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TRITIUM REMOVAL FROM AIR STREAMS BY CATALYTIC OXIDATION 
AND WATER ADSORPTION* 

A. E. Sherwood 
Lawrence Livermore Laborator> 

University of California 
Llvermure, California 94550 

.lune. 1976 

An effective method of capturing t r i t ium from ai r streams is by 

catalytic oxidation followed by water adsorption on a microoorous solid 

aosorbent. Performance of a burner/dryer combination i^ i l lust rated by 

overall wass balance equations. Engineering design methods for packed bed 

reactors and adsorbers are reviewed, emphasizing the experimental data 

needed for desiqn and the effect of operatinq conditions on system 

performance. 

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

Development Administration, under contract No. W-74G5-Enq-48. 



INTRODUCTION 

Releases to the environment from experimental f ac i l i t i es handling 

t r i t ium must be maintained at very low levels to insure the safety of on-

site personnel and to minimize any long-term biological effects on large 

population groups. Engineering design of a i r pur i f icat ion systems w i l l 

become rnnre d i f f i c u l t as the fusion power program proceeds towards research 

fac i l i t i es handling t r i t ium in large quantit ies. 

Metal getter beds offer an attract ive method of capturing t r i t ium 

from an iner t , oxygen-free environment. Tritium qas can subsequently be 

regenerated for reuse by heating the hydride. In the presence of a i r , 

however, oxide formation can quickly destroy getter efficiency and other 

trapping schemes must be explored. 

An effective method of capturinq t r i t ium from venti lat ion a i r or mixed 

gas waste streams is by catalyt ic oxidation followed by water adsorption on 

a mlcroporous solid adsorbent. Burners and dryers have been used to purify 

a i r streams for many years. The purpose of tnis paper fs to review engi­

neering design methods, emphasizing design equations for packed bed catalyt ic 

reactors and adsorbers and the basic data needed for application to t r i t i um 

control systems where high pur i f icat ion is required. 

BUHNER/DRYER OPERATION IN STEADY FLOW 

Performance nf a simple burner/dryer combination c*n be i l lust rated 

quantitatively from mass balance relationships in quasi-steady, once-through 

operation. The adsorption bed is inherently non-steady since water is 
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arcunulat" rn 0" t " f aiis.'^Vnt. However, the flutist w«iU«r vapor -nay he 

assumed to ne in equil iririgm, at n.ole fract ion y . , wit*1 the i n i t i a l l y dry 

soli*} un*- ' nredV-throu'in time is reached. An esti^at** -<* break-through 

tirr.e \s *i.ven in a following section. We assume that the catalyt ic reactor 

is in a s*.'.'ady operating condition, converting a fixed fract ion, 1 - ' , of 

inlet hydrogen to water. We neglect any isotopic select iv i ty during oxi­

dation and adsorption. Thp terms hydrogen ana water are used qenerically 

to refer to isotopic mixtures containing protium, deuterium, and t r i t ium. 

Figure 1 shews a schematic model of the situation we wish to i l l us t ra te ; 

an a i r feed stream Joining with a t r i t ium contaminated deuterium gas stream. 

For this case, the d i lut ion air flow rate is a design variable. This model 

represents the conceptual cleanup system for RTNS-11, the f i r s t of ERDA/ 
1 2 DCTR's dedicated neutron source f a c i l i t i e s . ' The deuterium waste stream 

may contain small amounts of contaminants other than tr i t ium gas but these 

are neglected here for s impl ic i ty. 

Combining mass balances around reactor and adsorber leads to expressions 

for t r i t i j m eff luent mole fractions as gas and water vapor, y and y , and 

t r i t ium gas and water escape ra t ios v e and e . The results are: 

i * T - f -
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In t i t ' aboi/i1, y, is t r i t ium y.is mole fraction in the deuterium stream 

at flom rate 0 f . Hole fraction y represents water vapor at the reactor 

. j \ , f R • 
" R • (1 . M/2 

nin?re R is the L-ed air/deuterium di lut ion ra t io . 

' f 

Fffluent flow rate, Q, is given by. 

