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Table 1: Development of the European emission limit

limits have to be reached during the NEDC (New Euro

1 B*F(
F 1 B*FF(
B¢
S O
" B F U:V(

s for diesel passenger cars. Shown

pean Driving Cycle) [5].

Euro 1 Euro 2

Euro 4 Euro 5 Euro 6

effective date 1992/93 1995/96 2000/01 2005/06 2008/09 2012/13
CO [g/km] 3.16 1 0.5 0.5 0.5
(HC + NO,) [g/km]  1.13 0.9 0.3 0.23 0.17
NO [g/km] - - 0.25 0.18 0.08
PM [g/km] 0.18 0.1 0.025  0.005  0.005

Table 2: Development of the European emission limit

Shown limits have to be reached during the ESC (Eur

s of heavy duty vehicles above 3.5t.
opean Steady State Cycle) [5].

Euro | Euro Il EurolV EuroV Euro VI
effective date 1992/93 1995/96 2000/01 2005/06 2008/09 2012/13
CO [g/kWwh] 45 4 15 15 15
HC [g/kWh] 1.1 1.1 0.46 0.46 0.13
NO, [g/kWh] 8 7 35 2 0.4
PM [g/kWh] 0.61 0.25 0.02 0.02 0.01
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Figure 1 a and b: TEM pictures of an Euro V diesel  soot. The left picture shows primary

soot particulates, where the polyaromatic graphene layers can be seen. The right picture
shows a cutout of a secondary soot particulate with the agglomeration of primary soot
particles.
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Figure 2: Diesel particulate filter in wall-flow de  sign adapted from [7]. The exhaust gases

enter the filter from the left side and have to pas s the system walls, where PM is

collected. Black spots: PM; green spots: gaseous ex haust components.
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Figure 3: Oxygen surface functional groups formed o n the carbon surface taken from

[59]. The thermal stability decreases with increasi  ng acidity.
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Figure 4: PM composition of an old diesel engine on the left side in comparison to the PM
composition of a modern diesel engine. The total am  ount of PM was reduced by 80%,
however, the absolute amount of the non-carbon rema  ined nearly constant and therefore

gained in importance.
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Table 3: Methods for chemical analyis of PM composi
[63].

"HE U=V $4 >!

%4 # "

tion taken from the review of Maricq

Species Analysis method
total mass gravimetric
size selective cyclones for PM.q and PM, 5 gravimetric

soluble organic fraction

Elemental/organic carbon

metals and elements

Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn, Ga, As, Se, Br, Rb, Sr,Y,
Zr, Mo, Pd,...

inorganic ions and acids
NO,, NOs, SO4*, PO,*, NH,", HNO,, HNO3, H,S0,

semivolatile organic compounds, heavy
hydrocarbons, PAH, hopanes/steranes

Nitro-PAH

polar organic compounds

dioxins/furans

weight loss after extraction with
dichloromethane and drying

thermal/optical reflectance (TOR)

coupled plasma mass spectrometry,
X-ray fluorescence

water extraction and ion
chromatography

extraction, HPLC separation, high
resolution GC-MS

extraction, HPLC separation,
negative ion chemical ionization GC-
MS

extraction, conversion to silyl or
methyl ester derivatives, GC-MS

extraction, high resolution GC-MS
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plotted over temperature taken from [130].
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Figure 6: Flow chart of the experimental setup for the investigation of the influence of
H,SO, on the soot oxidation with NO ,. The dotted lines symbolize the communication
connections of the FTIR spectrometer and the MFCs w ith the PC.
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Figure 7: Flow chart of the experimental setup for the investigation of the SCR effect on
diesel soot. The dotted lines symbolize the communi cation connections of the FTIR
spectrometer and the MFCs with the PC.
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Table 4: Calibrated components and their detection
spectrometer. The detections limits of HNO
absence of NH ;. HNO, was calibrated for the investigation of the SCR re

soot, but was not available for the investigation o
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limits of the Nicolet Nexus FTIR

3 and HNO,, in this table are only valid in the

Detection limits

Component [opm]
Carbon dioxide CO, 0.5
Carbon monoxide (6{0) 0.2
Nitric oxide NO 1
Nitrogen dioxide NO, 1
Ammonia NH3 0.2
Nitrous oxide N,O 0.1
Hydrogen cyanide HCN 0.2
Isocyanic acid HNCO 0.2
Formic acid HCOOH 0.2
Nitric acid HNO; 0.5
Nitrous acid HONO 0.5
Formaldehyde H,CO 1
Sulfur dioxide SO, 1
Sulfuric acid H,SO, 1
0 *
4 ) (;

action over diesel

f the H,S0O, influence on soot oxidation
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Figure 8: Outlet concentrations of SO , and H,SO, in blank experiments without monolith
between 50C and 700C measured with the FTIR spect rometer. Due to the SO ,
conversion of only 60-70% on the Pt catalyst it had to be added in excess. The time was

set to zero, when the SO , addition started.
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Figure 9: Comparison of the H
soot oxidation experiment with Printex U. Reactive

