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Chapter 10 

Kinetic study of a simple chemical reaction 

Pio Forzatti 
Politecnico di Milano, Department of Industrial Chemistry and Chemical Engineering, Piazza Leonardo da Vinci, 32, 20133 Milano Italy 

1. Introduction 

In this chapter the kinetic study of the oxida- 
tion of SO, to SO, as an example of a simple 
chemical reaction is illustrated with special em- 
phasis on the following points: (i) identification 
of the experimental variable space; (ii> deriva- 
tion of a rate expression for the chemical kinet- 
ics; (iii) experimental design for parameter esti- 
mation; (iii) statistical regression analysis. 

The selective catalytic reduction @CR) of 
nitrogen oxides with ammonia is widely used 
for the control of NO, emission in flue gases 
from thermal power plants [I]. The process is 
based on the following reaction: 

4N0 + 4NH, + 0, + 4N, + 6H,O (1) 
but in the case of S-containing fuels reaction (1) 
occurs simultaneously with the undesired SO, 
oxidation reaction: 

so, + l/20, + so, (2) 
Commercial catalysts consist of homoge- 

neous mixtures of anatase TiO, as a high sur- 
face area support, V,O, and WO, as the active 
components, and of silica-aluminates as me- 
chanical promoters. The catalysts are employed 
in the form of monoliths or plates and are 
required to exhibit high deN0, activity, good 
stability and S-resistance, and low activity in 
the oxidation of SO,. Typical industrial process 
specifications include NO, reduction efficien- 
cies 2 80% with ammonia slip of l-5 ppm and 

SO, conversions lower than l-2% [2]. The low 
admissible levels of NH, slip and SO, oxida- 
tion are due to the fact that SO,, either pro- 
duced through the oxidation of SO, or already 
present in the flue gases, is known to react with 
NH 3 to give ammonium sulfates [NH,HSO, 
and (NH,),so,] which may deposit on the cold 
equipment downstream of the reactor causing 
corrosion and pressure drop problems. 

In the following I will discuss the results of a 
systematic study that was recently undertaken in 
our laboratories with the aim of clarifying, on 
qualitative and quantitative bases, the effects of 
operating conditions, feed composition and cata- 
lyst design parameters on the oxidation of SO, 
to SO, over honeycomb V,O,-WO,/TiO, 
deNO,ing catalysts [3]. 

2. Identification of the experimental variable 
space 

The variables of interest in a kinetic study are 
those of relevance for the reaction under investi- 
gation. If the kinetic equation is derived for 
reactor design and analysis the experimental 
space can be limited to the conditions of indus- 
trial interest; on the contrary if a fundamental 
approach is attempted a wider experimental 
variable space is usually considered. Catalyst 
design parameters can also be investigated if 
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optimal catalyst design is addressed. In any case 
it is most desired that the kinetic investigation 
relies on a detailed knowledge of the physico- 
chemical characteristics of the catalyst under 
study. 

In the case of SO, oxidation, based on previ- 
ous knowledge of the SCR process and of the 
catalysts performances, the following variables 
and associated experimental variable space have 
been considered: 

Reactor temperature, from = 300°C to = 
400°C. This corresponds to the temperature 
range of the SCR process, the lower and upper 
temperature limits being due respectively to 
condensation of ammonium sulfates within the 
catalyst pores which causes reversible catalyst 
deactivation and to low process selectivity be- 
cause of both direct oxidation of ammonia and 
high SO, production. 

Pressure, atmospheric. The choice of honey- 
comb or plate type catalysts is essentially moti- 
vated by the very low pressure drop associated 
with their use. 

Area velocity, from 4 to 33. The area veloc- 
ity AV is defined as AV = Q/<V,a>, where Q 
is the reactant flow rate in N m3/h, V, is the 
volume of the catalyst sample, and a is the 
catalyst geometric (outer) surface area per unit 
volume, in m2/m3. Notice that V, includes both 
the volumes of the ceramic catalytic material 
and of the empty channels of the catalyst. AV 
X a can be regarded as the ‘contact time’ for 
the SCR process, considering that the deN0, 
reaction is confined to the external geometric 
surface of the catalyst because of strong intra- 
particle diffusional limitations [4]. In the case of 
SO, oxidation not only the outer surface but the 
entire volume of the ceramic catalytic material 
participates to the reaction and accordingly con- 
tact time must be evaluated with respect to the 
volume of the catalytic material and not to the 
catalyst geometric surface area. 

