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Introduction

MAX-PLANCK-GESELLSCHAFT

» adsorption phenomena play an important role in oxidation catalysis

» adsorption steps, surface reaction processes, and desorption steps

» The knowledge about e.g. heat of adsorption of reactant on the surface can contribute to
a better understanding of the complex microkinetics.

» since perhaps only a minor fraction of all surface atoms form active centers

» key to the effective use of adsorptive microcalorimetry is the careful choice of
probe molecules and the adsorption temperature to study

» use of probe molecules such as educt, intermediate, product or molecules
closely related to the reactants is an elegant method to study the surface
sites relevant for catalytic reaction
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Equipment %
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Micro-calorimeters Sample Cell Volumetric-Barometric System

pressure gauge dosing system
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Kargge, H.G. etal., J. Phys.Chem.gS,1994, 8053. Japp K=K, exp?‘"’s p
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Activation + Reaction

LN =

gases

Sample cell
&

Ultra high vacuum system

Microcalorimeter +
volumetric system
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Experimental procedure

UHV (10-8hPa), gases (H,, O,
rt - 600°C

Reaction:

Calorimeter cell can used as a flow-
type reactor.

Catalyst is used in the selected
reaction until stady-state performance,
rt - 600°C

Transfer
of the sample cell into the calorimeter
and degassing/equilibration at T

Adsorptive microcalorimetric
experiment:

Stepwise adsorption, desorption and
re-adsorption of the selected probe
molecule at the selected temperature.




Selected Applications
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Adsorption microcalorimetry is broadly employed in several projects of our department.

1. Selective oxidation of propane to acrylic acid over pure-
phase MoVTeNb oxide catalyst - M1 catalyst.
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Adsorption phenomena in oxidation catalysis
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Selective oxidation of propane to acrylic acid |,
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propane acrylic acid

N 120, = N\ +2H,0
T=673K, p=1bar

C,/0,/H,0/N, = 3/6/40/51 (vol.-%)  OH

Catalyst:  Highly crystalline <
MoVTeNb oxide catalyst

A 4

Intention: study of the post-reaction state of the surface “used catalyst”
in comparison with the prepared state of the surface “fresh catalyst”
in order to describe a structure-selectivity relationship

Adsorption Y propane as probe molecule
Microcalorimetry : *  Tagsorption=313K < 673 K=T.ction
Y selected catalysts: different selective catalysts
pure-phase MoVTeNb S..=53%
modified MOVTENb by an oxidizing agent S_,=37%
MoV oxide S..=18%

[1] Botella, P., et al., The preparation, characterization, and catalytic behavior of MoV TeNbO catalysts prepared by hydrothermal synthesis. Journal of Catalysis, 2002. 209(2): p. 445-455.
[2] Ueda, W., et al., Structural organization of catalytic functions in Mo-based oxides for propane selective oxidation. Catalysis Today, 2004. 96(4): p. 235-240.
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Propane adsorption isotherms &
of different selective catalysts FHI
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Differential heats of adsorbed propane @

of different selective catalysts FHI

80 80
S phase-pure MoVTeND, S,, = 53% oxidized MoVTeNb, S_, = 37%
E 70 Spropane=11.4 m2/g g 70 N S propane=10.3 m?/g
2 ol S 60 |-
-~ i " o G o @ P fresh i
S 50t ~ 50}
< 0
?_3 40 g ‘AA ............. A - ;g T i f 40 }
c .©
q%: 30 CICJ 30 |
5 =

20 t a 20

o L telotcondemationchpropane T4 kiimol | o L hestarcomienstondt ropane- i imal

0 0.001 0.002 0.003 0.004 0.005 0.006 o] 0.001 0.002 0.003 0.004 0.005 0.006
& ] Amount of propane adsorption / mmol/m?
MoV oxide, S_, = 1.8%
R S, ropane=13.4 m?/g Strength of interaction of propane with the
= surface changes during reaction.
= * [ used
~ . . .
n 2] A *Saa is correlated with energetically homogenous
o distributed propane adsorption sites
°
5 S,, is associated with reduced interaction of
g propane and active surface sites
£
-------- . 1 Yco& CO, ads. exp. : weak acid/basic sites
0.001 0.002 0.003 0.004 0.005 0.0086

Amount of propane adsorption / mmol/m?
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Structure-selectivity relationship
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the prepared state of the surface is different from the post-reaction state of the surface
-> dynamic surface during reaction

. remarkable selective (S,, = 53%) MoVTeNb oxide surface is characterized by
high density of energetically uniform propane adsorption sites
with weak acid-base character

. The weaker interaction of propane with the post-reaction state of the surface is
apparently favorable for the catalytic performance;
perhaps because of facile product desorption.

