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Questions addressed today:
Why is time resolution (Quick EXAFS) important in

environmental chemistry?

How Is time resolution achieved? (technical details)
What is x-ray emission spectroscopy? (RXES, RIXS,
HEROS, valence to core XES, etc.)

Quick XES examples

Quick XAS examples
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Setting the stage
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= 1™ Heterogeneous catalysis from atoms to particles

“{Q‘\ ___}vp_,,{.’ | @
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8) @° b e \%J
Dodo! =@ —wmmm
Fundamental
19-18 19-15 ]]0-12 1I0-9 1.0 5 1, 0 .
L L | e J
M i .Y i Y
Bond breaking/ Reaction kinetics Stability,

formation deactivation
Single crystals [ITtlusters [ITkupported metals [TIlsingle site [TTlreactors
catalysts
Vi S :
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-] e Timescales

attoseconds femtoseconds picoseconds nhanoseconds microseconds milliseconds
10185 107> s 10125 10?s 10°s 103s

motion of nuclei

. . . rotation of molecules  electronic relaxation
electron motion molecular vibrations

large-scale protein motion

e . molecular librations fluorescence
core-hole lifetimes optical phonons vibrational dephasin thermal effects phosphorescence
molecular bond formation P 9
Hemoglobin R->T
The F? K-gdgg core- period of the transition takes —
hole lifetime is 4 fs symmetric stretch microseconds 19
in H20 is 10 fs Camera
shutter
L Fol
4 speeds range
v from ms
v through to
seconds
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L RS Chemical kinetics

Plug flow reactor

> - » Mass spectrometry
Gas in : Gas out
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- |» Spatially resolved, chemical kinetics

X-rays

> » Mass spectrometry
Gas in Gas out
XRD long range order
XAS amorphous/small
STRUCTURE g > ACTIVITY
Challenges:

- Time resolution
- Space resolution
- Sensitivity (energy resolution)
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-] = In-situ X-ray absorption & X-ray emission spectroscopy

SuperXAS @ SLS
€ >
I 1 1 1 1 LA I 1 1 1 1 | I I
1 10 KeV 100
Key points:
R v'high energy resolution (~eV)
Mythen detector

Pilatus detector

3-crystal von Hamos
spectrometer

super-cooled
bending magnet

5-crystal spherical
spectrometer
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o= State-of-the-art XAS and XES at SuperXAS

Multi-modal detection

fluorescence detected - high resolution
ASIXES time resolved XAS XAS/XES
5 element SDD detector quick-XAS monochromator 5 crystal spectrometer
= high sensitivity = msec time resolution = sub eV energy resolution
= | ow detection limits = Fluo und trans. XAS = HERFD XAS
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o= Time resolved XAS: below 1 second

QEXAFS
o : u
AE ~1-2eV D
S
Energy dispersive-XAS
AE ~ few hundreds eV

stable x-ray source
1

- |, control
- time limited to > ms (detector/flux)

- Time limited to <ms (detector/flux)
- |, control impossible

- requires very stable beam

- only transmission mode possible
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Quick EXAFS monochromator

Crystal holder for
Channel-Cut Crystal

tilt table \®

/

Vertical

adjustment Cooling system,

water or IN,

Main gonimeter

to select energy Flexiour pivot

9
curved metal part ,/ \

with scale tape ) j
SN T e %
I
i :

readhead >

Motor + gear

Excentric

Courtesy of R. Frahm
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(c)

<10 Hz (1 spectrum each 50 ms)

35

30
S 25f :
¥ i )
o 1 Hz (1 spectrum
< : each 500 ms)
15 El
10l
05 ; 1 ] 1 1 1
9000 9100 9200 9300 9400
Energy / eV

Stotzel et al, Rev. Sci. Inst, 2010

Cradle with crystal

4«-’.:;?‘
~

%/, W
% et

‘B

Stepper for eccentric change

May|

Encoder

Tumbler bearing

Eccentric shaft

-y

Linear stage for eccentric change
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25 1

Absorption

20 1

__ 1s D
- ‘J '

2000 3000 4000 5000 6000
Data points

Raw absorption data of the L-edges of a platinum foil,
2 Hz oscillation frequency




(A8) ABJisus

000cL 008lL1 00911

Ll Ll Ll T _ L] T T T _ ] Ll T Ll _ T
- zl 0l gL g b z 00
| .l —f§fr rrrf rr 1. fr 1 1t 1t 1 1t 1 1t | 1 Tt 11T l| NO:
| .| l. FO|
ZH | - onysS4vxao — | A —~
[ ZHOL-S4vX3aD —— [ | o= Y o
) ZHS - S4vX3D —— [ 1002 | S0 3
L ZHL-S4vX30 —— ] 1 2| &
i (Leswoa —  f Jvo ¥ - >
| (LSO —  f ! - o
H H ©
n - . - NO o m
q10L 2
] v
] C
,_ ~—
L ——— e ——, ‘E.ni.:l..l.iﬁ?«il.nxiji.ﬂ; /iik\\&.a\.iﬁﬁ/:f\. e o we/:.rs ;.x.xt.a\}w/«//,\ }r,wim\f\ Am,._ ; -1
— \ 161
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1

