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Hydrogen cyanide (HCN) oxidation under lean conditions was studied on 0.5% Pt/Al2O3 catalysts. Fractional
factorial design was used to determine which factors had significant effects on HCN conversion in these
experiments. We conclude that reaction temperature and gas hourly space velocity (GHSV) had the most
significant effects on HCN conversion, whereas no significant effects were caused by the presence of either
nitric oxide (NO) or propene (C3H6). Then, a central composite design was used to study the effects of
temperature and GHSV on HCN conversion, C3H6 conversion, and NOx selectivity. On the basis of a second-
order polynomial equation model, regression analysis was used to study the significance of each variable and
derive equations for each response. This showed that there was a significant interaction between temperature
and GHSV in HCN conversion. HCN conversion decreased at larger values of GHSV and increased at higher
temperatures, up to a transition temperature that depends on the GHSV value. Temperature and gas hourly
space velocity also strongly affect both C3H6 conversion and NOx selectivity, but in these two cases, there is
no significant interaction between temperature and GHSV. Contour plots of HCN conversion, C3H6 conversion,
and NOx selectivity versus temperature and GHSV were constructed from an analysis of the measured data,
and these plots were then utilized to find optimum values of HCN conversion, C3H6 conversion, and NOx
selectivity over the range of conditions investigated. Conditions for optimum catalyst operation, described by
high HCN conversion and low NOx selectivity, are reported.

1. Introduction

Increasingly stringent environmental regulations have led to
continuing research on reducing harmful exhaust emissions. One
approach, using nonthermal plasmas combined with suitable
catalysts, can produce high removal efficiencies of NOx [NO
(nitric oxide) and NO2 (nitrogen dioxide)] from diesel exhaust
gas. When the gas mixture following plasma treatment passes
through Na-Y or Ba-Y zeolites, NO2 is reduced to a mixture
of N2, N2O (nitrous oxide), HCN (hydrogen cyanide), and NO.1,2

Toxic HCN poses a threat to the general public and must be
removed by passing the effluent over another downstream
catalyst. One possible choice for this catalyst, Pt/Al2O3, is very
efficient for hydrocarbon oxidation3-7 and has also been studied
extensively for CO oxidation.9-11 The mechanisms for these
oxidation reactions involve adsorption of oxygen on the surface
of platinum metal. Adsorbed O atoms on platinum can even
make this catalyst efficient for soot oxidation.12 Other studies
have also shown that NH3 can be oxidized easily on Pt-based
catalysts.13-15 Because HCN molecules contain both carbon and
nitrogen atoms in low oxidation states, Pt/Al2O3 catalysts should
be active for the oxidation of HCN. Indeed, this was recently
confirmed by Hoard et al.2

Diesel exhaust that exits a nonthermal plasma and zeolite
catalyst reactor contains part-per-million quantities of HCN, NO,

and hydrocarbons and trace amounts of unconverted NO2, in
addition to the primary components N2, O2, and H2O. Many
factors, apart from reaction temperature and gas hourly space
velocity (GHSV), can affect subsequent HCN oxidation reac-
tions under these conditions. For example, C3H6 (propene)
strongly adsorbs on supported Pt catalysts and changes the
surface reactivity dramatically.16 NO reacts with HCN to
produce N2 and N2O and also reacts with O2 to produce NO2.17

Thus, it is important to determine the effects of the presence of
these two molecules on HCN oxidation on Pt/Al2O3.

Conventional methods for conducting such multivariable
experiments use a “one-factor-at-a-time” approach that consists
of changing one variable and measuring the influence of this
change while keeping the other variables constant. This is both
labor-intensive and time-inefficient, and this method can actually
give misleading results because it implies only a partial
exploration of the experimental design field and ignores possible
interactions between variables. Such limitations can be avoided
by using factorial experimental design, and this approach has
been widely used in chemistry research.18-30 Because catalytic
research usually involves many variables in preparing and testing
catalysts, factorial experimental design is a particularly powerful
method in elucidating the effects of each factor and optimizing
a process.25-30 The advantages of a factorial design method over
a more conventional approach have been discussed by Box et
al.31 In particular, a statistically based catalyst design method
enables one to build deductive and predictive models that relate
primary preparation variables to innate physicochemical proper-
ties of the catalyst, reaction rate parameters, and ultimately
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reactor design.28 When many factors are involved, a full factorial
design leads to a dramatic increase in the number of experi-
mental runs. Even when a two-level factorial design is used,
this is usually prohibitive in terms of time and expense.
Fractional factorial designs reduce the total number of treatment
combinations while preserving the basic factorial structure of
the experiment. These designs use the “main-effects” principle
to reduce the number of treatment combinations. Essentially,
the main-effects principle states that main effects tend to
dominate two-factor interactions, two-factor interactions tend
to dominate three-factor interactions, and so on. A full 2k

