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Equilibrium and Kinetics of NO and CO Chemisorptions
on Nonstoichiometric Nickel-Copper Manganites

Christophe Drouet, Pierre Alphonsé;! José Luis Garcia Fierrognd Abel Roussé#t

*Laboratoire de Chimie des Matiaux Inorganiques et Enegtiques, Universit Paul Sabatier, 118 Route de Narbonne, 31062 Toulouse Cedex 04, France;
andfInstituto de Calisis y Petroleogimica, Cantoblanco, 28049 Madrid, Spain

The equilibrium and kinetics of adsorption of NO and CO on non-
stoichiometric nickel-copper manganites have been investigated
through volumetric measurements. The adsorption isotherms were
satisfactorily fitted to the Freundlich equation. The equilibrium cov-
erages at 298 K were found to depend closely on the chemical com-
position of the oxide; thus, a decrease in the coverage beyond a
maximum copper extent was observed. The adsorption isotherms of
NO at various temperatures in the range from 298 to 473 K showed
that the equilibrium coverage decreases with increasing tempera-
ture. This behavior enabled us to follow the logarithmic decrease of
the heat of adsorption of NO on such surfaces. The adsorptions of
NO and CO on surfaces preadsorbed with CO and NO, respectively,
were also studied. These experiments showed the ability of NO to
displace CO preadsorbed molecules whereas the contrary did not
hold, suggesting the existence of common adsorption sites as well
as some specific CO adsorption sites. Finally, some Kinetic data are
reported showing that the experimental adsorption results fit the
Elovich equation (with t ~ 0), although two distinct rate processes
could be identified.  © 2000 Academic Press

Key Words: NO; CO; chemisorption; nickel-copper manganites.

INTRODUCTION

phases. Recent catalytic experiments have shown that such m
ganitesxhibit high activity toward the CO/@and CO/NO reac-
tions, which is closely related to the nickel and copper conten
of the oxides (results to be published).

The aim of the present paper is to investigate the equilik
rium and kinetics of the adsorption of NO and CO molecules o
nickel-copper manganites. For such a purpose, the adsorpti
isotherms of NO and CO have been recorded for various cher
ical compositions to determine the effect of nickel and coppe
contents on the adsorption properties. The study of NO adsor
tion at various temperatures was also examined to establish t
dependence of the heat of adsorption on surface coverage.

MATERIALS AND METHODS

Preparation of Samples

The oxide systems studied in this work are nonstoichiome
ric nickel-copper manganites corresponding to the general fc
mula NikCuyMn3z_,_,O4,5. These are cation-deficient oxides
(6 ranging from 0.2 to 0.7) and crystallize in the cubic spine
structure (3). These compounds were synthesized in two ste|
(i) coprecipitation of a mixed Ni-Cu—Mn oxalate precursor of

ansired composition and (ii) thermal decomposition of this pre

Environmental concerns over air pollution have led to a p L ) - .
ticular interest in CO oxidation catalysts. An example is thH!"sor at623 Kin air for 6 h (the detailed synthesis is describe

car exhaust engine which produces CO emissions contributﬂge"\'hirle (3)')t.hﬁ'uchh a pr_]?paratlon rfgéensermlts ;)ne tp pr
directly to air pollution and smog. The catalytic converters enf- re oxides with high specific areg,(> g) as shownin

ployed today contain a catalytic material which oxidizes C able 1. Manganese oxide was prepared according to the sa

to CO, and also reduces the amount of N@nd hydrocarbons. procedure as above from thermal decomposition of mangane
alate (callotropic form), and the phase obtained was&g, s

Thecatalyticcomponentsincludedinthecartridgesofthesec§§-4 hich d t exhibit th inel struct 5
verters are platinum, rhodium, and palladium, expensive metals ), which does not exhibit the spinel structure (5).