-

INLIISNT ¥3¥¥IHIS 1NV




PAUL SCHERRER INSTITUT

RS RXES spectroscopy

RXES/RIXS: photon-in photon-out technique, a
- - 3p°5d86s° combination of XAS and XES spectroscopy

DN XAS = unoccupied density of states

;! \ 3d°5d°6s" XES = occupied electronic states.

x-rayout © | _/__ 548650

density of states
energy levels

X-ray in
4 RIXS of Au,0,
RIXS plane Energy transfer (E,-E,) plane
» 1.0 T ‘/ \ T )‘<ES T B > 2{" Y l P;ofile at belam energ‘y ]
; 05 J\\\ resonant XES | g 1 ’ \ of 11920.3 eV 4
2 0.0 emzt \‘ —=== - Norm. int. = T = = T T 7 Intensity

2190 2200 2210 2220 2230 2240 ©
9680 9690 9700 9710 9720 9730 9740 9750 |

T
Profile at
11950

energy transfer
of 2206.9 eV

11950+

11940
11940

11930 11930

Beam energy (eV)
Beam energy (eV)

5d states

------------------------------------- 11920-|

119204

11910

11910

Energy transfer (eV)

-detailed information aboﬁrfiunoccupled electronic structure -final state energies and quantitative analysis

ssion energy (eV)

J. Szlachetko et al.,.J Elec. Spectr. And Rel. Phen., 188, 161-165 (2013)
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-] - Johann type emission spectrometer

Ce L;-edge HERFD XANES

- 2nm

44 i ——2.1nm

\ 5.1 nm
—7.2nm
—10.3 nm
CeO, NIST

J Ce,(CO,), xH,0

Intensity (a.u.)
N

T T T T T 1
5720 5730 5740 5750
Energy (eV)

In operation%ce July 2010

CeO, provides reactive oxygen in the absence of O, in the atmosphere

(x/2) CO + CeO, = CeO,,, +(x/2) CO,

EEEEE

Applications: exhaust gas treatment, particulate burning, water gas shift reactions, PROX, ...
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_ES State-of-the-art XAS and XES at SuperXAS

Development strategy
Multi-modal detection
fluorescence detected fime resolved XAS high resolution
XAS/XES KASIXES
5 elements SDD detector quick-XAS monochromator 9 crystal spectrometer
=high sensitivity =msec time resolution =sub eV energy resolution
=low detection limits *Fluo und trans. XAS »HERFD XAS
our go al

time resolution & energy resolution

Il

Single-shot XAS & XES
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MRS X-ray spectrometer for time resolved spectroscopy

cylindrically bent Spectrometer design @ SuperXAS
crystal :

-\o
‘ 599(6
8 (e strip detector

I

.....

focusing

x-r\a;h

sample : S : -
F 4

»resolution ~eV

»>large energy bandwidth for single measurement

»single-shot capability

»vertical or horizontal scattering geometry

>easy adaptation to shorter/longer radiuses L. von Hamos, Naturwiss. 20, 705 (1932).

J. Szlachetko et al., Rev. Sci. Instrum. 83, 103105 (2012).
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Applications: quick RIXS

Beam energy (eV)

Cu,0 CuO

>
w
8004 XES
S 600 Ka
= 400
Counts /0.2 sec § 200
-z588 &
8030 8040 8050 8060 8020 8030 8040
9005 1
9000
] >
8995 | L
] >
. >
8990 - =
N (3]
x S
- >
8985 | » >
] om
8980 -
8975
Emission energy (eV) Emission energy (eV)

total acquisition time for full RIXS map ~7sec

8050

Counts /0.2 sec

o O o o

8060
9005 |

9000 -

8995 |

8990

8985 |

8980 -

8975 |

SVX
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@ = Applications: Single-shot XES

CuO 7n0

dose=4.5x10"° photons 3.5¢10°
8.0x1 06 1 180000 T T T T T 15
KB valence to core | total dose=4.2x10" photons
4 1'3 160000 4 B 5
3.0x10°
G.OX'IO6 1 140000 o
) 1 Lg) 120000 o 2.5x1 05 7]
4
S 4.0x10° ]
(@] 5
O ] 2.0x10°
80000 T T T T T
6 I \, 8950 8960 8970 8980 8990 9000
2.0x10° 4 3) Emission energy (eV) °
(}f 0 1.5x10°
] § =
LY
0.0 s — 8 1.0x10°
dose=6x10 * photons (@)