(5) 

1 - »„ 
0 = . . . . . . [ i • 0 • *)/ZR]Q a f . (7) 

1 " h 

and the water accumulation rate on the solid adsorbent i 

°- 5" '~T7t ly",K *'" 8 ] , f ' (e> 

The above eqjatfons are exact, for the stated assumptions, since the 

O's are volume flow rates at arbitrary standard conditions and thus 

represent mass flow rates. To simplify the algebra, we further assume that 
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! f * ' i - .'ffliM'nl c, \o :-• n-teased through a »I'>>1 t U I ton vUck. concen-

•r-ston *«y*H ire trr<-ie*AfU. '.«** yTtv.tcn rate, art' (nr s.ryoal <JCMii« 

vartaptev \(ntt ' tney fn?t~"«*>e !W lOurw tcrr-^ far a *.tacl di-.porMO" CiHula-

!i5C. I**"i*.1(in ratei for U H l i / i a". 'U*, ar nalor vapor j re ofiomud 

.iir<.ctl» '--(v^ the i'«.ip (- ra t i o * . Fqt. ( V, and ( * ' . t-y -*i"T>p)yi t>y thfr 

For t«e neutron \ource f a c u l t y to be cun-.truttcd at U l , 8T«S-II. 

t r i t ium evoiiiticm froer t i t an * ur-. t r i t l d i ; tarqeU nay approach 1Q Ci/«3. i f , 

for d He L, $ •; i on purposes, *e specify <jas and water ceil %\* on r4te* of 

; I Ct/d. then escape ratios nuW be ; 10" . *̂ Or those who prefer laroc 

nir-bers, -he reciprocal of escape rat io is the decontamination factor, some* 

thaes eupheff.Ht UsH» referred to as p*}f* Meat ton factor, Fron lhf> t r i t totn 

'U'J c«.cace r a t i o , EQ. J>. we «r- that the h^droien fract ion unconverted 

•.n rue r^.uior m u tie , 11* . i .e . , ! * M * ' th.*n ^1.1 cunvrrstnn i •• --pijuired". 

Dp'-iin f a; tors lnf 1 .,en< ln.j reactor ennvers ton are r]iscj*sed i f the ne<t \ect ion. 
-5-

file:///ource
file:///ection


!r.i- l i i t l d t i " ! *Jt«-r <.-UJl«- ' . i t to a«'1 '»'(• -Vl'.nrbfd water actwV'ai l ' jn 

r j l e 4rt- intf>rrvlJT<<I. For I f f -.irj'l i f yifi'j d'. wr^tHon'. t tdtci l jbovc, Fqs. {4) 

.md (n) hecone: 

''. J I M D I I ' j lo - fiU-r CVLJW ratlD require*, iin e) f L Ltent jiJvorbtm 

(y, •• 1). Tor a tjtver. Adsorbent, y. n*y be reduced, i f necessary, by 

operatin*! the b-4 belo* arrfclnnl lenoerature or by regeneration at hiqher 

!H-(J tePVor^ture. For hi molecular Move at atrtieftt teffierati-re, an 

appropriate value '•• y, * I n " ' . 

fine nfluM a' 1-" ' ' t o to 1M*P thp co»i*M'"fn.i:r<l a^*,nrbe'l water •;?"-tration 

rate to t mini-rugn »n<1 therc!>y eas**- handling pioblems I f the spent adsorbent 

f t ta be disposed cf by encapsulation and bur ia l . fquatian {]2) then te l l s 

us to use dry d i lu t ion a i r (/ , • 0) . Dry a i r is also desirable to maintain 

a hiqhly concentrated waste -.treat" Cf the contaminated water is stated for 

a t r t l i i n recovery process. 

For the dry &\r case. 

/,» 
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[ i » , i n ^ - . T j ! i j s D y t i ' , T * I r ^ l V ; ' - " ' 

,#« . S i r M>jfi f l f - M U M S ' " , . i ^ r * • 

; n ! 41.3 ' , 1 : 

K « t * ' *?V*«P* r«U£> H * » * « ! !*>«• ****• * t I N * >*F3< * i r case w f f h it -

f o r h i q h »»•• f l t t r t . 

PAtrCfc BCD U I B i r r i C * f * U Q » 

•. tppt jr O* 4 * f l t l r f f ! « * * l ube 



l : ; s , « l n ( •«•• iNt i****! trutXzft EH ;h« w i l d iwr ' * tc . 