SO, concentration, from 60 to 1750 ppm. 
The upper SO, concentration corresponds to 
= 3% by weight S content in the fuel. 

0, concentration, from 0.125 to 6% v/v. 

The 0, content in flue gas is typically of a few 
percents. 

H,O concentration, from 2.5 to 10% v/v. 
The water content in flue gas depends on the 
fuel and is higher in the case of natural gas 
because of the higher H/C ratio. 

NO concentration, from 0 to 1000 ppm. The 
NO concentration depends on the fuel, the type 
of boiler and whether primary measures have 
been applied to reduce the formation of NO, 
during combustion. 

NH, concentration, from 0 to 75 ppm. Al- 
though NH,/NO, inlet molar ratios of 0.8 are 
typically employed in practice one must con- 
sider that ammonia is consumed according to 
the deNO,-SCR reaction that is a very fast 
reaction, that steep ammonia gradients are pre- 
sent and confined to the outer surface of the 
catalyst, and that ammonia strongly inhibits the 
SO, oxidation so that an asymptotic behavior is 
already manifest at 75 ppm under the investi- 
gated experimental conditions. 

Honeycomb catalysts with different V,O, 
content and different thickness have been inves- 
tigated to clarify the dependence of SO, conver- 
sion on these two characteristics of the catalyst. 

3. Transient effects during SO, oxidation 

To obtain significant and reproducible results 
in the oxidation of SO, to SO, the catalyst must 
be conditioned. The conditioning procedure im- 
plies operation at the reaction temperature with 
gaseous mixtures containing sulfur dioxide, 
oxygen, water and nitrogen as a balance. Fig. 1 
shows the results of a typical conditioning ex- 
periment: the concentration of SO, at the reac- 
tor exit increases with time until a steady state 
level is approached. When the flow of sulfur 
dioxide is stopped the concentration of SO, 
decreases slowly, indicating that SO, is released 
from the catalyst. If the SO, supply is resumed 
the outlet concentration of SO, gradually recov- 
ers its original value. 
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Fig. 1. Results of a typical conditioning experiment. 

These data prove that the conditioning of the 
catalyst is associated with a slow process of 
build up of metal oxide sulfates onto the cata- 
lyst surface (it may last for several hours up to 
= 70 hs depending on the experimental condi- 
tions and on catalysts) and proceeds until a 
steady state concentration of metal oxide sul- 
fates is reached. The steady state concentration 
of sulfates appears to be limited by the forma- 
tion-decomposition equilibrium of metal oxide 
sulfates via SO, adsorption-desorption pro- 
cesses. 

Transient effects were also observed after 
changing the experimental conditions and par- 
ticularly the reaction temperature and the SO, 
concentration: they can also be interpreted in 
terms of adsorption-desorption processes of SO, 
and typically lasted for several hours. 

The transient effects observed in SO, oxida- 
tion can be explained by a progressive satura- 
tion of the catalyst surface by SO, with a 
virtually constant rate of SO, oxidation (i.e. a 
constant number of active sites) throughout dur- 
ing catalyst conditioning and upon modifying 
the experimental settings or alternatively by a 
change with time of the concentration of the 
active sites due to the reaction. The active sites, 
as discussed below and in line with the well 
consolidated picture of active sites in commer- 
cial sulfuric acid catalysts [5,6], are envisaged 
as oxidized sulfated binuclear vanadyl centers. 

Unfortunately, discrimination between the two 
above hypotheses was prevented by the impos- 
sibility of obtaining reliable direct measure- 
ments of the low SO, conversions (< 2-3%). 
SO, concentration in the product gas were de- 
termined through condensation of sulfuric acid 
at 90°C followed by analysis by ionic chro- 
matography. 

