
Catalysis Today 77 (2003) 347–358

Experimental methods for activity measurements in
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Abstract

The very specific operating conditions of catalytic processes for the abatement of pollutants from mobile or fixed sources,
require an unusual experimental set-up to determine the catalyst performance. Selected examples of environmental catalysis
applications such as deNOx with NH3 or hydrocarbons, deSOx with either powder or monolith catalysts, low temperature
soot oxidation, are discussed with respect to the experimental methods to be employed for catalytic activity measurements.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Environmental catalysis has progressively occupied
a definite and wide space in the area of catalysis
fundamentals and applications[1,2]. In addition to
consolidated applications such as automotive catalytic
converters, SCR catalysts for NOx reduction with NH3
in power plants, VOC catalytic oxidation, numerous
other applications are in a more or less developed
stage, such as catalytic combustion, clean refinery pro-
cesses, fuel cells, photocatalytic processes, water treat-
ment, etc. It could be observed that environmental
catalysis is substantially catalysis and that is true, but
many specific features of this kind of catalytic appli-
cations makes it unique in many cases.

Similar to any other catalytic application the devel-
opment of a catalyst requires the optimisation of its
formulation, activity, selectivity, durability, cost. Even
in the case of environmental catalysis the ultimate goal
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of catalysis is to maximise the activity of a catalyst
for a desired reaction. Therefore, an accurate charac-
terisation with respect to the catalytic activity is the
most significant step in the catalyst development.

The measurement of catalytic activity consists in
determining the rate of a given reaction in a catalytic
reactor operated at different experimental conditions.
The availability of such experimental rate data is es-
sential for either fundamental purposes such as under-
standing the catalytic reaction mechanism and design
purposes, from the screening of candidate catalysts to
the scale up towards the industrial application, to the
optimisation of the catalytic process.

In order to collect rate data relevant to a given cat-
alyst and reaction, a reactor type and its operating
conditions must be selected. Moreover, an analytical
section constituted of different analytical techniques
based instruments capable of collecting and analysing
reactants in the inlet reactor and products in the outlet
reactor should be designed. From concentration data
obtained with such a section, reaction rate, conversion
and selectivity to the various species are calculated
and the material balance around the reactor can be
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checked. The successive data analysis is the starting
point for planning new experiments and/or perform-
ing reaction mechanism investigation, reaction kinet-
ics determination, process optimisation.

In addition to these general considerations it is im-
portant to take into account the very unusual con-
ditions typical of environmental catalytic processes
for the abatement of pollutants from mobile or fixed
sources, with respect to the industrial catalytic pro-
cesses: the very low partial pressure (<10−3 atm) of
the pollutants to be converted, the very high space ve-
locity (104–105 h−1) of the catalytic reactor, the wide
range of reaction temperature and the changing of all
the above conditions during the time like in the case of
automotive applications. On the other hand, the very
low partial pressure of reactants generally results in
low heat generation and consequently reactor temper-
ature profile quite constant.

Concerning the choice of the laboratory catalytic
reactor for activity measurements two types of re-
actors are usually employed: the plug flow reactor
(PFR) and the continuous stirred tank reactor (CSTR).
However, in the area of environmental applications of
catalysis a large percentage of reactors are monolith
type. Properties and features of both PFR and CSTR
are presented in another paper of this issue; there-
fore only their advantages and disadvantages will be
reminded here. In the case of PFR: (i) the simplic-
ity of construction and (ii) the wideness of conver-
sion range which can be achieved by simply changing
the mass of catalyst or the gas flow rate is payed in
terms of: (i) limitations for isothermal conditions for
highly exothermic reactions, (ii) presence of concen-
tration and temperature gradients at low flow rates and
(iii) operation as integral instead of differential reac-
tor at high reactant conversion. The latter disadvan-
tages are absent in the case of CSTR, but it must be
remarked that: (i) reaction rates are measured at outlet
conditions, and (ii) dead volumes can be present in the
reactor.