factorial design, wherek is the number of factors (parameters),
allows all of the interactions to be estimated. Ask increases,
more and more of these interactions generally become less
important. Fractional factorial designs “sacrifice” the ability to
estimate higher-order interactions in order to reduce the number
of treatment combinations. In the present study of HCN
conversion over a Pt/Al2O3 catalyst, we use a fractional factorial
design approach and consider the following parameters: reaction
temperature, gas hourly space velocity (GHSV), and C3H6 and
NO concentrations.

2. Experimental Methods

2.1. Materials and Procedures.A commercially available
0.5% Pt on Al2O3 catalyst (Alfa Aesar) was pretreated at 450
°C with 6% O2 (UHP, Air Liquide) for 3 h, and then pure N2
was flowed over the catalyst overnight. Mixtures of HCN (0.5%)
and NO (0.5%) in N2 were purchased from Scott Specialty
Gases. A 3% C3H6 in He mixture was obtained from Air
Liquide. Reaction experiments were carried out in a quartz,
fixed-bed reactor with a 0.62-in. inner diameter. In a typical
experiment, 30 ppm HCN plus 6% O2 was mixed with
controlled amounts of C3H6 and NO and flowed over the catalyst
for 30 min, with N2 making up the balance. A weight of 2.12
g of catalyst was loaded into the reactor, and this filled a volume
of 1.98 cm3. Catalyst pellets were uniform and cylindrical with
a length and diameter of 0.13 in. The GHSV was determined
from the standard flow rate of the gas divided by the catalyst
bed volume.

The reactor was heated by a cylindrical ceramic fiber heater
(Watlow). Mass flow controllers (MKS type 1179 A and Tylan
model FC-260) were used to control and regulate the influent
gases. After the gas constituents were combined and mixed in
the gas manifold, a three-way valve allowed the gas stream to
either enter the catalyst reactor or bypass the reactor entirely
for influent gas calibration. The experimental apparatus is very
similar to that used by Yoon et al.1

The effluent gas was continuously analyzed by an FTIR
spectrometer (Nicolet Magna IR 560, Omnic QuantPad soft-
ware) equipped with a heated, 2-m multiple-path gas cell and a
liquid-nitrogen-cooled MCT detector. For each FTIR spectrum,
25 scans were collected at 0.5 cm-1 resolution. A typical FTIR
spectrum is shown in Figure 1. Concentrations of HCN, NO,
N2O, NO2, H2O, CO, C3H6, and CO2 were determined by taking
calibration spectra and applying a method developed in-house
for Omnic QuantPad software. The response of the FTIR
spectrometer was extremely linear and reproducible at all
concentrations between the detection limit and the saturation
regime, as long as all interferences are identified. In addition,
Omnic QuantPad software enables the extraction of concentra-
tion information from overlapping peaks, as long as calibration
standards of both the molecule of interest and the interfering
molecule are available. Additional, detailed information about
the use of FTIR spectra for concentration determination can be
found in the Omnic QuantPad software manual.

2.2. Statistical Design of Experiments.A 24-1 fractional
factorial design was used to study the main effects, as well as
two-factor interaction effects, as a preliminary screen to identify
the most important factors. The design in coded (Xi) and actual
(xi) independent variables is described in Table 1. The alias
structure is shown in Table 2. The boundary conditions were
as follows: x1, C3H6 ) 90-504 ppm;x2, NO ) 13 -52 ppm;
x3, temperature) 165-277 °C; and x4, GHSV ) 30 300-
87 870 h-1). In Table 2, the defining interaction isI ) X1X2X3X4.
Each main effect was aliased with the other three-factor
interactions, and each two-factor interaction was aliased with
the other two-factor interaction. Because C3H6 and NO had no
significant effect on the total HCN conversion (see below), their
concentrations were fixed at 250 and 30 ppm, respectively, in
the following optimization experiments. These concentrations
were chosen to be in the middle of the range used in our
experiments, and they also represent typical concentrations of
C3H6 and NO after our hydrocarbon-selective catalytic reduction
(HSCR) of NOx over oxide-based catalysts in lean exhaust. The
“central composite design”32 was then used to study the main
effects of temperature and GHSV, and their interaction, on HCN
conversion, C3H6 conversion, and NOx selectivity. NOx selectiv-
ity is defined as the ratio of the NOx concentration in the effluent
to the NOx concentration in the feed, i.e., NOx,OUT/NOx,IN.
Within the central composite design, we utilized the face-
centered-cube design. Regression equations were developed