4. Relevance of interphase and intraparticle 
resistances 

Diagnostic calculations performed by invok- 
ing the analogy with the Graetz-Nusselt heat 
transfer problem to compute interphase mass 
transfer coefficients for SO, [7,8] showed that 
negligible SO, concentration gradients are pre- 
sent at the gas-solid interface; likewise, also 
intraporous limitations can be neglected on the 
basis of the Weisz-Prater criterion [9], since the 
SO, oxidation reaction is considerably slower 
than SO, diffusion in the catalyst pores. The 
absence of intraporous effects has also been 
proved experimentally by operating over a cata- 
lyst ground to 8-14 mesh. Comparable SO, 
rates of reaction have been measured over the 
ground catalyst and over the honeycomb cata- 
lyst. The data have been analyzed considering a 
first order kinetic dependence of SO, (see be- 
low) to account for the higher pressure (pressure 
drop > 1 atm) experienced when operating over 
ground catalyst. 

It can be concluded that the process is con- 
trolled by the chemical reaction, which is in- 
deed in line with the very low measured SO, 
conversions. Accordingly kinetic data in a 
chemical regime can be collected by operating 
directly over honeycomb catalysts. 

5. Design of kinetic experiments 

Statistical techniques in the design and analy- 
sis of experiments have been proposed in the 
literature [lo] to cope with the problems of: (i) 
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the selection of the best model among a set of dependence becomes manifest only for 0, con- 
plausible models; (ii) the efficient estimation of centrations comparable to those of SO, ( = 1000 
the parameters in the selected model. ppm = 0.1% v/v>, as expected. 

Basically these techniques result in factorial 
designs, fractional factorial designs, sequential 
factorial designs as well as more sophisticated 
designs [ 111. It is worth noting that the above 
designs are intended to provide a uniform ex- 
ploration of the variable space and, in the case 
of linear models, they also result in straightfor- 
ward analytical estimates of the parameters. The 
first point is certainly of relevance to guarantee 
the representativity of the model. The second 
point is no longer critical nowadays since effi- 
cient regression programs are available; besides 
the use of linear models is not appropriate for 
kinetic purposes. 

(3) SO, conversion is depressed upon addi- 
tion of water: the inhibiting effect of water is 
apparent at low water concentrations and levels 
off above 5% v/v water content. The inhibition 
of water is likely explained in terms of re- 
versible blockage of vanadyl sulfate active sites. 

(4) The oxidation of SO, is slightly enhanced 
by NO,. This is possibly related to the contribu- 
tion of the gas phase oxidation of SO, by NO,, 
which is known to take place in the chamber 
process for the production of sulfuric acid. Al- 
ternatively NO, might favor a more oxidized 
steady state level of the catalyst, which would 
imply a greater activity in SO, oxidation. 

The alternative classical approach is based on 
the study of the effects of one variable at a time. 
This approach provides a less uniform explo- 
ration of the variable space but it makes possi- 
ble the direct comparison and analysis of the 
data, that can lead to the identification of unreli- 
able results and of the physico-chemical impli- 
cations associated with the effects of the investi- 
gated variables. 

An important point, common to any approach 
in the design of experiments, is to make repli- 
cate genuine experiments that allow to obtain an 
estimate of the experimental error variance 
which is independent of the assumed mathemat- 
ical model. 

In the kinetic study of SO, oxidation the 
parameters were varied one at a time to study 
separately the effects of the variables. 

The results show that: 

(5) The addition of ammonia to the reaction 
mixture strongly inhibits the oxidation of SO,: 
in the presence of 75 ppm NH, the activity is 
markedly reduced and an asymptotic behavior is 
already manifest. When the flow of ammonia is 
stopped the original activity is almost com- 
pletely restored within few hours. This eventu- 
ally indicates that the active sites for the oxida- 
tion of SO, are deactivated but not destroyed 
upon adsorption of ammonia. The presence of a 
residual activity level at 75 ppm NH, suggests 
that the oxidation of SO,, although to a more 
limited extent, occurs over sites that are not 
deactivated in the presence of ammonia as well; 
these sites could be possibly envisaged as W 
surface sites that are known to be less active in 
SO, oxidation and that show a lower tendency 
to sulfation. 