M. Havecker, S. Wrabetz , A. Trunschke, R. Schldgl et.al. ; Journal of Catalysis, 258(1) (2012) 48 -60.
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Selected Applications
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Adsorption microcalorimetry is broadly employed in several projects of our department.

2. Oxidative dehydrogenation over oxygen functionalized
carbon nanotube - oCNT
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Adsorption phenomena in oxidation catalysis
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Oxidative dehydrogenation of propane over carbon materials

MAX-PLANCK-GESELLSCHAFT

Intention: To establish a mechanistic model for carbon-catalyzed ODH.
Ads. properties (reversibility, heat of ads., number of ads. sites)
are important input for kinetic modeling.

60%

19}

c o - o
propane > propylene _ @ . = ;;
400 C, C4Hg/O,/He = 10/5/85, 50 ml min-"! g Sa%d . s 2
Catalyst: oCNT  5wWt% B,0;-0CNT g8 . b R o]
i Carboxylic acid to reach a sufficient 3)39 &20“/ | o - -2 ~,
R O -OH self-oxidation stability T P " o © 8
anhydride > Tp) N
& T aa|
o (o 1 T O I
0% 0.01% 0.1% 1% 10%
B,0; loading by weight
Quinone O strong improvement of the alkene selectivity
Ketone Ether  OH by surface modification using oxides of boron
Phenol
Adsorption % propane & propylene as probe molecule

Microcalorimetry : * T, =313K < B673K=T

dsorption reaction

% selected catalysts:  used oCNT  used B,0,;-0CNT

B. Frank, S. Wrabetz, O.V. Khavryuchenko, R. Blume, A. Trunschke, R. Schlbgl, ChemPhysChem 12 (2011) 2709.
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Oxidative dehydrogenation of propane over carbon materials
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a ads. /re-ads. of b 51 ads. / re-ads. of
wsigs g w, \C3Hgonused oCNT . 1 C3Hg on used oCNT
- 40< ’ = : . %“ .
g 1 % g 35—DID:| ...'
2 5 'E%h i 2 oo Graphite:
E lpoo o T CPLL g " o0 o0 o oo (free of oxygen)
" 30y GCHgafter oo, il o ' . . 33-22kJ/mol
Jirrev. ads. C;H ® o000 " 1 " "
3 I 15 | | | for propane and
0.000 0.005 0.010 01 02 03 04 05 0.0 01 0.2 0.3 propylene ads.

Nug / mMmol g Nue / Mmol g™
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Adsorption phenomena in oxidation catalysis &
Oxidative dehydrogenation of propane over carbon materials W
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Table 1. Quantitative evaluation of calorimetric measurements of propane and propylene adsorption on CNT
and B,O;-CNT catalysts (Figure 1).
a 50 =  ODH used sample
é after C;H, calorimetry Sa mpl e CNTS Bz 03—CNTS
o 40] Adsorbent C;H, CiHq CH; C;Hq
£
< as N ~g,,; (kmol ™) 45 51 40 45
¥ 20/ o High-Energy Plateau N,y (umolm ) 0-0.015 - 0-0.016 -
l Chononts | TS=—e=CN] —Gads (KImol ) 45+0.5 - 3941 -
oo oo Bl /n‘:;ol‘;f o2 0‘4\< Steady-Decay Range N,es (umolm ) 0.015-0.18 0-0.27 0.016-0.24 0-0.32
- NL —Gage (KJmol ™) 45-33 51-20 39-30 45-27
ow-Energy Plateau Nags (pmol m %) - - - -
Q.. (KJmol )® 33+05 20+1 28+2 261
[a] Total number could not be determined, [b] Maximum differential adsorption heat.

Carboxylic acid
Lactone

Carboxylic Qg O
» High energy sites can be assigned to oxygen surface groups, .
low energy sites to carbon surface (0001) 0
» 3-5% of the surface is capable of strong interaction
with C; hydrocarbons (high-energy adsorption sites) Quinone 0 A
 lIrreversibility of propylene adsorption due to surface reaction Ketone ~ Ether  OH
with ketones and anhydrides Phencl

« The weaker interaction of propane/propylene with the used B,0;-0CNT surface is apparently
favorable for the catalytic selectivity.
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Adsorption phenomena in oxidation catalysis
FHI

