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Figure S1. CO chemisorption on ES-Pd/RGO/Al/c.
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In this supplementary material, an example of the stages of the derivation of the
mechanistic models applied in the article for the adsorption of reagents on different types
of active centers is presented. Based on the Langmuir isotherm, the reaction rate equation
was derived. Adsorption occurs when molecules with a sufficiently high kinetic energy
strike free active sites or unoccupied parts of the surface. A process is described as a reac-
tion between a gas-phase molecule and an unoccupied site, s. (A +S — AS). The frequency
of collisions is proportional to the partial pressure of the gas, and the probability of ad-
sorption is taken into account in the rate constant k1A. The number of occupied sites is O,
and the number of vacant sites is 1-0. The total number of sites available for adsorption is
included in the rate constant k1A. On this basis, the following equations for adsorption
and desorption rates are derived:

Tvoc,ads = ko Proc (1 = Oyoc ) Tvoc des = kyvocBroc (1)

The rates of adsorption and desorption depend exponentially on the temperature (the
difference Eads — Edes is the heat of adsorption AH):

~E,4 /| RT _ 7 —Eu/RT

kiyoc = ae ™ kyvoc = be ™ (2)
The rates of adsorption and desorption are equal in equilibrium conditions:

I:> kyyocBroc
kyvocFroc (1 - QVOC) = kyvocByroc Oroc = kavoc +kivocBroc (S3)
K. = Kyvoc
voc =
Substituting for 2Y0C  the expression for the fraction of occupied sites (with
VOC) is obtained:
KyocBroc
Groc = 1+ Kyoc Broc (S4)

By extending further to the adsorption of two reactants (VOC and O:z) on the same
type of active sites [VOC + S — (VOC)S; Oz + S — (Oz) S] the following expressions for the
fractions of sites occupied by VOC and Oz can be derived:

voc aas = leOCPVOC (1 - 0) = leOCPVOC (1 - eVOC - er ) . Tvocdes = szochoc

; (S5)
Yovads = K10:Fox (1 - 0) = ko, L. (1 =By — 6o, ) Toxdes = 5209, (S6)
KyocBroc Ko bo.
Oroc = 1+ KyocBroc + Ko B, ; 0y = 1+ KyocBroc + Ko Py, (S7)

In the case of bimolecular reaction with adsorption on different sites [VOC + S1 —
(VOO)S1; 02 + 82 — (02)S2;(VOC)ST + (02)S2 — (] the equation is as follows:
r=kO,,.0, =k Kyoc Broc Ko Fox (S8)
1+ Kyoc Broc 1+ Ko Fo,

where k is the reaction rate constant.

In the present study, the equation for the adsorption of reactants on different types
of active sites (58) was applied. Taking into account the reactor design equations, it is more
convenient the use of concentrations of the reagents, instead the partial pressures. Thus,
the rate equation, takes the form given in Table 6:
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kK/OC VOCK (229
)ﬂ+K’C +K

oxX —ox water-ox Water)

:a+K C, .+K

voc —voc water-voc wate
The steps followed for the final equation in the case of use of Mars—Van Krevelen [1]
mechanistic model are given below.
The catalytic oxidation can proceed according to:

reduced catalyst (Pd) + O2 S oxidized catalyst (PdO) (59)
CsHsCHs + oxidized catalyst (PdO) S reduced catalyst (Pd) + COz, ads + H2Oads (510)
COg, ads + H2Oads — CO, gas + H20gas (S11)

The effect of water vapor (coming from the reaction or/plus added to the gas feed) is
included, by taking into account its competition with the oxidized sites as follows:

rred = kred onc an (512)
ered = l - eox - ew,ox (513)
= kox PUX ered Ux ox (1 6 0W,Ux ) (514)
— wc/ red ; rred= rwc/y (515)
where Krea and = are the rate constants for the reactions of reduction and oxida-
tion of the catalyst, Foe and are the partial pressures of the toluene and oxygen. The
stoichiometric coefficient y shows the number of oxygen molecules needed for the com-
plete oxidation of one molecule of toluene.
L L
Taking into account that y= "2/ "7 at the steady state:
ox ox (1 - - 9 ) }kred voc ox

(S16)

where Oor and 0. are the degrees of surface coverage of oxygen and water mol-
ecules. With water in the gas, the adsorption — desorption equilibrium is:

ko P.6, =ky, .0

ads,ox” w ox des ,ox ™~ w,ox (517)
kads ox
w,ox k })weox = KW a‘cngo‘c
des ,ox (51 8)
k. k, K, . . .
where “ads Tdes and ** are the rate constants of adsorption and desorption of
water molecules and the equilibrium constant, respectively.
The expression for Ot from (S13) is substituted in (S11) and for O and at equi-
librium, it can be written:
0 — kU‘C R)X
ox
7kredpvoc + kox])ox (l + Kw vocPw)

(S19)
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By substituting Oor in (S10) the rate equation for the toluene oxidation via Mars—
van Krevelen mechanism is:

k. Pk, P

VoCc “OX " OX

" TPtk P (+K. P

voc oxX— ox w,yoc— w

(S20)

Similarly, in the case that water molecules compete for reduced sites on the catalytic
surface, the rate equation for the process is derived. The inhibitory effect of water vapor
(as a product of the reaction or in the reaction gas mixture) is accounted for by modifying
the Mars-Van Krevelen model, resulting in two different equations for the reaction rate,
depending on the type of active site of the catalyst (reduced or oxidized). Both models
contain an additional term in the denominator accounting for water adsorption. With
competitive adsorption between water and toluene on both reduced and oxidized centers
and slow desorption of the reaction products, the equation takes the form:

k P k red onc

OX~ OX

1+K P )+k P (1+Kw,owa)+(k k /kdes,prod)Rzacf)ox

w,red = w ox™ ox ox"Vred (521)

rred = P (
7'kred voc

Using the concentrations of the reagents at working conditions instead of the partial
pressures, the final rate equation is obtained (Table 5):

k red k ox Cvoc Cox
)+k,C, (1+K

=
}kred Cvoc (1 + K C C + (kred kox / k des )Cvoc Cox

water—voc * " water—voc water—ox *~~ water—ox )
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