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An investigation of the production of CyH4 through the selective dehydrogenation of C;Hg in short
contact time reactors featuring a ceramic-foam catalyst coated with platinum is reported. The surface
chemistry was derived on the basis of four reaction classes (direct adsorption, adsorption on an adsorbate,
surface reactions with adsorbed reactants and unimolecular surface reactions including desorption)
using collision theory with energy barriers obtained from DFT studies and the UBI-QEP method. The
derived mechanism accounts for differences in site occupation and surface bonding types and includes
35 adsorbed chemical species and 283 reversible reactions. The study also features a comprehensively
validated C;-C, mechanism for the gas phase consisting of 44 chemical species and 271 reversible
reactions. The complete chemistry was evaluated through extensive sensitivity analysis with reference
to 16 sets of new experimental data. The reaction dynamics were studied using inlet velocities in the
range 1.34 to 6.72 m/s and the impact on selectivities of variations in the oxygen to carbon weight ratio
between 0.45 and 0.75 assessed. It is shown that the simulations capture all experimental trends with
reasonable quantitative accuracy. The study suggests that the catalytic dehydrogenation of CHg initially
contributes to the net production of C;H4 and that changing conditions in the gas phase adjacent to the
catalyst can result in the consumption of ethylene principally leading to methane and carbon deposition.
It is shown that the consumption of Hy and O, proceeds predominantly through catalytic conversion
under all conditions and that OH(s) provides a dominant channel for the removal of surface carbon. It is

also shown that the consumption of oxygenated species features surface specific channels.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Technologies based on the selective oxidation of ethane in short
contact time reactors (SCTR) have the potential to substantially re-
duce the environmental impact, size and capital investment associ-
ated with the production of ethylene via steam cracking, e.g., [1-3].
Comprehensive laboratory experiments performed by Schmidt and
co-workers [4-7] have shown that conversion of ethane in micro-
channel reactors coated with platinum can reach 70% with a selec-
tivity to ethylene as high as 72% per pass at close to atmospheric
pressure. The use of other catalysts (e.g., Pt/Sn) resulted in corre-
sponding figures of 80% and 84%, respectively. The potential yields
thus compare favorably with conventional steam crackers which
commonly provide a selectivity of ~75% at comparable per pass
conversion levels at pressures around 1.8 atm. Huff and Schmidt
[4] suggested that since the selectivity to ethylene was particu-
larly high for this type of device, simple reaction pathways must
dominate the mechanism. Hence, it was proposed that the process
was initiated by oxidative dehydrogenation of adsorbed ethane fol-
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lowed by B-hydrogen elimination in order to yield ethylene from
the surface. A difficulty with the proposed mechanism resided in
the fact that most of the oxygen present in the system was con-
sumed strongly from the very entrance of the reactor. A number of
subsequent investigators [8-12] emphasized the role of ethylidyne.
For example, Loaiza et al. [8] proposed that ethane is adsorbed
dissociatively into ethyl, which dehydrogenates into di-o ethy-
lene followed by a transformation into ethylidyne and C-C bond
scission, while De La Cruz and Sheppard [10] focused on ethane
dehydrogenation into di-o ethylene with the latter turning into
ethylidyne. Other studies [13,14] proposed that the C-C bond scis-
sion takes place much earlier, either from the ethyl radical or from
ethylene adsorbed on the surface [12,15], and uncertainties remain
concerning the major channels. Pathways proceeding via a range
of surface species including ethylene, adsorbed in the di-o and 7
configurations, ethyl, ethylidene and vinyl groups have been recur-
rent species characterizing the mechanism. A range of alternative
pathways have been suggested [9,16-18] and several investigators
(e.g., Warnatz [19], Chatterjee et al. [20], Tischer et al. [21], Agha-
layam et al. [22], Mahdeshwar and Vlachos [23,24] and Quiceno
et al. [25]) have pursued detailed chemical kinetic modeling in or-
der to elucidate reaction pathways for related systems. Zerkle et al.
[26] integrated a range of different channels into a 82-step reac-
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Table 1

Experimental parameters: L; (mm) total length before sampling point, oxygen to carbon (O/C) weight ratio, superficial inlet velocity Uj, (m/s), inlet temperature Tj, (K), wall
temperature at the entrance of catalyst T}¥ (K) and the maximum adiabatic temperature Tmax (K) used in heat loss calculations.

# L O/C Uin Tin Tivrl‘/ Tmax # Ly O/C Uin Tin Ti‘:‘/ Tmax
1 220 0.50 1.34 327 772 1289 7 310 0.45 2.10 420 844 1318
2 220 0.55 1.34 327 777 1295 8 310 0.50 2.10 418 867 1340
3 220 0.60 1.34 327 784 1301 9 310 0.55 2.10 421 890 1353
4 220 0.65 1.34 327 792 1307 10 310 0.60 2.10 423 909 1369
5 220 0.70 1.34 327 800 1314 1 310 0.65 2.10 423 936 1386
6 220 0.75 1.34 327 807 1319 12 310 0.70 2.10 424 981 1408

13 310 0.65 3.35 418 850 1338 14 310 0.65 4.18 408 806 1307

15 310 0.65 5.86 392 740 1263 16 310 0.65 6.72 383 681 1234

tion mechanism, specifically aimed at studying the reactions paths
of C;Hg over platinum, and proposed that catalytic reactions were
the main driver for triggering subsequent reactions by providing
the necessary heat and that C;H4 formation proceeds on the sur-
face as well as in the gas phase. Huff et al. [27] similarly suggested
that the catalyst initiates the gas phase processes by heat release.
Donsi et al. [28] used a simplified surface mechanism based on
published kinetic data for H, and CO oxidation on platinum com-
bined with lumped steps for ethane decomposition and reached
a similar conclusion. By contrast, Beretta et al. [29] found no evi-
dence of the catalytic production of ethylene.

In the present work, the multiple pathways discussed above
have been included in a comprehensive reaction mechanism based
on the mean-field approximation in order to assess their poten-
tial contributions to the dehydrogenation of ethane over a plat-
inum catalyst. The gas phase chemistry was represented by a com-
prehensively validated detailed reaction mechanism featuring 44
chemical species and 271 reversible chemical reactions. The Unity
Bond Index-Quadratic Exponential Potential (UBI-QEP) method
[30-37] was combined with results from Density Functional The-
ory (DFT) studies (e.g., [24,38,39]) and kinetic collision theory (e.g.,
[19-21,26,40]) to provide the basis for the semi-automatic genera-
tion of two consistent heterogeneous reaction mechanisms, based
on alternative sets of heats of adsorption, featuring 35 adsorbates
and their interaction with the gas phase. The derived heteroge-
neous mechanisms were subsequently simplified through the ap-
plication of sensitivity and path analysis. The current work does
not seek to optimize individual reactions, but to assess the abil-
ity of a reaction class based method to reproduce experimental
data. The final mechanisms feature 283 reversible reactions and
contain significant extensions compared to previous work. These
include more complete reaction paths for the dehydrogenation of
ethane into ethylene and for the C-C bond scission of adsorbed
vinyl groups. Further pathways, describing the dehydrogenation of
ethylene, leading to the release of methane into the gas phase and
carbon deposition on the surface, were also included. The mecha-
nisms distinguish between 7 and di-o bonded ethylene, can be
extended to include additional multiple site configurations, and
provide a wider range of H(s) and OH(s) assisted dehydrogena-
tion reactions. There is significant depletion of oxygen close to the
catalyst and the mechanisms also feature oxidation of deposited
carbon by OH(s), produced from the oxidation of hydrogen on
the surface and from steam that is present in high concentrations
close to the catalytic surface. Pathways proceeding via oxygenates,
such as COOH(s) and CHOH(s;), are also shown to contribute. The
present work extends past studies by (i) presenting a new data
base featuring 16 experimental data sets obtained using a 30 mm
long ceramic-foam catalyst coated with platinum, the inclusion of
more comprehensive (ii) gas phase and (iii) catalytic chemistry, (iv)
covering a wider dynamic range in terms of residence times, (v)
accounting for multi-site occupation by species and (vi) the inter-
action of gas phase radicals with the surface and adsorbates over
(vii) a comparatively wide range of oxygen to carbon (0/C) weight
ratios. Finally, the work permits a more comprehensive assessment

of the relative contributions of homogeneous and heterogeneous
chemical processes.

2. Experimental methods

The conversion of C;Hg in mixtures with Ny, Hy and O, was
investigated at atmospheric pressure in a microscale cylindrical re-
actor chamber using a Pt catalyst supported on Al;03. The catalyst
was prepared from lithium aluminum silicate foam washcoated
with ar-alumina, impregnated with a tetrammine platinum(II) chlo-
ride solution and calcined in air at a temperature of 1473 K for 6 h.
The platinum loading corresponds to 3 wt%.

The catalyst bed consisted of a 30 mm long catalytic section
followed by an inert extension. The total length of the bed (L;) up
to the sampling point was either 220 or 310 mm depending on the
configuration used. The catalytic section was insulated upstream
and downstream by placing 30 mm long inert alumina foam heat
shields ahead and after the catalyst. The overall rig was placed in
a 16 mm internal diameter tubular quartz reactor located in an
electrically heated furnace. In all experiments the foam contained
30 pores per linear inch (ppi) with a porosity (¢) of about 82%.
The individual single-pore channels therefore featured an average
diameter ~ 0.75 mm and a wall thickness of about 80 pm.

All the reactant streams were mass flow controlled with an ac-
curacy of 2%. The hydrogen to oxygen volume ratio (H,/O;) was
set to 2 and the oxygen to carbon weight ratio (O/C) of the feed
was varied between 0.45 and 0.75. The premixed gas streams were
first passed over the catalyst at a general flow rate of 14.2 stan-
dard liters per minute (slpm). The flow rate was later gradually
increased up to 71 slpm. The corresponding superficial axial gas
velocities were therefore in the range 1.35 to 6.72 m/s at 273 K.
Due to the pre-heating process, the operating inlet temperature
(Tin) of the gas at the entrance of the catalyst varied between
327 and 424 K. However, the temperature of the catalyst at the
entrance (T;”) was generally above 800 K due to heat transfer
in the catalyst support. The gas and catalyst temperatures were
measured using type K thermocouples with a nominal accuracy of
49 K. The accuracy achievable in practice was influenced by fac-
tors such as heat losses and spatial resolution and, accordingly, a
computational sensitivity analysis of the impact of heat losses was
also performed. The experimental conditions are further outlined
in Table 1.

The exit gases were analyzed off-line by gas chromatography.
The light ends (permanent gases, C; hydrocarbons and carbon
dioxide) were analyzed with a Unicam 6110 chromatograph using a
combination of packed Haysep N and 5A molecular sieve columns
in a backflush, analysis and by-pass arrangement with a Thermal
Conductivity Analyzer (TCD) for detection and helium carrier. The
samples were also analyzed on a HP5890 chromatograph with a
50 m x 0.32 mm x 5 pm Al,03/KCl column using a Flame Ioniza-
tion Detector (FID) with helium as carrier gas. The TCD response
was calibrated using an external gas mixture whereas the FID used
relative response factors. The cross correlation between the two
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instruments was performed through the methane peak. All exper-
iments were performed using an internal standard of ~10% N3 by
volume. In order to close the carbon balances to 99.5% (the re-
mainder assumed to be undetected oxygenates) the analyses were
scaled according to the N, concentration detected. Heat balances
were checked for self consistency with overall heat losses esti-
mated to be in the range 10 to 20% based on the assumption of
chemical equilibrium for a selected set of product species.

Temperature controlled program desorption experiments (tem-
perature 298-1273 K; accuracy £3 K; ramp rate 0.33 K/s) were
also performed by Ineos Technologies Ltd on fresh catalyst sintered
at the lower temperature of 873 K. The obtained maximum mo-
lar uptake (Mj) of the catalyst was 480 x 10~° mol/g of carbon
monoxide, 280 x 10~° mol/g of ethane and 210 x 10~° mol/g of
CyH4. The corresponding site density I was estimated using these
values via

psMp
Sy’

r= (1)
where ps is the average density of the catalyst (3.2 x 10® g/m?3)
and S, is the external surface area per unit volume of solid. The
external surface area of the foam was estimated by several meth-
ods. If the surface of the idealized pore is treated as a cylindrical
channel then the geometric ratio is simply
2
sy=— 20 )
r(l—¢)

where rq is the internal radius of the pore and ¢ the porosity of
the catalyst support. Alternatively, the cubic cell model developed
by Giani et al. [41] suggests

V3T
nvT—¢
Finally, the geometrical tetrakaidecahedra array model of a foam
proposed by Fourie and Du Plessis [42] yields

Sy = (3)

ENG)
Sy= I = ¢)(3—b)(b—1), (4)
where

s -1
b:2—25in<w>.

The above approximations give 15,500 < S, (m~1) € 24,300 and,
combined with Eq. (1), an average density of active platinum sites
in a range 5 x 10~> < I (mol/m?) < 10 x 1073, The values do not
account for the additional fraction of the catalytic surface lost due
to sintering (np) at the higher temperature used in the current
work. Monzén et al. [43] studied the sintering and re-dispersion
kinetics of Pt/alumina catalysts and estimated np > 0.85 at high
(T > 900 K) temperatures. Analysis of used catalysts suggests a
significant variability and a potentially greater loss of activity.
Computations were accordingly performed using np = 0.88 com-
bined with the above limiting values for the site density as well as
a mid-range value of 7.5 x 10™> mol/m? in order to establish the
sensitivity of predictions.

3. Computational methods

A main objective of the current work was to explore the gas
phase and catalytic pathways responsible for the dehydrogena-
tion of ethane and simplifying assumptions were introduced for
the pore structure. The flow was hence modeled using an axi-
symmetric assumption for a virtual pore running through the re-
actor. Consistent with the above discussion, the pore featured a
nominal 30 mm catalytic section followed by an inert extension

with a length of either 190 or 280 mm to represent the distance to
the experimental sampling point. The length of the catalytically ac-
tive pore was increased by 25% from the nominal value to account
for macro-tortuosity. The value chosen is located between the sug-
gestions of 1.07 by Bhattacharya et al. [44] and 1.5 by Fourie and
Du Plessis [42]. The effective axial inlet velocity entering the pore
was treated as inversely proportional to the porosity.

The single channel was modeled by two-dimensional boundary
layer equations with initial and boundary conditions obtained from
experimental data. The following equations for the conservation of
mass, momentum, species and energy were solved in a similarity
transformed coordinate system [45]:

a(pu) 13(rp\/)=0’ 5)
ax roar
PU% +pv a;:,’ = ;8(;ZI)+M,‘R,‘, (6)
O 1 () "
8r ax | ror ar
pu@+p oh la(k_g 8_h>
ax or ror Cp or
10| < Ag 3(Yi)
—5[211,-( -2 )} (8)
i =pDi(% vt 3”) — vt (9)
ar "nor

The components of the velocity are denoted by u and v in the x
axial and r radial directions, p is the density of the fluid, h is the
enthalpy of the mixture, Cp, is the specific heat capacity at con-
stant pressure, u is the viscosity, A is the thermal conductivity, n
is the inverse of the mean molecular weight and P is the pressure.
The gas phase mass fractions are denoted by Y;. The species are
characterized by their respective enthalpy h;, molar mass M;, diffu-
sion coefficients D;, diffusive flux J; and net rate of formation R;.
The term v, is a correction velocity chosen so that the sum of all
fluxes is zero at the cell interfaces [45]. The mass fluxes resulting
from the surface activity were integrated via Eq. (10) valid at the
surface boundary,

Ji+ pYivs =neRiM;, (10)

where v is the Stephan flow velocity and 7, is the effectiveness
factor which accounts for micro-pore diffusion limitations. The
temperature of the catalyst is typically above 1100 K and the cur-
rent study used the value ., = 0.1 suggested by Wanker et al. [46].
The average furnace temperature Tg was measured at the entrance
of the reactor. Taking into account both Ng gas-phase species and
N surface species, the corresponding energy balance at the wall
can be expressed as

Ng Ng+Ns
rgATlg =Y (Ji+pYivohi =rwkiATlw+ Y RiMihi,  (11)
i=1 i=Ng+1

with k1 =1 if AT], <0 (e.g, T{¥ > Tjp) and 0 otherwise and Ay
is the thermal conductivity of the wall which is assumed constant.
Radiative heat losses were imposed according to

T 4
T=Tad<1—lc2( ad ) ) (12)
TmaX

where k3 is a heat loss parameter, Trhax iS the maximum adiabatic
temperature, computed using the assumption of chemical equilib-
rium [47], and Ta.q is the adiabatic temperature. The sensitivity of
computed results to x, was explored using values in the range 0
to 0.15 and with reference to measured temperatures. In Eq. (11),
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the heat conducted from the external wall into the gas-phase in-
side the pore was modeled to account for the electrically heated
furnace and the upstream conduction of heat generated by cat-
alytic reactions. The experimentally measured temperature of the
wall at the entrance of the catalytic section was always well above
the inlet temperature of the gas. As discussed below, the overall
thermal balancing of the reactor was further assessed with refer-
ence to temperature measurements at the entrance and exit of the
catalytic bed as well as at the product sampling point.

The implementation of the surface chemistry is based on the
methodology described by Coltrin et al. [48]. The catalytic metal-
surface is an interface for molecular exchanges with the complete
set of gas and surface phase species in the system is ordered
aS X1, X2>++-» XNgs ENg+15 ENg+2, - - - » ENg+N,- The complete mech-
anism is described by a collection of Mg elementary reversible
gas-phase reactions and M; elementary reversible heterogeneous
reactions so that regardless of the phase, the molar production rate
R; for each of the Ng 4 N species is written as

Mg+Ms Ng+Ns ; Ng+Ns
Ri= > Emz-(k#; [T xarm =k 1 [Xn]”nm) (13)
m=1 n=1 n=1

In the above equation, X, stands for the adsorbate &, or gas phase
molecule x,. Equation (13) emphasizes explicitly the coupling be-
tween gas phase and surface phase since [X,] stands for both the
gas phase volumetric molar concentrations of species x, expressed
in moles per unit volume and for the surface molar concentrations
of adsorbate &, expressed in moles per unit area. The thermody-
namic data for gas phase and surface species was evaluated using
standard polynomials [48],

C .

%=a1+a2T—|—a3T2+a4T3+a5T4, (14)
H; az as ag as as

— =a —T+ =T2+ —T3+—=T4+ —, 15
RT -Gt it let ity (15)
Si as aq as

— =a1InT+a;T+ =T2+ —=T3+ —T4+ay, 16
RT ' ) 3 4 7 (16)

where Cp; is the specific heat for species i at constant pressure,
H; the enthalpy and S; the corresponding entropy. For surface
species the first five polynomial coefficients a; remain unchanged
and the sixth term ag(&s) is adjusted as ag(&s) = as(xg) — Q/R,
where ag()) is the sixth coefficient for the standard heat of for-
mation of the matching gas phase molecule x,.

4. The gas phase chemistry

A detailed mechanism that includes low-temperature chem-
istry was adopted to model chemical reactions in the gas phase.
The mechanism stems from the work of Leung and Lindstedt
[45], Juchmann et al. [49], Lindstedt and Skevis [50], Lindst-
edt and Meyer [51], Rizos [52] and Sun et al. [53] and consists
of 271 reversible chemical reactions and 44 species: H, O, OH,
HO,, H>0,, Hy, 0y, H,0, CO, CO,, CHy4, CH3, CH300, CH300H,
CH30H, CH30, CH,0H, CH,0, CHO, 'CHy, 3CH,, CH, Cy, C2Hsg, C2Hs,
C,H500, C;Hs500H, CH3CHO, CH,CHO, CH3CO, CpH4, CoH4OO0H,
C2H50, CHpCHO, CH40, CyHsz, CyHy, HyCy, CH,CO, HCCO, C,0,
CoH, C; and Ny. The mechanism is included as supplementary ma-
terial in a fully referenced form along with thermodynamic data,
third-body collision efficiencies and pressure fall-off dependencies.
The mechanism has been validated against experimental results
covering a broad range of conditions such as CH4 spontaneous ig-
nition by Naylor and Wheeler [54] and Reid et al. [55], CH4 and
CyHg ignition delay times by Burcat et al. [56], C;Hg and CaHy oxi-
dation in a jet-stirred reactor by Dagaut et al. [57,58], Marinov and
Malte [59] and Homer and Kistiakowsky [60].