The assumption of plug flow operation is often made
without any verification. Simple rules can be prelimi-
narily applied: for example, in the range of Reynolds
number lower than 10 (based on particle diameter) it
should be verified that the ratio of the inner reactor
diameter and the particle diameter is higher than 10
and the ratio of the length of the catalytic bed and the
particle diameter is higher than 50.

Moreover, it must be also reminded that heat and/or
mass transport phenomena can be involved in the cat-
alytic process, affecting the accuracy and then the sig-
nificancy of rate measurements.

Whatever the purpose of the activity measurements,
experimental set must be designed planning a statisti-
cal number of experimental runs at each fixed set of
conditions to assure experimental precision and repro-
ducibility.

Various analytical methods could be employed to
measure reactor inlet and outlet composition, but tak-
ing into account the specificities of environmental
catalysis processes they are limited to:

• gas chromatography,
• high performance liquid chromatography,
• flame ionisation,
• mass spectrometry,
• infrared, ultraviolet, chemiluminescence spectro-

metry,
• paramagnetism.

In-line methods are very effective in order to con-
tinuously monitor reactor outlet composition and de-
tect transient phenomena, or instant concentrations.
Off-line methods allow collected samples analysis be
repeated.

Typical applications of environmental catalysis to
the treatment of emissions from mobile and fixed
sources, such as deNOx with NH3 or hydrocarbons,
deSOx with either powder or monolith catalysts, low
temperature soot oxidation, will be discussed in the
following, with the purpose of evidencing the main
aspects relevant to the experimental determination of
catalytic activity.

2. Catalytic treatment of mobile
source emissions

In order to set what performance is required to a
catalytic converter operating at the engine exhaust of
a vehicle, it can be useful to refer to emissions leg-
islation. Indeed, even if the number of components
present in the exhaust gas is very large, todate only
the emissions of a limited number of pollutants are
regulated with reference to passenger cars (gasoline
spark ignition, direct injection diesel, indirect injection
diesel engine), light and heavy duty trucks. Emission
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Table 1
Main reactions occurring in a three-way catalytic converter

CmHn + (
m + 1

4n
)

O2 → mCO2 + 1
2nH2O

CO+ 1
2O2 → CO2

H2 + 1
2O2 → H2O

CmHn + (
2m + 1

2n
)

NO → (
m + 1

4n
)

N2 + mCO2 + 1
2nH2O

CO+ NO → 1
2N2 + CO2

H2 + NO → 1
2N2 + H2O

standards are defined for carbon monoxide (CO), total
hydrocarbons (HC), nitrogen oxides (NOx) and par-
ticulate (PM). Therefore, the catalyst must be active
enough to reduce the concentration of these pollutants
to values lower than the standards.

In the case of spark ignition engine the exhaust pol-
lutants are mainly converted by a three-way catalyst
through the reactions listed inTable 1.

Secondary reactions with environmental implica-
tions also occur (Table 2). Therefore, it seems impor-
tant to determine the activity of the catalyst towards
these reactions, even if they produce not regulated
emissions.

2.1. Experimental determination of
catalytic activity

The ultimate determination of the catalyst perfor-
mance is the result of a vehicle test, in which a vehicle
mounted on a chassis dynamometer, after stabilisation
in an air conditioned environment (T = 298 K), is
driven according to a prescribed velocity pattern and
the exhaust gas is collected in one or more plastic
bags after appropriate dilution in order to avoid wa-
ter condensation. At the end of the test the collected
gas is analysed with respect to the following compo-
nents: CO, HC, NOx , PM, O2 and CO2. All emissions
but particulate are measured by on-line analysers as

Table 2
Secondary reactions occurring in a three-way catalytic converter

SO2 + 1
2O2 → SO3

SO2 + 3H2 → H2S+ 2H2O

NO + 1
2O2 → NO2

NO + 5
2H2 → NH3 + H2O

2NO+ CO → N2O + CO2

described below. The mass of particulate emitted by
diesel engine is measured gravimetrically, after col-
lection on a filter paper.

