Catalytic oxidation of NO to NO, for nitric acid production

over a Pt/Al,O; catalyst

Ata ul Rauf Salman?, Bjgrn Christian Enger®, Xavier Auvray? ¢, Rune Lgdeng®, Mohan Menon9,

David Waller?, Magnus Rgnning®*

a Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU),

Sem Szlands vei 4, NO-7491 Trondheim, Norway.

b SINTEF Industry, Kinetic and Catalysis group, P.O. Box 4760 Torgarden, NO-7465 Trondheim,

Norway.

¢ Current address: Competence Centre for Catalysis, Chemical Engineering, Chalmers University

of Technology, S-412 96 Gothenburg, Sweden

d YARA Technology Center, Hergya Forskningspark, Bygg 92, Hydrovegen 67, NO-3936 Porsgrunn,

Norway.
* Corresponding author. Tel.: +47 73594121.

E-mail address: magnus.ronning@ntnu.no (M. Rgnning).



Abstract

The oxidation of nitric oxide (NO) to nitrogen dioxide (NO3) is a key step both in NOx abatement
technologies as well as in the Ostwald process for nitric acid production. A 1 wt.% Pt/Al,03
catalyst was used to study oxidation of nitric oxide at two different concentrations of NO; 400
ppm NO (representative of engine exhaust treatment) and 10% NO (nitric acid plant). The catalyst
was characterised using N, adsorption and CO chemisorption. The effect of temperature and feed

concentration on catalytic activity was investigated.

For a feed comprising of 10% NO and 6% O, Pt/Al,03 exhibits significant catalytic activity above
300°C. Addition of 15% H,0 in the feed had an insignificant effect on activity of the catalyst. We
report for the first time the kinetics for oxidation of NO to NO2 under nitric acid plant conditions.
An apparent activation energy of 33 kJ/mol was observed. The rate equation for the overall
reaction was determined to be r=kiKs(P0O2)?>, where ks is the forward rate constant. The reaction
is independent of NO concentration while it has half order dependency on oxygen. The reaction
mechanism which fits our experimental observation consists of dissociative adsorption of
oxygen, associative adsorption of nitric oxide with desorption of nitrogen dioxide as the rate

limiting step.
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1 Introduction

Nitric acid is an important commodity chemical, mainly consumed for production of nitrogenous
fertilizers. Commercial production takes place via the Ostwald process, consisting of three
important chemical steps, (a) Oxidation of ammonia over a Pt/Rh gauze catalyst (b) Gas phase

oxidation of NO into NO; (c) Absorption of NO; into water to yield nitric acid [1].
Oxidation of NO, governed by equation (1),
2NO+0; = 2NO; ArHz9s =-113.8 ki/mol (1)

is one of very few third order reactions and is peculiar in the sense that it has an inverse
dependence on temperature [2]. According to Le Chatelier's principle, the forward reaction is
favoured by low temperature and high pressure. Formation of NO; is favoured both kinetically

and thermodynamically by low temperatures.

In the Ostwald process, typical gas composition at the exit of the ammonia combustion step is
10% NO, 6% O, and 15% H,0 [1]. Gas phase oxidation of nitric oxide occurs in tubing and heat
exchangers downstream of the NHs oxidation reactor, cooling down the reaction mixture to
favour the forward reaction. Use of a catalyst to oxidise nitric oxide has several advantages: a) It
will accelerate the oxidation process, b) Capital costs may be reduced due to replacement of a
bulky homogeneous process with a more compact heterogeneous catalytic process, c) It will
enable significant heat recovery and d) Increased absorption column throughput. Despite past
efforts, no catalyst that is effective under industrial conditions has been found and implemented
[1]. To the best of our knowledge, except from one early patent, no published studies exists

dealing with catalytic oxidation of nitric oxide at typical nitric acid plant conditions [3].