T T T 300-totaldose=3.5x1012photons °
1 valencetocore 1

10000 - KB1 . r o] . 1

250

Counts

200

Counts

150

T T T T T
8950 8960 8970 8980 8990 9000
Emission energy (eV)

1]
/

100

o0~

M -----
0 JoomesE. | ooy T

8860 8880 8900 8920 8940 8960 89 9000 9020 9630 9640 9650
Emission energy (eV) Energy (eV)

T T T T

9660 9670
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—] In-situ quick-RIXS spectroscopy

TPR of Au(lll) - results of RIXS LCF

Temperature (*)
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11950 -

= >
G 2
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s 3 3
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0 S S
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o g 2
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0001200
0003800
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001380
3 o 11940 001650
002380
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a = Quick-RIXS spectroscopy

TPR of Au(lll) — results of Genetic Algorithm analysis

calculated

RIXS Genetic algorithm

Exciatation energy (eV)
Exciatation energy (eV)

11920

9700 9710 9720 9730 9700 9710 9720 9730 9740
Emission ener gy (eV) Emission energy (eV)
2.5
—o0— measured
204 calculated

3
1

Normalized absorption
5
1

o
3}
1

o
=]

DOS

11910 11920 11930 11940 11950
Excitation energy (eV)

»Calculated RIXS plane includes lattice expansion from 4.8A to 5.3A.
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C RSl Au(lll) reduction: theory vs experiment

> Theory Au,0 — 4.8A
> RIXS experiment — 5.3A

Reaction mechanism: shell-to-core reduction

Nz w“T‘ > Theory Au,0 — 5.34A

‘e “';,_ L
.4'_ ":n‘#l"l

J. Szlachetko et al. J. Phys.Chem. Letters (2014)
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@~ |In-situ RIXS — molecule adsorption geometries

Pt,CO atop

11568

Excitation energy (eV)
o
3

9430

CO adsorption on Pt-nanoparticles

Pt,CO bridged

9435 9440 9445 9450
Emission energy (eV)

9455

-6

a
SN @

18
AR

'y q}é
IS

s

’

;9
%G
VS
- §
£

AN

Pt,CO face bridging

Emission energy (eV)

T 4 ! T T T ' T T
9430 9435 9440 9445 9450

9455
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e —{m In-situ RIXS — magnetic manipulation of adsorbed molecules

CO adsorption on Pt/Co@C

Pt

strip-type
detector
X-ray in CO

7. X-ray out

cylindrically bent crystal
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m  In-situ RIXS — magnetic manipulation of adsorbed molecule

Excitation energy (eV)

CO adsorption on Pt/Co@C

% of change

22 22
0 I 0

+2.2

*22

9430 9435 9440 9445 9450 9455 9430 9435 9440 9445 9450 9455
Emission energy (eV) Emission energy (eV)

20 B=0mT B =50 mT B=0mT B=50mT B=0mT

15

o
(=]

(%]

~11% change in
adsorption geometry

o

Signal changes (%)
n

"
2
o

23,
3

Time (min)

J. Sa et al., Nanoscale (2013).
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High energy resolved off resonant spectroscopy - HEROS

Re-formulate the generalized Kramers-Heisenberg formula developed by Tulkki and Aberg (1982):

E)[XAS(E)

E2 (Einitial ~ B )(Einitial +E

XES(EZ) i J. E (Einitial +E-E )

2
+ r|n|t|al

14

J(El ~Eia “E-E, )dE

Shows direct relationship between XAS and off resonant XES!

a)
Density of Y
glectronic - . ! . ; 150 4
states (XAS) . w beam
Fermi level —-, ]l &
s 3 EFMN 2 100-
- | t-‘ﬂfl'la'.' | 1 P
i e E firral =
I I o
] ! O
L ! X-ray-out 50 -
X-ray-in 1 #' (XES)
£ 1 L
' : E,
3 I
i .
———
Emérm

_wwyﬁﬁmm’gggmﬂf

T T T
X-ray emission
(measured)

E__ fixed at 11537eV l

/

|
J
/

O

/ T T T T T
X-ray absorption
(reconstructed) i

\c ]
l |
| ]
b

l%&ﬁ%

| i

R ek

Kramers Helsenberg K
formalism /
]

Came
1

OQQI%IN

9380 9400
Emission energy (eV)

11580 11600

Energy (eV)

11560

Normalized absorption




PAUL SCHERRER INSTITUT

o]

X-ray emission spectrum Pt 3dg,,—2p5, (La,)

I L A 3500
1907 detuning o I
150 1 1 ! . i

140 = — — — E_ __ ;FL Ebeam Eedge !I° 3000
] i _ _
120 - jﬁ 1:\ L 2500 e
4 1 | - =
2 0 ] ! : o 5
3 1004 & 100_ 1: /:X -2000 @ g
@ 5 80- I i 28
S 5 ' g I L L1500 € |

