca(0B)2 reactant has shown excellent OO2 scrubbing capabilities 

when present In aqueous solutions. Because of the low solubilities of 

Ca(0H)2 (pH, 12.5) and CaC03 at aablent conditions, the solution Is often 

in slurry form with an accompanying solution-dissolution aechanlsa. The 

reaction is ionic 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 carbonatlon reaction 

is 

CO2 + 20B" • CO3 2" + H2O. (1-M) 

This reaction In aqueous solution Is usually broken into two steps, the 

formation of the bicarbonate Ion and the formation of the carbonate 

ion.*9 The first step may be accomplished by one of two mechanisms: 

C0 2 + OH" • BCO3" (1-W) 

CO2 + H2O • HC03" + H+ (1-16) 

The rate constant for reaction (1.15) is giveu by 
2895 

l o « *0H" " 1 3 ' 6 3 5 " ~ » < l' l 7> 
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where T is the temperature in degrees Kelvin. At 20"C and infinite 

dilution, BOB- IS equal to 6000 L/mol-OBT-s. Reaction (1.16) is first 

order, with a rate constant of approximately 0.02 s" 1 at 20*C. There­

fore, if the solution has a hydroxyl ion concentration In excess of 

10" 4 nol/L ion (pfl >10), reaction (1.15) will be controlling. As the 

hydroxyl ion concentration is decreased, the contribution from reaction 

(1.16) will increase and finally become controlling. Also, reaction 

(1.16) can be catalyzed by certain anions. The formation of the car­

bonate ion say be represented by the following equation: 

HCO3- + OH- • C0 32- + H 2 o . ( l a 8 ) 

Since this reaction is ionic in nature, in alkaline solutions it is 

assumed to be instantaneous. Therefore, in alkaline solutions, reaction 

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

The reaction of LiOH with 002* Lithium hydroxide is a widely 

accepted solid reactant for OO2 removal. 2 4 - 2 6 At near ambient tempera­

tures, anhydrous L10H is uareactive toward 002* However, when the water 

vapor pressure is raised and the monohydrate (LlOH'n^O) becomes stable, 

the reaction is quite rapid. It has been reported that care must be 

taken to avoid the formation of a saturated L10H 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 Li0H»H20 and the vapor pressure of a saturated L10H 
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eolation. The contribution of the neter reaction* product anat be 

Included in the total water vapor preaanre aa three aoleculea of H2P are 

releaaed per aolecule of OO2 ***ct«d» Ihua by having the aater vapor 

preaavre data available for aaturated L10H aolutlona and LiOB-H^O 

dissociation, one nay predict acceptable operating condltlona for a given 

OO2 concentration, ayetea pressure, and teaperature. Inherent in the 

preceding logic la the assumption that certain phyelcal changee such as 

neltlng, sintering, etc., do not occur. 
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CHAPTER 2 

EXPERIMENTAL EQUIPMENT, INSTRFlENiATION, AND COMPUTER SUPPORT 

Microbalance System 

To aid in the development of a model for the fixed-bed macrosystea, 

an understanding or at least an awareness of phenomena that occur at 

the microscale is required. Therefore, with the guidance of E. L. 

Fuller, Research Scientist at the Union Carbide Y-12 Plant, a microbal-

ance analytical system was designed, constructed, and successfully 

operated. This systea is particularly well suited for experimental stu­

dies in which mass, pressure, and teaperature are key parameters. Such 

situations often occur during thermodynamic, kinetic, and surface studies 

on reacting solids.50-54 ^ schematic and a photograph of the experimen­

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 sensitive to 0.1 ug and has an upper capa­

city of 2.5 g. The alerobalance 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 in quartz or glass pans that were suspended from the 

ends of the microbalance beam by 25-ya-dlaa tungsten wire (Figure 2.3)* 

System call' ra>- on was performed at a system pressure of <10~* Pa 

«1G~ D torr) to avoid buoyancy effects (Appendix F). The output from Che 

alerobalance was monitored with a Kelthly Model 177 digital aultloeter 

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 eomereial BaCOH '̂Sl̂ O flakes 
suspended In the sample hang-down tube. 
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recorder. Baseline nois* and drift were problems during the initial 

calibration of the system. However, the severity of r'.tese 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 quarts 

hangdown tubes; and (4) applying a small time-dependent linear correction 

factor. The accuracy of the overall microbalance system was determined 

to be ±?.ig* 

Pressure within the system is controlled by one of two pressure sen­

sors and a pressute control valve. Since both pressure sensors measure 

differential pressure, an absolute pressure readlag is obtained by con­

necting the reference side to a 10"** Pa vacuum. A Datametric Model Type 

1018 electronic manometer equipped with a Model Type 1045 offset adapter 

or null pot was used for monitoring pressures in this study. Accuracy of 

the Instrument is 0.07Z 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 system is also 

equipped with a MKS Baratron electronic manometer that Is capable of 

operating over pressure ranges of 0 to 1.33 kPa (0.01 torr) up to 0 to 

4.0 kPa (30 torr). For digital output, accuracy Is 0.02Z of the full 

range plus 0.15% of the dial reading taken from the null pot. Both sen­

sors are of the capacitance type and are thermostated to avoid drift from 

fluctuations in the ambient temperature. During operation, the desired 

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

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— 

vodrlven valve. 

Temperature control la possible over the continuous range of -35 to 

HOO'C. Ethylene glycol-water or water baths In vacuus Dewars flasks any 

be used at the lower temperatures. Refrigeration Is supplied by a Poly-

sclence Model KR50 refrigeration unit, and heating Is by a regulated 

themoetated Halllkainen Instruments Thermotrol equipped with an immer-

slon heater. An electric stirrer la situated In the bath to ensure 

teaperature uniforalty. For operation at higher teaperatures, a Marshall 

furnace Is used. Previous studies by Fuller have Indicated this furnace 

to exurt a negligible aagnetlc Inductance force on the tungsten hangdown 

wire and saaple. This force, If appreciable, would result In erroneous 

•icrobalance readings. Control for furnace teaperatures over the ambient 

to 300*C range is provided by a Barber Coleman Series 527Z teaperature 

controller. Teaperature control over the 200 to HOO'C range Is provided 

by a Varlan Model 901-2060 teaperature controller. Systea teaperature is 

monitored with a calibrated Omega Trendlcator teaperature Indicator con­

nected to a Type K thermocouple. Liquid nitrogen and dry ice baths may 

be used for isotherm studies at -196*C and -78.5*C, respectively. 

Vacuum 1» provided In the system by either a standard rotary oil 

vacuum pump capable of evacuating the system to <1.33 Pa « 1 0 urn Hg) or a 

Varlan Model H2S diffusion pump, equipped with a Model 0325 Cryo-baffle 

liquid nitrogen trap, connected to a roughing pump (standard rotary oil 

pump). The system has a maximum pumping spaed of 22.7 kPa L/s. Using 

the trap am a baffle to prevent backstreaming, an adequate vacuum of 

10"* Pa «10**6 torr) was possible. Vacuum pressures within the system 
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ace monitored via an Independent Heatings W-© ssage, and two 

Granville-Phillips Ttttiao-Geugss and one Beyard-Alpert Inert setton snmge 

connected to a Graavllle-fhilllps Series 260 fante coc&roller. In Can 

event of rapid system proasurlsatioa, en alam algnal from tike gangs 

controller actuates a relay that la tarn soot* off tint dlffaslon samp, 

thus avoiding system contamination by the polyphanylothet poap oi l . 

as indicated In Figure 2.1, the vacuum system ams coastracted of 

stainless steel tubing, having diameters of 1 1/2, 3/4, 3/8, sad 1/4 la. 

Stainless steel was chosen In l ieu of copper as the material of coestrec-

tlon because of Its greater Inertness and rapid ontgasslng properties.** 

Joints within die system ware constructed with coaaerdally available 

Varlan Conflat flanges and copper gaskets, Cajrnn fittings sad gaskets, or 

they were welded or silver soldered. With the exception of one vacaaa 

valve, al l valves ware constructed of staiales* steel, aoael, or inconal 

with aetal bellows seals. The 3/4-ir. valves ware Varies Model 951-5014, 

bakeable to 400*C. The 3/8-ln. valves were either Hoke Model 4611141! or 

Model 4628H4M, hakeable to 180'C. The 1/4-in. valves ware aupro Model 

4H-TSW, bakeeble to 485*C, and the 1 1/2-in. valve was s varlsa Model 

951-5092 valve with a stainless steel body and a polyiiide bellows. This 

valve is capable of a 300*C bakeoat temperature. The pressors control 

valve, upon minor disassembly of key electrical components, say be sub­

jected to temperatures as great as 450*C. Thus la the event of system 

contamination, much of the system may be tbecaslly ootgasssd. A dcse-up 

photograph of this portion of the system is presented la Figure 2.4. A 

unique aapect of the microbslance system is the high vacuum nlcrobslaacs 

enclosure chown in Figure 2.5. The stsndard vacuum enclosure supplied by 
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ORNL-PHOTO 8161-81 

Figure 2.4. Close-up photograph of gas transfer and pressure control 
portion of the alcrobalance systea. 
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Cahn Is constructed of glass, and access to the balance for adjustment 01 

repairs is difficult. The enclosure, designed for this study, is 

constructed of stainless steel that has been electropollshed to alniad.ce 

outgasslng. Access to the balance is made possible by a 3/4-in. safety 

glass plate that nay be reavoved for repairs and adjustments. A seal be­

tween the glass plate and flange is provided by a 1/4-in. oeoprene O-ring 

situated in a machined groove* When under vacuum, a force of 3.36 kM 

(750 lb) Is exerted by atmospheric pressure on the O-ring surface* thus 

providing an excellent seal* Standard tie-downs enable the system to be 

operated at a slightly positive 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 temperature 

of the laboratory be uniform so as to avoid possible strains in the 

system due to thermal expansion and to minimize Instrument drift. The 

microbalance analytical system was firmly attached to a rigid metal rack 

i-hat v,«ic bolted to the floor. Building 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 

(10~6 torr), the damping out of these oscillations by the dilute gas pre­

sent in the system was extremely 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 

circuits that were used. As previously mentioned, an AC line conditioner 

http://alniad.ce
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was used to supply electrical power to crucial instrumentation. Static 

electricity was a problem, particularly during the dry winter months. 

This problea was reduced by the routine use of an antistatic solution on 

glass and quartz surfaces. 

Fixed Bed Experimental System 

Studies have indicated that die sost likely mode of gas-solid contact 

Is a fixed bed. A schematic of the fixed-bed experimental equipment for 

this study is presented In Figure 2.6. Two identical systems were con­

structed, and the equipment nay be used for either differential-bed or 

extended-length fixed-bed studies. The feed gas, dry air containing ~330 

pp*V CX>2, is metered through calibrated rotometers and to a humidifier. 

The extent of humldiflcatlon Is controlled by the temperature and pres­

sure of the humidifier. Operation of the humidifier at subamblent tem­

peratures is possible with a refrigeration system. Tbe gas is then 

passed through a preheater and to the reactor. Because of the endotber-

mic nature of the reaction, 364 kJ/mol (X>2, the reactor Is Jacketed with 

a Glascol heating mantle to Insure near-Isothermal operating conditions. 

Calibrated thermocouples are inserted at the top and bottom of the reac­

tor and are monitored on an Onega Trendlcator digital temperature indica­

tor. Temperature control to the electric heaters in the humidifier and 

preheater and to the heating mantle Is provided by Barber-Coleman Series 

527 temperature controllers. At the base of the 10.2-cm (4-in.)-ID glass 

reactor, the gas is dispersed by pall rings before passing through the 

fixed bed. The fixed bed Is supported by 100 mesh wire screen. The 

minimal bed depth for differential reactor studies is 6 mm (l/4-in.)» 
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The cessna length for the extended-length fixed-bed studies is 51 cs 

(20 in*). Five centlaeter* of glass or ceranic beds are placed oa top of 

the resctant to ensure packed-feed flow continuity (ainlalxe end effects) 

and to minimise bed expansion in the upper section. For these studies, a 

calibrated Foxboro Model E130H differential pressure cell sas used to 

nonitor die pressure drop across the coluun. The gauge pressure at the 

top of the colon sas also detetnlned by referencing the low-pressure-

side to ataospherlc pressure. An absolute pressure value una Chen 

obtained by a knowledge of the baronetic pressure. Generally, the 

pressure at the top of the colnan was Maintained at ~105 kPa (0.6 psig). 

A snail portion of the effluent gas is filtered and fed to a Metal 

Bellows Corp. setul bellows punp for pressurizatlon to 145 kPa (7 psig). 

Following pressurlsatloa, the gas flows through two knockout vessels for 

water removal and then to the Ct>2 analytical systea. A second off-gas 

streea is routed to the water vapor analysis systea. 

The 002 analytical systea consists of two flowthrough Hllks-Foxboro 

Mlran 1A infrared analysers (IE) that are located in a glove box. 

Because the window to the flow cell and II light source in the analyser 

are separated by the surrounding gas, It was necessary to place the ana­

lyzers in a controlled environ—nt because of fluctuations in the aablent 

OO2 concentration end hence, the drifting of the baseline. The glove box 

is continuously purged with argon. The infrared spectrometer wavelength 

le set st <.*-> ua and the psthlength is set at 20.25 a. The cell pres­

sure is aalntalned at 136 kPa (5 psig), end the cell 1* jacketed and 

aalntalned at 50*C to avoid water condensation within the cell. A saaple 

gaa flow rate of 1 L/aln to tbe 5.6-L cell ensures rapid lnstruaent 
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response. The instrument was calibrated over the concentration range 

100 ppby to 330 ppSy CO2* oslng calibration gases obtained from the Bureau 

of Mines Hellua Operations Plant In Amarlllo, Texas, and from commercial 

vendors. Calibration curves are presented In appendix N. The calibra­

tion gases obtained frost 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 basis. The voltage output frosi the IR is 

aonltored on a Kelthly Model 177 digital multimeter and is recorded on a 

Linear Instruments strip chart recorder. No interference froa high rater 

concentration was observed at extremely low OO2 concentrations. 

A saall portion of the total effluent gas is routed to the H2O ana­

lytical system that consists of a EG&G Model 660 dewpoint hygrometer and 

ancillary equipment. This Instrument directly determines the temperature 

at which 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 Is a function of temperature and pressure, a precise 

knowledge of the sensor pressure Is required. These measurements are 

obtained with a Kagnahelix 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 reconblnlng an O2-H2 **• aixture 

under reducing conditions over an Air Products and Chemicals Houdry Nlxox 

HSC-205 catalyst maintained at 200*C. For a gas containing 0.544% O2 and 
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excess H2, a resulting devpolnt 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(0H>2 hydrate/BaC03 samples were 

performed on a Brlnkmann 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 BaCC<3 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 BaC03. A typical titration consisted of placing 

1.24 g of solid in 40 mL of distilled H 20. The titration required 20 mL 

of 1.0 N HC1 and was conducted under a nitrogen cover gas. The titra­

tion rate was 0.1 mL/min of titrate for a total titration time of 200 mln. 

Using the single-point BET adsorption theory, the surface area of the 

BaC03 product was routinely determined with a Quantachrome Honosorb. 

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 15% 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 

(i.e., thermoconductlvlty) in the purge gas. However, this procedure was 
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not applicable to Ba(OH)2,8H2° 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 11 compu^e^ 

Software for the former case was the Statistical Analysis System (SAS) 

Library, Version 79.5, which was developed by the SAS Institute, Balelgh, 

North Carolina.^^ Software for the Apple computer was a program and 

plotting routine entitled "Curve Fitter," which was developed by Paul K. 

Warme, Interactive Microware, Inc., State College, Pa.^ 7 A second 

program by Warme. "Scientific Plotter," was used for the overlaying and 

plotting of data. ° 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-rretottion of experimental data is often a tedious and dif­

ficult endeavor. ?OT many cases, it may be likened to the fannus tale of 

five blind men burdened with the task of describing an elephant, each 

^eing placed in contact wirh a unique, but different part. True, the 

whole is equal to the SUIT, 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 available 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 substoichiometrie in water. 

Discussions with the vendor indicated that the flake 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(0H)2 are likely. Where the 

hydration stoichiometry is important, it will oe reported in parenthesis, 

such as commercial Ba(0H)2'8H20 (7.1 H2O). The term "Ba(OH)2*8H2<r will 

be used to designate the stable Ba(0H>2 crystalline species with 8 waters 

dishydration. 
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Ba(GH)2 Hydrate Reacta-.it Characterization 

Studies were conducted on analytical-grade Ba(OH)2*8H20 and coaner-

cially designated Ba(CH)2#lH20, Be(0H)2'5K20, and Ba(CH)2#8H20. 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 

presented In Table 3.1. For reasons to be discussed In a later section, 

the bulk cf the experimental work was conducted on flakes of commercial 

Ba(0H)2*8H20. 

Titrlometrlc analysis cf flakes of commercial Ba(OH)2*8H2<) Indicated 

them to be substoichiometric In water. As Indicated In Table 3.2, the 

acvjlysls of samples from two separate drums, but of the same batch 

number, Indicated little variation In the reactant stolchlometry. Hydra­

tion stoichiometrics 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 BaCOH^'S^O. Therefore, with 

considerable confidence, the bulk of the deviation about the mean that 

was observed for the two drums of commercial Ba(0H)2*8H20 may be 

attributed to the analytical technique and not to the sample position in 

the drum or t'.ie drum number. Analyses peiTunned on subsequent shipments 

indicated that the stoichiometry varied between batches. Vendor specifi­

cations for the commercial Ba(OH) 2*8^0 indicate that the recctant com­

position falls between Ba(0H)2*7.0H2O and ba(0H>2#7.9H20. The product 

sheet specifications are present;d in Appendix E. In no shipment was 

there appreciable Ba(X>3. It is interesting to note that Michaud reported 

a Ba(0H)2*3H2O-*a(OH)2 8H2O eutectic to exist during solubility studies 

http://Reacta-.it
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3o(OH) • 1HftO 

Figure 3.1. Photograph of potential Ba(OH>2 Myrata raactanta for 
CO2 removal. 
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Table 3.1. X-ray diffraction analyses of Be(0H)2 hydrate saaples 

Saaple 

Observed 
line 

intensities 

Ba(OH)2'H20 Ba(0H)2*H20 - strongest 

Ba(OH)2'3H20 

Ba(0H)2*5H20 Ba(0H)2«H2° ~" 
•3H20 

•8H20 

- saae intensity 

Ba(oa>2*8H20 — eomneroial 
(Hydration stolchloaetry of 
7.0 and 7.5) 

Ba(0H)2«8H2O 

Ba(0H)2*8H20 - analytical Ba(0H>2*8H2O 

Table 3.2. Reactant analyses of two druas of ooimercial Ba(OH)2*8H20 
obtained froa the saae batch miaber 

Drum 
No. Average composition Standard deviation 

»uaber of 
saaples 

1 

2 

Ba(0H)2*7.54H20 

Ba(0H)2*7.47H20 

0.0966 

0.0830 

12 

20 
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on the Ba(0H>2 hydrate-water system (Appendix B).**»*2 the etolchlonetrlc 

composition of the eotectlc corresponds to Ba(0H)2*7.19H2°» and consists 

of 16 mol Z Ba(0H)2*3H20* Therefore, for a hydration stolchlometry of 

7.5, the reactant would consist of 61 mol Z eutectlc and 39 mol Z 

Ba(OH)2*8H2C. The total amount of Ba(OB)2»3B2<> mould then be 10 mol Z. 

It Is also Interesting to note that x-ray diffraction analysis of cammr-

eial Ba(0H)2"8H2<> samples failed to confirm the presence of Be(0H)2*3H20* 

although It was present In sufficient concentrations to be detected under 

normal conditions with the available Instrumentation (>5Z). The author 

speculates that the Be(0H)2*3H20 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. 
59,60 

Discussions with the vendor have Indicated that the flakes are pre­

pared yy distributing a hot magna of Ba(0H)2 hydrate (~1.0 am thick) on a 

conveyer belt that is cooled on the underside by a water bath.61 As 

shown In Figure 3.2, the two sides of the resultant flake are quite dif­

ferent — the side next to the belt Is very 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 samples of ooimeroial Ba(0H)2 #8H 20 

flakes obtained from two different batch numbers, hydration stoichiometrics 

of 7.0 and 7.5. Results indicated flake porosities of 11.8 and 13.3%, re­

spectively, and flake densities upon mercury penetration of 2.18 g/ca3. 

This density value is also the reference density of Ba(OH)2*8H20.z2 
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ORNL-PHOTO 4450-83 

Figure 3.2. Top and bottom views of a commercial Ba(0H)2*8H20 flake 
(Original photograph: 7.3 by 9.5 cm; magnification, 12.8X). 
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ORNL-PHOTO 4451-83 

Figure 3.3. Top and bottom scanning electron micrograph (SEM) of 
ecmmrdal Ba(0H)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^H^O^O-ol^O 

eutectlc (overall stolchioaetry of 7.19 H2O), the author speculates that 

(1) the density Is similar to that of Ba(OH)2'8H2<>, and (2) very little 

internal or locked-up voidage exists that is unavailable to aercurcy 

penetration. Similar flake density values were obtained, p - 2.16 

g/cm , from the volumetric displacement of acetone, a liquid in which 

Ba(0H)2*8H2O is insoluble. The acetone displaceaent studies and overall 

bulk density studies Indicated a bed porosity of ~48Z. Therefore, a 

representative fixed bed would consist of ~52 vol Z Ba(0H>2 hydrate, 

~45.5 vol Z Interparticle voids, and ~6.5 vol Z intrapartlc. e voids. 

Although the flaked form of Ba(OH)2*8H20 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 ccmneroial Ba(OH)«8H20 
flakes obtained from two different batch numbers 

Particle size Height Z 
Mesh am 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 
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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(0H)2*8H20. However, upon conversion to Ba(X>3, these geometries were 

extremely instable. Furthermore, from a mass transfer perspective, the 

flake geometry does offer some unique advantages with respect to pprM"g 

density, particle thickness or diameter, and total particle surface area. 

For systems in which reactant conversion may be represented by a 

shrinklng-core-type model, the area available for mass transfer for a 

flake of uniform thickness is a weak function of conversion. This factor 

is particularly important when significant mass transfer resistance is 

associated with either diffusion through the product 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 iwes-

tigation8. These studies are generally conducted by measuring the sorp­

tion properties of a solid (sorbenc) as a function of the partial pressure 

of the sorbing gas or vapor (sorbace) 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 used as sorbates; the 
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choice of the sorbate is often dependent 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. 50-54,62-66 
For the determination of surface area, initial information concerning the 
cross section or area covered by a sorbing molecule and the number of mol­
ecules at monolayer 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 method was later replaced 
by the classical Brunauer, Eeaett, and Teller (BET) adsorption method 
published in 1938. This method 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 -P)V V c V c P * K ' 
o m m o 

where 
P » adsorbate vapor pressure, 

P 0 - adsorbate saturation vapor 
pressure, 

V - volume of gas sorbed, 
V B " volume of gas for monolayer formation, 
c * constant. 
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For nitrogen adsorption at liquid nitrogen temperatures, the range of 

validity of the BET equation Is usually 0.05 < P/P 0 < 0.35, where P is 

the adsorbate vapor pressure and P 0 is the adsorbate vapor pressure at 

saturation. The range of validity is affected by the assumptions impli­

cated in the developaent of Equation (3.1) (see Appendix 6). The adsorp­

tion isothera range aust Include the point of monolayer formation. 

Factors Indicating a more Halted range of validity are a negative value 

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

P 
(P 0-P)V ** p / p ° * ( 3 , 2 ) 

The range of application may also be reduced by the presence of micro­

pores (diameter <2 nm), whose existence nay be confirmed by obtaining an 

adsorption Isothera with a larger dlaaeter adsorbate; or the existence of 

strong chemical bonding between the sorbate and sorbent, chealsorption. 