5. The surface chemistry

The complete set of N adsorbates and corresponding surface
coverages Z;, defined as the fraction of Pt sites occupied by the
species &;, takes into account the number of equivalent Pt atoms
(oi) occupied by &;.

5.1. Reaction class based estimation of rate constants

There is general agreement that systems of the current kind can
essentially be described by (i) gas phase, (ii) adsorption-desorption
and (iii) surface reactions. Rate parameters based on Langmuir-
Hinshelwood reactions with frequency factors of ~10! for mobile
surface species without rotation andjor ~10'3 s=! for immobile
surface species without rotation [40], have been used as starting
points for mechanism construction prior to optimization of se-
lected rate constants to provide a better fit with data derived from
other sources (e.g., experiments or quantum mechanical methods).
This strategy has been adopted by Zerkle et al. [26], Fridell et al.
[61] and Aghalayam et al. [22,62]. For example, the latter stud-
ies used the assumption of Langmuir-Hinshelwood reactions with
mobile surface species as a starting point and some of the pre-
exponential factors were subsequently modified via an optimiza-
tion process in order to reproduce experimental data. Zerkle et al.
[26] adopted a similar approach, but assumed as a starting point
frequency factors ~10'3 consistent with Langmuir-Hinshelwood
reactions with immobile surface species and surface diffusion ap-
proximations. Nilekar et al. [63] performed periodic self-consistent
DFT calculations for a limited set of species and found values for
the pre-exponential term for diffusion on Pt(111) in a narrow range
3.9 x 10" to 5.2 x 10'2, It was further suggested that practically
no compensation effect exists between the pre-exponential factor
and the activation energy barrier for diffusion of adsorbed species
on transition metals.

The current work does not seek to optimize individual reactions
in order to improve agreement with experimental data, but rather
provides an assessment of the ability of a reaction class based
method, outlined below, to represent heterogeneous processes. The
approach has the merit that disagreement with experimental data
can be explored in the context of alternative sets of basic parame-
ters (e.g., heats of adsorption, see Table 2), missing reaction path-
ways and associated groups of reactions. The method of Warnatz
and co-workers [19-21,26] has been used to provide an estimate
of the scaling of pre-exponential factors. The approach is based on
determining the relative velocity of mobile species on the surface,
collision frequencies of molecules with the surface [40,64] along
with the assignment of sticking and trapping probabilities.

5.1.1. Reaction class I: Direct adsorption

The direct adsorption of a gas phase molecule Ag onto the cat-
alyst is written as Ag + xPt(s) — Ps, where x is the number of
platinum atoms required for the adsorption. The reaction may be
dissociative or non-dissociative. Assuming a uniform distribution
of platinum and taking into account the total catalytic area, the
reaction rate can be expressed as

R = knl[AglZs, (17)

where

o [ RT AEqm
ki = —APONAT o 18
m= xAPONa 27 My, exp( T ) (18)

and A(Pt) is the projected platinum area while « represents the
probability of a molecule being trapped and adsorbed on the sur-
face. The temperature dependency of the rate constant is thus
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Table 2
Heat of adsorption (Q) of species on a platinum surface.
Adsorbate Mode Current values [32] [34] Computations Experiments Ee,
H(s) H 255 255 255 267 [131], 281 [39] 255 [71] -
0(s)¢ 0 356 356 356 311 [39], 316 [123] 356 [71] =
Ha(s) H-H 26.8 26.8 26.8 = 41-75 [40] 431.24
05(s2)° 0-0 443 443 = = 37.7 [78] 498.23
OH(s)? 0 247 247 - 171 [39], 250 [125] 251 [79,80] 427.05
OOH(s)? (0} 204 203 - - - 706.75
H,0(s)? 0 402 402 = 32.7 [125], 66.9 [39] 402 [84] 921.09
H,0,(s2)° 0-0 271 56.5 = = = 1070.56
C(s3)° C 628 627 627 659 [126], 636 [73] 627 [71] =
CH(s3)¢ C 407 407 407 657 [126], 697 [73] - 339.13
CHa(s2)P C 283 283 283 384 [126], 436 [73] = 761.99
CHs(s)? C 159 159 159 186 [127], 225 [73] = 1226.73
CHy4 C 2510 - 25.5 - - 1666.34
CCH(s)® C 287 - 153 395 [73] - 1084.38
CCHa(s2)° C 299 = = 160 [38] = 1457.01
CCHa(s3)d c-C 1109 or 1494 = 154 232 [38] = 1457.01
CCH3(s3)¢ C 405 = 356 653 [73] = 1569.29
CHCHs(s) C 184 - - - - 1786.86
CHCH2(53)b C-C 89.1 or 1294 - 139 395.7 [73] - 1786.86
CHCHs(s;)P C 294 = 292 410 [73] = 1934.46
CH,CH3(s)? C 163 42.6 163 189 [73] - 2411.60
CoHa(s3)d c-C 95 or 134° = 65.7 219 [38], 309 [73] = 1641.23
CoHy(s)? C-C 29.3 or 68°¢ - 35.5 [73], 68 [38] 29.3, 92 [70,86,87] 2252.50
CoHa(s2)P c-C 46.1° or 99° 489 46 99 [38], 151 [73] 41.8, 171 [85,86] 2252.50
CyHg(s2)P c-C 361 172 318 = = 2821.90
CO(s)° C 1348 134 = 171 [128), 174 73] 145 [83] 1076.0
COy(s2)? 0-0 151 15.1 = 0[39], 19.2 [129] = 1607.73
CHO(s)? C 167 167 = 227 [127], 262 [39] = 1147.18
COH(s3)¢ C 337 = = 293 [39], 429 [127] = 965.54
CHOH(sz)° C 200 = = 312 [127], 365 [39] = 1300.41
COOH(s)? C 213 - - 226 [130], 265.5 [39] - 1646.03
CH,0(s)P 0 467 477 = 402 [39], 48.2 [127] = 1511.43
CH,0H(s)? C 160 159 = 209 [131], 274 [39] = 1637.0
CH30H(s)? 0 441 439 = 43 [131], 62.5 [39] 47.7 [84] 2038.97
CH30(s)? 0 173 173 = 105 [39], 148 [127] = 1603.54

Note. Energies are in kJ/mol. E, is the total gas-phase bond energy [91]. The indices s, indicate the number of platinum atoms involved in the adsorption of the compounds.
The values retained in the surface mechanism shown in Appendix A are displayed in bold font. The alternative values also listed were used in the generation of the UBI-QEP

based mechanism.

Adsorbed in on-top site.

Adsorbed in a bridged site.

Adsorbed on hollow fcc site.

Adsorbed via a bridge + m-bond.

Alternative value used in sensitivity analysis.

Adjusted from 162 with experimental values [79-81].
Adjusted from experimental between 113 and 145 [83].
Adjusted from 69 with experimental values [81,82].

o

- DS S-S -

described using a standard modified Arrhenius expression. Stick-
ing and trapping probabilities are often conjectural. A straightfor-
ward approach is to use the sticking probability sg on a clean
surface fully covered with polycrystalline Pt(111) in the zero cover-
age limit. Introduction of x =1 and sg = a IptA(P)Na (~ «) leads
to the formula proposed by Zerkle et al. [26] and Chatterjee et al.

(201,

. RT AEqm

m,0 = 30 27T M, eXp<_ RT

The above expression is valid for a characteristic I'pr (=~ 2.72 x
1075 mol/m?) and a 1:1 ratio between geometrical and physical
area. In general, the actual value of I will depend on the prepara-
tion of the catalyst (e.g., loading and micro-porosity) and accord-

ingly,
ex AEam
P\" 7kt )

The sticking coefficients so used in Eq. (20) were assumed to be
unity for radical species with values for stable molecules based

(19)

_so I RT
XX Tpe\ 2mMg,

ki

(20)

on the studies by Aghalayam et al. [22], Mahdeshwar and Vlachos
[24], Zerkle et al. [26] and Panja et al. [65] as listed in Table 3.

5.1.2. Reaction class II: Adsorption on an adsorbate

A reaction class that is not commonly considered features the
reaction of a gas phase atom or molecule with an adsorbate Ag 4
Bs + xPt(s) — Ps. The van der Waals radius (see Table 3) defines
a volume-sphere for the adsorbate Bs. The projected area A(Bjs)
accounts for collisions and A(Bs)N4[Bs] is the total projected area
occupied by Bs per unit of surface. The reaction probability is here
considered equal to sg, which represents an upper limit, and the
following form is obtained,

RE =K [Ag1Z5, 2%, (21)
where

so RT Eam
Kb = ABHNAT | —— exp[ — =22 ). 22
n = g, MBIV 5 p( RT) (22)

Quiceno et al. [25] explored a similar scaling for a few related steps
and the reaction class has been included in order to assess the
potential importance under the current conditions.
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5.1.3. Reaction class III: Surface reactions with adsorbed reactants

Surface reactions involving only adsorbed reactants are ex-
pressed as As + B; + xPt(s) — P + Pg, where the two adsorbates
react and produce new species that remain on the surface or are
released into the gas phase. The qualitative scaling of the pre-
exponential factor was derived using the two-dimensional average
relative velocity of mobile species on the surface! (e.g., Warnatz
[19], Ljungstréom et al. [66] and Dumesic et al. [40]) which leads to

an :kfnZAsZBsZ)S(’ (23)
where
DY NaT'? [7RT AE
kS, = —ABTA” ex (— a’m) and
XXO'ASO'BS 2Mpg RT
Ma. M
Mg = —"sTBs (24)
Ma, + Mg,

In the above expression, D‘;‘B is the sum of the molecular di-
ameters of surface species A; and Bs—here estimated using their
respective van der Waals radii—and M4, and Mp, their respective
molecular weights (see Table 3). The above expression arguably
provides upper limit pre-exponential factors for the probability
of reaction. For the current set of reactions values in the range
3 x 10 to 3 x 10'® were obtained at 1050 K and a uniform scal-
ing factor of 0.3 was used to provide improved consistency with
the range 3.9 x 10'% to 5.2 x 10'2 proposed by Nilekar et al. [63]
for a smaller set of species.

5.1.4. Reaction class IV: Unimolecular surface reactions

The final case of unimolecular reactions A; + xPt(s) — Ps + Py
cannot be handled directly using collision theory. However, two
sub-cases can readily be identified. If x > 1, the reaction can be
written as As + Pt(s) + (x — 1)Pt(s) — Ps + Pg. By analogy with
Eq. (23), the rate may be expressed as

RE =k Z4, Z, (25)

where

i D4 p Nal'? [ 7RT AEqm
= exp| — . (26)
X*oa, 2M g RT

In order to be consistent, the rate constants resulting from Eq. (25)
have been scaled in the same manner as discussed for Eq. (23). If
x = 0, then the assumption of the same degree of mobility and
freedom between the reactant and the product in its transition
state [67-69] gives as a first approximation

R =kd Za,, (27)
where

I" RT AE,
kd - —_ a,m 28
m OA NAhp exp( RT (28)

and hj is Planck’s constant. Unimolecular reactions generally con-
cern desorption reactions, molecular dissociation and isomeriza-
tion. The resulting pre-exponential terms are of order 103 s~!
at 1050 K. However, if the activated complex is adsorbed more
weakly than the reactant species, it has been suggested that the
pre-exponential term can reach values of 2.5 x 107 s~ [40]. Con-
sequently, in some cases there are significant uncertainties in esti-
mating the pre-exponential term for the desorption rate.

1 Energy barriers for diffusion of species on the surface are treated as part of the
UBI-QEP formalism outlined below.

5.2. Energetics of surface reactions

The energy barriers for the surface reactions were determined
using data from experimental (e.g., [70]) and DFT studies (e.g.,
[38]) as well as through the UBI-QEP method (e.g., [30-37]). The
latter method provides the current base case. The structural con-
figuration of the adsorbate, the number of metal-atoms (coordina-
tion) and the atoms within the molecule involved in the process of
adsorption (mode) are required and input parameters are shown in
Table 2.

5.2.1. Enthalpies of adsorption and heats of reactions

A variational method was combined with the UBI-QEP formal-
ism in order to calculate the corresponding heats of adsorption
(Q) with each adsorbate further characterized via the number of
platinum atoms (n) involved in the calculation of the heats of ad-
sorption. The configurations selected for the different adsorbates
follow suggestions from computational [14,73-75] and experimen-
tal [12,76] studies. The heats of adsorption of H(s) and O(s) were
both estimated in the hollow cap configuration (n = 3).2 However,
given their respective atomic size and free electron valence only
one equivalent platinum atom was assumed to be necessary to
compute surface coverages. The UBI-QEP method has been used
extensively to estimate heats of adsorption for a range of related
systems and the treatment of the 35 current adsorbates is re-
ported below for reasons of completeness. Weakly bonded (e.g.,
closed electronic shells) molecules H,O(s), CH,0(s) and CH3OH(s)
are treated according to

Qo
Qao/n+Eag’
where Q 49 is the atomic heat of adsorption and E4p is the bond
energy required to dissociate the functional groups A and B us-
ing the corresponding energies of the gas phase species given in
Table 2 (e.g., [71]). Radicals such as OH(s), OOH(s), C(s3), CH(s3),
CHz(Sz), CCH(S), CCHz(Sz), CCH3(53), CHCHg(Sz), CH30(S), COH(S3),
CHOH(s3) and COOH(s) will attach strongly to the surface and are
treated according to

2
_ %
Op+Eag’
where Q4 the heat of adsorption of the adsorbates (atoms or
molecules). The medium bond strength (e.g., monovalent radicals

having tetravalent contact atoms) CHs(s), CHCHy(s), CH,CHs(s),
CHO(s) and CH»OH(s) are treated via interpolation:

1 Q3, o) )
= — . 31
Qap 2(QA0/”+EAB Qa+Eap o

The contributions made by s -bonds (e.g., CoHs(s)) have been es-
timated from experimental and DFT studies. For di-coordinated di-
atomic molecules (e.g., Ha(s) and Oy(s3)) that attach to the surface
across a bridge site via both atoms A and B the heat of adsorption
is evaluated from

ab(a+b) + Eag(a — b)?

Qap = (29)

Qap = (30)

Qap = ab+Eag@a+b)
5 Qao+2Qpo 2 QBo+2Qa0
— AT AR = c= 32
0= Qo (Qao + QBgo)? B0 (Qpo + Qn0)? 52)

Due to the proximity of the carbon atom to the surface, carbon
dioxide is treated as a linear molecule in a bridge configuration

2 The Pt; — |A bond energy O, of atomic species increases with the value of
n, Qa(n) = Qo(2 — 1/n), where Qg is the atomic heat of adsorption of the atom
located on top of a Pt atom (Qoy = 153 kJ/mol, Qgo = 213 kJ/mol and Qqoc =
376 kJ/mol).
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[71]. Polyatomic molecules with a structure X;-A-B-Y, (e.g.,
H,0,(s2), CoHg(s2), CaHa(sz), CoHa(s3)) are treated assuming that
the molecule is attached to the surface via A and B. The latter
may also feature m and m’ atoms or groups X and Y. The heat of
adsorption is written using the same form as in Eq. (32) with

mQxo 2)
= 1—- —MM s
¢ QAO( (mQAO + on)

m’'Qyo 2)
b= 1-|— ,
QBO( <m/QBO + Qyo)

and with E4p replaced by the total gas phase bond energy E given
directly in Table 2. The heat of adsorption of CO(sy) was adjusted
using the experimental values suggested by Campbell et al. [83].
Differences with other studies using a similar approach arise, for
example, due to bond partitioning.

5.2.2. Comments on heats of adsorption

The current estimations are calculated in the low coverage
limit, but provide relatively good agreement with directly related
theoretical studies [32,34,72,77] and available experimental data
[78-80,83-86]. However, estimated values for the enthalpy of ad-
sorption of ethylene vary considerably between different stud-
ies. Experimental values for s-bonded ethylene range between
29.3 £+ 8.4 kJ/mol [87] and 92 k]J/mol [70], whereas estimates for
the di-o form vary between 41.8 kJ/mol [86], 54.4 & 16.7 kJ/mol
[87] up to a calculated value of 171 kJ/mol [75]. The results are
dependent upon surface coverages and, in the case of theoretical
studies, also influenced by factors such as the prescribed surface
model. Thus, while it is difficult to directly compare results from
different investigations, theoretical studies do provide additional
information. Kua and Goddard [73], using an interstitial electron
surface model and nonlocal density functional methods, proposed
a strong di-o bond (150 kJ/mol) and a 7 configuration adsorbed
much more weakly (35.5 kJ/mol). Sautet and Paul [88] used ex-
tended Hiickel calculations to show that the computed energy of
adsorption of di-o bonded ethylene would start converging only
with a 49-atom platinum cluster. The binding energy would de-
crease from a value of 83 kJ/mol with a 15-atom cluster down to
63 kJ/mol with a 49-atom cluster and to 61.1 kJ/mol with a 114-
atom cluster. The energy for 7w bonded ethylene was estimated
at 33 kJ/mol. However, Podkolzin et al. [38] suggested, on the
basis of DFT calculations, that the energy of the m-bond is sig-
nificantly larger (68 kJ/mol), with the di-o bonded form requiring
99 kJ/mol to adsorb on a bridge site. Collision-Induced Desorption
(CID) on a platinum surface [89] and calorimetric measurements
for Pt powder [76] under conditions where predominantly di-o
bonded species are formed, have yielded values of 124 and 120
kJ/mol, respectively. The adsorption enthalpy of 7-bonded species
was reported to be 40 £ 10 kJ/mol based on Reflection Adsorp-
tion Infrared Spectroscopy (RAIS) [86] and 92 k]/mol based on CID
with oxygen precovered Pt(111) [70]. Watwe and co-workers [75]
performed a cluster study using the B3LYP exchange correlation
functional with a 10-atoms cluster and estimated energies of 171
and 103 kJ/mol for the di-o and 7 modes at 298 K. Subsequent
calculations [90] using a 19-atom cluster provided adsorption en-
ergies of 116 and 71 kJ/mol for the same species. Despite the
uncertainties, there is consistent evidence of significant differences
in enthalpy of adsorption of the 77 and di-o bonded configurations.
Accordingly, reaction pathways on the surface can be expected to
be strongly influenced by isomeric effects and the current study
includes both configurations. Given the wide range of determina-
tions, two complete reaction mechanisms were generated in order
to explore the sensitivity of predictions to alternative sets of heats
of adsorption shown in Table 2. The first mechanism was based on

the lower limit UBI-QEP value of 46 kJ/mol for di-o C;H4 com-
bined with the experimental value of 29.3 kJ/mol [87] for the 7
bonded form. The latter value was chosen to maintain a significant
difference in the heats of adsorption between the two structures.
The values chosen as the basis for the generation of an alternative
hybrid mechanism, using a combination of UBI-QEP and DFT data,
correspond to 68 and 99 kJ/mol suggested by Podkolzin et al. [38].

5.2.3. Energy barriers for forward and reverse reactions

The enthalpies AH; and energy barriers AEqm, used in the
generation of the heterogeneous reaction mechanisms are outlined
below. The direct adsorption (or non-dissociative adsorption) of a
gas phase species Ag onto the surface does not have an energy
barrier.