It must be observed that the actual operating
conditions of an automotive catalytic converter are
determined by engine speed and load, i.e. by the
driving conditions. This results in the fact that the
catalyst is requested to work in unsteady-state condi-
tions, and in a wide range of temperatures (typically
from 250 to 900◦C) and reactant space times (from
10 to 10,000 kg s mol−1 with respect to the specific
pollutant in the exhaust). Therefore, the operating
conditions for a catalyst designed for such applica-
tions are really much more severe than those typically
required to the common heterogeneous catalysts em-
ployed in the chemical and petrochemical industrial
processes. Moreover, the variability of operating con-
ditions is expected to result in various kinetic regimes
occurring during the catalyst operation, from chem-
ical to intraparticle diffusion to interphase diffusion
control.

All the above considerations converge to a general
question: how to perform a significant experimental
test to determine the activity of the catalyst, apart from
the vehicle test?

The significance of the vehicle test is really unique,
but mainly addressed to verify the catalytic perfor-
mance with respect to commercial and legislative re-
quirements. For this reason simplified test procedures
are employed for research and development purposes,
such as: (i) engine test and (ii) synthetic exhaust test.

Typical engine tests are performed by varying
independently operation parameters such as engine
air-to-fuel feed ratio, catalyst temperature, overall
space velocity. The experimental set-up is constituted
by an engine mounted on a brake, a catalytic con-
verter, an exhaust cooler or heater located in between
them. The analysis of catalytic converter inlet and
outlet gas allows to calculate the conversion of reg-
ulated pollutants (CO, HC, NOx) and consequently
the catalytic activity. The analysis of not regulated
pollutants helps to better understand the catalytic
properties of the tested catalyst.

The use of a synthetic exhaust obtained by mixing
different streams of pure gas or nitrogen diluted gas
mixtures from cylinders (Fig. 1) can be an effective
solution to evaluate the catalytic activity of a three-way
catalyst.
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Fig. 1. Model gas reactor to study the activity of automotive emission control catalysts.

Due to the accurate control of the operating condi-
tions, activities of different catalysts can be effectively
compared. Activity evaluation and comparison are as
much significant as much the gas composition is simi-
lar to the real one. In particular, H2O, SO2, H2 should
be present in the reactor feed as they can strongly
affect the catalytic behaviour. Also the nature of the
diluent gas is not subordinate. Nevertheless, He or Ar
are commonly used instead of N2, in order to be able
to evidence the conversion of NOx to N2. Most of the
papers appearing in the literature concerns catalytic
studies performed with powder catalyst and simple gas
feed containing only a single hydrocarbon, NO, and
possibly oxygen when lean burning engine exhaust is
simulated. It must be remarked that in these condi-
tions the effect of the other components is completely
ignored and, especially in the case of water, the result
of experimental test could be strongly deviant.

Catalytic activity evaluation with powder samples
has limited validity when extrapolated to that of mono-
lith catalyst. The difficulty of comparing powder and
monolith catalytic activities should induce to load the
reactor with monolith samples. On the other hand,
too small monoliths are not representative for the be-
haviour of larger monoliths, especially taking into ac-
count entrance effects.

Moreover, very often the values of pollutant con-
centration in the gas feed are at least one order of
magnitude higher than the real ones, resulting in in-

adequate validity of the experiments with respect to
the objective of obtaining useful results for applica-
tion to engine exhaust treatment. Finally, the space ve-
locity values to be investigated should be in the order
of several thousands of h−1 or higher. In conclusion,
activity test performed in these very simplified condi-
tions have only a validity for a preliminary catalytic
screening.

The best analytical solution for evaluating the
catalytic performance activity with respect to the re-
actions converting the regulated emissions is to use
specific analysers, like in the vehicle test. Specific
analysers allow on-line continuous analysis with suf-
ficient sensitivity, precision, response time. Optimal
flow rates in the order of 1 l/min allow to load the
reactor with large enough catalyst amounts to meet
the required space velocity values. This guarantees
higher significance of reactor operation with respect
to the very low amount of catalyst commonly used
for microreactor laboratory test.

