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DETERMINING RESORPTION PRE-EXPONENTIAL. FACTORS FROM TEMPEWTURE -PRCM3RJU4}1ED
RESORPTION SI’ECTRAWHEN THE SURFACE IS NOh’UNIF@RM

Lee F, Browns and Rajeev M. Chemi)urkarb
Nuclear Technology & Engineering and Isotope & Nuclear Chemistry Divisiol]s

Los Alamos National Laboratory, Los Alamos, NM 87545

To find resorption prc-cxponentinl factors from f.(ln])orattlr(~-px”o[,r.~lnm(l(l
dcsorptio:l (TPD) spc’ctra, we develop procedures usinfi bl)th tl)c11’D sp(ctra

and their dcrivat ~v(,.q, First, an a~proximatc mctl]od is (i(rivcclwsiI~F,pedk
temperatures. Th!s method is formally idel)tical with ~I)i, used for
dctrrmininE pre-expol]rntinl factors nnd dcsorption nctivnt.iollcnrrgirs KII(’11

desurptfons arc cncrErticnlly uniform, Tl]cmethod C~ll t)~ Llsod W]l(’11 ttl(’

pre.cxponentlnl factor is constnnt. We next dcIvc~lc)pan 1[(’rilti\’cpl-(ju(’?;:;
thnt also usos I)tj(lktcmpcraturcsj and ngiIln is usal)lc wllcIl)tl~rprc-
exponul)tiillfnctor is constant. This itcr:ltlvc npproncll sholIld F,lV,Imor(”
exact VillucS of prG-(lXl)c)llcnt:lill factors tl)nllLIlc.nI)prox[mal(’i’l]~~)i-O/lL’ll.

USIIIF,the first dcr!vativcsi of 11’1.)spectra OVUI- tlIQoIlt11.LIr:lllr,c’of
tcql(’raturcs loa(lsto ilsc(’oll(titcrnrlvc pror(’ss. Tl)ls 1:1s!pl-occdurc’
nllow:; (!(’trl”lnlll:lcl[)l~0! cn(*r~,v-Cl(Jl)l?ll(iClltl)~l’-(’~l~ollf’!l[ !ill filCICJl”!; ,

--. .-—.—— ..— ..__,_ __

:1 , lllll!lll”l (’s (.llll(.l,l”llt lly, tillsp{l])cl” S110111(1 1)(1 illllll”(, !;!; (,(l [(l Ill I!; illlt!)fll” ;Il
}1s }:’’1 /’, 1.()!; A]:IIII(I:; r;(l! 101):11 I.:lll(ll”:l t(ll’$’ ],{)!; A]:IIII(I,i, P;)l 13; ’)1’),

1) ]’]’(,,;(~lll ;1,1(11’,!:}: 1’)(JII!I):IY,111(! 1;1,
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INTRODUCTION

This paper presents new approaches to the problem of determining

resorption pre-exponential factors from temperature-programmed resorption

(TPD) spectra when the resorption energy varies during the experiment, In

TPD, the adsorbate desorbs from a surface heated through a time-dependent

temperature schedule (Falconer and Schwarz, 1983). For energetically

uniforn resorption with a desorptior, activation energy E, the resorption

rate

(The

foliows the relationship

symbols are defined ac the end of this paper.) For a nonuniform

(1)

(2)

a Frcd!lolm fllt[’~riil cqu:ltlnl~of the first kind. Enrlicr work (Biscllkr (’[

ill., 1991) silowcd thnt if the pre-exponcnticil factor A(E) is knowl~, LIIC

site-cmr~,y distr!butloll (SED) for the Elven sample, v(E) , cnn be

cnlculntecl by invrrsion of Eq. (2), Not kl]rming

cict.crminntionof n LIIIiqut’ rf(E)m

Tcchl~iqurs (~xist fot” dotrrmi!lin~ A(l[) Wl](in

non\lnIform. SPC’l)il\l(’r ct al. (1988) roconmwld the

A(E), howcvcl”, pr~vcnts

th(~dcsol-ptlon (Jll(’rv,yi!;

11S(’Of tll~ (:lilllSillS-

C1.’lpllyr(v)0(111.’1(iol)(ltdi [f’(’l-[’l~tcqui 1ihr-iumsurfilre Cl) Vol_; lf\(’S L(1 Ol)lilill

lI(IiIfs 0! iIdrurII[ i(ll~nt tllcvnrious rovcray,vs, fo]low(’(1iJyCv:llll:ltiol) of ttll’

