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An effective method of capturing tritium from air streams is Ly
catalytic oxidation followed by water adsorption on a microporous solid
aasorbent. Performaace of a burner/dryer combination is illustrated by
overall mass balance equations. Engineering design methods for packed bed
reactors and adsorbers are reviewed, emphasizing the experimental data
needed for desiqn and the effect of operating conditions on system

performance.

*This work was performed under the auspices of the U.S. Energy Research &

Cevelaoment Administration, under contract No. W-7405-Eng-48.



INTRODUCTION
Releases to the enviranment fram experimental facilities handling
tritium must e maintained at very low levels to insure the safety of on-
site personne) and to minimize any long-term biological effects on large
population groups. Engineering design of air purification systems will
become more difficult as the fusion power program proceeds towards research

facilities handling tritium in large quantities.

Metal getter beds offer an attractive method of capturiag tritium
trom an inert, oxygen-free environment. Tritium gas can subsequently be
regenerated for reuse by heating the hydride. In the presence of air,
however, oxide formation can quickly destroy getter efficiency and other

trapping schemes must be explored.

An effective method of capturing tritium from ventilation air ar mixed
yas waste streams is by catalytic oxidation followed by water adsorption on
a microporous solid adsorbent. Burners and dryers have been used to purify
afr streams for many years. The purpose of tnis paper fs to review engi-
neering design methods, emphasizing design eguations for packed bed catalytic
veactors and adsorbers and the basic data needed for application to tritium

control systems where high purification is required.

BURNER/DRYER OPERATION IN S1EADY FLOW

Performance nf a simple burner/dryer cambination can be illustrated
quantitatively from mass balance relationships in quasi-sceady, once-through

operation. The adsorption bed is inherently non-steady since water is
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accumulat-ea on the adsorhent,  However, the nutlet walér vapor way he
Assumed to he in equilinrium, at nole feaction P with the 1nitially dry
solid un®} brea¥-throunn time is reached. An estimate »f beeak-through
time is uiven in a followina section. 4e assume that the catzlytic reactor
is in a steady operating condition, converting a fixed fraction, ! - <, of
inlet hygrogen to water. We neglect any isotopic selectivity during oxi-
dation and adsorption. The terms hydrogen ano water are used generically

to refer to isotopic mixtures containing protium, denterium, and tritium.

Figure 1 shews a schematic model of the situation we wish to illustrate:
an air feed stream joining with a tritium contaminated deuterium gas stream.
For this case, the dilution air flow rate 5 a desinn variable. This model
represents the conceptual cleanup system for RTNS-17, the first of ERDA/

DCTR's dedicated neutron source facilities.'+?

The deuterium waste stream
may contain smail amounts of contaminants other tinan tritium qas but these

are neqlected here for simplicity.

Combining mass balances around reactor and adsorber leads to expressiont
for tritium effluent mole fractions as gas and water vapor, yY and yl. and
tritium gas and water escape ratios, eT and e:. The results are:

Q
)’T=6yI(—;-. 1)

ol
I

b
vy, = (-8 -
" ey, Q

, (2)

e * 4, (3



1)

In tne above, y; 15 tritium gas mole fraction in the deuterium stream

at flow rate Qg Mole fraction Y represents wateér vapor at the reactor

outlet,
Vg R+ 1 -6
Yy w )
R+ (1 + )2
woere R is the “ved air/deuterium dilution ratio,
Q
[ (6)
0
Effluent flaw rate, @, is given by,
by,
Qe -1 (14 /R0, (n
1-y
and the water accumulation rate on the solid adsorbent is,
1 - y.ly,
Gys * 1 -1y YR 41 -6l (®

The above eguations are exact. for the stated assumptions, since the
Q's are volume flow rates at arbitrary stendard conditions and thus
represent mass flow rates. To simplify the alaebra. we further assume that
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P tew offluent by to 2

seleased Throunh a yentilation ytack, conten-
tratian Tagely are trrelevant.  farie oTiteion rates are the (rucial design
varfatles dinge thoy Became the tourie terms far 4 <tack disgeccton caleula-
tior.  feigcion eates for tritium gy gas ar waler vapor arc gbtatned

dreactly drom the cscape ratios, Fas. (1) and (41, by mltiplyr by the

curte feet rate.

For tne neutron wource facility to be comstructed at 1ti, 8INS-TT,
tritius evplution from titantum tritide tarnetls may approach l03 Cifa, 1,
far discussion purposes, wé specify qas and water cafsston rates of

T 0i/d, then cocape ratias must be 107 For those who prefer large

mebers, tne reciprocy) of escepe ratio 15 the decontamination factor, somee

timed puphemisticalty referred 10 43 purification fartor, Froo the tritiwe

145 wscape ratio, a. 1i, we sec that the hydroacn fraction unconverted

v the resctor st he | 1070, e, hetter than 90,9 conerston 1% rauired.

decian faitars iafluencing reactor conversion are discussed in the neat section.
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Ine tritiated mater cicaie catto and the atuarbed water accwmiation
rate arc intorrelgted. For tne i) ifying assuptions stated above, Fqs. (4)

snd (R} becoew:

R
T
LV . e
Tkt
Do » MlyRe 1) . n?)