Catalytic oxidation of NO is a vital step in lean NO abatement technologies such as NOy storage and
reduction (NSR) [4] and selective catalytic reduction (SCR) [5]. Oxidation of nitric oxide over supported
catalysts has been studied at feed concentrations varying over a wide range from 100-1500 ppm NO and
0.1-30% 0, [6]. Various catalysts have been investigated including noble metals [7-9], metal oxides

[10-12] and perovskites [13, 14]. The performance of catalysts for NO oxidation at such conditions

have been reviewed by Russel and Epling [15] and Hong et al. [16].

Platinum is known to be an excellent oxidation catalyst [17]. Platinum catalysts on different
support phases were shown to exhibit NO oxidation activity in the following order:
Si02>Al,03>ZrO; [18]. The reaction is kinetically limited at lower temperatures while at higher
temperatures thermodynamics limit the conversion. NO oxidation catalysed by supported
platinum catalysts is strongly dependent on Pt particle size, with higher NO oxidation rates
observed for larger Pt particles. Smaller Pt particles oxidise more easily than larger ones, leading

to a decrease in the number of active sites and hence lower overall catalytic activity [7, 19].

It has been claimed that the catalytic activity of platinum for NO oxidation increases with O,
concentration up to 10% while an increase in NO concentration lowers the conversion [6].
Kinetics of NO oxidation on platinum for diesel exhaust treatment has been investigated by many
authors [7, 20-26]. Mulla et al. [23] studied kinetics in dry feed conditions and reported a global
power rate equation of the form r=k [NO]![02][NO2]* demonstrating the inhibition effect of
NO;[23]. Presence of water in the feed results in a decrease in conversion and has been

attributed to competitive adsorption of water[27-29], but kinetics remain unchanged [30].

Here we report catalytic oxidation of nitric oxide using a dry feed (10% NO, 6% O2) and wet feed

(10% NO, 6% 02 and 15% H,0) at atmospheric pressure simulating nitric acid plant conditions. A



1 wt.% Pt/Al,O3 catalyst was used in this study. The design of the experimental setup capable of
replicating industrial conditions in laboratory scale and investigating catalytic activity is
discussed. Experimental setup was validated by reproducing the activity at typical diesel exhaust
conditions (400 ppm NO) and compared with literature. The studies at nitric acid plant conditions
(10% NO) show promising catalytic activity. Furthermore, the reaction orders and activation

energy were investigated and a reaction mechanism is proposed.

2 Experimental

2.1 Catalyst preparation
The y-Al>03 support (Puralox SCCA. Sasol GMBH) was pre-calcined at 750 °C for 2 h in air and

impregnated with 1 wt.% Pt using a one-step incipient wetness impregnation by an aqueous
solution of platinum nitrate Pt(NOs)s (Alfa Aesar, 15 wt.% solution). The material was thereafter
dried in ambient air at 120 °C overnight before calcination in a flow of dry air (170 Ncm3/min),
heating at 10 °C/min from ambient to 600 °C, holding for 2 h and subsequently cooled inside the
calcination reactor. The calcined material was ground and sieved to give a particle size fraction

in the range 53-90 um.

2.2 Surface area measurement
BET surface area was measured by N; adsorption using a Micromeritics TriStar 3000 instrument.

The sample (100 mg) was degassed at 200 °C overnight prior to measurements. The specific
surface areas and pore volumes were calculated using the BET [31] and BJH (desorption) methods

[32, 33].

2.3 Dispersion measurements
CO adsorption isotherms were recorded on a Micromeritics ASAP 2010S unit at 35 °C. A sample

of 250 mg was loaded into a U-shaped reactor with an external thermocouple for temperature



control. The sample was dried and evacuated at 100 °C for 30 min and reduced in flowing
hydrogen by heating at 10 °C/min from ambient to 450 °C and holding for 2 h. After reduction,
the sample was evacuated for 30 min at 450 °C followed by evacuation for 30 min at 35 °C. The
CO adsorption isotherm was measured in the pressure range of 150-400 mmHg. After
measurement of the first isotherm, the sample was degassed, followed by a second CO
adsorption isotherm. The dispersion was calculated based on strongly adsorbed CO, assuming a

CO/Pt adsorption ratio of 1.