»S0O, analysis by FTIR spectroscopy and titration during a
gas composition;: 200 ppm NO , +

10% O, + 5% H,O + 2, 10 and 18 ppm SO ,. In comparison to the other measurements the

soot was loaded on ceramic fiber mats in loose cont
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Table 5: Soot samples for the composition and react  ivity measurements in the TG-FTIR
system, the investigation of the influence of H »,S0O, on the soot oxidation with NO 5, and
the SCR effect on soot in the tubular reactor. In t he “project” column the type of
investigation is listed, for which the samples were used. 1: composition analysis; 2:
reactivity analysis; 3: SCR over diesel soot; 4: in  fluence of H ,SO,4 on the soot oxidation
with NO ,.

Sample name Type Origin Provider Project
VW Sample 1 powder classic car VW 1
VW Sample 2 powder modern car VW 1,2
VW Sample 3 powder classic heavy duty vehicle VW 1
VW Sample 4 powder modern heavy duty vehicle VW 1
Printex U powder synthetic gas soot Evonik; comm. avail. 1,2, 3,4
Euro O powder Euro 0 diesel engine MAN 1,2, 4
Euro V powder EuroV diesel engine MAN 1,2, 4
mixed soot powder test bench separator MAN 1,2, 4
GfG powder graphite spark generator TU Minchen 1,2
graphite powder synthetic TU Minchen / Fluka 1,2
Al metal filter modern diesel engine RWTH Aachen 1,2
A2 metal filter modern diesel engine RWTH Aachen 1,2
Bl metal filter modern diesel engine RWTH Aachen 1,2
B2 metal filter modern diesel engine RWTH Aachen 1,2
C1 metal filter modern diesel engine RWTH Aachen 1,2
C2 metal filter modern diesel engine RWTH Aachen 1,2
S
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Table 6: H,SO, concentration of the H ,SO,4 solutions used for the impregnation of the

soot-loaded monoliths.

H,SO, concentration in H,SO, on
precusor solution monolith
[mol/L] [mg]
0.060 10
0.030 5
0.010 2
0.006 1
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Table 7: Monolith dimensions, total gas flows and m ean loading for different space

velocities. The monoliths were cuboids except the o ne for 3000 h *, which had a cylindric

shape.
. . Total fl
GHSV [h .1] Length Height Width Me_an soot ([)L?h] ;),:N
[mm] [mm] [mm] loading [mg] STP
1 3000 56 45 () 330 275
2 9000 44 26.5 26.5 120 275
3 17,000 22 26.5 26.5 60 275
4 17,000 44 26.5 26.5 120 550
5 35,000 22 26.5 26.5 60 550
6 70,000 11 26.5 26.5 30 550
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Figure 10: Placing the tangents to the mass loss cu  rve for the estimation of the onset

temperature.
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Figure 11: Cut through the redesigned TGA. The chan  ged parts are marked in red. Black
indicates original parts.

1: TGA furnace; 2: balance; 3: back part of the new inlet flange; 4: purge gas inlet for
prevention of condensation at the front wall of the inlet flange; 5: resistance wire-heated
gas tube 6: front part of the new inlet flange; 7: right furnace flange; 8: ceramic disk to
avoid backflow of reactive gas; 9: sample holder; 1 0: left furnace flange; 11: heated
quartz glass gas outlet in ceramic tube with disk t o avoid backflow and condensation;
12: purge gas inlet for the prevention of condensat ion in the gas outlet and the left

furnace flange; 13: cavity; 14: connection to the t  ransfer line between TGA and FTIR

spectrometer.
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Figure 12: Detailed mechanical drawing of the inlet flange with 90°turned cut out.

3: back part of the new inlet flange; 4: purge gas inlet for prevention of condensation at

the front wall of the inlet flange; 5: resistance w  ire-heated gas tube 6: front part of the
new inlet flange; 15: O-ring; 16: screw for fixing the heated gas inlet; 17: fixing plate; 18:
O-ring for sealing the contact area between the fla  nge parts; 19: connecting between the
2 mm gas inlet tube and the 3 mm tube from the gas supply; 20: distributor ring for the

protection purge gas; 21: channel for the sample ho Ider; 22: notch with purge gas

distributor holes; 23: plate for fixing the purge g as tube on the TGA.