Vr <•;;•*»: I.-w, for rf-rrt« ><>*'.* r »J t 1c*-. I* i t t l ^ f t« fom ;a (*wp »Vov«*. 

w ' . i w *---^ * f * W U , !****S»y tcm$Ue*%1H4 re«*c r 4fU<3s, 'ypittt rt«wc 

»mp*rj*,^*r ct:Atfi*ri i»p the*** l« Mi}. 1. Th* ((for t4ncr of t rnCvrttu ' f 

* * ' « ( % <.4« !*• m t l r - j t M 'nan t*i* pqw! to« *t>t . t iUStt le !r*pcrituf«r r H t : 

. , . ' • ; * ! * ' . 

Mftctr K Iv rr.-e r«4i*. Um rt!h.jlf)i ch4r.1T. ; , 11 ;*!(• t t JC 'J i t fcffd con-

tcf i tr f t t ton, »M , *nt e *FC Mutd apttifiy «ft4 h*4t c4(WKl*y- "ydrow» 0«'i*#-P 

tlft« 1-. M«*M7 #io5N>mtc (*7.B I c 4 l / * * U *n4 *h* above rqyat fw predict* an 

m°C n*«i*w» îHTpM-ity*-? ri\e tor a *4*{«r* eont4lftiri<] only 1* **<Jrp9Pf? in 

* t r . to »*k* (Nn <iluuut<m t lmpl f r . «# "111 «iiun> ihr r c i t t o ' U l io thc rw i l . 
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which ir»>lii>\ t h j l thv coin.innnjtt'd n.itte v t r i ' j * H wt'ry ii>lnU' \n liyitrguen 

or otter £oe*>u4ii&h*t. 

fnr AI% Hoihemai reactor, Etj- U Jj H more tracUbSe Ufie*" r M l ^ ! 

roncentrj*. iofl qrjdU'fitN j«-e raitiiiTMl I f temperature ' imdienft Am ih^pnt. t( 

I W t l r l p \ f ;e U t^rh -.m-ilU-r tri,in tut*' ti(ampn>r, i t i-. re.y\tM.*l\\e (0 .iWJKe 

j Mat velocity p ro f i le across tne tut*> and radUi tortcm* ration gradient* 

vanish t>y thH . m i r a t i o n , •'v.wiiwj <vlt>ady owrf t ' ion, f-t- H .0 then 

reduces to . 

•»*eri> 7 '^ tup J«ial voordtnatr 

Tnt> . i i U l (JUpiM-sinii cw* f 1.-ti«nt , V. u •-"«»*• l.if>-i *h,»r> .i f*li»t-w),ir 

(H'fys'ot" «w<<iclp(H fl)«: r v * 5 « ! i Mi*rr-. iKt*5 nUini j t **>cf . thst arc n 

i ' » p t u * t l / Included in J P%p'jdo-<'ifi! Inuitf" r**'! . ?n it f i r M itiprOi I** I to 

where a H tke MrtUSe dUwetef. Sf«|!rct t*W <JUpcr\ian terr- for (ft* 

rodent Md * « i r * 4 * l r \ t order irr?**.r-ii*:!e reaction. 

: - , . t - i f j ! ' ' )n a' £<1, ( U t t»i*n q ive i . ttVJPlni (gn i l l n l Mytd defil>t!>. IN* 

f '-*rrion of r p i f j j n ! unconverted l " j rractnf of tcmt*» I , 



or . Unci* t / u i', Uu* re*,itfeticc* U**r *R the ri-attOr. 

. e - ' » ' 0 . (18) 

mtutrv V K reactor v i luac . for f t « d flow ra t* , f), Ctr. C9] Ir-pHcs that 

cO«v<,r\lon K fn^pt 'Mpnt of r r a T o r thapc for * <)iy«n volume. One would 

llfcr J Ur«-c tr-avl--.Ctt<on *r.() J short r ^ r t o r Iftnith \o flifnfmt*e puffip s l « 

««4 fwr' , | i conWjpMott. ElKper\ioft He-it* ton-vprsion, ho*M#*r, \t\ a Short 

r c « l n r . f i l iation (1*) can fa* ve'we^ without RtfjWU !ag tfi« dHMr^ion 

( V T *n<1 the fr^ctinr. )ncaivji*rt<*<}. ' ' , Ray "»: rosv*cpd to the plug flow 

im diit>«T'.ti>»i) ca:c for the WM* rraetor vol-*-*-. If rj/vl ' i i~~M. »»•? 

