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Abstract: A mathematical framework for the quantitative description of site density dependence of
catalytic data (activity and selectivity) was developed considering that changes in the electrostatic
contribution to the Gibbs energy of an elementary reaction on the acid sites in zeolites depend on
the proximity of these sites. For the two-step sequence with the most abundant surface intermediate,
an expression for turnover frequency explicitly containing the acid site density was derived. The
treatment was extended to linear sequences of elementary reaction and analysis of the acid site
density on selectivity in parallel and consecutive reactions, allowing to quantitatively relate the ratio
between products for such reactions. Experimental data on Prins condensation of isopulegol with
acetone and transformations of syngas over mesoporous H-ZSM-5 supported cobalt nanoparticles to
a mixture of iso- and normal hydrocarbons were used as a show case.
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development of novel materials and mechanistic interpretation of catalytic data. Several
parameters, including the structure, morphology and the Si/ Al ratio, presence of various
ions, etc., can be used to fine-tune the number, nature, strength and distribution of acid

sites [4-7].

Kinetic analysis of catalytic reactions over zeolites often is limited by only considering
the acid sites as isolated and noninteracting with each other, allowing to apply the clas-
sical approaches of heterogeneous catalytic kinetics [8-10]. On the other hand, there is a
little doubt that active sites in zeolitic materials possess different acid strength and thus
activity, which is manifested by analysis of acidity with ammonia or pyridine [11-13] or
calorimetry [14].

One of the descriptors, which can be used to reflect the complexity of catalytic reactions
over zeolites, is the acid site density [15,16], as the dependence of turnover frequency (TOF)
published maps and institutional affil- S @ function of this parameter indicates a structure sensitivity similar to the dependence of
{ations. TOF vs. the metal dispersion in the case of catalysis over supported metals. Recently, it was

demonstrated that TOF calculated per proton can be independent of the acid site density,

decrease, or even pass through the maximum [15,17-19]. Moreover, in [19], it was shown

EY that for the Prins cyclization of (-) isopulegol with acetone, also selectivity, expressed as the
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ratio of products, depends on the acid site concentration.
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2. Site Density Dependence for Adsorption

distributed - under the terms and An explanation proposed for the maxima in TOF vs. the acid site density was re-

lated [17] to changes in the ionic strength depending itself on the volumetric densities
of hydronium ions, and thus on the concentration of Brensted acid sites. The general
applicability of the Debye-Hiickel or the semi-empirical Truesdell-Jones equations to the
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nanoconfined space of zeolites might be questionable [20], and thus an alternative approach
to account for the spatial constraints in such a nanoconfined space was proposed [21].

More precisely, along the nonelectrostatic contribution to the Gibbs energy of the solid
surface with acid sites, also the electrostatic one was considered:

AG.. — NAZH+ZH+€2 - gDZH+ZH+ (1)
. 457—[808d:we,H+—H+ dtwe,HJr—HJr

where Zp+ is the charge of acid sites/hydronium ions, d,,, g+_p+ is the average dis-
tance between these ions/acid sites, gj is the permittivity in vacuum, ¢ dielectric con-
stant, e is the charge of the electron, N, is Avogadro’s number, and ¢ is lumped constant
Q= Nye?/4rmepe.

Changes in the electrostatic contribution to the Gibbs energy upon adsorption on the
acid sites with a partial donation of protons to the adsorbate were expressed [21] as

0 P
AGuys = AGads,nes + §ZH+ Ao 11+ 1+ 2
ave,H+ —

where 47, is the increment of the electrostatic contribution to the Gibbs energy upon
adsorption on the acid sites. From Equation (2), changes in the electrostatic contribution de-
pend on proximity of sites or the average distance between the acid sites d,;;,, ;y+_p+. From
the relationship between the Gibbs energy and the equilibrium constant the equilibrium
constant for adsorption can be easily expressed:

AG0
_ads —§ d
Kadsl() —¢ R%_S e ZH+ (P/ ave, HH —H+ (3)