Figure 13: Furnace of the TG system in open positio  n with new inlet flange and the soot-

loaded quartz glass disk (red arrow).
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Figure 14: Temperature profiles of the resistance-w ire heated gas in- and outlet (5 and
11). Doted line: minimum temperature for condensati  on prevention - the goal was to
reach a mean value of 170 at least. The temperatu  re drop between 0 and 2 cm is due to
the end of the resistance-wire heated zone. During system operation this part was heated
by the trace heating of the transfer line to the sp  ectrometer. The drop at 8 cm shows the

end of the heating wire in the furnace close to the sample holder.
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Figure 15: Scheme of the inner shape of the gas mea  suring cell with a path length of
178 mm. The shape of the uncollimated IR beam was s imilar and therefore filled the gas
cell completely. By this measure any dead volume wa s avoided and the detection limits

of the 2 m standard gas cell were nearly reached.
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Table 8: Detection limits of the double-cone gas me
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asuring cell and the 2 m cell.

Detection limits

Detection limits of

Component of the 2 m cell the double-cone
[ppm] cell [ppm]

CO, 0.5 0.7
Cco 0.2 1
NO 1 3
NO, 1 1.5
NH; 0.2 0.8
N,O 0.1 0.5
HCN 0.2 3
HNCO 0.2 0.5
HCOOH 0.2 0.5
HNO; 0.5 1.5
HONO 1 3
H,CO 1 2
-C- not calib. 10
SO, 1 2
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Figure 16: Absorbance spectra of n-oktane, hexane a

80

nd isobutane from 2500-3300 cm

Table 9: Response factors of the FID given by the m anufacturer and confirmed by

measurements in our lab.

Component

Response
factor

Benzene CgHg
Methane CH,
Cyclohexane Cg¢Hy»
Ethane C,Hg
Propane C3Hg
Butane C4Hjg
Toluene C;Hg
Ethine C,H,
n-Heptane C;Hy4
Ethylbenzene CgHiq
p-Xylene CgHyg
Isopropanol C3HgO
Ethylacetate C4,HgO,
Acetone C;HgO

1.07
1.07
1.02
1.01
1.00
0.98
0.96
0.95
0.94
0.89
0.89
0.74
0.72
0.71

-1
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Figure 17: Flow chart of the TG-FTIR system. The do tted lines symbolize communication
lines between the PC and the FT-FTIR system and the  mass flow controllers. The three-

way valves downstream of the gas bottles are used f  or MFC purging.
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Figure 18: Overview over the TG-FTIR system. A: Lab  View-controlled gas mixing unit; B:

water generator; C: redesigned TGA/DSC1 from Mettle

power supply for the heating wires; F: FTIR spectro

Fisher Scientific with the double-cone gas measurin

H+2+

r-Toledo; D: balance table; E:
meter Antaris IGS from Thermo
g cell; G: FID.
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Figure 19: TPD of calcium oxalate monohydrate. The  concentrations of CO, CO ,, H,O and

the mass loss curve are plotted over temperature.

Table 10: Summary of the CaC ,04-H,O decomposition results. The purity was 98.6%,

which corresponds to an absolute amount of 0.0197 m mol CaC ,0,4-H,0.

step mass amount of substance
[mg] [mmol]
- . 0.0200
start initial weight 2.926 (98.6% purity)
l.step  theo. mass loss as H,O 0.360 0.0197
actual mass loss 0.345 0.0192
H,0, FTIR 0.377 0.0209
CaC,0, 2.581 0.0201
2.step  theo. mass loss as CO 0.561 0.0197
actual mass loss 0.551 0.0197
CO, FTIR 0.386 0.0138
CO,, FTIR 0.207 0.0047
CO,, FTIR 0.593 0.0185
CaCoO; 2.030 0.0203
3.step  theo. mass loss as CO, 0.867 0.0197
actual mass loss 0.871 0.0198
CO,, FTIR 0.854 0.0194
CaO 1.159 0.0207
total theo. mass loss 1.788 -
actual mass loss, TGA 1.766 -
actual mass loss, FTIR 1.824 -
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Figure 20: Temperature profile of the TPD/O experim ent for the composition analysis of
diesel PM. At the end temperature of a heating or ¢ ooling ramp temperature was hold for
5 min for equilibration of the system. At the end o f the measurement the hold time was