(1) A first order dependence on SO, provides 
a reasonable approximation in the range O-1000 
ppm SO,, in line with several technical reports 
[12]. Still an apparent kinetic order in SO, 
slightly higher than 1 for low SO, concentra- 
tions ( < 200 ppm) and a inhibiting effect of 
SO, at high SO, concentration are apparent. 

(6) The data collected by varying AV obey 
the following equation: 

k so, = 

(2) The rate of reaction is almost independent 
of oxygen concentration above 0.5-l% v/v 
oxygen levels, due to the excess of oxygen. A 

Eq. (3) assumes a simplified plug-flow reac- 
tor model, and a rate equation first order in SO, 
and zero order in 0, in line with the results 
previously discussed. In Eq. (3) ksO, represents 
the pseudo-first order rate constant of SO, oxi- 
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dation and xso, is the conversion of SO,. Eq. 
(3) implies that the inhibiting effect of water 
vapor is incorporated into the kinetic rate con- 
stant kSOZ, and that the whole volume of the 
ceramic catalytic material participates effec- 
tively in the reaction due to the absence of 
intraparticle diffusional limitations. 

(7) The SO, c onversion increases linearly 
with wall thickness in catalysts with comparable 
medium vanadia content, in line with the con- 
clusion that the overall process is controlled by 
the chemical reaction. 

(8) The conversion of SO, to SO, increases 
more than linearly with the Vanadia loading. 
This indicates that the oxidation of SO, depends 
primarily on the Vanadia content and that it can 
be properly controlled by using catalysts with 
low Vanadia loading. As a matter of fact the 
VZOs content in commercial DeNO,-SCR cata- 
lysts is typically lower than 1.5-2% w/w and 
is selected in view of the S content in the fuel. 
It is worth mentioning that in the case of com- 
mercial sulfuric acid catalysts it has been pro- 
posed that the active sites are constituted by 
dimeric vanadyl species [5,6], which would im- 
ply a second order dependence of the SO, oxi- 
dation rate constant ksO, on the V content. 

(9) Apparent activation energies in the range 
15-25 Kcal/mol have been calculated that are 
consistent with an overall process controlled by 
the chemical reaction, in contrast with deN0, 
reaction where apparent activation energies as 
low as = 5 Kcal/mol were typically measured 
L131. 

6. Derivation of the kinetic equation 

The reported effects of the different operating 
and design variables can be reconciled on quali- 
tative and quantitative bases according to a 
comprehensive kinetic equation as detailed be- 
low. 

The active sites for the oxidation of SO, to 
SO, are identified with dimeric vanadyl sulfates 

and their surface concentration can be modelled 
assuming adsorption equilibrium: 

P* - wax =Ks03Cs03P2lox (4) 
where [V,-SO,],,, [V,],, and K,,, represent 
the steady state concentrations of sulfated and 
not sulfated oxidized dimeric vanadyl sites and 
the equilibrium constant for SO, adsorption, 
respectively. 

The inhibition of water and ammonia is ac- 
counted for by assuming adsorption equilibria at 
the vanadyl sulfates: 

[V, - SO, - WL = ~H2cA120Pb - s0310, 
(5) 

Iv* - so, - NH,I,, = G&NH,P2 - so,l,, 
(6) 

[V,-SO,-H,O],, and [v,-SO,-NH,],, represent 
the steady state concentrations of the sites poi- 
soned through adsorption of water and of am- 
monia, and KHZ0 and KNH, stand for adsorp- 
tion equilibrium constants. 

Under the experimental conditions typical of 
the SCR process the rate of SO, oxidation 
appears to be independent of oxygen partial 
pressure and first order in SO, (at low SO, 
concentrations a kinetic order slightly higher 
than 1 is apparent however). Accordingly it can 
be assumed that the reaction proceeds through a 
redox mechanism, where SO, is first adsorbed 
at a sulfated dimeric Vanadium site. Assuming 
adsorption equilibrium we obtain: 

P* - SO, - s0*1,, = KSO,CSO,N - w.. 
(7) 

The adsorption of SO, is followed by a slow 
step involving reduction of the vanadium site 
accompanied by the evolution of SO,: 

[V, - SO, - so21.. + P* - so31 red + so, 
(8) 

Finally reoxidation of the catalytic site results 
in the regeneration of the active sites: 

IV* - w31,, + l/202 + N - w31,, (9) 
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By requiring that the rate of catalyst reduc- 
tion equals the rate of reoxidation, we obtain a 
relation between the steady state concentration 
of oxidized and reduced dimeric vanadyl sites: 

PZ - %I red 
= kc?& - so, - Suxi~,xC,*1/2 (10) 

ked and k in Eq. (10) stand for the rate 
constants of the reduction and reoxidation steps. 