2.1.1. Characteristics of specific analysers
Non-dispersive infrared (NDIR) spectrophotometry

is the technique on which specific analysers have been
developed. Continuous analysis of CO, CO2, N2O,
CH4, NH3 is easily performed. UV absorption is em-
ployed for NO analysers, often coupled to a catalytic
converter NO2 → NO to get a complete NOx analysis.
Higher sensitivity for NOx analysis is achieved with
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chemiluminescence analyser. Paramagnetic or electro-
chemical analysers for oxygen have been developed.
Hydrocarbon analysis is based on a flame ionisation
detector (FID).

Infrared analyser module uses a NDIR absorption
process, which is based on resonance absorption at
the characteristic vibration rotation spectrum bands of
non-elemental gases in the middle infrared range be-
tween 2 and 12�m. Because of their bipolar moment,
the gas molecules interact with infrared emissions.
For selectivity, the receiver is filled with the applica-
ble sample components to establish sensitivity to these
components (Fig. 2).

The photometer consists of a thermal emitter, the
emissions of which reach a sample cell via a chopper
wheel. The sample cell is in the shape of a tube that
is divided by a land into sample and reference sides.
The measurement effect produced in the receiver is a
pressure effect resulting from the chopper frequency,
received by a diaphragm capacitor and converted into
an electrical signal by an attached preamplifier. The
receiver is a two-layer device. The back of the re-
ceiver has an optically transparent window so that any
residual radiation can reach a second receiver that is
sensitive to a second sample component. By adding
a second beam path with an emitter, a sample cell
and receivers, the photometer can measure one to four
sample components simultaneously.

Fig. 2. Scheme of an NDIR analyser: (1) emitter, (2) aperture, (3) chopper wheel, (4) sample cell, (5) adjusting unit/calibration cell and
(6) receiver (reprinted on permission of ABB Instruments).

UV analysers as measurement principle use the
property of molecules to interact with a beam emitted
at a certain wavelength and absorb radiation. Sample
component selectivity is achieved using gas filter or
interference filter correlation. InFig. 3 a schematic
drawing of the apparatus is reported. The UV beam
emitted by an electrodeless discharge lamp is split-
ted into predetermined wavelengths by a filter wheel
fitted with interference filters and/or gas filters.

The splitted beam is then separated by a beam split-
ter into measurement and reference signals and reaches
the reference receiver without passing through an ab-
sorption run while reaching the measurement receiver
after absorption (sample cell).

Absorption of the emission in the sample cell
causes a change in the intensity of the measurement
signal. To identify sample component concentration
a double-quotient evaluation process is applied to
the four time-multiplexed measurement signals thus
formed.

FID analysers are used for monitoring total hy-
drocarbons. The analyser typically consists of the
following equipments: air injector, vacuum regulator,
combustion air regulator, combustion gas regulator,
detector and sample gas inlet. The air injector causes
a pressure reduction that drives the sample gas, the
combustion gas (H2) and combustion air into the com-
bustion chamber. A constant volume of gas sample is
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Fig. 3. ND-UV measuring principle: (1) UV lamp, (2) filter wheel with interference filter, (3) filter wheel with gas filter, (4) beam splitter,
(5) reference receiver, (6) sample cell, (7) calibration wheel with calibration cells and (8) measurement receiver (reprinted on permission
of ABB Instruments).

mixed with the combustion gas and sent to the burner
nozzle placed between two electrodes. This mixture is
burned and, due to the presence of hydrocarbons in the
sample gas, ionised particles are formed causing an
ions flow between the electrode shells. The ions flow
is directly proportional to the amount of hydrocar-
bons in the sample gas. Hydrocarbons concentration
is easily determined after detector calibration.