15 min in order to guarantee total oxidation of the PM sample.

o
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Table 11: Composition of the gas mixtures used for

vyoon L
S G
SR
)
)
M

"H#

90

4II

mixture N , [%] O, [%] NO, [%] H,0O [%]
1 85 10 0 0
2 85 10 0 5
3 89.9 10 0.1 0
4 84.9 10 0.1 5
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the TPO investigations.
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Figure 21: Trend of the CO ,, CO and H,O concentrations measured with the FTIR
spectrometer during a TPD/O analysis of VW Sample 2 . The scale of the left y-axis was
reduced in order to show the trends in the inert se gments. The maximum in the last
heating stage was 4010 ppm CO , and 850 ppm for CO.
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Figure 22: TGA mass loss curve of VW Sample 2 in pe  rcent of the initial weight.
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Figure 23: Results for the TPD/O analysis of the po wder VW Samples 1-4. The
concentration of each component is referred to the initial weight. The range from 0-50%

consists of EC.
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Figure 24: SO , released during a TPD/O experiment with a mixture of Printex U and 10%
CaSQ0,, pure CaSO, and a mixture of Printex U and 5% H ,S0,4. 12% sulfur were recovered
from the mixture of soot and CaSO 4, hardly SO , was detected from the pure sulfate and
about 90% of the sulfur were recovered from the mix  ture of Printex U and H ,SO,. The
feed gas consisted of 100% nitrogen until the sampl e was cooled down to 300C the

second time, after that 10% O , were added.
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Figure 25: Results of the TPD/O analysis of the gra

of each component is referred to the initial weight
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phite and GfG soot. The concentration
. The range from 0-60% consists of EC.
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Figure 26: TGA mass loss curves of graphite and the GfG soot sample. Here the
temperature in the last heating ramp for the oxidat  ion of the EC had to be increased to
780<C, since the graphite sample was not totally ox idized at temperatures below 760<C.
The isothermal section was also increased from 15 m  in to 45 min. The feed gas consisted

of 100% nitrogen until the sample was cooled downt o 300C the second time, after that

10% O, were added.
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Figure 27: Cutout of the TGA mass loss curves of gr  aphite and the GfG soot sample
shown in Figure 26. After the addition of 10% O , to the reactive gas the mass of the GfG
soot increases about 0.065 mg. This was due to adso  rption and reaction of oxygen with

the carbon surface. For graphite no mass increase ¢ ould be observed.
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Figure 28: Results for the TPD/O analysis of Printe

sample and the mixed soot sample. The concentration

1 o1 1

o I* 7. 1

x U, the Euro V sample, the Euro O

of each component is referred to

the initial weight. The range from 0-60% consistso  f EC.
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Table 12: Details of the PM samples collected on me tal filters. Sampling time: 5 min.

Filter Engine conditions during sample collection
Sample  loading  Enpgine speed  Effective mean T
[mg] [min ™ pressure [bar] [T]
Al 4.496 1500 2 465 <1
A2 4.559 1500 2 465 <1
Bl 2.303 1500 2 175 >1
B2 2.323 1500 2 175 >1
C1 12.280 2000 5 400 >1
Cc2 12.121 2000 5 400 >1
n m 1 : n
n n ( : 8 7 7 m
1 1 #
m 3 37 ( : n
1T . 1 n m I m
*
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Figure 29: Compositions of samples Al, A2, B1, B2, C1l and C2. The sum of the gas
phase components was set to 100%, since the initial weight could not be recorded prior

to the experiment. The range from 0-50% consists of EC.
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Table 13: Comparison of the results of the TPD/O an

weight: 1.438 mg) and the external elemental analys
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agreement comparison is also shown.
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alysis of Printex U at PSI (initial
is (initial weight: 2x 20 mg). The

elemental PSI % of elemental
analysis [%0] [%] analysis
C 94 90.6 96
H 0.8 0.9 111
N 0.34 0.00 26
S 0.25 0.01 4
(0] 3.8 2.6 69
Sum 99.1 97.5 98
( SRR
# 1 # ) ) P "