The 8orbed volume terms, V and VH» nay be converted to mass terms, T ana 

r^, 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 thermodynamic 

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

isothera is u8ed.5°~54,62—65 However, i t s application has not been as 

universal. The derivation i s presented in Appendix 6, and the resulting 

working equation Is 

T - 2.0[r,(P/P - 0.6065) - r.(P/P - 0.3678)1 (3.3) 
a * i. o l o 



Table 3.4. Cross-sectional area of adsorbed molecules 

Adsorbate Bath 

Bath 
temperature 

(K) 

Saturation vapor 
pressure 

(torr) (Pa) 

Cross-sectional area factors 
—mrrroia! ; rnw 
(m 2/molecule) (a 2/g) (m 2/ a3) 

N2 Liq. nitrogen 77.4 760.0 l.Ol'lO* 0.162 

A Llq. nitrogen 77.4 193.7 2.58«10* 0.138 

A Llq. oxygen 90.19 1000.4 1.33*10 5 0.138 

Kr Llq. nitrogen 77.4 1.95 2.66*10 2 0.202 

Kr Llq. oxygen 90.19 17.02 2.27»103 0.214 

0 2 Llq. oxygen 90.19 760.0 i.01»10 5 0.14 

Xe Llq. oxygen 90.19 0.0686 8.00 0.232 

H20 Ice/water 273.2 4.579 6.11-103 0.125 

(X>2 002/acetone 195 792.7 1.06«105 0.21 

Benzene Ice/water 273.2 31.3 4.17»10 3 0.43 

n-butane Ice/water 273.2 770 i.03»105 0.444 

3480 4.35 

3970 3.71 

3970 3.71 

1450 5.43 

1540 5.75 

2630 3.76 

1090 6.39 

4180 3.36 

2870 5.64 

3320 11.55 

4610 11.93 

g 

Source: E. Robens and G. Walter, "Determination of Specific Surface Area and Porosity of Solids,' 
p. 678 In AndLytioal Methods (CB)t Academic Press, New York, 1974. 
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where 

r - amount sorted at P/P0, 

r B - aaount sorted on Monolayer. 

As previously cited, aany different adsorbates have been used for 

sorption isotherm studies (Table 3.4). Historically, nitrogen adsorp­

tion at liquid nitrogen teaperatures has been the preferred method. 

However, in an extensive study by Rouquerol,62 argon was determined to be 

a sore ideal absorbate than nitrogen (N2) because of the following: 

1. a greater range of validity for application of the BET equation 

(i.e., more consistent with assumptions In the derivation of the 

BET equation), 

2. reduced cheaisorptlon, 

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(nm), (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 

diameters may be measured via adsorption studies with molecules of dif­

fering sizes. Hesopores 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 desorptlon. Macropores are visible under an 
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Table 3.5* Pore classification 
Relative pressure range 

Pore width* d for adsorption 
Pore type £n«J (?/?Q) 

Macropore >50 >0.95 
Mesopore 2-50 0.35-0.95 
Micropore <2 <0.35 

Source: E. Robens and G. Halter, "Determination of Specific Surface 
Area and Porosity of Solids," AnaLtyicdl Methods KB), Academic Press, 
New York, 1974. 

optical microscope and determine the bulk density of the solid. As the 
pore size Increases, the use of adsorptlon-desorption data and the Kelvin 
equation becomes progressively more difficult. For pore diameters >50 
na, the technique of mercury penetration is the standard method of pore 
size characterization.*>5 

Specific studies were conducted to determine and deve'.op an awareness 
of the surface characteristics of coirmereial Ba(OH)2#8H20, Ba(OH)2*8H20, 
BaCC>3, and partially converted samples of BaCOH^'SR^O. 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)2*8H20 and 

Ba(OH)2*8^20. Using the microbalance analyt ical system described i n a 

preceding sect ion , nitrogen adsorption isotherms were obtained on commer­

cial Ba(0H)2*8H20 f lakes, commercial f lakes dehydrated to ~Ba(OH)2*6.4H20( 

.and commercial f lakes hydrated at low and high humidities to 

Ba(0H)2*8H2O. Typical sample s i zes 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 

was not poss ible . In fact for Ba(OH)2*8020 at room temperature, the 

dissociat ion vapor pressure corresponds to a re lat ive humidity that would 

result in ~1.65 layers of sorbed water on the sol id surface."* Because 

of the v o l a t i l i t y of the sample, a reproducible method for changing 

the temperature and pressure of the sample environment 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 san»ple 

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 l iquid nitrogen bath and sub­

sequent evacuation to a pressure of 10""* Pa (10~^ torr ) . Typically, the 

sample weight would decrease by ~0.4% (~0.6 mg for 150-mg sample). Upon 

conclusion of the isotherm analys is , the stoichiometry was determined by 

sample decomposition to Ba(0H>2 and a subsequent mass balance. 

Nitrogen adsorption studies were conducted on Ba(0H)2*8H20 prepared 

from commercial Ba(OH)2"8H20(~7.0H20) which was hydrated at a relat ive 

humidity <60% and commercial Ba(OH)2#8H20(~7.0H20), Before buoyancy 

corrections, the isotherms displayed negl ig ible 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 aeusity for Ba(OH)2*8H2° at liquid nitrogen temperatures (77 K) 

was considerably less than that expected based upon literature values. 

Using a weighted average based upon the crystal densities of Ba(0H)*H20 

and Ba(Oh)2*8H20, a corrected density was calculated for the commercial 

Ba(OH)2*8H20 (-7.0 H2O). Ideally, a densitj value for Ba(0H>2*3H20 or 

the Ba(OH)2»3H20 — Ba(0H)2»8H20 eutectic (H 20 stoichiometry 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 12% less than the snticipated values based ui.on crystal den­

sities at room temperature. Because the transition of the sample from 

Table 3.6. Ba(0H)2*8H20 and commercial Ba(0H)2'8H2O densities 

Observed Predicted % of 
density at 77 K density prediction 

Ba(OH)2'8H20 1.90 2.18 87.2 

Commercial Ba(OH)2«8H20 2.12 2.39 88.7 
(7.0 H 20) 

room tenperatur. 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

sity. 22 The author feels that one may view the Ba(0H)2*8H20 solid as a 

semirigid water solution containing approximately 11 mol X Ba(OH)?. 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(0H)2 and 

i t s lower hydrates, the condensation 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 i s associated with the hydration s t e p . 4 0 

Table 3 .7 . Relative strength of the hydration bonds 
in Ba(3H)2 hydrates 

Temperature A H , A S 
Reaction** (K) kJ/mol-l^O J/mol-H 20 K 

Ba(0H)2(s) + H2O(g)-»-Ba(0H)2«H20 293.15 -61.35 -141.8 

Ba(OH)2*H20(s) + 2H20(g)+Ba(OH)2«3H2O 298.15 -62.62 -138.8 

Ba(OH)2'3H20(s) + 5H20(g)>Ba(OH)2»8H20 298.15 -58.23 -157.7 

H 20(g) •• H 20(1) 298.15 -44.02 -117.5 

H 20(1) -»• H 2 ° ( 8 ) 273.15 -6 .12 -22 .4 

thermodynamic values for Ba(0H>2 hydrates were t&ken from B. A. 
Kondakov, P. V. Kovtunenko, and A. A. Bundel, "Equilibria Between Gaseous 
and Condensed Phages in the Barium Oxide - Water-System," Ru88. J. Phyc. 
Chem. 38'1) , 99-102 (1964). 

With respect to the entropy of formation values for Ba(0H)2»3H20, Kon­

dakov questioned the s t a b i l i t y of this spec ies . As discussed ear l i er 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 dens i t ies of ~2.18 g/cra^. However, as shown in Table 3.6, 

the predicted dens i t ies based upon the weighted average of BaCOH^'^O 
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and Ba(0H)2*8H20 are much greater. Therefore, th i s analysis indicates 

the molar volume of Ba(OH)2*3H20 or the Ba(OH)2*3H20 — Ba(0H)2*8H2<> 

eutect ic i s much greater than expected. L i t t l e information e x i s t s con­

cerning Ba(0H>2*3H2O. I t does possess a d i s t inc t x-ray dif fract ion pat­

tern and was routinely prepared in the course of th is study by the 

room-temperature, vacuum dehydration of aonmercial Ba(0H)2*8H2° f lakes . 

The author speculates the greater than anticipated entropy of formation 

for Ba(OH)2*^20 results from the larger than expected molar volume. 

Unlike Ba(OH)2*8H20, no in-depth study of the crystal structure has been 

conducted. It i s unfortunate In the course of th is study that sorption 

isotherms with differing sorbates were not conducted because molecular 

voids may e x i s t within the structure of Ba(OH)2*3H2°* These molecular 

voids would then account for the smaller than anticipated change In 

volume between the experimentally determined density of coirmercial 

Ba(OH)2*8H20 and the same material at l iquid nitrogen temperatures. 

Manohar and Ramaseshan, in determining the crystal structure of 

Ba(OH>2*8H20 via x-ray analys i s , noted considerable mobility of the 0H~ 

ions and considerable hydrogen bonding in the Ba(0H)2*8H20 crystal s truc­

t u r e . 6 7 Therefore, the formation of crys ta l l ine linkages and expansion 

upon exposure to sub-zero temperatures would seem highly plausible . One 

might view Ba(OH)2*8H20 at sub-zero temperatures as a clathrate compound 

with Ba+ and 0H~ occupying voids in the H2O crystal structure.68,69 

Although corrmereial Ba(0H>2*8H2O was determined to possess negl igible 

surface area, room temperature dehydration to a stoichlometry of 6.4 

waters of hydration resulted in considerable curvature of the adsorption 

Isotherm. The Isotherm i s presented in Appendix H along with the BET and 
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sorption potential plots. As the isotherm displayed no hysteresis and 

the upper adsorption pressure (P/P0) was X>.99, few me'sopores (2 nm < d 

< 50 nsi) and aacropores of diameters <150 nm likely exist. Furthermore, 

from the shape of the adsorption isotherm and the extremely weak energy 

of the interaction (E 0) of 3.20 kj/mol obtained from the sorption poten­

tial model, very few micropores (d < 2 nm) appear to exist. For the 

condensation of nitrogen at saturation conditions, the energy of interac­

tion should equal the heat of liquifaction (E L) which is 5.65 kJ/mol. 

Hence the physical system and the postulated model are in slight con­

flict as E 0 > Ex.. From the value of the energy of Interaction and the 

BET "c" value of 21.0, the sorbate-sorbent bond appears to be comparable 

in strength to the sorbent-sorbent bond. The BET and sorption potential 

surface areas correlated quite well, Indicating areas of 0.99 and 1.35 

m 2/g respectively (Table 3.8, Sample 1). 

The information in the preceding paragraph nay be used as a check 

with respect to the sample evacuation procedure for Ba(0H>2 hydrates. 

For a typical weight loss upon sample evacuation of 0.6 mg (~0*4Z of 

sample mass) and assuming a linear relationship between weight loss and 

surface area formation, an increase in BET surface area of only 0.11 mVg 

would be predicted. Because of kinetic limitatIons, the true number 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 i»2, 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. 
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Table 3.8. Nitrogen adsorption isotherm surface area analysis 

Sorption potential 
Surface Energy of 
area Interaction 

Sample Composition 

Surface 
area c 

Value o»z/g> kJ/mol 

1 Ba(0H)2*6.4H20 0.99 21 1.35 3.20 

2 Ba(0H)2*8H2O 0.98 1825 0.95 7.27 

3 BaC03 7.52 180 6.16 9.43 

4 BaC03 8.70 511 6.58 11.40 

5 2.7Z Ba(OH)2*8H20 5.46 123 4.03 11.51 

6 15.4Z Ba(OH)2*8a20 4.44 263 3.56 8.53 

7 50.5Z Ba(OH)2«8H20 1.67 350 0.93 19.95 

8 59.6Z Ba(0H)2»8H20 1.48 -97 0.91 20.77 

9 76.4Z Ba(OH)2*8H20 <0.5 <0.35 

10 87.0Z Ba(0H)2'8H20 <0.5 <0.35 

11-A S2.9Z Ba(OH)2'8H20 <0.5 <0.35 

11-B 97.5Z Ba(OH)2*8H20 <0.5 <0.35 

Studies have Indicated that the hydration of commercial Ba(0H)2*8H20 

may proceed in one of two regimes. For humidities of 60Z or less, little 

or no physical change is observed upon hydration to Ba(OH)2*8H20. The 

actual rates of hydration and dehydration are discussed later in this 

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

are observed to recrystalllze and preferentially curl as shown in Figure 

3.4. Although this curling results in a more active aolld (greater 
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ORNL-PHOTO 1306-83 

Figure 3.4. Top and bottom views of a eomeroial Ba(0H)2*8H2<> flake 
flake subjected to relative .timidity >60Z. (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 BaC03* 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 601 relative humidity and 

greater, sufficient sorted water exists on the surface for rapid 

recrystalllzatlon to take place. This recrystalllzatlon and crystal 

growth proceeds very likely in capillaries or at contact points where 

water 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(0H)2*8H20, 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 L.a(0H)2*8H20 sample hydrated at a humidity in excess 

of ~60Z 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 same surface area (0.98 vs 0.95 m 2/g), the strength of the sorbent-

sorbate interactions are In conflict. 

nitrogen adsorption isotherms — BaCOg* Nitrogen adsorption isotherm 

studies were conducted on a representative BaCC>3 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 10""* Pa until no 
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weight change was observed. Adsorption Isotherms were obtained on two 

samples. Buoyancy corrections were aade assuming a BaC03 density of 4.43 

g/cm , and the isotherms displayed no hysteresis. The Isotherms are pre­

sented in Appendix H. As the maximum value of P/PQ during the adsorption 

experiment was in excess of 0.99, the absence of hysteresis would Indi­

cate few restrictive aesopores (2 at < d < 50 nm) or aacropores of diaae-

ters <150 nm. 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 nm) would be predicted. The energy of Interaction 

is what would be expected for a moderately active surface. Tht BET and 

sorption potential surface areas were found to be reasonably conslstant 

and are presented in Table 3.2, Samples 3 and 4. The surface areas from 

BET theory were 7.57 and 8.73 nr/g, respectively, and those from the 

sorption potential model were 6.16 and 6.58. For each analysis 

technique, differences 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 - aonoeveion 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 002 breakthrough. The 10.2-cm-diam bed was 

then partitioned in the axial (z-dlrectlon) Into 2.54-cm increments for 

i-jbsê uent tltriometric analyses. Because of the presence of 

Ci(OH)2*8H20 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(0H)2'8H2O adsorption studies. 
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Sample weight loss between loading conditions, 101 kPa (760 torr) and 295 
K, and adsorption conditions, 10~* Pa (10~° 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*8H20). To correct for the buoyancy 
effect, "le 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 -* 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*8H20 was determined, and the mass of 
Ba(X>3 was calculated by mass differences. Experimental values obtained 
via this technique and acid-base tltriometry 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 
fhe buoyancy calculations were the 1.90 g/cur for Ba(0H)2*8H2O obtained 
in the preceding section and the literature value of 4.43 g/cm-* for 
BaCO^* 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/nol, Indicates that microporosity may exist in the less 

converted camples. The surface areas obtained via BET and sorption 

potential theories o"e presented in Table 3.8, Samples 5-1 IB. Since the 

relative humidity of the fixed-bed run was <60Z (a value >60Z would 

result in capillary condensation of H2O and subsequent recrystallization 

and increased surface area), the surface area contribution from 

Ba(0H)2*8H20, was assumed 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 in surface area occurred for the more 

highly converted samples or those samples exposed to the greatest 

CO2 concentration. Experimental data, obtained from fixed-bed studies 

Table 3.9. Conversion profile surface areas per gram of BaCC>3 

BET surface BET surface 
area area 

Sample Composition (m2/g-sample) (m^/g-BaC03) 

3 BaO>3 7.57 7.57 

4 BaC03 8.93 8.93 

5 2.66% Ba(0H)2»8H20 5.46 5.61 

6 15.43% Ba(0H)2'8H2O 4.46 5.27 

7 50.45* Ba(0H)2'8H2O 1.67 3.37 

8 59.55% Ba(0H)2'8H2O 1.47 3.63 

9 76.37% Ba(0H)2*8H20 <0.50 <2.12 

and to be discussed later In this chapter, have indicated the specific 

reaction rate of unreacted material to be roughly proportional to 
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CX>2 concentration. Thus, the rapid spec i f i c rates coincide with a 

greater incremental increase in surface area per gram of product. This 

factor and i t s s ignif icance w i l l be addressed In greater d e t a i l In a sub­

sequent section ent i t l ed "Single-Point BET Analyses of BaC03 Products." 

The BET "c" value for Sample 9 reported in Table 3.8 i s s l i g h t l y neg­

at ive because of a negative BET intercept . Typically, th i s Is an indica­

t ion 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 Ins igni f icant . 

Single-point BET analyses of BaCOz products. Single-point BET sur­

face areas were obtained using the Quantachrome Monosorb described in 

Chapter 2. These studies were conducted to determine the e f fec t s of 

fixed-bed parameters such as re lat ive humidity, temperature, gas flow 

rate, e t c . , on the surface area of the BaC03 product. The merits and 

l imitat ions of the s ingle-point BET technique are described in deta i l 

in Appendix G. Basical ly, they require that the "c" term in the 

BET equation be of suff ic ient magnitude to ensure a zero or near-zero 

intercept on the BET plot . Furthermore, the s ingle-point adsorption 

pressure must l i e within the BET regime. Typically, th is value i s 0.05 

< P/P0 < 0.35. However, the regime of appl icabi l i ty i s dependent upon the 

sorbent and sorbate. Multipoint BET studies on BaC03 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 It to be a more ideal adsorbent than 

ni trogen." 2 The argon adsorbent pressure for the s ingle-point method was 

0.60. This value i s outside the normal BET regime, and th is factor was 
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Investigated to determine the va l id i ty of such data. (The gas alxture 

was 15Z argon and the balance helium. At l iquid N2 temperatures, the 

P/PQ value Is 0 .60 . If the adsorbent gas was nitrogen, the corresponding 

P/P 0 value would be 0.15, which Is near the center of the BET reglae. The 

choice of 15Z argon was an oversight of the Invest igator . ) 

Using the nitrogen adsorption data presented In a previous sect ion, 

a comparative study of surface areas using the mult i - and single-point 

BET methods was conducted. For the l a t t e r case , a P/P 0 value of 0.60 was 

chosen. As nay be seen In Table 3 .10, the s ingle-point surface area was 

approximately 80Z of the value obtained from the multipoint analys is . 

Table 3 .10. Comparison of s i n g l e - and multipoint BET surface 
areas using nitrogen as a« adsorbate a 

Multipoint Single-point 
BET surface BET surface *M-SP 
area, XM_MP area. %-SP T „ , _ 

mp. Le Composition ( » 2 / g ) ( » 2 / 8 ) 

1 Ba)OH)2«6.4H20 0.99 0.83 0.834 

2 Ba(OH) 2

#8.0H 20 0.98 0.84 0.856 

3 BaC03 7.52 6.08 0.809 

4 BaC03 8.70 6.97 0.801 

5 2.66Z Ba(0H)2*8H20 5.46 4.19 0.767 

6 15.43Z Ba(OH)2»8H20 4.44 3.36 0.757 

7 50.45% Ba(OH)2'8H20 1.67 1.07 0.638 

8 59.55* Ba(OH)2'8H20 1.48 ' ,02 0.689 

flP/P0"O.6O for single-point method. 
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Using the same bulk sample as used for Samples 3 and 4 in Table 3.8, 

a single-point BET eurface area using argon as an adsorbate was obtained. 

The surface area was 9.24 m 2/g as compared to values of 7.57 and 8.93 m 2/g 

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/?Q - 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 sxze as the surface area increased for BaC03 product 

samples. However at P/PQ • 0.60, only pores of diameter <5 nm would be 

filled. From the mercury porosimetry density function plots In the 

subsequent section, one may observe that In (0.005) - -5.30 is far to the 

left of the experimentally determined maximas. Thus it was concluded 

that the single-point BET surface areas obtained with argon at a P/Po • 

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 BaC03 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 is 

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/PQI 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 whin plotted as a 

function of relative humidity. For this temperature range, the satura­

tion vapor pressure, PQ» 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 hu-nldity. It therefore 

appears that adsorbed water on the surface plays an active role in the 

transport of the Ba 2 +, OH", and 003*" ions; thus affecting the reaction 

and 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 water on the surface wou?d aid in the 

transport of the Ba 2+, OH", tuA 003^" ions to the existing BaC03 crystal­

lites. The reaction process w »uld then take place in a more orderly 

environment. In conclusion, the presence of sorbed water on the solid 

surface appears to take an active role in the overall mechanism. 
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Mercury poroeimetry studies. Previous adsorption studies have indi ­

cated few capi l lar ies of mean diameters <150 nm- Furthermore, density 

measurements presented ear l ier in th i s chapter Indicated very l i t t l e 

intraparticle porosity that was avai lable for penetration. To obtain 

additional Information concerning the surface morphology of commercial 

Ba(0H)2*8H2O and BaCOj product, mercury porosimetry te s t s were performed 

by the Analytical Chemistry Division at Oak. Ridge National Laboratory. 

For data interpretation, the assumption of c ircular pores was made. The 

data, presented in Appendix 1, were analyzed by the author and converted 

to density distribution p lots . The density distribution i s equivalent to 

dV/d[ ln(d p ) ] , where V i s the penetration volume and d p i s the capil lary 

radius. The data for two commercial Ba(OH)2*8H20 samples, stoichiometry 

of 7.0 and 7.5, are presented in Figure 3 .7 . L i t t l e 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 vm 

and ~0.17 pm. Porosities for the two materials were determined to be 

13.26 and 11.34%, respectively. As discussed previously, i t i s specu­

lated that internal voids, which are not accessible to mercury porosime­

try, contribute very l i t t l e to the net voidage. 

Similar studies were conducted on two different BaCC>3 product samples, 

each sample originating from the sajie commercial Ba(0H)2*8H20 batch number. 

Sample COM-35 was determined to have a BET single-point surface area of 

18.3 m 2/g, whereas COM-40 had a surface area of 9.2 mfyg. The data were 

analyzed in a similar manner as the preceding data to determine the den­

s i t y distribution (presented in Figure 3.8; the actual data are given in 

Appendix I ) . For COM-40, a bimodal dlstr ibut .on ex i s t s with a weak. 
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maxima at a diameter of ~3.50 urn and a strong maxima at ~15 urn. For 

COtf-35, which possesses a greater surface area, the single maximum is 

downshifted and corresponds to a diameter of ~8.2 urn. The porosity of 

COtt-40 was 72.05Z, whereas the porosity of COM-35 was 66.49Z- Based upon 

a Pilling-Bedworth ratio of 0.31 (molar volume of product/molar volume Of 

reactant) and an initial flake porosity of 0.12, a final intraparticle 

void volume of 73Z would have been predicted. Thus the results are 

reasonably consistant. Discrepancies could result from capillaries of 

such diameter that they are penetrated at very low mercury pressures. 

Assuming negllglbls contribution to the total surface area from pores 

of <3.5 jim in diameter, the following analysis may be made. For cylin­

drical pores, the surface area per unit volume of pore is 

A - 2nrft 
xr 2i 

(3.4) 

2 

where 

r • pore radius, 

I » pore depth. 

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

COM-40, R, would be the following: 
i 

A 
R COM-35 

COM-40 

R - l 
r 

* I 
COM-35 COM-40 

(3.5) 
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0.665 A 0.15 _ , 6 0 

' 0.082 0.721 " ' 

where e is the intraparticle voidage. The ratio obtained from the 

slngle-polm 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 vith anticipated results. 

As may be seen from the density distribution plots, the voidage con­

tribution of pores with diameters <30 urn (ln(0.03) - 3.5) is very small. 

For a pore diameter of 30 urn, the Kelvin equation predicts a desorption 

P/Po of 0.993. Hence hysteresis during adsorptlon-desorption studies 

would not be observed with the present experimental system. As a point 

of reference, the desorption P/PQ • 1.0 as the pore diameter becomes pro­

gressively larger. 

Photographs and 8cannir>g electron micrographs of BaCOg product. As 
previously discussed, the relative humidity of the system may greatly 

affect the surface morphology of the reactant, the product, or both. 

