Chemical reactions on solid surfaces
play critical roles in many technologies:

-ﬂ._
Atomic-resolution STM image of alloy surface
from group of Peter Varga, TU Vienna

. Catalysts for

producing fuels,
pollutant removal
and chemical
production

. Microelectronics

fabrication

. Electro optic

devices

. Solar energy

devices

. Nanotecnology
. Chemical /

biochemical
sensors




Part 2: A very short summary of some
Important considerations in the

kinetics of

surface-catalyzed reactions




Elementary step energy diagram: Water-gas shift on Cu(110)
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J. Nakamura and CTC, Faraday Trans. 86 (1990) 2725




Microkinetic modeling of ethylene oxidation over silver
C. Stegelmann, N.C. Schigdt, C.T. Campbell and P. Stoltze, J. Catal. 221 (2004) 630.

Table |
Reaction mechanism for the microkinetic model (Modified Barteau mechanism)

Oqig) + ¥ =07 istep 1)

D“2 + F = 20F istep 2

Cho gy + 20/ = 20/00% (step 3}
CoHy(gy +0F = U5 Hy 0 (step 4

5 Hy /0% + O/0F = CH- CH,O/0% + OF (step 5)
CoHyOigy + OF = U5 Hy O (step &)
CH, CHL OVOF = C5 Hy OO0 (step T

CHL CHL OO — CH; CHO/O* (step 8)

CH; CHOVO* = CH;CHO gy + OF (step 9

CH; CHOVO* + 60F = 2008 + 40HY + # (step 10
CoHyig) + ¥ =0Hy® (step 11}

o Hy 0% + OF = CH,CHOH/O* + # (step 12
CH,CHOHO* + OF = CH,CHO/MO* 4+ OHF (step 13)
CHy CHOVO* + 50% = 2C0% + 30H* + * (step 14)
20H* = H, 0% + O (step 15)

CO%¥ =C03ig) + * (step &)
HoOF — HoOngy + * (step 17)

The asterisk signifies a metallic silver site, /0¥ is a swrface oxide site, and
A and ¥/ are an adsorbed species on metallic silver and surface oxide,

respectively.



“The Degree of Rate Control”
Mathematical construct for quantifying which steps in

mechanism are kinetic bottlenecks, or rate-controlling
First introduced: CT Campbell, Topics in Catalysis 1 (1994) 353.
Best explanation: CT Campbell, J. Catal. 204 (2001) 520.

The degree of rate control for elementary step i :

Xci = (OR/0k)g - (ki/R),

rc,i o Ki

where R = net rate to desired product,
k; = rate constant for step i
K, = eqbm constant for step i

Tells how much the net rate increases per unit increase
in rate constant for step i (both on a % basis)

If there is a single rate-determing step (RDS),
ch,RDS = 1

Note that:

Z ch,i =1



Degree of rate control for key steps versus temperature:
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Fig. 8. Degree of rate control for ethylene oxide formation versus tempera-
ture at industrial reaction conditions. F.:.: — Pc-:H4 — 100 kPa.

C. Stegelmann et al. / Jowrral of Catalysiy 221 (2004) 630-649
Degree of rate control reported in microkinetic model for same reaction by Linic and Barteau, J. Catal. 214 (2003) 200.



Simplified reaction scheme for 2-methylhexane conversion over USY zeolite.

N Agarval, MA Sanchez-Castillo, RD Cortright, RJ Madon & JA Dumesic, Ind. Engr. Chem. Res. 41 (2002) 4016.
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Reaction Steps with the Highest Degree of Rate Control (XRCJ)

for ~30% Conversion of 2-Methylhexane at 773 K
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@ The feed consists of 10 mol % 2-methylhexane and no olefins.

Only 5 steps have
bigger than 6%
effect!!

Their later study of

a rxn w/ 370 steps
showed only ~10 were
kinetically significant:
J. Catal. 205 (2002) 67



TIAX has incorporated Degree of Rate Control calculations in
Bistro™, their software for implementing microkinetics of reaction
mechanisms.

Export models to Runway™
(system simulator)

Calculate transient performance of

chemical reactor using MATLAB.

Specify time dependent or
constant inlet conditions

E periment Species  Element Help

This experiment allows TEE
dissociative adsarplierron Ft or Rh surfaces.

Access limited to:

[Furesh Sriramuin | TR fl2rvone =] Control solution of

] ytur&Catalvst] Initial conditions ] Inlet conditions ] Mumerics & O L the St'ﬁ d|fferent|a|
equations.

*Thermo-physical
properties select...

This Metwrakwas used predictthe TPD of pre-dosed MO,

. . parameters were estimated by comparing wiexperimentally
‘AdlabatIC IDS'H?"DD CD_WI MI nhtainad TROLAf MO desnrntinn and diszsariatinn nn sinnle crestal
_CSTR’ PFR, Elementary reactions I A I E+ I Al I AH I o I s |~
Film PFR Pt+ M2 = MN2Pt 1 00e+3 0.0 1.00e+11 00 05 |4 9.9
MO+ Pt = MOPE 1.008+3 00 100e+8  -900 05 d
*TPD and TPR MOPt + Pt = MPt+ OPt 500e+13 700 3.00e+15 1465 05 :
MZPt+ Pt = 2 NPt 340s+10 1300 100e+12  -250 05 | 1 2100 \os554
—CSTR, PFR MOPE+ NPt = N2PE+ OPt 100s+13 1000 2.00e+11| 1220 05 | 2
P 02 +2Pt = O2Pt2 400e+3 00 100e+8 376 05 | -2
_SenSItl_Vlty O2Pt2 =2 ORt 5428412 41| 800e+15 1700 05 | 2
anaIySIS MNOPE + Ot = MOZPL2 100e+d 1200 200e+11] 1200 05 :
MOZ +2 Pt = NO2ZPE2 1.008+3 00 100e+8 700 05 | 2 Thermodynamlc
MO+ 02+ Bad2 = Bah208 1 00e+0 600 1.00e+17 1400 0.5 F
. D06 +4 Pt = BaO2 +2 NOP +2 OPt 100e+10 1200 1.00e+17  -200 05 | 1 ConS|stency check of
o Easy entry of reactions 0+ OPt = Ba02 + Pt 1.008+10 600 1.00e+8 376 05 both AH and AS
and parameters D +4 Pt = B2 +2 NO2PL2 100s+7 1000 1.00e+15 1000 05 | -1
* Re-use of previously
validated parameters I
02 = M2 +2 02 AH=  B37kMmol AS= 2271 JmolK a1 TO000K