The average Pt particle size was calculated using the following equation, assuming cubic particles

[34].

dpt (nm) = 0.821/Dpt

where Dpt is platinum dispersion, determined by CO adsorption and dp: is average particle size

2.4 Experimental set-up
There are some obvious challenges in replicating this industrial process in the laboratory. High

concentrations of NO (10%) favour gas phase reactions. It is crucial to minimise such gas phase
contributions in order to study the catalytic activity. The reactor design is illustrated in Fig. 1. A
vertical stainless-steel tubular reactor (ID = 9.7 mm) was installed between two semi-cylindrical
heat-equalizing aluminium blocks. Four cartridge heaters were inserted into the aluminium block
at equal distances from the reactor axis to ensure uniform heating. The temperature in each
block was measured by a K-type thermocouple close to the reactor confirming uniform heating.
The temperature in the catalyst bed was controlled by a K-type thermocouple inserted into the

bed from the top of the reactor, shielded from the bed by a stainless-steel sleeve.



Figure 2 shows a simplified flow diagram for the experimental setup. Reactant gases were
obtained from AGA AS (1000 ppm NO/Ar, 40% NO/Ar, 40% O,/Ar) and argon (AGA AS,
99.99999%) was used as inert gas. Gases were controlled using Bronkhorst mass-flow
controllers. All gases were individually heated to 200 °C and mixed at the inlet of the reactor. A
3-way valve was used to bypass the reactor, thus also enabling feed gas analysis. Water was
introduced into the feed stream by evaporating pressurized deionized water using a Controlled

Evaporator Mixer (Bronkhorst).

The product gases were diluted with 800 Ncm3/min of argon at the reactor exit to minimize gas
phase reactions and quench the temperature to 191 °C. Inlet and outlet gas concentration were

analysed by an infrared gas analyser (MKS 2030-HS, 5.11m path length, 1 bar and 191 °C).

2.5 Catalytic activity measurements
The catalyst was mixed with SiC (53-90 um) to minimize axial temperature gradients caused by

NO oxidation. The catalyst sample was placed between two quartz wool plugs inside the reactor
to keep the sample in place. The total feed flow was fixed at 200 Ncm3/min. The catalyst was
activated by heating from ambient temperature at 10 °C/min in 200 Ncm3/min of 7.5 % H, /Ar

and maintained at 450 °C for 2 h.

For investigation at diesel exhaust conditions, 100 mg of catalyst was mixed with 1.1 g SiC
corresponding to a space velocity of 217,000 h. For nitric acid plant conditions, 500 mg of

catalyst was mixed with 2.75 g SiC corresponding to a space velocity of 43,400 h!.

Initial tests were performed using a feed consisting of 6 % 0, 15% H,0 (when used) mixed with

NO and Ar. Two different concentration levels of NO were studied, representing diesel exhaust



oxidation and industrial nitric acid production, respectively: 1) 400 ppm NO, and 2) 10% NO. Blank
tests were performed without catalyst to measure and evaluate contributions from the gas
phase, empty reactor and tubing. When present, this contribution was subtracted to target the

catalytic conversion.

Conversion of NO to NO; was calculated by the following equation

NO
NO Conversion [%] = a * M * 100

[NOlintet

Where [NO2]outlet and [NOJinet are concentrations of NO> at outlet and NO at inlet of the reactor,
respectively. Constant “a” accounts for volume change with the reaction [35] where a = 0.99996

and 0.99 for diesel exhaust and nitric acid plant conditions respectively.

The effect of temperature on catalyst activity was measured by performing NO oxidation in the
range 100-450 °C at atmospheric pressure. At diesel exhaust conditions, due to slow changes in
the adsorption of low levels of NO, increments of 50 °C were followed by stabilization for 30 min
to achieve steady state. At nitric acid plant conditions, the temperature was increased at 5

°C/min.

For calculation of apparent activation energy and reaction orders, NO conversion was restricted
below 15%. Use of the Weisz-Prater criterion [36] confirmed that the system is free from internal
diffusion limitations at the applied conditions. External mass and heat transfer limitations were
checked by calculating the Carberry number (Ca) and using appropriate criteria suggested by
Mears [37], The Ca number was found to be in the order of 10°(<<0.05) indicating absence of

any external limitations.