VuMtUvtifti I<i- <1M *n4 U ? i •"to (115 l ' « * . 

?l 

7*MT i-Mlru« i*4Ctor It-nqt* \\ oft*n t**-tn To b* 1«3 d . for ( • ) 0 * 3 . 
P 

l« . f/9) gi»cv ' ' • I .?* * 10" 3 «nrt th* prror (« neqleciifW) ditpcniDfl M 

• •jr'Wr if M(j*j«r tomnT'.ion I*. r<-^y*r*fl. 

!»•* tfmlhtnf f*tXnr infJwcntin-j tonventon U th« ov«r*H r » » 

<Wlt*"t »'. * Hr- ' . -o ' r t iT r*'f *^j*('Ofi. (tpcr'^*.fiU i •Of* of 9c'ovOdHttt 

ct * 1 . in t t -n inn o»l(j*tici A! "3.I-J00 ppes '«•« eoiccntfa'.ion l * w l s 
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indicates that f i>st-orJer Unetu*. is not Obe/ed w i ' ' ; conversion docreas mq 

j t l.mer *'«ed concentration'!, 'or this .11 '.cussion, »p w i l l •cvj'ne tn j t 

reaction r^te is 'inear in concentration. Rale coef f ic ient . K, is a lunped 

para"ete r represfntinn a pt.Cj-1*'-hOMO(jpnHDi;s r&actinn occurring in a local 

vnlune pigment of the packed hPd and "'ust be reiatpd tn the kinetic rate on 

the solid surface. In order to enhance reaction rate, catalyst part icles 

generally nave a hiqh specific surface area ( 10 n / g or hiqhpr) and 

therefore intraparticl*? ycirt diffusion influences the overall rate. There 

•nay also .̂e mass transfer l imitations due to boundary-layer diffusion in the 

f lu id phase exterior to the par t ic le . Fiqure 4 sketches the jtronress of 

the reactant from bulk f lu id to the rata ly t ic Surface. 

A quantitative expression for the rate coefficient can be obt< .ned by 

solving the steady diffusic-n/reaction equation within the porous part icle 

with a surface flux boundary c o n d i t i o n / ' ' " ' Fur d sDherical par t ic le , the 

result i s , 

K - - M l - ,) . (21) 

where ^ is called the catalyst effectiveness factor. 

3 J coth t - 1 

1 * - ? - U coth : - 1) 
k

m

d p 

and ; , referred to as the Thiele parameter, i * defined by 

(22) 

<-m 



AllfiOu'in dcrivfJ fo» sohencal part ic les, V K has ..(.own That the 

pquationl tan tm used f nr arbitrary part ic le <.*&!>* ' f rin equivalent spherical 

[leltet is de finod havinq the •,d->e piternal surfeit*? &I?A v. volume ra t io . 

In the equations above, k is the specific rate coeff icient for a hetero-

qeneous fluid-surface reaction, • is the catalyst par t ic le internal surface 

arpa per unit i/olunw. D is the effective riiffusivtty within the port 

structure, and k is the mass transfer coefficient at the f lu id-par t ic le 

interface. 

The surface kinetic rate coefficient i i generally strongly temperature 

dependent iin.l simple rtppronirMtions to Eq. (2!) Apply in various temperaturp 

regimes. A t tow temperature {: •-< i } : 

At intermediate temperatures (: i. JTi 

•• JK-O. ( 1 - 0 

At high temperature (: •• 1. / K"Oe - • k^ 

' M' - -) 

Practical operalinq conditions arv oftpn in the lower temperature range 

-here the f lu fd-par t lc le mass transfer coefficient has on*., a small effect 

on the overall rate .md a rnufih estimate of k f f l is su f f i r i en t . Correlations 

• " ove 
-12-
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and p a r t i c l e fteyiolds mimtwr. At l u * Reynolds nu«*e r (•„ to ) *• „ , •». and l i t 

h f q h Reynolds n u m W r , ^ - , ' " " . A rough approx imat i nn i ' . : 

V [ n =•• O.Ju . (?7) 

The e f f e c t i v e pore d i f f u s n i t , w i l l have an impor tan t r f f e c t on the 

o v e r a l l r d t e c o e f f i c i e n t a t i n t e r m e d i a t e t * . ; i«er ,Uures as *.hn»n by £ q . (25) 

C a t a l y s t p e l l e t s t y p i c a l l y have pores i n the 20-100 j f n i s t r o m s v e rantte 

where Knudsen d i f f u s i o n p r e v a i l * and D • I * . Tor a lumina p e - l - ' s ' w i t h 

deu te r ium d i f f u s i n g in a i r , D can tie approx imated by. 

