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Abstract

The selective catalytic reduction (SCR) of NO, using NH; was studied at pressures up to 5 bar over a vanadium-based SCR catalyst
(~1 wt% V,05 and 10 wt% WO5/TiO,), relevant for the installation of SCR reactors upstream of the turbocharger at marine engines.
Experiments were performed using both granulated catalyst in a lab-scale fixed-bed reactor and a monolith catalyst in a bench-scale
setup. The residence time across the catalytic bed was kept constant, by increasing the (normalized (0 °C, 1 atm)) volumetric flow
rate proportionally to the pressure. The results show that for the granulated catalyst, the NO, conversion was independent of the
pressure, indicating that the SCR kinetics are not affected by the increased pressure up to 5 bar. NH; temperature-programmed
desorption experiments showed that the catalyst NH; adsorption increased with more than 30% when the pressure was increased
from 1 bar to 4.5 bar. On the other hand, when the adsorption temperature was increased from 150 to 300 °C, the adsorption capacity
decreased by approximately 60% independent on the pressure. The SCR reaction was unaffected by the increased NH; uptake
caused by the increased pressure, because only a certain fraction of the sites (9; 1, =0.14) was found to be active in the SCR
reaction, and these are filled up at lower NH; partial pressure than the total number of sites. Experiments using a monolithic catalyst
showed that at temperatures above 250 °C, the NO, conversion was lower at an increased pressure (3.1 bar) when the residence time
was held constant. This decrease was ascribed to increased internal and external diffusion limitations at the elevated pressure.

Keywords Pre-turbo SCR - SCR of NO, on ships - High-pressure SCR of NO, - NH; TPD - V/W/Ti catalyst

1 Introduction

Currently, more than 80% of the international transport of goods
is covered by ships [1, 2], and the majority of these (> 90% [3]),
are powered by diesel engines. The diesel engine benefits from
low emissions of CO, (g/km); however, pollutants causing acid-
ification and smog such as SO, (SO,, SOs, and H,SO,) and NO,
(NO and NO») are produced [4-8]. It has been estimated that
approximately 30% of the global anthropogenic NO, emissions
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originate from the overall transport sector, and 5-15%
originate from the marine industry alone [4, 9]. The emissions
of NO, and SO, are therefore targeted by the emission legislation
presented by the international maritime organization (IMO)
through the protocol of MARPOL 73/78 Annex VI [10].

SO, emissions are produced due to the sulfur content of the
fuel oil used at a ship, and MARPOL Annex VI regulation 14
therefore limits the fuel oil sulfur content to 3.5 wt% until
2020 [11], after which the global value is further reduced to
0.5 wt% sulfur in the fuel oil or an equivalent treatment of the
exhaust gas. Furthermore, since 2015 when sailing within SO,
emission control areas (SECASs), the sulfur emissions from a
ship must be equivalent to using a fuel oil containing no more
than 0.1 wt% sulfur. The currently known SECAs are the
Baltic Sea, the North Sea, the North American sea area, and
the US Caribbean Sea area [12].

NO, emissions are produced in high-temperature combus-
tion zones within the combustion chamber, mainly through
the Zeldovich mechanism, independent of the fuel oil used
[13, 14]. NO is the main contributor (> 90%) to the NO, emis-
sions from diesel engines [15-19].
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NO, emissions are targeted through the introduction of
MARPOL Annex VI, regulation 13, Tier I (2000) and Tier II
(2011), both of which were reachable by the use of primary
methods which reduces the combustion temperature, and
therefore, also the production of NO,. With the introduction
of MARPOL Annex VI Tier II (2016), 80% NO, reduction is
required compared to the Tier I regulation. Tier III applies to
all ships constructed after 2016 and when sailing within NO,
emission control areas (NECAs), which currently is the North
American sea area and the US Caribbean Sea area [12].

The two leading global engine manufacturers, MAN
Energy Solutions and Wirtsild, have stated that multiple solu-
tions exist to comply with the new NO, regulation. At the
moment, the most favorable solutions are the use of either
exhaust gas recirculation (EGR) [3, 20], selective catalytic
reduction (SCR) of NO,, or dual-fuel engines fueled by either
conventional liquid marine fuels or liquid natural gas (LNG)
[21]. In this article, the focus will be on the SCR of NO,.

SCR of NO, was first introduced in the 1970s and 1980s
for the removal of NO, from stationary applications such as
power plants, waste incinerators, and within the chemical in-
dustry [15, 22, 23]. NO, is typically reduced over a catalyst
containing 1-5 wt% V,05/~10 wt% WO;/TiO, (V-SCR
catalyst) using an N-containing reductant such as ammonia
(NHj3) on stationary units or an aqueous urea solution on
mobile units, which decomposes into NH3 upon heating [15,
16, 24, 25]. The SCR of NO, typically proceeds at tempera-
tures between 200 and 500 °C, during which NO is reduced
according to reaction (1) into harmless nitrogen and water.
Depending on the applied ammonia to NO, ratio (ANR),
NO, reductions above 90% is reachable.

4 NO + 4 NH;3 + O,—4 N, + 6 H,O (1)

A highs sulfur fuel oil (approx. 2.5 wt% sulfur [26]) is
typically used within the marine industry, which results in
concentrations of up to 600 ppm SO, in the flue gas. Up to
10% of the SO, is further oxidized into SO5 within the com-
bustion chamber [27], and a small part of the remaining SO,
(1-3% [28, 29]) is oxidized across the V-SCR catalyst accord-
ing to reaction (2). The V-SCR catalyst is not deactivated by
the presence of SO,; however, when both SO5, H,O, and NH3
are present in the exhaust gas, ammonium bisulfate (ABS,
reaction (3)), and ammonium sulfate (AS, reaction (4)) may
form when the exhaust gas is cooled [30-32].

SO, + '/, 0,—80; (2)
NH3 + SO3 + H20—>NH4HSO4 (3)
2 NH; + SO; + H,0—(NHy),S04 (4)

The sulfates condense, creating solid residues, at tempera-
tures below 260-300 °C, depending on the partial pressures of
NH; and SOs. If the sulfates condense at the surface or within
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the pores of the catalyst [30], the catalyst is deactivated by the
fouling, and hence, temperatures higher than about 300 °C are
required in order to keep the catalyst active in high sulfur
environments, such as a ship. For the highly effective two-
stroke marine diesel engine, such high temperatures are only
continuously present upstream of the turbocharger, where an
increased pressure of up to 5 bar also can be present depending
on the engine load [20, 33-38].