Teoarhitse o 10 AITer C3LALe FAtID FERUIres sn effivient adyprbent

(yi «+ 1}, For a gtven adsorbent, ¥y vy be reduced, if necessary, by
operating the bed below asbiernt tesmeraturce or by reneneration at higher
bed teeperature. Far SA molecylar viove at ambinnt temgcrature, an
approsicate value 1n y; * w*.

Ane woyld alen Tike to derp the contaminated aduorbed water -oneration
rate to 4 minimgn A6d therehy ease handling problems if the spent adsorbent
is ta be dispased of by encapsulation and durtal. fguatian (12} then tells
us o use dry dilution afr (1_' - 0). Dry air ts 2150 destranle to maintain

a highly concentrased wasce stream (f the contdminated water is slated for

a tritium recovery process.

Far the dry air tase,
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€
»

Whete it Li the reaition chthRalgy chargr, o, 4 the reactant Feed con-
centration, and , and &g dre fluid dentity and heat capacity. Hydrogen oxida-
tion §+ highly ecothermic (S7.8 keal/rol) and the abowr equation predicts an
20°C casimm tempwrature rive for 3 misture containing only 1T hydrogen in

atr. lo sabe the ditzutsion stopler, we will avsure the reactor u dsothermal,
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which impiies that the contaminated waste stream 3y wery rlute sn hydrogen
or pther combustibles.

Far sn isolbermy} reoctor, Fq. {31} §s more tractable ssnce racia!?
concentr:tion qradierts 3ro minimal 1 temperature gradients dre absent., 1t
particle size is myrh straller than tute dfampter, 1t i5 reasnnable to assume
a flat velocity profile across the tube and radiai concentration aradients
wanich by this sssumpifon.  A<waming steady opera*san, F3. (11) then

reduces to,

ahere 7 Y4 the aeial coordinate

Tae aatal diypersion coeffirivnt, O, ty much Yarser than o eniecular
dtdfystar coofficiont and reflects interisicnal niaing ¢ffects that are not

eapticitly taciuded in 2 preydo-<ontinuur rodel. To 4 firat .):mra-mq(h:mR

where 9. iy the pprticle daceter. Nenlect the gispersion err for the
3

rooent and 4s3ume g first arder tereyeeditle redction,
Fa o (i6}

Integearion oF £q. {13} then gives, atyuming caastint finid deasily, the

fractton of reactant yneonverted tn o reacter of fennth L,

R M|
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or, since L/u in the sesidence tiew tn the reactor,

. e»!.\h‘f) . {18)

where ' fs reactor walume. For fiaed flow rate, N, fu. {'8) icplies that
conversion 4 fndependeat of regrtor shape for A given volune. Une would
1ike 3 large Crovv-zectton and § shart resctor lenqth to minimize pump sfze
and enaergy convgrption, O{ipersion isrity tonversion, however, in & short
reactor. fquation {14) can be sclved without neglecting the dispersion
!cw’a and the fraction oncanuerted, ', may & rospared 20 the plug flow
(no disperatan} case for the seee reaclar volure,  If D/Gt 13 3ot wee

rorutt’? 4o,

v ioes R . {19}
wunrtiteting fq. {35} and (17§ inte {19} atves,

V. q
R (m')? P {20}
2

~3

The ainirge reactor loagth (4 often ulmﬂ 1o de NG np. For + » 30
Ta. 120) aives +* + 1.26 5 107 una the error fn neqlecting dispersion ts

Targer 3t higher convertion iu required.

The domtnant factnr influencing converiton it the overail rate
rorfticient, K, «hirh han teen defined tn £o. (1€} 2% the pruportionality
Lonitant te 3 firtteorder rato eguatdon.  [apertnentai wors of delovodskif

(13 ' en tritegr ooldaticn at 2.1-100 ppe ‘aed cancentration levels
10



indicates that first-order Linetice is not obeved with conversion decreasing
st lower <wed concentratians. For this drufussion, we will acsume tnat
reactton rate is linear in concentration. Rate coefficient, K, is a lumped
parareter representing a pueuio-homogenkous reaction nccurring in o local
wnlume eiement of the packed hed and must be reiat=d to the kinetic rate on
the solid surface. [n arder to enhance reaction rate, catatyst particles
qenerally nave a high specific surface area ( 10? mZ/u or higher) and
theretare 1ntraparticle pare diffysion influences the overall rate. There
may al5o he mass transfer limitations due to boundary-layer diffysion in the
fluid phase exterfor to the particle. Fiquee 4 sketches the progress of

the reactant from bulk fluid to the ratalytic surface.