When operating at relative humidities in excess of 60%, the comnercial 

Ba(0H)2'8H2O (Figure 3.4) is observed to recrystalllze and curl. Upon 

conversion to CaC03, C n e particle degrades and operational problems 

become more severe. For humidities <60Z, this phenomena Is less apparent 

upon hydration to Ba(OH)2'8H20. The flake form is observed to remain 

essentially Intact, even upoa conversion to Ba(X>3 (Figure 3.9). Scanning 

electron micrographs of the smooth and rough side of Sample COM-40 are 

presented in Figure 3.10. As predicted, considerable porosity Is 

observed. Assuming negligible particle shrinkage, calculations indicate 



ORNL-PHOTO 6941-81A 

Figure 3.9. Photograph of ooimeroial Ba(OH)2'8H20 flakes and BaC<>3 
flake product. The product was obtained at a process relative humidity 
<60Z. (Original photograph: 7.3 by 9.5 cm, magnification, 16.5 and 13X. 
respectively.) 

M 



72 

ORNL-PHOTO 1305-83 

Figure 3.10* Scanning electron micrographs of top and bottoa eur-
faces of BaCC>3 product from COM-40. (Original photograph, 8.9 by 11*4 
cm; magnification, 5000X). 
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the particle should be -73% void. Mercury porosiaetry measurements indi­

cated a voldage of 72.IX for this sample. 

The reactivity of Ba(0H>2 hydrates toward 002- Studies were con­

ducted with the microbalance analytical system to determine the reac­

tivity of Ba(0H)2*H20( Ba(0H)2*3H20, and Ba(0H)2*8H2O toward 00;. 

Ba(0H)2*H20 was prepared by the room temperature, vacuum dehydration of 

eomteroial Ba(0H)2*8H20 to Ba(0H>2 and subsequent quantitative rehydra­

tion at 294.8 K and 266.0 Pa (2 torr) water vapor pressure to Ba(OH)2*H20. 

Ba(0H)2*3H20 was prepared by subjecting a sample of ocmmroicH 

Ba(0H)2*8H20 to a water vapor pressure of 480.0 Pa (3.6 torr) at 294.8 K. 

The validity of this technique will be established further in the next 

section. Finally, Ba(0L<)2*8H2° was prepared by subjecting eamer&ial 

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 50%. Since this value was <60Z 

relative humidity, curling of the flake during rehydration was avoided. 

For the reaction of 002 "1th Ba(0H)2*H2°» Ba(OH)2»3H20, and 

Ba(0H)2'8H20, the respective relative humidities were 10%, 19X, and 50Z. 

The first relative humidity corresponds to the approximate completion of 

the initial monolayer of water, whereas 50% 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 respectiva water vapor pressure to a pressure that was 132.3 Pa (1.0 

torr) greater by the addition of CO2. 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*H20 sample Increased in 

weight upon conversion to Ba(X>3 (MW - 189 > MW - 197), whereas 
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Ba(OH)2*3H20 (MW - 225) and Ba(OH)2-8H20 (MW - 315) lost weight upon con­

version to BaC03* At 5 mol X conversion, the relative rates of reaction 

were compared. The rates for Ba(OH)2*H20 and Ba(OH)2»3H20 were roughly 

equivalent. However, the rate of the OO2—Ba(0H)2*8H20 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)2'8H20 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(0H)2*8H20 vapor pressure, dehydration, and rehydration studies. 

As previously discussed, the presence of Ba(0H)2*8H20 is very important 

for a rapid C0 2 reaction. Therefore, studies were conducted with the 

mlcrobalance system on 150- to 200-mg samples of aonmeveial Ba(0H)2»8H2O 

(7.0 H 20) to determine (1) the validity of published vapor pressure data 

and correlations, and (2) the rates of dehydration of Ba(0H)2#8H2O to 

Ba(CH)2*3H20 and subsequent rehydration. 

Static vapor pressure studies to determine the equilibrium vapor 

pressure of Ba(0H)2*8H2O 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 kinet ics as equi l ibria 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(0H)2*8H20 

flakes to Ba(OH)2*3H20 and the subsequent rehydration to Ba(0H>2*8H20. 

The presence of Ba(0H)2*3H20 was confirmed gravimetrlcally and by x-ray 

d i f fract ion . As shown in Figures 3.11 and 3.12, the dehydration and 

rehydration conversion profi les were a linear function of time for up to 

80Z conversion. Furthermore, as shown Figures 3.13 and 3.14, the rate 

data for both dehydration and rehydration were l inear functions of water 

vapor pressure. Mathematically, i t was found that by assuming a 

shrinking-corc model for a f la t flake and a f i r s t - ' rder k inet lca l ly 

controlled reaction (Appendix M), a suitable model applicable to both de­

hydration and rehydration could be developed. The conversion profile 

from such a shrinking-core model would be represented by 

XB - f , (3 .6) 

where 

XR " fraction c>:i\'erted, 

p b o 
T " 2b 1^ C * 

p - sol id density, 

b 0 • particle thickness, 

b « stoichiometry coef f i c ient , mole­
cules sol id reactant/molecule 
gaseous reactant, 

% - kinetic rate constant, 

C - reactant gas concentration. 
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The derivation of this equation and other shrinklng-core models for kine­

tic, gas film, and diffusion control for flat plate, cylindrical, and 

spherical particle geometries ad the associated assumptions are presented 

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

for* 

i " V - ̂  (PE-H20 " V • <3'7> 

where 

R - gas constant, 

T * absolute temperature, 

^E-fi^O - equilibrium water vapor 
pressure of Ba(Ofl)2*8820, 

*H2° " water vapor pressure in 
system. 

The drlvlcs force for the reaction was assumed to be the difference be­

tween the water vapor pressure and the dissociation vapor pressure. When 

the preceding equation is substituted into Equation (3*6), the following 

couverslon expression is obtained; 

X - piTW <Vn,0 * V » < 3 ' 8 ) 

o 2 z 

- r t , 
where 

l f " fractional conversion per unit time. 

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

(?H 20 * pI-H20)» 
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From a plot of conversion versus tiae, the reaction rate 1' 

determined and is presented in Table 3.11 aa a function of temperature 

and water vapor pressure* The least-square* correlation coefficient at 

SOX conversion Is also presented. Tfc»-. change In correlation coefficients 

between SO and 801 waa saall. However, since the flakes did vary in 

thlckneaa by a factor of ~2, some oonlinearity in the conversion 

equation would be expected, and the 2' values for 50X conversion were 

used. 

Qs'ng the preceding assumptions, the kinetic rate tana and the 

dissociation vapor pressures were determined with Equation (3.8) via 

least-squares analyses (Figures 3.13 and 3.14). The calculated 

equlllbrlua vapor pressure and rate constant, t^, are presented in Table 

3.12, where KQ^ Is defined a* follows: 

2bK 
*' " p W ( P*-H20 " *"20> • < 3' 9> 

" Kov(*E-H20 " P " 2 ° ) ' 
where Ko V - overall rate constant. Also presented in Table 3.12 are 

the literature values for the dissociation vapor pressure at Chase tem­

peratures and the least-squares correlation coefficients for the fitted 

equation. From Table 3.12, the experimental vapor pressure values cor­

relate quite wall with the published values, thus establishing a degree 

of validity to the preceding atsumptions. These assumptlous are (1) 

klneticelly limited dehydration and rehydration reactions that may be 

modeled by a shrinking core within a flat plate, and (2) kinetic rat* 

constants for dehydration and rehydration that are similar ir magnitude* 

The consistency of the data is demonstrated by the fact that with the 

I 
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Table 3.11. The dehydration of eammroial Ba(OH) 2*8^0 
to Ba(OB)2»3H20 and subsequent rehydration 

to fta(Ofl)2*8a20 

Experimental 
conditions 

Hater vapor Fractional Least-squares 
Teaperature pressure conversion per correlation 

(*C) (torr) (kPa) (nln x 10 2) coefficient 

Dehydration 

Dehydration 

Dehydration 

Dehydration 

Dehydration 

Rehydration 

Rehydration 

Rehydration 

Dehydration 

Dehydration 

Dehydration 

Rehydration 

Rehydration 

21.6 3.0 0.40 2.219 

21.6 4.0 0.53 1.401 

21.6 4.25 0.56 1.134 

21.6 4.7 0.63 0.650 

21.6 5.0 0.66 0.268 

21.6 7.25 0.97 0.589 

21.6 9.8 1.31 3.777 

21.6 12.5 1.67 6.269 

31.7 9.4 1.25 1.786 

31.7 9.6 1.28 1.470 

31.7 12.0 1.60 0.761 

31.7 14.5 1.93 0.627 

31.7 17.0 2.27 1.655 

0.9993 

0.9999 

0.9999 

0.9995 

0.9996 

0.9988 

0.9998 

0.9999 

0.9996 

0.9999 

0.9999 

0.9967 

0.9998 
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Table 3.12. Experimental and literature values for the equllibriun 
water vapor pressure of Be(OH)2*8H20 and the~experimental 

rate constant, Ro V 

Equilibrium water vapor 
pressure 

Rate constant, to* (kPa) _____ 
Teaperature [Fraction converted Expert- Lltera- __«.««.«- Correlation 

(K) /(Pa»mln)] mental ture ture coefficient 
294.8 6.59*10"* 0.747 0.839 0.757 0.9956 

304.9 3.32*10~° 1.770 1.845 1.635 0.9916 

Data obtained from B. A. tondakov, P. V. Kovtunenko, and A. A. 
Bundel, "Equilibria Between Gaseous and Condensed Phase* In the Barium 
Oxide-Water System," Ruee. J. Ffcys. Cham. 38(1), 99-102 (1964). 

Data obtained from S. Tamaru and K. Sloml, "Redetermination of 
Thermal Dissociation Equilibria of Inorganic Compounds," V. Z. _ffu/«. 
Cham,, 171k, 229 (1934). 

exception of one data point, all hydration-dehydretion data were used in 

the least-squares analyses. One rehydration data point obtained at 304.9 

K and 2.53 kPa (19-0 torr) was not used because of the proximity of the 

vapor pressure to saturation at system conditions. (Ideally, one would 

desire to enclose the entire mlcrobalance 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 alower-then-expected reactica rate as the equillbrlua 

vapor pressure Is approached. This phenomenon amy result from a change 

in the extent of control of various steps in the overall aechanlsa. 

Bovever, a probl__ exists with the preceding mathematical model. 

Although the calculated vapor pressures correlate with the literature 
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values, the rate constant for die kinetic reaction at 21.6*C is 1.96 

tlaes greater than at 31.7*0. Although not rigorous, the Arrhenios 

equation usually provides an excellent aeans of estiaating the effect of 

teaperature upon the kinetic rate constant'0 «nd takes the following 

fom: 

IK * r^expl-Ej/RTl , (3.10) 

where 

KQ • frequency factor, 

E A - activation energy, 

& - gas constant, 

T - absolute teapertture. 

In the real world, the energy of activation for a rate-liaited reaction 

is usually constrained to be a positive nuaber. Froa the fora of the 

equation for a given activation energy and frequency factor, one would 

expect the rate constant to increase with teaperature (a positive activa­

tion energy) or for very low activation energies, to reaaiu constant and 

to approach an asyatote very rapidly because there are no kinetic 

barriers. The calculated activation energy was -48 kJ/aol-H20, Although 

aatheaatlcally the developed aodel correlates the data quite well, an 

error appears to exist because the aodel dives a negative activation 

energy and thus violates the expected constraints of the real world. 

To develop a aore plausible aodel, we now tint to the physical sys-

tea. Surface area asasureaents reported earlier indicated that sorbed 

surface water takes an active role in the recrystalllzation of the 

BaCO} product. Hence the assumption that sorbed water will play aa 

active role in the dehydration and rehydration aschaulsas would seen 
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appropriate. As aay be observed from die adsorption isotherae In Appen­

dix H, the Increase In the aaoont of eorbate on the solid sorfaca varies 

linearly over the range 0.15 < P/PA < 0.55. Thus the assumption Is nade 

that water sorption nay be aodeled by a linear Isotherm. This assumption 

Is also commonly owed in the aodellng of adsorption studies on. realna, as 

Indicated by 

r - tg ~ , (3.u) 

where 

r - H2O sorbed, (g/g), 

i*E " "2° sorbed, <g/g), at Pg-n^o for Be(OH)2*8H20, 

Kg - equlllbrlua constant, 

P » water vapor pressure, 
p. - saturation water vapor pressure. 

Therefore, based upon the preceding analysis, the following rate equation 

was exaalned: 

*' • M r E " rJ • ( 3 , l 2 ) 

The preceding equation states that the rate of dehydration or rehydra­

tion is proportional to the difference In water sorbed on the solid sur­

face and that present at equlllbrlua with Ba(0H)2#8H20. Values for 

the rate constant Kg based upon combined dehydration and rehydration 

data are presented in Table 3.13. Froa the data presented In Table 3.13, 

one nay conclude that this model comes very close to both modeling the 

systea and to being consistent with the physical constraints imposed upon 

the systea by the real world. Since the .ate constants are nearly equal, 
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Table 3.13. Rate constants as detemined vit Equation (3.12) 
Teaperature Bate constant, KB 

00 (Fractional conversion/win) 
294.8 1.699 • 10~ 2 

304.9 1.588 • 1(T 2 

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

The activation energy for exact fit was calculated to be -6 kJ/aol-ft^O 

added or removed. Considering the assumptions -jade in the model develop­

ment, the f i t i s excellent. The proximity of the activation energy to 

zero Indicates that near-equilibria -msc exist . Hence the author specu­

lates that the actual system consists of two solids, Ba(OH)2*8H20 and 

Ba(OB>2*3H20, and a liquid, H20. The system strives to maintain the 

following equilibrium: 

Ba(0H)2'im20(s) * Ba(0H)2OH20(s) + 5H20(1) (3.13) 

In striving to maintain equilibrium, the absence of sufficient amounts of 
sorbed water to stabilize the crystalline Ba(0H)2*8H20 causes Ba(OU)2'8h2<) 
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 mlcroscale studies. With regard 
to the surface morphology and mlcroscale studies reported In this 
section, tha conclusions may be highlighted la the following manner: 
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1. Methods of preparation of BaCOH^HgO, Ba(OH)2*3H2<>, and 

Ba(OH)2*8&2° w e r e developed, and the presence of said species was con­

firmed. 

2. Commercial Ba(0H)2*8H20 flakes were found to display negligible 

surface area. Hydration to Ba(0H)2*8H20 was observed to proceed In one 

of two regimes. For relative humidities <60Z, the Increase In surface 

area was small and the flake form remained Intact. For relative humidi­

t ies >60Z, the flake recrystalllzed In a manner which resulted In greater 

surface area, but the Increase In activity also resulted la a more fra­

gi le product. 

3. Dehydration of commercial Ba(OH)2*8H20 to Ba(0H)2*3o20 *»"» »«•>-

sequent rehydration to Ba(OB)2*8H20 at relative humidities <60Z was 

modeled by a shrinking-core model. The relative rate was f-und to be 

dependent upon the difference between the water sorbed on the surface for 

a given P/PQ value ( i . e . , relative humidity) and that required on the sur­

face for Ba(0H)2*8H20 to exist In a stable for*. 

4. There was evidence of considerable hydrogen bonding within the 

Ba(OH)2*8H20 crystal. These results paralleled the crystallography 

studies of Monohar and Ramaseshan la which they cited difficulty in 

differentiating the location of the hydroxyl Ions 'rom the waters of 

hydration in the unit c e l l s . 6 7 

5. The vapor pressure -rorrelatlon for Ba(OH)2*8H2«) cited in the pre­

vious section was Indirectly verified at two temperatures. 

6. At low <X>2 vapor pressures, Ba(OH)2*8H20 was observed to be three 

orders of magnitude more reactive toward CX>2 than either Be(OH)2*3H2° o r 

Bs(OH)2'H20. 
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7. For relative hualdltles <60Z, the Increase In surface area with 

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

rate of reaction and was not a linear function of conversion* 

8. The surface area of Ba003 product was determined to be a function 

of relative humidity. In a aanner analogous to the dehydration of com­

mercial Ba(0H)2*8H20 and the rehydration of BaCOH^OH^O, 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/PQ ( i »e . , relative 

humidity). However, i t i s the opinion of the author that the increase 

in surface Hater could not account for the drastic difference in (X>2 

reactivity observed for the various hydrate species. The difference in 

reactivity appears to result from the additional water in the crystal 

structure and the greater mobility of the hydroxyl ions. 

9. Based upon the analysis of nitrogen sorption isotherm data, there 

were no indications of hysteresis. Therefore, if capillary condensation 

should occur, one would speculate i t to result from the wall effects of 

nonclrcular pores (e .g . , V-shaped points of lntersurface contact). 

Fixed-bed lacroscale 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 

differential equation* are nonexistent. The Intent of this section will 

be to review briefly the modeling approach for various fixed-bed systems 
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and Co act as a starting point in the development of a aodel for the 

find-bed process of interest. 
The starting point of most fixed-bed Models is a differencial pass 

balance performed upon Che gas phase. Assuming that Chare is negligible 
radial dispersion and that azicl dispersion can be modeled by a diffusion-
type model, Chs differential sees balance equation cakes Che following 
form: 

6C 6 C 6C s^-D—r+V^-R , (3.14) 
6c 6s 6z 

where 
C - concentration of component of interest, 

t - time, 
z - axial distance, 
e - interpartlcle void fraction, 
D - effective dispersion coefficient, 
V " superficial velocity, 
R - race of reaction/unit volume. 

Upon examining Che preceding equation in a Cerm-by-term manner, e6C/6t 
represents the nonsteady or transient change of concentration with time, 
-D6^C/6z^ accounts for the effects of longitudinal dispersion (i.e., 
deviations from true plug flow of the gas phase), and V6C/6z reflects Che 
effects of net mass flow and the changes in the longitudinal concentration 
profile upon the differential mass balance. The rate of reaction, R, is 
the specific rate at which the component of interest is being generated 
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(a positive value) or reacted (a negative value) id.thin the element of 

differential volume. 

As one might expect, the great diversity of the solutions to fixed-bed 

processes results fmn the xany possible forms of th? rate equation and 

the ways in which it is coup'ed to the capacity of the sorbent or 

reactant. For the case of sorption on resins, an expression often exists 

which relates sorbate concentration to sorbate loading on the sorbent. 

Because of tbis relationship and the widespread interest in separation 

processes based upon the sorption characteristics of various solids, con­

siderable effort has been directed toward determining solutions to the 

mathematic equations of interest. Papers by Schumann, Furnas, tfilke, 

Rosen, and Rasmuaon provide an excellent chronological review of the 

various stages of oodel development for these systems. ""'̂  In the last 

paper, an exact solution of a fixed-bed model for diffusion and transient 

adsorption with longitudinal dispersion is presented. By assuming a 

linear sorption isotherm, Rasmuson's model accounts for the effects of 

both internal (intraparticle) and external (lnterpartlcle) diffusion of 

sorbate and longitudinal dispersion effects when represented by a 

diffusion-type model. 

However, when the amount of reactant sorbed or reacted cannot be 

directly coupled to the solution phase, the following two differential 

equations muat be solved simultaneously: 

£-«£§-••£--' • 
f* - - (MW/p)R , (3.16) 
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T*uere 

X • sole fraction of solid reacted, 

MW • molecular weight of the 
reac:ant, 

p - density of reactant. 

The second differential equation results fro* a mass balance on the solid 

reactant. For a few cases, the rate equations are such that the two dif­

ferential equations nay be coupled and an analytic rotation obtained. 

However, for nost cases, exact solutions are possible only through the use 

of numerical techniques and a coaputer. 

For gas-solid or liquid-solid reactions, the fore of the rate equation 

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 shrlnking-core-

typ". isodel (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 is 

further Increased. A review and derivations of shrlnklng-core models 

for various controlling resistances and particle geometries are preseated 

in Appendix M. For additional information, excellent texts by Levensplel 

or Szekely, Soha, and Evans should be consulted.76*77 

Model formulation. In the preceding section, the controlling partial 

ferentlal equations for fixed-bed processes were presented. This 
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section la directed toward the formulation o* a model for the 

C02-*a(OH)2'8H20 fixed-bed process. Although the fixed-bed data will be 

presented In a subsequent section, knowledge of the trends ill data is 

used in initial aodel formulation. The starting point in the Model de­

velopment Is the gas-phase •ass balance, shown by 

J£ nd£* «*£_ - „ ._. 
cr D--, + V — - R . (3.17) 
fit 6z z 6s 

The extent to which dispersion will affect the removal efficiency of the 

fixed bed nay be estimated, with respect to the preceding equation for a 

g.ven z value within the bed, 6C/6t ~ 0.0, and dispersion effects may be 

neglected if 

-lA«vf. (3.18) 
6z 

As an approximation, experimental data have Indicated that the concentra­

tion profile within the fixed bed may be modeled by 
£ - - exp(-0.5z) , (3.19) 

o 

where s has units of cm. If we were working with uniform, nearly spheri­

cal particles, one could calculate the Reynolds number, dpVp/u, and from 

a correlation, determine the Peclet number, Vdp/D. However, for a fixed-

bed sysfrm of flakes, esclmatlon of a suitable particle diameter Is diffi­

cult. As pointed out by Carberry, the particle diameter is an estimate 

of the mixing length.^ Hence for a fixed bed of flakes, the mixing 

length would likely be oetween the nominal and maximum flake dimensions, 

or 0.1 cm < dp < 1.2 cm for the system of interest. For an airlike 

gas stream at ambient conditions and superficial gas velocities of 8 to 
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21 ca/s, the Reynolds rmaber for adxlng lengths of 0.1 to 1.2 tat ranges 

f ran 5 to i00. Based upon the correlations of wilhea as presented by 

Blschoff *nd Levensplel or the study of Edwards and Richardson,7*»*' the 

Peclet nuaber for these gas velocities would be ~2.0. The corresponding 

effactive dispersion coefficients would then range froa 0.40 to 12.6 ca/s. 

Upon b.bstltutlng the preceding values into Equation (3.18) and rearrang­

ing, one obtains the following: 

0.03 • 0.30 « 1.0 . <3.?0> 

Hnnce this analysis Indicates the dispersion contributions will likely 

be snail and as an Initial approxlaatlon, they are Ignored. For the pre­

ceding conditions, the calculated effective dispersion coefficients weta 

6 to 200 tiaes greater than the corresponding effective aolecular dlf-

fusivlty (eDco2) for 00 2 In air. 

A second area of Interest is the fore of the rate equation in the 

overall aass balance. As discussed in the preceding section, the for* 

of the rate equation will be dependent upon (1) the reeistances associ­

ated with the various aass transfer steps, (2) the external area avail­

able for aass transfer, and (3) the geoaetry and physical properties of 

the solid. As shown In Figures 3.1 and 3.15, the reactant used in this 

study is flakellke In nature and upon reacting with 00z» « ahrinklng-cor* 

phenoaenon Is observed with respect to the product-reactant Interface. 

The actual area available for aasa transfer will be dlscuswad in greater 

detail In a subsequent paragraph. Assualng that the flakes are of a uni­

form thickness and aay be approximated by Inflnlte-plate geometry, the 

aass transfer ar*a can be separated froa the aass transfer rentstance 

terms in the derivation of the overall rate equations. Such Is not the 
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ORNL-PHOTO 4448-83 

Figure 3.15. Cross-sectional view of Ba(OH)2*8H20-BaC03 flake. Note 
the tfharp product-reactant Interface. 
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case for cyl indrical or spherical geoaetry because -the surface area and 

concentration are both functions of the part ic le radios. The ma»« 

transfer resistances result from component transfer through the gas f i lm, 

the product layer, and kinet ic l imitations at the reaction Interface* 

For the reaction of Interest , 

C02(g) + Be«W)2-8H20(s) • BaC0 3 ( 8 ) + 9H 2 0(g), (3 .21) 

i t w i l l be assumed that the controlling component vlll be 002 and that 

the 002 concentration i s neg l ig ib le . Furthermore, experimental resul ts 

have indicated the gas-phr.a water vapoi pressure, hence the driving 

force for the removal of the water vapor product, does not appreciably 

affect t>2 mass transfer properties of the process. 

To determine the relat ive extent of control of the various res i s tan­

ces to mass transfer, they may be compared vie dimensionless numbers. 