AH; =04 and AEqn,=0. (33)

The direct desorption (or non-recombinative desorption) of a gas
phase species from the surface is the reverse of a direct adsorption,

AHs=—-Q4 and AEgm= Qa. (34)

Homogeneous surface phase reactions where all reactants and
products are located on the surface can be written as &15 + &5 —

&3 + E45 With AH! and AHY the corresponding forward and re-

verse enthalpies of reaction, AESf and AE} the activation energies
and Eg, the total bond energy of the surface species &;s. The lat-
ter was directly estimated from the bond dissociation energies and
heats of formation of their respective gas phase counterparts [91].
Two cases are considered. If Eg,, + Eg,. > Eg,, + Eg,, then

AH! = Efls + ESZS - EE35 - E§4s + Qfls + QEZS - Q§3s - Qflls’ (35)

Q%s Q&ls ) (36)
Q§3s + QE45

AET=AE!l — AH{. (37)

If Eg + Eg,, < Egy, + Eg,, then the reverse reaction &35 + &45 —
&5 + &5 is considered and the above equations are modified ac-
cordingly. The multiplier in Eq. (36) accounts for the fact that the
energy barriers provided by the UBI-QEP method tend to over-
estimate the true activation energies and hence an interpolation
is made (e.g., [71]). However, for a few triatomic linear molecules,
such as 0-C-0, a strongly distorted intermediate state has been
predicted and observed [81]. Such distortion would imply strong
expansion and weak attachment of the C-O bonds. Recent DFT
simulations by Michaelides et al. [92] suggest that the activation
energies for dissociation are typically linearly proportional to the
heat of reaction with a slope of 0.86 which indicates a transition
state closer to the products. Mhadeshwar and Vlachos [24,93] ac-
cordingly changed the bond indices to 0.8 and 0.7 for the CO-0O
and the C-O reactions. A value of 1.0 has been used here for the
oxidation of CO(sy) to COy(s2) by O(s) and OH(s). The experimental
activation energy for the reaction of CO and O has been reported
to be around 100-109 kJ/mol in the low coverage regime on Pt
[94] and on polycrystalline Pt [95], which compares reasonably
well with the current value of 97 kJ/mol.

Heterogeneous surface-phase reactions correspond to cases
where there is at least one gas phase product or reactant Xi4 +
X2 — X3y + X4, where the subscripts «, 8, y,t are replaced by
s or g depending on the phase of each compound X;. In order
to calculate AEé, AEg, AHér and AHg, the energetics of the
corresponding forward and reverse reactions are considered. If
Exm + Exzﬁ > Ex3y +EX4L then

o1
AES 25 AHfs+

AHf = AH! = 844Qx,, — 8pgQxpp +8ygQxs, +8gQx,.  (38)
AE] = AE] = 50 Qx, — 855 Qxyp
AE} = AE} — AH}. (39)
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Table 3

Sticking coefficients and molecular properties.

Adsorbate So VDW M Adsorbate So VDW M
H(s) 1 1.17 1.008 0(s) 1 1.40 15.999
Ha(s) 0.046 [26] 1.32 2.016 0,(s2) 0.05 x (300/T) [26,122] 1.65 31.998
OH(s) 1 1.52 17.007 OOH(s) 1 1.80 33.077
H,0(s) 0.75 [26] 1.64 18.015 H0,(s2) 0.75 1.88 34.156
C(s3) 1 1.75 12.01 CH(s3) 1 1.79 13.089
CHa(s2) 1 1.85 14.168 CHs(s) 1 1.88 15.247
CHy4 0.2 [22,24] 1.94 16.32 CCH(s) 1 2.06 25.099
CCHy(s32) 1 2.13 26.178 CCHy(s3) 1 2.13 26.178
CCH3(s3) 1 2.19 27.257 CHCHa(s) 1 2.16 27.257
CHCHa(s3) 1 2.23 27.257 CHCHjs(sz2) 1 2.23 28.336
CH,CHs(s) 1 2.25 29.415 CoHa(s3) 0.05 [26] 2.09 26.178
CoHa(s) 0.015 [26] 2.19 28.336 CoHa(s2) 0.015 [26] 2.18 28.336
CaHe(s2) 0.015 [26] 2.32 30.49 CO(sz2) 0.84 [26] 1.88 28.009
CO,(s2) 0.005 [26] 1.95 44.008 CHO(s) 1 1.92 29.088
COH(s3) 1 1.92 29.088 CHOH(s3) 1 1.95 30.187
COOH(s) 1 2.02 45.01 CH,0(s) 0.1 [24] 1.99 30.167
CH,OH(s) 1 2.06 31.246 CH30H(s) 0.3 [24] 2.12 32.325
CH30(s) 1 2.04 31.246

Note. VDW is the radius of the projected van der Waals surface for the compound A in Angstrém, M is its molecular weight in g/mol. The indices in the symbols sy
characterize the coordination number (number of platinum atoms) involved in the adsorption of the compounds.

If Ex,, + Ex,y < Ex;, + Ex,, then the reverse reaction is consid-
ered and Egs. (38) and (39) are modified accordingly. In the above
expressions, & is the Kronecker symbol such that ;=1 if a=b
and 0 otherwise. Dissociative adsorption of a species AB into two
adsorbates A and B on the surface is treated with X5 =0, x =g
and y =t =s. Recombinative desorption of two adsorbates into
one gas-phase species are treated as X4, =0, ¢ =B =sand y =g.

5.2.4. Isomerization reactions

The UBI-QEP method does not determine activation barriers
for isomerization reactions and there are few quantitative stud-
ies featuring platinum surfaces. Zaera et al. [9,96] suggested that
the shift from the s-bonded configuration to the di-o adsorbate
on Pt(111) has no barrier and that the reverse reaction has to over-
come a 20 kJ/mol activation energy. The corresponding value using
the current heats of adsorption is 31 kJ/mol and other isomeriza-
tion reactions featuring a platinum bond rearrangement were also
treated based on differences in the heat of adsorption. The same
applies to adsorption reactions where the heat of adsorption is
greater than the energy barrier required for a hydrogen shift. Za-
era et al. [9,96] also proposed forward and reverse barriers of 60
and 30 kJ/mol for the hydrogen shift leading from di-o ethylene
to ethylidene. Zerkle et al. [26] and Wolf et al. [97] proposed for-
ward barriers of 83 and 87 kJ/mol for the hydrogen shift from
7 and di-o ethylene leading to ethylidene, with reverse activa-
tion barriers of 75 and 50 kJ/mol, respectively. Barriers of 129 and
176 kJ/mol for the forward and reverse reactions associated with
the hydrogen-shift from the vinyl radical to ethylidyne were also
suggested. Anghel et al. [98] proposed that isomerization reactions
are not surface mediated and suggested a forward barrier for the
transformation of ethylene to ethylidene of 222.5 kj/mol with a
reverse barrier of 196.5 kJ/mol. The sensitivity to energy barriers
was tentatively assessed as part of the current work using data
derived from the corresponding gas phase reactions. The required
hydrogen transfer reactions were calculated using Gaussian 03 [99]
at the G3B3 [100] level. Stationary points, characterized as either
minima or first order saddle points, were located on each potential
energy surface using B3LYP [101] density functional theory and the
6-31g(d) basis set. Intrinsic reaction coordinate (IRC) calculations
were performed in order to follow the reaction path in both direc-
tions from the transition states to confirm linkage to the relevant
minima. Further G3B3 composite calculations were then preformed
on each stationary point to provide more accurate energies shown
in Table 4. The barriers were then translated based either on the

Table 4

Energy barriers for gas phase isomerization reactions in kJ/mol.

Isomerization AE;. AE;I.
C,Hy4 < CHCH3 322.4 4.0
CHCH; < CCH3 229.9 1.5
CHCH < CCH 187.9 4.5

Note. Computations performed using Gaussian 03 at the G3B3 level [99].

Table 5
Energy barriers used to assess the sensitivity to surface isomerization reactions in
kJ/mol.

Isomerization reactions Method 1 Method 2 [26,97]

AE;  AE.  AE;  AE,  AE;  AE
CoHy(s2) < CHCHs(s2) 123 0 176 53 87 50
CoHa(s) + Pt(s) < CHCH3(s3) 92 0 145 53 83 75
CHCH>(s3) < CCH3(s3) 0 57 21 78 - -
CHCHy(s) + 2Pt(s) < CCH3(s3) 0 3 117 119 129 176
CoHa(s3) < CCH(s3) 169 0 248 80 - -
CoHa(s3) < CCHa(s2) + Pt(s) 19 0 95 77 61.5 42

Note. The activation energies were estimated form the gas phase reactions given
in Table 4 with barriers corrected using the enthalpy of reaction (Method 1) and
a transition state (TST) approach (Method 2) according to Eq. (40). The heats of
adsorption used are consistent with the reaction mechanism given in Appendix A.

heat of reaction on the surface or via an alternative method based
on the assumption that the transition state is related to the more
stable compound and that the heat of adsorption varies monoton-
ically between the reactant and the product. For a surface reaction
&1s — &5 where Qyx, < Qx, the heat of adsorption of the transi-
tion state was estimated from

QXz(QXZ - QX])
Qx, +Qx,

resulting in the following forward and reverse energy barriers for
the corresponding surface reaction,

Qrst=Qx, + (40)

AE;; = AEéi — Qrst+ Qx4

AEG = AEg — Qrst+ Qx,,

(41)
(42)

where AE;. and AEZ,I. are the forward and reverse activation en-
ergies for the corresponding gas phase reactions. The resulting
barriers for the surface isomerization reactions derived using the
above methodology are shown in Table 5.
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5.2.5. Surface diffusion barriers

Shustorovich and Sellers [71] suggested that the apparent acti-
vation barrier of a reaction may strongly depend on the diffusive
characteristics of surface species involved in the reaction, espe-
cially when the intrinsic activation barrier is competitive or smaller
than the diffusion barrier of the most strongly bonded reactant. For
such cases the apparent or total energy barrier AE, ;, is estimated
as

AEqm =Y AEine + (1 — ) AEdif.A,+B,» (43)
2AE it a; AE it B,

_— 5 (44)
AE it o, + AEdif. B,

AEdif.Ac+B; =

where AEj,: denotes the intrinsic barriers (AEsf, AEE, AE£ and
AE;) estimated using Eqs. (36)-(39) as appropriate. Experimen-
tal studies [102] of the diffusion barrier AEgi have resulted in
estimated values between 10% and 20% of the adsorbate binding
energy. Nilekar et al. [63] have suggested, based on periodic self-
consistent DFT calculations for different transition metals, that 12%
of the heat of adsorption provides a fairly accurate estimate. In the
present work the latter value has been used,

AEgifa, = 0.12Q4(n). (45)

The parameter (v) is unity when the intrinsic reaction rate con-
stant is dominant and zero for diffusion limited reactions. Conse-
quently, in the present work (0 < ¢ < 1) is estimated as

AEint

Y= .
AEint + AEdif. A+ B,

(46)

6. Semi-automatic generation of surface mechanisms

The initial surface mechanism was automatically generated by
implementing the above reaction classes and surface energetics
for the 35 adsorbates into a JAVA based tool (Surface Reaction
Manager). The applied generation method was based on atom con-
servation and the subsequent screening featured the use of the
Reaction Model Generator (RMG) algorithm derived by Green and
co-workers for gas phase reactions [103]. The RMG algorithm is
based on a functional group approach and features a recursive iter-
ative method for the generation of comprehensive reaction mech-
anisms. The current screening process resulted in an exhaustive
set of elementary reactions involving all the different adsorbates
and originally featured about 12,500 reversible heterogeneous re-
actions. Such mechanisms are too large to handle comfortably and
basic selection criteria included the elimination of reaction steps
featuring multiple H transfers and, subsequently, a combination of
path, flux and sensitivity analyses was used to derive a shorter
model comprising the major reaction pathways. A principal advan-
tage of the approach is that it guarantees a consistent application
of the rules associated with each reaction class. The final mecha-
nism listed in Table 7 (see Appendix A) contains 283 reversible el-
ementary reactions and corresponds to the hybrid case with some
of the heats of adsorption determined from DFT studies. The alter-
native mechanism (based exclusively on UBI-QEP data) is included
as supplementary material. The reaction rate constants k are pre-
sented in the following form,

!
R = o [ 0¥ (47)

where m indicates the sum of the total number of reactants on
the surface and additional Pt(s) sites involved in the reaction. In
the present work, only the pre-exponential term for the desorption
of CO(sz) was adjusted in light of previous studies. The frequency
factor has been assigned values from 10" to 10'® s=1 [26,93,107,
108]. Zerkle et al. [26] enhanced the desorption rate of CO(s;) by

one order of magnitude above the experimental value proposed
by Campbell et al. [83] on the basis of a study of the interactions
of CO with a Pt(111) surface over the temperature range 500 to
700 K. The adjusted rate used in the current work is around a
factor of two slower than that proposed by Zerkle et al. [26] and
was selected on the basis of an extensive sensitivity analysis.

7. Results and discussion

The conversions and selectivities reported here are mass based
and all quantities correspond to values integrated radially across
the virtual pore. The selectivities are by default estimated with
respect to the relative mass of carbon atoms contained in the
products examined. The oxygen selectivities to H,0O, CO and CO;
are also reported. Unless otherwise stated, the discussion in the
following sections is based on the hybrid mechanism shown in
Table 7. Initially the level of agreement obtained between the com-
putational and experimental studies is outlined and, subsequently,
the reaction pathways are discussed with reference to previous
studies. The computational simulations were performed using a ra-
dial grid of 80 cells and a maximum axial step of 5 pum. The grid
was refined close to the surface to provide a radial spatial resolu-
tion >~2 pm.

7.1. The impact of different O/C ratios

The impact of changes in the O/C ratio from 0.45 to 0.75 on the
conversion of ethane, oxygen and on selectivities to major prod-
ucts was investigated for inlet velocities of 1.35 and 2.10 m/s.
The experimental conditions correspond to Cases 1-12 described in
Table 1. The downstream evolution of the radially integrated con-
version of ethane and the temperature at the center of the pore
are shown in Fig. 1 for Cases 7, 9, 11 and 12 along with experi-
mental data reported at the entrance and exit of the catalyst and
at the end of the reactor. It is readily apparent that as the O/C
ratios reduce, it becomes progressively more difficult to represent
the experimental temperature evolution. However, the temperature
profiles are computed with reasonable accuracy for most O/C ratios
using a heat loss parameter k; = 0.07. Hence, the latter value has
been used as the current base case and the impact of variations in
the value of k, are discussed further below. It is also evident that
the consumption of ethane starts within the first 15 mm of the
catalytic section and that it follows a sharp rise of the temperature
inside the pore. It is also clear that the higher the oxygen con-
tent, the higher the temperature in the reactor. For all four cases, a
gradual drop in the temperature by about 30 to 50 K is recorded as
the flow exits the catalytic section of the pore. The profiles empha-
size the key role of the catalyst in releasing heat from the surface
into the gas phase. The corresponding axial profiles of the carbon
selectivities to CoHg4, CHg, CO and CO, are shown in Fig. 2. The
consumption of oxygen leads almost exclusively to the formation
of water at the entrance of the pore with a selectivity of almost
99%. The high initial selectivity to CH4 at very low CoHg conversion
levels is discussed further below. The pattern changes when the
consumption of ethane increases and leads to the formation of car-
bon monoxide and carbon dioxide. Ethylene is produced from the
entrance of the pore and for all cases the selectivity initially rises
to ~60% as shown in Fig. 2. As the conversion of ethane increases,
the selectivity reaches a plateau around 70% further downstream.
For cases with high oxygen content (O/C ratio >0.6), the selectivity
decreases to values between 72% and 68% in the second half of the
pore as the conversion of fuel becomes significant. This is partly
due to the catalytic consumption of C;H4 leading to the formation
of CO and CH4. The formation of methane also takes place from the
very entrance of the catalyst and rises sharply at low conversions
before reducing to a maximum value ~17% (O/C ratio >0.65) as
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Fig. 1. Calculated axial profiles of (a) ethane conversion and (b) temperatures at the
center of the pore for different O/C ratios: 0.45 (dashed lines), 0.55 (dot-dashed
lines), 0.65 (solid lines) and 0.70 (short dashed lines) (Cases 7, 9, 11 and 12).
The vertical double arrow demarcates the exit of the catalyst. Experimental data
available at sampling points for the corresponding cases are shown with symbols.
Simulations are presented with x; = 0.07 and with the mid-point value of the site
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Fig. 2. Calculated axial profiles of selectivity to (a) CoHg4, (b) CO, (c¢) CHy4 and (d)
CO, at different O/C ratios as defined in Fig. 1 (Cases 7, 9, 11 and 12). The vertical
double arrow demarcates the exit of the catalyst.

the process favors ethylene formation. A high oxygen content (O/C
ratio >0.65) and high Pt site densities also promote methane for-
mation on the catalyst. The reaction pathways responsible for the
rather complex behavior are discussed further in the path analysis
section below.

The high initial selectivity to methane originates from the
C-C bond cleavage of ethane via direct dissociative adsorption or
following molecular adsorption. The CH3(s) + H(s) associative des-
orption follows as one of the reaction channels. Sensitivity analyses
indicate that under the current conditions the methane yield is
relatively insensitive to the adsorption of methane. Furthermore,
due to the rapid heterogeneous oxidation of hydrogen, the oxi-
dation of CHs(s) does not play a major role. The magnitude of
the dissociative adsorption of ethane affects the methane yield.
However, the key controlling parameter is the ratio between the
hydrogenolysis and pyrolitic sequences. Several studies have been
performed where the UBI-QEP method appears as the recurrent
technique used to estimate the energetics of the reactions involved.
Deutschmann et al. [104,105] suggested that the non-activated dis-
sociative adsorption of methane was followed directly by the rapid
breaking of the three methyl C-H bonds with forward energy bar-
riers estimated at 20 kJ/mol. However, these barriers contrast with

100 F ; - - 90
o o o
oon 80
90 |
_ 80}
S —
IS
é 70 ;
) =
z 60 3
=} L
o 3
50 | 309
20
40 |
10
3 0

0 . . . . . .
045 055 065 075 045 055 065 0.75
O/C ratio (wt/wt)

Fig. 3. Simulation results (lines) compared to experimental data (symbols).
(a) Ethane (circle) and oxygen (square) conversion, (b) selectivity to ethylene (tri-
angle up), (c) CO (diamond), (d) methane (triangle down) for different O/C ratios
with an inlet velocity of 1.34 m/s (Cases 1-6). Simulations were performed using
the mid-point value for the site density and with x; = 0 (dashed lines), k; = 0.07
(solid lines) and x, = 0.15 (dot-dashed lines).
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Fig. 4. Simulation results (lines) compared to experimental data (symbols). O-
selectivity to (a) H,O (triangle up), (b) CO (diamond) and (c) CO, (triangle down)
for different O/C ratios with an inlet velocity of 1.34 m/s (Cases 1-6). Simulations
were performed using the mid-point value for the site density and with x; =0
(dashed lines), k; = 0.07 (solid lines) and k3 = 0.15 (dot-dashed lines).

the molecular beam experiments by Sun and Weinberg [106] who
reported an apparent barrier of 60 kJ/mol. Wolf et al. [97] de-
rived the energetics of the sequential reactions using the UBI-QEP
method but altered the barriers for the sequential thermal de-
composition channels to emphasize the dehydrogenation sequence.
Zerkle et al. [26] retained these rates. By contrast, Aghalayam et
al. [22] studied a range of systems without any amendments to
the energetics. In the current work the enthalpies derived using
the UBI-QEP method have been retained and the reasonably good
predictions obtained for the methane selectivity suggest a contri-
bution of the hydrogenolysis mechanism. More extended compar-
isons between experimental data and computations are shown in
Figs. 3 to 7 for the lower inlet velocity case and in Figs. 8 and 9
for the higher velocity case. The results from parametric variations
aimed at further assessing the impact of heat losses (Figs. 3 and
4), different sets of heats of adsorption (Figs. 5 to 7) and catalyst
site densities (Figs. 8 and 9) are also shown.