> I c
8 8 60 - oé’ :l ! | l _ 8 g
] ! | _ m
O 50 404 $ ! [ | 1000 D
L~ il . | 5
20 - | 4 . S
1 o !
0 - N — | A
0l 9360 9380 9400 9420 9440 9460 9480

Emission energy (eV)

dispersive-type spectrometer: XAS can be obtained for fixed beam energy
excitation without moving any optical components

high engrgy resolution — more detailed structure as compared to conventional
XA
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- = High energy resolution off-resonant spectroscopy

«  XAS at fixed beam energy excitation
*  high energy resolution
* independent of |, fluctuations

Xl-ray émiss%on T I X-ra'y absolrption' I 4 ' ' . I ]
(measured) (reconstructed) conventional XAS
150 i ] ] ]
O § E
S 100 S g1
2 2 3
= 3 © | Off-resonant
3 < I excitations
50 . .
Energy (eV)
0 T T ' T d / " T T T T
9360 9380 9400 9420 11560 11580 11600

Emission energy (eV) Energy (eV)

XAS shape is independent of self-absorption process.....




PAUL SCHERRER INSTITUT

o]

High energy resolution off-resonant spectroscopy

XAS shape modifications by sample concentration/thickness
Ta L;-XAS

transmission XAS

9,85 9,86 9,87 988 989 990 991 992

Excitation energy (keV)

HEROS-XES

fluorescence-XAS

3,0 — T T T T T 2,5 —r—r T T T T T T T T
0.5 pm 0.5 pm|
1 um 1 um
2,5 2 um 1 20 L 2 um _
o ——5um ’ 5 um
g 20 L — 10 pm | g ——10 pm
e 7 15 pm & 15k 15 pm i
2 — 20 um 3 ’ —20 um
g 15 ——30um 4 2 — 30 um
"8 — 50 um el 50 pm
% E 1,0
g 1,0 g
o =
Z S 05
0,5 . Zo
00— T 0’0_.1.1.1.1.1.1.—

9,85 9,86 9,87 988 9,89 990 991

Excitation energy (keV)

HEROS-XAS

T
25 b 0.5 um| 0.5 pm
1 um 1 pm - 3,0
2 um 2 pum
20 5 um 5 um _
B —— 10 um 10pm| |2 §
7] + = =]
§ 15 um 15 um 20 %
g 15F ——20 um | 20pm| &Y 9
< | |——30um 30 um <
8 —50 pm | 50 pm 1,5 3
<= 10 | N
g =
Zo = 1,0 g
5 Z
0,5
0 0,0

1 1 1 1 1 1
8,08 8,09 8,10 8,11 8712 8,13 8,14

Emission energy (keV)

1 1 1 1 1 1
8,15 9,85 986 9,87 9,88 9,890 990 991 9,92

W. Blachucki et al., PRL., 112, 173003 (2014)

Excitation energy (keV)

9,92
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o] High energy resolution off-resonant spectroscopy

(Pt(acac),) decomposition: 500msec time resolution

In situ decomposition of Pt(acac), under 5% H, in He induced by flash heating at 150 °C

9429.5
HEROS-XES HEROS-XES |
4 i 1.2
Emission energy (eV)
9410 9420 9430 9440 9429.0
_ . )

=

g .

=

3’ 25 9428.5

Peak position (eV)
Normalized intensity

(2
o
Time (sec)

region:
_._A

——B

—e—C

The spectral shape in intermediate zone B indicates changes
in the chemical environment, such as change of the ligand of
the Pt site that however do not correspond to a change in
oxidation state.

Counts

- : . T -
9410 9420 9430 9440
Emission energy (eV)

J. Szlachetko, M. Nachtegaal, J. Sa et al., Chem. Comm., 48, 10898 (2012).
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Jim

High energy resolution off-resonant spectroscopy

Time (sec)

White line intensity

Pt reduction/oxidation: 100msec time resolution
In situ reduction/oxidation of Pt by gas switching at 200 °C

In-siti time-resolved HEROS

70
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20
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o
1

@
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o
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o
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]
®
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9430 9435 9440

Emission energy (eV)

oH, Ao -

qy” . 1]41 ; ”3' M[ qu

N A Rb

ki CEE
|

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Time (sec)

Intensity

A) e ﬁt-o2
B)
C) e

1000

Pt-H,

800

600

400

Pt-O chemisorbed

5d states

9420

| T
9425 9430 9435

Emission energy (eV)

J. Szlachetko et al. JACS (2013)
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L RS XFEL experiment

High energy resolution off-resonant spectroscopy (HEROS): Chemical speciation at femtosecond time scales.

