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Catalytic decomposition of NOxhas been studied usinga fixed bedtubular:flow.reactor. ill the temper"'.
ature range'573-773K, "versix aluminium-borate catalysts (containing 2AlzO]"BZOj as the major phase
and 9Alz03.2Bz03 as the minor phase) doped with differ.enttr.ansitionmetals. The catalyst phases have
been characterised by XRD, JR, ESR and ESCA studies on fresh and used catalyst samples.'Ihe results '
indicate structural stability of the cat,alystphase over the experimental temperature range and pxiaation
of Coz+ to COH accompanied by surface migration of GJq3+sp~.cies.,.Novalence change in.the other
transition metal ions and surface oxygen enrichment in, the used catalyst .is o\lserved. Kinetic studies
show a first order dependence, onNOx partial pressure in theJowertemperature:region,.except in the
case of the mixed doped catalyst. Breaks in the Arrhenius plots-at il~out 6,7JK;-arenote~Hor~U,the.cata,l-
ysts. ' , ' ... , ..

NOx constitUtes a serious health hazard! and strin­
gent permissible limits for NOxconcentration in ain­
bient and industrial atmosphere have been laid
downz,3. A need, therefore, exists to develop viable
means to convert NOx to acceptable products; the
catalytic decomposition of NOx becomes attractive
from this point of view4,

Alumina-boria systems, with or without incorpo­
rated transition metal ions (TMI), have been widely
used in catalytic reactions. The solid state reaction
between alumina and boric. oxide-,has, been investi­

gated by many workerss- 8. Literature reports indic­
ate that calcinati6n of alumina-boriamiXtures in the
temperature range 1523-2873K produces definite

crystalline "phases , of" the compositions
9AlzO~:2Bz03 and 2Ali03')3z03.However, a lower
calcination temperature faVours an 'Optimum combi­
nation of crystallinity, porosity, surface area-, 'and
other desirable properties, so that the maximum ac­
tivity is achieved from active metals dispersed on
such supports4, such, catalysts have 'also fjeen re­
ported to exhibit a very good thermal andmechani-'
cal stability at temperatures of about 2773 to
3273K <,lel'ending upon the type of active metals
pres~p.t.. , '

In view of the desirable catalytic proper-ties of alu­

minajboria systems" with or, without· incorporation
oiTMI, coupledwith the added advantage Ofstruc­
tu~~l stabilityand~o:br}ti~~~~mic~l strength4 and in

tNational Tnenrtal powet'C01i1or.iHon',Dethi.

fDepi\~ttrterif of Apprl~'~hemist£Y~ Indian 'School' of Mines,Dhanblld, ' ". I'·,.· Co<

view of instifficieritiii'fbrmation available regarding
the ba,sic performance of the abovetatalyst; it was
cbnsid'ered worthwhile to m~ke 'a thorough Inv~stf­
gatiori on the alulhin~~bbria'sysh~m,using NOx con"'
version as a model reaction .. ' ..

Materials. and Methods
,(A) 'Catalyst preparation: The catalysts were pre"

pared by dry mixing of equimolar proportions of y­
alumina 'and ~rthoboric acid (BDH), with· requited
quantity of·-cobaltous chloride, cupric sulphate or:
nickel nitrate (BDH). Different samples were pre­
pared by mixing I mol% Co(II), Cu(II) or Ni(U);'3
mol% of Cu(II) and a combination of 1 mol% Co(II),
Cu(II) and Ni(II) in an agate mortar, with the addi..­
tion of benzeneY to facilitate grinding, A P9rtioiI of
each, of these mixtures was ovep.:'tlried1ind then
DTA studies' were ,conducted to as~ertain the calci­
nation temperature. The mixtures were then pelle­
tised under a pressure of 4.9 x i04 N m-4, calcined
at 773K for 5h,crushed again, grotmd'inan agate
mortar' with, benzene, oven dried and pelletised' as
before. Calcination was carried out again ~t 1023K
for 5h to get the final catalysts. Chemical analysis of
the ,final catalysts confirmed that no loss of 1M!oc~
curred during the preparative stage.' .