which are deactivated by thermal reactions, cycling Operatior&%‘nemisorption Measurements

and poisons. Thus, the development of new materials with hig

performance for the above-mentioned reactions are required. A conventional volumetric Pyrex-glass high-vacuum syster

Nonstoichiometric nickel and nickel-copper manganites hawgth greaseless stopcocks capable of maintaining a dynan

already been investigated in previous works (1-3). It was reacuum of 10° Torr (1 Torr=133.3 Pa) was used. Temper-

ported (3) that the substitution of part of the manganese cati@atares were measured with a chromel-alumel thermocoup

by copper reinforces the thermal stability of such metastatifeessure measurements were made by means of an MKS
pacitance transducer comprised of a sensor head 310 BHS10
an electronic unit, and a meter unit. The apparatus had a me
suring range of 16° to 10 Torr and an accuracy of 18 Torr.



TABLE 1 CO oxidation, even at room temperature. Therefore, to discrir
Specific Surface Area, Sy, of the Samples inate between the pure chemisorption and the oxidation proce
CO-adsorption experiments on these oxides must be recordec

Oxide composition Sw (m?/g) temperatures not higher than room temperature. However, t
MnsOg .5 125 isotherm corresponding to CO adsorption at 298 K (curve (b
Nig.25Mn2.7504 15 165 still belongs to type | of BDDT classification, despite the activity
Nig.22Ctp.57MnN2.21045 150 of the oxide for CO oxidation. It is presumed that the vacuur
Nio 25C.38MN2 370415 155 pretreatment might have reduced the oxide surface to a sufficie
Nio 25CUo.80MN1.9504.+5 150

extent as to stop its activity toward CO oxidation.

If the data of isotherm (a) in Fig. 1 are replotted in terms o
IN(Na) = f(In(Pey)), a correlation coefficient of 0.9988 is ob-
The total volume of the measuring cell and reactor was abained, showing the linearity of this plot which is indicative of a

10 cn?. Freundlich-type isotherm:
Prior to each adsorption experiment, the sample (50 mg) was
outgassed under high vacuunt fioh at 573 K, and theemper- N, = k- P/ [1]

ature was then set to the desired value. Such a pretreatment was e

compulsory to clean the surface; however, it could have led Q@ eren andk are temperature-dependent constants, the valu

slight reduction of the surface. Each adsorption experiment Was, hich can be directly deduced from the slope and interce|
carried out, after pretreatment, introducing in several successigpq IN(Na) vs In(Peg) plot.

steps a given pressure of adsorbate in the calibrated volume cons iha same mathematical treatment is repeated for isotherr

taining the sample and noting the equilibrium pressure reackt%si and (c), a similar linearity between N{) and In(Psg) is

after a stabilization time of 3 h. The application of Boyle’s la btained, showing again that the Freundlich equation precise

then led easily to the determination of the quantity of gas aacribes the experimental results. Such a correspondence v
sor_bed from the value of the equilibrium pressure and that of th&, Freundiich equation points out the heterogeneity of the st
calibrated volu_me. . face, and various other studies on chemisorptions of NO al
The adsorption experiments of NO and CO on surfaces preégd o, transition metal oxides (6-8) have also shown the agre
sorbed with CO and NO respectively were carried out frofent with this isotherm. As expected, isotherm (d) deesit

clean surfaces as follows: (i) exposure of the sample to the figsh, Freyngiich equation since the catalytic oxidation of CO i
adsorbate at the desired pressure (calculated from adsorpBQBrimposed to the adsorption process.

isotherm§ to correspond to surface §aturation), (ii) evacuation ofp ¢ he catalytic properties of the nickel—copper manganite
the rema_unlng gaf phase un(_:ieraprlmary vacuum (c& Tidir) depend closely on the chemical composition of the oxide, tf
for 1_5 min, and (||!) introduction of the second adsorbate at Squudy of the effect of the nickel and copper contents on the qua
cesswel_y INCreasing pressures. i tities of NO and CO chemisorbed appear to be of great relevan
The kinetics of NO and CO adsorption on the surface of thg,e agsorption isotherms of both adsorbates at 298 K on ma
oxides was investigated following the variation of the PresSUtanese oxide MyDg.s, nickel manganite NixsMn2 7504,
measured by the MKS pressure transducer as a function of tig}ﬁj nickel—copper +rr;anganites MClo 38Mh2 3704'+6 a+n<’3|

aftefr introduction of a given pressure of adsorbate on a Cleﬁ'ﬂozsCuo,soMnl_9504+a are reported in Fig. 2. Nevertheless, it is
surface.