For the analysis of O2 continuous analysers employ
the paramagnetic principle. The sample gas to be anal-
ysed flows through the two-chambers system. Both
chambers have temperature-sensitive annular resistors.
On the sample side, oxygen molecules are drawn into
the non-homogeneous magnetic field of the permanent
magnet. The “magnetic wind” thus generated cools
the heated temperature-sensitive measuring resistors.
The change in temperature is proportional to oxygen
content and can be converted into an electrical sig-
nal. The measurement unit is located in a thermostat
chamber so that measured values are extensively free
from variations of ambient temperature. Calibration is
effected with oxygen-free process gas, with a known
oxygen concentration or with a substitute gas.

An alternative analytical technique is mass spec-
trometry. A quadrupole detector in-line gives a con-
tinuous monitoring of the emission, following the
concentrations of given m/z ratios related to the ex-
haust components. In the same way as for the specific
analysers, from the comparison of reactor inlet and
outlet concentrations the reaction rate can be calcu-
lated. Due to signal interferences and equality of m/z

ratio for different compounds a software treatment of
data is necessary. The mass spectrometry based tech-
nique is becoming more and more popular in research
laboratories.

One more alternative, less diffuse todate but very
promising is the use of specific sensors. They are
mainly based on electrochemical reactions for detect-
ing typical emissions such as CO, H2, SO2, etc. The
sensors work with an electrochemical cell. For exam-
ple, oxygen is electrochemically converted at the cath-
ode/electrolyte boundary layer in similar manner as a
fuel cell. The resultant current at resistor R is propor-
tional to the oxygen concentration.

The following reactions occur between the anode
and cathode:

Cathode : O2 + 4H+ + 4e− → 2H2O

Anode : 2Pb+ 2H2O → 2PbO+ 4H+ + 4e−

Total : O2 + 2Pb→ 2PbO

The sensor’s temperature is maintained constant by
electrical compensation to correct the temperature sen-
sitivity. The specific sensors are very small devices
with respect to the instruments above discussed and
are low cost. Limitation of durability, operating con-
ditions such as highly humid atmosphere and constant
temperature are disadvantages, but their properties will
be certainly improved since they will be more and
more employed in the vehicles.
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Fig. 4. Performance of a commercial “three-way” converter at the exhaust of a lean burn engine: (a) conversion of NOx (�), HC (�) and
CO (�) versus air index (air on fuel ratio in the test/stoichiometric ratio),T = 270–300◦C. (b) NOx overall conversion (�) and NOx

conversion to N2 (�) and N2O (�) at air index= 1.23. For (a) and (b) space velocity= 30,000 h−1.

2.2. High efficiency engines

High efficiency engines such as lean burn spark ig-
nition, diesel, natural gas engines are characterised by
overstoichiometric air to fuel ratio and consequently
by the presence of oxygen in the exhaust. In these
conditions the three-way catalysts are not active for
NOx reduction as shown by engine test experimental
set-up (Fig. 4). In this test a N2O specific analyser
has also been used in order to evidence the activity
of three-way catalyst to N2O [3]. Obviously, engine
test and model exhaust test are similar to those for
three-way catalysts, but one major difference of the
catalytic system has also experimental implications. In
fact, at variance of three-way catalysts, the candidate
materials for lean burn exhaust treatment allow NOx

reduction by hydrocarbons and not by carbon monox-
ide. Since only part of hydrocarbons present at the
exhaust are selective for NOx reduction, it would be
very useful try to determine the deNOx catalytic ac-
tivity of each hydrocarbon, or at least of those present
in highest concentration.