(B) NOx concentration determination: NOx was
prepared by the' action of conc.HNO]on copper
turnings and its concentration was' determined by .
using a photo-electric colbrimeter'(Carl Zeiss,MQd,'::
el-ELKO-111), as per the staildard"'net!lOd:~, , " ".

(C) Conversion studies: Thecon:versiorr' ~tUdi~s'
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Fig.2-Arrhenius plots for (a) 3 mol% Cu-doped, (b) mixed
dop,ed, (c) 1 mol% Cu-doped, (d) 1 mol% Co-doped, (e) 1 mol%

Ni-doped and (f) undoped catalysts
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Fig.l-DTA diagram of the catalyst taken at the preparative stage
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were contlucted in a static bed tubular flow eactor

placed i~ a tube furnace whose temperatur couldbe contrqlled with an accuracy of ± 2°C. A c romel
alumel ttiermojunction was placed near the centre
of the ca$lyst bed through a thermocouple ell, for

measurepent of catalyst temperature. The f ed gas
(NO, + aijr) was passed through a preheater ube at
now rate~ of 3.3 x 10 - 6 m.1s - 1, 6.0 x 10 - 6 3 S - I,

7x1O-61m.1 S-I, 9xlO-6 m.1S-1 and 11.6 10-6
m3 s --I by suction at the outlet over the brok n pel­

'Iets (abo.t 10-3 m dial through the sample (- 2g)
packed qetween glasswool plugs. For analy is, the
inlet and Ioutlet gases were withdrawn in 10 por­
tions usi~g a glass syringe.
( D) C~aracterisation: The XRD studie were
conduct~ using a Philip's PM 9920/05 X- ay dif­

fracto~ne~er with Cu/Fe.target at a chart spe d.of 2em mm -,I. The IR studies were conducted smg a
Perkin-Elmer IR spectrophotometer, in KB in the
range 2()o-4000 em - 1. The ESR experime ts for
Co(lI) wdre carried out on an X-band (Super etero­
dyne) sp~ctrometer with scan range 4000 and
field set ~t 2000G. The spectra were record d at li­
quid nitrpgen temperature. The ESR spectr were
recordedl for Cu(II) and Ni(II) on a Vari n E109
X-band ~pectrometer with scan range 400 G and
field set at 3000G. The spectra were reco ded at
room te~perature. The ESCA studies we e con­

ducted ~ing an ESCA spectrometer supp ied by
Mis VGJ Scientific Instruments Ltd., with th pow­
dered ca~alyst spread over a silver paste u der a
vacuum qf 10'--9torr, using carbon standard. 0 no­
ble gas iqns sputtering or gold decoration w used.
The som~e used was AlKo' The specific surf ce va­

lues of t~F powdered samples were measure by theBET tec,nique by nitrogen adsorption at lia id ni­
trogen te~perature.

Results

The D~A diagram (Fig. 1) shows two en other­
mic pea~s at 42.3K and 823K, and an exot ermic
peak at ]J023K. The endothermic peaks ma be as­
signed td moisture loss and evolution of ga es, re­
spectivelt, and the exothermic peak probab y indi­
cates a sqlid state reaction between the com onents

leading t~ the formation of aluminium borateFrom Table 1 it can be seen that the ma imum
single pa~s conversion efficiency is that of t e sam­
ple dope¢l with 3 mol% Cu. The slope at ori .n of a
typical cqnversion isotherm gives the initial onver­
sion, plo~,>of logarithms of the slope against the re­
ciprocal ~f the corresponding temperature ( ) give

the Arrh~nius plots. From the extrapolation f theseplots to ~ny desired temperature, the conver ion at
that temperature can be calculated. This ethod

was used to obtain comparative figures for conver­
sion by the different catalysts.

The Arrhenius plots (Fig. 2) indicate a common
break temperature of 673K for all the catalyst sam­
ples, the slopes in the lower temperature regions be­
ing slightly greater than those in the higher tempera­
ture region.