—=—CO, 298K (b)
~—CO, 373K (d)
e . 3,5E+20 -
Equilibrium of Adsorption ——NO, 298K (a) s (d)
3.0E+20 1 NO, 373K (c)
2,5E+20 .

RESULTS AND DISCUSSION 4,0E+20 -

The adsorption isotherms of NO and CO on the nonstoichic
metric nickel-copper manganite JNsCug sgoMn1 95045 at 298
and 373 K are reported in Fig. 1 &g = f (Peg), whereN, is the
number of molecules adsorbed per gram of oxide Bgds the
equilibrium pressure of the adsorbate reached. At first glancs
the shape of the three isotherms, (a), (b), and (c) correspong e
ing respectively to the adsorptions of NO and CO at 298 and « SOEH I
NO at 373 K, are of type | in the BDDT classification, reaching 0,0E+00 4 :
an equilibrium asymptote from low pressurés~ 50 Torr). In 0: &8 S0 s 400 dds M0 by 200
contrast, the adsorptionisotherm of CO at 373 K (curve (d)) dev. Feq o)
ates clearly from type I. Such a behavior can be explained easily|g, 1. Adsorption isotherms on ihsCuo.soMn1.¢504.-5 of NO at 298 K
by recalling the exceptional reactivity of these oxides toward) and 373 K (c) and CO at 298 K (b) and 373 K (d).

2,0E+20 -

1,5E+20

dsorbed molecules/g)

1,0E+20




—+— Mn;50g.5 (a) : NO TABLE 2
s Nig 2sMn 750445 Equilibrium Coverages for NO and CO Adsorption at 298 K

4,0E+20 Nio -:C M O,
e B2 N0 S5, 37y Equilibrium coverage (molecules/g)
o 3.5E+20 1 s Nig 25CUp goMny g504:
8 3[0E+20 i Oxide NO CO
S
= 2BERZE MnsOg.5 0.6x 107° 0.2x 102
g 2,0E+20 - Nig.25Mn2 750445 2.1x 1020 0.5x 1070
2 15E+20 1/ Nio.25Co.38MnN2.3704+5 2.2x 10%° 1.8x 109
= I . Nig.25CUo.8oMN1.9504+5 1.9x 107 1.2x 102
o 1.0E+20 4
= |
50E+19 . S
A ite structure leads to an equilibrium coverage of CO more tha
' 0 2'5 5'0 7'5 160 125 1'50 3 times larger than that in the absence of Cu. However, a furth
Peq (tom) increase of copper content leads to a decrease of the quan
of CO adsorbed, as can be seen for the MUy goMN1.9504.1s
—o—MnOsy ():CO  sample. A comparison of the results of Figs. 2a and 2b revez
3.6E+20 1 —=— Nig 25Mn; 750445 that, for the same oxide, the NO equilibrium coverage is alway
_ 30E+20{ Nig 25CUo,3sMn,3704+5 higher than that obtained for CO (for the same temperature, he
E? —— Nig 25CUg 5oMn4 950445 298 K). The corresponding values of the equilibrium coverage
2 REEXEE (given by the value of the intercept of the asymptote reache
E 2,0E+20 are reported in Table 2. These results are similar to those of Vi
8 R and Shelef (6) obtained for cobalt-containing spinel systems.
o i As stated above, the high reactivity toward CO oxidation o
8 1,0E420 4 the oxides studied in this work impeded us from monitoring the
2 5.0E+19 evolution of the equilibrium coverage of CO at temperature
' above room temperature, and the equipment used in this stu
0,0E+00 : . did not allow us to work at lower temperatures. In contrast, NC
0 25 50 75 100 125 150 chemisorption could be investigated at temperatures higher th
Peq (torr) room temperature, and the results reported hereafter conce
experiments conducted in the temperature range from 298