The research within SCR at elevated pressure is scarce and
only a few previous studies have been published. Krocher
et al. [35] measured the effect of increased pressure on NO,
conversion over two monolith V-SCR catalysts (1.47 wt%
V,05) with either 87 or 225 channels per square inch
(CPSI). The experiments were performed with 1000 ppm
NO,, ANR > 1, at pressures of 1 bar, 2 bar, and 4 bar. They
kept the partial pressure of NO and NHj constant, and de-
creased the amount of catalyst inversely proportional to the
pressure, so the actual gas residence time was independent of
the reaction pressure. They noted that at low temperature
(200 °C), the pressure had no effect on the NO, conversion.
However, at higher temperatures (>250 °C), increased pres-
sure resulted in a lower NO, conversion, from 70% at 1 bar to
50% at 4 bar at 250 °C using the 225 CPSI catalyst. The loss in
NO, conversion was attributed to increased diffusion limita-
tions, due to the inverse proportionality between pressure and
the binary diffusion coefficient [39].

Rammelt et al. [36] also investigated the effects of in-
creased pressure on two V-SCR (1.9 wt% V,0s) monolith
catalysts with either 300 or 25 CPSI. In line with Krocher
et al. [35], they observed a drop in NO, conversion with
increasing pressure which was more pronounced for the low
CPSI catalyst, due to longer diffusion pathways.

The present study investigates SCR at elevated pressure,
using both lab-scale packed bed reactors and bench-scale
monoliths to test the effects of pressure on SCR kinetics.
Furthermore, the transient adsorption and desorption of NH3
at increased pressures up to 4.5 bar are investigated to reveal
information of the changes in NH; adsorption with pressure.
Based on the experiments, both steady-state SCR kinetics and
dynamic adsorption and desorption processes are modeled.
The side reaction of SO, oxidation was studied in a previous
publication by Christensen et al. [40].

2 Experimental Methods

2.1 Lab-Scale Setup

2.1.1 Apparatus

The packed bed reactor shown schematically in Fig. 1 was

used for kinetic SCR studies up to 5 bar. Four mass flow
controllers from Brooks (SLAS5850) controlled the gas
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Fig. 1 The lab-scale test setup used for SCR experiments and NH; TPD experiments at elevated pressure using a granulated V-SCR catalyst

composition. Water was added by the use of a HPLC pump
(Gilson 307) and carried together with air, nitrogen, and am-
monia into the homemade evaporator (H1), which consisted
of 0.5 m 1/8 in 316 steel tube which was coiled together with
heat tracing (HSS from Lund & Serensen) and operated at a
temperature of 350 °C. After the evaporator, all tubes were
heat traced to 150 °C to ensure that water vapor did not con-
dense. NO was added to the hot gas downstream of the evap-
orator, to ensure that the oxidation of NO into NO, was low,
similar to diesel engine conditions (NO >90% NO, [41]).

The synthetic gas mixture was passed through a packed
bed reactor, contained within a U-type quartz reactor. The
position of the catalytic bed was maintained by a quartz wool
plug on both sides, and a constriction of the glass tube, be-
neath the catalyst bed. A thermocouple was placed before the
catalytic bed, to measure the temperature. After the reactor, the
pressure was reduced by two automatic back pressure valves
(Fisher Fieldvue DVC 2000), and gas concentrations were
measured at atmospheric pressure using an MKS Multigas
2030 FTIR analyzer.

2.1.2 Catalyst

An SCR catalyst containing approximately 1 wt% V,Os/
10 wt% WO3/TiO, (V-SCR) was supplied by Umicore
Denmark ApS. The catalyst was produced as a monolith, from
which the catalyst powder was obtained by crushing and re-
moving of visible fibers. The powder was pressed into self-
supporting pellets, which were crushed and sieved into cata-
lyst particles with a size fraction of 150-300 um, and loaded
in the reactor setup. The fraction of 150-300 pwm was chosen
to diminish diffusion limitations, as shown in the online sup-
plementary material..

2.1.3 Steady-State SCR—Experimental Methodology

Approximately 20 mg of catalyst was loaded in a U-type
quartz reactor (as shown in Fig. 2a) with an inner diameter
of 3 mm, resulting in a bed height of 4 mm. Catalysts were
degreened for 20 hours at 410 °C and 4.8 bar using a volu-
metric flow rate of 1200 NmL/min, containing 10% O,, 8%
H,0, 600 ppm NO,, and 720 ppm NHj3 in N».

After degreening, steady-state SCR experiments were car-
ried out with typical gas concentrations of 10% O,, 8% H,0,
600 ppm NO,, and an ammonia to NO, ratio (ANR) of 0.8—
1.2 in N,. The pressure was varied in steps of 1.2 bar up to
4.8 bar. The residence time within the catalyst bed was kept
independent of pressure by increasing the total volumetric
flow rate proportional with the pressure as shown in Eq. (5):

P reactor
Qtotal@P = QO ' latm (5)

Here, Q, is the design total volumetric flow rate (normal
(0°C, 1 atm)) used at 1 atm, P10 1S the reactor pressure, and
Quoui@p 1S the total volumetric flow rate calculated for the
specific pressure. At 1.2 bar, a total volumetric flow rate of
300 NmL/min was used and at 4.8 bar a total volumetric flow
rate of 1200 NmL/min was used. The gas outlet concentra-
tions were continuously measured by the FTIR analyzer using
the mean results of 16 spectra per sample resulting in gas
concentration outputs every 16th second.

2.1.4 NH; TPD—Experimental Methodology
Approximately 115 mg of catalyst loaded in a U-type quartz

reactor, with an inner diameter of 4 mm. The catalyst was
degreened for 20 hours at 410 °C and 4.5 bar using a total
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Fig.2 Granulated catalyst particles in a packed bed reactor (PBR) (a) and
the monolith catalyst with nine open channels (b)

volumetric flow rate of 600 NmL/min containing 9% O,, 8%
H,O in N,. The increased reactor diameter was used to de-
crease the pressure drop over the increased amount of catalyst,
compared to the steady-state SCR experiments.

The NH; temperature programmed desorption (NH; TPD)
experiments consisted of 1 hour of NH; adsorption at a spe-
cific temperature (150 °C, 200 °C, 250 °C, and 300 °C) and
pressure using a flow of 300 NmL/min containing 9% O,, 8%
H,0, and 600 ppm NHj3 in N,. During NH; TPD experiments,
the total volumetric flow rate was kept constant at 300 NmL/
min. After 1 hour, the outlet concentration of NH; was the
same as the inlet concentration (typically already after 5-10
min.), i.e., the catalyst surface was saturated, and the flow of
NH; and H,O was stopped. Feeding of H,O was stopped to
remove small pulsations from the pumping and evaporation of
H,O0, so the desorption curve was smooth. During desorption,
a total volumetric flow rate of 300 NmL/min was used at 1 bar,
while in all other experiments, a total volumetric flow rate of
276 NmL/min was used due to slightly different set points of
the nitrogen MFC setting. After flushing for 1 hour, a temper-
ature ramp (10 K/min) was performed from the saturation
temperature and until 420 °C. The temperature was main-
tained at 420 °C for 20 min before the reactor was cooled to
the next adsorption temperature. The gas outlet concentrations
were continuously measured by the FTIR analyzer using the
mean of two spectra per sample resulting in gas concentration
outputs every 2 s.