HEROS provide information about unoccupied electronic states. Experimental approach allows for XAS-like
studies on a shot-to-shot basis.

HEROS XFEL spectra, 50fsec pulses

|||||||||||||||||||
HEROS Cu
—e— experiment

20 theory 'fi
e i

Counts / shot
Counts / shot

7980 7990 8000 8010 8020 8030 8040 8050 8060 8070 8080 7980 7990 8000 8010 8020 8030 8040 8050 8060 BO70 5080
Energy (eV) Energy (eV)

First time demonstration of HEROS applicability to XFEL sources

J. Szlachetko et al structural dynamics (2014)
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Application QEXAFS: Biomass to synthetic natural gas
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Today's supply for fuels, heat, chemicals and
electricity is largely based on fossil fuels

Chemical conversion

Image sources: liberstilo.com, businessweek.com, bestensee.de baricada.ro afamily.vn, erneuerbareenergiequellen.com, vebidoo.de, asg.de, worldofstock.com




PAUL SCHERRER INSTITUT

e -=» Woodto SNG

Why wood to Synthetic Natural Gas (SNG)?

» No competition with food / agricultural areas

» Climate neutral process = CO, sequestration possible
» Wood widely available in many countries

http://gobigas.goteborgenergi.se




3H, +CO > CH, + H,0

g gasification gas cleaning methanation

= [oar |

EIrS

SNG




WGS
methanation

gasification filtration g scrubbing gy H,S removal

ash water H,S water
Tars
Organic sulfur

800 — 850°C CO,

Cooling / reheating, scrubbing, water evaporation

>

temperature

300 - 350°C

—> Efficiency losses
—> Additional equipment

\ <50°C /
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== Approach for continuous removal of sulfur

Chemical looping desulfurization

Transport of material between ,fuel reactor” and ,oxidizing reactor

Cleaned gas

/ CH, (SNG) SO Advantages:
T I > Sulfur is continuously removed
active 0o - » High temperature process
bt | & . > Combination with tar reforming /
@§ % ggi‘gllf/i? methanation
S0 o
posoned & | » Challenges:
T T > Attrition
» Hydrodynamics
H, + CO + H,0 0,

+ sulfur > Transient reactions
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19 atoms (@ 1.4 nm) ‘ 169 atoms (@ 4.3 nm)

Surface coverage 50%
# ligands : # catalyst

31% \ 12%

—> Increasing the sensitivity to changes at the surface is desired for catalysis




excitation

Many species on surface
—> XAS probes all species of selected element
—> We want to filter out the one that changes

excitation
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ALO,

ALO,

-> |solate only that species that changes upon excitation

excitation

excitation
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= m Conceptof modulated excitation spectroscopy

Phase delay

Active species response ®

Contains only changes due to excitation with w,,

T
’) ~
0

XAS dataset

Signal intensity A

Urakawa, Chem. Eng. Sci. 2008

T Time t
T=1 Wy,

Differentiate between active species (w = w,,), spectator species (w = 0) and noise (w > wy,)
> Applied to IR for > 10 years, recently to XRD
> So far: qualitative interpretation of ME-XAS

> IS @ quantitative analysis of demodulated spectra possible?
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= ME-XAS - Experimental setup

= 2 wt-% Ru / Al,O, catalyst

= test reaction: reduction / oxidation

= Quick XAS Monochromator (SuperXAS beamline, SLS)
—> 1 spectrum / second @ Ru K-edge

MS data: reactor outlet

MS data: reactor inlet 3
©
<
%(—/ time g N
T =1/w ]
» H, and O, consumed

2 Zz s s B » H,0 produced

Energy (keV)
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Energy [eV]

Konig, van Bokhoven, Schildhauer, Nachtegaal J. Phys. Chem C (2012)

= Jm ME-XAS - schematic procedure
? 1.0 | I I | | |
% 05| Full spectra
§ T p— —> reproducible, small changes
% 0.0 B -
g 22%00 22500 22:=’>00 : ZZJE{OO 22=500 22600 A-Spectrum

- little structural data

Demodulated spectra
— same information, but better S/N
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= Full spectravs. demodulated spectra

Fourier Transform magnitude

1
o
o

Radial distribution function

Ru-O  Ru-Ru

_ full spectra

I N s
— T T T T Ty 1 T

-

reduced

' demodulated
" spectrum

o
=

o
o

0.0 0.5 1.0

1.5

20
R + dR [A]

2.5

3.0

3.5

4.0

The full spectra show little difference

The demodulated spectra show
only structural changes

—> How can we extract structural information?
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w(--]jm ME-XAS - Fitting approach

—— Reduced state
—— Part. oxidized state
N\

N ——— difference

x(k)