Figure 1. Typical FTIR spectrum used in concentration determinations.

Table 1. 24-1 Fractional Factorial Design with Coded and Actual
Independent Variables

coded actual

run X1 X2 X3 X4 x1
a x2

b x3
c x4

d

1 -1 -1 -1 -1 90 13 165 30 300
2 +1 -1 -1 +1 504 13 165 87 870
3 -1 +1 -1 +1 90 52 165 87 870
4 +1 +1 -1 -1 504 52 165 30 300
5 -1 -1 +1 +1 90 13 277 87 870
6 +1 -1 +1 -1 504 13 277 30 300
7 -1 +1 +1 -1 90 52 277 30 300
8 +1 +1 +1 +1 504 52 277 87 870

a x1: C3H6 concentration (ppm).b x2: NO concentration (ppm).c x3:
temperature (°C). d x4: gas hourly space velocity, GHSV (h-1).

Table 2. Alias Structure in 24-1 Fractional Factorial Design

I X1X2X3X4

X1 X2X3X4

X2 X1X3X4

X3 X1X2X4

X4 X1X2X3

X1X2 X3X4

X1X3 X2X4

X2X3 X1X4
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that highlight the effects of temperature and GHSV, and their
relative importance, on the HCN oxidation reaction. We also
obtained information on the interaction between temperature
and GHSV, which is not possible in a more traditional
experimental design.

3. Results and Analysis

3.1. Main Effects and Two-Factor Interactions from a 24-1

Fractional Factorial Design.A 24-1 fractional factorial design
was used to determine the main effects and two-factor interac-
tions for the factors of C3H6 concentration, NO concentration,
temperature, and GHSV on HCN conversion. A table of contrast
was used to estimate the significance of these factors. The
specific levels (lowest and highest values), HCN conversion,
and calculated effects are listed in Table 3. In this table, SUM+
stands for total HCN conversion with+ in that column, and
SUM- stands for total HCN conversion with- in that column.
Overall SUM denotes the sum of the SUM+ and SUM- values
for that column, and difference denotes the difference in value
between SUM+ and SUM- in that column. Effect is a value
that characterizes the sensitivity of the system to the factors
within the design.32 Because eight experiments or experimental
runs were carried out, the effect value for the mean column
was calculated by dividing the difference value in that column
by 8, and the other effect values were obtained by dividing the
difference value in the same column by 4.

The effect values in Table 3 show thatX3 (temperature) had
the most significant, positive main effect on HCN conversion.
HCN conversion increased rapidly with an increase in reaction
temperature between 165 and 277°C. Because HCN oxidation
is an exothermic process, raising the reaction temperature will
decrease HCN conversion if it is a thermodynamically limited
process. Our results show that HCN oxidation under these
conditions is a kinetically controlled process. Raising the
temperature helps to overcome the reaction barrier, which
increases the reaction rate and thereby improves HCN conver-
sion. X4 (GHSV) has the most negative main effect on HCN
conversion. In other words, HCN conversion decreased when
the GHSV was increased. This result is not surprising, because
the residence time of the reactants decreases when the GHSV
is increased. The other two factors,X1 (C3H6 concentration) and
X2 (NO concentration), had very small, negative main effects
that were not significant in comparison to those of temperature
and GHSV. The large excess of O2 in the feed gas might enable
NO and C3H6 oxidation reactions to persist in parallel with HCN
oxidation without much interference.

The only significant interaction effects involved temperature
and GHSV, and this interaction has a positive effect on HCN

conversion. Because we found that the C3H6 and NO concentra-
tions had only a small effect on HCN conversion, we focused
the rest of our study on the effects of temperature and GHSV
while keeping the C3H6 and NO concentrations at constant
values.