Further linking the rate constant k with the equilibrium constants K through the linear
free energy relationship [22] the rate constant of adsorption takes the form

k = gK® = kge "7+ P/ davest —nt 4)

where « is the Polanyi parameter (0 < a < 1). The average distance between acid sites can
be calculated through the density of acid sites py+ (mol/g) defined via the overall surface
area divided by the effective area around the surface site. This effective area in the simplest
case is taken as a circle with the diameter equal to the average distance between acid sites
giving, thus,

priv = e ®)

ave, Ht —HT
4 Na

[ 4sy
d - T2
ave, Ht —H+ TTog+ NA (6)

Finally, the rate of adsorption can be expressed via the Brensted acid site density:

and subsequently

70+ Na

—aos ,
k=koe AN TN e VPR @)

N 6z, Nae® [gN
¢ = 9oz, | ot = L g 8)
H 45N2 47Te00E 45N2

where
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3. Two-Step Sequence

Quite often, heterogeneous catalytic kinetics is expressed by the two-step mechanism
with two kinetically significant steps [23,24], and one most abundant surface intermediate I:

1%+ A; < * + By
2. ¥+ Ay>*+ By )
A1+A2(—>B1+B2

where Aj and A are reactants, B1, and B, are products, * is the surface vacant site, and I is
an adsorbed intermediate.

The reaction rate for this mechanism being well-known is presented below for turnover
frequency per acid site [25]:

k41Cak12Ca, — k_1Cp,k_2Cp,

10
k:1Ca, +k+2Ca, +k_1Cp, + k_2Cp, 10)

TOF[H+] -

where C41, etc., are concentrations of reagents, and k; is the rate constants.
The rate constant for the first step in mechanism (9) directly follows from
Equation (7), namely,
kg = koo 19 VPt (11)

where &4 is the Polanyi parameter of the first step. Similarly, for the backward reaction of
the second step, one obtains

k_p(ppe) = k_pe™ 29 VP (12)

The rate constant for the backward reaction of the first step is obtained from Equation (11)
and the acid site density dependence of the adsorption equilibrium constant:

K+ = Kpe? VP (13)
leading to
ko1 = koqe0 7)o VPus (14)

Analogously, it holds for the forward reaction of the second step:
ko) = kipe(1702)¢"VPu (15)
The TOF per acid site can be expressed subsequently:

(ki 1Ca,k42Ca, — k_1Cp k_oCp, )2~ 4)¢ P+

/ / / / (16)

k1Caye 19 VPIT ke 5Cp e 029 VPIT 4 e Cp el ) VPHT o k_yCpye ¥ VP

When both steps are irreversible, Equation (16) can be transformed into

k.1Ca k.nC 6(1—“1—a2)¢/\/ﬂﬂ+
TOFy: = A2 i (17)
k+1CA1€ 19" /PH+ —|—k+2CA26 2)9\/Py+
Or
k. Ca e(1-22)¢" /Pt (1-a2) ¢’ \ P+

TOFy. = —t2-As¢ - W2t . (18)

k2Cay (1—az+a1)9’ /Prs 1 4 @2 p,(1-aata1)9"\ /P
+ Vv e H
1 k11Cay ¢ H W1
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where w; is the acid site density independent frequency of steps [25]:
w1 =k1Ca;wi0 = ki2Cay; (19)

It can be demonstrated that Equation (18) exhibits a maximum of TOF as a function of
the acid site density. To illustrate this, a minimum of the reciprocal value of TOF can be
determined by taking d(1/TOF)/d p g+ atmax €qual to zero:

=1 ot o oyt .
+ J—

d(1/TOFy+) = ( ) =0 (20)

Wi2 W1
Giving then

) (P 271 T e (e M 2

W2 2(VPH ) oy W1 2(VPH) max

Equation (21), after some manipulations, is

2 =1 (0219 (VP ) 4 21 o819 (VPR ) — (22)
w4 w41
(-t -1)¢ (o) .  MW42
e max =— 23
(1—-ar)wyq >
and
X1W42