To assess the influence of heat losses, different values of
were used and simulations performed for the range 0 < k3 < 0.15,
with k3 = 0.07 leading to a maximum reduction in temperature
of about 60 K. The results shown in Figs. 3 and 4 indicate that
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Fig. 5. Simulation results (lines) compared to experimental data (symbols) and with
the alternative (lower) heats of adsorption of ethylene, corresponding to 29.3 kJ/mol
for CoH4(s) and 46.1 kJ/mol for CyHa(s;), and other species as listed in Table 2.
(a) Ethane (circle) and oxygen (square) conversion, (b) selectivity to ethylene (tri-
angle up), (c) CO (diamond), (d) methane (triangle down) for different O/C ratios
with an inlet velocity of 1.34 m/s (Cases 1-6). Simulations were performed using
the mid-point value for the site density and with x; =0 (dashed lines), x; = 0.07
(solid lines) and k7 = 0.15 (dot-dashed lines).
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Fig. 6. Simulation results (lines) compared to experimental data (symbols) with the
alternative (lower) heats of adsorption as listed in Table 2. O-selectivity to (a) H,O
(triangle up), (b) CO (diamond) and (c) CO, (triangle down) for different O/C ratios
with an inlet velocity of 1.34 m/s (Cases 1-6). Simulations were performed using
the mid-point value for the site density and with x; = 0 (dashed lines), x; = 0.07
(solid lines) and k3 = 0.15 (dot-dashed lines).

heat losses have a relatively strong impact on the conversion rate
of ethane. However, the selectivities to ethylene and minor prod-
ucts are somewhat less affected. It is also shown that x, = 0.07,
consistent with the temperature profiles discussed above, arguably
provides the best overall agreement with experimental data. Cal-
culations using an inlet temperature increased by 50 K were also
performed to assess the impact of uncertainties in initial condi-
tions. The results show that an increased preheat will moderately
increase the conversion of reactants with only a minor impact
upon the carbon distribution. The O-selectivities to H,0, CO and
CO, are only marginally affected.

Results obtained with the UBI-QEP based mechanism, resulting
from the alternative set of heats of adsorption given in Table 2,
are shown in Figs. 5 to 7. The qualitative trends are identical as
compared to the hybrid mechanism, but with the UBI-QEP variant
predicting higher ethylene and lower methane selectivities. A di-
rect comparison of the two mechanisms is shown in Fig. 7, where
selectivities have been plotted against fuel conversion. Overall, it
is arguable that the hybrid model provides better agreement with
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Fig. 7. Simulation results (lines) compared to experimental data (symbols). Conver-
sion of fuel against C-selectivity to (a) CoHg, (b) CO, (c) CHs4 and O-selectivity to
(d) H20, (e) CO and (f) CO,. Simulations were performed with the two mechanisms
corresponding to the heats of adsorption of selected species set to the (lower) al-
ternative (dashed lines) and standard (solid lines) values listed in Table 2 (also see

text). Simulations were performed using the mid-point value for the site density
and with k3 =0.07.
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Fig. 8. Simulation results (lines) compared with experimental data (symbols).
(a) CoHg (circle) and O, (square) conversion, (b) selectivity to C;H4 (triangle up),
(c) CO (diamond), (d) CH4 (triangle down) for different O/C ratios with an inlet ve-
locity of 2.10 m/s (Cases 7-12). Simulations are presented for x; = 0.07 and with
I" (solid lines), I'max (dashed lines) and Iy, (dot-dashed lines).

the experimental data. However, the discrepancies for the selec-
tivity to ethylene can also partly be attributed to the formation
of higher hydrocarbons, which are not considered in the present
study, and the yield of such species may approach several per-
cent at lower O/C ratios. It is nonetheless evident that the UBI-QEP
based approach has the ability to reproduce measured trends with
reasonable accuracy. The increased tendency of the hybrid mech-
anism to promote the formation of methane is discussed in the
path analysis section and it is important to note that changes in
the platinum site density influence results.

The impact of uncertainties in the active platinum sites density
(I') was assessed by first considering I equal to the mid-point
value of 7.5 x 10~ mol/m? and, subsequently, computations were
also performed with the limiting values I'mi, =5 x 107> mol/m?
and Inax = 10 x 1073 mol/m?. Computed results are shown in
Figs. 8 and 9 for Cases 7-12. Comparisons of predictions with ex-
perimental data suggest, as shown in Fig. 8, that a higher platinum
loading increases the consumption of oxygen, has a detrimental
impact on the selectivity to C;H4 and results in increased yields
of secondary products (e.g., CHy). The results presented in Fig. 8
also show that the conversion of ethane increases from 41% to 85%
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Fig. 9. Simulation results (lines) compared with experimental data (symbols). (a) Oy
molar fraction along the center line of the pore for O/C ratio equal to 0.45 (dashed
lines), 0.55 (dot-dashed line) and 0.65 (solid line). O-selectivity to (b) H,O (triangle
up), (c) CO (diamond) and (d) CO; (triangle down) for different O/C ratios with an
inlet velocity of 2.10 m/s (Cases 7-12). Simulations are presented for x; = 0.07 and
with I" (solid lines), I'max (dashed lines) and I, (dot-dashed lines). The vertical
double arrow demarcates the exit of the catalyst.

as the feed becomes more oxygen rich. The measured conversion
of oxygen also increases from around 90% to 98%. The experimen-
tal selectivity to ethylene falls gradually from 76% to 69% as the
ethane content in the system decreases. By contrast, the selectiv-
ity to CO rises from 7% to 14% and that of CH4 from 6% to 9%. The
distribution of oxygen, shown in Fig. 9, suggests that for all condi-
tions less H;O and more CO is produced as the oxygen content is
increased. The selectivity to CO, remains around 1% for all cases.
Application of the mid-point value for the site density generally
leads to good agreement with experimental data for the calculated
selectivities. The uncertainties in the applied chemistry are natu-
rally likely to contribute to the observed discrepancies. However,
the over-prediction of the conversion of oxygen, particularly at low
O/C ratios, shown in Figs. 3 and 8, are influenced by overall heat
losses. The calculated axial mole fraction profiles of oxygen, shown
in Fig. 9, indicate that the consumption rates of oxygen remain rel-
atively unchanged over the catalytic region as the O/C ratio of the
feed is varied between 0.45 and 0.65. The mole fraction profiles
of oxygen differ only when the streams flow deeper in the reactor
where the gas phase reactions become predominant.

The pattern shown in Fig. 2 is further exemplified in Fig. 10,
where the calculated consumption and production rates of CyHg,
03, Hy and H,0 are given for catalytic reactions under different
conditions. Ethane is mainly consumed via catalytic reactions up
to a distance of ~14 mm downstream. Subsequently, the gas phase
reactions are initiated by the sharp temperature rise shown in
Fig. 1. The ignition point will move upstream as the oxygen con-
tent or the site density is increased. With an O/C ratio of 0.65,
the radially integrated rate of gas phase consumption peaks at
~250 x 1078 molm~'s~! (see Fig. 10) in the second half of the
pore and subsequently declines. The oxygen consumption presents
a very different pattern. Throughout the catalytic section, Oy is
consumed predominantly at the wall and the surface reactions
rapidly reach values ~300 x 10~ molm~!s~! and account for
close to 100% of the consumption. Similarly to ethane, the oxy-
gen consumption in the gas phase initiates only downstream at
a distance of around 16 mm and reaches a smaller peak value
~50 x 1078 molm~!s~! as the stream exits the catalyst. At this
point, the gas phase contributes around 40% of the total consump-
tion. The predominant role of the surface mechanisms indicates
that the radial flux bringing O, toward the wall is a major factor

300
400 |
E 1200
3 200 3
E 100 F
A . A
= lo =
R i)
& 600 2
g Jo £
3 2
£ 300 Z
S 1 -200 ©
S 0 ks
o gy
£ 300 } —400 3
-600

-600 . : . .
0 10 20 30 0 10 20 30
Axial distance [mm]

Fig. 10. Calculated rates of consumption of (a) C;Hg, (b) Ha, (c) O, and (d) H20 from
heterogeneous reactions (solid lines) and gas-phase processes (dashed lines) above
the catalytic section of the pore for Cases 7, 9 and 11 with x; = 0.07. Negative
values indicate the compound is being produced. The arrows indicate the profile
shift when the O/C ratio is progressively increased as 0.55, 0.65 and 0.75.

in the depletion of oxygen. Hence, oxygen residuals may depend
strongly on the presence of radial stratification.

For Case 11, the switch from catalytic to gas phase production of
CyHy4 occurs in the second third of the catalytic section. It is, how-
ever, important to note that for the upper limit value (Ihax) the
catalyst effectively consumes ethylene produced in the gas phase
at distances beyond 16 mm downstream. While the normalized
gas phase contribution is close to 1 toward the end of the catalytic
section, the contribution of the catalytic processes decreases from
0 to —0.20 indicating significant surface consumption of ethylene.
This explains the rising catalytic contribution to the production of
CO following gas phase ignition and the dominant surface produc-
tion of CH4 throughout the catalyst. The dynamic balance between
the gas and surface chemistry contributions provides an explana-
tion for the effect of site density on the selectivities to CO, CO,,
CH4 and H,0 shown in Figs. 8 and 9. An increase of the catalytic
activity will effectively enhance the downstream consumption of
ethylene and oxygen leading to increases in the selectivities to
methane and water. The modest reduction in the overall selectiv-
ity to CO, as I' is shifted from the lower to the upper limit, can
be related to preferential production of water on the surface and
the related reduction of O, in the gas phase. The complete oxi-
dation of carbonaceous species is, however, linearly related to the
increase in the formation of CO,.

7.2. Impact of reactor residence time

The rate of flow through the catalyst has a major influence on
reactant conversion and reaction stability. In the present work, the
superficial inlet velocity (at 273 K) was varied from about 2 to
7 m/s to explore the ability of the model to reproduce the reac-
tion dynamics and the blow-off point. This is a challenging task
with results directly dependent upon the rate of heat release in-
duced by the catalyst and the resulting balance of heterogeneous
and homogeneous reactions. The experimental conditions are de-
scribed in Table 1 and correspond to Cases 11, 13-16. Model pre-
dictions can be seen in Fig. 11 for the case H,/O; = 2 and O/C
= 0.65. The sensitivity to the site density of platinum was again
explored using the limiting values and the impact was noticeable
at the highest inlet velocities as discussed below. The results ob-
tained with the mid-point value of I show that the conversion
of C;Hg drops from about 79% at 2.18 m/s to 44% when the gas
flow inlet velocity is increased to 6.72 m/s. The conversion of
oxygen drops from 98% to 83%. The behavior is reflected in the
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Fig. 12. Simulation results (lines) compared to experimental data (symbols). (a) Oy
molar fraction along the pore for 2.10 m/s (solid line), 4.18 m/s (dashed line), 5.86
m/s (dot-dashed line) inlet velocities. O-selectivity to (b) H,O (triangle up), (c) CO
(diamond), (d) CO; (triangle down) at different inlet velocities and with O/C equal
to 0.65 (Cases 11, 13-16). Simulations with k; = 0.07 and the mid-point value of I"
(solid lines) and I'max (dashed line).

predicted oxygen profiles shown in Figs. 11 and 12. The computa-
tions suggest that as the flow rate increases, the oxygen residual
at the exit of the reactor rises from about 1200 ppm at 2.18 m/s
to about 32,000 ppm at 5.86 m/s. The distribution of carbon to
major products is not strongly affected by the change in the in-
let velocity until close to blow-off. For example, the selectivity to
ethylene increases marginally from 74% to 76% as the velocity is in-
creased. The selectivity to H,O rises from 78% to 87% while that of
CO is reduced from 22% to 11%. The simulations have a tendency
to over-predict the conversion of the reactants, but the blow-off
point is reproduced with reasonable accuracy. The computational
value of ~6.5 m/s, obtained with the mid-point site density I, is
reasonably close to the experimental value ~7 m/s and compu-
tations provide encouraging agreement with experimental data up
to a velocity of 6 m/s. The computed blow-off velocity obtained
with Iyin (not shown) was around 5.5 m/s and the corresponding
value for I'max was around 7 m/s. The computed selectivities to
CyHy, CO and CO; are fairly accurate, while the production of CHy
tends to be under-predicted—in contrast to the results discussed
above.

The behavior of the system becomes of greater interest as the
flow velocity is increased. Besides the drop in ethane conversion,
the computations provide insight into the incipient failure of the
catalyst to initiate chemical reaction in the gas phase. The latter
is particularly noticeable when the inlet velocity exceeds 5 m/s.
A change in the catalyst site density leads to a similar qualitative
behavior but a change in the onset of failure. The results em-
phasize the increasing sensitivity to the platinum loading as the
critical regime of around 5 m/s is approached. This is confirmed
by the radially integrated conversion of ethane and oxygen in the
first 200 mm of the pore. As the flow rate is raised, the initiation
of ethane consumption is delayed and the reactant gas streams
penetrate deeper in the pore. At a velocity of 2.18 m/s, the ho-
mogeneous conversion of fuel starts within the first 15 mm of the
entrance of the pore, whereas at velocities higher than 5 m/s the
consumption of fuel becomes significant only after 50 to 80 mm
after the exit of the catalytic section, indicating complete blow-
off of the gas phase reactions. The situation is qualitatively similar
when the highest site density is used. However, homogeneous re-
actions are initiated much closer to the exit of the catalyst.

The pattern for oxygen consumption is very different. Although
the conversion of oxygen declines at higher velocities, consump-
tion begins at the entrance of the pore, but at a rate that decreases
as the flow rate increases. At velocities of 4.18 and 5.86 m/s, the
conversion of oxygen stabilizes momentarily at ~40% and ~32% at
the exit of the catalyst and then increases again 50 and 100 mm
downstream. With the upper limit of the site density, the corre-
sponding conversion at 5.86 m/s is ~42%. It is again evident that
the catalytic oxidation of Hy, is the key contributor to the thermal
balance of the reactor. However, if the flow rate in the pore is too
high, then most of the thermal energy released into the gas phase
will simply be convected away without triggering the gas phase
reactions. Increasing the flow rate reduces the residence time and
at higher velocities the catalyst remains a net producer of ethy-
lene. Accordingly, the overall CoHy selectivity will tend to increase
marginally.

8. Chemical mechanisms and path analysis

The dominant heterogeneous reactions of ethane over a sup-
ported platinum catalyst and the associated pathways are dis-
cussed in more detail in the following sections.

8.1. Heterogeneous oxidation of hydrogen

The rapid catalytic consumption of oxygen at the entrance of
the pore and the high selectivity to water constitutes the princi-
pal initial mechanism under the current conditions. The associated
rapid preferential oxidation of hydrogen, leading to early heat re-
lease, is consistent with a range of experimental studies, including
the early work by Huff and Schmidt [4]. The adsorption of oxygen
is typically treated [19,22,24,26,61,109,110] as a direct dissociative
process forming two oxygen atoms on the surface. However, Camp-
bell et al. [122] suggested, on the basis of molecular beam/surface
scattering techniques, that the dissociation of adsorbed O5(s) is the
rate limiting process. The suggestion is consistent with the theo-
retical study of water formation on platinum by Jacob et al. [123].
Luntz et al. [124] used X-ray photoelectron spectroscopy to study
the kinetics of oxygen adsorption and suggested a sequential pro-
cess with a physisorbed state preceding a molecularly chemisorbed
state followed by dissociation. The current sticking coefficient for
the dissociative adsorption of oxygen (R527) features the func-
tional form used by Zerkle et al. [26] with the value reduced by
30% to conform with Campbell et al. [122]. The resulting stick-
ing coefficient at 1050 K is close to 0.015 as compared to 0.02
[26]. Raimondeau et al. [107] preferred a temperature independent
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Table 6

Path analysis for the consumption of O, and production of H,0 at a distance 5 mm
inside the pore for Case 11 (the overall percentage contribution of the matching
reaction is denoted Abs. %).

No. Consumption of O, Abs. %
489 02 + 2Pt(s) = 02(s2) 43
491 02 + H(s) + Pt(s) == O(s) + OH(s) 7
493 0, + 2Pt(s) = O(s)+ O(s) 43
495 03 + H(s) = OOH(s) 7
Consumption of Hj Abs. %
483 Hy + Pt(s) = Ha(s) 99
Consumption of Hy(s) Abs. %
521 Ha(s) + O(s) == H(s) + OH(s) 1
523 Ha(s) + Pt(s) =2 H(s) + H(s) 99
Consumption of Ox(sz) Abs. %
525 02(s2) + H(s) = O(s) + OH(s) + Pt(s) 4
527 02(s2) = O(s) + O(s) 92
529 0,(s2) + H(s) = OOH(s) + 2Pt(s) 4
Consumption of OOH(s) Abs. %
553 OOH(s) 4+ H(s) & O(s) + H20(s) 9
557 OOH(s) + H(s) == OH(s) + OH(s) 9
563 OOH(s) + Pt(s) == O(s) + OH(s) 80
Consumption of O(s) Abs. %
521 Ha(s) + O(s) = H(s) + OH(s) 1
535 H(s) + O(s) == OH(s) + Pt(s) 98
Consumption of H(s) Abs. %
535 H(s) + O(s) == OH(s) + Pt(s) 9
537 H(s) + OH(s) =2 H0(s) + Pt(s) 9
539 H(s) + OH(s) == Hy0 + 2Pt(s) 1
541 H(s) + H(s) = Hz + 2Pt(s) 60
Consumption of OH(s) Abs. %
537 Hs) + OH(s) == H,0(s) + Pt(s) 87
539 H(s) + OH(s) == Hy0 + 2Pt(s) 12
Consumption of HpO(s) Abs. %
551 H(s) + Hy0(s) = Ha(s) + OH(s) 8
561 H»0(s) &= Hy0 + Pt(s) 93

value of 0.1, while Mhadeshwar and Vlachos [23] preferred a func-
tional form resulting in a value of 0.14 at the same temperature.
The latter value is too high to be consistent with the current work.
However, the potential role of molecular oxygen on the surface was
explored by introducing an additional channel (R489) resulting in
a maximum total sticking probability of 0.03 at 1050 K.

02 + 2Pt(s) =2 0(s) + O(s), (R493)
03 + 2Pt(s) = 02(s2), (R489)
02(s2) = O(s) + O(s), (R527)
Hy + Pt(s) = Hy(s), (R483)
Ha(s) + Pt(s) = H(s) 4 H(s). (R523)

The major catalytic pathways are shown in Table 6, where each re-
action is presented along with its percentage contribution to the
overall net consumption for both gas and surface phases. As may
be expected, due to the high temperatures and low dissociation
barrier for O;(sy), reactions (R489) and (R527) can essentially be
combined. It is also clear that Hy(s) does not prevail on the sur-
face and that the dominant path leads to H(s), suggesting that
(R483) and (R523) can also be combined. However, as also shown,
a small fraction of the adsorbed hydrogen (~1%) and oxygen (8%)
is attacked by O(s) and H(s) via (R521), (R525), (R529). Molecu-
lar oxygen also reacts (14%) directly with hydrogen atoms already
on the surface (R491, R495) leading to O(s) and OH(s) either di-

rectly or via OOH(s). The major subsequent catalytic reaction paths
proceed via (R535), (R537), (R561).

