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In most flash desorption and temperature programmed desorption experiments only a small 
fraction of the data obtained is used in the kinetic analysis. A technique which utilizes more 
of the desorption data from a series of desorption curves obtained at different initial surface 

coverages is discussed. A number of desorption rate isotherms can be obtained by measuring 
desorption rates and coverages at selected temperatures in the desorption range. Each isotherm 
is a plot of In (rate) versus In (coverage) measured at a given temperature and its slope corre- 

sponds to the order of the desorption. From a series of desorption rate isotherms, plots of In 
(rate) against l/T can be obtained; the activation energy as a function of coverage can be 
obtained from the slopes qf these plots. The success of the method for assisting in distinguishing 

between simple first-order desorption, first-order desorption with a coverage dependent activa 
tion energy and second-order desorption is illustrated. Theoretical calculations show the 
technique is very sensitive for distinguishing desorptions with coverage dependent activation 

energy. Analysis by desorption rate isotherms requires few assumptions, is easy to apply and 
can be used to determine kinetic parameters for both unsupported and supported catalysis. 

INTRODUCTION 

Increasingly in recent years the flash de- 
sorption (or temperature programmed de- 
sorption) technique has been used to study 
desorption and/or reactions of adsorbed 
gases on metal surfaces and supported 
catalysts. The quality of recent experi- 
mental flash desorption data has improved 
so that more precise kinetic information 
can now be obtained. However, for most 
experiments only a fraction of the experi- 
mental data has been used in kinetic 
analysis of the desorption or reaction 
though a number of different analysis 
techniques have been employed. Many 
workers have used Redhead’s (1) tech- 
nique for analyzing desorption spectra. In 

Redhead’s analysis, only the peak tem- 
perature (temperature at which the de- 
sorption rate reached a maximum) and the 
heating rate were used to determine the 
act.ivation energy for first-order desorp- 
tion ; the preexponential factor was as- 
sumed. For second-order desorption the 
dependence of the peak temperature on the 
initial surface coverage was employed. 
Other more recent analysis techniques have 
used the peak temperature and the peak 
width at half maximum to determine the 
kinetic parameters so that assumptions 
about precxponential factors were un- 

necessary (2, 3). All of these t,echniques 
required that t,hc activation energy and 
preexponential factor be independent of 
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both tempcraturc and coverage. The varia- 
t,ions in the peak tcmpcrat,urc and the peak 
amplitude with heating rate have also 
been used to dctcrminc activation cncrgics 
without, assumptions about prwxponcnt ial 
factors, reaction orders, or specific renct,ion 
mechanisms (I, d-7). In another method 
activation cncrgirs, prccxponrntial fact,ors 
and initial surface covcragcs have been 
varied for comput,er-gcncrakd flash curves 
to obtain the best fit to t’hc cxperimtntal 
curves (8). Other authors have employed 
the change in curve amplitude and covcragc 
with tcmpcraturc for the leading edge of a 
curve to calculat’c E and ?l (g-12). De- 
tailed discussions of t,cchniqurs for ana- 
lyzing dcsorption spectra have bran prc- 
sonted in revicns by King (1.3) and by 
Smut& et al. (14). 

To varying degrees t,hc abovc mrt,hods of 
obt’aining kinrtic parameters from flash de- 
sorption experiments make use of only a 

fract,ion of t,hc available data. Ehrlich (15) 

was t,hc first t,o suggest, a twhniquc for mea- 

suring the activation energy as a func- 

tion of coverogc which utilized more of 

the experimental data by measuring rates 
and covcragcs for a number of drsorption 

curves corresponding t,o different, initial 

coverages. Baucr et al. (16, 1’7) applied a 
similar tcchniquc to experimental dat,a 

for measuring activat,ion energies as a 

function of coverage. Also, Christman 

et al. (18) described such a tcchniquc for 

drtcrmining activation cnergirs but thcJ 
were unsuccessful in applying it, to their 

data. 

The tcchniquc of dcsorption rat,c iso- 
therms (18, 19) will bc presented as an 

easily applied m&hod for obtaining bot,h 
the reaction order II al/rl the activation 
energy E from flash drsorption curves by 

ut,ilizing more of the data. In dfcct, the 
mct,hod provides constant tcmpcraturc 

kinct~ic information such as v~~uld 1~ oh- 
taincd from isothermal desorption. 