(a2 — a1 = 1) @' (VOH ) ax = A=) (24)

can rewritten in a form allowing to obtain an explicit expression for the acid site density at
which the maximum in TOF is observed:

In ke 2
_ —a2)W41
(pH*)max - [(“2_41 _1)4)/‘| (25)

When the Polanyi parameters of the steps are equal to each other, Equation (25) can
be simplified:
(-nwy 72
w2

(P/

In

(pH+ )max = (26)

Figure 1 illustrates that the value of the acid site density at which maxima in the TOF
are observed depends on the values of the Polanyi parameter and the frequencies of steps.
The latter implies that not only the rate constants vary depending on the catalyst, but also
the concentrations of reagents can have an impact on the experimentally observed values
of the acid site density corresponding to the maxima in TOFE. For high values of the Polanyi
parameter (e.g., 0.75), such dependence will be less pronounced.

Comparison of the experimental data for reactions occurring over catalysts with dif-
ferent acid site density is typically performed at the same values of the reaction parameters
(i.e., temperature and concentration of reagents). The current theoretical analysis highlights
that the acid site density, at which TOF exhibits a maximum, is a function not only on the
catalyst, but the process parameters as well. This apparently urges a detailed experimental
exploration of this hypothesis.
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Figure 1. Dependence of (0p+ ) ax (¢ )2 as a function of the ratio of the frequencies of the first and
second steps in the forward direction according to Equation (26).

4. Christiansen Sequence

An extension of the reaction mechanism discussed above is a Christiansen sequence
containing a linear step of isomerization in the adsorbed state [26]:

1.*+A1 < *[1 + By
25 < *p

3.+ Ay~ *+ By

A1+Ay < B +B)

(27)

Such a type of generic mechanism can be relevant in the context of skeletal isomeriza-
tion, cracking or alkylation reactions. In a simplified treatment of this reaction mechanism,
it can be assumed that & 7, OF the increment of the electrostatic contribution to the Gibbs
energy upon adsorption on the acid sites is the same for both intermediates I and I,.

The equilibrium constant of the first step is then

Ky = kyae 19 VP [k gl VRIT = K ge™ ¢ VPHT (28)

For the third step of Equation (27), it can be written as
K3 = ke =)0 VPHT /k_3e 0P VPHT = K3 0¥ VPHT (29)
As the overall constant K = K;K;K3 does not depend on the acid site density, it is

apparently clear that for the isomerization step 2 in (27), the equilibrium constant does not
depend on the acid site density either.
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An expression for the three-step Christiansen sequence with linear steps is well-
known [25,27]:

W1WyoW43 — W_W_rW_
TOF = 17-27-3

(30)
WoWy3 + W _3W4y +W_3W_3 + Wy3Wyl +W_1W43 + W_1W_3 + W W4y + W 2wy +W_2wW_1

With the frequencies of steps in the particular case of the three-step reaction on
acid sites,
wig = ke MOVPHI Cp g = k07O VPT Cp
Wiy =kipw o=k o (31)
w43 = k+3€(1_“3)(”/WCAZ;w73 = k73€_“3(”/\/p?c32

When in the reaction mechanism all steps are irreversible Equation (30) can be further
simplified to
k i1k ok gm0 =09 VPit Ca,Ca,

TOFy+ = 7 7 7
H k+2k+3e(1_“3)"’ VPHE C 4, + k+1k+3e(1_"‘3_"‘1)¢ VPHTCyp Ca,y + k1k 0o 19 VPHF Cy.

(32)

Often, the value of the Polanyi parameter is equal to 0.5 [25], implying that
a1 = a3 =a =05and

ki1ki2ki3Ca,Ca,

TOF,: — : ,
" kok 3609 VPEEC Y, + Ky ke Y VPHF Cyy + K1k 13Ca,Cay

(33)

The acid site density can be determined in a similar fashion as for the two-step
sequence (Equation (20)), giving

Y s T

d(1/TOFy+) = + =0 >
( H+) ( Wy W3 ) o
Thus,
A=) 000 (VP e — — % =29 (VP = (35)
w41 w43

leading to an expression of the acid site density at the maximum TOF when the Polanyi
parameters are equal to 0.5.

aw.q 2 w 2
_ In (1_“;—“]4—3 _ In TE (36)
PH+max = 74), = 7(Pl

Similar to the treatment above, the acid site density, at which TOF exhibits a maximum,
depends on the frequencies of steps and thus process parameters.