1~1”(}(!,i;ll)l)(,ll! iill fHCl(J~S from (i~(’~(l~lllll[yOf” il(l!:(~l”l)~ioll :111(1 (1(’Sol”[Jtioll”

,“:lt (1.s. KIIowl(~(l}T,(* of (11(*sti~tkill[~{.c)eff icl(~t)t is I’(’llllil”[ ’cl ill t!lr[l” m(’t.i)ll(I.

l:::lcolwr.~I,(lM:I(lix(1’)}5)ill~(lF(!(llll(’t”illl(l H(II1::PI (1(IH5) 11~:(~ (Ilff{’1(’llt

i!j~j!l”f l(l(”ll( h!; f(ll” ;lt’ll!lll”lll~’,‘]’])[),“(!;l:;\ll.(,lll(,ll[!;illV(ll”yill}[!;111 f :11”(’ [“(~1’t’l’~1}’,rx .

“1’lli’il” 111(’llloll’i l“c’111 IlljtillllIIIJIII(11{’ Vill’ 1(11 it)llof [ll,!lr)l’]It i[)ll (’11( ’1”}’, Y will)

((iv(,)”.’l,($/, .’11111(Ill’Ill”{, l, Yllfl I}(bll I 1~11 fill’ lol”!i :11 11111’.1, [’11’,’(,1”:1/J,lw .

“[’:If. f,IIIIl 1 il,tlllll! Il!fq:l!illl (,11!(,111 :“ r{.~,ii,lk.i,[l II*; !;l,l.l); 111(,1 ,’111(1 (’( X(JI 1.”!,1‘, ill {,

1,1! [011,; :111(1 f l’(,llll( ,11( IV !;III)I(I(”I 10 llll(’{,l’1;l [111 11,!;, l’;lltit’lll:lll Y Ill (11!’

:,1 itP.ltl~,, (“(1(.1 I 1(’if.1)1 . (:~11”1”}’!ll}~, 011! ‘i’i’l! “’ ,,111 1,111(,1)1 !; ill \’dl”y ill}’, Illi[i ill
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coverages can be difficult. Satisfactory solution of the problem of

determining A(E) solely from TPD spectra remains a desirable goal,

This paper develops techniques for solving this problem that can also

find a dependence of the pre-expone,ltial factor on the resorption

activation energy if such dependence exists. The work of Seeb.suer et al.

showed that pre-exponential factors often vary with surface caverage. 111

th~!ir analysis of resorption energies and pre-exponential factors from

48 single-crystal-face systems, only about half of them exhibited

essentially constant pre-expollential factors, Variations by factors up to

1010 were observed in the remaining systems.

The following derivations assume first-order desorptlon, i.e., n-1,

and Eqs. (1) and (2) become

Land

For other ordors, ttl@dt?VClOl)lllOlltS Of tllrmethods fOl!oW Ll]csnm(~ pfl(ll!;il~;

tll(’)srClc!scrihrdll(?rL’.

AN API’ROXIM/lTl; AI I’!{OA(:II FuR DETERMINING TIIE PRK-ESl’t~NtNTIAl, FA(:’IVR

111 tllc {Illillysls o! ‘1!’1) Spoct!-nl tllol”(” flI”(l W1’1] ‘CS(:lblfSl)(’d lll(-tll(l(l?; !01”

11(’((*1”111111:1[ 1o11 of Ltl(. d(’!;ol-pf 1011 prc-(’xl)oll(’llti (ll till-l kll’ ~ CIl(.l”}\(’t lC’ill l)’

(1111 f Orm de:;orpt 1o11Is :ls:;~lm(l(i.1! fs /ls!;\lln(’cl [Ilnt (’l)cr~,(’t It”ill ly llllll(~l”m

[I(,!;orpt 1011 Woul(l re!+lllt1,111c(Jll!+[.all(.l)l”ti-(’xp(~l)(tiltlil]i;l(:[ol”A . t;(lll;l[1(111
N

(J) In:ly 1)0 tlppl Ilj(l to till’ (’llf !1”(1 Sl)llr(l”(llll01” to S(lV(’1”:11SII(ll 11’:1 Ill [11(’ 11”

(Jll(lr(.[y, NuIn(~rl(.:11OIJ!iml;::l!1o111.1(,!ll[l(i~;01)[(1111\J:ll(l(-~;of A I’ll}tlE

tll:llpl”llvl(llj !111, 111, !:1 f ![ ,11 III(} (“iii “(I I: I!(, II !;[, (.(1 1“;1 I(1 111(, tll(l!:(.