FIG.2. Adsorption isotherms at 298 K of NO (a) and CO (b) ond®g., s,

Nig.2sMn2 75045, Nig.25CUp 38MN2.3704.+5, and Nb.25CUo.goMnN1.9504+5. 473 K.

Figure 3a reports the adsorption isotherms of NO ol
Nio'25CU0,80Mn1'95O4+5 at 298, 333, 373, and 473 K. As can
emphasized here that the vacuum pretreatment gldn; led  be seen, the NO equilibrium coverage decreases progressiv
to a slight change in color of the manganese oxide from blagken the temperature increases. The shape analysis of th
to dark brown, certainly indicative of the reduction, at least paisotherms shows that Eq. [1] is still valid, and the corresponc
tial, of MnsOgs to MnzO4. However, the results corresponding parameters of Freundlich’s isothermgndk) are given in
ing to the isotherm obtained for manganese oxide, whicheveible 3. As ageneraltrend, batandk decrease with increasing
it was, could bring interesting data to compare to nickel andmperature; in particulan,tends to unity, approaching Henry’s
nickel-copper-containing oxides. Moreover, ¥ possesses law. The data of Fig. 3a were replotted in Fig. 3b in terms o
the spinel structure which is a common point with the othér(N,) vs In(Psg), and the intersection point of all the isotherms,
oxides and can thus be taken as good reference oxide. deduced by extrapolation, gives the value of the monolaye

In the case of NO adsorption, the equilibrium coveragsoverageN,, = 1.05x 10°* molecules of NO/g. It can be noted
reached on manganese oxide is much smaller than that on nickel-
containing manganites, which underlines the influence of nickel TABLE 3
on NO chemisorption (Fig. 2a). Furthermore, the comparison ofgreundlich Parameters (n, k) and Heat of Adsorption for
the three nickel-containing oxides with different copper contentgonolayer Coverage AH,, in the Case of NO Adsorptions on
shows a slight decrease of the quantity of NO adsorbed with Iio 2sCug.s0Mn1.9504.5 at 298, 333, 373, and 473 K
creasing copper content. The little difference among the specific

areas of the three oxides (see Table 1) cannot explain, at least T 298 333 873 473
completely, this behavior. Figure 2b shows the same conclusipn 54 32 25 1.9
as above, concerning the important influence of nickel, for CkQmolecules/g) 10 x 10'° 4.70x 10*° 2.81x 10'° 0.85x 10'°
chemisorption. In contrast, the effect of copper on the quantiyim =nRT/(1—-rT) 23.0 16.6 16.2 22.1

of CO chemisorbed is different from the case of NO chemisorp-(/mo)