Table 14: Relative measurement errors for each PM ¢
in the TG-FTIR system. The error for nitrogen had t

other PM samples, since the nitrogen content of Pri

analysis.
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omponent estimated from Printex U
o be evaluated from measurements of

ntex U was too small for meaningful

relative measurement

component
error
[%]
EC 1
OC - funct. gr. 3.5
"free" sulfate 10
nitrogen 4.8
oxygen 51
hydrogen 17.3
water 16.9
ash 0.6
initial weight 0.6
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) B
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Figure 30: Mass loss curves during the TPO of VW Sa mple 2 with four different gas

compositions.
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Figure 31: FTIR signals of CO , (upper graph) and CO (lower graph) during the TPO
analysis of VW Sample 2 with four different gas com  positions. The arrows indicate the
temperature shift due to water dosage. The detected amounts of CO , and CO were

normalized to the initial weight of the samples in order to simplify the comparison.
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Figure 32: CO ,/CO ratios versus temperature of VW Sample 2 calcul ated from the FTIR

data measured for the different gas compositions

Figure 33: C-oxidation rates during the TPO of VW S ample 2 with four different gas
compositions, calculated from the amounts of CO > and CO for the different gas

compositions. The data are plotted up to 99% carbon conversion.



Figure 34: Comparison of the mass flows calculated from the TGA mass loss curves and
from the carbon amounts detected as CO 5, and CO in the FTIR spectrometer for the
experiments with 10% O , and 10% O, + 5% H,O in the feed gas.
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Figure 35: C-oxidation rates calculated from the am

the Euro V soot by TG-FTIR measurements with three
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ounts of CO , and CO of Printex U and

different reactive gas mixtures

(10% 0O,, 10% O, + 5% H,0, 10% O, + 5% H,O + 1000 ppm NO,). The data are plotted up to

99% carbon conversion.



Figure 36: C-oxidation rates calculated from the am  ounts of CO , and CO of Printex U and
the Euro O soot by TG-FTIR measurements with three different reactive gas mixtures
(10% 0,, 10% O, + 5% H,0, 10% O, + 5% H,O + 1000 ppm NO,). The data are plotted up to

99% carbon conversion.

Figure 37: C-oxidation rates calculated from the am  ounts of CO , and CO of Printex U and
mixed soot sample by TG-FTIR measurements with thre e different reactive gas mixtures
(10% O,, 10% O, + 5% H,0, 10% O, + 5% H,O + 1000 ppm NO,). The data are plotted up to

99% carbon conversion.
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Figure 38: C-oxidation rates calculated from the amounts of CO  , and CO of the GfG soot
and graphite sample by TG-FTIR measurements with tw o different reactive gas mixtures
(10% O,, 10% O, + 5% H,0). The data are plotted up to 99% carbon conversio n for the
GfG soot and only up to 50% for graphite.

Figure 39: Mass loss during the TPO experiments wit h GfG soot and VW Sample 2

plotted over the experimental period.
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Figure 40: C-oxidation rates calculated from the amounts of CO  , and CO for samples Al,
A2, B1, B2, C1 and C2 with 10% O , and 10% O, + 5% H,O in the reactive gas. The data
are plotted up to 99% carbon conversion. As the sig nals fluctuated strongly the data

below 200<C could not be analyzed.
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Figure 41: Mass loss curves of the samples A, B and C received from thermogravimetric
experiments at the RWTH Aachen [158].
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Figure 42: Outlet concentrations of CO, CO 5, NO, NO,, NO,, SO,, H,SO, and HNO3; in a
soot oxidation experiment with 200 ppm NO  ,, 10% O,, 5% H,0O, SO, and 10 ppm H ,SO, in

the feed gas.
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Figure 43: Increase of the NO , conversion rates of the soot oxidation experiments
presence NO , and H,SO, between 150C and 450<C. Feed gas: 200 ppm NO

ppm H»,S0O, and 1000 ppm NO , + 0, 10 ppm H,SO,.
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Figure 44: Increase of the NO , conversion rates of the soot oxidation experiments in the
presence NO , and H,SO, between 150C and 450C. Feed gas: 200 ppm NO , +0, 1, 5, 10
mg H,SO, and 1000 ppm NO , + 0, 10 mg H,SO,.
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Figure 45: C-oxidation rates of the soot oxidation experiments in the presence of NO
and H,S0O,. Reactive gas compositions: 10% O , + 5% H,O + 0 and 200 ppm NO , + 0, 1, 4

and 10 ppm H ,SO,4. The C-oxidation rates are plotted until 99% carbo  n conversion.

Figure 46: C-oxidation rates of the soot oxidation experiments in the presence of NO
and H,SO,. Reactive gas compositions: 10% O , + 5% H,O + 0 and 200 ppm NO,+0,1,2,5

and 10 mg H ,SO,. The C-oxidation rates are plotted up to 99% carbo  n conversion.
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Figure 47: C-oxidation rates of the soot oxidation experiments in the presence of NO
and H,S0O,. Reactive gas compositions: 10% O 5, + 5% H,O + 0 and 1000 ppm NO, +0, 1, 4

and 10 ppm H ,SO,4. The C-oxidation rates are plotted up to 99% carbo  n conversion.