[y.l!l) Ill!(,llf:lll; (Il!fdllll (l, I’1:ll:.!, ll; lllt. :,11,11 .;,, I,: 11!1’; :11’!11 11( ’(’11 !,(1) ’.) ’1 ’’;l( ’11 !1’ .1

1111’: 1111(1 f(lt” (ll~f,’lilllll}’, 1; (111(1 A Wll(l: !111’ 111,’!llll)[ [(111 t’1l(’1~’,v l’: (’(11 )”.111!:

((’,}’, , (“11111 (,I ill., l’~:l!),

AI II II II(’I’ {IIIIJI”():I(II II:;I,”; III(I lw:Ik t(t IIIII(’I:IIIII {I!; (’~ ‘G) 111 SII\F{, I;Il
1’

(1(,’.1)1 ill [011 !;1)1.(’1 1’;1, 1,(1,, III(, 14,1111JI,I”I II{III :It Wl)l(II !1)!, 1:1,(’(11111
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differentials d29/dT2 equal zero and the resorption rates exhibit maxima.

Differentiating Sq. (3), setting it equal to zero, then carrying out some

manipulation yields

(AC/P)exp(-E/RTP) - IVRT: . (5)

If two or more TPD spectra at different heating ~aces are available, these

would then have different TP’s. A system of nonlinear implicit equations

results with unknrwns E and A=, one Eq. (5) for each spectrum.

Standard numerical techniques can solve this system for the unknowns AC

anr,l E. A graph also may yield the solution, though rhis is not as

precise. A simple plot of In (L9/TP2) vs. l/T should give a strti!p!~t
P

line, and the slope and intercept determil~e the values of E and A=.

This graphical npproach to obtaining E and AC has lonE been known

((?.E.,Redhead, 1962),

This concrp[ COIIbe applied LO TI’D from a nonuniform surface with II

c(lllLlll\lolls SI;D, EqLI:ltiOII(2) gives tlw desorptioll raLe from sul.]1a

llollullI:OrlllSill-filcc’;tl’-drri\F.-Itiveof this rate with rcspcc( to ~w,r,t.)

tcm}leraturc IS

Sllll’+tltul 111~: tll(* lo!t-11:111(1Sl(ll’(Ills) of 1:(1,(3) for -
[

~fl fl(~,q’)ll~/hl
1

III];II,(f]) }r,jV(l S

(:)
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Equation (8) leads to an approximate approach for extracting a pre-

exponential factor. The sites whose resorption energies are significantl:i

lower than some average energy have mostly emptied when the peak

temperature is reached. Their resorption rates, dO(E,TP)/dT, are

negligible at the peak temperature. Analogously, sites whose dcsorption

energies are significantly higher than this average energy have not begul.

to empty yet. As a result, their resorption rates at the peak tempcratur.~,

dd(E,TP)/dT, are also ne~li&ible. Only over a narrow resorption-energy

range, 6E, is any contribution made to the integral in Eq. (8) at the peak

temperature. If a d~lta function approximates this riarrow ranp,c, then the

portion of the LHS of Eq, (8) that is within the first set of brackers m[ls~

equal zero at the peak tempe~ature. This is true because neither

dO(E,TP)/dT nor q(E)6E is zero at this point. If the sum of the rcrms

within the first set of brackets equals zero, a minor mallipula[iorlresults

in Eq. (5).

This says that Eq. (5) is approximately valid for hctcroy,cl~oous

surfaces, with E bclne thr postulated nvcrage energy of dusorpt 1o11il[ tlit’

peak temperature. Tl]is in turn means that an approach id~nti~iil wici’ til;it

for obtaining the pre.exponential facLor for TPi) frcm uII1fol”Iu s(lrfil~(’:; is

rmployablc for obtinlnlnp,nn npproximnt[l VillU(’ Of’ tilt? ~)~(’-OSl~(ll)[oll” 1~11til(’[t,l”

for l’PD from hcterogollf~oussurfnces. This is valid for [~~(’-[l~]~(lll{*r]tiill

factors tl~atare indopcndcnt of tl)esorption octlvntloil (Iill’rp,y,If’ til(l

]J~l’-CXpOllCIltlill filCtOr (i(’p(’lldS 01) L]IO tiCLIViitj(ll] C!llP~F,v, ~]1(’11 t]ll’ ~~1’-

e,yponcIltIa] fnctnr ot)t:llllt,[iilltillsfnslllullwould 1)0 tllu :iilll[’ f“ol- [11(’

,avrrnee enrrp,y pns~ ul nt PC! .II)OVC.