The corresponding rate equations and resistances for mass transfer are as 

follows: 

Gas film control l ing 

R - KpAC Kp • gas film mass transfer 
coeff ic ient 

ft (Film Control) - 1/KF 

A - area for mass trausfer 

ft - resistance 

Diffusion controlled through product layer 

D C 0 2

e A C DC02 - 0 0 2 d i f fus iv l ty 
R - jj 

e » product porosity 
bt 

ft (Diffusion control) • - T - tortuosity 
u c o 2

e 

b - thickness of product layer 
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Kinetic controlled by first-order reaction 
R » trAC Ir " kinetic rate constant 

Q(leactlon Control) - — 

From a rigorous standpoint, the equation for reactant diffusion through 
the product layer is not correct. From the reaction stolchlometry, 9 
water aolecu.es are released for each nolecule of OO2 that reacts. 
Hence equlmolal flow does not exist, but rather there is a net mass flow 
outward away from the reaction interface. However, because of the small 
CO2 concentrations used in this study (a aaxlaua value of 330 ppoy), the 
overall rate and the resulting net aass flow will *e extremely small and 
are therefore neglected. 

From the preceding resistance terms, the following dlmensionless num­
bers may be defined.*>6 

0 (Diffusion control) V l . mint n u - w 
Q (Film control) " DT~e " B l o t ""*** 

°°2 

K. Q (Film control) K _ . ., . 
Q {Reaction control)" K^ ' *•**!•* «•*•* 

0 (Diffusion control) _K ,_. , _, , .2 
a (Reaction control) " BITe " < T h i e U « , d u l u » ) 

2 

Experimental studies conducted at 22, 32, and 42*C indicated little 
(If any) change in reaction rates. If the process were kinetlcally 
controlled, a factor of ~2 to 4 Increase in reaction rate would have been 

http://aolecu.es
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predicted. Hence kinetic control does not appear to be a Halting step 

to aass transfer for this process. 

The ratio of aass transfer resistance through the product layer to 

that through the gas flla (In this case, the Blot nuaber), should then 

provide an Indication of the extent of control of each aftcbanlsa. Based 

upon the correlations of (Season and the Interpretation of fixed-bed data 

froa this study In the reglae of negligible product diffuslonal resist­

ance (very low reactant conversion), a gas flla aass transfer coefficient 

of -0.2 * 1.0 ca/s would be predicted.80 The dlffusivlty of 002 in air 

at aablent teaperature and pressure is 0.16 catys,8* The porosity of the 

product is 0.73, and because of the high porosity, the tortuosity Is 

assuaed to be 1.0. For these studies, the average particle thickness for 

the flakes is approximately 0.1 ca. Since we are Interested in a coapar-

ison of &.e average resistances, the specific Blot nuaber will be inte­

grated over the flake half-thickness to deteralne the average Blot 

nuaber. 

0.05 
L (Blot nuaber)db 

Average Blot Nuaber - r0.05 db 
0 

f 0 . 0 5 
J 0 

V T 
co 2 

(0.05 
J 0 db 

Kpbt 

to-,* 
*>2 r 

(3.22) 

- 0.042 • 0.21 
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Hence the oreceding analysis would indicate diffusion through the pro­

duct layer to contribute from 4 to 17Z of the total resistance* There­

fore, this effect is ignored In initial aodel formulation. 

Based upon the preceding analyses, one would predict the differen­

tial gas-phase aass balance to be the following: 

6C ̂  „6C 
fit Sz 

+ V ^ - -EpAC , (3.23) 

with the following boundary conditions: 

£-« 0 t - 0 z > 0 
C o 

~ - 1 t > 0 i - O 
o 

The corresponding solid-phase aass balance differential *"uatlon and 

boundary conditions would be 

fe g - V* , (3.24) 
where 

X - 0 t - 0 z > 0 

However, for the systea of Interest, a aajor problea exists In predicting 

the area available to aass transfer because the flakes are of nonuniform 

thickness or size (Figure 3.9). Unlike spheres for which the contact 

area is extremely small, the contact area between nonhoaogeneous flakes 

aay reduce greatly the area available to aass transfer. Experlaental 

data and correlations for heat and aass transfer with nonspherlcal par­

ticles, in particular for f -kes, are Halted. After a thorough review 

of the literature, the correlations of Gaason (1951) ware deeaed most 
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applicable. Gaason atteapted to account for differences in particle geo-

aetry via use of the total external surface area and a shape factor. 8 2* 8 3 

However, because of the nonuniforalty of the flakes In the present study 

and the difficulty In predicting external surface area, even this 

approach is impractical. Therefore, because of th* complexity of the 

present system, an approximation of the surface area available for mass 

transfer as a function of conversion will be postulated. The postulated 

equation will be of die following font: 

A - Ao(l - X?) . (3.25) 

where 

A « area available for mass transfer, 

AQ - initial area available for nass transfer, 

X - average conversion of flakes, 

n • exponent. 

Precedence for reducing the complexity of a problea via a slaple matheaa-

tical expression Includes the velocity profile approximation by Von 

Kataan In the developaent of boundary layer theory and the parabolic con­

centration profile assuaed by Liav, Wang, GreenVom, and Chao In modeling 

radial dispersion.8**8" Upon substituting Equation (3.25) Into Equations 

(3.23) and (3.24), and dividing by the Initial concentration, 0 o, one 

obtains 

4f + ^ • w i - *•>* (3-26> 
and 
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with the boundary conditions: 

C - C/Co - 0 « > 0 t - 0 , 

C - l « - 0 t > 0 

X - 0 * * 0 t - 0 

Since the preceding aquatlona are nonlinear, an analytical aolutlon la 

not poaalble. However, the equatlone with their respective boundary con­

ditions any be solved nuwerlcelly. To elapllfy the preceding equations, 

the following change of variable* will be wade: 

e-t-£L. 

s-i 

The equation way be transformed to the new coordluate systea by using the 

following equations: 

it iioT + is,oT' < 3 , 2 8 ) 

«a. «a «£ + ia «i ( 3.29) 

where 

Q • C or X. 

The transforaed equations and corresponding boundary conditions are the 

following: 

6C 
«S - -***<,(! " X°)C, C - l S - 0 9>0; (3.30) 

fa H " V o V 1 " ^ ^ X - 0 S > 0 6 - 0 . (3.31) 
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Since the preceding nonlinear partial differential'equations are hyper­
bolic In form, numerical solutions nay be obtained via the Method of 
characteristics or the use of a finite difference technique.*• The 
finite difference technique was chosen, and the following substitutions 
were node: 

«c . qs+i.eH^e) ( 3 3 2 ) 

JS DELS * I •»••»*/ 

60 DELT • !•»•"# 

where DELS and DELT are the respective finite difference lncreaents In the 
S and 8 domains. Using the respective boundary conditions C(0,9) - 1.0 
and X(S,0) - 0.0, the conversion and concentration profiles were solved 
as a function of S and 9. The tec'inlque used In this study was to solve 
the equations for a given 9 value and to Increase the S value until the 
concentration of the reacting species approached zero. The 9 value was 
then incremented and a new concentration and conversion profile were 
detemlned. The laportance of the change In variables becoaes apparent at 
this point. Initially, a very short 9 Increaent is required because of 
the step change In concentration at 0 - 0.0. However, »» this change Is 
daaped out, the change In concentration with 9 becoaes auch slower and 
the 9 Increaent aay be increased, thus slnglflcantly reducing computer 
tlae. Furthermore, as 9 becoaes large, the value of ez/V will reaaln 
saall and 9 « tlae, t. Without the change in variables, stability 
probleas would have prevented such an Increase in the tlae Increaent, and 
the coaputer tlae required for a solution would have been increased by 3 
to 5 orders of magnitude. A copy of the coaputer prograa, a list of 



102 

program nomenclature, and a program flowchart are located In Appendix K. 

Numerical solutions to the controlling partial differential equations 

will be presented later in this chapter. 

Experimental studies. Using air as a feed gas (330 ppmy CO2), experi­

mental studies were conducted on 10.2-cm-ID fixed beds of coumercial 

Ba(09)2*8H20 flakes. The studies were designed to evaluate the effect of 

water vapor pressure, temperature, and superficial gas velocity upon the 

operational properties of the bed (most notably, the shape of the OO2 

Jreakthrough profile and the change in pressure drop across the bed)> 

The range of water vapor pressures corresponded to relative humidities of 

25 to 70Z at system conditions. Operating temperatures were varied from 

294 to 315 K, and superficial gas velocities ranged from 8.5 to 20 cm/s. 

Due to the endothernlc nature of the reaction (364 kJ/mol), the leactor 

is jacketed so as to ensure near-isothermal operation. For the treatment 

of an air-based (330-ppay-C02) gas streaa under ne*r-adiabat?c conditions, 

a temperature drop in the gas stream of ~4°C would be predicted. This 

temperature drop has been experimentally verified. Bed depths Mere 

varied from 36 to 51 cm and were chosen to ensure the complete develop­

ment of th«> conversion and concentration profiles. Because of the low 

CO2 concentration in the Influent gas and the time required to reach 

steady state, a typical run required "300 h and ~680 to 1160 m3 (24,000 

to 41,000 f t 3 ) of air, depending upon the bed depth. In most cases, the 

runs were continued until the CO2 breakthrough was complete. During the 

course of these studies, the Influent OO2 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 dewpolnt <-40*C, uses sorption beds 

for water removal. Upon bed regeneration, the beds have an affinity for 

both H2O and <X>2, and the 002 concentration of the effluent gas Is 

decreased. Once the bed becomes loaded with OO2, the <X>2 concentration 

of the effluent gas Increases as more strongly sorbed water displaces 

CO2 from the bed. The problem was much more severe during the summer 

months when the Increased water content of the outside air resulted 

In more frequent bed regenerations. The nominal peak-to-peak time was 

~24 h. Therefore, prediction of the actual time of br<*akthrough was 

difficult. However, extremely valuable Information was obtained based 

upon the shape of the break-through curve. 

The existence of an initial induction period with respect to reactant 

reactivity Is 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, differential bed studies 

with bed depths of 0.6, 1.3( and 2.5 cm were discontinued because of the 

effects of relative humidity on bed properties and difficulties in the 

interpretation of the experimental data, possibly a result of an induc­

tion phenomenon. Presented in Figure 3.16 is 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 number of 

dlffereut mass transfer mechanisms. Tie change In pressure drop with 

time is a key parameter for lixed-bed operations and will be addressed in 
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drop across the bed presented as functions of time. 
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detail in a subsequent section. It should be noted that the pressure 

drop did not Increase linearly with bed conversion or tiae. 

As described in Chapter 2 under the section "?ixed Bed Experimental 

Equipment,'* accurate 002 analyses over the lOO-ppby- to 330-pp*v CO2 

concentration range were perforaed routinely. As shown in Figure 3.17, 

the data in the lower concentration regime may be better displayed by 

using the logarithm of concentration. Rather than being S-shaped, the 

breakthrough curve now consists of a linear section to ~80 ppmy followed 

by a section of rapid curvature. The significance of these two regimes 

in analyzing fixed-bed data will be addressed in the next section. 

Data analyses and modeling studies. 

Introduction* A model for predicting the CO2 removal properties of a 

fixed bed of 3a(0H)2*8H20 was developed earlier in this chapter. The 

analyses presented there indicated that mass transfer of the resctaut 

through the jj-as film would likely be the controlling resistance. This 

discussion will address the applicability of the model. First, the 

KFAO coefficients will be determined from a section of the breakthrough 

curve. The numerical solutions associated with the controlling partial 

differential equations in the model will then be presented. The 

solutions, applicable over the entire breakthrough profile, will be 

tested against experimental data, and values for the KVAQ coefficients 

will be obtained. These values will then be tested against those 

obtained In the first step. 

Determination of the KpA0 ooeffioient — Teortnique No. 1, The con­
trolling partial differential equations were developed earlier in this 
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work. The corresponding g&s and solid differential aass balances are the 

following: 

H + € - - V o < i - x B > £ » <3-*> 

If - f- K^d-lV , (3.35) 
with the boundary conditions: 

C - C/Co - 1.0 * - 0 t > 0, 

C - 0 z > 0 t - 0 

X - 0 z > 0 t - 0 

In obtaining a solution to the fixed-bed problea, the two equations are 

coupled by the interfacial area, A, available for mass transfer, which is 

a function of conversion, X. In the aodel development, it was assumed 

that the area may be related to bed conversion as follows: 

A - A0(l-Xtt) . (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 

moveaent of the aass transfer zone is such less than the superficial gas 

velocity, a pseudo-steady state exists and 6C/6t - 0. Therefore, C is 

no longer a function of tine, and Equation (3.26) becomes 

if - - ̂ r- • ( 3-3 7 ) 

with boundary conditions of C - C 0 at z • 0. The solution to this 

aquation is 

InC - In g ^ ° - . (3.38) 
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However, lu evaluating the concentration profile during breakthrough, one 

Is observing the change In concentration at a given position In the bed, 

x 0, as a function of tine. At this point it will be assumed that upon 

formation of a developed concentration and conversion profile within the 

bed, the profile (the developed aass transfer zone) 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 

One say then use the following equation to determine the concentration 

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

z0 and t 0: 

r - z - v(t-t ) . (3.39) 
o o 

By rearranging and substituting the preceding equation into Equation 

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

regime of X ~ 0.0, 

V* v 

In £ - - - ^ t + Q , (3.40) 

where 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 tern will be a constant. Thus In the regiae 

o' low reactant conversion, a plot of the breakthrough curve, la C/C© 

Te,-8us tt should be linear. Hence the linear regiae discussed In the 

preceding section aay be used to determine the KpAo coefficient. 

The results of the fixed-bed analyses using this technique are pre­

sented in Table 3.14. The values of KpAo were then correlated as a 

function of system parameters, aost notably relative humidity or water 

vapor pressure, teaperature, reactant batch nuaber, and gas flow rate* 

The system pressure at the top of the fixed bed did vary between the runs 

by ~7 kPa (~1 psig) and was Included In the correlation, furthermore, a» 

the pressure drop across the bed was often appreciable, the average 

pressure within the bed at the conclusion of the run was used as the 

systea pressure. As aay be seen In Table 3.14, little correlation was 

observed co exist between K^AQ and relative humidity. This observation 

was somewhat surprising as a correlation was noted to exist between 

pressure drop and relative humidity. This factor will be addressed in 

greater detail In a subsequent section. As would be predicted for gas 

film control, K^AQ I S a weak function of temperature. No dependency upon 

reactant batch number was observed. The anticipated dependency of K? 

upon systea parameters will now be examined. 

Based in principle upon the Chllton-Colburn analogy, Gamson used the 

following equation for correlating mass transfer coefficients obtained on 

particles of differing geometries In fixed and fluldlzed beds: 8 0 

V c m , 7 / 3 A'*Re* 



110 

o o o o o o o o o o o o o o o m o o o o o o o o o o o o o o o 

CM CM CM <M CM CM . CMCMCMCMCMCMCMCMCMCMCMCM 

> » r - » - » © e o e o c o - » ' M c o r ~ C M i - » u " > o — < « e o > o > o m e o c M - ' © - * © - < - » > e r » 
O 0 O - < 0 O O 0 0 O 0 O 0 O 0 - ' 0 0 0 0 O O - ' - « - « - < C M — O O C M 

« g i n o n o a t < e » i > t « « t o i n 9 i n N n 0 4 N 4 9 > ( 0 ' « * r > M i n - < 

ssalaHsHsI^^^ssssBissiassa 

m r < I O H I N i 0 M O N x N N N ( O > t O B O < O < O 4 « N N i n n N 4 < S N 4 
eo">-»t»©cM>e-tfi«"iv*>©>ni/">r^»-<pi.»<ni«">i/i<oOOcM.»c>©«>">o—•<« 

i « « « 0 < e o c o ( 0 « ( o o o i n « « i i A - < « « N « i x O « i ' * « N O a i i n i A 

p<n«Mirtoofv*rtcrS-<-*iri-wd'3\«c7>ooO'*r» H » N O N « 4 * i f l 



I l l 

where 

Kp » gas f l l a mass transfer coe f f i c i ent , length per unit time; 

PG - gas density; 

G - mass flow rate/unit cross-sect ional area; 

ii * v i s cos i ty ; 

D - d i f fus iv l ty ; 

f- « shape factor; 

Reif - modified Reynolds Number, G/(TAu); 

A * area/unit bulk voluae; 

A' - 17 for Rett <">, - 1.46 for ReM >100; 

x - - 1 . 0 for Ren <10, - - . 4 1 for Re^ >100; 

e - bed voidage; 

y - 0 .2 . 

Thus the font of the rate equation Is 

R - KpAC. (3.42) 

A more in-depth analysis of the analogy between momentum, heat, and nass 

transfer via thr Reynolds and Chllton-Colburn analogies w i l l be presented 

l a t e r . The preceding equation i s unique in that i t can be applied to 

systems of differing part ic le geometry. The shape factors for fixed and 

f luldlzed beds are presented in Table 3.15 and were determined from 

experimental data. 

Frequently, the Reynolds number for j - fac tor correlations on sphere* 

Is defined as d pG/u, where dp i s the sphere diameter. It can be shown 

for spherical geometry and for equivalent bed voidage that th is Reynolds 

number i s proportional to Gamson's modified Reynolds number for spheres. 

Furthermore, Gamson't correlation predicts the functional dependency on 
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Table 3.15. Particle shape factors for uniform packing 

Particle shape f 

Spheres 1.00 

Cylinders 0.91 

Flakes 0.86 

Raschlg rings 0.79 

Partition rings 0.67 

Berl saddles 0.80 

Source: B. W. Gaason, "Heat and Mass Transfer, Fluid-
Solid Systea," Chem. Eng. Prog. 47(1), 19 (1951). 

bed voldage to be weak. Hence J-factor correlatlona obtained on spheres 

aay be used for predicting mass transfer coefficients on particles of 

differing geometries. With respect to the J-factor correlations, con­

siderable variation In the aagnitude of the various coefficients has been 

reported by experlaentcl Inveatlgatora. This variation will be addreaaed 

in greater detail later In this chapter. 

An area of potential confusion are the teres effective dlaaeter and 

sphericity, which are often used In the reaction of solids. The effec­

tive dlaaeter, dp, la defined as the dlaaeter of a sphere with the saae 

voluae aa the particle of interest. The sphericity factor, +, i s the 

ratio of the surface area of the sphere of diaaeter dp to the surface 

area of the actual particle.56,82,83 Hence 

. _ Area of particle . . r ^ ^ l f 3 1 , . . . 
A " Voluae oFperticle ( W ) • pT? { } * 

P 
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Therefore, as cited In the previous paragraph (• - 1 for spheres, and e -

constant), 

G d n G d o G 

For particles that are nearly spherical, the use of the effective dia­

meter and the sphericity factor enables solutions obtained for spherical 

reactants to be used as approximate solutions, thus reducing the complex­

i ty of the overall problem. 

Assuming (1) D a T 3 /2/p, p a T, and p a P/T where P and T are the 

absolute pressures and temperatures;8 1 and (2) a relatively small change 

in the absolute temperature of the experimental data (~3Z), the pro­

ceeding J-factor equation can be rearranged in the following meaner: 

,2/3 

*F PGLWJ U 

h a *p LT P TJ |_T (3.45) 

r r 1 / 3 f c l x 

* F a P * ~ ? a F V 0 

where V0 i s 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 ~20Z in the experimen­

tal pressures. The assumption Is made that AQ, the area available for 

mass transfer, at zero conversion Is a constant. Therefore, 
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PoVo a 

Vo ° *F ° ~P~~ * ( 3 , 4 6 ) 

Assuming P to be the average systea pressure, correlation of the pre­

ceding experimental data (Table 3.14, technique Mo. 1), for gas veloci­

ties up to 15 ca/s resulted In the following expression: 

? 0 1 16 

The data and the fitted aodel are presented In Figure 3.18. Data at 

greater flow rates were of Halted quantity and displayed auch greater 

variance In the KpAo values. Therefore, these data • re 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 not a strong function of VQ, the 

superficial velocity at reference conditions. 

For this study, the modified Reynolds nuaber as defined by Gaason was 

varied froa ~40 to 90. As cited by Gaason,80 Caraon noted that for aass 

transfer in a fixed bed of spheres, a transition zone, froa laminar to 

turbulent flow, existed for 20 < Re^ < 100* A siallar transition In the 

present systea could help to account for the dispersion in the dat*. 

This dispersion phenomenon will be addressed In greater detail in the 

final section of this chapter. 

Froa the KpAo data presented In Table 3.14, an estimation of the gas 

fila aass transfer coefficient, Kp, aay be aade. Assualng infinite flat-

plate geometry (negligible area froa the sides of the flakes) and an 

lnterparticle porosity of 0.46, the transfer area-per-unlt volume aay be 

represented by the following equation: 
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A -jg*~ lL"t£), (3.48) 
o Bed volume ty) 

where 
e - interpartlcle porosity, -0.46, 

bo " flakes thickness. 

Assuming an average particle thickness of 0.1 ca (0.05 in.), the pre­
dicted value of AQ IS 10.8 cmfycm*. Hence for a superficial velocity of 
~13 cm/s, this order-of-magnitude calculation indicates a Modified KF 
value of ~0.7 cm/s. The correlation by Gamson predicted a modified Kp of 
1.0 cm/s. Hence the experimental values are reasonable for flla mass 
transfer coefficients at the conditions studied. Gamson's flake data 
were based upon the dissolution of flakes of 2-napthol in water.^^ 

Determination of the K^AQ Coefficient - Technique Ho. 2. Using the 
finite difference equations developed earlier in this chapter, numerical 
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 6, until there 
was negligible effect on the final solution. The A S Increment (S - z/V) 
chosen for these studies was either 0.0035 or 0.0070 s, depending upon the 
value of the KpAo coefficient* The development of the concentration pro­
file as a function of 0 (0 - t - ez/V) may be broken into two regimes. 
The firs': is the rapid development of a concentration profile within the 
bed, resulting from the step change in dimensionless concentration from 
0 to 1 it S • 0 and 0 - 0 . Upon the development of this profile, 
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additional changes will be much slower and will be associated with the 

development of the conversion profile and subsequent advancement of the 

mass transfer 2.me as the bed is depleted. The initial ^0 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. 

Subt^quent analyses of breakthrough curves will indicate that excel­

lent correlation between the model and the experimental data may be 

obtained when the area available for mass .ransfer is modeled as a linear 

function of conversion, 

A - Ao(l-X) . (3.49) 

Using this equation and assuming a Kp Ao " 6*0 8~* a n ^ 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 6 was determined and is presented in 

"igure 3.20. In a similar manner, the development of the conversion 

profiles is presented in Figure 3.21. In obtaining these solutions, the 

dlmensloniess concentration profile in the S-plane was determined to a 

lower concentration of 1*10"*°, 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 concentration and conversion profiles for 

differing KpAc coefficients. For large values of 9, © reduces to t, the 

time. Therefore, upon the development of the dlmensionless 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 essentially identical. 
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Figure 3.21. Development of the conversion and the natural logaritha 
of the conversion profile as a function of 3 and S. 
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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 concentration 

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 

KpAo coefficients. 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 KpÂ , value. The functional dependancy of 

velocity appears only In the magnitude of the KpAo coefficient. For the 

case of transforming the conversion profile from the S- to z-plane, the 

resulting profile within the bed is 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 KpA0 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 

conditions for which the profile is fully developed 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 conversion. Presented in Figure 3.25 

are the results of a sensitivity analysis performed on the following 

equation: 

A - V 1 " 3 ^ ) » <3'50) 

where n - arbitrary exponent. In general, the curvature of the break­

through curve becomes sharper as X • 1.0, and n becomes larger. The 
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choice of n - 1 provided the best correlation between the aodel and the 

experimental data. 

Although the correlation for predicting mass transfer area as a func­

tion cf conversion Is -•aplrlcal In nature, the question arises as to what 

physical significance can one attach to the correlation. It must be 

remembered that the correlation not only aodels the functional effect of 

conversion upon transfer area, but it also helps to account for devia­

tions between the assumed aodel and the actual physical systea. Host 

notable among the aodel assumptions are the lack of a resistance term 

associated with 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 mechanism, the correlation will not be examined to 

see if Indeed physical significance can be attached to it. 

Assuming that the flakes, which are of variable thickness, may be 

modeled by infinite flat-plate geometry, the following analysis for 

predicting the available &rea as a function of flake thickness, bo, may 

be performed: 

A - Ao(l - X) 

/o Adb0 

x - _ - (3.51) 

/o Adb 0 

,b 

L. /o A d bo 
X ° " 1 ~ /> b o~ 
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A solution to this equation is A/AQ " 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 •ass transfer 

can be modeled by an exponential function of flake thickness la not 

physically consistaut and not too surprising since exponential functions 

are commonly observed in nature. However, it must be reaeabered that if 

the assuaptions to this point are valid, the exponential dependancy of A 

with respect to bg may be only an approximation to the exact solution, 

which might be a function of a Gaussian distribution. 

|- - 1-C2 jj exp[-Cl(b0-b)2}db0 , (3.52) 
o 

where b is the average particle thickness, and C^ and C2 are constants. 