H(s) + O(s) = OH(s) + Pt(s), (R535)
H(s) 4+ OH(s) = H,0(s) + Pt(s), (R537)
H,0(s) = Ho0 + Pt(s). (R561)

The heterogeneous depletion of oxygen is maintained along the
catalytic section as long as oxygen is present in the gas phase adja-
cent to the wall. Consequently, at 29 mm inside the pore, catalytic
reactions still account for more than 60% and 99% of the total con-
sumption of O, and H,. Accordingly, the above reaction channels
are the key providers of heat in the proximity of the wall.

8.2. Ethane oxidative dehydrogenation

The consumption of CaHg is predominantly through catalytic
reactions at the entrance of the pore. The major pathways involved
in the transformation of CHg into ethylene at a distance of 5 mm
from the entrance of the pore are shown in Fig. 13 along with their
total respective contributions. The molecular adsorption leading to
CyHg(s2) (R1) contributes about 88% of the overall consumption
of ethane at this point. The dissociative channel (R7) contributes
3%, while the dissociative adsorption (R9) leading to CH,CHj3(s) ac-
counts for 8%.

CoHg + 2Pt(s) = CoHg(s2), (R1)
CoHg + 2Pt(s) = CH3(s) -+ CHs(s), (R7)
CoHg + 2Pt(s) = H(s) + CHyCH3(s). (R9)

Surface methyl predominantly desorbs associatively with hydrogen
atoms leading to methane via (R303).

CH3(s) + H(s) = CHy + 2Pt(s). (R303)

The dissociative adsorption channel leading to CHs(s) is further
augmented by a fraction (34%) of C;Hg(s2) decomposing to CH3(s)
via reaction (R111) and a smaller amount (5%) via reaction (R115)
with H(s). However, the major channels lead to CHCHs(s) and
proceed through reaction (R113) with H(s) (5%) or via direct de-
composition (55%) through reaction (R125). The above pathways
support the possibility of early C-C bond scission [12,15] as a sec-
ondary channel and indicate that the branching ratio between C-C
and C-H cleavage for C;Hg(sy) is a key parameter at this stage in
the process.

C2He(s2) = CH3(s) + CH3(s), (R111)
C2He(s2) + H(s) = Ha(s) + CHoCH3(s) + Pt(s), (R113)
C2He(s2) 4+ H(s) = CHg + CHs(s) + 2Pt(s), (R115)
C2He(s2) = H(s) + CHyCHs(s). (R125)

In qualitative agreement with other studies (e.g., [10]), the de-
composition of CH,CH3(s) provides a direct channel for the cat-
alytic production of ethylene with >99% decomposing directly to
CyHy(sy) via (R145) and less than 1% dehydrogenating via hydro-
gen radical attack (R147).

CH,CH;s(s) + 2Pt(s) 2 H(s) + C2Ha(s2), (R145)

CH2CH3z(s) + H(s) + Pt(s) = Ha(s) + CHa(s2). (R147)

The current mechanism also suggests a potentially important role
of m-bonded CyHy(s). At the entrance, the net flux between the
two CyHs isomers on the surface indicates that more than 99%
of di-o bonded ethylene turns into ;t-bonded CyHgy(s) via (R167)
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Fig. 13. Major channels in the heterogeneous reaction mechanism of ethane and ethylene on the surface at a distance of 5 mm from the entrance of the pore. Figures
correspond to the cumulative contribution (in percentage) of all reactions involved in the path consuming the involved species and producing the target compound.

and a smaller fraction <1% desorbs directly into the gas phase via
(R165).

CoHa(s2) = CoHg + 2Pt(s), (R165)

CaHa(s2) = CoHa(s) + Pt(s). (R167)

A combination of the former reactions (R1), (R9), (R113), (R125),
(R145) tends to support the adsorption of ethane to ethyl and
hydrogen and the direct transformation to di-o ethylene on the
surface as favored by Loaiza et al. [8], Zerkle et al. [26] and Za-
era [111]. Nonetheless, reaction (R167) introduces CaHy(s) as a key
intermediate in the branching ratio between ethylene desorption
and rehydrogenation. The -bonded C;H4(s) mainly recombines
(99%) with H(s) via (R149) to form CH,CHs(s), establishing a re-
cycling mechanism between ethyl, di-c and m-bonded ethylene.
A small fraction also desorbs into the gas-phase (1%) via (R151).
Accordingly, not only has the di-o configuration an important role
as suggested by other investigators (e.g., [8,26,111]), but the -
bonded structure also makes a key contribution as proposed in
other studies (e.g., Cremer et al. [16]).

CHa(s) + H(s) = CH,CHs(s) + Pt(s), (R149)

CoHy(s) =2 CyHy + Pt(s). (R151)

The uncertainties regarding the enthalpies of adsorption of ethy-
lene have been outlined above. However, it may be noted that an
increase in the heats of adsorption of both 7 and di-o bonded
ethylene from the lower limit values of 29.3 and 46.1 kJ/mol to
the hybrid mechanism values of 68 and 99 kJ/mol [38] does not al-
ter the qualitative picture. The mechanism thus remains consistent
with a fast rehydrogenating pathway [16]. However, the calcula-
tions also suggest that higher binding energies for ethylene will
decrease the desorption rates and shifts the balance toward the
rehydrogenation process leading to ethyl radicals and ethane on
the surface. It is also evident that dehydrogenation channels be-
come more active leading to an overall reduction in the selectivity
to ethylene.

The rate of desorption of ethylene has an influence on the pro-
cess and has proved problematic in past work. For example, Wolf
et al. [97] reported a frequency factor as high as 1016 s—1 as part of
an investigation of the kinetics of oxygen-free methane conversion

on a platinum catalyst. The three order of magnitude difference,
compared to the nominal value of ~10'3 s=1 was attributed to
the influence of the reaction entropy on the pre-exponential term.
By contrast, the study of the desorption, decomposition and deu-
terium exchange reactions of unsaturated hydrocarbons on Pt(111)
crystal faces by Salmerén and Somorjai [112], indicated an up-
per limit frequency factor of 10'2 s—! at 285 K. The reaction was
accordingly subjected to a sensitivity analysis using all data sets
considered in the present study and the frequency factors derived
using the current methodology (~2 x 1013 s—! at 1050 K) appear
satisfactory for the current purposes.

The gas phase mechanisms evolve more gradually and, although
their absolute contributions are negligible at the entrance of the
pore, at a distance of 5 mm the homogeneous chemistry is ini-
tiated via C;Hs and CHs radical formation. Thermal decomposi-
tion (R74) contributes 24% and molecular oxygen (R195) attack
5% with hydrogen abstraction reactions (R191), (R197) contribut-
ing predominantly via H (40%) and CH3 (18%) radical attack.

C;Hg = CH3 + CH3, (R74)
CHg + H = CHs + Hy, (R191)
C2Hg + 03 = CoHs + HOy, (R195)
C2Hs + CH3 = CHs + CHa. (R197)

Subsequently, thermal decomposition and C;Hs + O, reactions
(R184, R185), (R188), (R259), leading predominantly to HO,, are
the major C;H4 production channels.

C2Hy + H = CyHs, (R169)
C2Hs + 03 = CoHy + HO,, (R184, R185)
C2Hs + 0, = C,H500, (R188)
C2H500 = CyHy + HO,. (R259)

At a distance of 5 mm downstream, C;Hs produced in the gas
phase is chemisorbed leading to CH;CHs(s) (~7%) via reaction
(R11) and CyHa(s) (~2%) via reaction (R13). Smaller quantities of
other hydrocarbons are also formed through complementary chan-
nels. The latter reactions are only of importance in the sense that
the formation of carbonaceous species on the surface may proceed
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Fig. 14. Major channels in the heterogeneous reaction mechanism of ethane and ethylene on the surface at a distance of 29 mm from the entrance of the pore. Figures
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partly via the dissociative adsorption of ethyl radicals present in
the gas phase adjacent to the wall.

C2Hs + Pt(s) = CH,CHs(s), (R11)

C2Hs + 2Pt(s) = H(s) 4+ CoHa(s). (R13)

The ethane consumption process shifts to the gas phase about
15 mm from the entrance of the pore and the catalytic consump-
tion of CaHs becomes less significant (<2.5%) due to the onset of
gas phase reactions. The process will not be sustained by oxygen-
assisted mechanisms due to the strong depletion of oxygen. Rather,
the gas phase reactions will ultimately shift from oxidative dehy-
drogenation toward pyrolytic pathways 29 mm downstream via H
(79%) and CHj3 (11%) radical attack on CyHg leading to CoH4 via
the subsequent thermal decomposition of CoHs. However, oxygen-
assisted dehydrogenation leading to ethylene (14%) and oxidation
of the vinyl radical (12%) remain major gas phase consumption
channels for 0. The reactions are important for thermal stabil-
ity and for the propagation of the gas phase mechanism across the
pore and also lead to oxygenated species.

8.3. Heterogeneous depletion of ethylene

Platinum has the potential to promote the formation of ethy-
lene at the entrance of the pore, as discussed above, but also
shows a subsequent propensity to consume ethylene leading to a
third major catalytic mechanism. The dehydrogenation/rehydrogen-
ation of ethylene over platinum has been the subject of extensive
research. In addition to the di-o and 7 forms of C;H4, CH,CHs(s),
CHCHj3(s2), CCH3(s3), CHCH(s) and CCHy(s) have been recurrent
species used to characterize the mechanism. In the reformation
of ethane from ethylene, ethylidyne has been identified by sev-
eral groups [9,16-18] as a spectator. The Horiuti-Polanyi mecha-
nism, featuring the sequential incorporation of H(s), passing via
CH,CHj3(s), and leading to the direct (or indirect) release of ethane
into the gas phase, has been proposed as a probable route [9,16,
96]. The current model incorporates the pathway and, as shown in
Figs. 13 and 14, a large fraction of ethylene adsorbed on the sur-
face in a w-bonded configuration is rehydrogenated to CH,CHs(s).

However, the latter species essentially dehydrogenates to di-o
ethylene, which is recycled back to the 7r-bonded configuration.

CH,CH3(s) 4 2Pt(s) = CaHa(s2) + H(s), (R145)
CoHya(sp) = CoHy(s) + Pt(s), (R167)
C2H4(s) + H(s) &= CH,CH3(s) + Pt(s). (R149)
The fast dehydrogenation/hydrogenation mechanism occurs

throughout the catalyst and emphasizes the roles of both CyHy(s)
and CyHy(sz). The balance indicates that the catalyst may become a
net producer of ethane. At a distance of 29 mm, ethane is rapidly
converted homogeneously into ethylene in the proximity of the
wall leading to significant adsorption on the surface. For O/C ra-
tios higher than 0.7, sequential surface hydrogenation of ethylene
passing via reactions (R149), (R126) leads to the release of ethane
from the surface via associative (R10) or direct (R2) desorption.

CH,CHs3(s) + H(s)+ &= CaHg(s2), (R126)
CH,CH3(s) + H(s) &= CoHg + 2Pt(s), (R10)
CaHg(s2) =2 CoHg + 2Pt(s). (R2)

The subsequent decrease in ethylene yield is largely due to adsorp-
tion on the surface. As shown in Figs. 13 and 14, the adsorption of
ethylene into ethylidene proceeds mainly via reaction (R21), which
contributes up to 47%. However, toward the end of the catalyst an
increasing fraction 21% leads to 7 -bonded CyHy(s) via (R152).

CoHy4 + 2Pt(s) = CHCH3(s2), (R21)
CaHy + Pt(s) = CaHy(s). (R152)

The heterogeneous isomerization pathway (R21) is consistent with
observations by Deng et al. [17] who, using RAIS on platinum at
low temperature (around 280 K) and ultra high vacuum conditions
(UHV), detected the formation of ethylidene from ethylene prior
to the sequential hydrogenation into ethane. Most of the ethyli-
dene produced on the surface will isomerize to ;r-bonded ethylene
(30%) via reaction (R181) and to di-o bonded ethylene (30%) via
(R183), leading to the fast hydrogenation/dehydrogenation cycle
mentioned above. Small amounts of CoHy(sy) also desorb via re-
actions (R165).

CHCH3(s2) = CoHa(s) + PEt(s), (R181)



R.S. Vincent et al. / Journal of Catalysis 260 (2008) 37-64 53

CHCH3(s2) < CoHa(sp), (R183)
CoHa(sp) &= CoHy(s) + Pt(s), (R167)
CyHya(sp) &= CoHy + 2Pt(s). (R165)

Several dehydrogenation pathways for ethylene over platinum have
been suggested whereby ethylidyne appears as an end-product
prior to C-C bond scission. Windham et al. [87] proposed that
ethylene first isomerizes to ethylidene, which transforms into
ethylidyne via «-hydrogen elimination. The path is a major chan-
nel leading to C-C bond scission in the mechanism proposed by
Zerkle et al. [26] and was further supported by Hwang et al. [113]
in their reactive ion scattering experiments on a platinum crys-
tal in UHV and temperatures ranging between 220 and 770 K.
Zaera [114] proposed, based on a thermal programmed desorp-
tion on Pt(111) in UHV, the dehydrogenation of ethylene to vinyl
followed by isomerization to ethylidyne. The channel was subse-
quently supported by Kua and Goddard [73] on the basis of the
application of nonlocal density functional methods to study CpHy
and CHy chemisorption over Pt(111). Somorjai et al. [115] sug-
gested, based on a study combining low-energy electron diffraction
and high-resolution electron energy loss spectroscopy, that ethy-
lene would first rehydrogenate into ethyl before dehydrogenating
again into ethylidene and subsequently to ethylidyne. Kang and
Anderson [116] proposed that two consecutive dehydrogenations
lead to vinyl and vinylidene, which may rehydrogenate to ethyli-
dyne.

The computed relative contributions made by the reactions
steps discussed above are naturally affected by uncertainties in the
determination of rate parameters, but it may be noted that for the
current set of conditions the results are sensitive to all four mech-
anisms. The main pathways to CHCH;(s) pass via dehydrogenation
of ethylene and ethylidene with (R157), (R169), (R191) contribut-
ing 19%, 55% and 19%, respectively. Adsorption from the gas phase
(R196) makes a minor (5%) contribution.

C2Hs + 2Pt(s) = H(s) + CHCHx (s), (R196)
C2Ha(s) + Pt(s) = H(s) + CHCHy(s), (R157)
C2Ha(s2) = H(s) + CHCHy (s), (R169)
CHCH3(s) = H(s) 4+ CHCHa(s). (R191)

The consecutive «-dehydrogenation steps starting with ethylene
and proceeding to CCH(s2) via (R205) [116] contribute around 3%
of the CHCH,(s) consumption. However, the major channel (81%)
leads to C;Hy(s3) via (R207) and is followed by isomerization (99%)
to CCHy(sy) via reaction (R273).

CHCH,(s) + 2Pt(s) = CCHa(s2) + H(s), (R205)
CHCH, (s) + 3Pt(s) = CoHa(s3) + H(s), (R207)
CHa(s3) = CCHa (s2) + PE(s). (R273)

The dehydrogenation of ethylidene (24%) via reaction (R189) and
the recombination of vinylidene with H(s) (60%) via (R239) consti-
tute the major channels leading to ethylidyne on the surface.

(R189)
(R239)

CHCH3(s2) + 2Pt(s) = H(s) + CCHs (s3),
CCHa(sp) + H(s) = CCH3(s3).

The above highlights the mechanisms proposed by Windham et al.
[87] and Kang and Anderson [116]. This is partially due to the ad-
sorption of ethylene via reaction (R21), discussed above, and the
net balance indicates that 13% of CHCHs(sy) is effectively rehy-
drogenated into CH,CH3(s) via reaction (R179). However, it may
be noted that the lower limit values of 29.3 and 46 kJ/mol for
the heats of adsorption of m and di-o bonded ethylene, promote

the isomerization of ethylidene to ethylene and reduces the con-
tribution of (R179) from 13% to 2%. Hence, variations in heats of
adsorptions for ethylene will effect the contribution of the mecha-
nism suggested by Somorjai et al. [115].

H(s) + CHCH3(s2) = CH,CH3 () + 2Pt(s). (R179)

The implementation of the lower energy barriers, also shown in
Table 5, shifts the balance toward the dehydrogenation route sug-
gested by Zaera [114] via reactions (R21), (R191), (R194). With the
alternative reaction rates, 18% of the consumption of gas phase
CyHy proceeds via adsorption to CyHy(s) and 49% to CHCHs(s),
before transforming to m or di-o bonded ethylene, leading to
the same fast hydrogenation/dehydrogenation cycle discussed
above. A relatively small fraction of CHCHs(s;) dehydrogenates to
CCH3(s3) via (R189) following the suggestion by Windham et al.
[87]. However, up to 5% of the vinyl radicals formed via dehy-
drogenation of CyHy(s, s2) and CHCHs(s), isomerize to CCHs(s3)
via (R194), in agreement with suggestions by Zaera [114], followed
partially (30%) by dehydrogenation via (R240).

CHCHs(sp) + 2Pt(s) = CCHs(s3) + H(s), (R189)
CHCHs(s3) = CHCH,(s) + H(s), (R191)
CHCHa(s) + 2Pt(s) = CCH3(s3), (R194)
CCH3(s3) = CCHy(s3) + H(s). (R240)

Computations using the isomerization barriers proposed by Anghel
et al. [98], see above, essentially close the reverse pathway. How-
ever, the final ethylene yield remains unchanged due to the in-
creased hydrogenation of ethylidene leading to ethyl and the fast
dehydrogenation/hydrogenation sequences featuring the ethyl rad-
ical and ethylene. Anghel et al. [98,135] also suggested a barrier
of 31.8 kJ/mol for the dehydrogenation of ethyl to ethylidene and
a barrier of 27.9 kJ/mol for the hydrogen abstraction to ethylene.
The corresponding barriers used here (113.4 kJ/mol for CHCHs,
29.3 kJ/mol for C;Ha(sy) and 37.2 kJ/mol for C;Ha(s) formation),
derived using bridge configurations, yield a higher selectivity to
ethylene and reduced formation of ethylidene from ethyl. The dif-
ferences in the energetics partly come from the observation that
the most stable adsorbates correspond to geometries which tend to
open double or triple C-C bonds and complete the tetravalency of
each carbon atom by involving the maximum number of platinum
atoms [98,135]. Higher barriers for the dehydrogenation of ethy-
lene impact the importance of vinyl radicals and the subsequent
decomposition channels. Variations in the barriers of the hydrogen
abstractions from vinyl to acetylene and vinylidene radicals do not
have a large impact due to the fast isomerization of acetylene.

The above sequences define the preliminary balancing between
CCHj3(s3), CHCH;(s) and CCHy(sy) that ultimately leads to the for-
mation of carbon on the catalyst. The breakage of the C-C bond
for these precursors provides the dominant channels as shown in
Fig. 14. More than 99% of CCH3(s3) and 16% of CHCHy(s) leads
to C(s3) and CHs(s) via reactions (R197), (R233), (R235). Through-
out the catalyst, more than 97% of CCH(sy) leads to carbon via
H(s) radical attack (R243). The methyl radical subsequently leads
to methane via CH3(s) + H(s) recombination.

CHCHy (s) + 3Pt(s) = C(s3) + CHs(s), (R197)
CCH3(s3) + Pt(s) = C(s3) + CHs(s), (R233)
CCH3(s3) + H(s) = C(s3) + CHy4 + Pt(s), (R235)
CCHa(s2) + H(s) + Pt(s) = C(s3) + CHs(s). (R243)

As shown in Figs. 13 and 14, a number of reaction paths con-
tribute to the formation of carbonaceous species on the surface.
The sequential gas phase dehydrogenation of ethylene to acety-
lene and the subsequent dissociative adsorption, or isomerization,
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of CoH; on the surface, further supplements the overall production
of carbon. The calculations indicate that acetylene consumption is
mainly (80%) via reactions leading to CCH3(s») (R37) and (5%) to
CCH(s) (R284). The latter species then essentially (88%) rehydro-
genates to CyHy(s3) via (R285). A small fraction ~10% of CyH; is
also adsorbed on the surface via (R39) leading to CCH3(s3), which
predominantly yields CCHy(sy) via (R261).