A!: IT!;!JATIVljA]’i’i{OA(”il F(JI{ DFTi;lWINIP :(; ]N\’Ai/lAP:’i” l’iti:- i:Xi’OF:i;.::”i’lAi, t/\l’”[’tliJ!,
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solves Eq. (4) for q(E). Zquation (4) is a first-kind Fredholm integral

equation; the regularization technique solves this equation for q(F.). Th:?

cptimal value of tk- ~egularization smoothing parameter is the one that

makes the maximum number of peaks in v(E) equal to the number of peaks in

th? TPD spectrum. Previous work (Bischke et al., 1991) reported this

approach for solving Eq. (4) to obtain q(E); it gives excellent resolution

of peaks in an SED.

The o(E) obtained from Eq, (4) using AC(l) ~S called q(l)(E), The’

algorithm substitutes the distribution function q(l)(E) into !?q.(6) ancl

solves thfs equation for a new AC, A (2)0 As many values of AC(2)
c

callI)(’

obtained as there are peaks in the spectra. The various valLles prohat~ly

will not differ by a large amount.

T}ie avera~c of these values of AC(2; is then substit~lted into Eq. (~i)

and tl~isequ;ltioi~solved as before to obtail~ an impro\’ed q~Ej, q‘:)(l:).

T}~ealEoritllm repeats tlicprocess un:il there are 11omore cllfill~,esill AC.

The fin~l Ac so obtainl.d is jut!gc(lto be the best ot>tainal)lti,nnr.ttllc

associated site-energy distrlhutior? function nl.so the best ol~t,~il~able.

FiCure 1 presents sctlrmnt~cnlly the alp,or!thnrfor this iterativr i2pll~0iIL-11,

AI]altcr[lntIve nppro:lch to nvrr{igil]gtl~eVil]ues of A ‘2) would 1)(.[()c

s~ll~s!ltutt~nll tl]cVNIUCS into n sum of tllrEels.(h). Summill!~tllrEq,;,(h)

f!~”(’rtill?K sprctr.q !_rom k - 1 to k -K yicl(ls

k E

)
d9

J

max
--::+(T) - -

h-l
E

Ellll

ill)(l tlIIs fl~~t-kll](lFI”(I(llI(i)III(,ll(l:it1011m;ly I)(I :;olVII[l f(,I” rl(t~)

iss[[,.(.1!;1 !11111 [ 1o11 (11 1( ’1:!ll(’ l’:lllll (’, 11(,1 , (“:11 II,(I l(.’1 ’). l’I’( 11,1 1:,1. [(!1 ,

‘l’’:, ~l”l’!,,, (l:,,ll; - ,(’1”) (1(11
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If the SED v(E) is knawn, Eq. (10) may be converted into a first-ktnd

Fredholm integral eauation with the energy-dependent pre-exponential factor

as the unknown distribution. Some minor manipulation of Eq. (10) yields

The LHS of Eq. (11) depends on T only, the kernel of the RtlS i~te.gral is

a known fu~ction of both E and T, and the unknown distribution A(E)

depentis on E only, as in all first-kind Fredholm equations.

Equations (4) and (11) can be incorporated into an ite:ative sc~leme to

calculate both the SED and an energy-dependent pre-exponential factor. Tl~e

first step is ●.o obtain starting values of A and E at the peaks of tl~e

spectra. This step follows the procedure described in the previous section

f“orobtaiuing invariant pre-exponential factors. This time, though, the

values @f A obtained are only the initial values of A for these peaks,

Simple power series dependence of A on E achieve functional dcpendc’ncc

of A on E using A’s and E’s obtained from the peaks of the spectr:l.