The site balance equation 

wax + P2 - ~031cm + iv2 - s%, 
+ iv2 - so3 - so2 1 ox 
+ K - so, - WI ox 
+ K - so, - Nu3, = cm, (11) 

upon substitution from Eqs. (4)-(7) and (10) 
yields: 

PGlox = c,ot/( 1 + &3,CSO,[ 1 + ~SO,GO, 
x (1 + ked/(kxCO*w)) 
+ G&-I,O + KNH ,%I) (12) 

C,, represents the concentration of total ac- 
tive sites. Notice that C,,, is proportional to the 
square of the vanadia content in the catalyst 
since active sites involve dimeric vanadyl 
species. 

Upon imposing that the rate of reaction equals 
the rate of catalyst reduction (8) 

‘SO, = ‘red = kred [‘2 - “3 - so,] ox (13) 

substituting for [V,-SO,-SO,],,, introducing an 
empirical term (1 + bC,o ) in the numerator to 
account for the promoting effect of NO,, and 
adding an empirical term k,,,Cso to account 
for the residual activity observed* at 75 ppm 
NH, we eventually obtain: 

rso, = [ (~red~S0~~S0~Ctot)~SO,~SO, 

x (1+ 4ox)] /( 1 + ~SO,CSO, 

’ [’ + KS02CS02(1 + kred/( koxc021/2)) 

+ G-I,OGI,O + &I, %,I) + ~So,cso, 

(14) 

Eq. (14) has been used to analyze the experi- 
mental data collected at T = 380°C by varying 
AV and the concentrations of SO,, H,O, 0,, 
NH, and NO,. 

It is worth stressing that a more simple rate 
equation can be used if the variable space of 
interest is more limited as it occurs in industrial 
practice. Accordingly a simple rate equation 
with a first order dependence in SO, and zero 
order dependence in 0, is typically employed 
for technical purposes. Indeed the effects of 
H,O and 0, vanish for CHZO > 5% and Co, > 
l-2% whereas most of the catalyst volume in 
the SCR reactor does not experience the inhibit- 
ing effect of NH, because of the consumption 
of NH, according to the deN0, reaction and of 
the excess of NO,. 

7. Parameter estimation 

The data were analysed according to the fol- 
lowing plug flow reactor model: 

QdC,02/d[(l - 4V,] = -rso, (15) 

where E is the catalyst void fraction. Integration 
of Eq. (15) provides the concentration of SO, at 
the reactor outlet. In spite of the very low 
conversion of SO, this integral approach is 
required to account for the variable SO, concen- 
tration along the axial coordinate. 

The parameter estimation was performed by 
using the non-linear regression routine BU- 
RENL [14] which minimizes the residual sum of 
squares of the deviations between the experi- 
mental response Cso, at the exit of the reactor 
and the model prediction C’s, : 2 

SSE = f (Cso2,i - Go2,i>’ (16) 
1 i 

where N is the total number of experiments 
(N = 30). To favor convergence of the mini- 
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mization procedure Eq. (14) has been subjected 
to reparameterization as follows: 

rso, = [ Wso2Go~~ + WNOJ] 

/[ 1 + WSO, + WSO,CSO, 

+ k5CSO,GI,O + wso3GH 3 

+k7CSo3CSo2/COzw] + WSO* (17) 