A quantitative expressian for the rate coefficient can be abt:.ned by

s0lving the steady diffysion/reaction equation within the porous particle

PT!
with a surface flux boundary condition'€*’?  Fur & soherical particle, the

result is,
K= kifl «¢) t2n
where o ts called the catalyst effectiveness factor,

3 3 coth e -1

ma 3 e

- {22y

20,
Te £ (s coth s - 1}
mdo

0

and i, referred to as the Thiele parameter, is defined by

(23)

.y

il

-



Alghouan derived for soherical particles, wishd has shown that the
equatigns can be used for arhitrary particle shade if an equivalent spherical
vellet is defined having the same eaternal surface area *c volume ratio
in the equations above, k is the specific rate coefficient for a hetero-
qenequs fluid-surface reaction, - is the catalyst particle intermal surface
area per unit volume, Dc is the effective diffusivity within the pore
structure, and ko is the mass transfer coefficient at the fluid-particie

interface.

The surface kinetic rate coefficient is generally strongly temperature
dependent and simple appronimations ta Eq. {2!) apply in various tenperature
regimes. At low temperature [: < i}:

Kookdl ey 128

oy
At intermediate temperatures {: -- 1. By - ko):

(- . {25)

6
K - ‘ kpll - ) (26)
]

Practical operating conditions are often in the lower temperature range
whore the fluid-particle mass transfer coefficient has on?, a small effect

on the overall rate and 4 roush estimate of k- is sufficient. Correlations

8.14

¢! packed-bed Aata are available over a wide range of fluid properties

-12-



and particle Reymolds number. At low Reynolds number {: 10t bpttie and at
high Reynotds number, k‘”‘n', A rough approximation i

Ky ¥ 03 . {27

The effective pore diffusivity will have an important rifect on the
overall rate coefficient at fntermediate twrperatures as shown by Sg. (25)
Catalyst pellets typicallv have pores in the 20-100 unastrom size range
where Knydsen diffusion provarls and D - 1. For alumina pesters® 15 yim
deyterium diffusing in air, ne can be approximated by,

0 tnlrsy = a w10t 1’ (28}

The hinetic rate coefficient must be determined esperimentally for any
selected catalyst. Proven commercial catalystsw for removing hydrogen from
air streams are the platinum group, and copper oxide or g (:ulJ/MnCl2 mirture
called nopcalite. Both Pt and Hnpralite catalysts are in use for tritium
removalV'm‘lq The Pt nqroup catalysts may be inhibited or paisoned by
halogen compounds, sulfur, heavy metals. CC, and lubricating oils. Hopcalite
is much less sensitive to feed stream iwurh‘eszo but s not as effective

as Py at moderate Lsmneratures,ﬂ

There are very little data available an kinetic rate coefficients for
the precious metal catalysts. 8ixel and Kershnerlﬂ measured tritium oxidation
rates with Pt supported on 3,18 10"7m {1/8 incht alumina particies at two
temperatures. They assumed that pore diffusion was unimportant and fit k-

directly %0 an Arrnenius equation,

k- x ag B/RT (29)

-13-



we prefer to use [q. {71} with pore diffusion estimoted by Eq. (28), in
which case the constamty in £g. {23} are found 1o be,

ax2.8 100!

€ =12.3 kcal/mol

Fiqure 5 shuwy calculaten hydrogen fraction unrracted in a Pt/l!lzo3
catalyst bed at various operating conditions, based on parameter values
estimated above, At a niven operating temperature, conversion is enhanced
by increasirg residence Uime. For fixeo “low rate, this must be balanced
ageinst increased catalyst and pumping costs  Pumping costs are reduced
at lower bed velocity, hut mass transfer and dispersion limitat..os will

then reduce conversion.
ADSORPTION BED DYNAMICS

The contfnuum model approximations discussed above for a3 packed bed
reacter also apply to an aisorption bed packed with small pellets, and
€q. (13) is the applicable fluid ¢hase mass conservation relation, We will
Aqain assume isothermal nperation and neglect radial gradients, although
temperature affects can be significant due to tne heat of gdsorption of
water vapor; ¢.q., - I8 kcal/mo} on 5A molecular sizve.n Four adsorptian
beds, the reaction rate in £q. {13) represents the water accumulation rate

on tha adsorbent surface and with axial dispersion neglected, Eq. (13) becames,

s S -9, (30)
at

-14-



where q 14 water conigntration in the particie phase. he adsordent will
eventualls fecome wAler saturaled, Ing thie acLamuiation FAte eguation nust
reflect the reversihle nature aof the adsorptton pracess. Assutain a second-

order surfyce reaction,
_"_fl' 4 i . -
a vledn, - a) am.} . (N}

where ¥, 15 the adsorption rate coefficient, and Q and ¥, sre constants
in a Lanamutr equilibrium isotherm, Tne form of the Lanamutr sauation follows
by setting < 0 in fa. (31):