-0.05

0104/ :

|V floating

-0.15 -t I rr
3 4 5 6 7 8 9 10 11 12

k [AY

Demodulated spectrum = reduced spectrum — oxidized spectrum

—> Use two fitting functions (shells, paths), subtract one from the other
—> Fix one function of a known state (e.g. reduced state)

Differences are well fitted, even if absolute numbers have errors




w--{jm ME-XAS - fit results

Ru-Ru shell
Coordination number Distance [A]
reduced 10.0 £1.2 2.683 + 0.005
(full spectrum)
partially oxidized 9.3+ 1.1 2.681 + 0.005
(full spectrum) R 3
partially oxidized A-08+ 0.2 A 0.0022 = 0.0006

(demodulated
spectrum)

-01

— data
Ru-O Ru-Ru ---- fit

0.1F

0.0 pe=ms—=%

Fitting of demodulated spectra

» Same differences as full spectra

» Increased precision => higher sensitivity
> Ru-oxide shell at 1.945 A with CN 0.25 (+ 0.09)
—> not detectable with analysis of full EXAFS spectra
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a1 ME-XAS - conclusion

Quantitative analysis (i.e. fitting) of demodulated spectra
—> robust fitting
—> results comparable to ,regular® EXAFS analysis
—> improved precision (~ 5 - 10x)
—> detection of minority oxide species

—> ME-XAS enhances the sensitivity of XAS to small
reproducible structural changes of the active site
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=7 Requirements for materials

Now we have the tool to study periodic processes with high sensitivity

Cleaned gas
SO,

i i Requirements for materials:
& [ > No formation of stable sulfate phase

§ «te
oo &ge | > Reactive towards H,S and organic sulfur species
T

OOCT’ """ g > Stable under reducing / oxidizing conditions
H, + CO + H,0 + sulfur o » High temperature stable

» (Catalyze methanation)

Molybdenum or Ruthenium are viable options
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w otand-alone desulfurization over Mo

Goal: Complete removal of inorganic and organic sulfur

Background:
» Gasified biomass contains organic and inorganic sulfur
» Mo is used in petrochemical refining (HDS)

» Is removal of inorganic and organic sulfur possible over Mo?
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= 1m Mo -experiment

Cleaned gas
SO, -

T T N

g
I
N\
W
-

H, + CO + H,0 + sulfur 0,

T T T T T T T T T T T T T T 1
0 200 400 600 800 1000 1200 1400
time [s]

Instead of moving the particle, gas atmosphere is changed
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a7 Mo-removal of H,S

125%H,  1.25% H,, 2000 ppm H,S 4%0,
- RS i ]
z _—: :/’ H,S /0, (m/z 33) !\ -
o L |-
N 0 y I n T n L.
S 30F | g ]
S b !
S 15fi SO, (m/z 64) ! i

I |

|

00:00 00:12

time / hh:mm

00:24

Fitting with
reference spectra

MoO; + H,S = MoO, + MoS,

T=600 °C,p=1.5bar

normalized absorption / a.u.

after oxidation

end sulfidation

middle sulfidation

start sulfidation

20(I)OO 201I 00
Energy | eV

Konig, Schuh, Schildhauer, Nachtegaal ChemCatChem 5, 3700-3711 (2013)
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—d

mw Mo - removal of thiophene

lon current | a.u.

3 fraction

)

S

40 % H, 40 % H,, 200 ppm C,H,S 4% 0,

15 F;
1.0 Fi
05 Fi
0.0

SO, (m/z 64)

-0.5

15
1.0
0.5 |

-
— e ows e
P

0.0 F

1.0
0.8 |-.7
0.6 !

04 |

0.2 i

0.0

o]
r%
|—_;|‘
gl
%‘
=
5
=
E‘
8

O MoO3
A MoO, _
& MoS, 4

2 2, Y
NN Ny N N A

00:00

00:06 00:12 00:18 00:24 00:30

time / hh:mm

T=600°C,p=1.5bar

» S0, is generated

» Thiophene is removed

» Conversion over MoO, / MoO,

» What happens to sulfur?
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Jim

Mo - conclusion

O:

- AR T
O:-

Al,O,

MoQO:

le

o L2 &S

B WLALERY W

e

MoS:>

l H.S

H.+ C:HsS
—p

» H,S and C,H,S removed
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= m Mo -thiophene removal - demodulated spectra

04F ¢ =310°

MoO, > MoS, -

0.00

-0.05

| | ' { ﬁj i
005r MOO3 9 M002 |
0 ' 2 g ' 6 8 10 12

Fourier transform magnitude / a.u.