Oxidative dehydrogenation of propane over carbon materials

m— Lactone
. Carboxylic “ R
C-O single bonds to | o |
Electrophilic oxygen: phenols, ethers, esters, O,o !
C-O single bonds to carboxylic anhydrides
. . (0]
esters, carbo.xyhc. anhydrides, m 04
carboxylic acid groups ,
Nucleophilc oxygen: e | L Eer ] O
ketonic CFO
Ols ra}nge of XPS of ctomie
used oCNT double bonds
> > ] %, Ols range of XPS of
g) Z % used B,0;-0CNT
Q L o
E - - E —

540 53 532 528 540
E.leV

* The near surface oxygen concentration of 4.3-4.7% on used oCNT and B,0O;-0CNT (XPS)
correlates to the 3-5% of the high-energy adsorption sites (Calorimetriy).
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Oxidative dehydrogenation of propane over carbon materials
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C
Combination of Microcalorimetry!, XPS and TPD 2] 50 #{

results allows for a quantitative description of the w0
carbon surface under reaction conditions. wP° ?};—- .

Qags / kJ mol™

0.00 0.01 02 04

Ny / Mmol g
Type Differential heat Ads. surface site
kJ/mol
A 45 ketone and quinone groups C ) )
. : : ATRONE STOUP Indications for a higher selective surface:
homogeneous high energy sites sites react rev. with C;H,

sites react irrev. with C;H; - more medium energy adsorption sites,

B 35-<45 carboxylic anhydrides, phenol, such ag phenql
.. - weaker interaction of propane/propylene
heterogeneous composition ether . .
with the oxygen surface sites

sites react rev. with C;Hg
sites react irrev. with C;H,
C 30 lactone/ester, carboxylic acid

homogeneous low energy sites | sites react rev. with C;Hg & C;H,

D 20-<25 basal plane of graphitic carbon
(free of oxygen)
sites react rev. with C;Hy & C;H,

[1] B. Frank, S. Wrabetz, O.V. Khavryuchenko, R. Blume, A. Trunschke, R. Schlégl, ChemPhysChem 12 (2011) 2709.

[2] B. Frank, J. Zhang, R. Blume, R. Blume, R. Schlégl, D.S. Su, Angew. Chemie 121 (2009) 7046-6917.
B. Frank, M. Morassutto, R. Schomécker, R. Schlogl, D.S. Su, ChemCatChem, 2 (2010) 644-648.
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Selected Applications

MAX-PLANCK-GESELLSCHAFT

Adsorption microcalorimetry is broadly employed in several projects of our department.

3. Oxidation of HCI to Cl, over bare and supported CeO,
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Adsorption phenomena in oxidation catalysis &

DEACON reaction FHI
Oxidation of HCI to Cl, over Heat of adsorption of
4HCI + O, bare and supported CeO, + 2Cl, + 2H,0 02 at 2000C
T'=430°C, HCI/O,/N,, 100ml/min H, reduced catalysts at 200°C
Y Jasite : 240 | _ ° CeO,
g 220 'Mf"’..\""ﬁ.. ____________ -.'\-.. Twt% CeOZ/ Z ro 2
£ 200 f e
E — 180 5
8 g 180 ® Zro,
S3 140 %, 7wt Ce0,/Al,0,
‘; = 120 L ""-.__.l‘ A|203
£g 100 | i
S 80 kY
. . Tt O %
> Best reactivity was obtained from g 60 5
@ s
bare CeO,and CeO, /ZrO,. E Y% eqe @ >
0 “—’ e, - : -
» One essential parameter seems to be the 0.00E+00 5.00E-04 1.00E-03 1.50E-03 2.00E-03 2.50E-03
reducibility of the catalyst in order to create Amount of chemisorbed oxygen [mmol/m?]

catalytically important oxygen vacancies.

» Reactivity seems to be linked with
the reducibility of the surface.

Farra, R., Wrabetz, S., Schuster, M. E., Stotz, E., Hamilton, N., Amrute, A. P., Pérez-Ramirez, J., Lépez, N., Teschner, D., Phys. Chem. Chem. Phys.,15 (2013) 3454 - 3465 .
M. Mosera C. Mondellia T. Schmidtb F. Girgsdiesc M.E. Schusterc R. Farra, L. Szentmiklési, D. Teschner, J. Pérez-Ramirez, Applied Catalysis B: Environmental 132— 133 (2013) 123— 131.
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Selected Applications

MAX-PLANCK-GESELLSCHAFT

Adsorption microcalorimetry is broadly employed in several projects of our department.