0K
. B2 (32)

The pair of equaticns (3G) and {31) were first solved amalytically by
Thomas.”™ The solution is camplicated and will not be presented here, [t
ropresents the slow movement of fluid and solid concenteation “waves™ through

the ued‘ld‘ZS.ZG

Of primary importance fac engincering design is the time
required for concentratfon waves to reach the bed outlet; termed breakthrough

time for adsorption. and regeneration time for desorption.

The shape of the adsorption breakthrough curve s strongly influenced
by the shape of the equilibrium isotherm. For a tincar isotherm [K.- 0 in
€q. {32)]. the breakthrough curve is spread out 1n time due to the finite
adsorption rate as sketched in Fig, 6. If Ky is large, the fsotherm has a
convex shape, termed favurable for the adsorption cycle. The convex shape
has a sharpering cffect on the breakthrough curve and tends to counteract

-15-
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the dispersive wffect ¢f o finite adsorption rate. To a qood approximation,
for convex isotherrs, the breaktMough front is nearly a step-change with

breakthrouagh time given by

Ll - o)

2
S ECD BN (33}
" n ¢+ Kacy) u

where q; {5 in{tia} water concentration on tre adsorbent, and €g s water
vapor corcentration in the foed siream. For 5A molecular sieve, for example,

at ambient temperature with s water-saturated feed Stream,

IR R (38)
A 24,27
An asymtotic app~~ximation’ to the regeneration time, tr'
required to dry the adsorbent to o low concentration level is
H
t,e K0, (V-0 % {35)

As shown by Garg and Rulhven.n

the above is anly & rough approximation
unless the bed is very lonq so that equilibrium conditions prevail at the
hed outlet. Bed temperaturs will normally be elevated during regeneration
to reduce the tangmuir constant, Kqs and thereby reduce regeneraticn cycle

time to the same range as the adsorption cycle time.

1t should be emphasized that detailed performance calcutations of
adsarption bed dynamics require experimental data on equilibrium adsorption

{sotherms, and on rate coxfficients at bed operating conditivns, Selective
<16~



adsorption due to isotapic differesces in normal, deeterated, and tritiated

water should also be considered.

CONCLYSTON

Perfurmance of a catalytic reactor/ydsorption bed combination for
removing tritivm gas from a waste stream has Seen discussed atave, and
engingering design methods for packed bed reactors and adsorters have been

briefiy reviewed.

A burner/dryer system can be very effective for tritiom capture, and
additional experimental daty sre negded for the desinn of hiob performance

rocovery units,

-17-



NOMENCLATIIRE

fluia concentration, ot /i
particle diameter, m

dispersian coefficient, wrs
etfective pore diffusivity, .n2/s

tritium uas escape ratio

tritisted water escape rotio

surface kinotic rate coefficient, m/s
adsorption rate coefficient, m'/ml’s
fluid-particle mass transfer coefficient, m/s
pseuto-homogeneoys reaction rate coefficient, 5'1
adsorption isotherm constant. n3/moi

ccactar leantn, m

particle physe concentration, mtﬂ/m3
cffluent flow rate, mais

adsorsiion isother constant, mol/n’

iniet air feed rate, m’/s

deuterium feed rate, m3/5

water accumulation rate on salid adsorbent, m/s
pseudn-homoneneoys reaction rate, mol/s'm3

feed afr/deuterium tlow ratio

time, s

temperature, K

suverficic] velocity, m/s

bod volume, m3

nquilibrium water vepor mole fraction at adsorber outle!

water vapor mole fraction at reactor outlet
-18-
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Figure

Figure

Figure

Fiqure

TIGURE C(APT ONS

Schematic of a burner/drver combination in guasi-steady

once-through operation,

Scheratic representation of (a) packed-bed reactor or
sdsorber, and (b) continuum model systems. Skrtch adapted

fram Liqhtfoot, et al.24

Temperature contours in a packed-bed catalytic reactor
duriag sn; oxidation. Tube wall maintained at 200°C.

Inlet flaw at 350°C. Based on Denhigh.’

Mowement of reactive species from bulk fluid stream to

eventual reaction on catalytic surface.

Hydrogen fraction unreacted vs. temperature, residence time
{vQ), and velocity {u}. Calculated for P:/A1203 catalyst
bed witn 4 = 318107 m, . « 0.8,

Comparative sketch of {a) adsorption equilibrium isotherms,
and (h] corresponding bed breakthrough curves during

adsorption cycle.
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