The incorporation of such Improper integrals and other coaplicated 

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 teaperature and to a lesser extent pressure were variables in 

this etudjr, 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 froa 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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Figure 3.26. The effect and the natural logarithm of the effect of 
temperature upon the developed breakthrough profile* 
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Figure 3.27. The effect and the natural logarithm of the effect of 
pressure upon the developed breakthrough profile. 
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Specifications for the BaCOH^'S^O flakes Indicated a bulk density 

of 1.04 g/cm3 and a reactant stolchiometry of Ba(OH)2*7.0H20 to 

Ba(OH)2*7.9H20. Presented in Figure 3.28 are the effects of variations 

in the hydration stoichionetry (i.e., changes in reactant molecular 

weight) for a fixed buLk density. Little change is observed in the shape 

of the breakthrough curve; the major effect is a shift In the r*me of the 

breakthrough. Indications based upon mercury porosimetry studies 

(reported earlier in this chapter), show that upon hydration to 

Ba(OH)2*8H2C, the molecular weight to bulk density values for various 

hydration stoichiometrics 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 KpA0 coefficients based upon the entire breakthrough 

curve were obtained by overlaying the model-predicted breakthrough curves 

on the actual experimental breakthrough curve and determining the 

modified mass transfer coefficient, KpA0, 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 KpAQ 

values obtained via the two techniques indicated the latter values to be 

~10Z greater than the values obtained when using only the linear portion 

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 KpA0 coefficients were determined to be weak functions of 
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relative humidity, water v.por pressure, batch number, and temperature. 

When modeling the data for superficial velocities up to 15 ca/s, the 

correlation was also very similar to tuat obtained In the preceding sec­

tion (Figure 3.29), 

P ° 1 11 KpAQ - Kj p~ Ve 1" 1 . (3.53) 

The dispersion of the data from the fitted value was essentially inde­

pendent 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 velocities. 

Determination of TLfho oi& the conversion 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 taken at 2.5-cm (1-in.) inter­

vals In the bed, and the extent of conversion was determined via acid-

base titration and Ba(0H)2*8H20 thermal decomposition (data shown earlier 

in this section). Using the model-predicted conversion profile!, a mass 

transfer coefficient was determined (Figure 3*31). Although rhe pre­

dicted KpA0 x,f 5 s"1 is less than expected, the Tju l t i s not unreason­

able because of the dispersion observed in determining mass transfer 

coefficients at similar conditions. 

Pressure drop during fixed-bed operation. 

Intvodustion* Knowledge 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 developing a better understanding of 



ORNL DWG 82-481 
12 1 1 

MODEL 
Y » 0.4850 V 0 

" R 2 - 0 .9788, <T - 1.2048 

T 

1.11 

T 

2 4 6 8 10 12 14 
SUPERFICIAL VELOCITY, V 0 ( c m / l ) 

16 

Figure 3.29. Correlation of KyA,, data obtained via technique No. 2 
vlth model, IfA,, - K|P0Vl•*!/?. 



134 

m 
i 

M 
•9 
© 

o 

oe 
o 

i—i—I—i—i—i—i—i—r 

• • 

z. o 
• CM 

> - * 

> CO 

CO ® 

o o» '„ 
_, - o .-
5 < < 
2 * oc * 

CM 

o 
CM 

- ' UJ 

• 

UJ 
I -
I -

o 

> 

« 
e 

• 

•s 
o 

§ 

I J5 

UJ 
S 

m or 
O Q. 
I x 

UJ 

*- < 
1 => 

Q 
^mm 

</> 
m UJ 

cr 
1 

o 
• CM 

1 

2 
u o o 

0 

«M 

3 
1-1 

A 
o CM 

s . 
9 9 M er 
•H +4 
(b e 

•8 
0 

il_l 1 I I L J L 
m * ro N ~ o en oo <o m CM 

I 

( t /u io) °A §A1ID013A IVIOIJdSdnS 



o 
(ft oe 
ui 
> 
o o 
M 

X 

- 1 

- 2 

- : -3 

- 4 

I | I I I I | I I I I | I I I I | I I I I | I I I M 
COM -51 

»• K F A 0 « 5.0 t " 1 

V 0 « 13.1 cm/t 
P > 106.6 kPa 
T > 299.9 K 

EFFLUENT R. H. • 58.0 % 
AP • 10.7 kPq/m 

BED DEPTH - 50.8 cm 
M00EL 
TITRATION ANALYSIS _l 
DECOMPOSITION 
ANALYSIS 

ORNL DWG 62 - 375 

1.0 

- 5 I I I I 1 1 I 1 I I I I I I I I I I I 1 1 1 I I 1 I 1 

0.1 S <r 
Ui 
> z o o 

0.01 

25 30 35 40 45 50 
i (cm ) 

Figure 3 .31. Conversion and model-predicted conversion profile*. 



136 

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 pressure 

drop as a function of system 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 in 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 and 

305 K, and a superficial velocity of ~13 cm/s is presented in Figure 3.32. 

It is significant 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 6) is dependent upon 

the extent of saturation, P/Po» or in the case of water, the relative 

humidity. Furthermore, the fact that the pressure drop becomes more 

severe at ~60Z relative humidity indicates «.nat capillary condensation is 

likely present* Because no hysteresis was observed during nitrogen 
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adsorption 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 provide* sites of rapid recrystalllzatlon. Since 

the flaked reactant was prepared by the rapid cooling of a magma that 

was substolchlometrlc in octahydrate (7.0 to 7.9 waters of hydration), the 

rate of recrystalllzation is likely 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)2*3H2°~Ba(°H)2*8H2° 

eutectlc. Photographs of commercial Ba(OH)2*8H20 flakes before and after 

recrystalllzatlon at a relative humidity in excess of 60Z are presented in 

Figures 3.2 and 3.4. For rehydration at lower humidities, external 

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/PQ« 

Therefore, as the pressure drop across the 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 is 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 treat. Increased gas flows 

result In greater pressure drops across 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 <60Z, but the influent water vapor pressure 

must be greater than the dissociation vapor pressure of Ba(0H)2#8H20. 

Upon the completion of many of the fixed-bed runs, the pressure drop 

across the bed was determined as a function of superficial velocity over 

the range 0 to 22 cm/s (7 data points). Attempts were then made to 

correlate the pressure drop as a function of system parameters. Two 

correlation techniques were used. The first was the standard friction 

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

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

following equation:88 

AP/L --f^Pg <V> 2 , (3.54) 

where 
AP/L - pressure drop/unit bed length, 

A • external surface area exposed to fluid (I.e. wetted 
8urface)/unit volume, 

QQ - 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 superficial gas 

velocity at system conditions, V: 

AP/L - 0.01 BV° (3.55) 

The result* of th.'.s analysis are presented in Table 3.16. From this 

daca, Che exponent, n, is reasonably constant and has an average value of 
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Table 3.16. Application of model, At/L - 0.01BVn(kPa/«), for 
correlating pressure drop across converted beds of 

commercial Ba(OH) 2*8^0 flakes. V has units of cm/s. 

Superficial 
CDM Relative velocity 
Run humidity V Temperature Correlation 
No. (Z) (cm/s) n? ln(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 1.41 5.02 0.999 

^(average) - 1.40; a » 0.058. 

1.40. However, the value of B is a very strong function of relative 

humidity. Presented in Plgure 3.33 is a plot of ln(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 ~60Z. 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 thar ever 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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&P 1 4 
-^ - 0.01BV , kPa/a; and (3.56) 

^ - 4.42 • 10" 4 BV 1* 4, psi/ft; (3.57) 

where V has units of ca/s at system conditions. 

Applying a force balance upon the system and defining the friction 

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

following: 

AP fA 2 
IT " T A " T- P G V . (3.58) 

where 

t • shear force, 

A - area/volume, 

f » friction factor, 

Vo, - free stream velocity. 

It will be assumed that the free stream fluid velocity, Vo», may be 

approximated by the superficial velocity, V, divided by the bed voidage, 

e. Rearranging and eliminating the term AP/L via Equation (3.52), one 

obtains the following friction factor expression for flow-through fixed 

beds of ecmmToial Ba(0H)2*8H20 product (B values are for c-g-s unit 

system). 

fA - »£-, (3.59) 
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Attempts were also made to correlate the initial pressure drop across 

fixed beds of commercial Ba(OH)2*8H20 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, AP/L - 0.01BVn(kPa/m), 
for correlating pressure drop across fixed beds of 

commercial Ba(0H)2*8H20 

Sample Correlation 
No. n ln(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.''»88,89 The Ergun equation is actually a combination 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, d p, and a sphericity factor, <J>, and substituting the term $d p, 

in place of d p in the Erg"", equation for spheres. The effective 
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diaaeter, d p , Is defined as the dlaaeter of a sphere of equal volune to 

that of the part i c l e . The sphericity factor i s the ratio of the surface 

area of a sphere with diaaeter dp divided by the actual surface area of 

the part ic le . The resulting Ergun equation i s 

A p ,cn ( 1 - e ) 2 UV . , „ (1-e) P G V , „ fcm 

7— - 150 -*—r* zz + 1.75 -»—?«• T-J— , (3 .60) 
L e 3 (*d p) 2 e 3 * dp 

where 

L » bed length parameter, 

e « void fraction, 

u » viscosity, 

V - superficial gas velocity at system conditions, 

$ • 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, 

PG " 8 s 8 density. 

The preceding equation may be rearranged in the following manner: 

^-[^-.-If^p/. 

. rl30(l-c) 7 5 l i l z e i ^ 
I Re + i , 7 5 J e*r 

P„ <V>2 

P 2 ' 

where 

r p - effective particle radius, 

<V> • average interparticle fluid velocity, V/e, 

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

f - ^ h S l + 1.75 (3.62) 

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

A - 1 " e (3.63) 
3e>r F 

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

tion factor definition. 

L 
- f A rt

 < V > 2 

- f A p G 2 

1 f 1 5 0 ( l - e ) 
3e L Re 

P 

1 P G < V > 2 

• f A 3e r p A 2 

1 .75] 3(1-
r 

P 
0 P G < V > 2 

2 (3.64) 

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. 

Ap/L - A'V + B»V 2 . (3.65) 

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

From the values of A' and B', values for e and *dp were determined. As 

may be seen in Appendix E, the values of these parameters were not con­

sistent with the actual physical system. Handley a d Heggs argued in a 
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1968 paper that the constants used In the Ergun equation, 150 and 1.75, 

are n)t constants but rather are functions of the geometry and size of the 

particles composing the system."" For simple systems, they proposed that 

the pressure 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 approach was abandoned. 

Application of the Chilton-Colburm Analogy. Because of the similari­
ties in the partial differential equations for momentum, heat, and mass 

transfer and their respective boundary conditions, Reynolds in 1928 spe­

cular i.6 rhat for turbulent flow in a pipe, an analogy between the trans-
KK Q1 

fer of momentum, heat, and mass should exist. 0 0'- 1 Therefore, he proposed 

the following analogy: 

7 C G G U.ob) 
P 

where 

f • friction factor, 

h - heat transfer coefficient, 

Cp - specific heat of fluid, 

G - superficial mass velocity per unit area, 

Kp « mass transfer coefficient, 

PG • density of fluid. 

Hence with experimental knowledge of either pressure drop, heat transfer, 

or mass transfer data, the analogy would enable one to predict the magni­

tude of the other transfer coefficients in similar systems. Subsequent 
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application of this analogy 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:'* 

f _ h r u i2/3 m S ru ]2/3 (- , ?. 
T C~G CTJ G~ P G C T ( 3 * 6 7 ) 

P O t» 
or 

f 
2 

where 
2 " J H 

p - viscosity, 
D - molecular diffusivity, 
jg • j factor lor heat transfer, 
JM " j factor for mass transfer. 

For relatively simple systems, the preceding equations have received 
widespread applications. Furthermore as f is frequently a function of 
the Reynolds number, jjj and JM 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 
turbulent to laminar to stagnant within a small spatial regime. Further­
more, bed voidage, particle geometry, particle surfnee area, and entrance 
and wall effects may also affect the momentum, heat, and mass transfer 
properties of the system. Form drag may contrlh-tte 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 
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patterns. Therefore, analogies between momentum and mass or beat transfer 

for a fixed-bed system are often constrained to a particular particle size 

and geometry. Correlation between the j factors for heat and mass trans­

fer are generally much better because of the increased similarity In the 

physical transfer mechanism. Gamson 8 0 correlated heat and mass transfer 

data obtained on spheres and found JH/JM * 1*076. 

For the system of Interest, this study has indicated K̂ A,, to be a weak 

function and AP/L to be a strong function of relative humidity. Hence 

rigorous application of the Chilton-Colburn analogy may not be possible. 

However, since mass throughput or the superficial velocity at reference 

conditions (101.3 IcPa, 294.3 K, or 1 atm, 70°F, noted by subscript o) is 

a 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 fvlctlon 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 JM a n d KpA0: 

3M G p„D V p„D 2 X ' 

fA - 2 B e 2 

„0.6 ' 
P G V 

%--^-#ra°'V<. ,0.6 
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F A T P G D 1 2 / 3 BeV' 4 ['cPl Be2[T ^ „ 0.4 
v ° h n - p j - • L—J ^ LT0 rJ v° • 

Assuming A to be equal to AQ the initial surface area, the calculated 

KpAg 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, cylinders, etc., indicated an order of magnitude 

variation between the experimental values and the Chilton-Colburn pre­

dicted values. ° Therefore, the wide deviation between predicted theory 

and experimental data for the present system could result from the highly 

disordered nature of the packing 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 KFAQ data. 

A key process parameter is the effect of gas throughput upon the mass 

transfer coefficient or the JM factor. The Chilton-Colburn analogy has 

indicated the JM factor to be proportional to VQ~0*6. Data concerning j 

factors for flake or slab geometry are lacking* However, numerous j fac­

tor correlations6***77*80'87-101 o n spheres or cylinders have indicated j 

a V o - 0 , 2 •*• V°o~0*7. Hence some significance might be assigned to this 

analysis. 

Realizing that for most fixed-bed systems the predicted JQ factor 

based upon friction factor data was significant!./ greater than tie 

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



ISO 

drop Into two parts via the Ergun equation.9" They found that for simple 

systems, the pressure drop resulting from Inertlal forces, the V 2 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 studies. 

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 superficial 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 KpA0 coefficient would be dif­

fering flow patterns (i.e., the presence of channeling) in the fixed bed. 

Based upon the modified Reynolds number **» defined by Gams on and the 

information cited earlier, it is possible that the experimental data were 
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obtained In the transition range from laainar to turbulent flow. 80 in 

the experimental studies, no special precautions were taken In the 

loading of the fixed bed as the commercial Ba(0H)2*8H20 flakes were 

loaded in a random manner. Examination of the dat*» indicated no correla­

tion between reactant batch number and the KpAo 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." 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 is perhaps not 

much greater than the experimental error." Based upon these correlations 

and assuming the data discrepancy to result from experimental error, one 

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*8H20 

flakes. 

A second unique aspect of the process and of particular Interest in 

process design is the greater-than-anticlpated functional dependency of 

the KpA0 coefficient upon velocity. The preceding analyses have Indi­

cated KpAQ to be proportional to velocity to the 1.1 power. This aspect 

will now be addressed in greater detail. 

Historically, the recerence 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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dlaaeter to the particle diameter Is sufficiently large. Typically, the 

j factor correlation is of the following form: 

j - A'Re n , (3.69) 

where 

A' * constant, 
d G d V P P o Re • Reynolds tmmber, —K— a — c — , 

n * arbitrary exponent. 

Reported values0^ .77,87—101 of the exponent n vary from -0.2 * -0.7. 

Thus one would predict Kp o V Q 0 , 3 -*• V(jC*8. Several empirical heat 

transfer correlations^ have indicated h, the heat transfer coefficient, 

a V 0*9. Thus employing the analogy between heat and mass transfer, one 

might expect Kp a VQ" . Based upon boundary _ayer theory, one would 

predict Up O V 0
0* 5. The correlation of Rowe and Claxton?? f o r mass 

transfer from spheres into air is of the form 

Sh - 2.0 + 0.69 R e 1 / 2 S c 1 / 3 , (3.70) 

vhere 

Sh - Sherwood number, 

Re • Reynolds number, 

Sc - Schmidt number. 

In the regime of interest, the equation predicts Kp a V 0
0* 5. Earlier in 

this chapter, the j factor correlation developed by Gamson for particles 

of widely differing geometries was presented. This correlation*^ indi­

cated Kp a V 0° to V 00'&. 

The greater-tnan-antlclpated dependency of the KpA0 coefficient upon 

gas velocity, KpA0 o V 0
1 # 1 , indicates that the Initial area available for 

mass transfer, AQ, 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 contact points provides greater area for mass trans­

fer. For the smaller particles, localized fluldlzatlon 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 velocity to the 1.4 power. Assuming 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* In 

essence, the shaoe factor as defined by Gamson appears to be a function 

of velocity. It should be noted that for packing arrangements in which 

particle realllgnment is restricted, a reduction in AQ from the predicted 

value would be observed. This variation in AQ would then contribute to 

the larger than anticipated dispersion in the experimental KpAo 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 o e fluidi-

ratlon through the bed voldage term. With respect to the Gamson correla­

tion, Gupta and Thodos^B argued that the correlation was inconsistent for 

A'*Re M
n 

(1-e) 
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large bed voidages as Jn -*• •, and therefore Kp • •• They argued that a 

better correlation for uniform packing, based upon the actual area avail­

able for mass transfer and the bed voidage, 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 fluidlzed beds 

of uniform spheres, cylinders, cubes, partition rings, Raschlg rings, and 

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

J - Vg f' . (3.72) 
e(Re° - 1.90) 

where 

f' * area availability factor, 

e » voidage, 

Re - ApG/u, 

Ap - particle area/particle. 

Presented in Table 3.18 are the predicted and experimental area 

availability factors for uniform packing in fixed and fluldlzed 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, a fluldlzed bed. In the transition range, one would expect area 

availability factors between the extremes, that is the presence of some 

localized fluldlzation, and spread or dispersion In the values obtained 

at a given superficial velocity. Therefore, for nonuniform packing such 
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as flakes of differing sizes, It Is speculated thac the change in the 

area availability factor froa one extreme to the other would be of 

greater magnitude and a stronger function of velocity, f a V Q D . These 

speculated observations are consistent with the present experlaental 

results. It also appears that for the present system and superficial 

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

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

Area availability factor, V 
Calculated Experimental 

Particle shape Packed Fluldized 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 

Saschig 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 Halted 

data base at these conditions. 
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CHAPTER 4 

COt-TLOSIONS AND RECOMMENDATIONS 

Conclusions 

Extensive s tud ie s have been conducted ujon Ba(0H>2 hydrates , t h e i r 

reac t ion with (X>2, a n d t n e operation of a fixed-bed process for 00 2 

removal. Mlcroscale studies indicated (1) the published vapor pressure 

data for Ba(OB)2#8H20 to be valid, (2) the rate of dehydration or rehy­

dration to be proportional to the amount of free water on the surface 

( I . e . , a function of relative humidity), and (3) the reactivity of 

Ba(0H)2*8H2O for C02 to be 3 orders of magnitude greater than that of 

either Ba(OH)2*3H20 or Ba(0H)2*H20. Macroscale studies on 10,2-cm-ID 

fixed beds of cotmercial Ba(OH)2*8H20 flakes Indicated that the pressure 

drop across the bea increased dramatically as 60Z relative humidity in 

the effluent gas was approached. It is speculated that this phenomenon 

results from the capillary condensation of water in V-shaped contact 

points or pores and that this effect facil itates the subsequent recrysta-

lization of the flake. Although the resulting flakes have greater exter­

nal surface area, they are more fragile and degrade more readily upon 

conversion to BaCC>3; 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 KpAo coefficient (gas film mass transfer coefficient multiplied by 

the Initial surface area) were determined from the ini t ia l portion of the 
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breakthrough profile. For a given mass throughput, considerable disper­

sion in the values of the KJAQ coefficient was observed. However, 

attempts 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 function of conversion [i.e., A » AQCI-X)]. The dispersion 

in the determined KpA^ coefficient was again greater than expected and 

appears to be an inherent: aspect of the process. Indications are that 

the dispersion resulted from differences in the actual area available for 

mass transfer and the possible presence of localized channeling. Based 

upon published correlations for the Kp coefficient, the correlation for 

the KpAg coefficient possessed a greater functional dependancy upon velo­

city than expected. Because the studies were conducted on flaked 

material with considerable interparticle contact, it is speculated that 

the amount of surface area availlble for mass transfer increased as a 

function of gas velocity, thus resulting in the gveater-than-antlcipated 

functional dependancy of KpAo upon velocity. This factor may also 

account for the greater-than-antlcipated 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 was 

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(0H)2*8H20 and on the upper side by the onset of 

appreciable capillary condensation and subsequent pressure drop problems 

(~60Z relative humidity). An operating envelope is presented in Figure 

3.34 for the treatment of 330 ppHy CO2 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 (X>2 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/P0)t the operating 

envelope will change. Additionally, the operating envelope demonstrates 

why operational problems at 22 and 32°C were iot severe, yet considerable 

difficulty was encountered when trying to operate the process at 42°C. 

Successful operation at higher relative humidities (>60Z) is 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 BaC03 product is insoluble. 



ORNL DWG 6 2 - 3 0 6 

T 
10 
T" 

15 
T 

TEMPERATURE (°C) 
20 25 30 35 
i—r 

40 45 50 55 
n — i — i — r 

275 

T T 
REACTANT: COMMERCIAL Bo(OH)»8H 2 0 FLAKE 
INFLUENT GAS: 330 ppm C0 2 

SYSTEM PRESSURE: 104.8 kPa (1.03 atm ) 

285 295 305 315 325 
TEMPERATURE (K) 

Figure 3.34. Operating window for the contacting of a 330 ppmv CO2 
gas stream with fixed beds of eormevoial Ba(0H>2*8H20 flakes. 



160 

Rec •mmendations 

The CO2-Ba(OH)2#8H20 gas-solid reaction offers a unique system for 

future mass transfer studies because few anient temperature reactions 

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

aversion of the reactant to the product. As previously cited, the pro­

duct is ~73Z porous, and for thin flakes, diifusional resistance of the 

gaseous reactaut through the product layer is small. With respect Lo the 

present studies, areas requiring additional investigation include the (1) 

evaluation of the effects of different CO2 concentrations iu he feed 

gas, (2) operation of the process at 10 and 50°C, and (3) conduction of 

studies with a different carrier gas (i.e., helium or argon rather than 

the O2-N2 mixture In air). This latter change would gveatly 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(0H)2*8H20. Additional studies are needed to determine if operation 

at effluent relative humidities >60% is possible by prior hydrati n of 

the bed at relative humidities <60% with a CC>2~free gas. 

.18 previously cited wirhln ihe text, the reactant appears to possess 

the scrubbing capabilities of a caustic solution. Therefore, because of 

.his observation and tt.e favorable molar volume ratio of the reactant to 

the product, one would predict that the reaction sho'ilu proceed with 

other acid gases and vapors (such as NO, NO2, SO2, HC1, acetic acid, 

etc). Initial scoping studies with NO2 have indicated this prediction to 

be the case. However, further process studies are required to better 
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characterize the reactivity of this unique materia?-toward 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 inforaation 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 nonuniform flakes? 
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APPENDIX A. 

VAPOR PRESSURE DATA FOR Ba(OH)2 HYDRATES 

The vapor pressure of Ba(OH>2 hydrates and even the existence of cer­

tain hydrates have been areas of considerable conttoversy. The existence 

of Ba(0H)2 compounds with 1, 2, 3, 3 .3 , 4, 7, 8, 9, and 16 waters of hy­

dration have been c i ted . However, only two of these, BaCOH^'^O and 

Ba(OH)2'8H20, have bean commonly observed. °~*° In th is sect ion, a 

l i terature review of published Ba(0H)2 hydrate d issoc iat ion pressures 

wi l l be presented in a chronological manner. 