The regression routine provides the following 
results: 

the parameter estimates along with their 95% 
confidence limits; 

the variance-covariance and the correlation 
matrix of the parameter estimates. Values of the 
correlation index close to 1 indicate a strong 
correlation between the parameter estimates; 

the minimized value of SSE. The number of 
degrees of freedom associated with SSE is N - 
p = 23, where p is the number of parameters in 
the model. In our case p = 7, considering that 
the value of k, has been fixed since it was 
found to be strongly correlated to the other 
parameters; 

the sum of squares due to experimental error 
evaluated from 6 replicated experiments: 

SSEE = t [ Cso,,i - ( Cso2.i),,] * 
I i 

where (CSO,,i)av is the average value of Cso, in 
the 6 replicated experiments. Accordingly 
MSEE = SSEE/S provides an estimate of the 
experimental error variance with 5 degrees of 
freedom; 

the sum of squares due to lack of fit: 
N-S 

SSLF = C [ ( Cso2,i),, - cko,,i] 2 (19) 
1 i 

where N - 5 is the number of distinct experi- 
mental points in the variable space. Under the 
null hypothesis that the model is locally correct 
(expected value of (CSO,,i)av = expected value 
of c;, i = value of the correct model at point 
i) MSCF = SSLF/( N - 5 - p) represents an 
independent estimate of the experimental error 

SO2 CONVERSION (X1 

0 600 1200 1800 
SO2 CONCENTRATION (ppm) 

Fig. 2. Effect of SO, concentration 

variance with N - 5 - p = 18 degrees of free- 
dom; 

the realisation of t = MSLF/MSEE = 1.39. 
This value can be used to perform the model 
adequacy test considering that t is distributed as 
F(18,5) under the null hypothesis that the model 
is locally correct. The comparison between the 
realization of t and F(18,5,0.95) = 4.53 leads 
to accept the null hypothesis. It is worth stress- 
ing in this respect that statistical tests never 
prove the correctness of the null hypothesis; 
rather they provide evidence that there is no 
statistically significant indication against the null 
hypothesis. Accordingly statistics can provide 
rigorous mathematical methods for the estima- 
tion of the model parameters and for comparing 
experimental results and model predictions but 
still a careful and deep physico-chemical inves- 
tigation of the reaction under study is needed to 
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Fig. 3. Effect of 0, concentration. 
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arrive at a reliable and representative kinetic 
model; 

the experimental response, the calculated 
model response, the percent error, the absolute 
error, the mean percent error and the mean 
absolute error. In our case the mean percent 
error was 3.79. 

The statistical analysis of the regression re- 
sults can be completed with the analysis of the 
residuals that are expected to show a random 
distribution under the null hypothesis. This has 
been verified in the present case. 

Figs. 2-4 illustrate the effects of SO, and 0, 
concentrations and of AV. They demonstrate 
the good agreement obtained between model 
predictions and experimental results. 

Based on the values of the parameters and 
considering the typical concentrations of the 
reagents the following order was derived for the 
concentration of the different surface species: 

[V2 - SO, - H,O]o. 
= [V2 - SO, -NH,],, 

> [Vz - SO, - so21 ox 
= P2 - s0310, = P* - s031,, 

8. Conclusions 

The kinetic study on the oxidation of SO, to 
SO, over honeycomb deNO,-SCR catalysts pro- 

vides a representative example of the stages that 
can be encountered during a kinetic investiga- 
tion of a simple chemical reaction. The oxida- 
tion of SO, represents a simple case since the 
reacting system is constituted by a single reac- 
tion occurring in a chemical regime. The main 
steps of the kinetic study are: 

(i) the identification of the variables of inter- 
est and of their experimental space that depend 
heavily on the motivation of the study; 

(ii) the investigation on the presence and 
relevance of diffusional limitations. Kinetic data 
must always be collected if possible under con- 
ditions free from diffusion limitations; 

(iii) the design of the kinetic experiments. 
Again the motivation of the study can result in 
the preference for a specific design strategy 
(e.g. sequential factorial designs against conven- 
tional designs); 

(iv) the derivation of the rate expression of 
the chemical kinetics. It is most desired that the 
derivation of the rate equation relies on a de- 
tailed knowledge of the physico-chemical char- 
acteristics of the catalyst and of its catalytic 
performances; 

(v) the parameter estimation with the associ- 
ated statistical analysis of the regression results. 
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