The treatment above considered that the increment of the electrostatic contribution to
the Gibbs energy of adsorbed species is the same, which should not be necessarily the case
upon adsorption on the acid sites for both intermediates I; and I.

In such an instance, instead of Equation (8), the relevant expressions for intermediates
I1 and I, will be

Nae? |nN Npe? |nN
r_ A A1 _ A A
¢n = (5ZH+ )11 4rrege \| 4Sn,” Pr (5ZH+ )12 4repe \| 4Sn, 37)
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resulting in the expressions for turnover frequencies of steps 1 and 3 of the reaction
mechanism (27):

_ / _ /
Wiq = ke 190 VPiT Cajw_q = k,1e(1 a)en ' /PaT Cs,;

_ / _ ! (38)
Wiy = k+3e(l a3) 91, \/Pu+ Cayjw_3 = k_ge %3P0 VP Cg,
Considering the modified equilibrium constant of these steps,
! !’
Ky = Kye 1 vPHT; Ky = Kz ge?2 VP (39)
An expression for the equilibrium constant of the second step is
! ! !/ !
Ky = K/K1K3 — Ke(‘P11 91, )‘/pH+/(K1,OK3,O) — KZ,Oe((PIl 91, INVPHT (40)
Implying that
Wyp = k+ze(lfa2)((Pll,itplzl)\/pHJr,-a]iz _ k,zefw(wlligolzl)‘/pH* (41)
For the three-step catalytic sequence of all irreversible steps, it holds that
— ky1k 2k 3Ca, Ca el 100+ (1703)0n +(1=02) (g1 "=91 ") VP )
HE k+2k+3CA2€((1*0¢2)(4111’*¢12’)+(1*0¢3)¢12’)\/PHT + k+3k+1CA1CAZE((F%)(“ZL“WH/)\/MT +k+1k+2CAle(*a1<P11’+(1*0¢2)((P11’*¢12’))\/PH7+
which for a1 = ap = a3 = « = 0.5 is simplified to
ki1ki2ki3Cy, C
TOFy. = +1K4+2K4+3C4, L4, 43)

k+2k+3CA2€O'5(ml/ VPt +k+3k+1CA1CAZEO'S(%/#P“/) VPrt +k+1k+2CAle(_O.5(PIZ,) Pt

Apparently, Equation (43) also exhibits a maximum in TOF as a function of the acid site
density, the determination of which requires solving the following rather
complex equation:

05)pn" o+ O05(en'=en ) opr  (=0591") /Pyt

e 1 e 2 1 e 3

d(1/TOFy+)" = ( + + ) =0 (44)
W41 W2 W43

5. Parallel Reactions: Coupling between Cycles

The conceptual ideas in the analysis above can be applied to elucidation of the influ-
ence of acid site density on selectivity in parallel and consecutive reactions.

First, the case of kinetic coupling between catalytic cycles will be considered with a
joint reaction intermediate:

1¥+A; %11 + B 1 1

2.*L+Ay & *+By 1 0

3.*11+A3<—>*+B3 01
N(l)Al+A2<—>B1+B2}N(2)A1+A3(—>B1+B3

(45)

