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The occurrence of compensation effect on massidesapported oxide catalysts of CO oxidation is
shown. The explanation of compensation effectfezeaf based on the data on the surface state of the
catalysts that are obtained by means of thermalbgmammed desorption method with mass spectromet-

ric registration of the desorbed particles (TPD MS)

INTRODUCTION

The interest to CO oxidation reaction does
not become weaker last time due to the impor-
tance of this reaction for Green chemistry. How-
ever, one can not forget that this reaction is the
convenient model process for investigation of
peculiarities of the heterogeneous catalysis. The
compensation effect is one of the interesting ef-
fects that are observed in catalysis. It does not

its parameters differ from sample to sample, the
apparent values of activation energies and pre-
exponential factors will be related by compensa-
tion relation [3].

3. If (@) the reaction kinetics is described by
one rate-limiting step and it is possible to wate
expressiork = akoexp(E/RT) wherek, andE are
constants and refer to the rate-limiting step and
is the temperature-dependent parameter that ex-
presses the possibility of the occurrence of this

possess an unambiguous explanation. Severalstep, and (b) the temperature dependency: of

explanations of its occurrence can be found in
literature and the next ones are the most wide-
spread.

1. Enthalpy-entropy relationship.

If the linear relationship between the activa-
tion enthalpy and entropy takes place for the se-
ries of similar reactions, then because of thesfact
that activation entropy enters into the pre-
exponential factor and activation enthalpy enters
into the activation energy, the compensation rela-
tion (linear relation between the logarithm of the
pre-exponential factor and the activation energy)
is to be expected [1, 2]
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2. The activation energy distribution of active
sites.

In the case when reaction has different activa-
tion energies on different active sites:

ki = n keexp(E&/RT) wheren, — quantity of
active sites of-th type,E; — activation energy for
the reaction on these sites, and the distribution
function n; = f(E;) has the exponential form and
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differs from sample to sample, the compensation
effect is observed [4]. E.gt,can meet the surface
concentration of the reagent in the adsorption
equilibrium and the relation af to temperature

is described, through the equilibrium constant of
adsorption, by the standard equation of type
a-exp(AGYRT). By turn, 4G° can differ from
sample to sample and this leads to the compensa-
tion behavior.

4. Compensation effect can take place if the
concentration of adsorbate is described by the
power law with variable kinetic order by reagent
pressure [5].

5. Authors [6] attribute the compensation ef-
fect solely to the change in the kinetic equation
from sample to sample, in particular in the case of
power law. It is believed that if the kinetic equa-
tion is the same for all the samples in the series,
no compensation effect should be observed.
Hence, the compensation effect is "apparent” and
does not require any special explanation.

In the series of recent works of our laboratory
[7—22] oxide systems based on Cu, Co and Fe
were studied in the reaction of CO oxidation. The
data on catalytic activity of studied catalysts are
presented in the mentioned papers. In the present
work the existence of compensation effect over
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such catalysts is ascertained and the explanation

is given based on the catalysis and TPD of the
reaction product data.

EXPERIMENTAL

Catalytic studies of CO oxidation were con-
ducted in the straight-flow reactor with 8 mm in-
ner diameter in the gaseous mixture that con-
tained 2% CO and 20% ,Owith flow of
100 cni/min. Sample weights were 0.5-1.0 g.
Temperature of full CO conversion'® was
taken as the measure of catalytic activity.

The next series of samples were investigated:

1) massive samples that consist of binary oxi-

RESULTS AND DISCUSSION

Data on composition of the studied catalysts
and on values of kinetic parameters of the reaction
(In ko, E), calculated by above mentioned method
from the data given in [7-22], are presented in
Tables 1, 2. Dimension & is lcm>s! and is at-
tributed to unit volume of the catalyst bed.

Table 1. Composition of massive catalysts that were
synthesized by evaporation of metal nitrates
solution with further decomposition to oxides
(indices: sample composition, mass. % of
metals) and corresponding values of kinetic

de systems Fe—Co [7], Cu—Co [8], Cu—Fe [9],
Fe—Mn [10], the ternary system Cu—Co—Fe with
different contents of metals [11-13];

2) samples in which the Cu—-Co—Fe ternary
oxide system is supported on different supports:

- thermoexfoliated graphite (TEG), TEG

modified by hydrogen peroxide and nitric acid

[14];

- fruit stone activated carbon (FAC) unmodi-

fied and modified by maleic anhydride [15], hy-

drogen peroxide and nitric acid [16];

- silica gel [17];

- silicon carbide (powdered and nanofibers)
unmodified and etched by different acid mixtures

[18, 19];
- carbon nanotubes synthesized by means of

low-temperature CO conversion on nickel, iron

and cobalt oxides [20, 21];