Figure 48: C-oxidation rates of the soot oxidation experiments in the presence of NO ,
and H,S0O,. Reactive gas compositions: 10% O , + 5% H,O + 0 and 1000 ppm NO , + 0, 1, 2,

5, 10 mg H,S0O,. The C-oxidation rates are plotted up to 99% carbo  n conversion.
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Figure 49: HNO ; produced during soot oxidation in the presence of NO, and H,SO,. Feed
gas composition: 200 and 1000 ppm NO , + 0 and 10 ppm H ,SO,.

Figure 50: HNO 3 produced during soot oxidation in the presence of NO, and H,S0O,. Feed
gas composition: 200 and 1000 ppm NO , + 0 and 10 mg H ,SO,.
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Figure 51: Mechanism of the NO " formation [51]. A: reaction route in nitrosulfuric acid;
B: reaction route in conc. HNO .
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Figure 52: Mechanistic details of the HNO 3 formation over soot.

Influence of HSO, on the soot oxidation with NO



152

4 1 O 1 # 1 I# mn 1
1 n 1 * 70 ; 8
+1 H
(@]
4 2 o
~ 7
< \3
+3 ONO
—> 0 S S

Figure 53: Example for reactions of surface groups with NO ,": oxidation of aldehydes to

nitrites, which further decompose in carboxylic aci ds.
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Table 15: Metal concentrations in the Euro O, Euro  V soot sample and the mixed soot

sample
Euro O mixed Euro V
soot

[wt%] [wt%] [wt%]

Ag - 0.0078 -
Al 0.0914 0.0684 0.0234

B - 0.0141 -

Ba 0.0017 0.0024 -
Ca 1.5199 0.4235 0.9185

Ce - 0.0082 -
Cr 0.1077 0.0157 0.2204
Cu 0.0413 0.0318 0.0566
Fe 0.9640 0.6804 0.9867
K 0.0248 0.0211 0.0156
Mg 0.0476 0.0755 0.0355
Mn 0.0226 0.0118 0.0216

Mo - 0.0065 -
Na 0.3447 0.2584 0.0312
Ni 0.0392 0.0159 0.1073
P 0.4353 0.1855 0.1560
Pb - - 0.0098
S 0.6926 4.0632 0.1950

Si 0.4807 0.1478 -

Sr 0.0010 0.0013 -
Ti 0.0050 0.0046 0.0018
Zn 0.4640 0.2393 0.0839

Zr - 0.0016 -

Selective catalytic reduction of N@ith NH; over soot
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Printex U

Figure 54: TEM pictures of the Euro V soot sample ( left side) and Printex U (right side) at

increasing magnification.
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Figure 55: NO, reduction during activation experiments of Printex U under SCR

conditions (10% O 5, 5% H,0, 250 ppm NO,, 250 ppm NH3) at 200C, 250C, 300C and
350C.
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Table 16: Variation procedure of the NO ,, NO and NH3; concentrations for the isothermal
investigation of the SCR effect on soot. Between ea  ch series the sample was flushed

with 10% O , + 5% H,O with nitrogen as balance for 10 min.

Series  Period [min] NO ,[ppm] NH ;[ppm] NO [ppm]

1 0 250 0 0
5 250 100 0
5 250 250 0
5 250 500 0
5 250 0 0
5 0 0 0
10 0 0 0
2 0 250 0 0
5 250 250 0
5 250 250 100
5 250 250 250
5 250 250 500
5 250 250 0
5 250 0 0
5 0 0 0
10 0 0 0
3 0 100 0 0
5 100 100 0
5 100 250 0
5 100 0 0
5 250 0 0
5 250 250 0
5 250 0 0
5 500 0 0
5 500 250 0
5 500 500 0
5 500 0 0
5 0 0 0

Selective catalytic reduction of N@ith NH; over soot
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Figure 56: TG furnace in open position with soot-lo aded cordierite on the sample holder.
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Figure 57: NO , reduction, NH ; conversion and concentrations of NO, NO ,, NO, and NH;
on Printex U at a space velocity of 3000 h 1 during a TPR investigation with 250 ppm NO +
250 ppm NHj3 from 200C to 450C. Additionally, the sum of the nitrogen-containing

components is shown.
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Figure 58: NH 3 conversion and concentrations of NO, NO ,, NO, and NH3 on Printex U at a
space velocity of 3000 h 1 during a TPR investigation with 0 ppm NO + 250 ppm NH; from