0 ( m 2 / s ) •- a x 1 0 * B J T ( K ) 1 

The k i n e t i c r a t e c o e f f i c i e n t must be de te rm ined e x p e r i m e n t a l l y f o r n n y 

s e l e c t e d c a t a l y s t . Proven commercial c a t a l y s t s f o r removing hydrogen f rom 

a i r s t reams a re thn p l a t i n u m q r o u p , and copper o x ' d e or a CuO/MnOp m i x t u r e 

c a l l e d n o p c a l i t e . Both Pt and H n p c a l i t e c a t a l y s t s a re i n use f o r t r i t i u m 

remova l . ' ' The Pt rjroup c a t a l y s t s may be i n h i b i t e d or po isoned by 

halogen compounds, s u l f u r , heavy m e t a l s . C ( \ and l u b r i c a t i n g o i l s . H o p c a l i t e 

i s much l e s s s e n s i t i v e t o f eed < 

as Pt a t moderate t e m p e r a t u r e s . ' 

There a r e very l i t t l e data a v a i l a b l e on k i n e t i c r a t e c o e f f i c i e n t s f o r 

the p r e c i o u s meta l c a t a l y s t s . S i x e l and Kershner measured t r i t i u m o x i d a t i o n 

r a t e s w i t h P t suppo r ted on 3.18 10 m ( 1 / 8 i n c h 1 a l um ina p a r t i c l e s a t two 

t e m p e r a t u r e s . They assumed t h a t po^e d i f f u s i o n was un impor tan t and f i t k• 

d i r e c t l y to an A r rnen iuS e q u a t i o n . 

L-E/RT 
(29) 



we prefer tn use Cq. (?1) with pore dif fusion estimated by Eq. (28), in 

whkh rase the constants tn Eq. (29) are found to be, 

a • 2.4 x 10 9 s' 1 , 

f = 12.3 kcal/mol . 

F i q u r t 5 shuws c a l c u l a t e s hydroqen f r a c t i o n un reac ted i n a P t / A l - 0 , 

c a t a l y s t bed a t v a r i o u s o p e r a t i n g c o n d i t i o n s , based on paramete r va lues 

e s t i m a t e d above, At a q i ven o p e r a t i n q t e m p e r a t u r e , c o n v e r s i o n is enhanced 

by i n c r e a s i n q res i dence t i m e . Tor f i ne * . * low r a t e , t h i s must be ba lanced 

a q t i n s t i n c r e a s e d c a t a l y s t and pumping c o s t s Pumpinq c o s t s a r e reduced 

a t lower bed v e l o c i t y , hu t mass t r a n s f e r and d i s p e r s i o n l i m i t a t . ..is w i l l 

then reduce c o n v e r s i o n . 

ADSORPTION 6£0 DYNAMICS 

The cont inuum model JDp rox ima l i ons d i scussed above f o r a packed bed 

r e a d e r a l s o a p p l y t o an . ^ s o r p t i o n bed packed w i t h smal l p e l l e t s , and 

£ q . (13) i s t he a p p l i c a b l e f l u i d (.Hase . M S S c o n s e r v a t i o n r e l a t i o n . We w i l l 

• tqain assume i s o t h e r m a l o p e r a t i o n and n e g l e c t r a d i a l g r a d i e n t s , a l t h o u g h 

tempera tu re e f f e c t s can be s i g n i f i c a n t due t o tne h u t o f o d s o r p t i o n o f 

water vapo r ; e . q . , - 18 k c a l / m o l on SA m o l e c u l a r s i e v e . For a d s o r p t i o n 

b e d s , the r e a c t i o n r a t e i n Eq. (13 ) rep resen ts the wa te r a c c u m u l a t i o n r a t e 

on t h i adsorbent s u r f a c e and w i t h a x i a l d i s p e r s i o n n e g l e c t e d . E q . 0 3 ) becomes, 

. * . . „ A? . (1 - O a . (30) 
•t -i tt 
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•Here q u »ater tnnt entr.tt ion in th<? part»C :t pn.ISC 'nc adsorbent w i l l 

eventual!* Serome water vitura^ed, mi] tM- . i t u T j U f i o i rati- until*, ion met 

ref lect the reversible nature of the artsorpt inn pror.es, AsSutfim a second-

Ortler vur'ace react'On. 