~ —3
tion. Indeed, the incorporation of copper into the nickel mangan- r~14x10




3.0E+20 —+— 298K (a) 200 -
. = 333K 5 180 4 NO heat of adsorption
“E.‘ 2.5E+20 & 373K § 160 - —— calculated from equation (2)
é 2 0E+20 - _:La}(//ﬂ f 140 calculated from equation (4)
= 8
= 3
£ 1.5E+20 - o 5
o 8
4 = @
& 1,0E+20 / - — s
g w - .-----""___‘"__-______a——— — ‘g
5,0E+19 {/ /‘z----"';___ff*“' <
| x'/x--’ % 20 -
o= ' ' ' ' ' ' 0 ‘
0 10 20 30 40 50 80 0 2 4 6 8 10 12
Pag (o) Na (*10%° NO adsorbed molec./g)
b
50 ®) FIG. 4. NO heat of adsorption on dlpsCug sgoMn1. 95045 calculated from
49 Egs. [2] and [4] (see text).
48 )
_ mean value ofAH, =20 kJ/mol. As expected in the case of
g H Freundlich-type isotherms, the experimental heat of adsorptic
£ 46 - decreases logarithmically with the coverage and the two curv
45 are in quite good agreement within the experimental errors.
- From the adsorption isotherms, a set of isobars was det
mined and some of them are plotted in Fig. 5, showing thatthe e
43 ; - perimental data in the temperature range 298-473 K correspa
0 2 4 6 8 12 to the descending branch of the isobars, i.e., the chemisorpti
In(Peq) part. These descending branches begin near room temperat

FIG. 3. Adsorption isotherms of NO on blpsCup goMn1.9504.+5 at 298,

333,373, and 473 K as (§a= f (Peg) and (b) INnNa) = f (In(Peg)).

which recalls the results obtained by Pedtaal. (11) for the
chemisorption of NO on the manganese-containing perovski
LaMnGs.

To investigate the eventual competitive behavior of NO an

that this value leads to a surface area covered by NO ©b molecules for the surface adsorption sites, the adsorpti
~130 nt/g (taking a value of 0.125 nfrfor the cross section of each gas was studied in the same conditions as before, |
of the NO molecule (9)) which is close to the specific surfaggh surfaces saturated with the other adsorbate. The results |
area (150 rfg) derived from the nitrogen adsorption isothermgented below are relative to competitive adsorption at 298

at77 K.

on the mixed oxide Ni>sCuy.ggMny.95044s. Figures 6a and 6b

The variation of the adsorption heat of NO with coverage cgjive the evolution of the equilibrium pressuRg, of NO and

be directly determined from Freundlich’s theory by the relation
AH = —AHqy-Ino, [2]

wheref = N/ N, and A Hp, can be calculated from with the
relation

AHp =nRT/(1—rT), 3]

wherer is a correcting parameter introduced by Halsey (10)
taking into account the small variation &fH,, with T. The
values ofAH, andr are also reported in Table 3.

Onthe other hand, the heat of adsorption, at constant covera
0, can be derived from the Clausius—Clapeyron equation

dinP AH
(dl/T)e - TR 4]

Figure 4 shows the variation afH with the NO coverage
obtained by both methods (using Egs. [2] and [4]), taking a

2,5E+20 - —a— 90 torr
‘: S 70 torr
A —a— 50 torr
= 2E+20 { E o) e 30 forr
0 K\ —+—10torr
o A\
o WA
g 1.5E+20 4 4 _\
3 N\
£ X N\ e
g  1E+20 4 . i "
B b i
e ™ L - —
P o ——a
S~
< 5E+19 | o .
TR ey
0 . . . - '
250 300 350 400 450 500
T(K)
FIG.5. NO adsorption isobars on jsCuy.goMn1.9504+5.



....... Theoretical pressure, w ithout adsorption (a) variation of the pressure before reaching equilibrium shows th;
250 . ¢ NOadsorption on a CO-preadsorbed surface there is a first rapid uptake of NO (descending branch in Fig. -
. . followed by a slower release of gaseous molecules up to equili
®  NO adsorption on a clean surface L . . . T
200 - PrA rium (ascending branch), corresponding to a return to the initi
e pressure. This implies that the number of gaseous molecules
150 + sté2 e equilibrium is the same as the initial one, and that the exper
T mental points of the first step of Fig. 6a follow the theoretica
100 1 step1 P - curve as if there had not been any adsorption. Such a behav
& ‘. . could be explained by the rapid formation of a surface comple
1 1 o between CO preadsorbed molecules, as carbonyl or carbon
species (which are visible by IR) and NO adsorbate molecule
5 55 i . 505 s Suchacomplex has already been envisaged from IR studies
P, (torn) Panayotowet al. (12) in the case of NO and CO coadsorptior
on the spinel CuCgD,. This complex, relatively unstable, could
Soh T Thwcyetical pressurs, Without adearptian (b)  then decompose, leading to final NO adsorption and release o
¢  COadsorption on a NO-preadsorbed surface carbon-containing molecule in the gas phase (CO o)Gdbw-

e CO adsorption an a clean surface ever, step 2 in Fig. 6a shows that the equilibrium pressure final