200<C to 450C. Additionally, the sum of the nitrog en-containing components is shown.
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Figure 59: NO, reduction and measured stoichiometric ratios over Printex U in

dependence of the NH 3 concentration between 200C and 350C at a GHSV of 35,000 h™.
Concentrations in the base feed gas: 250 ppm NO , + variable NH 3 concentrations. Solid
lines: NO , reduction [%]; dotted lines: measured stoichiometr ic ratios; purple dotted

lines: stoichiometry of the fast SCR and NO, SCR reaction.
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Figure 60: NO, reduction and measured stoichiometric ratios over Printex U in

dependence of the NO concentration between 200C an  d 350C at a GHSV of 35,000 h ™.
Concentrations in the base feed gas: 250 ppm NO , + 250 ppm NHj; + variable NO
concentrations. Solid lines: NO , reduction [%]; dotted lines: measured stoichiometr ic

ratios; purple dotted lines: stoichiometry of the fast SCR and NO, SCR reaction.
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Figure 61: NHs; and NO, conversion over PrintexU in dependence of the
NO concentration between 200C and 350C at a GHSV of 35,000 h™*. Concentrations in
the base feed gas: 250 ppm NO , + 250 ppm NH ; + variable NO concentrations. Solid lines:

NH; conversion [%]; dotted lines: NO , conversion due to SCR and soot oxidation.
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Figure 62: NO, reduction and measured stoichiometric ratios over Printex U in

dependence of the NO , concentration between 200C and 350C at a GHSV of 35,000 h™.
Concentrations in the base feed gas: 250 ppm NH 3 + variable NO , concentrations. Solid
lines: NO , reduction [%]; dotted lines: measured stoichiometr ic ratios; purple dotted
lines: stoichiometry of the  fast SCR and NO, SCR reaction.
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Figure 63: NO, reduction and C-oxidation rates of Printex U durin g the SCR
measurements in dependence of the NH 3 concentration between 200C and 350C at a
GHSV of 35,000 h™*. Concentrations in the base feed gas: 250 ppm NO , + variable NH 3

concentrations. Solid lines: NO , reduction [%]; dotted lines: C-oxidation rates.
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Figure 64: NO, reduction and C-oxidation rates of Printex U durin g the SCR
measurements in dependence of the NO concentration between 200C and 350C at a
GHSV of 35,000 h™. Concentrations in the base feed gas: 250 ppm NO , + 250 ppm NH 3 +
variable NO concentrations. Solid lines: NO , reduction [%]; dotted lines: C-oxidation

rates.
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Figure 65: NO, reduction and C-oxidation rates of Printex U durin g the SCR
measurements in dependence of the NO , concentration between 200C and 350C at a
GHSV of 35,000 h™. Concentrations in the base feed gas: 250 ppm NH 5 + variable NO ,

concentrations. Solid lines: NO , reduction [%]; dotted lines: C-oxidation rates.
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Figure 66: Byproducts of the SCR reaction on Printe x U in dependence of the
NH; concentration between 200C and 350C at a GHSV of 35,000 h™.
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Figure 67: Byproducts of the SCR reaction on Printe x U in dependence of the
NO concentration between 200°C and 350C ata GHSV  of 35,000 h ™.
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Figure 68: Byproducts of the SCR reaction on Printe x U in dependence of

NO, concentration between 200C and 350C at a GHSV of 35,000 h™.
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Figure 69: NO , reduction and NO , conversion over Printex U at different space veloc ities
(3000 h™, 9000 h™, 17,000h™, 35000h™ and 70,000h™) in dependence of the
NH; concentration at 250C. Concentrations in the basi c feed gas: 250 ppm NO , +

variable NH ; concentrations. Solid lines: NO , reduction [%]; dotted lines: NO »

conversion. The y-axis was scaled up to 80% in oppo  site to the Figure 59 - Figure 65.

Selective catalytic reduction of N@ith NH; over soot



184

3 ) e
* ; oo ( 7, " e
, ( ¥ *
;o # K # 1 = 1! )
) . by s am o

Figure 70: NO , reduction and NO , conversion over Printex U at different space veloc ities
(3000 h™, 9000 h™, 17,000h™, 35000h™ and 70,000h™) in dependence of the
NO concentration at 250C. Concentrations in the ba sic feed gas: 250 ppm NO , +
250 ppm NH 3 + variable NO concentrations. Solid lines: NO , reduction [%]; dotted lines:

NO, conversion. The y-axis was scaled up to 80% in opp  osite to the Figure 59 - Figure 65.