We have arranged an improved engine test
(lean-burn S.I. engine, 1350 cm3 displacement, air/fuel
mass ratioA/F = 18, 2000 rpm, 17 kW) to determine
the three-way activity of Cu-ZSM5 catalysts operat-
ing in lean burn conditions. The exhaust gas average
volume composition was the following: O2 = 4%,
CO2 = 11%, H2O = 12%, HC (as propane) =
410 ppm, NOx = 1220 ppm, CO= 1310 ppm, N2 =

balance. The experiments were performed at space
velocity of 30,000 h−1. Together with typical on-line
analysers, such as chemiluminescence for NOx , flame
ionisation for total HC, infrared for CO and N2O, and
electrochemical for O2, we included in the set of an-
alytical instruments a gas-chromatographic automatic
system, with a FID detector and on-line sampling
valve, to analyse the individual hydrocarbon concen-
trations every 30 min about[4].

Comparing the reactor inlet and outlet concentrat-
ions of these hydrocarbons it is possible to determine
single hydrocarbon reaction rates and try to find cor-
relations to deNOx activity. Some results are shown
in Fig. 5.

Fig. 5. Reactivity of the most selective hydrocarbons as
evaluated during temperature programmed tests at space
velocity = 30,000 h−1 on Cu-ZSM5.
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In the case of natural gas driven engines the problem
is simplified by the fact that methane is practically
the only hydrocarbon present in the exhaust. NDIR
CH4 specific analysers allow the catalytic activity of
methane conversion to be easily determined.

2.3. Diesel engines

Because of differences in the air/fuel mixing and
ignition, nature of fuel and operating conditions,
diesel engine emissions are characterised by the pres-
ence of specific components such as SOx , oxygenated
compounds, and especially particulate. Only the latter
emission is regulated by legislation together with CO,
HC and NOx . The diesel oxidation catalysts are ac-
tive for the oxidation of CO, HC, aldehydes. Catalytic
oxidation of hydrocarbons adsorbed on the particu-
late results in the reduction of the mass of particulate
emitted at the exhaust, without affecting the mass of
soot, main constituent of particulate.

Therefore, catalyst testing is similar to that for gaso-
line S.I. engine, but the catalytic activity for particulate
must be also determined. This is generally accom-
plished by particulate filtering and gravimetric anal-
ysis. Less precise but on-line determination of par-
ticulate concentration is obtained by optical devices
(smokemeters), commonly used for engine test, based
on gas opacity measurement.

Fig. 6. Reactivity–temperature profiles of catalytic and uncatalytic soot combustion (feeding gas, 10 vol.% O2 in N2; gas flow
rate= 500 N cm3/min; heating rate= 10 K/min).

More complex activity tests take into account that a
diesel oxidation catalyst must exhibit oxidation activ-
ity to CO2 and H2O, whereas oxidation activity of NO
to NO2 and SO2 to SO3 must be suppressed. More-
over, the oxidation to SO3 results in sulphuric acid and
sulphate formation, increasing the mass of particulate.
Therefore, diesel catalyst investigation should be ad-
dressed to these features, too. Again, the best solution
for activities determination is the use of monolith cat-
alyst and specific analysers for SO2 and NOx . SOx

analysis will be discussed with reference to the emis-
sions from fixed sources.

An effective way for soot removal from diesel ex-
hausts consists in the use of ceramic traps suitable for
collection and subsequent combustion of trapped car-
bon particulate at diesel exhaust temperatures. Since
diesel soot spontaneously burns at 800–900 K and such
temperatures are far from typical values occurring at
the exhaust of commercial diesel engines, there is a
need for developing suitable oxidation catalysts. Ac-
tive catalysts should reduce the soot combustion tem-
perature allowing more frequent trap regeneration at
lower temperatures and avoiding filter failure by melt-
ing or breaking[5].

A simple test of catalytic activity for soot oxida-
tion can be performed with temperature programmed
oxidation (TPO) [6]. A microreactor loaded with
soot/catalyst mixture and connected in-line to a
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Fig. 7. Experimental apparatus for soot generation and deposition on catalytic and uncatalytic filters.

CO/CO2 specific continuous analyser allows the re-
action rates to CO and CO2 be calculated. Typical
results of TPO are shown inFig. 6.