Table 1 lists the apparent Arrhenius parameters
for the six catalysts and it also includes the relative
activities at two selected temperatures below and
above the point of break, namely 623K and 723K
respectively, calculated from the Arrhenius plots.
While not much difference in the high temperature
activation energies is noted for the different catal­
ysts, the low temperature activation energy value
shows a more pronounced variation from catalyst to
catalyst. The lowest activation energiles at the higher
temperature are shown by 1 mol% Cu-doped and
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Table I-Apparent Arrhenius parameters, activity at selected temperatures and maximum per cent conversion per g catalyst
for NO. conversion over the catalysts studiedCatalyst

Apparent activation energyActivityApparent pre-expo factorMaximum %
(kl/mol)

x 103conversion/g catalyst---Mol% Dopant723K623K723K623K723K623KSingle pass
doped

metal

0

-8.979.5920160.911.02 22

1

Ni8.509.5925201.051.29 28

1

Cu8.509.5930241.201.51 34

1

Co9.599.9729231.451.59 32

3

Ni,Cu,Co9.5910.933261.662.13 36

(in equiinolar proportions)3

Cu9.5911.547362.353.31 52

85 77 69 61 53 45
28

37 29 21

,
::::::

2

13 5

Fig.3-XRD of the catalyst (Co-doped) (1) before and (2) after use in the reaction

Fig. 4-IR spectra of the catalyst (Co-doped) (1) before and (2)
after use in the reaction

1 mol% Ni doped samples, which, however, are not
very active in view of their relatively lower pre-ex­
ponential factors. The undoped catalyst has some­
what higher activation energy and the lowest activity
in the series. The most active catalyst among the
present catalysts, namely 3mol% eu-doped sample,
has a relatively higher activation energy which is off­
set by its highest pre-exponential factor. Similar.
considerations also apply to the low temperature re­
gion.

From Fig. 3, we note that the major phase formed
by the solid state reaction between y-alumina and

1 -BEFORE USE
2 -AFTER USE
2a-FOR EXPANDINGlHE SHARP

PEAK OF SPECTRA 2

Fig.5-ESR patterns of the fresh and used catalysts (Co-doped)

orthoboric acid is 2Al203.B203• The minor phase is
9Al203.2B203• Traces of unreacted y-alumina are
indicated but no free boria. The doped TMI is ina
too finely dispe~sed state to be detected by XRD.
There appears to be no detectable structural change
in the course of the catalytic, reaction.

The IR patterns shown in Fig. 4 also corroborate
that free boria is-not present since its characteristic
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by us, we could not determine very low concentr­
ations, tQ get conversjon near the ori,&inin conver­
sion versus time plots, which is the usual practice to
check external diffusion limitations. Hence, we em­
ployed the usual statistical method. Arrhenius plots
were then constructed and the apparent Arrhenius
parameters were calculated in the usual manner.

The decomposition of NOx is assumed to be a two
step process (Eqs. 1, 2), as proposed by Wikstrom
and Nobell

The adsorption of NO has been proposed to be un­
imolecular followed by dissociative chemisorption !
of NO at oxygen vacancy sitesl2 as shown below: i

2e+Vo+NO-Q2-+Nads '" (i)1

Nads + NOads -+ N20 . " (ii)f

2N N (".J
ads -+ 2 .•. III J \

Where Vo is an oxygen vacancy. If the above me­
chanism proposed by Voorhoeve is applicable in the
present case, there should be two types of oxygen in
the used catalyst, one obtained from NO decompo­
sition and the other from adsorbed oxygen.

Louis Raj el alY, working on the kinetics of N20
decomposition on a perovskite surface, also pro­
posed two different oxygen species, one obtained
from N20 decomposition and the other from the
adsorbed oxygen.

Ross and Fairbridge14, working on NO and oxy­
gen reaction with] -butene ove'r Mn(lII) oxide, pos­
tulated two 015 binding energy values, 530 eV for
chemisorbed oxygen on metal oxides and 533 eV
for a molecular oxygen speciesl5. Thus, oxygen is
activated and adsorbed on the catalyst surface as
0- andOi species1o.BoththeLouisRaj etalYme­
chanism and that proposed by Ross and Fair­
bridgel4, predict two Ols" binding energies. How­
ever, our ESCA studies gave only one Ols", binding
energy, both for the fresh and for thc~used catalyst,
which corresponded to that of the molecular oxygen
species proposed by Ross and Fairbridgel4.