3.2. Response Function.The dependence of the HCN
conversion on temperature and GHSV is cast mathemati-
cally as a response function,R. It is simplest to first use
the coded variablesXi, and we utilized a polynomial
equation based on a Taylor series expansion, which can
be written for two factors as

where the coefficientsâi give the importance of each term. Here,
higher-order terms are omitted. We included second-order terms
because the response for most processes display curvature in
the neighborhood of the optimal settings, and strict first-order
models provide no way to account for this curvature.

The values of the coded variablesXi needed for this equation
are calculated from the actual measured values of the variables
xi by using the expression

where xhigh and xlow are the boundary conditions. In our
experiment, these values are 287 and 165°C, respectively, for
the temperature factor and 90 900 and 30 300 h-1, respectively,
for the GHSV factor.X3 (temperature) andX4 (GHSV) are
calculated as

and

In addition, one should have a sound strategy for taking the
experimental data in order to best evaluate this response
function. We utilized a face-centered design32 approach.

3.2.1. Effects of Temperature and GHSV on HCN Con-
version. Results for HCN conversion, C3H6 conversion, and
NOx selectivity based on experimental conditions given by a

Table 3. Effects from 24-1 Fractional Factorial Design with the Defining Relation I ) X1X2X3X4
a

run mean X1(X2X3 X4) X2(X1X3 X4) X3(X1X2 X4) X4(X1X2 X3) X1X2(X3 X4) X1X3(X2 X4) X2X3(X1 X4)
HCN

conversion

1 +1 -1 -1 -1 -1 +1 +1 +1 0.585
2 +1 +1 -1 -1 +1 -1 -1 +1 0.159
3 +1 -1 +1 -1 +1 -1 +1 -1 0.204
4 +1 +1 +1 -1 -1 +1 -1 -1 0.400
5 +1 -1 -1 +1 +1 +1 -1 -1 0.857
6 +1 +1 -1 +1 -1 -1 +1 -1 0.951
7 +1 -1 +1 +1 -1 -1 -1 +1 0.950
8 +1 +1 +1 +1 +1 +1 +1 +1 0.840
SUM+ 4.946 2.35 2.394 3.598 2.06 2.682 2.58 2.534
SUM- 0 2.596 2.552 1.348 2.886 2.264 2.366 2.412
overall SUM 4.946 4.946 4.946 4.946 4.946 4.946 4.946 4.946
difference 4.946 -0.246 -0.158 2.25 -0.826 0.418 0.214 0.122
effect 0.61825 -0.0615 -0.0395 0.5625 -0.2065 0.1045 0.0535 0.0305

a X1, C3H6 concentration (ppm);X2, NO concentration (ppm);X3, temperature (°C); X4, GHSV (h-1).

R ) â0 + â3X3 + â4X4 + â33X3
2 + â44X4

2 + â34X3X4 + ···
(1)

X )
x -

(xhigh + xlow)

2
(xhigh - xlow)

2

(2)

X3 )
x3 - 226

61
(3)

X4 )
x4 - 60 600

30 300
(4)
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face-centered design are presented in Table 4. The center run
was repeated three times in our experiments.

First, we consider in this section the dependence of HCN
conversion on temperature and GHSV. This is done using the
response function given in eq 1 for the effects of these factors
on HCN conversion. A regression analysis was done to evaluate
the âi values. The analysis of variance (ANOVA) table32

generated by MINITAB Statistical Software (Minitab, Inc., State
College, PA; version 10) is listed in Table 5. Thep value32 in
Table 5 was used to judge the significance level of each term.
It is common to label the term as insignificant if thep value is
larger than 0.05.32 For HCN conversion, tests on individual
coefficients suggest that all of the terms exceptX4

2 are at least
marginally significant. After droppingX4

2, a new regression
analysis was done with MINITAB. The output from this analysis
is given in Table 6. The regression equation for HCN conversion
(y1) can now be given as

Table 6 shows anR2 value of 99.1%, which indicates that our
model explains 99% of the total variability, which is excellent.
Also, Table 6 shows that, over the range of temperatures and
GHSV values studied in our experiments, these two factors have
only weak interaction effects on the measured value of HCN
conversion.