Two distinctively different spectra = at least three Mo species
MoO; = MoO, = MoS,

experimental

references
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Integrated methanation / desulfurization over Ru

Goal: Integrated methanation and sulfur removal

Background:

» Ruthenium / Nickel catalyze methanation

» Catalysts sensitive to sulfur poisoning

> Niis very difficult to regenerate

» Periodic regeneration can allow process integration

> s periodic regeneration possible over Ru catalysts?
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=1 Ru-material and experimental conditions

] | | €O |
- [ | HS/COS/CH,S i
R o 1

R L L . | . ! . !
00:00 05:00 10:00 15:00 20:00 25:00 30:00
runtime [ mm:ss

gas flows

Ru /AlLO,

Particle size 10-40 nm
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= 7m Ru-reactivity

jon current / a.u.

25%H, 25%H, 12 ppm C,H,S 0.25% O,
0.25% CO 6 ppm COS
60 ppm H,S

00 1L n P | n 1 n 1 n 1
11:58 12:02 12:07 12:11 12:15
time / hh:mm

T=430°C,p=1.5bar

Konig, Schildhauer, Nachtegaal J. Catal. 305, 92-100 (2013)
Konig, Schildhauer, Nachtegaal et al, Patent application (2012) 2012P16103EP

--—--inlet
—— outlet (18t cycle)

— outlet (20" cycle)

» Ru synthesizes methane

» Oxidation releases SO,,

regenerates CH,

» When C,H,S breaks through,

CH, drops
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= 7m Ru-reactivity

ion current / a.u.

0.8
06+
0.4
0.2f
0.0

04f

1 80, (miz64) .

Sessac
0.0

0.2t

' '
—_—
0.0z

04l 1CH,S (mz8d) |

11:58 12:02

1207
time / hh:mm

] o000%%000, o |
_ 0.10 - : :
8 sulfur free :’ sulfur added : sulfur free
S 0.08- | I
== | |
S ° : ooocs,’
g 0.06 4 : : ...o°
= . .
2 ] [ ° [
% 0.04 : ....‘ P
b | .. |
o) | ° ]
S  0.02- ! 0ot
I"’ | |
$) I I
0.00 T T T T T T |
0 10 20 30 40

cycle number

» Regeneration possible over several cycles

> Steady state operation seems feasible

> Activity not recovered to 100 %

50
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= m Ru-structure

normalized absorption coefficient

1.2 -
1.0 +

0. | %

0.6 1

Ru K-edge XAS

» Change from Ru metal to Ru oxide
» No bulk Ru-sulfide detected

0.4

absorption at 22133 eV

0.2 1

®

| ‘14 T T T T T
_ 0 200 400 600 800 1000 1200 Ru-0 Ru-S Ru-Ru
0.0+ " time [s] ‘ T

T T I T I T I T I T 1
22100 22200 22300 22400 22500 22600
Energy / keV

Demodulated spectra
» Detection and quantification of Ru-S

poisoned |40.08

» Ru-S is formed and removed
» Coordination number 0.07 + 0.02

Fourier Transform Magnitude

State of sulfur? .
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w1 Sulfur K-edge XAS

concentration CH, [%]

H :CO=10:1 H :CO=10:1 . . .
; , 1> added : > Oxidation regenerates methanation
0.2 4 ! . .
! > After regeneration, methanation drops
over time, even in sulfur-free feed
0.0 : ! ; 7 e .
03:00 04:00 05:00 11:00

runtime [hh:mm]

1.00-
0.751
0.50+

0.251

H,S poisoning generates sulfide  *%gs
and sulfate species

Regeneration removes sulfides

After reactivation, sulfide re-appears

sulfide sulfate

—A—H,+CO+H,S
7702

Normalize«

2470 2475 2480

Energy / eV

0 -pendoso
2465

I I T I T 1
2475 2480 2485 2490
Energy | eV

>I
2470
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= Jm Rumethanation/poisoning - proposed mechanism

Al:Os

fully active

Al(SO4)s

Al03

poisoned

AL(SO.)s

Al:03

active

A|203

poisoned

A|2(so4)3

Al03

regenerated |

AL(SO.)s

Al03

reactivated

—> Transport of sulfur
from support to catalyst and back




gasification filtration

High temperature desulfurization options:

Molybdenum: Ruthenium:

» Complete H,S removal > Complete H,S removal
» Thiophene conversion > Thiophene conversion
» Methane synthesis
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- Questions addressed today:

Why is time resolution (Quick EXAFS) important in
environmental chemistry?

Time resolution essential to study kinetics

How Is time resolution achieved? (technical details)
QEXAFS monochromator OR dispersive XES spectrometer
What is x-ray emission spectroscopy? (RXES, RIXS,
HEROS, valence to core XES, etc.)

Second order process: provides information on electronic
structure (density of states)

Quick XES examples

Time resolved HEROS (high resolution, no self-absorption
Quick XAS examples

Modulation excitation spectroscopy to enhance surface
sensitivity, optimizing wood to SNG process
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Questions?