If t“herc is but one penk per spectrum, A will be a constant; if two

poJks, the dep(lnclonceof fi.on E will be linear (assuminE different

A ful” L~lc tWCI pCakS). For t.hrce peaks, i-I qua(lratIc dopcl](l(,l]c(,

t, ill)d so forth.

tll~’ ill!tlal al~l)rosill,i[i~lll A (l)(K) is Ol)[ilil)l’d, tllc algol”i[lllll

s it iIILW Eq, (II) and SOIVCS the c’qu.l:iol] for rI(l ’tE). Tll(’ Sl;l)
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DISCUSSION

The preceding paragraphs have presented the mathematical bases for

acquiring resorption pre-exponential factors from TPD spectra. What

remains is to carry out numerical experiments to test the techniques.

Equation (5) is rigorously true only wkten the resorption energy is

constant throughout the TPD experiments. But the resorption energy cannot

be constant throughout a series of TPD experiments unless the surface is

homogeneous and the adsorbates do not interact. In combination, these

constraints nre Larely, if ever, satisfied. However, the analysis

presented earlier shows that Eq. (5) is approximately valid for sysLe:ns

with nonuniform resorption energies. Thus , if the pre-exponential factor

is constant, applying Eq. (5) to a series of TPD experiments probably gives

values of the pre.exponential factor very close to tiletrue value. The

apparent s~ccess of applying Eq. (5) to TPD spectra which almost certainly

~crc obtained from systems whose resorption energy was not constant is now

understandable . For example, Britten (1981) obtained TPD spectra at

different heat!.,lgrates for the resorption of carbon monoxide from

graphite. His spectra were much too broad for single-energy dcsorption,

but Fig, 3 shows his plot of In (TP2/@) vs. l/TP gives iigood strnifht

Iillc. The slope nncl intercept in turn give reasonable values of botl~ prL’-

exl~onontial factor and average resorption energy for his system

(&ix 1014 S-l and 376 kJ/mol, respectively) . The heating rate illthis c:lY;(o

W:IS varied over a factor uf 10, which is sufficient for this tvpc of’

t?xl~(”rinl(’flt (F:IIcoIIl~L” and Scf\warz, 1983).

A I’]-CO-C’SIJO1)lI1l[i:llfd(.tor, s“1 I“orn first -OI(IPI.d(,sol”ll(ion,

A l)l. C’-OX[~olll?llt ~fll ~il(’t(lr Wlll?l) it i!; il (’(Jl)”: [:1 Ilf , Ci[!lol. ill (11(, 1’:1,.1.

of (’11(’~}’,1’t i(.:11IV Uliif(li”lll ilL1!;Ol”[lLi Oll Ut. Kll(’11 \t i!; 111(11,])1, 111!111! (1!

(!1’’;01”])! 1011 Pll(’rf,v, s “1 tf)r a first-or~l(,r!l(II~t)rl~!itjl].

(!”1 1’1”(,-Xllflll(,ll, I(I1 f~l,.(()].:1(:1 lJfll”tiClllill. (l(,sf)l-l~!i(lll /1(’[f\’.lt 1(111

(’11( ’1”/”$’ (i:), s ‘ f-cl(1!il.!;t-[)1”(1(”1.(1(’sllrp[i{lll.

l:, 1)1’sorfll1(111:l[.tI\J:~ffoil(,ll(~l”y,v. .l,/lllrli

[; F!:lxlmllln (l(,:;():~)t ion il[.[ l\’,’1( ion rll(,l’y,v 111 %il(, -t’tl(,l-}’,y (Ilsllil,lllill!!..,.
.:,,/,:,()I
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E
min

LHs

r
sorb

R

RHS

SED

T

TP

‘f’PD

.0

71

v

# O’c
6(L,T)

6’ or
@::(”r)

Minimum resorption activation energy in site-energy distribution,
J/mol.

Left-hand side.

Rate of sorption, fractional coverage/s.

Gas constant, J/(mol)(K).

Right-hand side.

Site-energy distribution.

T(-.ilpcrature,K.

Peak temperature in resorption spectrum, K.

Temperature-programmed resorption.

Heating rate, K/s.

Derivative of the desorp” ion rate w.r.t. temperature at a
particular temperature (,,), K-2.

Sire-energy distribution function, for wh’ch q(E)dE is t“nfv
fraction of sites with resorption activation energies between
E al,d E+c!E.

Fractional coverage of sites with a single resorption activation
energy (E) at a particular temperature (T).

Gross fractional coveraEe of sorption sites fita particular
temperature (T).
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