During NH3 adsorption, the outlet concentration was ob-
served to correspond to the inlet concentration indicating that
no NHj; oxidation was present at any adsorption temperatures
(150-300 °C). Ammonia oxidation could occur under the de-
sorption; however, for the applied low vanadium-based cata-
lyst, NH; oxidation is first expected at temperatures well
above 350 °C, during which most of the NH;3 has been
desorbed. Therefore, NH; oxidation has been disregarded.

Blank experiments (i.e., no catalyst loaded) were per-
formed to examine the response of the setup when NHj;
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addition was stopped. The first blank experiment was per-
formed at 1.2 bar, with NH; adsorption steps at 150 °C,
200 °C, 250 °C, and 300 °C all followed by the described
heating ramp. However, since no change was observed be-
tween the different temperatures, the ramp was skipped, and
the blank experiments were performed without the ramp to
save time and only at a temperature of 150 °C. Because the
ramp was skipped, the blank experiments were shorter than
the actual experiment.

2.2 Bench-Scale Setup
2.2.1 Apparatus

Experiments using monolith catalyst elements at elevated
pressure were performed with the setup previously described
in detail, for the measurements of pressurized SO, oxidation
over a V-SCR catalyst by Christensen et al. [40]. The setup is a
bench-scale setup for testing monolith catalysts using Brooks
smart flow controllers for gasses (Air, N,, NO, and NH3) and
Brooks liquid mass flow controller (model 5882) for water
addition. Air, nitrogen, and water were passed through a pre-
heater, in which water was evaporated. The gas mixture was
further heated in a second heater, after which NH; and NO
were added upstream of a static mixer from Sulzer, from
which the hot mixed gas was passed through the monolith
catalyst. The catalyst was placed within a square electrically
heated furnace, and gas analysis was performed using a
Gasmet FTIR analyzer (GASMET DX - 4000) by the with-
drawal of gas before and after the catalyst.

2.2.2 Catalyst

A V-SCR monolith catalyst (~1 wt% V,05/10 wt% WO3/
TiO,) was cut into a square cross-sectional area (43.5 mm),
and a length of 99.1 mm and the sides were sealed with
quartz wool. Furthermore, to reduce external mass transfer
limitations and the NO, conversion, all but nine channels
of the monolith were sealed resulting in an open area of
223 mmz, 1.e., area without the channel walls, as shown in
Fig. 2b.

2.2.3 Steady-State SCR—Experimental Methodology

The monolith was loaded into the reactor setup, and the cata-
lyst was degreened at 410 °C in a flow of air and 5% H,O for
15 hours. The SCR reaction was performed at 1 and 3 bar
while keeping the residence time independent of the pressure
as shown in Eq. (5). At 1 bar, a flow of 4.9 Nm®/h was used
containing 8% O,, 5% H,0, 720 ppm NO,, and ANR =0.75
or 1.16 in N,.
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3 Results
3.1 High-Pressure Steady-State SCR Experiments

The SCR experiments were carried out at steady-state condi-
tions, and the measured NO,, conversion as a function of tem-
perature is shown for ANR = 1.2 and ANR =0.8 in Fig. 3.
Figure 3 shows that the NO, conversion is independent of
the pressure when the residence time is kept constant. The
NH; and NO, consumption was found to follow the stoichi-
ometry according to reaction (1) (1:1), within 5% of the total
NO, concentration, or at low concentration (<100 ppm)
where differences in gas measurements give a large error with-
in 15 ppm. Formation of other byproducts such as N,O from
NH; oxidation was not observed at any conditions. At atmo-
spheric pressure water is known to limit the formation of N,O
across V-SCR due to competitive adsorption [7, 24], which
also seems to apply for increased pressure. Figure 3 shows that
the kinetics of the SCR reaction is not affected by pressures up
to 4.8 bar. The small variations observed are within the exper-
imental uncertainty. Furthermore, Fig. 3b shows that when
NH; becomes the limiting reactant at high temperatures, the
conversion of NO, levels off at a NO, conversion close to the
ANR value, as also typically reported for atmospheric pres-
sures. The fact that the SCR reaction is not affected by the
increased pressure also means that a regular kinetic expression
[15, 24, 42, 43] taking into account the NH; surface coverage
can be used, either in more complicated forms of Temkin
isotherms as discussed later or using regular Langmuir iso-
therms as in the simplified Eley-Rideal mechanism [42] as
given in Eq. (6). Figure 3a also indicates that the reaction
can be treated as a first-order reaction at ANR > 1, because

100

the conversion does not change when the pressure is in-
creased, i.e., no changes at increased partial pressures.

Knw,+ Cna,
1+ KNH3 . CNH3

(6)

Rno = kno - Cno

The addition of NO to the hot gas ensured that the maxi-
mum concentration of NO, in the feed gas was 40 ppm NO,
(at 4.8 bar) out of a total NO, concentration of 600 ppm, which
was not observed to change the NO, reduction, so the reaction
can be modeled as only the standard SCR reaction, i.e., con-
sidering all NO,, as NO.

To investigate the NO reaction order, inlet NO concentra-
tions of 300, 600, and 900 ppm NO were used, with constant
residence time and using an ANR of 0.8 or 1.2 as shown in
Fig. 4.

Figure 4 shows that changing the inlet NO, concentration
from 600 to 900 ppm did not affect the NO, conversion as
expected for a reaction that is first order in NO. The NO,
concentration increased to 50 ppm for the case of 900 ppm
NO, at 3.6 bar, i.e., 94% of NO, is NO, and the assumption of
only standard SCR is still applicable. When the inlet NO,
concentration was lowered to 300 ppm (at 3.6 bar), the NO,
conversion unexpectedly increased at the lower temperature
range which is expected to be due to an unintended increased
residence time within the catalyst. A concentration of
300 ppm of NO, is well within normal atmospheric SCR
operation [24, 44]. The expected effects of increased pressure
include increased NH; adsorption, decreased diffusivity, and
the possibility of increased formation of NO,. The increased
NH; adsorption at increased pressure should not affect an
experiment with ANR = 1.2, because the rate of NO reaction

100

e P=12bar T == Ip'=12bar, ANR=1.2 o
01 w P=24bar o5’ T 901 —e—P =1.2 bar -7 T
0] 4 P=36bar o« 1 gl = P=24bar - ]
= * P=48bar Aﬁ = A P=236bar L7 /.—'ﬂ‘.—_&
S A 4 £ 70{ x P=48bar o .
5 / 5 f
‘n 60 4 & 604 J
4 a 4 e
Z 50+ / 4 2z 504 ]
8 [ * 8 ‘/
2 40- 1 9 40 -
o) o
Z 30- 1 Z 30- -
20 . 20 .
104 A . 104 'y .
o ﬂ/ﬁ’
0 T T T T T T T T T 0 T T T T T T T T T
200 225 250 275 300 325 350 375 400 200 225 250 275 300 325 350 375 400

Temperature (°C)

a ANR=1.2

Fig. 3 Packed bed steady-state SCR experiments using 20.8 mg (~1 wt%
V,05) V-SCR catalyst and a flow of 300 NmL/min at 1.2 bar containing
10% O,, 8% H,0, 600 ppm NO,, ANR = 1.2 (a), or ANR =0.8 (b) in N.