- carbon nanotubes synthesized pyrolytically

parameters
Kinetic parameters
Sample
In ko E, kJmol™*
FeysMns 6.0 45
FesoMn7o 21.8 88
FesCogs 15.5 70
FersClps 28.3 130
FeisClgs 45.1 160
CusCoys 14.2 65
CugsC0s 441 165
Clgs,05C04. 95761 00 39.8 147
Clg3 34049461 25 29.2 111
Cuy 7:C0g0 29 & 27.9 116
CuysCoysFerg 13.9 67
Cuy,CosFes 16.8 82
CugsCoyoFes 23.0 96
Cugg 2£C0s 7865 39.0 139
Clgo 26C04 7565 (Synthesized 21.0 92

from metal carbonates)

on iron oxide and nickel oxide catalysts [22].

Kinetic curves in coordinates CO conversion
versus temperature, obtained for catalyst in the
straight-flow reactor, were linearized in the next
coordinates:

In In [L/(1%)]=In VC/F+In ke—E/RT,  (3)

wherex — CO conversion,V — catalyst bed vo-
lume, Cy, — CO concentration at the reactor inlet,
F — CO supply ratek, — pre-exponential factor,
attributed to unit volume of catalyst bl re-
action activation energy.

The surface of all samples after catalysis was
studied by means of thermally programmed de-
sorption (TPD) with mass spectrometric (MS)

detection of the desorbed particles. Samples were

placed into the quartz cell attached to the infet o
mass-spectrometer. TPD MS spectra were re-
corded with aMX7304A mass spectrometer with
linear heating law at the rate of Kos*.
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Fig. 1. The dependence Kn= f (E) for massive ¢)

and supportedm) samples of Cu—Cd~e oxide
systems
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Table 2.Composition and kinetic parameters for
Cu-Co-Fe oxide catalysts of CO oxidation sup-
ported on different supports. The amount of ac-

tive mass is expressed in percents (mass of met-

als to mass of the support) and is indicated after
slash. The active mass of all samples had the
fixed ratio of metals: Gy,4Lo,746 and was
deposited by impregnation of the support with
metal nitrates solution with further evaporation,
drying and forming in the reaction mixture.
CNTue — carbon nanotubes, synthesized on the
Me-containing catalyst. Support pre-treatment
method is indicated in parentheses

Kinetic parameters

Sample In Ko E, kJ mol™
TEG/57 20.9 92
TEG(disp)/55 14.2 80
FAC/10 15.7 86
FAC/15 9.8 60
FAC(H;0,)/10 40.9 182
FAC(HNO)/10 18.0 91
Si0,/15 3.1 35
Si0,/20 5.2 43
SiC/15 17.6 94
SiC/20 3.8 35
SiIC(HF+HNGQ,)/25 5.8 42
SiChanofiberd10 6.1 54
SiChanofiberé20 5.1 44
SiChanofiber{HF+HNO3)/25 15.6 79
CNT'c0f10 34.9 125
CNT'(cof15 12.9 59
CNTl(CO)/10+5 9.2 57
CNT'(£ey5+10 11.6 67
CNT£ey/10+5 0.9 28
CNTY /15 17.4 78
CNT' /25 9.9 59
CNT'(/5+10 11.1 67
CNT (y/10+5 12.8 75
CNT!y/15 14.8 76
CNT?re/10 19.0 91
CNT?(re/20 17.2 83
CNT? (/30 26.7 112
CNT(ref40 25.7 108
CNT%£e/50 23.1 103
CNT?()/10 15.3 82
CNT?;/20 35.2 150
CNT?)/30 29.7 138
CNT? (/40 38.4 151
CNT?()/50 21.2 101
CNT?(;/20+20 13.3 67
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According to the data given in Tables 1, 2,
the changes in the activation energy and loga-
rithm of the pre-exponential factor are symbasi-
cal. In the coordinates Ik, versuskE all data fit
the straight line (Fig. 1).

The slope of the compensation line equals to
(3.02 + 0.09)10* molJ* that corresponds to the
isokinetic temperature of 126+12 and to CO
conversion of 20-30%. Above the isokinetic tem-
perature (in the region of high conversions) sam-
ples with higher values of the activation energy
show lower temperatures of the same conversion,
e.g., lower temperatures of full CO conversion.
Thereby, high values of Arrhenius parameters
(Inky E) are preferable for such oxide systems in
the development of low-temperature CO oxida-
tion catalysts.

The compensation effect takes place for all
studied oxide catalysts based on Cu, Co, and Fe
being not influenced by active mass amount, by
active mass composition, by metals and by support
type. Hence, this phenomenon has chemical nature
and probably connected to method of synthesis and
chemical composition of the active mass.

For the series of catalysts the formation of
copper hydroxonitrate G(OH);NO; due to cop-
per nitrate hydrolysis is detected [10-21].