Further stage of development of catalyst for soot
oxidation is a larger scale apparatus for particulate
abatement. Carbon oxides produced by soot oxida-
tion cannot be distinguished from those formed by
fuel combustion, therefore, indirect ways must be em-
ployed to give evidence of the catalyst activity. Pres-
sure drop through TC catalytic and uncatalytic filters
are measured by pressure transducers (Fig. 7).

3. Catalytic treatment of fixed sources emissions

The development of catalysts for stationary sources
involves coal-, oil-, gas-fired power plants, gas tur-
bines, waste incinerators, gasifiers. Selective catalytic
reduction (SCR) of NOx with NH3 is widely applied
and is a mature technology todate.

Several geometries have been used for SCR mono-
lith catalysts, the most typical being a honeycomb ge-
ometry. Single elements assembled together to obtain
the designed catalyst volume are 150 mm×150 mm×
(700–1000) mm in size. Channel diameter ranges from
3 to 10 mm, wall thickness from 0.5 to 1.5 mm.

SCR catalysts are tested at laboratory and bench
scale. In laboratory testing powdered or micromono-
lith samples (typically, 3× 3 channels, 200–300 mm

length) are tested. Powder samples can also originate
from monolith crushing. In bench scale larger mono-
lith (20 × 20 channels, 1000 mm length) are tested.
The structure of the testing apparatus is the same as
for powder catalyst, consisting of a feeding section for
gas feed preparation, a reaction section with the cata-
lyst and the heating system, an analytical section with
the relevant analytical equipment.

The main reactions occurring in the system are
listed in Table 3. Selective catalysts favour the reac-
tions leading to nitrogen formation. Moreover, their
activity toward the oxidation of SO2 to SO3 must be
very low, in order to limit reaction with ammonia
forming ammonium sulphate.

The high activity to SO2 oxidation is one of the
reasons for modifying the formulation of commer-
cial catalysts from V2O5/TiO2 to V2O5/WO3/TiO2
and V2O5/MoO3/TiO2 containing less than 1 wt.%
V2O5. For this reason the test of activity of SCR cata-
lysts should combine deNOx and deSOx activity. The

Table 3
Main reactions involved in SCR process

4NO+ 4NH3 + O2 → 4N2 + 6H2O

4NO+ 4NH3 + 3O2 → 4N2O + 6H2O

4NH3 + 3O2 → 2N2 + 6H2O

4NH3 + 4O2 → 2N2O + 6H2O

4NH3 + 5O2 → 4NO+ 6H2O
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Fig. 8. Experimental apparatus for deNOx monolith catalyst testing.

most significant data should be obtained with monolith
samples.

3.1. deNOx testing apparatus

An experimental apparatus designed to these pur-
poses is sketched inFig. 8. The gas feeding stream is
prepared by mixing single gas streams from cylinders.
The single flow rates are measured and controlled by
mass flow meters (MFC). The feeding gas contains
NOx , NH3, SO2, H2O, O2 and N2.

Feeding systems for water vapour can be performed
by different ways such as inert gas component satura-
tion upon gas bubbling in a water containing saturator
whose temperature is controlled at±0.1◦C by a water
circulating system. An alternative is vaporisation of a
water stream fed by a pump at controlled rate. The
presence of water and/or low vapour pressure compo-
nents in the feeding gas requires line heating at con-
trolled temperature, measured by a thermocouple.

A valve system allows to feed directly or by-pass
the reactor to analyse the outlet or the feeding gas.
Reactor heating by an electrical oven with indepen-
dently heat driven zones allow isothermal longitudinal
profile along several centimetres. This feature is espe-
cially significant for activity measurement of monolith
reactors whose length cannot be too small. The exper-

imental temperature profile along the reactor is shown
in Fig. 9.

A monolith catalyst (3×3 channels, 150 mm length)
was placed in a Pyrex tube (ID= 23 mm). The whole
space between monolith and tube was filled in order to
suppress any reactor by-pass flow. A K thermocouple
monitored the longitudinal monolith temperature. A
larger axial Pyrex tube (ID= 35 mm) allows feeding
gas preheating.