Temperature (°C)

b ANR=0.8

The residence time was kept constant by increasing the total volumetric
flow rate according to Eq. (5)
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Fig. 4 Packed bed steady-state SCR experiments using 20.5 mg (~1 wt%
V,05) V-SCR catalyst and a flow rate of 300 NmL/min at 1.2 bar con-
taining 10% O,, 5% H,0, 300, 600, or 900 ppm NO,, ANR = 1.2 (a) or

is independent of NH; coverage, as also will be shown later.
Furthermore, the behavior should have been visible indepen-
dently of the NO, inlet concentration. A decrease in diffusivity
would lower the NO, conversion and is first observed in
diffusion-controlled operation, such as a monolith, and again
should be present independently of the NO, inlet concentra-
tion. Lastly, the increased formation of NO, at increased pres-
sure was observed, however, never exceeding 6% of the total
NO, and the effect is more pronounced at increased NO, con-
centrations due to a second-order reaction dependency in NO
for the NO oxidation [45]. Therefore, the change in conver-
sion observed with an inlet concentration of 300 ppm NO, at
an ANR of 1.2 or 0.8 is likely due to an unintended lower total
volumetric flow rate, resulting in increased residence time.

3.2 NH; TPD at Elevated Pressure

NH; TPD experiments were performed at 1.2, 2.4, 3.6, and
4.5 bar using a total volumetric flow rate during adsorption of
300 NmL/min containing 9% O,, 8% H,0, and 600 ppm NH;
in N,. A typical set of data for TPD at 1.2 bar is shown in
Fig. 5. Similar plots for 2.4, 3.6, and 4.5 bar and a zoom of the
NH; peaks can be found in the online supplementary material.

Figure 5 shows that loosely bound NH3 desorbs during the
1-hour flush, while the rest of the NHj is released during the
temperature ramp. No NH; was released during the 20-min
isotherm at 420 °C. Integration of the data for the desorption
of NH; was performed at each pressure and temperature, to
calculate the amount of NH; adsorbed on the surface of the
catalyst. Integration of the full desorption curve was per-
formed, but also the heating ramp peak only. The blank ex-
periments, performed without a catalyst, resulted in full de-
sorption backgrounds of 97, 150, 166, and 166 pmol/g.,. NHj
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Temperature (°C)

b ANR=0.8

ANR = 0.8 (b) in N,. The residence time was kept constant by increasing
the total volumetric flow rate according to Eq. (5)

at 150 °C, and a pressure of 1.2, 2.4, 3.6, and 4.5 bar, respec-
tively. The background integration was divided by the amount
of catalyst used in the actual experiments, to ease comparison.
The backgrounds were withdrawn from the integration, and
the NH; adsorbed on the surface of the catalyst was calculated
as shown in Fig. 6.

Figure 6 shows that in general the ammonia, adsorption
increases as the pressure increases, and that the ammonia ad-
sorption decreases as the adsorption temperature increases.
Figure 6a shows that at the high adsorption temperature of
300 °C, the adsorption capacity of the catalyst is similar at
pressures above 2.4 bar. At this high temperature, the amount
of NHj; stored on the catalyst is low, and hence, the small
increase, at increased pressure, is likely hidden within the
uncertainty (+5% of the mean) of the blank experiments.
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Fig. 5 NH; TPD at a pressure of 1.2 bar. NH; adsorption is performed at
four different temperatures (150, 200, 250, and 300 °C), using a total
volumetric flow rate during adsorption of 300 NmL/min containing 9%
0,, 8% H,0, and ~600 ppm NHj3 in N,
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Fig. 6 The amount (umol NHs/g.,) of NH3 adsorbed on the catalyst for the full desorption curve (a) and for the desorption peak during the ramp (b). It
should be noted that the measured blank values have been subtracted for both cases

Figure 6b shows more clearly the increased adsorption at in-
creased pressure, also at 300 °C. It should be noted that even
though the NH; adsorption increases with the increasing pres-
sure, the steady-state NO, reduction was found to be indepen-
dent of the pressure, and hence does not affect the SCR reac-
tion, as will be further discussed during the kinetic modeling.

Figure 6a shows that by increasing the pressure 3.8 times
(from 1.2 to 4.5 bar), the amount of NHj; stored on the catalyst
increases by 36% at a temperature of 150 °C. Bank et al. [34]
reported for a washcoated monolith that the integral ammonia
storage for a 100 cpsi vanadium-based SCR catalyst increased
by approximately 70% by changing the pressure from 1 to
2 bar at 215 °C. The reason for the difference between the
results reported by Bank et al., and the results obtained here
is not clear, but may be related to the catalyst composition
which was not disclosed in their study. Furthermore, Bank
et al. [34] did not report if blank experiments were performed
and subtracted, which is an important issue due to the in-
creased mass of gas contained within the setup at increased
pressure. For instance, if the blank is not subtracted, the ad-
sorption at 150 °C increases by 46% instead of 35% when the
pressure is increased by a factor 4. The blank experiments
depend on the dynamics of the experimental facility, and for
larger facilities, for instance using monoliths such as that used
by Bank et al. [34], the effect of the blank experiment is ex-
pected to increase.

3.2.1 Modeling of the Transient Adsorption/Desorption
Experiments

A transient model was set up in order to obtain the kinetics
describing the adsorption-desorption processes. The gas phase

concentration of NH; was modeled similarly to Lietti et al.
[46] as an isothermal plug flow reactor, which was simplified
in this study as CSTRs in series. Diffusion limitations and
axial dispersion were estimated to be negligible as shown in
the online supplementary material. The gas phase concentra-
tion and the surface coverage of NHj; are therefore given by
Egs. (7) and (8).

dCN Vo 1—¢

— = «(Cy-1—C - — 7
d eV (Cn-1=Cw) + (ran—ran) 5 (7)

do

T;V =FaN"TdN (8)

Here, N is the CSTR number, Cy is the NH; concentration
out of the N CSTR, Cy.; is the inlet concentration of NHs, vo
is the volumetric flow rate, Vy is the volume of the NI CSTR,
¢ is the interparticle porosity of the reactor volume, (2’ is the
NHj adsorption capacity (mol/m® particles), the density of the
particles are 1236 kg/m? particles, 0 is the surface coverage
of NHj;, and 7,  and 7, are the rate of adsorption and the
rate of desorption, respectively. The rate of adsorption and
desorption is given by Eq. (9) and Eq. (10), respectively.