C2Hj 4 2Pt(s) = CCHy(sy), (R37)
C2Hy + 2Pt(s) = CCH(s) + H(s), (R284)
CCH(s) + H(s) + Pt(s) = CHy(s3), (R285)
C2Hy + 3Pt(s) = CCHy(s3), (R39)
CCHa(s3) = CCHa(s2) + Pt(s). (R261)

The lower alternative energy barriers shown in Table 5 intro-
duce acetylene as an intermediate in the isomerization of CCH;(s3)
leading to CCHy(s2). However, the overall product yields are only
marginally affected.

8.4. Heterogeneous oxidative mechanisms

Mechanisms of varying complexity describing the catalytic for-
mation and oxidation of carbon monoxide on platinum form part
of many studies (e.g., [22-24,26,32,39,93,117-121]). Results ob-
tained here are in agreement with the work of Mhadeshwar and
Vlachos [93] in that C(s3) is oxidized predominantly (99%) by OH(s)
via reactions (R367), (R369). The finding is in contrast to the stud-
ies by Zerkle et al. [26] and Aghalayam et al. [22] where it was
proposed that the reaction with O(s) (R363) is the major channel.
The current work suggests that, when combined with the corre-
sponding associative desorption (R361) reaction, the channel con-
tributes less than 1% to the oxidation of surface carbon.

C(s3) + O(s) = CO + 4Pt(s), (R361)
C(s3) + O(s) = CO(sy) + 2Pt(s), (R363)
C(s3) + OH(s) = CO + H(s) + 3Pt(s), (R367)
C(s3) + OH(s) = CO(sy) + H(s) + Pt(s). (R369)

Overall, the catalytic oxidative channels are limited upstream due
to the preferential oxidation of hydrogen. At a distance of 5 mm
from the entrance of the pore, almost all OH(s) (99%) will asso-
ciate with H(s) leading to H,0(s) and subsequent desorption. How-
ever, further downstream, up to 17% of OH(s), is consistently used
to oxidize surface carbon ((R367), (R369)) with CO(sz) predomi-
nantly (95%) undergoing direct desorption (R377). The mechanism
partially explains the rise in the catalytic production of CO. The
oxidation of hydrogen is the major source of OH(s) throughout
the first half of the catalytic section of the pore. However, fur-
ther downstream OH(s) also originates (~42%) from dissociation
reactions on the surface ((R503), (R551)). Consequently, it appears
probable that high concentrations of steam close to the wall will
limit the formation of carbon on the catalyst [132-134].

H50 + H(s) + Pt(s) = Ha(s) + OH(s), (R503)

H,0(s) + H(s) = Ha(s) -+ OH(s). (R551)

Carbon monoxide not only originates from the oxidation of car-
bon atoms. The formation of oxygenated species (e.g., methanol,
formaldehyde and formyl radicals) in the gas phase also con-
tributes further downstream. Toward the exit of the catalyst,
around 24% of ethylene consumption leads to C;Hs following H
and OH radical attack. Although a small fraction (5%) is rehy-
drogenated, vinyl radicals are predominantly oxidized to CH,O
(32%), CH,CHO (50%) and CH3CO (4%) and, subsequently, through

multiple channels to CH3 and CO in the gas phase. Apart from
attacking ethane, as mentioned previously, methyl radicals (65%)
are also oxidized to CH30, which leads either to formaldehyde
or, via H radical recombination, to methanol. Once produced in
the gas-phase, CH30H consumption passes predominantly (91%)
via molecular adsorption leading to C-O bond scission via H
attack. Sequential dehydrogenation provide complimentary path-
ways. Kua and Goddard [39] and Ishikawa et al. [117] proposed
that dehydrogenation proceeds via hydroxymethyl (CH,OH(s)) and
hydroxymethylidene (CHOH(s,)) before leading to the formyl rad-
ical (CHO(s)) and finally CO(s;). Kandoi et al. [118] suggested that
CHOH(sy) decomposes directly into adsorbed CO(s;) via the simul-
taneous removal of the two hydrogen atoms. The latter channel
is not included as a global step in the current mechanism. How-
ever, the sequential pathway is present. Alternatively, Mhadeshwar
and Vlachos [93] and Desai et al. [119] suggested that CH,O(s)
is formed by thermal decomposition of CH,OH(s) leading subse-
quently to CO(sp) via CHO(s). The pathway is directly analogous
to the gas phase reaction channels and is included in the catalytic
chemistry of formaldehyde.

Hydroxymethyl reforms methanol (52%) and decomposes (19%)
to CHs(s) + OH(s) as well as leading (11%) to CHOH(s). A fraction
(14%) desorbs to CH,0 or (3%) forms CH,O(s) via H(s) attack. How-
ever, the reactions are minor compared to the gas-phase oxidation
of vinyl radicals and the thermal decomposition of the methoxy
radical, which contribute 30% and 62% of CH,O formation. The
latter species initiates a significant CO formation channel. The ad-
sorption of CH,O leads (19%) to CHO(s) via (R83) and (66%) to
CH,0(s) via (R442), with CH,0(s) dehydrogenating predominantly
into CHO(s) (82%) via thermal decomposition (R443) and (27%) via
H(s) attack with reaction (R445).

CH,0 + 2Pt(s) = H(s) + CHO(s), (R83)
CH20 + Pt(s) = CH,0(s), (R442)
CH,0(s) + Pt(s) = CHO(s) + H(s), (R443)
CH,0(s) + H(s) = CHO(s) + Hy(s). (R445)

Formyl radicals terminate the sequence by dehydrogenating (91%)
via reaction (R461) or (8%) reacting with H(s) via reaction (R465).

CHO(s) + 2Pt(s) = CO(sy) + H(s), (R461)
CHO(s) + H(s) = CO(sp) + Ha(s). (R465)

The reaction of CO(s) with O(s), leading to CO,(s2), is often consid-
ered the final pathway for the oxidative channel. This is the case
in several studies of the catalytic oxidation of methane and ethane
(e.g., [26,28,93,121]) over noble metals and CO oxidation on plat-
inum. However, along with several recent studies (e.g., [24,39,117])
the current work has identified the carboxyl radical as a key in-
termediate prior to the formation of carbon dioxide. In the current
simulations, up to 4% of CO(s) will combine with OH(s) to form
COOH(s) via reaction (R389). The latter then turns directly into car-
bon dioxide CO,(s) via reaction (R475) and subsequently desorbs
via (R393).

CO(s2) + OH(s) =2 COOH(s) + 2Pt(s), (R389)
COOH(s) + 2Pt(s) == COy(s2) + H(s), (R475)
CO5(sp) == COy + 2Pt(s). (R393)

The current work does not suggest a strong sensitivity to the direct
oxidation of CO(s;) with O(s) via (R379). However, the recombi-
nation with OH(s) via reaction (R383) does contribute 7% to the
production of COy(sy) and further emphasizes the importance of
OH(s).

CO(s2) + O(s) = CO(s2) + PE(s),
CO(s2) + OH(s) = CO,(s2) + H(s).

(R379)
(R383)



R.S. Vincent et al. / Journal of Catalysis 260 (2008) 37-64 55

9. Conclusions

The conversion of ethane in short contact time reactors with a
platinum washcoated catalyst has been studied experimentally and
computationally. Comprehensive detailed chemical kinetics was
applied for the gas phase and the heterogeneous chemistry was
derived on the basis of four reaction classes providing an extensive
set of (quasi-)elementary heterogeneous reactions. The properties
of individual reaction steps were estimated using collision the-
ory, a transition state approach, the UBI-QEP method and data
derived from DFT and experimental studies. The current reaction
class based approach for the generation of the chemistry is nat-
urally subject to uncertainties in input parameters such as heats
of adsorption and pre-exponential factors. The impact of tempera-
ture on micro-pore diffusion limitations may also alter the balance
of reaction pathways. However, a relatively good agreement be-
tween experimental data and computational predictions has been
shown. It was found that the major pathways on the surface under
the current conditions lead to rehydrogenation/dehydrogenation
sequences via CoHg(s2), CH2CH3(s), CoHa(s) and CaHy(sz) and that
the whole process is made possible by the rapid catalytic con-
sumption of oxygen from the very entrance of the pore leading
to the preferential oxidation of hydrogen and the release of heat
in the proximity of the surface. The released heat is the key driver
in the initiation of gas phase reactions, which start in the vicin-
ity of the wall and then propagate toward the center of the pore.
As the inlet velocity is increased, the consumption of oxygen still
starts at the pore entrance whereas C;Hg penetrates deeper in
the pore before the homogeneous processes ignite. Some of the
ethylene produced in the gas phase after ignition will tend to be
adsorbed back onto the surface and a fraction will undergo C-C
bond scission releasing methane back in the gas phase while de-
positing carbon atoms on the surface. The consumption of ethylene
on the surface is of sufficient importance to influence selectivities
at higher platinum loading and longer residence times. A sen-
sitivity analysis has also shown that results are affected by the

Table 7

heats of absorption of selected CHyCH, species with higher val-
ues tending to reduce the selectivity to ethylene. The oxidation
of carbon on the surface was shown to predominantly lead to
CO(sy), via reaction with the OH(s) radical, and with CO, forma-
tion passing via COOH(s). Interactions of gas phase molecules with
adsorbates occur throughout the catalytic section. However, the
reaction class contributes to a smaller extent than the main path-
ways. Nevertheless, the simulations indicate, for example, that at
the entrance of the pore around 14% of the consumed molecu-
lar oxygen interacts with H(s) leading to O(s) and OH(s). It has
also been shown that the derived model has the ability to re-
produce reaction dynamics with reasonable quantitative accuracy.
Several catalytic pathways have been identified as candidates for
more detailed investigations. These include energy barriers for iso-
merization reactions, such as CoHy(sy) leading to CHCH3(s2). While
the impact of uncertainties on product selectivities is not large un-
der the current conditions, changes in energy barriers impact the
preferred reaction routes on the surface. Despite such uncertain-
ties it is evident that the current approach, combined with the
UBI-QEP method, can capture all experimentally observed quali-
tative trends with reasonable quantitative accuracy for a compara-
tively wide range of experimental conditions. It is also evident that
more accurate determinations of heats of adsorption have the po-
tential to improve the quantitative agreement with experimental
data, as shown by the application of a hybrid UBI-QEP-DFT based
model.
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Appendix A. The surface chemistry

Major heterogeneous reactions involved in the partial oxidation of ethane over platinum (the indices f. and r. stand for forward and reverse rate, respectively).

No. Reaction Rate coefficients in the form k;, = AT exp(—AE/RT)

A? B AEP

1 CHs + 2Pt(s) < CaHe(s2) f. 9.02E+4-02 0.5 0
L. 2.08E+10 1 36.1

3 CoHg + O(s) + Pt(s) <& CHpCHs(s) + OH(s) f. 3.66E+403 0.5 0
L. 1.39E+11°¢ 0.5 70.4
5 CoHe + OH(s) + Pt(s) < CH,CH3(s) + HpO(s) f. 4.35E4-03 0.5 13.8
L. 1.40E+11°¢ 0.5 53.8
7 CHg + 2Pt(s) < CHs(s) + CH3(s) f. 9.02E+4-02 0.5 50.2
L. 1.65E+11°¢ 0.5 19.1
9 CyHg + 2Pt(s) < CH,CHs(s) + H(s) f. 9.02E+02 0.5 27.7
L. 4.19E+11°¢ 0.5 35.6

11 C2Hs + Pt(s) <& CHyCHs(s) f. 2.45E4-05 0.5 0
L. 2.08E+10 1 162.8

13 CoHs + 2Pt(s) < CaHa(s) + H(s) f. 6.12E+04 0.5 0
L. 4.12E+11¢ 0.5 164.3

15 CoHs + 3Pt(s) < CoHa(s2) + H(s) f. 9.07E+03 0.5 0
L. 4.12E+11¢ 0.5 195.3

17 C2Hs + 3Pt(s) < CHa(s2) + CHs(s) f. 9.07E4-03 0.5 0
L. 1.66E+11°¢ 0.5 22.3

19 CoHs + H(s) + 2Pt(s) <& CHCHs(s2) + Ha(s) f. 4.34E+04 0.5 0
L. 3.03E+11¢ 0.5 19.7

21 CoHs + 2Pt(s) < CHCH3(sz2) f. 9.35E4-02 0.5 0
L. 2.08E+10 1 294.4

23 CH3 + 3Pt(s) < CCH3(s3) f. 9.42E+03 0.5 0
L. 2.08E+10 1 404.4

25 CoHs + Pt(s) < CHCHy(s) f. 2.54E+05 0.5 0
L. 2.08E+10 1 183.9

27 CaH3 + 3Pt(s) < CHCHy(s3) f. 9.42E+-03 0.5 0

L. 2.08E+10 1 129

(continued on next page)
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No. Reaction Rate coefficients in the form k;, = AT exp(—AE/RT)

A? B AEP

29 CoH3 + 3Pt(s) < CCHa(s2) + H(s) f. 9.42E+03 0.5 0
L. 4.04E+11¢ 0.5 224.5

31 CoHs + 4Pt(s) < CHa(s3) + H(s) f. 9.93E+02 0.5 0
L. 4.00E+11°¢ 0.5 243.8

33 CoH3 + 4Pt(s) < C(s3) + CHs(s) f. 9.93E+02 0.5 0

L. 1.69E+11¢ 0.5 227

35 CoHs + 5Pt(s) < CH(s3) + CHa(s2) f. 8.14E+-01 0.5 0

I. 1.69E+11°¢ 0.5 36

37 CoHy + 2Pt(s) < CCHay(s2) f. 3.24E+03 0.5 0

L. 2.08E+10 1 299

39 CoHy + 3Pt(s) < CCHa(s3) f. 4.81E+02 0.5 0

L. 2.08E+10 1 149

41 CHs + Pt(s) < CHs(s) f. 3.40E+05 0.5 0
L. 2.08E+10 1 159.1

43 CHs + 3Pt(s) & CHy(s2) + H(s) f. 1.26E+04 0.5 0
L. 3.76E+11¢ 0.5 74.1

45 CH(T) + 2Pt(s) < CHa(s2) f. 8.82E+04 0.5 0
I. 2.08E+10 1 283.4

47 CH(T) + 4Pt(s) < CH(s3) + H(s) f. 1.38E+03 0.5 0
L. 3.70E+11¢ 0.5 240.3

49 CH + 3Pt(s) < CH(s3) f. 1.36E+04 0.5 0
L. 2.08E+10 1 407.8

51 CH + 4Pt(s) < C(s3) + H(s) f. 1.43E+03 0.5 0
L. 3.65E+11¢ 0.5 544.3

53 C1 + 3Pt(s) & C(s3) f. 1.42E+04 0.5 0

L. 2.08E+10 1 628
55 CO + O(s) + Pt(s) <& CO2(s2) f. 2.14E+05 0.5 97.3
I. 2.08E+10 1 288.2
57 CO + OH(s) + 2Pt(s) < COz(s2) + H(s) f. 6.35E+04 0.5 86.8
L. 3.80E+11¢ 0.5 215.2
59 CO + CH0(s) + Pt(s) < CHO(s) + CHO(s) f. 4.34E4+05 0.5 5.6

L. 1.22E+11°¢ 0.5 20

61 CO + CHy0(s) + 3Pt(s) < CHa(s2) + COz(s2) f. 1.61E+04 0.5 0
L. 1.40E+11°¢ 0.5 34.1
63 CoHe(s2) + CO < CHpCHs(s) + CHO(s) f. 5.89E+05 0.5 45.4
L. 1.32E+11°¢ 0.5 19.8
65 CO + H0(s) + Pt(s) & CHO(s) + OH(s) f. 2.94E+4-05 0.5 49.3
I. 1.27E+11°¢ 0.5 23.9

67 CH,CHs(s) + CO + 2Pt(s) < CHa(sz) + CHO(s) f. 1.39E+05 0.5 0
L. 1.31E+11¢ 0.5 15.4
69 CHCH3(s2) + CO + 2Pt(s) < CCHz(s3) + CHO(s) f. 1.37E4+05 0.5 16.9
L. 1.32E+11°¢ 0.5 28.4
71 CO + CH30H(s) + Pt(s) < CHO(s) + CH,OH(s) f. 4.95E+05 0.5 47.8
L. 1.24E+11°¢ 0.5 19.6
73 CH,CHs(s) + CO + Pt(s) < CHa(s) + CHO(s) f. 5.57E+05 0.5 15.6
L. 1.31E+11¢ 0.5 11.6
75 CO + OH(s) + Pt(s) < CHO(s) + O(s) f. 2.54E+4-05 0.5 79.7
L. 1.25E+11°¢ 0.5 27.3

77 COz + C(s3) + Pt(s) < CO(s2) + CO(s2) f. 1.59E+03 0.5 0
L. 1.21E+11€¢ 0.5 183.9

79 CH,0 + O(s) + Pt(s) < CHO(s) + OH(s) f. 2.41E+04 0.5 0
L. 1.27E+11°¢ 0.5 120.7

81 CH,0 + OH(s) + Pt(s) <& CHO(s) + Hz0(s) f. 2.86E+04 0.5 0
L. 1.29E+11°¢ 0.5 90.3

83 CH,0 + 2Pt(s) < CHO(s) + H(s) f. 5.94E+03 0.5 0
L. 3.78E+11¢ 0.5 58.2

85 CHO + Pt(s) < CHO(s) f. 2.46E+-05 0.5 0
L. 2.08E+10 1 167.1

87 CHO + 3Pt(s) < CO(s2) + H(s) f. 9.12E+03 0.5 0

L. 3.74E+11¢ 0.5 318
89 CHO + H(s) 4+ 2Pt(s) < CO(s2) + Ha(s) f. 4.37E4+04 0.5 1.5
L. 2.73E+11¢ 0.5 266.5

91 CH30H + Pt(s) < CH30H(s) f. 2.34E+405 0.5 0
L. 2.08E+10 1 441
93 CH30H + O(s) + Pt(s) <& CH2OH(s) + OH(s) f. 2.37E405 0.5 3.7
L. 1.30E+11°¢ 0.5 79.6
95 CH30H + O(s) + Pt(s) <& CH30(s) + OH(s) f. 2.37E405 0.5 1.1
I. 1.29E+11°¢ 0.5 56.4