The HCN conversion function is shown in Figure 2 as a
contour plot of eq 5 afterX3 andX4 have been replaced by eqs

3 and 4. This function displays some curvature in its dependence
on temperature, which is explained by the polynomial term of
the temperature factor in eq 5. A significant result of this analysis
is that Figure 2 can be used to estimate HCN conversion at any
temperature and GHSV within the experimental regime. It also
shows the limitations placed on the total HCN conversion by
the GHSV value. For example, HCN conversion cannot reach
90% at 70 000 h-1 GHSV, regardless of the reaction temper-
ature. One also can see that the conversion of HCN increases
with increasing temperature before a transition temperature
where the HCN conversion reaches a maximum, which depends
on the value of GHSV. For a value of 6.56× 104 h-1 GHSV,
the transition temperature is 273°C. Above the transition
temperature, there is no good physical reason for the “rollover”
(i.e., decrease in HCN conversion) shown in these curves at
high temperature, and so we attribute this to a curve-fitting
artifact. Other data (not utilized here) on HCN conversion at
different temperatures with GHSV at 30 300 h-1 show that HCN
conversion approaches a constant number around 95%.17 This
result suggests that our modeling of HCN conversion could be
improved by taking more data near the transition temperature,
in the range of 260-290 °C.

Figure 2 and eq 5 provide very useful information for
designing processes for catalytic removal of HCN. For example,
our results indicate that new parameters need to be optimized
to improve HCN conversion if diesel engine exhaust has to be
run over the catalyst at a high value of GHSV. These parameters

Table 4. Factors and Levels for a Face-Centered Designa

coded actual

run X3 X4 x3 x4

HCN
conversion

C3H6

conversion
NOx

selectivity

1 -1 -1 165 30 300 0.452 0.267 0.692
2 +1 -1 287 30 300 0.949 0.928 1.016
3 -1 +1 165 90 900 0.175 0.058 0.92
4 +1 +1 287 90 900 0.855 0.798 1.090
5 -1 0 165 60 600 0.235 0.134 0.668
6 +1 0 287 60 600 0.894 0.854 0.397
7 0 -1 226 30 300 0.934 0.893 0.881
8 0 +1 226 90 900 0.663 0.583 1.084
9 0 0 226 60 600 0.782 0.716 0.554

10 0 0 226 60 600 0.785 0.716 0.553
11 0 0 226 60 600 0.784 0.711 0.549

a C3H6 and NO concentrations were set at 250 and 30 ppm, respectively.

Table 5. Regression Analysis for HCN Conversion

predictora coefficient
standard
deviation t ratio p

constant 0.777 68 0.015 57 49.94 0.000
X3 0.306 00 0.012 39 24.69 0.000
X4 -0.107 00 0.012 39 -8.63 0.000
X3

2 -0.204 21 0.019 07 -10.71 0.000
X4

2 0.029 79 0.019 07 1.56 0.179
X3X4 0.045 75 0.015 18 3.01 0.030

Analysis of Variance

source DF SS MS F p

regression 5 0.746 19 0.14924 161.93 0.00
error 5 0.004 61 0.00092
total 10 0.750 79

source DF SEQ SS

X3 1 0.561 82
X4 1 0.068 69
X3

2 1 0.105 06
X4

2 1 0.002 25
X3X4 1 0.008 37

a s ) 0.030 36,R2 ) 99.4%,R2(adj) ) 98.8%.

y1 ) 0.790+ 0.306X3 - 0.107X4 - 0.196X3
2 + 0.0458X3X4

(5)

Table 6. Regression Analysis for HCN Conversion after Dropping
X4

2

predictora coefficient
standard
deviation t ratio P

constant 0.789 60 0.015 12 52.23 0.000
X3 0.306 00 0.013 80 22.17 0.000
X4 -0.107 00 0.013 80 -7.75 0.000
X3

2 -0.196 27 0.020 47 -9.59 0.000
X3X4 0.045 75 0.016 90 2.71 0.035

Analysis of Variance

source DF SS MS F p

regression 4 0.743 94 0.185 98 162.76 0.00
error 6 0.006 86 0.001 14
total 10 0.750 79

source DF SEQ SS

X3 1 0.561 82
X4 1 0.068 69
X3

2 1 0.105 06
X3X4 1 0.008 37

a s ) 0.033 80,R2 ) 99.1%,R2(adj) ) 98.5%.