-E,

raN = kg'exp <ﬁ> 'CN'(I_QN) (9)
—E%-(1—a-f

raN = kg.exp (d(TN)) '9N (]0)

Here, k2 and E, are the pre-exponential factor and the ac-
tivation energy of the adsorption process, and kg and Eg are
the pre-exponential factor and the activation energy for the
desorption process. « is a parameter in the Temkin isotherm.
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The Temkin isotherm was reported by Lietti et al. [46] to
provide a better fit compared to a regular Langmuir isotherm
(a=0). A non-zero value of alpha induces a linear decrease in
activation energy for the desorption process as the surface of
the catalyst is filled by the adsorbate (6§ — 1). Lietti et al. [46]
found that the rate of adsorption was well represented by a
non-activated (£, = 0) process in line with the adsorption of an
alkaline specie, such as NH3, on the acidic surface cites of the
catalyst, which will also be used in this study.

3.3 Transient Model Fitting

The unknown adsorption and desorption kinetic parameters,
ie., k% kY, EY, o, and £, were fitted by the use of
MATLAB’s™ function “fmincon” using 30 CSTRs in series.
According to Levenspiel [47], the number of CSTRs in series
that should be used to approximate the flow profile in a fixed
bed is given by Eq. (11)

Nianks = Nparticles (1 1)

With a bed height of 12 mm and a particle diameter of 150—
300 pm, this results in 40-80 tanks in series. Thirty CSTRs in
series were initially chosen to ensure fast simulation, and the
final fitting was verified against a run with 80 tanks in series
which did not change the fitting results. The fitting procedure
minimizes the function given by Eq. (12)

Fl) =y ( Iymeas—ymodeﬂ) (12)

y meas

in which ypeas and ymodel are vectors containing the mea-
sured and modeled gas phase NH; concentration as a function
of time. The blank experiments were difficult to subtract as a
vector from the actual experiment, because the time signals do
not fully overlay each other, and so it was decided to only fit
the NH; peak during the ramp of temperature, during which
the background was negligible (< 3 ppm NH3).

The NHj; capacity of the catalyst (£2’) was calculated based
on the data shown in Fig. 6a, from which it was found that the
NHj capacity was highest at the lowest temperature (150 °C)
and the highest pressure (4.5 bar) tested. Therefore, the total
NH; adsorption capacity was calculated based on the mea-
sured total NH;3 adsorption at 150 °C and 4.5 bar to (2° =
228 mol NH3/m® particle. It is thus assumed that the surface
of the catalyst is completely filled with NH; (f=1) at a pres-
sure of 4.5 bar and at a temperature of 150 °C. In case the
model predicts a non-saturated surface, a new NHj capacity
should be calculated and a new fitting performed, hence the
calculation would be iterative. As shown later, the surface
coverage is found to be close to 1 (0.98). The NH; capacity
reported by Lietti et al. [46] was 270 mol NHs/m? reactor for a
similar ternary 1.47 wt% V,05—9 wt% WOs-TiO, catalyst. As
a comparison, the NH3 capacity found in this study in the

@ Springer

same units gives 372 mol NH3/m® reactor based upon the
bed porosity, as shown in Eq. (14). The bed porosity was
calculated under the assumption of spherical particles based
on the empirical formula presented by Pushnov [48] and
shown in Eq. (13). Pushnov reported an average deviation of
the formula of £5.26%.

1
f=——— 5 +0375=038 (13)
(Dreactor/ dpaﬂicle)
/ 1_ 1
N=0. =3 (14)
m> reactor

The calculated NH; capacity in the case of the pressurized
experiments reported here is, therefore, higher than the one
reported by Lietti et al. [46]. This is possibly due to the in-
creased pressure used in this work and the fact that the cata-
lysts are different. Lietti et al. [46] also reported the NH;
capacity for a binary catalyst (V,05-TiO,), 209 mol/m? reac-
tor, and explained the difference due to changes in surface
area, i.c., 46 m?/ g.at for the binary catalyst vs. 80 m?/ Qear fOr
the ternary catalyst. For the catalyst used in this study, a sim-
ilar catalyst surface area as that for the ternary catalyst was
found by N, adsorption calculations (BET method). The dif-
ference in NHj capacity can therefore not be explained by
different surface areas.

With the NH; capacity fixed at 228 mol NH;/m® parti-
cle (372 mol NHs/m? reactor), the four last fitting param-
eters (kg, kg, ES,, and «) were fitted using 30 CSTRs in
series, only fitting the NH; peaks, however, using the
combined data with all pressures and temperatures.
Based on different initial guesses, it was found that the
model was able to find different parameter values that
fitted the data equally well. Therefore, the quality of an
individual fit was evaluated based on how well the NH;
adsorption and desorption kinetics were able to predict the
steady-state NO conversion presented earlier. It was found
that the adsorption constant (kg ) should be large in order
to predict a correct surface coverage of the catalyst, which
also was able to predict the observed NO, reduction dur-
ing steady-state SCR. The only solution that was found to
both fit the NH; TPD experiments and the steady-state
SCR experiments is shown in Table 1 in which the values
reported in the article by Lietti et al. [46] are also shown
for comparison.

Most of the fitted values in this study are close to those
reported by Lietti et al. [46], with the main difference being
the rate of adsorption, which is more than ten times larger than
that reported by Lietti et al. The increased rate of adsorption
could be related to a more acidic catalyst, which is also in line
with the higher NHj3 capacity. It was noted that a similar ki-
netic constant was found across the different adsorption tem-
peratures, again indicating that the pressure does not affect the
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Table 1 The fitted adsorption-desorption kinetic parameters including the parameters reported by Lietti et al. [46] for a ternary 1.47 wt% V,0s/WO;/
TiO, catalyst. {2 is in this study calculated based upon the amount of NH; adsorbed at 150 °C and 4.5 bar. E,, is assumed to be zero in both studies
Parameters kg E, E?l « 0

Units m’/(mol-s) kJ/mol kJ/mol - mol/m? reactor
This study 6.8 0 11-10° 92.8 0.299 372

Lietti et al. [46] 0.487 0 310° 95.8 0.405 270

kinetics. A plot of how well the model predicts the measured
data is shown in Figs. 7 and 8 for 1.2 bar and 4.5 bar, respec-
tively. In the online supplementary material, a graph for each
pressure (1.2 bar, 2.4 bar, 3.6 bar, and 4.5 bar) is shown to-
gether with a zoom of the NH; peaks.

From Fig. 7 (and the online supplementary material), it
is observed that the model does not predict the desorption
peak at 300 °C and 1.2 bar that well since most of the NH3
is predicted to desorb during the 1-hour flush. At 4.5 bar
(Fig. 8); however, the high-temperature peak at 300 °C is
well fitted. Furthermore, from Fig. 8, it is observed that at a
temperature of 150 °C and 4.5 bar, the model predicts a
surface coverage of 0.98 which is close to 1, and so the
fixed NH; adsorption capacity ({2) of 372 mol NH5/m?
reactor is correct.