The state of the surface layer for all samples
after catalysis was studied by means of TPD MS
spectrometry. All catalysts are characterized by
desorption of the reaction producD; in the rea-
sonably narrow temperature interval of 150 to
250C. But the calculation of the kinetic parame-
ters of CQ desorption from TPD profile gives the
wide scattering of the values of activation energy
and the pre-exponential factor and the latter
change symbasically from sample to sample.
Thus, the compensation effect also takes place for
desorption — the process over different samples
runs at close temperatures but with significantly
different energetics. The compensation line pa-
rameters can be estimated from the Eq. (4) [23]

_ B E, eXF{Edj, @

Cm(n)™ RTZ '\ RT,
where Ty, — temperature of the desorption peak
maximum,Ey — activation energy of the desorp-
tion, v, — pre-exponential factorS — heating

0

rate, N, — surface concentration of the adsorbate,
m — the kinetic order of desorption.
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Eq. (4) gives the relationship between activa-
tion energy, pre-exponential factor and tempera-
ture of desorption. For studied samplgsis in
the interval 150-25C. Thus, the probable com-

line calculated from the catalytic experiments
data. Along with this, the kinetic parameters of
CO oxidation reaction and the kinetic parameters
of CO, desorption from the catalyst surface

pensation lines were calculated for the boundaries change symbasically (see Table 3).

of this interval (150 and 2%0) and for the in-
termediate value 200 from the Eq. (5) (which is
the logarithmical form of Eq. (4))

E
Iny, = const+In E, +—2 (5)
M
The calculated lines are shown on the Fig. 2.
The slopes of these lines (2:9@* molJ* for
150°C and 2.410* molJ* for 250C) are in good
agreement with the slope of the compensation

Table 3. Experimental values of the kinetic parameters

Kinetic parameters of COthermal desorp-
tion for 2 series of supported catalysts (see Ta-
ble 3) are shown on Fig. 3 in the coordinates In
versusk,.

The slope of the compensation line equals to
(3.00£0.19Y10* mol-J* is in agreement with
slopes of above-mentioned theoretically probable
lines and almost doesn't differ from that of com-
pensation line obtained from the catalytic ex-
periments.

Catalytic experiments data

CQ TPD profiles data

Sample

t19 °c In ky E, kImol* T,,°C Vo, ¢t Eg kdmol*  In vy
CNT:/10 168 19.0 91 226 110 53 9.2
CNTge/20 180 17.2 83 250 2BY 61 12.4
CNT:/30 157 26.7 112 220 58° 82 15.5
CNTR/40 151 25.7 108 176 1f 69 14.0
CNT:/50 167 23.1 103 221 1 59 9.4
CNTyi/10 214 15.3 82 164 110 57 9.3
CNTyi/20 180 35.2 150 189 7100 104 25.0
CNT\i/30 201 29.7 138 209 510° 93 22.3
CNTyi/40 155 38.4 151 188 8u'° 112 25.2
CNTyi/50 157 21.2 101 161 4B 79 17.6
CNT\/20+20 175 13.3 67 187 1.00" 55 9.2
264
45+
E 244
40
] 224
354
] 204
3041 184
>° 25__ Eo 16
~ 20 144
151 12
10_- 104
5 - T T T T T T T T T T 8-
60 80 100 120 140 160 T T — T T 1
50 60 20 100 110 120
E, kJ/mol

Fig. 2. Theoretically possible compensation lines calcu-
lated from Eq. 5, for 15C (m), 200C (e) anc
250°C (A)
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Fig. 3. Compensation line for COdesorptio
process from the surface of CNT-
supported samples after catalysis
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It can be seen from the given data set that
both rate-limiting step (CO oxidation on the sur-
face with the formation of adsorbed ¢Cand
desorption of C@possess simultaneously high or
low values of kinetic parameters. One can sup-
pose that these are in respect to different forims o
adsorbed C®on the surface.

It is known from the literature data [24] that
CO adsorption on oxides can lead to the forma-
tion of several different forms of adsorbed spe-
cies. The next forms are marginal by energy: the

Fig. 4 and Fig. 5 demonstrate the TPD profiles of
CQO, from the surface of CuO after catalysis and
of CO, formed in the decomposition of copper
formate Cu(HCOQ)under the conditions of TPD
experiment, respectively. TPD profile from CuO
surface can be split to 3 desorption forms that are
characterized by low values of desorption kinetic
parameters and this corresponds to the decompo-
sition of surface carbonates (Table 4). 2 forms of
CO, desorption are observed on the TPD profile
of Cu(HCOO) and are characterized by high val-

surface carbonate form (possessing low values of ues of the kinetic parameters (Table 5). Indeed,
the activation parameters of desorption) and the carbonates and formates decomposition processes
surface formate form (possessing high values of are characterized by significantly different pa-
mentioned parameters). Both the formation and rameter values.

the decomposition of surface carbonate have low

enthalpy and entropy of activation. The formation

of the surface formate must possess high activa-

tion entropy due to necessary structural rear-
rangement with hydrogen atom migration and can
proceed only if surface —OH-group is available. It

can be supposed that surface formates are formed

on the surface of copper hydroxonitrate
Cuw,(OH);NO;. The decomposition of formate
with simultaneous C©Odesorption also has high
activation entropy (due to atomic hydrogen for-
mation) and high activation enthalpy (C—H bond
is broken in the process of desorption in addition
to surface bond).