THEOltP 

The rate of desorption of an adsorbat’c 

from a surface or the rate of decomposition 
of a gas adsorbed on the surface is usually 
cxprcsscd in the form, 

dC 

nhrrc 

N rat,c of dcsorption (or dccompo- 
sit,ion) 

V precxponcntial factor 
c surface coverage per unit arca 
I1 order of dcsorption (or drcompo- 

sition) 

E(c) activation cncrgy, which can bc a 
function of coverage 

T surface tcmperaturc 

In a flash dcsorpt,ion cxperimcnt t,he tcm- 
pcrature is increased w&h time at, a con- 
st*ant rate /3, and t,hc desorption rate is rc- 
corded as a function of t~empcrat,urc. Then, 
each point of a dcsorpt’ion curve corresponds 
to a measurement of the drsorption rate 
at’ a given temperature, surface covcragc 
and surface compositjion. By obt,aining a 
series of dcsorption curves at initial covcr- 
ages, CO, from low coverage up to saturation, 
effective USC can bo made of the fact, that 
each curve contains an infinit,c number of 
these mrasurcments. At a selcctrd t,rm- 
pcrahurc in the dcsorpt,ion range t,ha dr- 
sorption rate and the surface covcrage can 
bc measured for each drsorption curve cor- 
responding to a diffrrcnt initial coverage. 
Thr rat,o of dcsorption, N, is proportional 
to t’hc curve amplit,udc at’ that tcmprrat,urc. 
Thr area undrr tho portion of tach curve 
to thr right of that, temprrat,ure is propor- 
tional to the surface coverage at, that 
tcmpcraturc. That, is, t,hn area which corrc- 
spondx to t,hr surface covcragc at, t,cmpera- 
turc T is qua1 to Jg NdT. A plot, of In N 
versus In c at constant, t~cmperaturr can then 
bc made, and according t,o Eq. (l), this 
desorption rate isotherm should bc a 
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FIG. 1. Desorption rate isot,herms from computer- 
generated first-order desorption curves with v = 8.5 

X1O16 s-l, E = 32 - 2c/c,,t kcal/mole, and c.,,t 
= 1Ol5 molecules/cm2. 

skaight line with slope n if the activation 
energy is independent of coverage. A 
number of dcsorption rate isotherms can 
be plotted for tcmperaturcs over the de- 
sorption range. Then, at a given coveraye, 
a number of measurements of dcsorption 
rates at different tcmperaturcs can be 
obtained from the desorption rate iso- 
therms. A plot of In N against l/T at con- 
stant covcragc can then bc made and the 
activation energy is obtained from its slope. 
As long as consistent units are used for a 
set of cxpcrimcntal curves, it is not nccrs- 
sary to calibrate t,hc amplihudcs and areas 
to obtain reaction orders and activation 
energies. The accuracy of these measured 
kinct,ic paramctcrs improves as the number 
of desorption curves obt,ained at different 
initial covcrages increases, and as the 
number of temperatures sclrctcd for anal- 
ysis incrcascs. The preexponential factor 
can bc obtained from equations relat,ing 
v to E, T,, n, p, and co for simple order dc- 
sorption (I, 4) or it can bc obtained by 

computer gcw>rat,ion of dworpt,ion curw’s 
with diffwcnt v unt,il a good fit is obt,aincbd. 

Th(l act,ivat’ion wcrgy, WPI~ if covcrago 
dcpcndcnt, CL~II bc obtained from the de- 
sorption rate isotherms. First-order flash 
drsorption curws were computer gcnrratrd 
for a linearly coverage dependent activa- 
tion cncrgy E = 32 - 2c/cSat kcal/molc 
with v = 8.5 X 1015 s-l and c,,,~ equal to 
the saturation coverage. From the curves, 
gcncrated at initial converges from 0.05 
of saturation to saturation, desorption rate 
isotherms were obtained at five tempcra- 
tures and are shown in Fig. 1. The desorp- 
tion rate isotherm temprratures were 
chosen to cover the entire desorption range 
from the init,ial rise of the desorpt,ion curve 
t’o the low coverage tail. 