97 CH30 + Pt(s) < CH30(s) f. 2.38E+05 0.5 0
L. 2.08E+10 1 172.8

99 CH30 + 2Pt(s) < CHz(s) + O(s) f. 5.94E4+04 0.5 0
L. 1.42E+11°¢ 0.5 138.2

101 CH30 + 2Pt(s) < CHp0(s) + H(s) f. 5.94E+04 0.5 0

L. 3.87E+11¢ 0.5 210
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Table 7 (continued)
No. Reaction Rate coefficients in the form k;, = AT# exp(—AE/RT)
A? B AEP
103 CH30 + CO(sz) < CHO(s) + CH,0(s) f. 4.37E405 0.5 0
L. 1.23E+11¢ 0.5 59
105 CH30 + H(s) < CH30H(s) f. 1.69E+05 0.5 259
L. 2.08E+10 1 250
107 CoH + Pt(s) < CCH(s) f. 2.65E+05 0.5 0
L. 2.08E+10 1 287.2
109 Cy + 6Pt(s) & C(s3) + C(s3) f. 5.81E4+00 0.5 0
L. 1.72E+11°¢ 0.5 644.8
111 CyHg(s2) < CH3(s) + CHs(s) f. 2.08E+10 1 86.4
L. 1.65E+11°¢ 0.5 19.1
113 CHe(s2) + H(s) < CHCHs(s) + Ha(s) + Pt(s) f. 4.27E+11¢ 0.5 81.3
L. 3.04E+11¢ 0.5 5.5
115 CaHe(s2) + H(s) & CHa + CH3(s) + 2Pt(s) f. 4.27E+11¢ 0.5 61.3
L. 3.03E+04 0.5 0
117 CaHe(s2) + O(s) & CoHs + OH(s) + 2Pt(s) f. 1.39E+11¢ 0.5 128.5
L. 7.38E4+04 0.5 0
119 CaHe(s2) + O(s) < CHCHs(s) + OH(s) + Pt(s) f. 1.39E+11°¢ 0.5 7.9
L. 1.39E+11°¢ 0.5 34.2
121 CaHg(s2) + OH(s) < CH,CHs(s) + Ha0(s) + Pt(s) f. 1.40E+11¢ 0.5 11.6
L. 1.40E+11°¢ 0.5 14.6
123 CaHe(s2) + CHs(s) < CHyCHs(s) + CHa + 2Pt(s) f. 1.59E+11°¢ 0.5 5.9
I 4.34E+-04 0.5 0.6
125 CaHs(s2) < CHpCH3(s) + H(s) f. 2.08E+10 1 63.8
L. 4.19E+11°¢ 0.5 35.6
127 CaHe(s2) + O(s) < CH3(s) + CH3O(s) + Pt(s) f. 1.39E+11¢ 0.5 51.7
L. 1.48E+11°¢ 0.5 19.9
129 CaHe(s2) + OH(s) & CH2CH3(s) + Ha0 + 2Pt(s) f. 1.40E+11°¢ 0.5 36.4
L. 1.54E+05 0.5 0
131 CH,CHs(s) < CaHg + H(s) f. 2.08E+10 1 118.4
L. 2.65E+03 0.5 51.9
133 CH,CHs(s) + H(s) < CHs(s) 4+ CHz(s) f. 4.19E+11°¢ 0.5 78.8
L. 1.65E+11¢ 0.5 20.7
135 CH,CHs(s) + O(s) < CaH4 + OH(s) + Pt(s) f. 1.37E+11¢ 0.5 22.4
L. 4.51E+03 0.5 4.4
137 CH,CHs(s) + O(s) < Cz2Ha(s) + OH(s) f. 1.37E+11°¢ 0.5 254
L. 1.38E+11°¢ 0.5 87.9
139 CH2CHs(s) + O(s) + Pt(s) < C2Ha(s2) + OH(s) f. 1.37E+11€¢ 0.5 22.4
L. 1.38E+11°¢ 0.5 103.4
141 CH,CHs(s) + O(s) < CHs(s) + CH20(s) f. 1.37E+11¢ 0.5 49
L. 1.47E+11¢ 0.5 62.7
143 CH,CHs(s) + OH(s) + Pt(s) < CaHa(s2) + H20(s) f. 1.39E+11°¢ 0.5 20.7
L. 1.39E+11¢ 0.5 81.4
145 CH,CHs(s) + 2Pt(s) < CaHa(s2) + H(s) f. 8.92E+10° 0.5 19.5
L. 4.12E+11¢ 0.5 51.9
147 CHCHs(s) + H(s) + Pt(s) < CaHa(sz) + Ha(s) f. 4.19E+11¢ 0.5 59.9
L. 3.00E+11¢ 0.5 395
149 CaHa(s) + H(s) <& CH2CHs(s) + Pt(s) f. 4.12E+11¢ 0.5 22.9
L. 8.92E+10°¢ 0.5 26.1
151 CyHa(s) & CoHg + Pt(s) f. 2.08E+10 1 68
L. 3.74E+03 0.5 0
153 CoHy(s) + O(s) + Pt(s) < CHa(s2) + CHyO(s) f. 1.36E+11°¢ 0.5 72.8
L. 1.49E+11¢ 0.5 9.6
155 CoHy(s) + OH(s) < CHs(s) 4+ CH,0(s) f. 1.38E+11°¢ 0.5 51.8
L. 1.47E+11€¢ 0.5 7.6
157 CoHy(s) + Pt(s) <& CHCHy(s) + H(s) f. 8.95E+10° 0.5 100.6
L. 4.08E+11¢ 0.5 21.8
159 CaHy(s) + 3Pt(s) < CHCHz(s3) + H(s) f. 8.95E+10° 0.5 149.2
L. 4.08E+11¢ 0.5 20.6
161 CaHy(s) + OH(s) < CHCHy(s) + Hz0(s) f. 1.38E+11°¢ 0.5 62.2
L. 1.39E+11°¢ 0.5 7.9
163 CaHy(s2) + H20 < CHpCH3(s) + OH(s) f. 5.84E+405 0.5 41.2
L. 1.39E+11¢ 0.5 20.7
165 CoHy(s2) & CoHg + 2Pt(s) f. 2.08E+10 1 99
L. 9.35E4-02 0.5 0
167 CaHa(s2) < CaHa(s) + Pt(s) f. 2.08E+10 1 31
L. 8.95E+10° 0.5 0
169 C2Ha(s2) <& CHCHx(s) + H(s) f. 2.08E+10 1 125.3
L. 4.08E+11¢ 0.5 25.7
171 CaHa(s2) + O(s) < CHy(sz) + CH20(s) f. 1.36E+11°¢ 0.5 103.8
L. 1.49E+11°¢ 0.5 9.6
173 CaHa(s2) + OH(s) < CHs(s) + CH20(s) + Pt(s) f. 1.38E+11°¢ 0.5 81.4
L. 1.47E+11°¢ 0.5 8.7
175 CoHa(s2) + 2Pt(s) < CHCHy(s3) + H(s) f. 8.95E+10° 0.5 180.2
L. 4.08E+11¢ 0.5 20.6

(continued on next page)
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Table 7 (continued)

No. Reaction Rate coefficients in the form k;, = AT exp(—AE/RT)
A? B AEP
177 CHCHs(sy) + H(s) < CoHs + 3Pt(s) f. 4.17E+11¢ 0.5 72.7
L. 9.07E4-03 0.5 0
179 CHCH3(s2) + H(s) < CH2CHs(s) + 2Pt(s) f. 4.17E+11°¢ 0.5 28.9
L. 8.92E+10° 0.5 113.4
181 CHCH3(s2) < CaHa(s) + Pt(s) f. 2.08E+10 1 53
L. 8.95E+10° 0.5 144.9
183 CHCH3(s2) < CHa(sz2) f. 2.08E+10 1 53.2
I. 2.08E+10 1 176.2
185 CHCH3(s2) + 2Pt(s) < CHCHay(s3) + H(s) f. 9.04E+10¢ 0.5 71.7
L. 4.08E+11¢ 0.5 17.9
187 CHCHs(s3) + H(s) + Pt(s) <> CCH3(s3) + Ha(s) f. 4.17E+11¢ 0.5 94.7
L. 3.00E+11°¢ 0.5 37.5
189 CHCH3(s2) + 2Pt(s) < CCHs(s3) + H(s) f. 9.04E+10°¢ 0.5 78.1
L. 4.12E+11€ 0.5 78.4
191 CHCH3(s2) < CHCHa(s) + H(s) f. 2.08E+10 1 54.8
L. 4.08E+11¢ 0.5 52.1
193 CCHs(s3) < CHCHa(s) + 2Pt(s) f. 2.08E+10 1 119.2
L. 9.05E+10°¢ 0.5 116.8
195 CHCHy(s) + H(s) < CHj4 + 2Pt(s) f. 4.08E+11¢ 0.5 25.7
L. 9.35E402 0.5 26.3
197 CHCH(s) + 3Pt(s) < C(s3) + CHz(s) f. 9.05E+10°¢ 0.5 41.9
L. 1.69E+11°¢ 0.5 85
199 CHCHy(s) + H(s) + Pt(s) <& CCHa(s2) + Ha(s) f. 4.08E+11¢ 0.5 59.6
L. 2.95E+11¢ 0.5 47.3
201 CHCHy(s) + O(s) < CaHa + OH(s) + Pt(s) f. 1.35E+11°¢ 0.5 24.1
L. 1.56E+04 0.5 0
203 CHCH3(s) + OH(s) < CaHa + H0(s) + Pt(s) f. 1.37E+11€¢ 0.5 42
I. 1.81E+04 0.5 0
205 CHCHy(s) + 2Pt(s) < CCHx(sz) + H(s) f. 9.05E+10°¢ 0.5 48.6
L. 4.04E+11¢ 0.5 89.2
207 CHCHy(s) + 3Pt(s) < CaHa(s3) + H(s) f. 9.05E+10°¢ 0.5 18.9
L. 4.00E+11°¢ 0.5 73.9
209 CHCH;(s) + H(s) & CyHz + Ha(s) + Pt(s) f. 4.08E+11¢ 0.5 127.1
L. 1.17E+04 0.5 0
211 CHCHy(s) + 3Pt(s) < CCHax(s3) + H(s) f. 9.05E+10¢ 0.5 109.4
L. 4.04E+11°¢ 0.5 22.6
213 CHCHy(s3) + H(s) <& CoHs + 4Pt(s) f. 4.08E+11¢ 0.5 20.6
I. 1.46E+01 0.5 81.2
215 CHCHy(s3) < CHCHa(s) + 2Pt(s) f. 2.08E+10 1 0
L. 9.05E+10°¢ 0.5 54.9
217 CHCHa(s3) < CCH3(s3) f. 2.08E+10 1 21
L. 2.08E+10 1 78
219 CHCH;(s3) < CCHy(s2) + H(s) f. 2.08E+10 1 21.1
L. 4.04E+11° 0.5 116.6
221 CHCHy(s3) + Pt(s) < C(s3) + CH3(s) f. 9.05E+10¢ 0.5 15
L. 1.69E+11¢ 0.5 112.5
223 CHCH(s3) + H(s) <& CaHa + Ha(s) + 3Pt(s) f. 4.08E+11¢ 0.5 72.2
I. 4.33E4+02 0.5 0
225 CHCHy(s3) + H(s) < CaHa(s3) + Ha(s) f. 4.08E+11°¢ 0.5 17.4
L. 2.92E+11¢ 0.5 73.7
227 CHCHy(s3) + H(s) < CCHx(s2) + Ha(s) + Pt(s) f. 4.08E+11¢ 0.5 21.1
L. 2.95E+11¢ 0.5 64.1
229 CHCH(s3) + H(s) <& CCHay(s2) + Ha + 2Pt(s) f. 4.08E+11¢ 0.5 21.1
L. 2.45E+04 0.5 37.3
231 CHCHy(s3) + H(s) < CoHa(s3) + Hz + Pt(s) f. 4.08E+11¢ 0.5 17.4
L. 9.44E+04 0.5 46.9
233 CCH3(s3) + Pt(s) < C(s3) + CHs(s) f. 9.12E+10° 0.5 46.1
I. 1.69E+11°¢ 0.5 83.5
235 CCH3(s3) + H(s) & CHg + C(s3) + Pt(s) f. 4.12E+11¢ 0.5 355
L. 1.04E+05 0.5 98.3
237 CCHs(s3) + H(s) <& CCHa(s2) + Ha(s) + Pt(s) f. 4.12E+11¢ 0.5 85.9
L. 2.95E+11¢ 0.5 70.6
239 CCHa(s2) + H(s) < CCHs(s3) f. 4.04E+11¢ 0.5 87.7
L. 2.08E+10 1 50
241 CCHa(s2) < CCH(s) + H(s) f. 2.08E+10 1 132.1
L. 3.96E+11°¢ 0.5 29.9
243 CCHa(s2) + H(s) + Pt(s) < C(s3) + CHs(s) f. 4.04E+11° 0.5 62.2
I. 1.69E+11°¢ 0.5 53.7
245 CCHy(s2) + O(s) + Pt(s) < CHa(sz) + CO(s2) f. 1.35E+11¢ 0.5 33.2
L. 1.47E+11€¢ 0.5 152.9
247 CCHa(s2) + O(s) < CCH(s) + OH(s) + Pt(s) f. 1.35E+11°¢ 0.5 114.5
L. 1.36E+11°¢ 0.5 48
249 CCHa(s2) + O(s) + Pt(s) < C(s3) + CH0(s) f. 1.35E+11°¢ 0.5 441
L. 1.54E+11°¢ 0.5 118.4
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Table 7 (continued)

No. Reaction Rate coefficients in the form ky, = ATf exp(—AE/RT)
A? B AEP
251 CCHa(s2) + O(s) < CO + CHa(s2) + Pt(s) f. 1.35E+11°¢ 0.5 332
L. 3.74E+05 0.5 19.1
253 CCHa(s2) + O(s) < CH20 + C(s3) f. 1.35E+11°¢ 0.5 441
L. 3.77E4+04 0.5 71.7
255 CCHa(s2) + OH(s) + Pt(s) < C(s3) + CH,OH(s) f. 1.37E+11¢ 0.5 66.1
I. 1.56E+11¢ 0.5 51.1
257 CCH2(s2) + 3Pt(s) < C(s3) + CHa(s2) f. 9.15E+10°¢ 0.5 138.9
L. 1.70E+11¢ 0.5 52.1
259 CCHy(s3) + H(s) & CyH3 + 4Pt(s) f. 4.04E+11°¢ 0.5 74.5
L. 9.93E402 0.5 0
261 CCHa(s3) < CCHx(s2) + Pt(s) f. 2.08E+10 1 0
I. 9.15E+10¢ 0.5 150
263 CCHa(s3) + H(s) < CHCHy(s3) + Pt(s) f. 4.04E+11°¢ 0.5 21.3
L. 9.05E+10°¢ 0.5 74.3
265 CCHa(s3) + H(s) < CCHs(s3) + Pt(s) f. 4.04E+11°¢ 0.5 22.6
L. 9.12E+10°¢ 0.5 112.3
267 CCHz(s3) + H(s) <& CCH(s) + Hz + 3Pt(s) f. 4.04E+11°¢ 0.5 63.1
L. 3.39E403 0.5 4.3
269 CCHa(s3) + H(s) < C(s3) + CHa(s) f. 4.04E+11°¢ 0.5 22.6
L. 1.69E+11°¢ 0.5 152.4
271 CoHa(s3) + H(s) < CHCHx(s3) + Pt(s) f. 4.00E+11¢ 0.5 114.8
I. 9.05E+10¢ 0.5 15.5
273 CHa(s3) < CCHa(s2) + Pt(s) f. 2.08E+10 1 95.2
L. 9.15E+10°¢ 0.5 76.7
275 CaHy(s3) & CoHy + 3Pt(s) f. 2.08E+10 1 134
L. 4.81E+02 0.5 0
277 CCH(s) + H(s) + Pt(s) <& CCHa(s3) f. 3.96E+11¢ 0.5 78.1
L. 2.08E+10 1 57.1
279 CCH(s) + H20(s) + 2Pt(s) < CaHa(s3) + OH(s) f. 3.44E+10¢ 0.5 8.5
L. 1.36E+11°¢ 0.5 116.1
281 CCH(s) + H20(s) <& CaHa + OH(s) + Pt(s) f. 1.38E+11¢ 0.5 17.9
L. 1.56E+04 0.5 0
283 CCH(s) + H(s) & CyHy + 2Pt(s) f. 3.96E+11¢ 0.5 324
L. 3.24E403 0.5 14.2
285 CCH(s) + H(s) + Pt(s) <& CaHa(s3) f. 3.96E+11¢ 0.5 32.4
I. 2.08E+10 1 148.2
287 CCH(s) + O(s) + Pt(s) < CO + CH(s3) f. 1.34E+11°¢ 0.5 38.1
L. 3.53E4+05 0.5 95.5
289 CCH(s) + O(s) + Pt(s) <& CHO + C(s3) f. 1.34E+11¢ 0.5 38.1
L. 3.91E+05 0.5 47.7
291 CCH(s) + O(s) + 2Pt(s) < C(s3) + CHO(s) f. 3.34E410°¢ 0.5 38.1
L. 1.52E+11¢ 0.5 214.8
293 CCH(s) + H20(s) + Pt(s) < CCHy(sz) + OH(s) f. 1.38E+11°¢ 0.5 15.9
L. 1.37E+11°¢ 0.5 116
295 CCH(s) + Ha(s) + Pt(s) < CCHa(s2) + H(s) f. 2.89E+11¢ 0.5 5.9
L. 4.04E+11¢ 0.5 182
297 CCH(s) + 5Pt(s) < C(s3) + CH(s3) f. 9.18E+10°¢ 0.5 121.9
L. 1.71E+11¢ 0.5 125.3
299 CHs(s) + OH(s) < CH30H + 2Pt(s) f. 1.45E+11¢ 0.5 36.6
L. 5.84E+04 0.5 16
301 CH3(s) + Hx0(s) < CH30H + H(s) + Pt(s) f. 1.48E+11¢ 0.5 67.2
L. 1.66E+05 0.5 14.5
303 CH3(s) + H(s) < CHy + 2Pt(s) f. 3.79E+11¢ 0.5 23.7
L. 1.64E+04 0.5 49
305 CH3(s) + H(s) + Pt(s) <& CHa(s2) + Ha(s) f. 3.79E+11¢ 0.5 138
I. 2.79E+11¢ 0.5 5.9
307 CHs(s) + O(s) < CH20 + H(s) + Pt(s) f. 1.42E+11¢ 0.5 233
L. 1.69E+04 0.5 44.2
309 CHs(s) + O(s) < CH,0H(s) + Pt(s) f. 1.42E+11°¢ 0.5 26.9
L. 8.24E+10° 0.5 82.6
311 CH3(s) + O(s) < CH30(s) + Pt(s) f. 1.42E+11¢ 0.5 33
L. 8.18E+10°¢ 0.5 72.3
313 CH3(s) + O(s) < CHyO(s) + H(s) f. 1.42E+11¢ 0.5 233
L. 3.87E+11¢ 0.5 90.9
315 CH3(s) + OH(s) < CHs4 + O(s) + Pt(s) f. 1.45E+11¢ 0.5 54.5
L. 6.68E+04 0.5 17.1
317 CH3(s) + HyO(s) < CHs + OH(s) + Pt(s) f. 1.48E+11°¢ 0.5 27.5
L. 7.93E4+-04 0.5 20.5
319 CHs(s) + OH(s) < CH30H(s) + Pt(s) f. 1.45E+11¢ 0.5 36.6
L. 8.23E+10° 0.5 60.1
321 CHs(s) + H20 + Pt(s) <& CH3OH(s) + H(s) f. 4.31E+05 0.5 0
L. 4.03E+11°¢ 0.5 31.5
323 CH3(s) + Hy0O(s) < CH3OH(s) + H(s) f. 1.48E+11°¢ 0.5 23.1
L. 4.03E+11°¢ 0.5 12.4