(T1mX



Applications TIAX Bistro™ 3-way catalysis

For example, in ammonia formation in 3-way catalytic converters, TIAX found N, and
O, adsorption to be kinetically significant only at high coverage.

Effect of Reaction i on Reaction j

Reaction Network o, T Y — —
I NHs + Rh = NH3Rh Cone. | e ﬁ = i
2 NH3Rh + Rh = NH,Rh + HRh T
3 NHzRh + Rh=NHRh + HRh 2 0
4 NHRh+Rh=NRh + HRh 04%1{§ -
5 H, + Rh = HyRh ol
6 H,Rh + Rh=2 HRh o
7 HRh + ORh = OHRh + Rh i
8 HZO + Rh : HZORh 00 2 4 6 8 1‘0 1‘2 1;1 1‘6 18
9  H,ORh+ORh= 2 OHRh T S S
10 HRh + OHRh= H,ORh + Rh - —
11 Rh + N2> = N2Rh 14} E
12 NO + Rh = NORh 12
13 NORh + Rh = NRh + ORh £ 10,
14 NzRh+Rh=2NRh 0.1%{ § ¢ -
15 NORh + NRh= N,Rh + ORh g 6
16 O, + 2 Rh= 0OsRh; 4 I I
17 O2Rho=2 ORN 2

00 2 4 6 8 1‘0 1‘2 1;1 1‘6 18

Reaction j
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(T1aX



Steven L. Tait, Zdenek Dohnalek, CTC, Bruce D. Kay
J. Chem. Phys. 122, 164708 2005; and 125, 234308 2006.
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Adsorbate more localized than
transition state (): larger q.

Adsorbates at step edges:
EVEN BIGGER prefactors!

DE Starr and CTC,
Pb desorption from Mo(100)
(in preparation)




Prefactors for dissociation of adsorbates ~1019 - 1012 s-1
(transition state more localized than adsorbed reactant)

Table 1

Preexponential factors for the dehydrogenation of adsorbed hydrocarbon species
System kO Vyiss | 871 E; (kcal/mol) Ref.
CHsonPi(111) §x10-* §x10° 16.4
C:H,on Pt(111) 4x 10" 149 B\
di-0-c-C3Hy on Pr(111) 1%10-2 101 133 A
dzﬁfc‘mommun) 6x10-2 61011 14.3
¢-CeH;20n Pt(111) 3x10-! 3x 10129 13.2 }
CH;CH,C-on Pt(111) 4101 2.5 [
CH3;C-onPt(111) 6 101 27
n-CsH ;o 0n Pt(110)-(1%2) 5%10-3 Sx 1010 1.5
CsHgon Pt(110)-(1%2) 7x10-3 7x10'%) 10.8
C,Hgon Pt(110)-(1x2) 5%10-3 5% 10102 10.3
~ CHyon Pt(110)-(1x2) 6X10~" 6 10122 18.4
C:Hgon Ir(110)-(1x2) . 3x10°? 3x 10108 5.5 B A :':
gﬁuznugign} 110 2 |

s 0n Rh film 2x10-3 2x 1002 11.0

e I
'Cp*Rh(CO)(CeH,,)(H) 10" 4.8

*} Assurned that k{® = 10" s~ to calculate k) from measured ratio k(0/k(®,

C.T. Campbell, Y.-K. Sun and W.H. Weinberg, Chem. Phys. Lett., 179 (1991) 53.



Prefactors for Pd_ cluster migration on MgO(100)

(now from DFT calculations)
INCREASE WITH CLUSTER SIZE!

Lijun Xu, Graeme Henkelman, CTC, and Hannes Jonsson,
Surf. Sci. 600, 1351 (2006).

Event Barrier Prefactor
(eV) s hf
1{a) monomer hop, terrace 0.34 7.35=101" <&— monomer hop
2(a) dimer hop (a), terrace 0.43 4.16=10"
2{b) dimer hop (b)), terrace 0.11  2.01=10"" <&— sz hOp
2({c) dimer slide, terrace 0.60 3.59:x10"
2{d) dimer hop /dissociation, terrace 0.56  3.0=10t
2(e) dimer dissociation, terrace 0.54 4.14=10M
2(f) dimer dissociation, F-center 0.58
2{g) dimer dissociation, F-center 0.70
2{h) dimer contraction, F-center 0.11
3{a) trimer hop (a). terrace 0.48 5.37=10"
3(b) trimer hop (b), terrace 0.21 4.36=10'2 €— Pd3 hOp
3{c) trimer slide, terrace 0.94 3.38<10'
3({d) trimer dissociation. terrace 1.38%
3{e) trimer dissociation, F-center (1) 1.23% .
3tfl trimer diE-SDl:iﬂ..tiClll,. F-center |I:E| 1.00% o Pd4 hop
4{a) tetramer hop, terrace 0.41 1.28ﬁ1D14(_ 200x Iarger

than monomer!
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