«=(--]}» Combined synchronous XAS-IR-MES at SuperXAS

IR

gas feed ‘ ‘ | ‘ ‘

spectrometer

= installed at SLS for user
operation

= in situ investigation of
functional materials

&

Fpmmat
st CcCMX ENSNF EMPA ) UNIVERSITY OF
e ey BRUKER
w” Ve Competence Centre for SCHWEIZERISCHER NATIONALFONDS ZUR
FORDERUNG DER WISSENSCHAFTLICHEN FORSCHUNG CANBERRA

Materials Science & Technology

Materials Science and Technology

Chiarello et al., in preparation



«=(-{j=» Combined synchronous XAS-IR-MES

diamond window
284 [ lved 020 Phase Sensitive Detection (PSD)
gpime-resove H, vs O, A" (6) = 2T [ Ale,)sin(kwt+ @PS0)dt

= H2VS 02

== 02
2 phase-resolved

A A

FT magnitude

2 4 6 8 10 12 14 00 05 1.0 15 20 25 3.0 35 40

k (A1) R(A)

= diamond: far less diffraction peaks, but not suitable for DRIFTS...
o

m EMPA° B(I:l?lﬁ'gﬂ UNIVERSITY OF
( >X_) CANBERRA

SCHWEIZERISCHER NATIONALFONDS ZUR
FORDERUNG DER WISSENSCHAFTLICHEN FORSCHUNG Materials Science & Technology

7
Materials Science and Technology

Chiarello et al., in preparation
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. Which window for XAS-IR combination?

2 wt% PY/AIO,

absorption (a.u.)

T
1.8 120

T
12.2

energy (eV)

Chiarello et al., in preparation

- IR transparent

v s,
R )

Competence Centre for
Materials Science and Technology

CaF, window with C-filled hole

SNF!

norm. absorption (a.u.)

11.61

1.6
1.4
1.27
1.07
0.87
0.67
0.47
0.27
0.0

A

1145 1150 1155 1160 1165 1170 1175 11.80

energy (keV)

position scans at 11.61 keV

2] height/' j widh
20- -\./\ /\ C-filled hole
15 CaF, windowi/ .\ N ,./
1 b
o i L \ L
0101 Ce" : :. ! :‘\‘ O.L
0.057 E ,.\ [ /.\..R /..¥ by ‘:\ hd :\0 h ooﬁ\o
0.00] II’Q o 0%% | S’ :b :' ®e ™ o
0.05—— L

SCHWEIZERISCHER NATIONALFONDS ZUR
FORDERUNG DER WISSENSCHAFTLICHEN FORSCHUNG

A3 12 -1

10 9 -8 -7
motor position (mm)

EMPAQ

Materials Science & Technology

ose

BRUKER UNIVERSITY OF
( ><_) CANBERRA
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=] - XAS at a “superbend’

______________________

o E -

Flux at SLS Super
bend source (2.9 Tesla)

1013

1012

1 SLS Superbend
107 T sLs Bending Magnet
ESRF Bending Magnet - - - -

Flux [Ph/(s mrad® 0.1%BW)]

APS Bending Magnet =---=---
10" : : : : . : : ; . 5
5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 %
o 16
Photon Energy [eV] E’;-\ O e S e ~——— e
mo .
g
(\.IE 10"
Brilliance at SLS Super s
=
o
bend source (2.9 Tesla) S 0l s swapend
2 SLS Bending Magnet
g ESRF Bending Magnet - - - -
@ APS Bending Magnet --------
10"

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Photon Energy [eV]
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RSl High resolution spectroscopy

6 T T T T T T T T T T T T T T T T T 15
_ AE/E T AE/E
1K lines 15 keV1 3x1 0_4 14 7] L lines
13
5 )
12 3
J 11 4
4 ) 10
2.2x10™ ]
-3 9 ]
S . S 84
@ L 74
W w ]
< < 61
1 Z
2 - 5 5 4 keV «""?:"" >
- S S RIS
[4.5 keV X7 5x10° 4] e
0 ot TRIAX] 3 | " ’ X
14 et <
> s 2 -
. S e ; 1-
0 -al limit: final B 0
| ! ) ' ) ' I ' I
22 24 26 28 30 32 34 36 38 40 S L

Z
XES resolution -> only x-ray detection
RIXS resolution -> x-ray detection & incident beam
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Von Hamos spectrometer

E
S
S
5]
o
A
5
o
L
©

81.3 6§.5 61|.5 56|.4
o
2.0+ /
incident beam
S 1.5 |
3 9 e
2 1.0- o e
o _ - 7 _ =~ segmented
> - - focusing !
o Vi ;
C 1 /
L flat crystal:
00 T T T T T
8000 8500 9000 9500

Segmented crystals

focus:ing 100mm

1 segment 5 x 50mm?2
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