At 168”C, which corresponded to low 
covcrages for all curves (less than 5% of 
saturation coverage) a straight line was 
obt,ained corresponding to a slope n = 1.04. 
However, at lower kmperatures (i.c., 

2.25 2.30 2.35 2.40 2.45 2.50 

I03/T(K) 

FIG. 2. Log N versus l/T obtained from Fig. 1 for 
the following coverages (molecules/cm*) : (a) 4 X 1013, 
(b) 6 X 1013, (c) 1 X 1014, (d) 2 X 1014, (e) 3 X lo’*. 
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higher covcragcs) the points started t,o 
dcviatc from a st,raight, lint and the iso- 
therm at 128°C showed significant curva- 
ture. Expc>rimental dat#a would notj include 
t,hc low covcragc points for t,he lo\vckr 
tcmpcraturo isotherms since t,hw> mea- 
surctmcnt~s arc more difficult, to mnlw, and 
t.hc resultant isotherms would bc approxi- 
mated as straight linw whose slope in- 
creased as the tcmpcraturc dccrcawd. 
From the dosorption rate isotherms in 
Fig. 1 the activation cncrgy can bc dc- 
twmincd as a function of covcragc by ob- 
t,aining rates and temperatures from the 
curve3 at a given covcragr. Plots of ln N 
against l/T arc shown in Fig. 2. They arc 
straight linrs kvhosc slopw, when mult,i- 
plied by the rwgat,ivc of the gas constant, 
correspond to the activation cwbrgies ex- 
pcctcd at each cowrage wit,hin 0.7y0, the 
accuracy of lwst squaws fit, of the data 
points. 

One of the important points t,o bc 
noticed from thcsc curves is t,hat, a wla- 
t,ivcly small dcpcndcncc of actjivation 
energy on coverage (a SyO dccreasc in act’i- 
vation cncrgy from zero coveragc to satura- 
tion) caused a significant change in the 
dcsorpt,ion rate isot,hcrms, i.e., the iso- 
therms deviated significantly from straight 
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FIG. 3. Experimentrrl desorption r:tte isotherms fol 
CO desorption from cleml Ni (110). 

FIG. 4. Log M versus l/2’ for CO dcsorption. DLttR 
points obtained from desorption rate isotherms in 
Fig. 3. Curves wrrespond to relat,ive coverztges in 
Fig. 3 of (:I) 0.07, (b) 0.10, (c) 0.20, (d) 0.40, 
(e) 0.60. 

lines with slopes of unity. Thus, plotting 
dcsorption rate isot,hcrms for cxperimcnt,al 
data is a wry wnsit,ivr tcchniquct for 
studying t,hc dcsorption kinrt,ics. It, is also 
possible by t,hc procedure dcscribcd to 
okain act,ivation cncrgics from dcsorption 
rate isotherms whrn the prccxponcnt,ial 
factor is a function of cowragc~. 

Flash sprct,ra obtairwd from the dc- 
composition of dtwt,crat,od formic acid on 
clean Ni (110) \v(w analyzcld by dcsorpt ion 
rate isot,hcrms. Thcl data \vcrc obtained in 
an ultrahigh vacuum system drscribcd 
olsewlicw (1 I, 12) and t,he c~xpwimontal 
rclsults aw discuswd in detail in ot,hw 
publications (4, 11, 20). Flash qwctra for 
hydrazinc dccomposit,ioli on supportcxd iri- 
dium catalyst, which were obt,ainc:d in n 
tcmpcraturc programmed dcsorption appa- 
ratus dwcribcd clscwhcrct (dl), were also 
nnalyzcad by dcsorption ratct isothwms. 
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RELATIVE COVERAGE 

Fra. 5. Experimental desorption rate isotherms for 
nitrogen product from hydrazine decomposition on 
iridium-on-alumina catalyst. 

RESULTS 

Several sets of experimental data wcrc 
analyzed by desorption rate isotherms and 
some of them are presented hcrc. Results 
of analysis of other dat.a will be published 
elsewhere (1 I). 