"'•* ' >,{c(Q - q) - n/* J . (31) 
t a a 

nhere lr is the adsorption rate coeff ic ient , and 0 .inrt * are constants 

;n a lanmulr equil Ihrimn isotherm, Tne fnnr. of the lanqnutr eouation follows 

tjy setting -.-9 « 0 In t q , f31): 

The pair of equations (3C) and [31) were first solved analytically l>y 

Thomas. The solution is complicated and will not be presented here. It 

represents the slow movement of fluid and solid concentration "waves" through 

the bed. * * Of primary importance for engineering desiqn is the time 

required for concentration waves to reach the bed outlet; termed breakthrough 

time for absorption, and regeneration time for desorption. 

The shape of the adsorption breakthrough curve is strongly influenced 

by the shape of the equilibrium isotherm. For a linear Isotherm [K • 0 in 

Eq- (3?)]. the breakthrough curve is spread out it* tine due to the finite 

adsorption ratf as sketched in Fig. 6. I f < ts large, the isotherm has a 

convex shape, termed favurable for the adsorption cycle. The convex shape 

has a sharpening effect on the breakthrough curve and tends to counteract 

http://pror.es


thf disper&iw nffect t f j f i n i t e adsorption raio. To <> oood apfcotirt'ation, 

for convei isotherm, the break i>iouqh front is nearly a step-change with 

breakthrough t i n * tjlven by 

V f 

where q { is i n i t i a l water concentration on tt<e adsorbent, and c , is water 

vapor concentration in the feed stream. For 5A molecular sieve, for example, 

at ambient temperature with a water-saturated feed stream. 

required to dry the adsorbent to a low concentration !eve'. is 

*A o - •» i • 05) 

unless the bed is very lonq so that equilibrium conditions prevail at the 

hed out let . Bed temperature Mi l l normally be elevated during regeneration 

to reduce the langmuir constant, K f l, and thereby reduce regeneration cycle 

time to the sane range as the adsorption cycle time. 

I t should be emphasized that detailed performance calculations of 

adsorption bed dynamics require experimental data on equilibrium adsorption 

isotherms, and on rate coefficients at bed operating conditions. Selective 
-16-



adsorption AH? to Hoisp i t differences »n normal, de«terated, and t r i t i a ted 

water" should dUo be considered. 

CONCLUSION 

Performance pf a catalytic reaitof/jdsorptiQEi bf£l combination for 

removing t r i t ium gas From a waste stream has been discussed arnve, and 

engineering design methods for packvd bed reactors and adsorbers have been 

br ie f ly reviewed. 

A burner/dryer System can be very effective for t r i t ium capture, and 

addifidfitii s*peHmenta1 data ire nepefed for tne de^iiin of hmh performance 

recovery units. 
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t f ? i ; i f l c o n c e n t r a t i o n , Rio 1 /tn 
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FIGURE CAPT ONS 

Schematic of a burner/dryer combination in quasi-steady 

once-through operation. 

Scher,-Jtic representation of (a) packed-bed f a c t o r or 

adsorber, and (b) continuum model systems. Sketch adapted 

from Lifjhtfoot, fet a l . 2 4 

Temperature contours in a packed-bed catalyt ic reactor 

durWi SO-, oxidation. Tube wall maintained at ?00°C. 

Inlet flow at 3^0°C. Based on Denhigh.5 

Movement of reactive species from bulk f l u id stream do 

eventual reaction on catalyt ic surface. 

Hydroqen fraction unreacted vs. temperature, residence time 

(V/QJ, and velocity (u). Calculated for Pt/AUO., catalyst 

bed with d = 3.18 10" 3 m, (. = 0.4. 

Comparjtlvt? sketch of {a) adsorption equilibrium isotherms, 

and (h) corresponding bed breakthrough curves during 

adsorption cycle. 
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