(continued on next page)
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Table 7 (continued)
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No. Reaction Rate coefficients in the form k;, = AT exp(—AE/RT)
A? B AEP
325 CHy(s2) + H20(s) < CHs(s) + OH(s) + Pt(s) f. 1.49E+11¢ 0.5 18.2
I. 1.45E+11¢ 0.5 74.8
327 CHy(s2) + OH(s) < CH,0H + 3Pt(s) f. 1.46E+11°¢ 0.5 82.2
L. 8.80E+03 0.5 0
329 CHy(s2) + H(s) < CHs(s) + 2Pt(s) f. 3.76E+11¢ 0.5 29
L. 1.12E+11¢ 0.5 109.7
331 CHa(s2) + O(s) & CHO + H(s) + 2Pt(s) f. 1.43E+11°¢ 0.5 37.9
L. 4.37E4+04 0.5 1.3
333 CHa(s2) + OH(s) <& CH,0 + H(s) + 2Pt(s) f. 1.46E+11°¢ 0.5 26.9
L. 4.21E+03 0.5 66.4
335 CHy(s2) + H20(s) < CH30H(s) + 2Pt(s) f. 1.49E+11¢ 0.5 8.4
L. 8.23E+10° 0.5 76.3
337 CHy(s2) + OH(s) < CHy0(s) + H(s) + Pt(s) f. 1.46E+11°¢ 0.5 26.9
L. 3.87E+11¢ 0.5 113.1
339 CHa(s2) + H(s) + Pt(s) < CH(s3) + Ha(s) f. 3.76E+11¢ 0.5 115.2
I 2.76E+11¢ 0.5 16
341 CHy(s2) + OH(s) < CH,OH(s) + 2Pt(s) f. 1.46E+11¢ 0.5 29.5
L. 8.24E+10°¢ 0.5 104.8
343 CHj(s2) + Hy0(s) < CH,0H(s) + H(s) + Pt(s) f. 1.49E+11¢ 0.5 22
L. 3.95E+11¢ 0.5 72
345 CH(s3) + H(s) < CHx(sz) + 2Pt(s) f. 3.70E411¢ 0.5 57
L. 1.15E+11°¢ 0.5 100.1
347 CH(s3) + H(s) < C(s3) + Ha(s) f. 3.70E+11°¢ 0.5 37.2
L. 2.74E+11¢ 0.5 120.3
349 CH(s3) + H(s) < C(s3) + Hy + Pt(s) f. 3.70E+11°¢ 0.5 37.2
I 6.60E+04 0.5 935
351 CH(s3) + O(s) < CHO + 4Pt(s) f. 1.44E+11°¢ 0.5 45.6
L. 9.62E+02 0.5 44.4
353 CH(s3) + OH(s) <& CHO + H(s) + 3Pt(s) f. 1.47E+11¢ 0.5 30.7
L. 6.47E+03 0.5 0
355 CH(s3) + OH(s) < CHO(s) + H(s) + 2Pt(s) f. 1.47E+11¢ 0.5 34.8
L. 9.45E+10°¢ 0.5 151.3
357 C(s3) + OH(s) < CHO + 4Pt(s) f. 1.49E+11°¢ 0.5 154.6
L. 9.62E+-02 0.5 0
359 C(s3) + H(s) < CH(s3) + Pt(s) f. 3.65E+11¢ 0.5 159
L. 1.18E+11°¢ 0.5 40.6
361 C(s3) + O(s) < CO + 4Pt(s) f. 1.45E+11°¢ 0.5 53.9
L. 8.23E4+02 0.5 92.7
363 C(s3) + O(s) < CO(sz) + 2Pt(s) f. 1.45E+11°¢ 0.5 53.9
L. 8.29E+10° 0.5 226.5
365 C(s3) + OH(s) < CHO(s) + 3Pt(s) f. 1.49E+11¢ 0.5 82.4
L. 8.22E+10° 0.5 94.8
367 C(s3) + OH(s) < CO + H(s) + 3Pt(s) f. 1.49E+11°¢ 0.5 37.6
L. 5.54E+03 0.5 36.5
369 C(s3) + OH(s) < CO(s2) + H(s) + Pt(s) f. 1.49E+11¢ 0.5 37.6
L. 3.74E+11¢ 0.5 170.3
371 C(s3) + 02 & CO(s2) + O(s) f. 5.59E+06 —0.5 0
L. 1.24E+11¢ 0.5 439.5
373 C(s3) + Hx0(s) < CH(s3) + OH(s) f. 1.52E+11°¢ 0.5 168.6
L. 1.47E+11¢ 0.5 36.9
375 C(s3) + CH20(s) < CHa(s2) + CO(s2) f. 1.54E+11°¢ 0.5 10.4
L. 1.47E+11¢ 0.5 69.1
377 CO(s2) < CO + 2Pt(s) f. 1.04E+12 1 133.8
L. 5.27E+04 0.5 0
379 CO(s2) + O(s) < COz(s2) + Pt(s) f. 1.24E+11¢ 0.5 97.3
L. 6.75E+10° 0.5 154.3
381 CO(s2) + O(s) & CO, + 3Pt(s) f. 1.24E+11°¢ 0.5 97.3
L. 3.71E401 0.5 139.3
383 CO(s2) + OH(s) < COz(s2) + H(s) f. 1.26E+11°¢ 0.5 86.8
L. 3.80E+11¢ 0.5 81.3
385 CO(s2) + Oz + Pt(s) < COx(s2) + O(s) f. 6.47E+06 —0.5 333
L. 1.18E+11¢ 0.5 304
387 CO(s2) + CH30(s) < CHs(s) + COz(s2) f. 1.23E+11°¢ 0.5 26.5
L. 1.38E+11°¢ 0.5 48.9
389 CO(s2) + OH(s) < COOH(s) + 2Pt(s) f. 1.26E+11¢ 0.5 55.6
L. 6.71E+10° 0.5 31.1
391 CO(s2) + Ha(s) + Pt(s) & COH(s3) + H(s) f. 2.73E+11°¢ 0.5 129.2
L. 3.78E+11¢ 0.5 29
393 COy(s2) & CO, + 2Pt(s) f. 2.08E+10 1 15.1
L. 2.50E+-02 0.5 0
395 CH30H(s) + H(s) <& CH4 + OH(s) + Pt(s) f. 4.03E+11¢ 0.5 7.7
L. 7.93E+04 0.5 7.1
397 CH30H(s) + H(s) < CH,0H(s) + Ha(s) f. 4.03E+11¢ 0.5 83.6
L. 2.88E+11¢ 0.5 5.5
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Table 7 (continued)

No. Reaction Rate coefficients in the form k; = AT exp(—AE/RT)
A? B AEP
399 CH30H(s) + O(s) < CH,O0H(s) + OH(s) f. 1.30E+11°¢ 0.5 7.8
L. 1.30E+11¢ 0.5 355
401 CH30(s) + H(s) <& CH30H + 2Pt(s) f. 3.92E+11°¢ 0.5 253
L. 5.84E+04 0.5 33.1
403 CH30(s) + H(s) < CH3(s) + OH(s) f. 3.92E+11°¢ 0.5 37.6
L. 1.45E+11°¢ 0.5 65.5
405 CH30(s) + H20(s) < CH30H(s) + OH(s) f. 1.31E+11¢ 0.5 8.5
L. 1.32E+11°¢ 0.5 23.6
407 CH30(s) + H(s) <& CHy4 + O(s) + Pt(s) f. 3.92E+11¢ 0.5 43.8
L. 6.68E+04 0.5 34.2
409 CH30(s) + H(s) <& CH30H(s) + Pt(s) f. 3.92E+11¢ 0.5 253
L. 8.23E+10° 0.5 77.2
411 CH30(s) < CH0 + H(s) f. 2.08E+10 1 47.8
L. 1.69E+04 0.5 38.3
413 CH30(s) + H(s) <& CHyO(s) + Ha(s) f. 3.92E+11¢ 0.5 59.5
L. 2.82E+11°¢ 0.5 43.6
415 CH30(s) + Pt(s) <& CH20(s) + H(s) f. 8.18E+10°¢ 0.5 19.7
L. 3.87E+11¢ 0.5 38.3
417 CH,0H(s) + H(s) <& CH30H + 2Pt(s) f. 3.95E+11¢ 0.5 339
L. 5.84E+04 0.5 20.4
419 CH,OH(s) < CH,O0H + Pt(s) f. 2.08E+10 1 160
L. 2.38E+405 0.5 0
421 CH,OH(s) + H(s) < CHs(s) + OH(s) f. 3.95E+11°¢ 0.5 45.6
L. 1.45E+11°¢ 0.5 52.8
423 CH,0H(s) + Hx0(s) < CH30H(s) + OH(s) f. 1.32E+11¢ 0.5 19.4
L. 1.32E+11°¢ 0.5 15
425 CH,OH(s) + H(s) < CH3OH(s) + Pt(s) f. 3.95E+11¢ 0.5 339
L. 8.23E4+10°¢ 0.5 64.5
427 CH,0H(s) < CH,0 + H(s) f. 2.08E+10 1 58.2
L. 1.69E+04 0.5 28
429 CH,OH(s) + H(s) < CHO(s) + Ha(s) f. 3.95E+11¢ 0.5 67.4
L. 2.82E+11°¢ 0.5 30.9
431 CH,0H(s) + O(s) & CH,0 + OH(s) + Pt(s) f. 1.29E+11°¢ 0.5 22.5
L. 2.86E+04 0.5 48
433 CH,OH(s) + 2Pt(s) < CHOH(s2) + H(s) f. 8.24E+10° 0.5 74.6
L. 3.87E+11°¢ 0.5 37.8
435 CH,OH(s) + H(s) + Pt(s) & CHOH(sz2) + Ha(s) f. 3.95E+11¢ 0.5 94.1
L. 2.82E+11¢ 0.5 5.1
437 CH,0H(s) + Pt(s) <& CH,0(s) + H(s) f. 8.24E+10° 0.5 16.3
L. 3.87E+11°¢ 0.5 233
439 CH,0(s) + H(s) <& CH20H + 2Pt(s) f. 3.87E+11¢ 0.5 176.5
L. 5.94E+04 0.5 0
441 CH,0(s) <& CH,0 + Pt(s) f. 2.08E+10 1 46.7
L. 2.38E+04 0.5 0
443 CH0(s) + Pt(s) < CHO(s) + H(s) f. 8.23E+10° 0.5 44.7
L. 3.78E+11°¢ 0.5 56.3
445 CH,0(s) + H(s) < CHO(s) + Ha(s) f. 3.87E+11¢ 0.5 41.5
L. 2.76E+11°¢ 0.5 5.5
447 CH,0(s) + O(s) & CHO(s) + OH(s) f. 1.27E+11¢ 0.5 9.9
L. 1.27E+11°¢ 0.5 74
449 CH,O(s) + OH(s) < CHO(s) 4+ H20(s) f. 1.29E+11¢ 0.5 9.4
L. 1.29E+11¢ 0.5 43.6
451 CH,0(s) + OH(s) < CHO(s) + H20 + Pt(s) f. 1.29E+11°¢ 0.5 9.4
L. 4.47E405 0.5 34
453 CHOH(sy) + 2Pt(s) < COH(s3) + H(s) f. 8.23E+10° 0.5 47.7
L. 3.78E+11°¢ 0.5 97.6
455 CHOH(sz) < CHO(s) + H(s) f. 2.08E+10 1 18
L. 3.78E+11¢ 0.5 83
457 CHOH(s3) + H(s) + Pt(s) <& COH(s3) + Hx(s) f. 3.87E+11¢ 0.5 57.7
L. 2.76E+11¢ 0.5 54.7
459 CHOH(sz) + H(s) < CHO(s) + Ha(s) + Pt(s) f. 3.87E+11¢ 0.5 50.2
L. 2.76E+11°¢ 0.5 62.2
461 CHO(s) + 2Pt(s) < CO(s2) + H(s) f. 8.22E+10° 0.5 20
L. 3.74E+11°¢ 0.5 151
463 CHO(s) + H(s) <& CO + Ha(s) + Pt(s) f. 3.78E+11¢ 0.5 35.8
L. 1.90E+05 0.5 0
465 CHO(s) + H(s) + Pt(s) < CO(s2) + Haf(s) f. 3.78E+11¢ 0.5 22.9
L. 2.73E+11€ 0.5 99.5
467 CHO(s) + H(s) < CO(sz) + Ha f. 3.78E+11¢ 0.5 22.9
L. 7.64E4+04 0.5 72.7
469 CHO(s) + O(s) + Pt(s) < CO(sp) + OH(s) f. 1.25E+11¢ 0.5 27.3
L. 1.26E+11¢ 0.5 213.5
471 CHO(s) + OH(s) + Pt(s) < CO(s2) + H20(s) f. 1.27E+11°¢ 0.5 239
L. 1.28E+11°¢ 0.5 183.1

(continued on next page)
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Table 7 (continued)
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No. Reaction Rate coefficients in the form k;, = AT? exp(—AE/RT)
A? B AEP
473 COH(s3) < CO(s2) + H(s) f. 2.08E+10 1 0
L. 3.74E+11°¢ 0.5 166
475 COOH(s) + 2Pt(s) < COz(s2) + H(s) f. 6.71E410° 0.5 25.6
L. 3.80E+11¢ 0.5 19.1
477 COOH(s) + H(s) + Pt(s) < CO(sz) + H20(s) f. 3.83E+11¢ 0.5 28.9
L. 1.28E+11°¢ 0.5 86.4
479 COOH(s) + O(s) + Pt(s) < COx(s2) + OH(s) f. 1.19E+11°¢ 0.5 29.2
L. 1.20E+11°¢ 0.5 107.4
481 COOH(s) + OH(s) + Pt(s) & COz(s2) + H20(s) f. 1.20E+11°¢ 0.5 31.6
L. 1.21E+11¢ 0.5 82.8
483 Hy + Pt(s) < Ha(s) f. 4.16E+04 0.5 0
L. 2.08E+10 1 26.8
485 Hy + O(s) + Pt(s) < H(s) + OH(s) f. 4.22E4+04 0.5 0
L. 3.33E+11¢ 0.5 142.3
487 Hy + 03(s2) < H(s) + OOH(s) f. 5.93E+04 0.5 0
L. 3.62E+11¢ 0.5 192.7
489 0y + 2Pt(s) < 0,(s2) f. 8.80E+05 —0.5 0
L. 2.08E+10 1 443
491 02 + H(s) + Pt(s) < O(s) + OH(s) f. 2.50E+06 -0.5 0
L. 1.23E+11°¢ 0.5 276
493 02 + 2Pt(s) < O(s) + O(s) f. 8.80E+05 -0.5 0
L. 1.19E+11¢ 0.5 213.5
495 0, + H(s) < OOH(s) f. 2.50E+06 -0.5 0
L. 2.08E+10 1 157.2
497 OH + Pt(s) < OH(s) f. 3.21E+05 0.5 0
L 2.08E+10 1 246.7
499 0 + Pt(s) < O(s) f. 3.32E4+05 0.5 0
L. 2.08E+10 1 355.9
501 H;0 + O(s) + Pt(s) < OH(s) + OH(s) f. 2.37E+05 0.5 6.3
L 1.26E+11°¢ 0.5 76.9
503 H,0 + H(s) + Pt(s) < Ha(s) + OH(s) f. 1.66E+05 0.5 44.9
L. 2.48E+11¢ 0.5 5.8
505 HO, + Pt(s) < OOH(s) f. 2.31E+05 0.5 0
L. 2.08E+10 1 204.1
507 HO, + 2Pt(s) < O(s) + OH(s) f. 5.77E+04 0.5 0
L. 1.23E+11°¢ 0.5 573.3
509 HO, + 3Pt(s) < O(s2) + H(s) f. 8.55E+03 0.5 0
I. 3.45E+11¢ 0.5 341.6
511 H;0;, + 2Pt(s) < Hy03(s2) f. 4.26E+04 0.5 0
L. 2.08E+10 1 27.1
513 H20, + H(s) + Pt(s) < OH(s) + HO(s) f. 1.21E4-05 0.5 0
L. 1.29E+11°¢ 0.5 309.1
515 H;0; + 2Pt(s) < OH(s) + OH(s) f. 4.26E+04 0.5 0
L. 1.26E+11°¢ 0.5 277
517 H20, + 2Pt(s) < O(s) + H20(s) f. 4.26E+04 0.5 0
L. 1.26E+11°¢ 0.5 246.6
519 H02 + H(s) + Pt(s) <& Ha(s) + OOH(s) f. 1.21E4-05 0.5 4.5
I. 2.64E+11°¢ 0.5 47.1
521 Ha(s) + O(s) < H(s) + OH(s) f. 2.38E+11¢ 0.5 5.5
L. 3.33E+11¢ 0.5 120.5
523 Ha(s) + Pt(s) < H(s) + H(s) f. 2.52E+11¢ 0.5 37.4
L. 3.98E+11¢ 0.5 90.3
525 0,(s2) + H(s) & O(s) + OH(s) + Pt(s) f. 3.45E+11¢ 0.5 9.1
L. 1.23E+11°¢ 0.5 231.7
527 03(s2) < O(s) + O(s) f. 2.08E+10 1 4.4
L. 1.19E+11°¢ 0.5 173.6
529 03(s2) + H(s) <& OOH(s) + 2Pt(s) f. 3.45E+11¢ 0.5 9.1
L. 7.45E+10° 0.5 112.9
531 H(s) + O(s) & OH + 2Pt(s) f. 3.19E+11°¢ 0.5 184.2
L. 8.03E+04 0.5 0
533 O(s) + H20(s) < OH(s) + OH(s) f. 1.26E+11¢ 0.5 46.5
L. 1.26E+11°¢ 0.5 76.9
535 H(s) + O(s) < OH(s) + Pt(s) f. 3.19E+11°¢ 0.5 43.1
L. 9.57E+10°¢ 0.5 105.6
537 H(s) + OH(s) < Hy0(s) + Pt(s) f. 3.33E+11¢ 0.5 46.7
L. 9.60E+10° 0.5 78.8
539 H(s) + OH(s) <& H20 + 2Pt(s) f. 3.33E+11¢ 0.5 46.7
L. 5.84E+04 0.5 38.6
541 H(s) + H(s) <& Ha + 2Pt(s) f. 3.98E+11¢ 0.5 90.3
L. 1.04E+04 0.5 10.6
543 H(s) <& H + Pt(s) f. 2.08E+10 1 255.4
L. 1.32E+06 0.5 0
545 H(s) + H20,(s2) < H20 + OH(s) + 2Pt(s) f. 3.73E+11°¢ 0.5 5.9
L. 7.05E+04 0.5 241.8
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Table 7 (continued)

No. Reaction Rate coefficients in the form ky, = ATF exp(—AE/RT)
A? B AEP
547 H(s) + OOH(s) < H0 + O(s) + Pt(s) f. 3.62E+11¢ 0.5 27.2
L. 2.37E+05 0.5 110.7
549 H(s) + OOH(s) < H,0, + 2Pt(s) f. 3.62E+11¢ 0.5 95.7
L. 4.26E+-04 0.5 0
551 H(s) + H20(s) < Ha(s) + OH(s) f. 3.47E+11€ 0.5 85.1
L. 2.48E+11¢ 0.5 5.8
553 H(s) + OOH(s) < O(s) + H20(s) f. 3.62E+11¢ 0.5 27.2
L. 1.26E+11°¢ 0.5 150.9
555 H(s) + Hz05(s2) < OH(s) + H0(s) + Pt(s) f. 3.73E+11¢ 0.5 5.9
L. 1.29E+11°¢ 0.5 282
557 H(s) + OOH(s) < OH(s) + OH(s) f. 3.62E+11¢ 0.5 27.2
L. 1.26E+11¢ 0.5 181.4
559 H(s) + OOH(s) < Hy0(s2) f. 3.62E+11¢ 0.5 91
L. 2.08E+10 1 22.4
561 H20(s) < Hy0 + Pt(s) f. 2.08E+10 1 40.2
L. 2.34E+4-05 0.5 0
563 OOH(s) + Pt(s) < O(s) + OH(s) f. 7.45E+10° 0.5 20.6
L. 1.23E+11°€ 0.5 132.3
565 H;03(s2) < OH(s) + OH(s) f. 2.08E+10 1 0
L. 1.26E+11°¢ 0.5 249.9

3 Ppre-exponential factor: s—1.

b Activation energy: kjmol~!.
¢ Pre-exponential factor must be multiplied by A(Pt)NaT.

Supplementary material

The online version of this article contains additional supple-
mentary material.
Please visit DOI: 10.1016/j.jcat.2008.08.014.
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