Figure 2. Contour plot of HCN conversion versus temperature and GHSV.
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might include reactor shape, catalyst shape, Pt concentration in
the catalyst, and other catalyst-related properties.

3.2.2. Effects of Temperature and GHSV on C3H6 Con-
version.Although C3H6 conversion was not our main concern,
it is important to know how temperature and GHSV affect C3H6

conversion because excessive hydrocarbon emissions are also
harmful to the environment. A regression analysis for C3H6

conversion (y2), similar to that described above, was also
performed. The results showed thatX4

2 and X3X4 were not
significant because thep values for these two terms were larger
than 0.05. After dropping these two terms, a new regression
analysis was done that resulted in the regression equation

An R2 value of 99.0% was also obtained in this analysis, again
indicating that our model explained 99% of the total variability.
Also, we found that temperature and GHSV have no interactive
effect on C3H6 conversion.

The effects of temperature and GHSV on C3H6 conversion
are given by the contour plot of eq 6 as shown in Figure 3. An
excessively high GHSV limits C3H6 conversion, preventing high
C3H6 conversion regardless of the reaction temperature. As
discussed above, we consider that the rollovers at high tem-
perature in these curves are caused by artifacts. That conclusion
is supported by other experiments (not shown here) in which
C3H6 conversion reached a high constant value around 95% with
a GHSV of 30 300 h-1. These curves, produced by our model,
would be improved if more data were taken between the
transition temperature and 287°C. Such a conclusion is common
when using mathematical models derived from a face-centered-
cube design: Some unphysical curvature near the edges of the
data region might need to be adjusted, and this can be fixed by
taking more data in the edge region. A comparison of Figures
2 and 3 shows that a lower C3H6 conversion than HCN
conversion was obtained at the same temperature and GHSV
values, but both reactions follow the same general behavior.

3.2.3. Effects of Temperature and GHSV on NOx Selectiv-
ity. NOx selectivity was also investigated because NOx is
undesirable in engine exhaust, and platinum is known to have
lean-NOx activity. Results from the regression analysis for NOx

selectivity (y3) suggest that the termsX4
2 and X3X4 were not

significant. After these two terms had been dropped, a new
regression equation was obtained with anR2 value of 96.3%

The effects of temperature and GHSV on NOx selectivity are
given by the contour plot of eq 7 afterX3 and X4 have been
replaced by eqs 3 and 4, as shown in Figure 4. NOx selectivity
depends on the temperature more strongly than on the GHSV
value. NOx selectivity is below 100% throughout most of region
of the experimental parameters. High values for the temperature
and GHSV caused NOx selectivities larger than 100% to be
observed. This simply means that the NOx concentration in the
effluent is larger than that in the influent, and this is understand-
able because some HCN is converted to NOx. This occurs
because of the following reactions that are typical in our
experiments:17 (1) NO is reduced by HCN to produce N2O and
N2; (2) HCN is oxidized to N2, N2O, NO, and NO2 with different
selectivities at different temperatures; and (3) NO is oxidized
to NO2. High values for GHSV and low temperature allow NO
to pass the catalyst without much reduction, and this causes
high selectivity for NOx. High temperatures lead to high
conversions of HCN to NOx, which also leads to high NOx
selectivity. Low NOx selectivity occurs at low values of GHSV
and temperatures around 215°C.

4. Conclusions

We have shown by using a fractional factorial experimental
design that NO and C3H6 concentrations have no major effects
on HCN conversion in HCN oxidation reactions over a
supported platinum catalyst under lean-burn conditions. The
fractional factorial design approach demonstrated that the
important factors in HCN conversion under these conditions
were the reaction temperature and the gas hourly space velocity
(GHSV) and also the interaction effects between these two
factors. Central composite design was then used in a detailed
study of the effects of temperature and GHSV on HCN
conversion, C3H6 conversion, and NOx selectivity. The results
show that HCN conversion was strongly affected by temperature
in both a linear term and a polynomial term, by GHSV in a
linear term, and by a temperature-GHSV interaction. Both C3H6

conversion and NOx selectivity were strongly affected by
temperature in both a linear term and a polynomial term and
by GHSV in a linear term, with no interaction effects between
temperature and GHSV found. Low NOx selectivity was found
at low GHSV values near a temperature of 215°C.
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