14001 1, a.u.
12001
10001
80&
6007
4007

2007

04*

200 300

100

t,°C

Fig. 4. TPD MS spectrum of COfrom the surface 1
CuO after catalysis. 3 forms of G@esorptio
are shown

Table 4. Kinetic parameters of CQOdesorption from
the surface of CuO

Peak Tw, °C E, kJ-mol? Vo, S°
1 171 81 3.8.0
2 211 105 280
3 276 80 3.40

232

Table 5. Kinetic parameters of COdesorption for

Cu(HCOO)
Peak Tw. °C E. kJ-mor! Vo. ST
1 193 269 70%°
2 225 217 A0
3000{ "&Uu
2500
2000+
1500
1000
500-]
0f =ssmsmmmsm
0 50 100 150 200 250 300
E, kd/mo
Fig. 5. TPD MS spectrum of CJor the sample of
Cu(HCOO)

Thereby, the experimental data prove that
the reaction product (G can be adsorbed in
different forms on the surface of catalysts of the
studied series. Both CO oxidation reaction and
CO, desorption occur in the narrow temperature
interval but the kinetic parameters for both proc-
esses can differ significantly for different forms
of adsorbed C® As a result, the integral kinetic
parameters, determined for the whole sample,
can take different intermediate values if different
samples possess different ratios of quantities of
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these forms on the surface. And because activa-
tion enthalpies and entropies are simultaneously
increased or decreased due to change of ad-
sorbed form (e.g., from carbonate to formate),
the enthalpy-entropy relation is held for all se-
ries of the samples. The latter fact leads to the
compensation relation.

As follows from the experimental results, ac-

tive catalysts with low'® demonstrate high values
of pre-exponential factors and activation energies
of CO oxidation reaction. Hence, for this type of
catalysts it is possible to make the active sit#is w
high activation energies of CO oxidation process,
in particular, the sites on which the formation of
surface formates is possible. This is in agreement 11.
with the data of the paper [11] where the conclu-
sion was made
Cw(OH);NO; amount in the active mass of the
catalyst is increased.

that *°t is decreased if
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Komnencauiiinuii epext Ha Cu-Co-Feokcnanux karagizaropax
okucHennss CO

0.A. Bena, O.B. Imenko, B.K. AAummupceknii

Kuiscoruii nayionanvruil ynisepcumem im. T.0I. [llesuenxa, ximiunuil ghaxyremem
6ya1. Bonooumipcoka 62a, Kuig 01033,Vkpaina, a.byeda@gmail.com

IHoxkazano Hasenicmv KoMmneHcayiiinozo egexmy Ha Hanecenux ma macushux Cu-Co-Fe oxcuonux
xkamanizamopax peaxyii oxucuenna CO. Ha ocHO8i Oanux npo cmau NOBEPXHI, 00EPHCAHUX MeMmOOOM
mepmonpozpamosanoi decopoyii 3 mac-cnexkmpomempuunum ananizom (T[] MC), zanpononosano noscuenns
KOMNEHCayitiHo2o egexmy.

Komnencanuonubiii 3¢gdext Ha Cu-Co-Feokcuanpix kaTaanzaropax
oxkucjenus CO

A.A. bena, E.B. Hienko, B.K. Auumupckuii

Kuesckuii nayuonanvnwiii ynugepcumem um. 1.0, [lleguenko, xumuueckuil gpaxyivmem
. Braoumupcxas 62a, Kues 01033,Vkpauna, a.byeda@gmail.com

THoxazano nanuuue KomMneHcayuonHo2o s¢hgexma na namnecennvix u maccushvix Cu-Co-Feoxcuonvix xamanu-
samopax peaxyuu okucienuss CO. Ha ocHosanuu 0aHHbIX 0 COCMOSHUL NOBEPXHOCMU, NOJYYEHHBIX MEemo0oM mep-
MORPOSPaAMMUPOBAHHOU decopbyuu ¢ macc-cnekmpomempuieckum ananuzom (TIL MC), npednoceno obvacuenue
KOMNEHCAyuoHHo2o 3¢ gexma.
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