Carbon Monoxide Desorption 

Following DCOOH adsorpt’ion on clean 
Ni(ll0) at 37”C, CO was one of the 
products observed during the flash. This 
CO product corresponded to CO dcsorp- 
tion (1.2, 22) and exhibited first-order de- 
sorption with an activation energy which 
decreased slightly as the coverage in- 
creased. The activation energy was dcter- 
mined by the heating rate variation tech- 
nique (4). Dcsorption rate isotherms were 
obtained for thcsc CO dcsorption curves, 
corresponding to seven different initial 
coverages, at selected temperatures both 
above and below the peak tcmperaturc. 
As shown in Fig. 3 the data for t,he iso- 
therms were well fit by straight lines. The 
slopes of these lines, which corresponded 
to the order of the desorption, were calcu- 
lated by least squares fits, and they varied 
from 1.01 to 1.11. The deviations from 
unity were statistically significant (for 95% 
confidence limits) for the isotherms at 166, 
159 and 149’C. Thus the desorption of CO 
appcarcd to bc very close to first order 

and the changcb in slope with isot,hwm 
t,empcraturc ~vas that, clxpectcd for a first- 
order desorptjion with a wry slight,ly cowr- 
age dependent activation energy, as dis- 
cussed above. 

Plot’s of In N against l/T wrc obtained 
at selected coverages from the isotherms 
in Fig. 3. As shown in Fig. 4, at each cover- 
age the data points were well fit by straight 
lines whose slope was proportional to the 
activation energy of dcsorption. From a 
least squares fit the avcragc activation 
cncrgy was 29.2 f 1.7 kcal/molc ; this was 
close to the values calculated by heating 
rate variation and by ot,hcr cxpcrimcntal 
techniques (4). The scatter was such that 
the small change in activation energy with 
coverage of 1.2 kcal/molc could not bc 
accurately mc>asured. 

Nitrogen from Hydrazine Decomposition 

Hydrazinc was adsorbed from tho gas 
phase onto an iridium-on-alumina catalyst 
in a helium flow stream at atmospheric 
pressure and the products of decomposition 
were observed by mass spcctrometcr during 
t,cmperaturc programmed dcsorption. Since 
nitrogen did not adsorb on the iridium 
surface any nitrogen product was due to 
decomposition and not dcsorption (21). 
Figure 5 shows desorpt,ion rate isotherms 
obtained at t8emperatures both above and 
below the peak maximum for the nitrogen 
product peak. For each isot#hcrm the slope 
was obtained by a least squaws fit. Rccause 
only five dcsorption curves, corresponding 
to five different initial coveragcs, were ob- 
tained cxperimcntally the slopes calculated 
for the nitrogen product from hydrazine 
decomposition were not as accurate as 
those calculated for CO dcsorption. Within 
95% confidence limits, the deviations of 
the slopes from unity were not significant. 
Thus, t#he decomposition was first order 
with an activation energy independent of 
coverage. 

Data points for plots of In N against l/T 
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wcr(: obtainrd from the isoth(lrms in Fig. 5 
and arc plotted in Fig. G for five diffcrcnt 
covcragcs. Least squares fits of thcw points 
wcrc used to dctcrminr the slopw, which 
wcrc proportional t,o t,hc activat8ion cwrgks. 
The activation cwtrgic,s variw from 17.5 
to 19.4 lxal/molc, but] within 9.5ycj con- 
fidence limits t,hcscl difftwncw wrc not, 
significant,, and an avcragc’ value> of lS.3 
f 1.1 kcal/molr was cnlculntrd. 

Other Systems 

Dcsorption rat#c is(khcrms \vcrc also 
used to analyze t,hr D, dcsorption obscrwd 
following HOD adsorption on Ni (110) 
C(4X5) at - 60°C (20). The average 
sIopcs obtained from the least, squaws fit, of 
the isotherm data wcrc found t.o bcr 1.95 
and all values wrc within 8% of this valw. 
This was consistent, with t,ha second-order 
behavior indicat,cd by the shift in pc‘ak 
t,ompcraturc with init,ial coveragcb. An 
act,ivation owrgy of 12.1 lxal/molc was 
t,hcn calculatc>d from thr 111 N versus l/T 
plots and was within 5”/G of the valw of 
E obtaiwd from t,hc heating ratcl variation 
tcchniyw. The rcsult,s of this analysis \vill 
bc published in detail rlscwhcrc~ (20). 