3.4 Modeling the Steady-State SCR Experiments Using
NH; TPD Kinetics

The fitted NH; adsorption and desorption kinetics (see
Table 1) were used to model the steady-state SCR experi-
ments shown in Fig. 3. The steady-state gas phase concen-
tration of NH; and NO calculated for an isothermal plug
flow reactor can be written as given by Eq. (15) and Eq.
(16), respectively.

Cl'CNH3 -e
—— = (rygry) ————— 15
daw (ra=ra) vo-p-(1—¢) (13)
dCNO (2.e

=—rNno————— 16
dw "o vo-p-(1—¢) (16)

In which the rate of NO reduction is given by Eq. (17) [46].

* —0
"o = kno* Cno - Onp, <l—exp ( Q*NH3>> (17)
NH,

The rate given by Eq. (17) takes into account that only a

certain fraction of the sites (G;H_13 ) are active in the SCR reac-
tion. These active sites are filled up at a lower partial pressure
of NHj; than the total number of sites. For example, at a total
coverage of 0.5, and with ‘9;11{3 = 0.14, as will be shown later,
the fraction of covered active sites (fyy;; ) is 97%. The fraction
of active sites is a constant that is fitted to the experimental

data within a range of 0 to 1. The NO rate constant is assumed
to follow a regular Arrhenius expression written in modified
form as shown in Eq. (18).

) = KTaeoxp (2020 (1) ) (13

? Tref

When the Arrhenius equation is written in the form shown
in Eq. (18), in which k(T..g) and E4 no are fitted, the parame-
ters correlates less [49]. T,.r was chosen as 230 °C.

The steady-state surface coverage of NHj is now also a
function of the NO reaction rate due to the equimolar con-
sumption of NH; on the surface of the catalyst by NO, as
given by Eq. (19).

dOnms
dt

=0=r,7rs N0 (19)

As shown in the online supplementary material, the effec-
tiveness factor is above 0.9 for all pressures and for tempera-
tures below 380 °C, and hence, diffusion limitations were not
taken into account. Furthermore, the axial and radial disper-
sion is also calculated in the online supplementary material,
showing that the assumption of plug flow is valid.

The three remaining unknown SCR-related parameters,
i.e., kK(Tier)s EaNo, and 0;H3’ were fitted to the steady-state
SCR data shown in Fig. 3, using MATLAB’s function
“Isqcurvefit” which minimizes on the residual sum of squares
(RSS). The fitted parameters are shown in Table 2 together
with the parameters fitted by Lietti et al. [46] at atmospheric
pressure.

The fitted kinetics, as shown in Table 2, are similar to those
reported by Lietti et al. [46], and similar activation energies
can be found for the SCR reaction in the literature, e.g., 55 kJ/
mol [36] and 67 kJ/mol [50]; however, higher activation en-
ergies are also reported, e.g., 80 kJ/mol [51] and 94 kJ/mol
[42]. Furthermore, Table 2 shows that the estimated fraction of
active sites is low for both this study (19;H3 = 0.14 ) and the
study by Lietti et al. [46] (H;H3 = 0.12). The low fraction of
active sites means that the rate of NO disappearance will
quickly be independent of the total amount of NH; adsorbed
on the surface of the catalyst. This indicates that the active
sites of the catalyst are easily covered by NH; and that the
increased adsorption observed at increased pressure adsorbs
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on non-active sites, most likely on the TiO, support and to
some extent the WO; promoter. Titania is known to adsorb
NH; without having any activity in the SCR reaction, while
tungsten on the other hand does exhibit SCR activity; howev-
er, the activity is in the order of 10 times below that of vana-
dium [46]. It is therefore expected that Ti and W mainly act as
a reservoir for the NH; storage and that the active sites for the
SCR reaction correlate to the surface coverage of vanadium as
also proposed by Lietti et al. [46]. They measured the surface
coverage of vanadium (6,) for a ternary catalyst to be O;H?

= 0.12 vs. 6, = 0.12 and for a binary catalyst 0;H3 =0.08v
s. 0, = 0.21 and explained that the active sites were expected
to be V-OH and V=0 sites as also proposed by Dumesic et al.
[52]. The reservoir adsorbed NHj; can then redistribute either
through desorption-adsorption processes or through diffusion
on the surface of the catalyst, which could affect the transient
behavior of the catalytic system. This also explains why the
increased NHj storage on the surface of the catalyst at in-
creased pressure (see Fig. 6) does not result in an increased

Time (hours)

NO, reduction since the active sites are already covered with
NH;.

3.4.1 Simulations Using the Fitted Temkin Kinetics

An experiment with a constant flow rate of 600 NmL/min
containing 10% O,, 8% H,0, 600 ppm NO,, and ANR =
0.8 in N, was performed, and the pressure was changed
from 1.4 to 4.4 bar, this time with the residence time as a
function of the pressure, i.e., using a flow of 600 NmL/min
at all pressures. All four experiments were simulated using
the Temkin isotherm, using the parameters given in Table 1
and Table 2 to test how well the model fit another set of
experimental data. The results are shown in Fig. 9.

Figure 9 shows that at temperatures below 300 °C, the
model predicts the experimental data well. At this low con-
version of NO,, and low temperature, the NO reduction rate is
not dependent on the NH; concentration, i.e., the active sites

(0;}[3) are fully covered and the model relies on the NO

Fig. 8 Measured and predicted 800 T T T T " Vems N - 1.0
NH; adsorption and desorption at ~ 1 eas N emp L o9
4.5 bar, using an NH, 9 700 - — Model NH,4 Surface coverage
concentration of 600 ppm, at four S 1 -— o8
different temperatures (150, 200, é 600 ~ Lo.7
250, and 300 °C). The model is = .-
based on the fitted parameters S 5004 T3
shown in Table 1. A zoom of the g 1 - 0.5 é
desorption peeks can be found in g— 400 1 o4 g
the online supplementary material o | 8
PP i = 3001 Lo3 §
S | %)
2 2004 0.2
8 ]
% E 0.1
I 100
= L WA LA —
0 T T T T T T T T T T T T T T T T T T -0.1
0 2 4 8 10 12 14 16 18 20 22
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Table 2 The fitted SCR parameters using the Temkin NH; adsorption
and desorption parameters given in Table 1. The rate fitted by Lietti et al.
[46] is based on a regular Arrhenius expression, the displayed rate con-
stant is calculated based on the reported activation energy (59.4 kJ/mol)
and pre-exponential factor (7.19-10° m*/s/mol)

Parameters This study Lietti et al. [46]
k(230 °C) [m*/mol/s] 221 0.48
E4 no [kI/mol] 64.6 59.4
O, 0.141 0.121

kinetics, which was fitted for the similar steady-state experiments
and hence should predict the data. At temperatures above 300 °C,
the NH; available for the SCR reaction starts to become limiting,
Le., [G;Hs : (1—6Xp (_0N113) > < 9;]{3} and the NO, conver-

9*
NH3

sion becomes more and more dependent on the NH; coverage,
which was fitted to the separate ammonia TPD experiments. At
1.2 bar, the fitted Temkin isotherm was unable to fit the observed
NHj; desorption profile at an adsorption temperature of 300 °C
(Fig. 7), and therefore, at steady-state NO, reduction, this also
becomes visible, due to a predicted too low overall NH; coverage
and therefore also a too low coverage on the active sites. As the
pressure increases, the Temkin isotherm was observed to predict
the NHj coverage better, and as shown in Fig. 9, this is also the
case in steady state NO, reduction, as expected.