Fig. 9. Temperature profiles along a monolith sample.
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At the reactor outlet an expansion chamber was
placed to collect the ammonium sulphate possibly
formed and thus to protect the reactor by-pass line.

The gas analysis was performed very carefully as:

• NH3 is highly soluble in water even at low partial
pressure.

• H2O can produce interference with NH3 and NO
analysers.

Reactor inlet and outlet gas were analysed by:

• A specific NH3 continuous analyser.
• A non-dispersive UV continuous analyser giving

NO concentration. This instrument was coupled to
a NO2 → NO catalytic converter for complete NOx
analysis.

• A specific N2O continuous analyser.
• A gas-chromatograph with a multi-way valve, pneu-

matically driven for automatic gas sampling at inlet
and outlet reactor. N2 and O2 are analysed. A ther-
mal conductivity detector is commonly employed,
optimised with respect to the analytical sensitivity
by setting suitable current intensity values, in order
to detect the very low outlet concentration of O2
and N2 relevant to low NOx conversion. In order
to limit the interference of water on N2 analysis a
P2O5 trap is inserted before the gas chromatograph.

• A relative humidity analyser for water concentration
in the gas.

Fig. 10. Experimental apparatus for deSOx monolith catalysts test.

An analog–digital board was employed for com-
puter acquisition of concentration data from the anal-
ysers.

3.2. deSOx testing apparatus

The deSOx test apparatus (Fig. 10) is the same as
for deNOx test with respect to the feeding and the
reaction sections. The feeding stream contains SO2,
O2, H2O and N2.

Many aspects must be taken into account in design-
ing the analytical section for deSOx activity charac-
terisation. A major problem comes from the very low
SO2 conversion values to be determined, since the very
small change of SO2 inlet concentration cannot be de-
termined by SO2 specific analyser with sufficient pre-
cision. We have employed an SO2 sensor, constituted
by a membrane semipermeable to SO2 and by three
electrodes. SO2 diffuses to the surface of a specific
electrode where it reacts as follows:

SO2 + 2H2O ⇒ H2SO4 + 2H+ + 2e−

The current intensity signal generated (4–20 mA) is
proportional to the SO2 concentration. For better pre-
cision the sensor was kept at constant temperature
(20◦C) and relative humidity and a flow rate of 30 l/h
was fed. The intensity signal was converted to a ten-
sion signal fed to a multichannel analog to digital con-
version card. A Labwindows code has been developed
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Fig. 11. SO2 apparatus conversion against time on stream on a
V2O5/TiO2 monolith sample at 320◦C.

Fig. 12. SO2 steady-state conversion as function of temperature
on different V2O5/TiO2 monolith.

for data acquisition and control. In these conditions
the error on the SO2 concentration was only 1–2 ppm.

On the other hand, due to the high solubility of SO2
the presence of water can strongly affect the measure-
ments. To overcome this difficulty the gas stream has
been fed to a 60% w/w sulphuric acid solution, kept

at 20◦C. By this way SO2 is not solubilized and water
content is reduced but maintained at optimal humidity
values for sensor operation.

The water content in the gas stream has been anal-
ysed as described above for the deNOx measurements.
The determination of SO3 concentration has been per-
formed by SO3 selective condensation as sulphuric
acid on sintered glass filter (5–15�m) in a glass con-
denser kept at 75◦C. The condensed sulphuric acid
was titrated with 10−3 N NaOH solution.

With this apparatus transient apparent conversion of
SO2 was evidenced due to catalyst progressive sulpha-
tion to steady-state conversion (Fig. 11). Steady-state
values obtained with different monolith catalysts at
various temperatures are shown inFig. 12.

4. Conclusions

Many experimental complications are encountered
when catalytic activity determination has to be per-
formed in “realistic” conditions. The right choice of
catalyst geometry, reactor type, analytical instrumen-
tation allows to obtain reaction rate data useful for
evaluating catalytic performance in environmental
processes application.
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