The reaction scheme in Equation (47) reflects two reaction routes, N and N®, taking
place simultaneously. On the right-hand side of the equations for the steps, the respective
stoichiometric (Horiuti) numbers are given, which should be multiplied by the equations
of steps to yield the chemical equations along the different routes. For example, after
multiplying the equations of the first and the second steps in Equation (45) by unity and
the third step by zero and summing up all concentrations on the left and right sides,
concentrations of the surface species are cancelled, giving the equation for the first route,
ie., A1 + A2 < B1 + B».
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A chemical example of such a mechanism can be the formation of carbocations in
the first step with the subsequent splitting of different carbon—carbon bonds. For the sake
of simplicity, just the irreversible steps in Equation (45) are considered. It can be easily
demonstrated using the steady-state approximation,

dl, /dt =0 (46)
that
rn=ry+r3 47)
leading subsequently to
rg, = Wi1W42 _ k+1cA] k-‘rZCAz (48)
P wptwiatwis kyCap +kiaCa, +h3Ca,
rg, = Wi1W43 _ k+1CA1 k+3CA3 (49)
P wptwiatwis kyCap tki2Ca, +h3Ca,
The overall rate is
—ra, = Wi ((‘JJrZ + OJ+3) (50)

Wyl T+ Wy + w3

Selectivity to a product B, can be easily obtained from Equations (48) and (49), giving

kioC
Sp = — 22 = 2 (51)
rg, + 7B, ky2Ca, +ky3Ca,

Analogously, it holds for the forward reaction of the second and third steps similar to
Equation (15) that

ko) = kioel ™ OVPRT, kg ey = kyge1-0)9 VPiT (52)

Dependence of selectivity on the acid site density for the simplified case of three
irreversible steps is thus

S kigel! 20 VPIT Cy, ! (53)
B k+26(1*“2)4’/\/PH+ CAz + k+3e(1*“3)4’/\/PH+ CA3 a 1+ 7]?3%6(“27&3)4)’ O+
+2C4,
while the ratio between the products is defined as
"By _ Me(“z—%)(PI\/PHJr (54)
rg,  k42Ca,
The latter equation can be linearized as
r ki 3C
2= T (a2 - )9 Ve (55)
B, k2Cy,

allowing to relate the rates and subsequently the ratios between products with the square
root of the acid site density. Figure 2 illustrates the successful implementation of
Equation (55) to treat the experimental ratio of 4R and 4S chromenols obtained from
the Prins cyclization of (-)isopulegol with acetone [19] as a function of the square root of
the total acid site density.
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Equation y=a+b*x
Plot InR/IS
Weight No Weighting
Intercept 0.50338 + 0.46502
Slope 0.13566 + 0.03495
2 . 50 — Residual Sum of Squares 0.01308
Pearson's r 0.86653
R-Square (COD) 0.75088
Adj. R-Square 0.70105 n
|
—~
) 2.25
~~
o
N—r
= |
2.00
1.75 H
! I ! I ! I ! I ! 1
12.0 12.5 13.0 13.5 14.0 14.5

sqrt of the acid site density

Figure 2. The ratio of reaction products in the Prins condensation of isopulegol with acetone as a
function of the total concentration of acid sites. Points—experimental data from [19], calculations—
Equation (55). The calculated values of In(ky3Ca,/ky2Ca,) and (az — a3)¢’ are respectively
0.50338 + 0.46502 and 0.13566 + 0.03495.

6. Parallel Reactions: Separate Cycles

The mechanism given by Equation (45) represents an example of a catalytic sequence
with a joint edge connecting the nodes of the graph (Figure 3a) using the formalism of
the graph theory [27]. One route shown in Figure 3 comprises steps 1 and 2, while in the
second route besides step 1 common for both routes, step 3 is involved.

On the contrary, in the mechanism with two parallel routes featured in Figure 3b, there
is only one common node corresponding to the vacant acid site and separate cycles with
stepss 1, 2 and 3, 4. Subsequently, in the most general case, the reaction mechanism can be
written in the following way:

1*+A;1 %11 + B 1 0
2.*[1 + Ay <> *+ By 1 0
3*+A; & *L+By 0 1
4. %[ + Az<> * + By 01
NO: A} + Ay <3 By + By; N@: Aj + Az <> B3 + By

(56)

There are obviously many variations of the mechanism in Equation (56), such as the
cases when A is the same as A3 reflecting for example different adsorption modes through
different functional groups, or when B is the same as B3. The corresponding equations can
be easily derived from a more general consideration.
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Figure 3. Mechanisms of parallel reactions: (a) with kinetic coupling and a joint edge, (b) with one
joint node. Aq,A;,A3,Ag—reactants, By,B,B3,B4—products.