3.5 Full Monolith Experiment

SCR experiments were carried out using a V-SCR catalyst
(~1 wt% V,0s5), in the form of a monolith with an open inlet
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Temperature (°C)
Fig. 9 Packed bed steady-state SCR experiment using 20.5 mg (~1 wt%
V,05) V-SCR catalyst and a total volumetric flow rate of 600 NmL/min
containing 10% O,, 8% H,0, 600 ppm NO,, and ANR =0.8 in N, and

changing the pressure without changing the total flow. Dashed lines are
based on the Temkin parameters shown in Table 1 and Table 2

area of 223 mm? (see Fig. 2b). The NO, reduction measured
across the monolith as a function of temperature for the two
pressures and two ANRs is shown in Fig. 10.

Figure 10 shows that at the low temperature of 200 °C,
similar NO, conversions are observed independently of the
pressure when the residence time is constant. As the temper-
ature is increased, a lower NO, conversion is observed for the
3.1 bar experiment, which was not observed in the packed bed
reactor experiments. The lower NO, conversion at elevated
pressures becomes visible around 250 °C and more pro-
nounced as the temperature is increased. At a temperature of
approximately 250 °C, the SCR reaction across a monolith
starts to become influenced by external and internal diffusion
limitations, and as the temperature is increased, these limita-
tions become more pronounced [24]. The increased diffusion
limitations at increased pressure are linked to the inverse pro-
portionality between pressure and the binary diffusion coeffi-
cient which will limit the SCR reaction. The same trends were
reported by Krocher et al. [35] for a similar monolith
experiment.

To simulate the monolith experiments, including the
increased diffusion limitations observed at increased
pressure, a single-channel monolith model developed by
Olsen [53] was used. The model is a 1D-1D single chan-
nel monolith model, which calculates the concentration
profiles of NH3; and NO both in the radial direction
within the catalytic wall and in the axial direction. The
model was developed to simulate the deactivation of
SCR monoliths caused by KCIl deposition; however, in
this study, only the SCR reaction part of the model is
used. The model is based on Eley-Rideal kinetics (see
Eq. (6)), and therefore, the steady-state SCR experiments
from the packed bed reactor (Fig. 3) were re-fitted under
the assumption of a plug flow reactor and following the
Eley-Rideal mechanism as shown in Eq. (20).

 Kxns- Cnms
1 + Knns - Cnns

dCxo _ K'no* Cno
aw o Vo (20)

Both the NO rate constant and the NH; adsorption equi-
librium constant were assumed to follow an Arrhenius
equation. The fitted parameters are shown in Table 3, and
in Fig. 11, a plot similar to Fig. 9 is shown, but now also
displaying how well the Eley-Rideal kinetics fit the exper-
imental data.

In Table 3, the pre-exponential factor and the activation
energy for the NO rate constant are shown together with the
pre-exponential factor and the adsorption enthalpy of NHj,
both of which are used to calculate the rate of NO reduction
in the monolith model.

When modeling reactions in a monolith, a correlation for
the external mass transfer coefficient for developing laminar
flow is often applied, such as that proposed by Tronconi et al.
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Fig. 10 Monolith experiments using a total volumetric flow rate of 4.9 Nm*/h at 1 bar containing 8% O,, 5% H,0, 720 ppm NO,, ANR =1.16 (a), or
ANR =0.75 (b) in N,. At 3.1 bar, a total volumetric flow rate of 14.5 Nm>/h was used, and hence, the actual residence time is similar at the two pressures

[42, 55], based upon the work of Shah et al. [56] and London
et al. [57] as shown in Eq. (21).

Sh = Sh,, + 8.827- (1000-2°) “*Pexp(-48.2-27)  (21)
* 'D
U-d

Here, Sh,, is the asymptotic Sherwood number, which de-
pends on the channel geometry, and Z* is the dimensionless
axial coordinate given by Eq. (22), in which z is the axial
coordinate, D,p is the binary diffusion coefficient, U is the
linear velocity, and d|, is the hydraulic diameter. Equation (21)
was found to give poor agreement with the experimental re-
sults, predicting a too low NO, conversion as shown for
3.1 bar in Fig. 12. Since the powder used in the packed bed
experiments was obtained from a similar monolith, this dis-
crepancy was attributed to a too low mass transfer coefficient.
It was therefore considered that the assumption of a develop-
ing laminar flow was not applicable to this experiment using a
short monolith (10 cm) and a high flow rate. The Reynolds

Table 3  The fitted Eley-Rideal parameters using the packed bed exper-
imental data presented in Fig. 3 and the fitted parameters reported by
Koebel and Elsener [54]. The NO rate constant and the NH; equilibrium
constant are both assumed to follow an Arrhenius equation

Parameters This study Koebel and Elsener [54]
kno(Toso) [m/s/kg] 0.0588 0.014

E 4 no [kJ/mol] 62.5 74.7

Knizo [Pa '] 24.1-107"2 31012

AHyp3 a4 [KI/mol] —-114.6 —-137
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number within the monolith channel was calculated to be ap-
proximately 1000 at 1 bar and 3000 at 3 bar. Therefore, a mean
mass transfer coefficient for the channel was instead calculat-
ed based upon laminar flow in tubes, as given by Eq. (23) [47]
at 1 bar. At high pressure however, this correlation, valid for
laminar flow, was found to be inadequate. Since the Reynolds
number is in the intermediate range between turbulent and
laminar flow, a turbulent model for flow in tubes (Eq. (24)
[47]) was tested. An estimate of the roughness of the catalyst

100
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809 v P=44bar = oy X 1
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Fig. 11 Steady-state SCR experiment using 20.5 mg (~1 wt% V,0s) V-
SCR catalyst and a total volumetric flow rate of 600 NmL/min containing
10% O,, 8% H,0, 600 ppm NO,, and ANR = 0.8 in N, and changing the
pressure without changing the flow. Dashed lines are based on the Temkin

parameters shown in Table 1 and Table 2, and full lines are based on Eley-
Rideal kinetics using the parameters shown in Table 3
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Fig. 12 The monolith experiment also is shown in Fig. 10. The model
developed by Olsen et al. [S3] was used to predict the experimental data,
using the PBR kinetics as shown in Table 3. The external mass transfer

channel surface of 0.03 mm was found to result in a friction
factor (f) of approximately 0.012, which was calculated based
upon the Churchill equations [58], which gave a good fit for
the NO, conversion.