4. Oxidation of alcohol over vanadium supported Al,O,
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Oxidation of Alcohol
C,HOH+ -O,— » ,H,0+ 1,0 AH= - 78,5 kJ/mol

Catalyst: V,0, / y-Al,0;
T, =140-200 °C

reaction

Intention: Determination of kinetic data: N,, K and ,H,,; of Ethanol on V,0,/Al,O,

_ Differential heate nf Fthannl at 40 C 220 Fthannl iecatharme at AN C

Amount of ads. C;H;OH / mmol/g
«

10 20 30 4.0 50

equilibrium pressure / hPa

Kinetic parameters determined for the ethanol ads. on V,0,/Al,O,

2.077 mmol*g-’!

1.99 x 1015  hPa"!
90 o kJ*mol-!

A. Dinse, S. Khennache, B. Frank, C. Hess, R. Herbert, S. Wrabetz, R. Schldégl and R. Schomacker, J.of Mol. Catal. A: Chem. 307 (2009) 43-50.
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Summary
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. Microcalorimetry alone or combined with to other techniques, is a very
i\ powerful/sensitive tool to probe catalytically active surfaces
quantitatively.

lorimi

Quantitative data (reversibility, heat of adsorption, number of adsorption
sites, equilibrium constant ) provide a basis for theoretical modeling.

Calorimet|
—

fk Microcalorimetry can applied under or close to reaction conditions !
—> investigation of the catalytic relevant surface sites

Sabine Wrabetz, Electronic Structure and Adsorption, Dept. of Inorganic Chemistry, Fritz-Haber-Institut der Max-Planck-Gesellschaft, Berlin, Germany
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Thank you for your attention

http://www.fhi-berlin.mpg.de
Dept. of Inorganic Chemistry, Director: Prof. R. Schlogl
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Supporting Material
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Obtained physical quantities
&
evaluation criteria of the calorimetric results
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Active catalyst surface stable @

under ambient conditions ? FHI
CATALYTIC TEST (fresh/used catalyst) SURFACE STUDY(fl‘eSh/ used catalyst)
propane oxidation data obtained from in situ XPS: surface element composition
fresh and used MoV TeNb catalyst during and after PO over MoV TeNb catalyst
used M1 (6059) has been
stored for 1 year under 60 @ A B
ambient conditions Wt ' = Ny
100, catalytic test catalytic test 9 501 M
of fresh M1 (6059) of used M1 g i 2
2008, Nov. 2009, Nov. g E a0y T4 ;‘;
_® o ¢ & . e [
~ 80 - . * 0]
3 ° e S5 ]y
E "X C3Hs ‘4_5 % U - .
2 60 X, 28 20 =
3 s 53 1 N .. R
— AA m L: Fee e
(}; 7v7 S c0o2 = 10 1 @ I Saeee .
g 40 o 77/'\\ H = : g s & S came 0 ¢
@ . S, 0 CH CH B
g S o ’ 03: ! « 0 032 ’ catalyst
3 20 e Ca 208K 623K 6. < 623K . K
vV— VY —V ‘if,\,,“fii‘i‘j‘{f —_— —
< < < Surface composition of the used M1 is similar

4 4 o0 B0 100 120 140 160 150 to the composition measured in the in situ

Careful termination of the TOS (min) experiment in the presence of steam.

reaction under steam and [A.Celaya Sanfiz et.al., J. Phys. Chem. C, 2010, 114, pp 1912]
N, with a cooling rate of

5 K/min.

ex situ surface analysis of the used catalyst can be done
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n,q4s (total) : overall adsorbed amount under an equilibrium pressure of 95 mbar

nads

obtained results
Adsorption Isotherm

nads =f ( pequ.)

0.006
adsorption
U~ , .A 1St p
c ads. run
gg 0,005 ° ®
o 9 @ !
EE On,, (irreversible)‘ o | Facsamption
T = 0,004 % o ! 2" ads. run
]
2 2 s °
8 §0003 ®
T g :
sz n,4 (reversible) n,4 (total)
o
i ; 0002 } @
S0
S = e
o)
£ S go01 L&
< Q v
v v
0 L L 1 L L L L L L L L 1
0 10 20 30 40 50 60 70 80 90 100 110 120

Equilibrium pressure of propane / mbar

(irrev.) : chemisorbed amount
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Analysis of the adsorption isotherm

AC)