For the sake of simplicity, steps 2 and 4 are considered irreversible, giving

ki1Ca
01, = L 6y; 6, =
BT k1Cp, +kaCay 2

ki+3Ca,
](,3CB3 + k+4CA3

fo (57)

where 0 is the coverage of vacant site and 0y,, 0}, are coverages of respective intermediates.
The rates along different routes can be calculated considering the site balance resulting this in

ki1Caki2Ca, 1 ki3Ca kyaC 1
N =y, = F1CanCa, 1one) Fig— +3Ca kpaCay 1 (58)
k,1CBl + k+2CA2 D k73CB3 + k+4CA3 D
with o C fonC
D=1+ +1%A; +3%Aq 59
k,l(:B1 + k+2CA2 k_3C33 + k+4CA3 (59)
The ratio between the rates along different routes is thus
N _ k+1k+2CA2 k73CB3 + k+4CA3 (60)

rN@)  k 1Cg +k2Ca,  kiskysCa,

The expressions for the rate constants as a function of the site density follow from the
general considerations discussed above, giving

kiq= k’+le_“1¢ll/*/pH+,‘k,1 _ k’,le(l_“1)¢11,*/pH+;k+2 _ k/+28(1—oc2)q)11’\/PH+;

ks = k’+3e7"‘3q’12,‘/pH+;k_3 _ k/_3e(1—u3)9012’\/PH+’.k+4 _ k/+4e(1fa4)q012’\/PH+ (61)
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The ratio of rates takes a relatively complicated form:

AN() _ k’+1k/+2e(1_“2_“1)q)11/WCAZ k/,3e(1_“3)¢12/\/pH+ Cg, +k’+4e<1_“4)(’)12/\/pH+ Ca,

!/ ! / (62)
N(2) k’+3k’+4e(1_“4_“3)q)’2 VPH+ CA3 k’,1e(1_“1)4”1 VPu+ CBl + k’+ze(l_“2)q”1 N/ CAZ

An expression similar to Equation (54) can be obtained when all steps are irreversible
with, however, different dependencies on the concentration of substrates:

N — k/+1 6(04370(1)4’11/ P+ (63)
rN(2) K i3

Equation (63) can be also linearized in the same way as Equation (55).

7. Consecutive Reactions

The last example is related to a network of consecutive reactions as visualized in

Equation (64):
1*+A=*A 1 10
2.*A—*B 110
3.*B=B+* 1 0 —1
4.*B—=*C 0 1 1 (64)

5*C=*+C 0 1 1
ND: A+ B, N?D: A CNO®:Bes C

To make the illustration more apparent, only two products are considered and more-
over steps 1, 3 and 5 are considered to be at quasi-equilibria and steps 2 and 4 are assumed
to be irreversible. The expressions for the rate and equilibrium constants naturally follow
from the considerations above:

Ky = Kje™ ?4'VPu+; K3 = Kye?s VP K = KgefC' VPu+ ©5)
kip = k’+ze(1*0éz)(4’A’*90B')\/fmi+; kig= k’+4e(1*0¢4)(¢3'*¢c')\/m{7+
It should be noted that the routes NV to N® are not independent ones, as route N©®
can be obtained by the subtraction of route NV from the route N as discussed previously
in the literature for similar reaction networks [28]. Subsequently, the reaction network can
be described with just two routes having the reaction rates

N _ ki2K1Caq N k+4K5'Cp (66)
KiCa + K3 1Cp + K5 1Cc” KiCa + K5 'Cp + K5 'Cc
which should be solved together with the generation equations for the components
_1dCa _ o, 1.dCp o N© 67)

=7 ; P
Ocat dt Ocat dt

where p¢,; is the catalyst bulk density. Subsequently, selectivity toward the product B can
be obtained