Figure 71: NO , reduction and NO , conversion over Printex U at different space veloc ities
(3000 h™, 9000 h™, 17,000h™, 35000h™ and 70,000h™) in dependence of the
NO, concentration at 250C. Concentrations in the basi c feed gas: 250 ppm NH ; +
variable NO , concentrations. Solid lines: NO , reduction [%]; dotted lines: NO

conversion. The y-axis was scaled up to 80% in oppo  site to the Figure 59 - Figure 65.
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Figure 72: NO , reduction and measured stoichiometric ratios over Printex U at different

space velocities (3000 h "t 9000 h™, 17,000 h™, 35,000 h™ and 70,000 h'l) in dependence of
the NO concentration at 250C. Concentrations in th e feed gas: 250 ppm NO , + 250 ppm
NH; + variable NO concentrations. Solid lines: NO , reduction rate [%]; dotted lines:
measured stoichiometric ratios; purple dotted lines : stoichiometry of the fast SCR (=1)
and NO, SCR (=1.33) reaction. The y-axis was scaled up to 80% in opposite to the Figure
59 - Figure 65.
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Figure 73: NO , reduction and measured stoichiometric ratios over Printex U, Euro O,

Euro V soot and the mixed soot sample in dependence of the NO at 250C. GHSV:
35,000 h™. Concentrations in the basic feed gas: 250 ppm NO  , + 250 ppm NH 3 + variable
NO concentrations; Solid lines: NO , reduction [%]; dashed lines: measured

stoichiometric ratios; purple dotted lines: stoichi ometry of the fast SCR (=1) and

NO, SCR (=1.33) reaction.
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Figure 74: NO , reduction and measured stoichiometric ratios over Printex U, Euro 0 soot,

Euro V soot and the mixed soot sample in dependence of the NO at 300C. GHSV:
35,000 h™. Concentrations in the basic feed gas: 250 ppm NO  , + 250 ppm NH; + variable
NO concentrations; Solid lines: NO  reduction [%]; dashed lines: measured

stoichiometric ratios; purple dotted lines: stoichi ometry of the fast SCR (=1) and

NO, SCR (=1.33) reaction.
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Figure 75: C-oxidation rates over Printex U, Euro O soot, Euro V soot and the mixed soot
sample in dependence of the NH 3, NO and NO, concentration at 300C. GHSV: 35,000 h *
Dashed lines with open symbols: C-oxidation rates o f NH3 variation; dotted lines with

filled symbols: C-oxidation rates of NO; solid line s without symbols: C-oxidation rates of

NO..
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Figure 76: Byproducts of the SCR reaction on Printe  x U, Euro 0 soot, Euro V soot and the

mixed soot sample in dependence of the NH 3 concentration at 250C and 300C at a

GHSYV of 35,000 h ™. Concentrations in the basic feed gas: 250 ppm NO  , + 250 ppm NH 3.
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Figure 77: NO  reduction (raw data) and their envelope of Printex U, mixed soot, Euro V
soot and Euro 0 soot over a complete isothermal exp  eriment with repeated series of the
blocks 1-3 (Table 16). It should be noted, that the  y-axis is scaled to 30% for Printex U

and the mixed soot, but only to 15% for the Euro O and Euro V sample.
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Figure 78: NO , reduction and stoichiometric ratios over Printex U impregnated with 5 mg

sulfuric acid at 200C and 250 in dependence of t he NH3 concentration. The results for
Printex U without impregnation were added for compa rison. Concentrations in the basic
feed gas: 250 ppm NO , and variable NH ; concentrations. Solid lines: NO , reduction [%];
dashed lines: stoichiometric ratio. The curves obta ined with H ,SO, are indicated with

“H2S04” in the legend.
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Figure 79: DRIFTS spectra of Printex U treated with different dry feed gases
compositions. (a) O , + NO,, (b) O, + NH3, (c) O, + NH; + NO,, (d) O, after NH 3 + NO,.
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Figure 80: DRIFTS spectra of Printex U with treated with different wet feed gas
CompOSitionS. (e) O , + H,O + NO,, (f) O, + H,O + NHs, (g) O, + H,O + NH3 + NOs, (h) O, +
H,O after NH 3+ NO,.
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NO, SCR: 4NH, + 3NO,  7/2N, + 6H,0 (A = 1.33) !
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fast SCR: 4NH, + 2NO + 2NO, 4N, + 6H,0 (A = 1)

Figure 81: Suggested mechanism for the selective ca  talytic reduction of NO , on diesel

soot.
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