Due to the s imilarity of barium and strontium hydroxide hydrates, the 

two have often been studied together. One of the ear l i e s t studies of 

Ba(0H>2 hydrates was that of Lescour 1 0 3 in 1883. The results of this 

vapor pressure study presented in Table A.1, indicate two stable hydrates, 

the mono- and the octahydrate. 

Table A. 1. Ba(0H>2 hydrate vapor pressure data 

Temperature, °C 13.5 20 35.5 58 70 74.5 100 

Dissociation pressure 

Ba(OH)2*8H20, an Hg 4.5 5.5 20.5 84 124 213 530 

Ba(CH)2*H20, ram »% <1 1 1 1 I 14 15 

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

Muller-Engbach^ in 1887 also reported the existence of two hydrates; a 

dthydraie and an octahydrate. The reported dissociat ion vapor pressure 

-it iV , .or the dihydrate was 1.33 ran Hg and t tat of the octahydrate was 
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11.4 m Hg. In 1903, Bauer 1 0 5 reported that Ba(OH>2*3H20 could be pre­

c ipi tated from a saturated Ba(0H>2 solution at 105*C. 

Johnston1 0** in 1908 conducted a thorough study of strontium and barium 

hydroxide hydrates and compared his results with previously published 

values. From dissociat ion vapor pressure s tudies , he reported three 

stable hydrates: Ba(0H) 2'16H 20, Ba(OH)2*8H20, and Ba(0H)2*lH2O. The 

vapor pressures for the f i r s t two were found to be represented by: 

t ' - t w + 2 .0 , and (A.1) 

t ' - 0.84 t„ + 23. (A.2) 

In the above equations, t* (°C) i s the temperature of the Ba(0H)2 hydrate 

so l id and t w (°C) i s the temperature of water whose vapor pressure i s 

equivalent to the dissociat ion vapor pressure of the so l id . For t ' * 

54.3°C, t w - 36.7°C and the vapor pressure of water at 36.7°C i s 45.9 ma 

Hg. He concluded the Huller-Engbach vapor pressure data for Ba(0H)2*8H20 

to be val id for Ba(0H)2*I6H2O and questioned the va l id i ty of Lescour's 

data, particularly in the higher vapor pressure regime. 

In 1934, Tamaru and Siorai 1 ^ published the results of a study on the 

hydrates of Sr(0H>2 and Ea(CH>2» They concluded that the presence cf 

Ba(0H)2*3H20 and Ba(0H)2*I6H2O could not be confirmed from vapor pressure 

s tudies . Also, the water vapor dissociat ion pressure for conversion of 

the monohydrate to the anhydrous form could nor be determined because of 

the slow k i n e t i c s . The dissociat ion vapor pressure for the octahydrate 

was found to be represented by an equation of the focn 

log P - " 1 3 6 ° ° + 10.840 , (A.3) 
4.575T 
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where 

P " water vapor pressure, ton Hg, 

T - temperature, K. 

In the opinion of this author, the most comprehensive and credible 

study conducted to date on the dissociat ion vapor pressure of Ba(0H)2 

hydrates was that of Kondakov, Kovtuneiko, and Bundel. ° The results 

were published in 1964. In th i s study, the water vapor pressures 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 d i s t inc t l ines were obtained, as shown in Figure 

A. 1. The l ines correspond to Ba(0H)2 hydrate samples in which the 

monohydrate, the trihydrate, and the octahydrate were the contributing 

species to the system's water vapor pressure. The controll ing decom­

posit ion steps and equations used to predict the dissoc iat ion vapor 

pressure were found to be: 

Ba(0H) 2»H 20(s) * Ba(OH)(s) + H 2 0(g) , 

log P - " ^ 5 1 + 1/.421; 
19.155T 

Ba(OH)2»3H20(s) * 3a(0H) 2 »lH 2 0(s) + 2H 2 0(g), 
-62618 

log P 
19.155T 

+ 13.823; 

Ba(OH)2«8H20(s) * Ba(OH)2«3H20(s) + H 2 0(g) , 

l o g P . ^ 8 2 3 0 _ + . ^ 2 3 8 ; 

19.155T 

where 

P - nt /m 2 , Pa, 

T - temperature of the system, K. 

(A.4) 

(A. 5) 

(A.6) 

(A.7) 

(A.8) 

(A.9) 
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Figure A.l. Dissociation vapor pressure for Ba(0H>2 hydrar.es. 

Source of data: B. A. Kondakov, P. V. Kovtunenko, and A. A. Bundel, 
"Equilibria Betveen Gaseous and Condensed Phases in the Bari.ua> Oxide 
Water Systea," Ruee. J. Fhye. Cham, 38(1), 99-102 (1964). 
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Dsiog the Van't Boff equation, the data were analyzed for theraodynaalc 

consistency irtth the results presented In Table A. 2. Bisea upon the 

entropy changes for the foraation of the trlhydrate, they concluded that 

the trihydrate nay be less stable than the other crystalline hydrates. 

For coaparatlve purposes. Figure A.l includes a dashed Jine which 

represents the dissociation vapor pressure for Ba(0B)2*8B2P as deterained 

by Johnston. 1 0 0 A review of Ba(0H>2 hydrate vapor pressures at several 

teaperatures, as reported by various researchers, is presented in Table 

A.3. 



Tabla A.2, Vapor praaaura analyal* for tharaodynaalc conalatancy 

V , „ (kJ«a»l-l> A £ « (kJ .ao l _ l ) S», 0 f t ( W ^ o l " 1 ^ " 1 ) 
* " Ralatlva =25 Ralatlva — Ralatlva 

Standard arror Standard arror Standard arror 
jaactlpa Kaaulta tablaa £X)> Maulta tablaa (X) Raaulta tablaa (X) 

la<:OM>2.H20(»> -1253.500 -1251.900 0.1 -1133.900 171.24 
a*<OH)r3H20<a) -1862.700 -1616.000 211.01 
•a(OH)2*8H20(a) -3363.700 -3347.300 0.5 -2826.000 -2791.800 0.87 366.76 

>a(0U)2(a) -949.980 -947.050 0.3 -886.140 -835.360 
-837.040 
-U36.130 

3.37 124.33 

aa(0H)2 (ao,.) -963.060 -998.890 3.3 -848.660 875.880 3.1 
aaO<a) -539.260 328.790 

H2°<t) -242.000 228.750 

103.83 19.7 

70.338 

188.82 

Sourca: I . A. Kondakov, P. V. Kovtuoanko, and A. A. Bundal, "Bqulllbrta ftatwaatt Qaaaoui and Condanaad Phaaaa In tha ftirlua 
Qxld* - U a t a r Syaraa," Auaa. J. Phyt. Chm. 38(1) , 99-102 (1964). 

s 



Table A.3. Published dissociation vapor pressures for Ba(0H>2 hydratas 

Pressures of dissociating species, Ba(OH)2*xH2<> 

Investigator 
Reference 
number 

Year 
published 

TeaperaCure 
•c 

•H2O *2H2C OH2O *8H20 •I6H2O 
( " « § > iSSLMX <"Hj> ( m H«) ( - Ha) 

Lescour 103 1883 20 
Huiler-Ersbach 104 1887 IS 
Johnson 106 1908 17.7 

Taaaru and SloeJ 107 1934 20.0 

Kondakov et aJ. 40 1964 20.0 

1.33 

0.234 3.52 

5.3 

11.4 

3.6 

5.01 

5.54 

13.4 
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APPENDIX B. 

THE BINARY HAIER-Ba(OH)2 SSSTBM 

Studies cited thus far have concentrated on the gaa-solid systea and 

have atteapted to deteralne fron vapor preaanre aeaauranents the presence 

of distinct Ba(0B)2 hydrate apeciea. In 1966, Michaud41**2 published the 

results of a study conducted on the liquid-solid equilibria of the binary 

H20-Ba(OH)2 aystea. After a thorough review of die literature, he con­

cluded that his study was to be die f irst conducted on this systea. In 

his work, the solubility of Ba(0H>2 and lta hydrates in water were deter-

allied as a function of systea teaperature. libera required, the experl-

aent8 were conducted under pressure to aaintain a liquid or liquid-solid 

systea. Theraal analyses, using a calorlaeter, were conducted on the 

precipitated solid to deteralne the invariant plateaua. The coapoaltlona 

of the precipitant8 were confined by x-ray diffraction analysis. The 

patterns obtained for the trihydrate were the f irst reported and are 

referenced in the ASTM f i l e . The resulting phase diagraa i s presented in 

Figure B.l. 

Michaud's results Indicated the presence of the aonohydrate, trihy­

drate, and octahydrate, which is in agreeaent with the results of 

Kondokov, at a l . However, be observed a phenoaenon that rcsearchera 

conducting gas-solid studies would likely not observe and which eight 

help to explain prior diff iculties In confining the existence of 

Ba(OH)2*3H20. Theraal analysis revealed a plateau between Ba(OH)2*8H2<> 

and Ja(OH)2*3H20, signifying the existence of a eutect'c phase consisting 

of Ba(OH)2*3H20 and Ba(OB)2*8H20. The eutectlc coapoaltlon wea found to 
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Figure B.l. H20-Ba(OH)2 liquid-solid phase diagram. 
Source: M. Michaud, "Inorganic Chemistry — Study of the Binary Hater-
Barium Hydroxide System," C. r. hepd. Se'anc, Acad. Sei., Paris 262.CV, 
1143 (1966). 
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constat of 16 aol percent Ba(0H)2*3H2O end to have a atolchloaetrlc 

poaltlon of Ba(0H)2*7.19H20. 
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APPENDIX C. 

THERMAL STUDIES OF Ba(OH) 2 HYDRATES 

Considerable research has been conducted on the thermal decomposition 

of alkaline earth hydroxides In the preparation of oxides with favorable 

electron emission properties. In the course of this work, data obtained 

via therao-gravimetric analyses (TGA), thermal or calcrimetrlc analyses, 

differential thermal analyses (DTA), and evolved gas analyses (EGA) have 

been published on the hydrates of barium hydroxide, however, these 

results have often been of questionable quality, since the equipment and 

experimental objectives were directed toward studies at higher tempera­

tures (i.e., la the decomposition of the hydroxide to the oxide). 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 system at 

equilibrium, while thermal analyses typically try to locate points of 

equilibrium by studying the response of a system to dynamic change. Care 

must be taken to ensure that the response being observed, usually a 

change In temperature or weight of the sample, Is not masked by other 

phenomena within the system. 

In 1959, K^rtl and Clavel 1 0 8 reported the results cf a study on hy­

drates of strontium hydroxide and 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 thermal analysis, chemical analysis, and thermogravimetry 

under isothermal and temperature camp conditions. Although the rate of 

temperature Increase was given, the size of the samples was not. Marti 
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and Clavel reported the existence of two stable hydrates of Ba(0H)2> c h e 

mono- and Che ocCahydraCe, and they believed the seven waters of hydra­

tion released during the reaction Ba(0H)2*8H2O • BaCOH^'h^O, to be 

equally volatile. 

A similar study In 1971 by Judd and Pope, 1 0 9 who have published 

extensively In the field of thermoanalytical techniques and decomposition 

modeling, reached Che same conclusions. Their sample size was 500 mg, 

and Che presence of Che final product, Ba(0H)2*H?<)» was confirmed by x-

ray diffraction analysis. The material was prepared by evacuating 

samples of Ba(0fi)2*8H20 to 0.1 ma Hg at 25*C for 5 h. 

A study by Habashy and Kolta 1 1^ on Che thermal decomposlclon of Che 

hydrates of barium hydroxide, published in 1972, utilized Chermogravi­

ne trie, differencial thermal, x-ray diffraccion, and infrared spectral 

analysis. A unique aspect of Chis work was ChnC Cwo types of 

Ba(0H)2*8H2O samples were used. Oie type was prepared by preciplcaClng 

Ba(0H)2*8H20 crystals from a saturated soluClon, while Che second was 

prepared by dehydrating che Ba(OH)2*8H20 cryscals at 80*C under a dynamic 

vacuum to form BaCOH^'^O, followed by rehydration in moist air to form 

Ba(0H)2#8H20. 

Their results, presented in Figure C.I., indicate the presence of 

three hydrates: Ba(OH)2'H2°» Ba(OH)2*2H20, and Ba(0H)2*8H20. However, 

the preparation of Ba(OH)2*2H20 was possible only under specially 

controlled conditions. When rtcrystallized Ba(OH)2*8H20 '«« subjected to 

a vacuum at temperatures ranging from 30 to 150*C for several hours, the 

dehydrated produce was B-Ba(0H)2*H2O. A similar produce M I obtained 

when che dehydration took place In air at 150*C; however, when the 
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Figure C.x. Thermograviaetrie study of Ba(OH)2*8^20 samples 
prepared by different techniques. Source: G. H. Habashy and G. A. 
Kolta, "Thermal Decomposition of the Hydrates of Barium Hydroxide," 
J. Inorg. tiuel. Cham. 34, 57-67 (1972). 
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material mas dehydrated In air at temperatures less'than 90°C for teveral 

hours, the resulting product was Ba(OH)2-2H20. Formation of this con-

pound was subsequently verified by a separate endo the rale peak during 

differential thermal analysis, a distinctive infrared spectrum, and by an 

x-ray diffraction pattern that was distinct from those published for o-

and B-Ba(OH)2»H20, Ba(OH)2*3H20, end Ba(Od)2*bH20. However, the 

dlhydrate was not observed during similar studies on the rehydrated 

Ba(0H)2*8H2O. Habashy and Kolta concluded that the formation of the 

dlhydrate 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)2*8H20(s) * amorphous product + H20(g) + Ba(0H)2*2H20(s) 

or 

activated diffusion 
Ba(0H)2'8H20(s) * amorphous product + H20(g) + 

Ba(OH)2«H20 (C.2) 

They concluded that when a dynamic vacuum was applied to the system, 

the rate of diffusion was increased cr activated, resulting In more rapid 

water removal at the decomposition interface. The formation rate of the 

ilhydrate would likely be dependent upon * kinetic rate constant 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.l. They also speculated that the rehydrâ eri sample would 

possess a 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 precipitated octahydrate. 
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Hence, the reaction aechanisa of Equation C.2 would control the dehydra­

tion process. 7b«*se results were cited to parallel those of earlier 

ctudies conducted by Habashy on BeS04 and CaSO^, where the existence of 

•onohydrate and healhydrate phases were confirmed. 
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APPENDIX D. 

CRYSTAL PROPERTIES OF Ba(OH) 2 HYDRATES AMD BaC0 3 

The crystalline structure of Ba(OH)2#RH2° has been determined to be 

monodlaic^ and s. member of the C*2b—*2i/n space group, having a unit 

cell with four foraula units of a - 9.35 A, b - 9.28 A, c -11.87 A, and 

0 - 99°. The calculated crystal density is 2.06 g/cm3; the Measured den­

sity is 2.18 g/cm^. The barium cation is coordinated by eight water oxy­

gens in the form of a slightly distorted Archimedlan print at a distance 

of 2.69 to 2.77 A. The unit cell has been shown to consist of 4 barlua 

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 ion *« closest uelghbors, a factor of potential significance 

in the overall reaction mechanism with an acid gas. 

Relatively little information is available on the crystalline struc­

ture of Ba(CH)2*3H20, although it does possess a unique x-ray diffraction 

pattern. Bauer 1*, i n e o m e studies published in 1903, stated that 

crystalline Ba(0H)2*3H2O could be prepared from a saturated 

Ba(0H>2 solution maintained at 105°C. He determined the structure to be 

rhombic with an a:b:c ratio of 0.58905:1:0.7803. 

In 1969, Lutz, Heider, and Becker 1 1 1 published the results of an in­

frared absorption study on Ba(0H>2 and BaCOH^'H^O. Their results indi­

cated that Ba(0H)2*H20 exists in two stable forms designated beta (8) 

and gamma (Y)« The 8 phase is more stable and Is commonly prepared b/ 

the room temperature evacuation of Ba(0H)2*8H2O. The Y form is unstable 

at room temperature, but It nay be prepared at 60°C by evacuating a 
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Ba(OH)2*8H2° saaple to a pressure of i0~* s B g . It aay also be prepared 

by contacting B-Ba(0H>2 with a moist stream of nittogen or by the hydro­

lysis of barium alcoholates. Because of a lack, of data, uncertainty 

exists as to whether the Y-Ba(OH)2*H20 is identical to the a-Ba(0H)2*H2O 

observed by Michaud*l»*2 in his phase diagraa studies (Appendix B). A 

second factor of Interest in the study by Lute et a l . m is the dif­

ficulty that was cited in interpreting the lnfrared-sorption spectrua. 

They attributed this to the presence of amorphous compounds. However, 

they were uncertain as to whether these coapouads were stable species or 

reaction intermediates. The most common monohydrate, B-Ba(OH)2"H20, is a 

member ^f the P2]/am space group.m Tt has an orthorhombic structure 

with unit cell lengths of a - 6.9522 A, b - 6.3657 A, and c - 3.3947 A. 

The crystal density is 3.65 g/cta?-

The final product of interest in the present investigation, BaC(>3, 

aay exist in one of three stable crystalline forms: gamma, beta, and 

alpha. 3 The gamma form, sometimes referred to as wither!te and the 

most common, is orchorhombic, with cell dimensions of a - 8.8345 A, b • 

6.549 A, and c - 5.2556 A. The crys-.al density is 4.43 g/cm^. The gamma 

transforms to the beta form and finally to the alpha form at 811 and 

982°C, respectively. Decomposition of BaC03 occurs at ~1450°C. 
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APPBSDIX E. 

SPECIFICATION'S FOR JOMffiRCIAL B.(0B)2«8H 2O 

Specification 

for Smart l aapllesclaa 

Clwici l analysis Oaacltl'Titlow 
total Barlow 

(«Mk acid solobla) as BcO • 4V.0 - 51.0 
••SO. (acid lnsolvMa) % o.i m . 
MtOOt % 0.1 fax, 
a % 0.02 MS. 
• ( u salxlda) % 0.02 at* . 
r * % 0.002 H S . 

Otter Properties 
tepsarauoa •h i t* dry flatea 
Apparent racked 

MOk Density, lb/ft* 09 

M) • £ • • • • • • M M * « 
• • • • • • • " • • M a * * ! **m*mmmmml*+mr. «•»• M M i M a i l i a u M i i k i i »»HW«)/«y» 

•p^PpF*™Wf rtrnf* aWai V S / 0 B U 
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APPENDIX P. 

CALCULATION OF CORRECTION FOR THE BUOYANCY EFFECT 
IN KLCR03ALANCE STUDIES 

One Mist reaeaber that a balance-bean alcrobulance operating outsid-

a vacuum measures an apparent weight or force, rather ihan mass. There­

fore, buoyancy effects must often be accounted for to Insure that a 

real aass aeasuieaint Is obtained. This is particularly true when the 

saaple being weighed is at the temperature of liquid nitrogen (~77 K) and 

the counter-balance weight Is at ambient, temperature. 

For the following derivation of a buoyency effect correction factor, 

the reasonable assumption of gas ideality will be used* Applying 

Archlaedes' principle, that the decrease in weight caused by the buoyancy 

effect is equal to ti.-e weight of the displaced gas, the net weight change 

for a balaace-beaa uicrobalance is then ttte difference between t'ae 

buoyancy effects for the saiple-side and for the counterbalance-side. 

Therefore, 

Atf - P(gas-s) V 8 - P(gas-c) vc» (*•!> 

where 
p(gas)-s 8 a* density at staple-side 

conditions, 

V a - volume of sample-side items, 

P(gas)-c " 8* 8 density at counterbalance-side 
conditions, 

vc - volume of counterbalance-side items. 
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The sacple volume i s related to the sample mss an* density by the 

following expression: 

V i " 71 » < F- 2> 

where 

VA * voluae of sample i , 

• i * mass of sample 1, 

Pi - (tensity of saaple 1. 

Assuming an ideal gas, 

°*,as-i " "* - » <*-3> 
RTt 

where 

MW - molecular weight of gas, 

P " pressure, 

R - ideal gas constant, 

Ti » absolute temperature 
of i. 

Combining Equations (F.l), (F.2), and (F.3), one obtains: 

AW *££ R 
\ Zel 
> T p T 
S 8 C CJ 

(F.4) 

To be totally accurate, the buoyancy effects resulting from the 

sample, the counter-balance weight, the saaple 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 a weight of known mass 
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and density f A to experimentally determine the correction factor that 

would account for buoyancy e f fec t s and other systea factors . Buoyancy 

correction., between other saaples and th i s reference weight could then be 

calculated, using the preceding equations. A 150-ag, class-M weight, 

constructed of tantalua with a density of 16.6 %/cmr was used as the 

reference weight. The sample side with the reference weight was placed 

in a l iquid nitrogen bath, and the AW e f f e c t as a function of 

N2 pressure was determined. This i s represented by the lower l ine in 

Figure F .1 . As expected, no curvature was observed, indicating neg l i ­

gible surface adsorption and other nonlinear e f f e c t s . (Surface adsorp­

tion did occur, but the effec': was negl ig ib le because of the saa l l sur­

face area.) A l inear, least-squares analysis provided the following 

equation, with a correlation coef f ic ient of 0.9999. 

AW - -O.0O052896 P - 0.0754817 , (F.5) 

where 

AW - apparent weight change, ng, 

P - absolute pressure, tan Hg. 

As the absolute pressure approaches zero, one would expect the bouyancy 

effect also to approach zero. I t i s speculated that the nonzero intercept 

in the preceding equation results froa theraomolecular e f fects on the 

sample-side hangdawn wire as the teaperature changes froa 77 K to 

ambient . 6 3 

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

w f ' s " m l , * [ " • » : " c l 
R L p » T s P * T R J a LPRTR p c T c J * w-r l r -5 - - r -? - | + T 1lr-7--r^-|P . <*.7> 

where so* script R refers to the 150-ag tantulua reference weight. Froa 

the alcrobalance system, the last ten In Equation (F.7) was experimen­

tally determined to be represented by Equation (F.5). Furthermore, both 

the reference and the sample mass are at ~77 K, and the buoyancy effects 

from the sample wire, pac, and other items cancel. Therefore, the mass 

and density terms ace those of the actual reference and sample materials. 

Rearrangement of Equation (F.7) gives a true correction factor for the 

mlcrobalance system: 

R T L P - P RJ 
A W C F " ^ I « ~ « ' P + 0 ' ° ° 0 5 2 8 9 6 P + 0.0754817 (F.8) 

where AWcp • correction factor, ag. For nitrogen adsorption studies at 

77 K, the preceding equation reduces to: 

t% 0.1501 
Pg ToTTj AW^ - 5.81938 x 10"3 j - ^ - ^ ± | i i | p + 0.00052896 P + 0.0754817 , 

(F.9) 

where 

ag - mass of the sample, g, 

p t - density of the sample, g/ca3, 

P - systea pressure, ma Hg, and 

AWCF - apparent weight change, or buoyancy factor. 

A true aass reading ic then dbtsi*"4 by subtracting Eq. (F.9) from the 

indicated alcrobalance weight of a sample: 

M - W - AWCF , (F.10) 
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where 

M » true mass, ug, and 

W • indicated mlcrobalance weight, mg. 

Presented in Figure (F. l ) are the observed weight changes for a nitrogen 

isothera (middle data points), and the final isotherm obtained fron 

Equation (F.IO) (upper curve). This Isotherm wat; obtalied froa a 8*003 

sample. 
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APPENDIX G. 

SORPTION THEORY 

The SET Adsorption Theory 

In the development of the BET adsorption theory, the following 

assuaptloas are made: 

1. Equlllbrlua exists between each layer of adsorbate and the adsor­

bate vapor pressure. 

2. The solid is nonporous. 

3. The bonding energy between the adsorbent and the adsorbate is 

auch greater than between the adsorbate layers. 

4. The bonding energy between subsequent layers is constant. 

5. The ratio of adsorptlon-desorptlon 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 Carberry.°° As stated in assumption 1, 

equilibrium is assumed to exist between each layer of adsorbate and the 

adscrbate vapor pressure. At equilibrium, the rate of molecules adsorb­

ing on a given layer must equal the number of molecules escaping. From a 

statistical perspective, the energy of the adsorbed molecules ma; be 

represented by the Boltzman Distribution Law.^°» 1 1 5 

Mj - gj exp(-a) exp(-€j/kT) , (G.l) 

where 

Nj - number of molecule* in 
state j , 
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gj - degeneracy of state J, 

a - constant, 

£* - aolecular energy of state J 

k - Boltsaan constant, 

T - absolute temperature. 