150 1 P reaches that obtain@dthoutCO preadsorption, showing appar-
o ently that the overall amount of the CO preadsorbed molecule
100 4 p has been replaced by NO. These results are also in accordal
L with the data of Table 2, which show a higher equilibrium cov-
- * erage for NO than for CO. Thus, it can be inferred that (i) a
50 1 e least part of the NO and CO adsorption sites are common al
(i) NO is able to displace CO-preadsorbed molecules, which |
04"« in agreement with several other studies on NO/CO competitiv

T T T 1

0 50 100 150 200 o590 adsorption (6, 13, 14).
Py (torr) CO adsorption on a NO-preadsorbed surface is complete

) ) o different from the previous case. Indeed, Fig. 6b shows that tt
FIG.6. Evolution (at298 K for Ns.25CUo.soMN1.0504.5) of the equilibrium ;¢ ¢h e 1y exhibits the classic shape of the adsorption on a cle
pressurePeq with the initial pressurePn; (before admission into the sample : . X
chamber) for (a) NO adsorption on a clean and a CO-preadsorbed surface SHface, corresponding however to a CO uptake clearly inferi
(b) CO adsorption on a clean and a NO-preadsorbed surface. to that obtained without NO preadsorption. Moreover, in the
present case, the adsorption kinetic cuRse- f (t) decreases,
in a monotonous way, up to equilibrium like for adsorptions
on clean surfaces, and does not display any U-type behavi
ﬁch allows us to exclude the formation of a complex surfac
rmediate between NO and CO molecules. These findin
phasize the difficulty, or even inability for CO to remove
-preadsorbed molecules, as already observed by Yao a

Peq (torr)

Peq (torr)

CO respectively as a function of the initial press@g (before
admission of the gas into the sample chamber) in the case
a clean and a CO (NO respectively) preadsorbed surface.
theoreticalvariation of pressure, i.e., without adsorption (onI%
taking into account the gas expansion), is also reported in e
figure with a dashed line for comparison.

As can be seen, both cases are distinct and will be dealt with

separately. 25,2 - .
In the case of a CO-preadsorbed surface (Fig. 6a), the exper- 25 ' '.«-"'

imental curve corresponding to NO adsorption may be divided 24,8 o

intq two success_ive steps: a firs_t one (ute ~ 60 Torr) for 248 , . '

which the experimental points fit the theoretical curve, mean- 5 244 & o

ing that the total number of gaseous molecules remains as if no 5~ e N

adsorption occurred, and a second step where the curve slowly 24,21 . ,.,."’

reaches the level obtained without CO preadsorption (which 24 4 ".‘ ._,,..""

means that the NO uptake is no longer affected by the previ- 23,8 + e

ous CO preadsorption). Moreover, in contrast to the adsorption 23,6 ‘ ; . : .

on a clean surface where the pressure constantly decreases wit 0 500 1000 1500 2000 2500

time after admission of the adsorbate into the sample chamber,

the pressure follows here a U-type variation with time as shown time'(s)

in Fig. 7. This behavior was observed for each experimentak|g, 7. Evolution of the pressure with time in the case of NO adsorptior
point of the first step of th®q= f (Pini) curve of Fig. 6a. The on a CO-preadsorbed surface 0bMCuo goMn1.9504.+5 at 298 K.