We noted breaks in the Arrhenius plots at 673K
for all, the catalysts studied. In the case of very low
activation energies, small differences are often taken
to be due to experimental errors. However, we not­
ed sucn breaks in a number of cases. Since we got
nearly identical readings in repeated runs, we could
not assign the breaks to experimental errors. In ad­
dition, we employed the usual statistical methods to
ascertain that breaks in the Arrhenius plot do exi~t.

The Voorhoeve'sl2 mechanism suggests that the

>
{

... (1)

... (2)

k2

NO-l/2N2+11202

i

Table,2-t."T,he calculated ~v aluesobtained fro,lTl ESRlpectra

Descriptidn of the spectra ~val es

1. Spe~t~No.ltakenbeforeuseasacatalyst g]-4.1589in I\O( conversion. g2-4. 4116

') Spe~trp No.2 taken after use as a catalyst in g3- 2. 7499NO, c!mversion.
3* Spectrtt 1\0. 2a taken after use as a catalyst .g,-2.@0277

in 1\ 01 conversion.
I

'Spectra 2fl taken for expanding the sharp peak of spedra 2.
!---~-----+----------------,

IR absotption at 530 cm-I (medium streng h) was
not obt ned. The structure of the catalyst is such
that B - bond is weakened due to the nei hbour­

ing Al atpms. Weak but multiple bands in th range11SO-85p cm -I suggest that traces of a tetr borate

type of species also exist. However, this coul not beconfirm~d by XRD.

From the ESR patterns, it is seen that W~ile nochange i*,the oxidation state of Cu and Ni 0 curs as
a result Of the catalytic reaction, C02 + cha ges to
C03 + after participating in NOx conversion Fig. 5,
Table 2).,

From Table 3, it is seen that oxygen disper ion in­

creases i~ the used catalyst; also, Co appe rs as asurface qispersed species in the used cataly t. The
binding ~nergies of B153"and of Al2p", and A 2p", as
well as tlieir surface dispersion, are seen to d crease
tn the sa~ple used in the catalytic,;conv,ersio . This
could bel due to a surface restructuring for ccom­

modating increased oxygen dispersion in t e usedcatalyst. the dispersion trends were calculat d from
JFWHM +alues22.

I

A first ~rder dependence on NOx partial Pfssure

was note<fin the lower temperature region, ex ept in
the caseM the mixed doped catalyst. This 0 serva­

tion sugghts that the available adsorption si es arefar too n~merous to affect the reaction orde , lead­
ing to a p$eudo-first order dependence.

The av¢rage value of BET surface area me*suredfor all thelcatalysts was found to be 13.5 m2 g t 1.

Discussi~n

The un~sually low activation energies obta ned inthese stu<fies could be an indication of exter al dif­
fusion limitations. The catalysts were found t have
low specific surface and consequently low p rosity.
Normallyt it should not be asscJCiated'with di sion

control ptocesses; still, we took the added p ecau­tions of u~ing different quantities of the catal sts in

the tubul~r flow reactor and obtained the c nver­sian per~nit mass of the catalyst in each cas . The

'values o~'tained are comparable, suggestin that
there is I ttIc probability of diffusion contr 1. Be­
cause of I mitations in the analytical procedur usedI

222
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"
.J l J

'Table 3.-'-The relativeFWHM valuesalongwith binding energies and peak inten,sities of fJidoped c,at~ly~tfor l'I!-Q, fon~~rSi~
. , Elementswith B.E. (eV) FWHM . (eV) ',Peakintensi~y(mete;~'lO~"~;
.. orbitals" , '_~ __ ~ _ .. - ..

FreshUsedFreshUsedFresh:U~ed

AI,,,,, . AI,,,,,

74732.552.254.402.90, 3.00 9.80ti .On
..