If we assoae that tl^ere are aany aolecules and that the distinct energy 

levels nay be approximated by a continuous functlou, the following 

equations nvy be developed. 

1 . _J=9-
j j-A Ac. -c 

j-A e e 
m^ 0 aV 0 A 

J " * H , £ 1 V C 1 , 4 > V C _ « « p ( - a ) ^ e x p ^ d e ^ 
hA AC -c fZ 

j-0 ^0 'o 
A . 

de 

The fraction of aolecules with energy <eA Is then: 

Ne<e A ( H « e j f*k exp ( j ^ d e 

N e-» *Total /"* exp G^j)de 

«P^[7 " l (G.3) 

- 1 - «xp (j^) 
Therefore, the fraction of aolecules with energy In excess of c A Is 

(e>eA) ("I] 
• W ' V k I 
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The surface area covered by a layer of molecules may be represented by 

31 - A0N1 , (G.5) 

where 

S£ • surface area covered by layer 1, 

Ao • specific area per molecule, 

Nl - number of molecules on layer 1. 

Therefore for a given layer of adsorbates, substitution of Equation (G.4) 

into Equatloa (G.b) results in the surface fraction of that layer with 

moleculss of e>e&, or 

s-^-^KkrJ- ( G- 6 ) 

Multiplying the denominator and numerator of the exponential term by the 

Avogadro number, one obtains: 

ft) __/:!*) 
^RT /• • s ^ - «*RTh < G - 7 > 

where 

EA - activation energy, 

R - gas constant. 

The meaning of E A may now be clarified. For bonding between the adsor-

bate and adsorbent, it is a meaeure of bond strength and is frequently 

termed the heat of adsorption. For bonding between adsorbate molecules 

in subsequent layers, the activation energy (E&) is assumed to be equal 

to the latent heat of llqulfactlon or condensation for the adsorbate"-' 
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(~5.65 kJ/mol for N2 at 77 K). For equilibrium to e x i s t , the rate of 

adsorption mvtst equal the rate of desorptloa, as represented by tha 

following equation. 

a i s 0 ? • bi « i , (G.8) 

where 

aj » kinetic adsorption factor, 

so • unoccupied surface, 

P * adsorbate pressure, 

b» - proportionality factor, 

si - 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: 

a l s 0 p " bl sl e x p V R T / * ( G , 9 ) 

For subsequent layers, one obtains: 

ai 3(i-l) p " bi si e xPVRi7 ' (G.10) 

The total surface area, S, of the solid may be expressed as 

i-CO 
S - £ Si . (G.il) 

The assumption of n nonporous solid enables th» upper limit of the sum­

mation to be infinity. The volume of g» 1 adsorbed on the monolayer per 

unit surface area is 

VM Q-J 1, (G.12) 
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where VJI " volume of molecules on monolayer. Therefore, the to ta l volume 

of gas adsorbed i s given by 

i - 0 0 V i - 0 0 
V -Q E s , - — 2 ^ (G.13) 

i=«G S i-0 x 

Rearranging, 

i-GO 
£isi 

V_ i=-0 # (G.14) 

2 s i 
i«C 

Upon rearrangement of Equations (G.9) ami (G. 10), one obtains: 

t . - - ^ Pso e x p ^ j , x - - ^ P - O e x p ^ J , (G.15) 

s„ »— s, exp\ — j , and (G.16) 
— & 1 s i exp\W> 

V a / i > l 

The energy of activation for the monolayer Ej_, i s assumed to be much 

greater than that of the subsequent layers. Furthermore, the activation 

energies of subsequent layers are assumed to be equal to the heat of 

l iquifaction (EL,). The preceding equations may be combined such that 

Equation (G.17) i s a direct function of SQ, the free surface area: 

8 2 ' ( $ \ T e x p [ w ] e x 4 w ] 8 ° • <G-18> 

The ratio of kinetic tertna for the second and subsequent layers, ( T ) » 
V ' i>l 

i s also assumed to be a constant which results in the following 

general equation: 
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•i • n\«-%&] (f)1 «H?] - • ( c- i» 
The following definitions are now made. 

- (£) p «{H] - (G-20) 

f «"*[«] • and (G.21) 

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

8 i - c ( l ) 1 e x p [ ^ r ] 8 ° ( G' 2 3 ) 

Thl8 equation may be further simplified via Equation (G.21), 

si - CT.'-SQ 

Upon substitution Into Equation (G.14), one obtains: 

1 - 0 0 1-00 
l i s . 2, i c x s, 

1 1-0 
1-CO 
I 8 i 
1-0 

V 
V 

M 

1-0 
1-00 
Z 8 i 
1-0 

. 2, i c x s, 
1 1-0 

1-CO 
I 8 i 
1-0 

1-00 

1-0 
A. 

1-00 t 

Z c x 8 o 
1-0 

8 0 + 
1-00 t 

Z c x 8 o 
1-0 

(G.24) 

(G.25) 
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cA_ lx 

It can be shown that: 

i-n 
(1 - x) X x 1 - x - x< n + 1> (G.27) 

i«l 
For x<l, the physical neanlng of x<l to be demonstrated in a subsequent 
step and n • •», this equation reduces to 

1-n 
i x 

r* as 1-1 1 - x 

Also, the following Identity nay be shown to be valid. 

(G.28) 

i-n i-n 
Zix1 - x £- £ *< • (G.29) 
1-1 a x 1-1 x 

Combining the two preceding equations, 

pj i d r x i ttx - x dx-ix^-x-j - — X 2 • (G.30) 

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

obtain 

?M " c ( ~ r ~ i " 2 i i , x ~ (i - x) a - x •«• ex) • ( G- 3 i ) 

M U - x ) 1 + c ( 1 _ x ) 

Previously, we defined x in the following nanner: 

x " 7 e x p ( F ) - < G- 3 2> 
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At P • Po» the sa'.uratlon vapor pressure, the term'—must approach infinity. 
M 

For this to occur, x must approach 1.0; 

" r **£&" x'°' ( G , 3 3 ) 
*p*Pi o g 

or 

P0 - g e x p V ^ ) • (G.34) 

Thus, 

x - | - <1.0 (G.35) 

Equation (6.31) now reduces to: 

v c P/P0 

vj • ci-(p/p 0ntd -p/p0)+(cp/p0n ( G , 3 6 > 

cP 
lP0 - P)& + (c-1) P/P0] 

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

T?FR7 • cTK [> + <«-»£> ̂  • %% (fe) • < G- 3 7 ) 

Plotting the term P/[V(Po - P)] on the ordinate axis and P/P0 on the 

abscissa, a straight line would be expected for systems with constant 

Vjj and c. With knowledge of the slope and Intercept, the monolayer 

volume (VM) and the c value may be determined. Generally, the BET 

equation is assumed applicable over the range of 0.05 < P/PQ < 0.35. 

However, this range is dependent upon the properties of the solid and the 
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extent of deviation from the original assumptions. As has been pointed 

out by Fuller,50-54 t n e adsorption properties of the solid over the 

entire pressure range, 0 < (P/PQ) < 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 entitled "Polarization Theory and the 

Sorption Potential Model." 

Using the microbalance data presented in Appendix P, the adsorption 

Isotherm, Figure F. 1, was 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 ly replacing 

the volume terms, V and Vft, with uass terms, T and I'M, and using tite data 

for nitrogen adsorbate presented in Table III.B.l (3480 m 2/g adsorbate at 

monolayer coverage). The saturation vapor pressure, PQ, was experimen­

tally determined to be ~757 mm Hg. For Sample 6, the surface area was 

determined to be 4.44 m^/g and the correlation coefficient of the 

straight line was 0.9946. The value of c was found to be 263. Since c 

was defined in Equation (G.22) as: 

c - (f) g exp(—i~y, 

this value for c leads to the conclusion that the adsorbent—adsorbate 

bonding is very strong and is much greater than the bonding in subsequent 

layers (Ei»E L). This phenomer- -. is commonly observed for adsorption on 

oxides, hydrated oxides, •* and carbonates. "~53 

For such systems, the BET surface area may be estimated via a single-

point method.°* For large values of c, Equation (G.37) reduces to: 
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(P„ - P)V - P 0VM (G.39) 

\ -(^)v <G-*°> 
The choice of the adsorbate partial pressure for the single-point method 

is important. Adsorbate partial pressures generally aust fall within the 

linear range of the BET equations (typically 0.05 to 0.35). 

Analytical accuracy is usually improved at the higher gas concentrations 

because of the greater adsorption. 

Analysis 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 situation exists when pores are present 

within the solid. 5 0 - 5*, 62-66 The presence of pores reduces the upper 

summation li~.its in Equation (6.14) from infinity ty a finite number. 

Furthermore, when extremely small micropores (dlam <2 nm) exist within the 

solid, the adsorbate may be bonded to more than one surface, causing 

experimental data to indicate an excessively large heat of adsorption. 

Such physical adsorption is often difficult to distinguish from cheml-

sorption In which a chemical bond Is formed* Its presence may often be 

detected through the use of several adsorbates of differing diameters. 

Pores are usually classified by their mean width, d, as presented in 

Table G.l. 

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

to the regime, 0.05 < P/PQ <0.35. A typical BET isotherm is presented in 

http://li~.it
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Table G.l. Pore classification 

Pore width Relative pressure range 
Pore type (nm) for adsorption 

macropores >50 >0.95 

mesopores 2-50 0.35-0.95 

micropores <2 <0.35 

Source: E. Robens, and G. Halter, "Section 9.7 Determination of 
Specific Surface Area and Porosity of Solids," AnalyHedl Methods 1(B), 
678, Academic Press, New York, 1974. 

Figure G.l, along with the associated adsorption and desorptlon phenomena 

which may occur aa a function of P/Po> 

The hysteresis shown In Figure G.l Is Indicative of either a nonrlgid 

solid or the presence of mesc- and macropores. At ~77 K, the solid Is 

usually assumed to be rigid, a i the hysteresis likely results from pore 

filling and emptying. 

Lorw Kelvin0^ 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-i 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 state 

function and is equivalent to the negative of the energy available from 

the system as work external 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(AAy) - n[-SdT - PdVJ - n[-PdVJ - nRT ln(P 0/f L) - 0.0 , (C.41) 
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where 
n » moles evaporated 

AAy - Helmholtz free energy of vaporization, 

S - entropy, 

W • work done by the system, 

V • volume, 

P = pressure, 

R = gas constant, 

T =• absolute temperature, 

PQ » saturation vapor pressure, 

f^ • liquid fugaclty. 

Assuming that equilibrium is maintained in the 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 

n^Ay - nRT ln(P/fL) =• -oCcsGdA , (G.42) 

where 

P * vapor pressure, 

a - surface tension, 

A " area, 

0 •* angle of contact. 

Combining Equations (G.41) and (G.42) and assuming the angle of contact 

to be -0°, 

nRT ln(P/P0) - -odA . (G.43) 

Assuming cylindrical pores, one may now make the following substitutions: 

dA - 2irrdl , (G.44) 
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where r » pore radius, and 1 - pore length; and 

dV *r2dl ,„ . c x 

n « — - -= , (G.45) 

M M 

where V^ • molar volume. Upon combining Equations (G.43), (G.44), and 

(G.45), one obtains: 
VM 2mrdl 2 o V M 

In (P/P0) r o « - - = - , (G.46) 
ir RTdl 

or, In exponential form, 

(~2aWH\ P/P0 - e x p ^ — J • (G.47) 

Hysteresis Is observed because the pores fill and empty via different 

mechanisms. 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 diameter. Therefore, the are*, and volume 

terms in the preceding equations are functions of r, as represented by 

dA - 2wldr , 

dV - fcrrldr . 

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

rearrangement, the following equation is obtained: 

PA / tfVM\ 
p T - e x p ( - ^ ) ' ( G - 4 8 > 

where PA • adsorption vapor pressure. 

The desorptlon step has been shown to proceed via the mechanism 

assumed in the development of Equation (G.47), an axial emptying of the 

pores: 
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P ° ( 
?tmexp\r 

-ST) , (G. 49) 

where PQ - desorptlon vapor pressure. 

Upon combining Equations (G.48) and (G.49) for a given pore radius, one 

obtains: 

or expressed in the nomenclature of Figure G.2, A* - D. Also, presented 

in Figure G.2 are the respective sorption isotherms for pores of various 

configurations and the observed relationships between A and D.** Nitrogen 

adsorption isotherm studies have indicated pore sizes down to 2 in will 

exhibit hysteresis.5! When pore sizes are <2 nm (a P/P0 of <0.30 for ni­

trogen), the validity of the Kelvin equation is suspect, and the physical 

sorption forces dominant for both sorption and desorptlon mechanisms."* 

For systems with adsorption and desorption Isotheras consistent with 

Equation (G.50), methods have been proposed and successfully used for 

determining the pore size distribution from desorption data. When vapor 

pressure conditions 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/Pn still remain upon the surface. The 

average thiclcnesc of this adsorbed layer for nitrogen as a function of 

P/PQ is presented in Table G.2. The Halsey equation may be used for 

estimating the thickness, t, of the sorbed layer: 

r 5 n 1 / 3 

1 ' 3 - 5 4 LI»7FO7F7| ' < G ' 5 1 ) 

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 various 
relative pressures 

P/Po t,A P/P0 t,A P/P0 t,A P/P0 t,A 

0.3 0.6 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 0.66 8.0 0.77 *.4 0.89 12.2 

0 . 4 Z J 6.3 G.67 8.1 0.78 9.5 0.90 12.7 

0.45 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 

Source: S. Lowell, Instruction Manual for -the Quantasorb 
Sorption System, Qoantachrome Corp., Syosset, New York, 1975. 
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62 -3.54. For Resorption data, Wheeler0* suggested the following equation 
for estimating the pore sise distribution: 

V 0 " V - w / r" (r-t) 2 L(r)dr , (G.52) 
c 

where 
VQ » pore volume at saturation, 
V • volume remaining upon desorption to P^/Po* 
r - radius, 
t * thickness of adsorbed layers, 

L(r) * pore length distribution function, 
L(r)dr - length of pores with radii of r to (r + dr). 

For desorption, the Kelvin equation may be used to determine the respec­
tive pore radius for a given P/PQ> For nitrogen desorption, 

T - 2 q V » cos e 
rl< " RT ln(P0/p) » ( G ' 5 3 ) 

where 
r k - r - t, A, 
R - 8.31 x 10 7 ergs/mol k , 
T - 77 K, 
6 « 0°, 

a - 8.85 ergs/cm2, 

V M - 34.7 cm3/«ol. 
Substituting the respective values into the preceding equation, 

4*146 ,„ .,\ 
rk " log <P0/P)- ' ( G ' 5 4 ) 
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Ir. analyzing desorption data, Wheeler<>2 assumed a density distribution 

function, such as Gaussiau, for the pore radii, L(r), and determined 

the characteristics and goodness of fit for that particular distribution 

function when substituted into Equation (6.52). 

Rather than specifying a given density distribution function, Barret, 

Joyner, and Holenda^* simplified Equation (G.52) by using a summation to 

approximate ti.e integral expression: 

?, „2_ VA V - V - »£-(r - t) L(r) r . (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 Rouquerol"2 is recommended. 

Polarization Theory and the Sorption Potential Model 

Wher»as the BET Model assumes a distinct sorbent-sorbate bonding 

energy and identical sorbate-sorbate bonding energies for the formation 

of subsequent adsorbate 7avers, polarization theory and the resulting 

sorption potential model assumes that the bonding energy varies as a 

function of the number of sorbed layers.50-54,62-63 ^n excellent review 

of the sorption potential model and its application in the analyses of 

sorption data is presetted in papers by Fuller et al."0-53 These papers 

will be referenced extensively in the ensuing paragraphs. 

The sorption potential, E, as defined by Polangi52»63 ±s t h e rever-

slole work performed on the system, the change In free energy, required 
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to isothermally compress the adsorbate from the system pressure to its 

saturation vapor pressure. Thus for an ideal gas, 

E = dA = -PdV - SdT = - RT In %- = RTln ~- , (G.56) 
v0 p0 

where 

E = sorption potential, 

A = Helmhotz free energy, 

V = volume, 

P = vanor pressure, 

P 0 = saturation vapor pressure, 

R = gas constant, 

T = 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: 

T - f(E) , (G.57) 

where 
r m g adsorbate : 

g adsorbent 

As indicated by Fuller,53~54 several functional forms for Equation (G.57) 

have been proposed (some from first principles) and tested. However, 

Fuller determined the relationship proposed by deBoer and Zwicker to be 

quite beneficial in the analyses of sorption isotherms. Their model is 

based upon the interaction of the sorbent and sorbate by mutual field-

mult ipole forces. The functional form of the interaction equation is 
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-ar 
E - E 0

e , (G.58) 

vhere 

EQ =• initial (zero coverage) energy cf interaction, 

a • exponential decay factor, 

r « amount adsorbed. 

Equations (G.56) and (C.57) may now be used in analyzing the sorption 

isotherm. Determination of the monolayer coverage, r M, is possible via 

application of the equipartition of energy theory. 

Depending upon the energetics of the surface, the sorption potential 

for a given coverage will equal RT and this energy [see Equation (G.56)] 

will correspond to a unique value of P/PQ. The specific energy value, 

RT, corresponds to the loss of two degrees of translational freedom 

in forming a given layer, and the bonding energy must equal this. In a 

similar manner, a sorption potential exists for which only one degree of 

translational freedom was used. This layer would then contain 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 » 0.5RT and & - RT or: 

r M - 2.0 [r2(E - 0.5 RT) - T^E - RT)]. 

Since Filiation G.56 shows that E * -RT lnQP/Pg), one may then obtain: 

r M - 2.0 [r2(P/P0 - 0.6065)-r1(P/P0 - 0.3679)]. (G.60) 

Thus the monolayer coverage may be estimated by the adsorption values at 

two values of P/Pg. As Indicated by Fuller,^ highly energetic surfaces 

will generally require r 2 and ?i to be sorption values for the second and 

third adsorbate layer. For less energetic surfaces, the sorption poten­

tial quickly drops and is equal to RT and 0.5 RT for the first and second 

adsorbate layers, respectively. 



220 

In the analyses of sorption data, the ten En, the energy of interac­

tion at zero coverage, is extremely important as It provides an indication 

of the type and strength of the sorbate-sorbent bonding. This value nay be 

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

l n(fe) " -* + ^fe)- (G'6l) 

Combining Equations (G.56 and (6.61), one obtains the following linear 

equation: 

In [-In (P/P„)] - -oT + ln(E0/RI) (G.62) 

Froa adsorption data and a plot of In [-ln(P/Pn)] versus I", one can then 

determine En 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, EQ/RT - 8.0 (E 0 - 5.1 kJ at 77 K would be the 

minimal intercept value). In reality, values which are greater than and 

'.ess than this value are commonly observed due to variatiors in the 

energetics of sorbent-sorbate interaction. Large positive deviations 

from thic value usually result from chemlsorptlon or the existence of 

neighboring surfaces with accompanying surface potentials. 

A major advantage of the sorption potential model is that it may be 

applied over the entire P/PQ range. As previously demonstrated by Eq. 

(C.61), the amount of adsorbed sorbent is ideally a linear function of 

ln(E/RT) or In (-In (P/PQ)]. Depending upon the properties of the solid, 

several linear regimes in the sorption potential plot may be observed 

which indicate changes In the energy of interaction (En) 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 analysis, 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 only 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. 



APPENDIX H 

ADSORPTION ISOTHERMS, BET PLOTS, AND SORPTION POTENTIAL PLOTS 
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APPFWDIX I 

MERCURY POROSIMETRY DATA SHEET 

Table 1.1. Mercury ] porosimetry data sheet 

Pore 
Cumulative pore volume (mL) 

Mercury Pore BaC0 3 BaC0 3 

pressure diameter Ba(OH)2'7.0H2O Ba(0H)2'7.5H20 COM-35 COM-40 
(psig) (um) (2.0975 g) (2.4311 g) (0.2793 g) (0.2972 g) 

0 0.0000 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 0.0030 0.0051 0.0015 0.0080 
30 5.83 0.0047 0.0088 0.0021 0.0115 
40 4.38 0.00C6 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 1.75 0.0194 0.0358 0.0057 0.0225 
125 1.40 0.0231 0.0427 0.0067 0.0276 
175 1.00 0.0333 0.0562 0.0084 0.0309 
250 0.700 0.0450 0.0682 0.0115 0.0345 
350 0.500 0.0547 0.0787 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 0.250 0.0747 0.1001 0.0240 0.0715 
900 0.1 (>U 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 0.1438 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 0.1125 0.1471 0.1284 0.1667 
6000 0.0292 0.1127 0.1476 0.1289 0.1670 
8000 0.021* 0.1132 0.1476 0-12^7 0.1670 
10000 0.0175 0.1134 J.1482 0.1298 0.1673 
12500 0.0146 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 fttymi:. at 70*F and 14.7 psla. 

Because of different operating conditions and to validate the factory 

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 linearly 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 weight. ^ 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 momentum or force balance on the float. 

2g AP 
Q /p" - CYS c, , (J.l) 

lOg 

whe 

Q - volumetric flowrate, 

p - gas density, 

C - discharge coefficient, 

Y • expansion factor, 
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S • orifice area, 

gc * Newton's law factor, 

0 • 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: 

Q /p " constant (J.2) 

z m constant 

Therefore, for the same float position but at differing system conditions, 

the following equality oust hold. 

Ql SpJ « Q 2 /pj . (J. 3) 
For the gas conditions to be encountered, the reasonable assumption of 

gas ideality will be used, so that 

PMW . .. 

where 

P • pressure, 

MW - molecular weight, 

R - gas constant, and 

T - absolute temperature. 

Combining Equations (J.3) and (J.A), (with subscript 1 referring to 

calibration conditions for the rotameters and subscript 2 referring to 

actual rotameter flowrate reading and operating conditions), one obtains: 

Ml RTj w 2 RT 2 

A „2 M 
P, MW, T. 

Qi " Q2 V T ^ T 2
 ( J* 5 ) 
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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 IS psig) and float position or: 

Qc - f(Pi,z) (J.6) 
Therefore, from the calibration curve for a given float position and at 
ambient temperatures, one can determine the flow rate at reference condi­
tions, 1 atm and 70°F, for system pressures of either 5 or 15 psig. One 
may then use Equation (J.5) to correct for the effect of other rotaaeter 
pressures. In our system, the molecular weights of the gases for the two 
conditions were identical, an<i the changes resulting from differences In 
absolute temperature were negligible. Therefore, 

/ > -
% -./' -r- % . (J-7> *-VT 

where 
QR * flow rate at reference conditions, I atm and 70°F, 
?2 a system pressure at rotameter, 
Pj - rotameter pressure used for the calibration curve, and 

Q c * flow rate at reference conditions for given rotameter pressure, 

Pi-

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 5 
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 FIXEJ-BiD 
PARTIAL DIFFERENTIAL EQUATIONS 

Computer Program Nomenclature 

T - Temperature, K 

P " Pressure, atm 

AO - Surface area, area/volume, cm /cm 

C02FRAC - Volume fraction of CO2 in feed 

AMW » Molecular weight of reactant 

CIN « Inlet 002 concentration, g-mol/cm-* 

SDEN - Reactant bulk density, g/cm3 

AXF • Gas film mass transfer coefficient, cm/s 

DELS - S increment where S = z/V, s 

DELT - 0 increment where G * t - ez/V, s 

TIME - b, h 

S - S, s 

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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Computer Program Listing for the Finite Difference Solution of the 
Fixed-Bed Partial Differential Equations 

DIMENSION C(2000)» X<2000) 
1 FORMAT (F15.S) 
2 FORMAT (3E20.10) 

T-295.3 
P-l.03881 
A0-6.0 
CQ2FRA*.00033 
AMU-298.8 
CIN-PSC02FRA/(82.06*T) 
8DEN-1.0 
AKF-1.0 
DELS-0.00700 
DELT-.00015 
Tl.ME-0.0 
00 100 HZ-liZOOO 
X(NZ)«0.0 

100 C(NZ)-0.0 
C(l)-1.0 
N«0 
NN>2 
KK-0 
KKK-10 

140 K-0 
L-? 
M«N-» l 
TIME-TIME*DELT/3600.0 
IF (N.NE.KKK) 00 TO 160 
TYPE 1»TINE 

160 S»0 
DO 200 NZ«NN,20O0 
NZN1-NZ-1 
C(NZ)«-DEL8*AKF*AO*(1.0-X(NZ)t*1.0)*C(NZMl)+C(NZMl> 
8-S+DEL8 
IF (N.NE.KU'K) 00 TO 170 
L-L+l 
IF (L.NE.10) 00 TO 170 
L-0 

163 TYPE 2t8tC<NZ)>X<NZ) 
170 X<NZ>-X<NZ>+DELT*AMV*CIN**AKF*A0/SDEN*<1.0-X<NZ)t*1.0 

C)«C(NZ) 
IF (C(NZ).LT.1.0E-06) 00 TO 210 

200 CONTINUE 
210 IF <TIME.0T.S.0E-07) DELT-10.0 

IF (N.NE.KKK) 00 TO 220 
IF (KK.NE.6) KK-KK+1 
M«0 
KKK-KK*500 

220 IF (TIME.QT.120) 00 TO 300 
SO TO 140 

300 8T0P 
END 
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Figure K.1. Grid schematic for finite difference solution of the 
controlling partial differential equations and their respective boundary 
conditions. 
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APPENDIX L 

FITTED VALUES IN ERGUN EQUATION 

Table L.l. Fitted values in Ergun Equation, AP/L « A'V + B*V2, 
and calculated values of e and +d~ 

Effluent 
COM relative Superficial 
Run humidity velocity, V 0

a Temperature Constants Voidage $d p 

No. (Z) (cm/s) (K) A* B 1 - e (cm) 

31 40.2 13.00 296.7 0.8904 0.4100 0.0934 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 

a V 0 • superficial velocity at reference conditions, 294.3 K and 
101.3 kPa. 