The apparent activation energy was calculated using an Arrhenius plot based on data obtained
in the range 279-354 °C. The feed composition was maintained at 10% NO and 6% O in argon,

keeping the GHSV at 43,400 h2.

For reaction order measurements, approach to equilibrium (B) [26] was calculated as (PZNOZ/
(PzNoPo2 Keq(T)), where Keq is the equilibrium constant and the values of B were in the range

(0.001-0.032) showing that the reaction is far from equilibrium at the applied conditions at 300

°C.

To obtain a rate expression, experimental conditions were selected to enable calculation of the
order of reaction. The reactions were started using a feed of 10% NO and 6% O in Ar at 300 °C
and maintained for 2 h until stable conversion was achieved. The reactant concentration was
then varied in the ranges 5-11 % NO and 3-9 % O; at constant space velocity. After an initial loss
in activity, NO conversion was largely stabilized, therefore, each condition was maintained for 10
minutes to achieve steady state before collecting data. To target the conversion attributed to the

catalyst, this procedure was repeated without catalyst present for comparison.

3 Results and discussion

Table 1 lists the surface area, dispersion and particle size of the catalyst. A significant drop in
surface area of Al;03 occurred after pre-calcination. The impregnation step with Pt had no impact

on the total surface area of the calcined alumina.

Blank tests performed at diesel exhaust oxidation conditions (400 ppm NO) indicated no
occurrence of gas phase conversion, highlighting positive impact of efforts to reduce gas phase

conversion. In contrast, some authors have reported contributions from the gas phase at similar
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conditions [19, 22, 25, 26]. Fig. 3 shows oxidation of 400 ppm NO with 6% O over Pt/Al,O3 as
a function of temperature. At low temperatures, the conversion increases with temperature
and the reaction is kinetically limited. At 300 °C, maximum conversion is achieved and above this
the reaction becomes thermodynamically limited. The slight difference between experimental
values and the equilibrium curve is attributed to inaccuracies in temperature measurements. The
results are comparable with earlier reports using supported platinum catalysts at diesel exhaust

conditions [6, 19, 20, 25].

Fig. 4 shows the conversion of NO as a function of temperature at nitric acid plant conditions
(10% NO and 6% 0O;). During the blank run, gas phase conversion decreases with increasing
temperatures exhibiting an inverse Arrhenius behaviour [2]. This negative dependence of gas
phase reaction on temperature confirms the inertness of the stainless-steel walls and surfaces.
At 300 °C, about 10% NO conversion was observed. Controlled tests were carried out by filling
the reactor with SiC and Al,03/SiC, which confirmed their inertness. Oxidation of NO over
Pt/Al, O3 starts to increase around 250 °C demonstrating the Arrhenius behaviour of the catalyst
surface reactions. Maximum conversion is achieved around 410 °C where the reaction becomes
thermodynamically limited. The fact that gas phase reactions have a negative dependence on

temperature makes it easier to study catalytic activity at higher temperatures.

To study the effect of water, activity tests were conducted in wet feed (10% NO, 6% O, and 15%
H,0) and an insignificant effect of water was observed. A near identical conversion curve was

obtained as for dry feed as shown in Figure 4.
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Comparison of turn-over frequency (TOF) at 300 °C shows a fivefold increase from 0.04 s at
diesel exhaust conditions to 0.20 s at nitric acid plant conditions. This increase corresponds to
the fivefold decrease in space velocity between the two conditions from 217,000 to 43,400 h'.
Due to significant differences in feed composition and space velocity, absolute comparison is not
possible but it suggests that the catalyst exhibit superior intrinsic activity at lower space velocities
and higher concentrations of NO. Moreover, in comparison with diesel exhaust conditions,
catalytic conversion of 10% NO starts at 250 °C. These results suggest a change in kinetics and

reaction mechanism for NO oxidation at higher NO concentrations.