Dcsorption rate isot,hwms ww also uscld 
t,o analyze wat cr dcsorption from dean 

Ni (110) following adsorption of water at 
--GO%. Tho slope of thr isothc~rm was 
1.00 at, high tempcaraturcs and it incrctawd 
t,o 1.20 at low-cr t,cmpctraturcs. Howvcr, t,hc 
In N versus l/T pIot,s ww not Iincar at, 
constant cowragc, indicating the dcsorp- 
tion nas not simply first, ord(lr with a 
covcragc dcpcndrnt, activation energy. Thr 
dcsorption was attributed t,o two first,-order 
dcsorptions with diffcwnt activat,ion cnw- 
girs and is discussrd in drt ail tGexhwc (I f ) . 
Similarly, dcsorption rnttl isot,hwns were 
used to analyzcl other drsorptions and 
decompositions (11). 

Besidw indicat,ing t h(h order of dwql- 
t,ion and t#h(: activation rncrgics for sinxpb 
desorptions, t,hcl dworption rate isotherm 

,  1 1 I  

145 150 155 160 165 

103/T(Kl 

FIG. 6. Log N versus l/T for nitrogen product 
from hydrazine decomposition. Data points ob- 
tained from desorption rate isot.herms in Fig. 5. 
Curves correspond to relative coverages in Fig. 5 of 
(a) 0.07, (b) 0.10, (c) 0.125, (d) 0.15, (e) 0.20. 

can bc used as a guide to distinguish bc- 
tw-ccn first-order dcsorption with covcragc 
dependent activat8ion (‘ncrgy, simult,ancous, 
owrlapping first-order dcsnrptions and 
second-ordrr dcsorption. It can also dis- 
tinguish brtwccn second-ordw dcsorptjion 
nnd second-order dcsorption with covrragc 
dcpcndcnt activa,tion cncrgy. Thus t,hc 
mc$hod is yuit,c scnsitiw t,o the desorpt,ion 
order as ~11 as the art,ivntion cnwgy as a 
fuiict,ion of rovcragc’. 

Thcrr arc’, howwr, some import,ant PX- 
pwimcnt,al considcrat,ions t’o bc aware of 
bcforct analyzing flash drsorption curvw 
by dw@jon rate isothctrms. It. is im- 
portant t,hat, t.hc sprcka are obt~ainc~d \vit,h 
a flat bawlinr for accuratcl nwasuremrnt8 of 
cowragr. In an ultrahigh vacuum systrm 
thn pumping speed must, bc large enough 
so that> thr partial prrssurcx changcl is 
proportional t,o the dworptjion rate from 
thr surfaw. Its may bc nccrssary t.o calibrat,c 
thr syskm using a well-studied dcsorption, 
such as CO from nickel, t,o hc certain t#his 
is the caw. It, is also wry dcsirabl(~ to 
oht,ain a large numbw of spectra owr a 
covcragc rangcl from saturation down t,o 
low covctragck. In particular, it is import,ant 
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by expanding rccordcr scales or detection 
sensitivity to obt,ain a nun&r of dworp- 
tion curves at low covrragc. Bccauae the 
analysis plots arc log-log, the low covcragc 
curves make a disproportionately large 
contribution to t’hc slope of the lines. Also, 
it must bc noted that the tcchniquc of 
dcsorpt,ion rate isothrrms may notj work 
~11 for dctcrmining kinetic parameters 
for complicated dcsorption kinetics or for 
two or mnrc surface states whew spectra 
overlap significantly. 

CONCLUSIONS 

Analysis of flash dcsorpbion or flash dc- 
composition sprctra by dcsorption rate 
isotherms can bc a powerful technique for 
obtaining kinetic information about both 
dcsorption and dccomposibion of adsorbnd 
molcculcs. Experimentally, only t>hc mca- 
surcmcnt of dcsorption curws for diffwcnt 
exposures is rcquircd and the subscquont 
analysis is wry easy to apply. Most im- 
portantly, analysis by d(wrption rat,c 
isotherms ut,ilizcs much more of t,ht: data 
obtained than othrr tc>chniqut:s so that 
more extjcnsivr kin&c informa,tion can hc 
obtained. Also, this method appears to bc 
sensitive to the dcsorption kinetics and 
easily distinguishes dcsorptions with covcr- 
age depcndrnt activation encrgirs. In addi- 
tion, it dors not assume a reaction order 
and works equally ~~~11 for zero-ordrr, first- 
order, second-order or fracCona1 order dr- 
sorptions or rcact,ions. 
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