-1
NO _ NG B k+4K51CB L %k/+2(1</3) e(1=22)(9a"=98") /Pt p— 98’ P+

= = 68
AN ki 2KCx Cy k/+4K'16(1—"<4)(‘PB,—(PC/)\/PH-#e—(PAI\/PHI (68)
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. —1
55 =1 CBR12(K) (1w’ —gn)- (1) (o' ~oc )+ o4~ VPRT (g9
CA k’+4K1

which can be written in the following way:

Sp =1— MeMPu+ bl (70)
Ca Ca
With the expressions for constants,
X K/ -1
M = K2 ams  pperver 1)
k’+4K1
A= ((1-a)(pa"— ¢8') — (1 —as)(95" = oc’) + (94" — 95")) (72)

Equation (70) gives a possibility to describe dependence of selectivity to the reactant B
concentration as a function of conversion derived previously in the literature for a similar

case [29]:
1 1 ’
Sp=1—qp5|1-9" —(1-9)] (73)

where ¢ is the conversion. Equation (73) can be presented in a more explicit form:

1 1

/\\/pH+
Sp= ———  —|(1-05)Me
B 1 — MeMPu+ 6 [( )

- (1-9) (74)

As visible from Figure 4, selectivity declines with an increase in the value of M, which
reflects in essence how fast the second route is compared to the first one. At the same level
of conversion, a higher acid site density will apparently result in low selectivity.

—M=05

1.0+

0.8

0.6

Selectivity

0.4

0.2

0.0 T T T T :
0.0 0.2 0.4 0.6 0.8 1.0

Conversion

Figure 4. Dependence of selectivity vs. conversion according to Equation (73) for different values of M.

An analytic expression for the concentration of the intermediate product B in a con-
secutive reaction network of the type presented in Equation (64) was derived in the litera-
ture [29]:

M/
1 Cx

Cp = ( T_
1- M (C%)M 1

—Ca) (75)
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where CY is the initial concentration of the reactant A. If the initial concentrations of
B and C are equal to zero, the concentration of the component C easily follows from the
reaction stoichiometry:

Cg+Cc = C%—CA (76)

giving thus an expression for the ratio between the final and the intermediate products:

!

CO — Cp— o (—SA— —Cp)
Ce _ MR )M _ . (- o
Cp cy a 1-M _—(1-5
B 1—1M/((C0 )AM’—l _CA) ( ) ( )
A

Equation (77) presents a dependence of the ratio between the final and the intermediate
products as a function on conversion 6 and can be used in a more explicit form illustrating
a dependence on the acid site density:

Cc (1 — MeMVPEt)s
G T (78)
(1-96) —(1-9)

As an example of Equation (78) utilization to treat the experimental data, the ratio
of iso to normal hydrocarbons obtained in transformations of syngas over mesoporous
H-ZSM-5 supported cobalt nanoparticles [30] is considered. In that study, the materials
were prepared with a different degree of proton exchange, which serves as a proxy for the
acid site density. Obviously, the reaction network is much more complicated, but for the
illustration properties, the iso compounds can be considered the final, while the normal
hydrocarbons the intermediate, products. The experimental data in [30] were reported
at the same conversion of ca. 30%, thus allowing to probe directly the applicability of
Equation (78). The calculations along with the experimental data are presented in Figure 5,
clearly confirming that an equation of type (78) can explain the distribution of products in
a consecutive reaction in a quantitative way with high precision.

Equation y=1+(1-M*exp(lambda*sqrt(x)))delt

2.0 030
delta
lambda’ 056033 + 0.0583
M 3.9529+0.17588 =
Reduced Chi-Sqr 0.00489
R-Square (COD) 097319
Adj. R-Square 096426
§e)
=]
© 1.5
@©
£
o
c
~
o
2
1.0+
]
T T T r T
0.0 0.5 1.0

degree of proton exchange

Figure 5. Dependence of the ratio of iso to normal hydrocarbons vs. a degree of proton exchange in
transformations of syngas over mesoporous H-ZSM-5 supported cobalt nanoparticles. The experi-
mental data are digitalized from [30].
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