Shelef (6)on cobalt-containing spinels. However, as shown in 2,5E+20 - Na = f(in(t+to)), to = 0
Table 2, at the same temperature (298 K) the NO equilibrium
coverage is higher than that of CO. The inability for CO to __  2.0E+20

displace NO-preadsorbed molecules (up to saturation) shouls
thus make it impossible for CO to adsorb, which is nevertheles<g 1,5E420 -
the case. This apparent contradiction could be explained by thig

presence of some specific adsorption sites for COimsitu

FT-IR study is presently in progress to determine the surfaces
species formed upon adsorption of NO and/or CO on such sur2
faces and to better evaluate the interaction between the surfac

sites and these adsorbate molecules.

Kinetic Results

To determine the rate of the adsorption process of NO or CQ.

2
S 1,0E+20 -

5,0E+19 -

0,0E+00

In(t+to)

1G. 9. Elovich plotNa= f(In(t + tg)) for NO adsorption on Nj22Cuo 57

molecules on the surface of such spinel oxides, the pressig , o,.; at 208 K, takingo = 0 (see text).

drop taking place upon exposure of the samples to the adsorbate

molecules was monitored as a function of time. The evolutiqgg adsorption (weight sampte250 mg andP,,; = 190 Torr)
of the number of NO or CO molecules adsorbed per gram gf Nio.22CUo.57MN2 2104, 5 at room temperature.

oxide (Na) with time was then directly determined from the 1o Iineaﬁty of the plot Ing Na/dt) vs Na (Fig. 8b) shows

calibration of the volumes of the adsorption cell. The adsorptiQR,t the adsorption rate process follows the Elovich equation
rates observed for NO and CO on a given oxide at constant initial

pressure are o_f the same Qrder of magnitude al?d give the same 2 _ a.- exp(—b- Na(t), [5]
shape of kinetic curves. Figure 8a shows a typical example of dt

a
1,2E420 - @
[ ]
[ ]
1E+20 1 .
B .
3 BEHO -
g
8 6E+19 4
3
8 4E+19 -
- 3
2 2E+19—|:'
b
0e : : : ; . ;
0 200 400 600 800 1000 1200 1400
time (s)
45 (b)
[ ]
40 -
B 35
g In(dNa/df) = f(Na)
= 30_
25
20 : : ; :
0 2E+19  4E+19  GE#19  8EHO  1E#20  1.2E+20

Na (adsorbed molec./g)

FIG. 8. Kinetic data for NO adsorption at 298K on ¢NiCups7
Mn2 210445 @s (a)Na: f(t) and (b) In(d N/dt) = f(Na).

wherea andb are two constants. The integration of this equatiol
gives a useful equation to analyze kinetic results:

Na(t) = % In(ab) + % In(t + to). [6]

This integrated form introduces the timgrelated to the pre-
Elovichian period that often precedes the Elovichian rate pre
cess. Aharoni and Ungarish (15) have proposed a method for
determination ofy based on the extrapolationtofvhenZ tends
to zero (whereZ stands for the reciprocal of the adsorption rate)
The application of this method to our kinetic data géyve 0,
showing that this time can be neglected in a first approximatio

Figure 9 gives the plot dfl, vs In(t + tp) corresponding to the
same example as above and takipg 0. Equation [6] shows
that, for a rate process that follows an Elovich equation, th
plot must be linear. However, two distinct linear branches ar
observed, revealing the existence of two distinct rate process
If the same mathematical approach is run for CO adsorptio
similar conclusions can be drawn, in particular, concerning tf
two Elovich linear branches for the plot bE, vs In(t + to). The
occurrence of two adsorption rate processes has already b
observed on similar adsorbate—adsorbent systems (16). In-
present case, this could be interpreted assuming the existenc
two kinds of adsorption sites with different surface accessibi
ity or reactivity. Such hypotheses will have to be confirmed b
additional experimental results.

CONCLUSION

The equilibrium adsorption of NO and CO molecules on non
stoichiometric nickel-copper spinel manganites was studie
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