-Specific surface area- FHI
Adsorption Isotherm : : :
P higher order Langmuir model, Freundlich model
of propane on 10%V/SBA15 catalyst |
= 014 active in oxidation of propane 1 4 o
= ) N Kp)n Ap
S Analysis N = Mmoo ( P }” Noas = - 1 ; R2
£ 012 — aas L =
E o 1+(Kp)w 1+4p"
g 010rF . The enthalpy of adsorption A,H (qgi ) The enthalpy of adsorption A,H (¢ )
2 vos | per site is constant at increasing © per site decreases at increasing 0
o Y T activation . .
T ° .+« Higher order Langmuir model
'g 0.06 r o N,4 - coverage with certain equilibrium pressure 0.12 s
@ N__.. - monolayer coverage Freundlich model
T R ~ mono 0.10
& 0,04 ° A giff 40 kJ/moI [1] p  -equilibrium pressure 2
° /," n  -adsorption order 20 R2=0.99983
£ 0,02 . K/A - adsorption equilibrium constant € 0061 -
g 0.00 R? - correlation coefficient; goodness of fit > oos
& Y S - stoichiometry ’ 2_
0O 10 20 30 40 50 60 R°=0.99973

equilibrium pressure [mbar]

T T T T
0 10 20 50 60

0 40
P, / mbar

Specific surface area ... =N ., * S * cross-section area , ... * Avogadro constant
10%V/SBALS | N, n R? S BET
dehydration umol *g-! propane g
m-*g N2
: o temperature higherlorder Langmuir gl
n=1 non-dissociative ads. 373K 092) | 1.20Q) | 0.99983 | 226 (10) €K 329 (4)
n>1 dissociative ads. ; : i :
activated ads. 573K 134 | 122@2) | 099982 | 304 (10)
673 K 12(3) | 1.22@2) | 099905 | 290 (10)

[1] Dinse, A.; Wrabetz, S. et.al., J.Mol.Catal. A 307 (2009 )43.
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obtained results @

Differential heat versus the n_, FHI
Classical Calorimetric Curve Plateau: homogeneously distributed and
Differential heat CLASSICAL CALORIMETRIC CURVE energetically uniform adsorption sites
©
[}
Interaction between 2 e} ° ° Completlon
adsorbed molecules S5 [ewt—e . Of monolayer
sErong T N ~§§ il
ewis N o I
acid sites 22?(? :}feds N 5 o
< Ccat s
Heterogeneous =3
acid site 29O 0l -9
Homogeneous acid strength g e
4= 10 |
5 . . . . .
Adsorbed VOlume 0 0,001 0,002 0,003 0,004 0,005 0,006
A. Aurour, Lecture Oct. 23,2009 Amount of adsorbed propane on phase-pure MoVTeNb,,s, / mmol/g
60.0 . . I
_ A : 800 —— ngh diff. heats & heat oscillation :
E Initial differential heat - | nam|c ads. process
¢ 007 / . g [ emlsor tion-oxidation-reaction
g Slope: heterogeneously distribute¢l and S35 0l / P
g h - . o Q2 600t
2 \ / energetically different adsofption ~ @2 £ "1 |,| Jmostactive \ o o ®
200 | it © > 500 " o/ N\
5% \ sites w2 o | .
Eioo- %®eo o ¢ o o ® §g400_ /\\./—.
= L < + 300 less active
F 8 £ 200}
v - O ®
= I c r = \
é 0.0 e ;. 100 B \.\ [
= condensation enthalpy of propane -13.56 kl/mol qﬂ_) (@] ] ]
= 0t -
10.0 . L [a) P Ty 25 S RS U P S
0.00 0.10 0.20 0.30 0.40 0.0 01 02 03 5 10 15 20 25 30

amount of ads. propane on CNT at 313 K [mmol/g] Amount of ads. O, on Pd/N-CNF at Treact. / umol/g
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Evaluation criteria AC)
of the calorimetric experiment FHI

MAX-PLANCK-GESELLSCHAFT

Integral heat signal of Background of the thermo signal during
adsorption and desorption the stepwise adsorption
stepwise adsorption of propane on MoVTeNb oxide at 313K stepwise n-butane ads. on sulf. ZrO, at 313 K
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Background deviates from the base-line
2q,(ads.) > q;,(des.) > partially irreversible ads.;

activated ads. process —> Adsorption process is accompanied by

2q .y (ads.) < q;,(des.) = instability of the catalyst secondary processes
in the presence of probe molecule e.g. during n-butane ads. a partial
Isomerization of n-butane to isobutane

2qy(ads.) = q;y(des.) = reversible ads. process in the calorimeter cell was observed
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MAX-PLANCK-GESELLSCHAFT

y=y0+A°exp'(—

Evaluation criteria

AC)

of the calorimetric experiment FHI
Determination of the time constant t of the integral heat signal
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