A\ 1/3
Sh = 1.86-Gz'/* = 1.86- <Re-Sc-fh> (23)

Sh = 0.5-f-Re-Sc'/? (24)

Here, Re is the Reynolds number, Sc is the Schmidt’s num-
ber, d), is the hydraulic diameter, and L is the length of the
monolith. The model prediction using these expressions for
external mass transfer limitations is shown in Fig. 12.

Figure 12 shows that the use of developing laminar flow
results in a large error as high as 15% points in the calculated
NO, conversion compared to the observed NO, reduction. The
more general correlations as given in Eq. (23) at a Reynolds
number of 1000 (1 bar) and Eq. (24) at a Reynolds number of
3000 (3.1 bar) were found to give better agreement. The model
predicts a drop in NO, conversion when the pressure is in-
creased due to increased diffusion limitations. Regular length,
full open monoliths should be tested in a future study, to see
how well mass transfer correlations for developing laminar
flow predicts the external mass transfer at increased pressure
when a more typical channel velocity (3—5 m/s) and length of
catalyst ( 0.5 m) is used. From this study, it is concluded that at
an increased pressure, when the residence time is kept constant,
a decrease in NO, reduction efficiency is observed, due to in-
creasing external and internal mass transfer limitations, as also
discussed by Krocher et al. [35].

It should be noted that the drop in NO, reduction is only
observed because the residence time is kept constant with
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coefficient was calculated assuming pure laminar flow at 1 bar (Eq. (23))
and as both developing laminar flow (Eq. (21)), laminar flow (Eq. (23)),
and turbulent flow at 3.1 bar (Eq. (24))

variations in the pressure. If an SCR reactor was installed on
a ship, the residence time would increase with increasing pres-
sure, and the total effect of increasing pressure becomes pos-
itive. Krocher et al. [35] measured that to achieve 70% NO,
reduction at 350 °C and having an NHj slip of 10 ppm, the
volume of a 87 cpsi catalyst could be reduced from 100% at
1 bar, to 80% at 2 bar and 70% at 4 bar, which shows that in
total a positive effect of pressure is obtained. If no diffusion
limitations had been present, the catalyst volume could have
been reduced to 50% and 25% at 2 and 4 bar, respectively.

4 Conclusion

The following conclusions can be drawn from this study of
SCR of NO, at pressures up to 5 bar for a ~ 1 wt% V,0s/
10 wt% WO5/TiO, catalyst.

* The measured NO, conversion was independent of the
pressure in the range 1.2—4.8 bar over a packed bed reactor
with catalyst particles in the sieve range 150-300 um with
no diffusion limitations, when the residence time was kept
constant. This shows that the kinetics are independent of
pressure up to 5 bar.

* A transient model for NH;3 adsorption/desorption on the
catalyst based on a Temkin isotherm was fitted to the
experimental data. The data indicates that only a certain
fraction of the total sites onto which NH3 adsorbs are truly
active in the SCR reaction. This fraction was found to be
about 14%. It was further found that these sites fill up at
lower NHj partial pressure compared to all sites.

* The adsorption of NH; on the catalyst was found to in-
crease with increasing pressure and decrease with
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increasing temperature. The increased adsorption at in-
creased pressure was found to be on non-active sites,
and the rate of NO, reduction was therefore not promoted
by the increased adsorption of NHj.

»  Experiments using a monolith showed that at an increased
pressure of 3.1 bar, keeping the gas residence time con-
stant relative to at 1 bar, a decrease in NO, reduction was
observed at temperatures above 250 °C. This decrease was
attributed to a decrease in the binary diffusion coefficient,
which is inversely proportional to the pressure. The drop
in NO, conversion was confirmed by a 1D-1D model.

» Estimation of the external mass transfer coefficient using
correlations for developing laminar flow lead to a poor
agreement with the experimental data, and instead, a cor-
relation for turbulent flow was required, probably due to
the high channel velocity (10-13 m/s) used in this work.

*  This study has shown that the intrinsic kinetics of the SCR
reaction is independent on pressure, and so, kinetics deter-
mined at 1 bar can be used for the design of SCR reactors
also at elevated pressures, such as upstream of the turbo-
charger on a two-stroke marine diesel engine. The in-
creased pressure does affect the binary diffusion coeffi-
cient and hence increased mass transfer limitations will
take effect on monolithic catalysts at temperatures above
approximately 250 °C.
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Symbols «, Temkin kinetics parameter [—]; Cyzs3 NHj concentration
[mol/m3]; dparicie Catalyst particle diameter [m]; D,eqc0n Reactor tube
diameter [m]; D4p, Binary diffusion coefficient (m/s?]; d, Hydraulic
diameter [m]; &, Porosity L—]; E, Activation energy of the adsorption
process of NH; [J/mol]; E; , Activation energy for the desorption pro-
cess of NH; [J/mol]; £ Friction factor [-]; G, Graetz dimensional number
[=1; kvo, NO first order rate constant [1/s]; k'yo, Mass based NO first
order rate constant [m’/s/kg]; kg , Pre-exponential factor of the adsorp-
tion process of NH; [m*/mol/s]; k 4 » Pre-exponential factor for the de-
sorption process of NH; [1/s]; Knn, , NH; adsorption equilibrium con-
stant [m*/mol]; k(T 7o, Reaction rate constant calculate at the temperature
Tret; L, Length of catalyst [m]; (2, NH; adsorption capacity (mol/m®
particles); {2 = {2 15;6 , NH; adsorption capacity (mol/m’ reactor);
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P,oacion Reactor pressure [Pa); Oy, Volumetric flow rate (normal (0 °C,
1 atm)) [Nm®/s]; r,, Rate of adsorption of NHj; [1/s]; r;, Rate of desorp-
tion of NHj; [1/s]; Re, Reynolds dimensional number [—]; p, Density of
catalyst [kg/m®]; 7vo, Rate of NO disappearance [1/s]; S,, Schmidts di-
mensional number [—]; Sh, Sherwood dimensional number [—]; Sh..,
Asymptotic Sherwood number [—]; 6, Surface coverage of NH; [—];

9;1—[; , Fraction of active sites in the SCR reaction [—]; 6,, Surface cov-
erage of vanadium [—]; U, Linear velocity [m/s]; V, Volume [m®]; v,,
volumetric flow rate [m3/s]; W, Weight of catalyst [kg]; Vyeqs Vectors
containing the measured gas phase mole fraction [ppm]; ¥,,0q4e; Vectors
containing the modeled gas phase mole fraction [ppm]; z, Axial coordi-
nate [m]; Z* Dimensionless axial coordinate [—]
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