O'SJ\2
5325322.80

f
".-,

BLII:
1941922.802.~O2.50" ~.QO;.;,

<\
2862863.203:351.l0,1;90'

Co2p

-793.5----~, ...'. '

initi<}l;~tepis th~ dissociative chemlsorption of NO
at the oxygen vacancy sites (step i). The NO may be
present as such in NO, or NO, may consist,entirely
of N02, in view of the easy oxidation: of NO to N02

in presence of air. If N02 is predominant, it must
first dissociate to NOll. The NO thus formed could
then undergo dissociative chemisorption. These
chemisorption sites could be oxygen vacancies (Vo)'

The adsorbed nitrogen could then continue to form
nitrogen molecules in a surface reaction, which sl!b­
sequently desorbs. The (step i) above highlights the
role of oxygen vacancies in the adsorption of NO.
The incorporated TMI probably helps in the crea­
tion of oxygen vacancies leading to increased NO
adsorption. This contention is corroborated by the
fact that higher pre-exponential factors are ob­
served in the TMI doped samples. The difference is
more pronollliced in the lower temperature regions.
The pre-exponential factors are consistently higher
in the low temperature zones. The lower value of the
pre-exponential factor in the high temperature
zones suggests that oxygen vacancy concentration is
lowered at higher temperatures, probably because
of surface migration of oxide ions. In terms of acti­
vation energies in the two temperature zones, the
higher temperature activation energies are consist­
ently lower, which also suggests higher mobility of
surface oxygen and/or oxygen vacancies. The
breaks in the Arrhenius plots noted in our studies
probably reflect the mobility differences of these
species in the two temperature zones.

The N02 molecule can attach to a lewis base site
(such as an oxygen vacancy) through the electron
deficient nitrogen atom, as nitro species ( - N02) or
through a rr-bonded electron deficient oxygen atom,
as nitrite species ( - NO). The nitro species is more
stable compared to the nitrite species17• NO can ad­
sorb more strongly on reduced transition metal ox­
idesl8, probably acting as a ligand for coordinately
unsaturated surface atoms. It can adsorb as a chelate

with oxygen end bound to the metal19, accompanied
with oxidation of the catalystI8,2o. Our ESR, studies
(Fig. 5) show that oxidation does occur in the used
cobalt doped catalyst.

,M' illcrease'inpe?k '(ntensit)'. of 'o~geqlias'beeh
reponed for NO cpJ).YeJ:s~qnover a);~licamol'ybd~na
catalyst by Best et at.n. Similarj~~rea&eili p~in­
tensity along with increased, value of :FWHM' of
OISI' (Table 3), probably indicates an increase in
surface dispersion of oxygen in the used catalyst. We
can assume (Table 3), a CO2 peak at 793.5 eV
(though it is small and difficult to identify due to
background noise) in the used catalyst, whereas in
the case of the fresh catalyst it could not be identifi­
ed. This suggests a higher dispersion of C02p in the
former in comparison to the latter. This result, con­
sidered along with the ESR result, suggests the oxi­
dation of C02+ to C03 + in the course of the catalytic
reaction and probable migration of the C03 + species
to the substrate. This should be favoured by the
smaller size of C03 + ions. Such an oxidation might
appear to be unlikely because of the high stability of
CoA1204, which may be formed during Co doping.
However, the very low concentration of cobalt
could result in a high dispersion of this spinel with
consequent small particle size and high reactivity.
Thus, a redox cycle C02 + /C03 + could be esta­
blished, which would necessitate the precondition­
ing and regeneration step. However, the sustained
activity of the catalyst system observed by us sug­
gests that the regeneration is a dynamic process oc­
curring simultaneously with the catalytic reaction.

It is noted that the activity enhancement is due to
pre-exponential factor, suggesting the predominant
role of oxygen vacancies in the catalytic reaction.
Since the catalyst is structurally quite stable, with fa­
vourable mechanical properties, it can well be used
for the removal of NO, pollutants in the form of af­
terburners in automobile exhausts chimney emis­
sion etc.
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