Fig. 5 shows the effect of temperature on NO oxidation rate. An apparent activation energy (Ea)
of 33 kJ/mol is obtained. Schmitz et al.[25] and Mulla et al [23]. reported values of 35 kl/mol and
39 kJ/mol respectively for Pt/Al,O3 catalyst at diesel exhaust conditions, for a reaction feed free
of nitrogen dioxide. Despite significant differences in feed composition and space velocities in

the current study and previous works, the observed activation energies are in good agreement.

As shown in Fig. 6, the reaction shows a reaction order close to 0.5 for oxygen while it is
independent of NO. Studies conducted at diesel exhaust oxidation conditions have reported
reaction orders of 1, 1 and -1 for NO, O, and NO;, respectively[7, 23], when the feed
concentrations varied from 100-450 ppm NO and with O in the range 5-25% [23]. Molecular
adsorption of O; was assumed as the rate determining step and chemisorbed oxygen as the Most
Abundant Reaction Intermediate (MARI) for the proposed reaction mechanism explaining
experimental observations [7, 23]. Experimental observation of oxygen starting to desorb at 300
°C on Pt/Al,03[24] contradicts the proposed assumption of chemisorbed oxygen as MARI. Other

mechanisms have been proposed as well. Olsson et al. [24] have proposed a Langmuir-
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Hinshelwood model with the surface reaction (NO* + O* — NO,* + * ) as the rate determining

step[24].

In this study, with a high concentration of NO and near stoichiometric amounts of oxygen, the
results suggest that the assumption that O2 is involved in the rate-limiting step is unlikely. On
Pt/Al,0Os, dissociative adsorption of O, has an activation energy barrier while adsorption of NO
has no activation barrier [24]. NO; has a high sticking coefficient and preferentially adsorbs on Pt
surface sites [38, 39]. Based on our findings of reaction orders and the properties of O,, NO and
NO,, we propose the reaction mechanism in Scheme 1.

NO + = —_— NO*

O, +2= T 20%*

NO* + O* — NO,

NO,* _— > NO, + *
Scheme 1 Proposed NO Oxidation Mechanism

Here * represents a vacant Pt active site, ki and Ki denote the rate constant and equilibrium
constant of the ith step, respectively. By assuming step 4 as the rate determining step and NO as

the MARI, the rate expression becomes

r= k4KG (P02)0'5

where Kg = K3(K2)%°. The only kinetically relevant step in this case is the desorption of NO,, and
thermodynamics give the observed half order dependence on O, partial pressure. No other

mechanism was found to satisfy the experimental observations.
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4 Conclusions

Oxidation of nitric oxide was studied over a 1 wt. % Pt/Al,O3 catalyst at two different feed
concentrations a) 400 ppm NO and 6% O representative of diesel exhaust conditions and b) 10%
NO, 6% O; and 15% H,O (when present) simulating nitric acid plant conditions. The effect of
temperature and feed concentration was investigated at nitric acid plant conditions and a

reaction mechanism consistent with the experimental observations was proposed.

At the studied conditions, the apparent activation energy was found to be 33 kJ/mol. The reaction

was found to follow half order dependency of O, and being independent of NO concentration.

In general, increasing NO oxidation rates in the nitric acid production using a platinum catalyst is
possible, in particular above 250 °C, with significant and stable activity. With desorption of NO;
as the rate limiting step, the reaction appears to be inhibited by the product, which is also

reported for diesel exhaust treatment.
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7 Table and Figures

7.1 Table1l

Table 1 BET surface area from N, adsorption, Pt dispersion and corresponding particle size from CO
chemisorption measurements.

Sample Surface Area  Dispersion  Particle Size
BET [m?/g] Dpt [%] dpt [Nnm]
Fresh y—Al,03 176 - -
Calcined y-Al,O3 141

Pt/Al,O3 141 17.7 4.6
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7.2 Figurel
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Figure 1. Design of Reactor

7.3 Figure 2
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Figure 2 Process flow diagram of experimental setup 1. Flow indicator and controller 2. Evaporator 3.
Three-way valve 4. Reactor 5. One way valve, = heated line.
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7.6 Figure5
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