V - superficial velocity at system conditions. 
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APPENDIX M 

MASS TRANSFER MODELS FOR SHRINKOG-CORE SYSTEMS 

In the modeling of gan-solid reactions, one often assumes that the 

reaction interface is reasonably sharp. Mass-transfer models based upon 

this assumption are often referred to as "shrinking—core models."'"1'' 

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 react ant 

or product through the solid product layer, and (3) a kinetlcally 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 kinetlcally controlled reaction: aA(g) + bB(s) * C(g) + dD(s). 

For these cases, the entire concentration gradient or driving force 

is applied to the step that is rate controlling, 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 is 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. 
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Gas-Film Controlled Mass Transfer 

Gas fi lm controlled; planar geoaetry. The aass transfer rate, R, through 

the gas film may be expressed as : 

R - KpACB , (M.l) 

where 

Kp * mass transfer coefficient, 

A =» area for mass transfer, and 

C B » 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: 

R.^pf . (H.2) 
or 

i - >- PA (- £ ) , (M.3) 

where 

a - stoichiometric term, 

b - stoichiometric term, 

p * molar density, 

r - distance from 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: 

MS)-v. 
R - r - b p - W 
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KpCga 

The time, T, required for complete particle conversion (i.e., r - 0) is 

given by: 

K F C B a 

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

For planar geometry, the unreacted fraction of the solid is 

X-i£-|. (M.7) 

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

tion is obtained: 

j - 1 - X . (M.8) 

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

manner analogous to the preceding case for planar geometry. 

R - KFACB , 

R " a p dt ' 

V - irr 2h , 

* - * > ^ - - ! > * ^ - <«•') 
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Combining Equations (M.I) and (M.9), one obtains: 

=!'*» ^ - V C B . 

R 2 r 2 - ^ ^ R " r bh 2*p t ' 

At 100Z conversion, r = 0 and t » T, 

\a KpACg/ aK pC B 

Dividing Equation (M.10) by Equation (M.ll), one obtains: 

7 ' ̂  ; ̂  - 1 "4 • (M.12) 
T R 2 R 2 

The j .ractlon of sol id reactant remaining as a function of r Is ; 

* - ^ - ( f ) 2 -

Upon subs t i tu t ion of Equation (M.13) in to (M.12), the desired resu l t Is 

obtained, 

- - 1 - X . (M.U) 
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Gas film controlled: spherical geometry 

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

one obtains: 

R =- AKpC B 

- b p d V 
K • a dt 

V - 4/3 *r 3 

- bp d\ 3 / 4bp»d(r3) 
R ' adt 3 ^ ^ < M - 1 5 ) 

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

t • 0), the solution is: 

3 3 3aAKpCB 
R - r - —rr t , 

1 • ( * ) ( " * - ' ) 

At 100% conversion, r - 0 and t - T, therefore: 

(M.16) 

T " ( l a A K ^ ) R "3aK/^ R- ( M ' 1 7 ) 

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

T - ^ - 1 ^ 0U«> 
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The fraction of sol id reactant remaining, X, i s given by: 

4»r3 3 

X - 3 - - - ^ (M.19) 
4wRJ I. 

3 

Thus: 

7 - 1 - X , (M.20) 

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

transfer in planar, cylindrical, and spherical geometry. 

Diffusion Controlled Mass Transfer 

For the case oi diffusional control, the development of shrinking-core 

models requires several additional assumptions. Using the center or the 

particle as the reference point, the partial d i f ferent ia l equation 

describing gas-phase mass transfer in planar geometry within the solid 

i£i 

e o T + v f f - ^ - 0 : 0 ' <»-21> 
or 

where 

i. • product voldage, 

V - Valk gas velocity, 

D » effect ive di f fus ivi ty . 

Because of the difference in the molar densit ies of gases and so l id s , 

the movement of the reaction interface i s extremely slow; therefore, 

contributions to the overall mass transfer rate froir the term 6C/6t 



246 

are extremely small. Assuming equlaolal counterdiffusion, the bulk 
velocity term in Equation (M.20) is 0.0, thus: 

d 2 c D ̂ -£ - 0.0 , and dr z 

dC Dr~ - constant - R . (M.22) 

Ills equation may be integrated, rearranged, and equated to a rate term based 
upon movement of the reaction interface as in Equation (M.2): 

a dt 

Solution of the resulting differential equation provides an excellent 
estimate of the rate oi. conversion as a function of time. Although 
derived for planar geometry, Equation (M.22) is also applicable to 
cylindrical and spherical geometry where the radius is the variable of 
interest. 

Diffusion controlled; planar geometry* Starting with Squation (M.22), 
we have: 

R - A D ^ . dr 

Upon solving this equation with the boundary conditions, C - CJJ at r - R, 
and realizing that C - 0 at the reaction Interface, r, one obtains: 

_ ADCR 
R - j-r^ • (M.23) 
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This equation is nov equated to the rate tem based on Movement of the 

interface, rearranged, and Integrated with the boundary conditions, r - R 

at t « 0: 

- b dV bpA dr 
R " a p d t " " a dt» 

DC 
* r R >dt b p • 

2 2 a D C B 0.5rz + 0.5R* - Rr - -— = t , bp 

t - ̂ - (0.5r2 + 0.5R2 - Rr) . (M.24) 
B 

At complete reactant utilization, r - 0 and t - x, 

T - I D A C - ( 0 - 5 R 2 ) • < M' 2 5 ) 

B 

Oividing Equation (M.24) by Equation (H.25), one obtains: 

7 " I 2 + 1 " 2 f • < M ' 2 6 ) 

As previously shovm in Equation (M.7), the fraction of unreacted solid in 

planar geometry is 

X AR R ' 
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Thus Equation (M.26) reduces to: 

^ - X* - 2X + 1 . (M.27) 

Diffusion controlled: cylindrical geometry. As previously shown by a 

aass balance on the reactive gaseous species: 

— dC dC* 

R * *** dr " 2 * r h ^ " C o n 8 t a n t • 

Upon integration with the boundary conditions, C * Cn at r « R, one obtains: 
Rln(|) - -2«hDCR . (M.28) 

The mass balance on the reacting solid provides the following equation. 

* - £ P £ - - ! p 2 * h r | f . (M.29) 

Combining and rearranging Equations (M.28) and (M.29) and integrating by 

parts, with the boundary conditions r - R at t - 0, one obtains: 

-b dr 2 * h D C B 
7 P 2 " " 1 ^ " ln(r/R) • 8 n d 

, /r\ dr B 
Mi) r dT " -ST • 

where the following definitions apply: 

u • ln(JH dv - rdr 

du - — v - 0.5r 



2*9 

0 . 5 r 2 l n £ ) | r - fT 0.5r dr - ^ ^ t 

aDC_ 
0.5r 2 ln(j) - 0.25r 2 + 0.25R2 - -g^- t 

t - ^ - (0 .5r 2 l n ( | ) - 0.25r 2 + 0.25R2) . (M.30) 
B 

At coaplete conversion, r - R and t - x, so 

T " (15%) °' 2 5 R 2 ' < M ' 3 1 ) 

Dividing Equation (M.30) by (M.31), one obtains: 

i-2(f) 2ln(f)-(f) 2
 + l . (M.3Z) 

The fraction of unreacted solid.. X, in the cylindrical geometry i s given 

by Equation (M.13): 

v T 2 h / r \ 2 

*R h 

Thus, Equation (M.32) reduces to: 

- - X InX - X + 1.0 . (M.33) 
T 
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Diffusion controlled; spherical geoaetry. The rate of gas-phase aass 

transfer through the product layer aay be expressed by: 

R - AD 4 ^ - 4*r2Dr^ - Constant (M.34) 
dr dr 

Upon integration with boundary conditions C « Cg at r - R, and recogniz­

ing that C - 0 at the reaction interface, r, one obtains: 

5 - 4 l t D C B ( i - T ) ( M - 3 5 > 

The rate of reaction based upon movement of the reaction interface is: 

R , b p i V . b p d _ / 4 ^ r 3 \ . b p A ^ 
a dt a dt \ 3 / a 

Combining, rearranging, and integrating Equations (M.35) and (M.36) with 

the boundary conditions r » R at t • 0, results in: 

( 1 1 \ 2 dr U " ] r dT 
3 a D C B 
bp 

DC B 1 f r3 R31 1 , 2 _2, 

bpR2 W - ' H [(#-»]] 
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At coaplete conversion, r « 0 and t - T. The time required for coaplete 

conversion is then: 

2 \ / L . 
(M.38) U*Jw 

Dividing Equation (M-37) by (M.38), one obtains: 

7 " 2(f I' " 3 ( t ) 2 + l (M*39) 

For spherical geometry, the fraction of unreacted solid is given by 

Equation (M.18): 

i n 3 

Equation (M.39) then reduces to: 

- - 2X - 3 X 2 / 3 + 1 (M.40) 
T 

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: 

where Kg - kinetic rate constant. This equation is now coupled with an 
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equation relating the aoveaent of the so l id interface and integrated with 

the boundary conditions, r - R at t • 0. The resulting equations are 

«-**(lF) 

dt b TCB 

r - R - - b ? w 

t - T T V C R " *>• (M.41) 
a K K C B 

At complete conversion, r » 0 and t » T. The time required for complete 

conversion is 
. b P 

a K K C B 
R (M.42) 

Dividing Equation (M.41) by (M.42), one obtains: 

j - 1 - | (M-43) 

The fraction of unreacted solid is given by Equation (M.7): 

_ Ar r 
X " A R " R 

Upon substituting into Equation (M.42), the desired form Is obtained. 

~ - 1 - X (M.44) 
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Reaction controlled; cylindrical geometry. The reaction rate aay be 

expressed by: 

1 - ̂ B " **V* ' 

This equation is now conblned with the aass balance equation based upon 

the Movement of the interface, rearranged, and integrated with boundary 

conditions, r » Rat t - 0. The resulting equations are 

" 7 i r p 2 t h d T » R - _b dV 
a dt 

b dCwr^) 
a dt 

dr 
dt 

a 
V B » 

E -
al 

r - — 
^Cgt 
bp , and 

t - bp 
a K K C B 

( R - r) . (M.45) 

At complete conversion, r - 0 and t • T. Therefore, 

x - -JPJT- R . (H-46) 
a K K C B 

Dividing Equation (M.45) by Equation (M.46), one obtains: 

| - 1 - | . (M.47) 

The fraction of unreacted solid is found by Equation (M.13): 

2 2 
x • " h / r * 

irR2h "(f) 
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Upon substitution into Equation (M.47), the final solution is 

- - 1 - X 1 / 2 . (M.48) 

Reaction controlled: spherical geometry. The reaction rate for spheri­
cal geometry may be expressed as: 

R " *VB " ** V. • 
The rate of gaseous reactant consumption as a function of interface move­
ment is 

5 . *£. iZ . *> 4* d(r3) bp4irr2 dr ... 
K a dt a 3 dt a dt ' iH'*9) 

Upon combining, rearranging, and integrating the two preceding equations 
with the boundary conditions r - R at t - 0, one obtains 

- — - — RC dt bp nCB ' 

a KK cB 
R - t - - b p - ~ t • 

^ - (R - r) . (M.50) 
a K K C B 

At complete conversion, r - 0 and t • T, therefore the time required for 
complete conversion Is 

T--I* 
a K K C B R . (M.51) 
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Dividing Equation (M.50) by (M.51), one obtains: 

- - 1 - T • (M.52) 
x R 

In spherical geometry, the fraction of unreacted solids, X, as a function 

of r is given by Equation (M. 18); 

4>r -

3 3 * 4wRJ K3 

Upon substitution into Equation (M.52), the desired solution is: 

t 1/3 
- - 1 - X . (M.53) 
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Table H.l. Shrinking core nodel predictions for Halted 
nass transfer of gaseous reactant 

Controlling aechanisa 
Particle 
geoaetry Reaction tiaea 

Gas film Planar T L * » T alL,C B 

Cylindrical •£ - 1 - X; T - ^ 

Spherical 

B 

I - 1 - X. x - **S-T l *' T alL,C B 

Diffusion through 
solid product 

Planar 
/ 

T - X - 2X + 1 a2DC„ 

Cylindrical x mx - x + is x - ^ 

Spherical 2/3 t z / * Ml a 
1-2X-3X + l ; x - | y -

First-order, kinetlcally 
controlled reaction Planer 

a K K C B 

Cylindrical f - l - X 1/2 • r - M £ » T air a K K C B 

Spherical 1/3 
' " ' " * ' " « K C B 

. , .ae. 

aReactlon tlae as a function of fractional conversion of reactant. 
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APPENDIX N 

EXPERIMENTAL AND MODEL-PREDICTED BREAKTHROUGH 
CURVES FROM FIXED-BED STUDIES 
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ORNL DWG 8 2 - 3 4 4 

0 

- 1 

- 2 

- 3 

- 4 

- 5 

- 6 

- 7 

- 8 

- 9 

•~m—=|L0 

- 0.1 

1 T 1 y.~. " 
• DATA POINT S* _ 
—MODEL 

mS — 
/ -

s ! I
LL

LL
 

/S — 

/* 7 1 
1 

— K FAo 

/ / 
COM- 20 

FrnT 

$***• 
KpAo » 8.5 » _ 1 

• ~ 

— $***• 9 V«> 13.5 cm A $***• 
P» 111.6 kPo 

/m/ T - 315.5 K 
~ • / EFFLUENT R.H." 53.0% = 

J / / 
AP« 19.1 kPo/m 
BED DEPTH » 50.8 em l i

n 

/ / 1 _L 1 1 — 

0.01 u 

-A 0.001 

20 40 60 
TIME (h) 

80 100 

ORNL DWG 8 2 - 3 4 5 

<—4 ••—•—*3 

COM- 23A 
K rAo - 8.0 i~ 1 

V 0 • 12.9 em/* 
P • 108.4 kPo 
T« 296.3 K 
EFFLUENT R.H 
AP • 0.7 kPa/m 
•ED DEPTH • 50.8 

3 6 . 1 * = 

1.0 

0.1 

-= 0.01 
o u 

0.001 

40 60 
TIME (h) 

100 
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ORNL OWG 8 2 - 3 4 6 

- 0.1 

C0M-23B 
K F A C « 9.0 $"' 
V 0 « 12.9 cm/s 
P» 104.1 hPo 
T - 2 9 6 . 6 K , 0 

EFFLUENT R.H.« 3 4 . 0 % 3 , w 

AP • 0.9 KPo/m 
BED DEPTH » 50.8 cm 

0.01 O 
o 

80 100 
TIME (h) 

ORNL DWG 8 2 - 3 4 7 

_ , « 0 » T A ^ I N T 
' I - — MOOEL 

• • •I • • *J 

. -1 
COM-24 

KpA0 • 9.0 i 
V„« 13.0 cm/ j 
r » 102.1 kPo 
T • 304.6 K 
EFFLUENT R.H.* 45.1% ^ 
AP" 1.8 kPo'm 
BED DEPTH • 50.8 em -

1.0 

0.1 

0.01 

0.001 

80 fOO 
TIME (h) 
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ORNL DWG 8 2 - 3 4 0 

o u 
L> 
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- 3 
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- 5 

- 6 

- 7 

- 8 

- 9 

1 1 " * 
• DATA POINT • ^ — 

—MOOEL y -

~ %/ = 

— / -

— / 
COM-25 

KFAo • 9.0 » _ 1 
= 

— / V 0 • 13.6 cm/s 
• / P • 107.0 kPo 

T • 306.8 K 
EFFLUENT R.H. . 45.7%=§ 
AP • 1.7 kPo/m Z^ 

•— BED DEPTH • 50.8 cm _ 

1 i 1 1 — 

1.0 

- 0.1 

r= 0.01 

- 0.001 

20 40 60 
TIME (h) 

80 100 

ORNL DWG 8 2 - 3 4 9 

o u 
u 
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- 1 

- 2 

- 3 

- 4 

- 5 

- 6 

- 7 

- 8 

- 9 

I I " • ™ 
• DATA POINT 

—MOOEL — 

— 
/ 

— 

/ : 
— 4 » 

/ 
* / • = 

/ / COM-26 — 
/ * K,k0 • 7.0 * _ 1 -

- / 

V 0 « 12.9cffl/t 
P» 108.3 kPo 
T • 296.9 K 

-

7 EFFLUENT R.H. • 26.1% E 
AP > 0.9 kPe/m =\ 

I i 

BED DEPTH • 50.8 

1 1 

em j 

1.0 

0.1 

-= 0.01 

-d 0.001 

20 40 60 
TIME (h) 

80 100 
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ORNL DWG 8 2 - 1 5 0 

0 

- 1 

- 2 

- 3 

© - 4 
v. 
u 
c - 5 

• DATA POINT 

y / 
/ 

-F — w V - 7 -

- 8 -

COM-28 
KpAo « 8.0 s" 1 

V e

s 13.9 cm/* 
P> 106.9 kPo 
T • 305 .0 K 
EFFLUENT R . H . " 5 5 . 6 % 3 
AP • 1.0 kPo/m 
BED DEPTH ' S0.8 cm 

-9 1 1 

1.0 

0.1 

- 0.01 
o u 

d 0.001 

20 40 60 
TIME <h) 

80 100 

ORNL DWG 82-351 

COM-29 
KfAo - 8 . 0 s ' 1 

V 0 » 12.9 cm/* 
P • 108.3 kPo 
T • 2 /6 .9 K 
EFFLUENT R 
AP » 0.5 kPo/m 
BED DEPTH > 50.8 cm 

» 35 .2% = 

1.0 

0.1 

0.01 <J 
U 

d o.ooi 

40 60 
TIME (h) 

100 
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ORNL 

COM-30 
KpAo • 8.0 t ' 1 

V, • 13.2 cm/s 
P • 106.9 kPo 
T • 305.4 K 
EFFLUENT ft.H 
AP • 1.0 kPo/m 
•ED DEPTH • 50.8 cm 

56.6%= 

- 0.01 

- 0.001 

20 40 60 
TIME (h) 

80 100 

ORNL OWO 82 -353 

0 

- 1 

- 2 

- 3 

O _ 4 
O * 
u 
c - 5 

- 6 

- 7 

- 8 

-9 

• DATA POINT S 

. / 

- / 

COM-31 
K,Ao • 8-0 » _ 1 

V« • 13.0 cm/* 
P • 107.6 kPo 
T • 296.7 K 
EFFLUENT 8.M. • 40.2%=j 
AP ' 0.5 kPo/m 
•ED DEPTH • 50.8 cm " 

20 40 60 
J_ 
80 

1.0 

0.1 

0.01 

0.001 

100 

TIME (h) 
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ORNL DWG 82-354 

0 

- 1 
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u 
£ - 5 
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-9 
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1 > - " "•= 
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— 
/ = 

/ • — 

/ • 

/ 
f* 

COM-32 -
/ . Kr*o - 7.0 » - ' — - x V 0 • 13.5 « n / i - x P« 1»0.0 liPo ~~ 

• ' T • 306.4 K 

- • / EFFLUENT R.H. • 64.5%= 
/ AP • 13.2 fcPo/m z. 

- / BED DEPTH > 50.8 cm 
— 

\ \ « 1 
-

a 1.0 

- 0.1 

•= 0.01 
o o 

U 

-= 0.001 

20 40 60 80 100 
TIME (h) 

ORNL DWG 82-355 

o 

o 

- 0.001 
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ORNL DWG 8 2 - 3 5 6 

=|M> 

- 0.1 

COM-35 
K FAo • 10.0 »"' 
V 0 ' 21.0 cm/s 
P-111.9 kPo 
T • 299.7 K 
EFFLUENT R.H. • 53.4% 
AP • 3.14 hPo/m 
BED DEPTH • 50.6 cm 

- 0.01 
o u 

H 0.001 

40 60 
TIME (h) 

100 

ORNL DWG 8 2 - 3 5 7 

COM-36 
KpAo • 9.0 »"' 
V e * l 3 . 0 c m / ( 
P • 105.0 kPo 
T • 296.2 K 
EFFLUENT R.H. • 5 6 . 4 % 3 
AP • 4.2 kPp/m 
BEO DEPTH > 50.6 cm " 

1.0 

0.1 

•= 0.01 
o u 

,«= 0.001 

40 60 
TIME (h) 

100 
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ORNL DWG 8 2 - 3 5 6 

\j 1 1 
1 ' * - — 

- 1 • DATA POINT 
—MODEL y' -

- 2 — X — 

- 3 •> s = 

o 
U - 4 s 1 1

 

"N. / u M * _ 
c - 5 - / — 

/ 
COM-37 

KpMo • 6.0 *"* 
= 

- 6 
~ / 
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~ / P . 112.5 kPo — 

• ' T • 297.9 K 
- 7 - / AFFLUENT R.H. « 6 0 . * % = 

A AP • 6.9 kPo/m — 
- 8 BED DEPTH * 50.8 cm — 

- Q 1 1 1 1 ^ 
20 

1.0 

- 0.1 

o o 
-= 0.01 o 

- 0.001 

40 60 80 100 
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ORNL DWG 6 2 - 3 5 9 
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KrA 0 » 10.0 t " ' 
Vo'13.1 cm/* 
P • 108.-. kPo 
T« 305.4 K 
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ORNL OWG 62-36? 
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~ / V 0 « 21.9 cm/t 
/ P» 129.S kPo 
• T • 295.2 K 
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J AP • 89.2 kPo/m = 
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1.0 

T: 0.1 

o 

o.oi S 

- 0.001 

0 20 40 60 80 100 
TIME (h) 
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ORNL OWG 8 2 - 3 6 4 

rr^—T- • -3«> T 

. - i 
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ORNL 0W6 0 2 - 3 6 6 
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V 0 * 6.7 cm/* 
P» 100.1 kPo 
T • 296.3 K 
EFFLUENT R.H. > 60 .2%= 
AP • 24.2 kPa/m 
0EO DEPTH • 35.6 cm H 

-= 0.01 i 
0.001 

4 ) 60 
TIME (h) 

ORNL DWG 6 2 - 3 6 7 

O 

- 1 

- 2 

- 3 

O _ 4 

o 
c - 5 

- 6 

- 9 

I I ^ > ^ » • •• "• • = 
• DATA POINT / • * JJL

L 
— MOOEL ' • -

/* — 

/ 
f 

I 
ii

n
ii

l 

/ 
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ORNL DWG 82 -568 
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APPENDIX 0 

INFRARED SPECTROMETER CALIRftATION CUkVBS 
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