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The catalytic behaviour and steady-state redox properties of
the precipitated silica catalyst in methane to formaldehdye par-
tial oxidation (MPO) are addressed and basic relationships bet-
ween the activity–selectivity pattern and operating conditions of
the MPO process are outlined. A set of model equations, account-
ing for the influence of any experimental parameter (i.e., T, P,
PCH4/PO2 ratio, τ ) on the steady-state conditions of the catalyst
surface and activity–selectivity pattern, constitutes a theoretical
background for catalyst optimization and engineering of the MPO
reaction. c© 2002 Elsevier Science (USA)
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INTRODUCTION

The large number of research papers focused during
the last two decades on the catalytic partial oxidation of
methane to formaldehyde (MPO) allowed the peculiar
functionality of the silica surface towards HCHO formation
to be highlighted (1–4). The preparation method affects the
catalytic performance of commercial silica samples (1, 2,
5, 6) according to the activity scale

precipitation > sol–gel > pyrolysis,

as it determines a different density of “strained siloxane
bridges” previously claimed to be the active sites in MPO
(1, 6). Yet, recent studies on the origin of the catalytic func-
tionality of silicas (7, 8) really pointed to constitutional Fe3+

ions, incorporated into the matrix during preparation, as
the active component enabling the occurrence of redox cy-
cles under MPO conditions (7–9). In particular, we found
that isolated Fe3+ ions on silicas are responsible for the
main reaction path leading to HCHO formation, whereas
aggregated Fe3+ species mostly yield COx (7–9). Actually,
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due to a relatively high level (300–400 ppm) of iron im-
purities (7, 8), the bare precipitated SiO2 Si 4–5P (Akzo
product) features the best activity–selectivity pattern and
HCHO productivity (STYHCHO) in the range 650–750◦C
(5, 7–11). That is, by adopting a “continuous flow recircu-
lation” reactor configuration, CH4 conversion of 35–60%
coupled to HCHO selectivity values of 30–56% were at-
tained in the range 650–700◦C (10). This promising catalytic
performance of the “precipitated” silica catalyst prompted
us to investigate in some detail the kinetics and mech-
anism of the MPO reaction (12, 13). Namely, since re-
dox properties play a crucial role in the catalytic pattern
of oxide systems in oxidation reactions (14, 15), we per-
formed a thorough investigation into the steady-state of the
catalyst surface by reaction temperature oxygen chemisorp-
tion (RTOC), which allowed the kinetics and mechanism
of the MPO reaction on the precipitated silica to be high-
lighted (12, 13). Indeed, a formal Langmuir–Hinshelwood
kinetic model, accounting for the competitive activation of
both CH4 and O2 molecules by a push–pull or concerted
reaction pathway, has been proposed (12–14). Further, on
the basis of activation energy values of the redox steps, we
stressed that methane activation (Ered = 112 kJ · mol−1) is
the rate determining step of the MPO on silica catalyst,
whilst the oxygen replenishment process (Eox ≈ 20 kJ ·
mol−1) is practically a nonactivated reaction step (12, 13).
Though such a formal kinetic model allowed successfully
prediction of both reaction kinetics and steady-state con-
ditions of the catalytic surface under a wide range of
experimental conditions (12, 13), basic relationships ac-
counting for the activity–selectivity pattern and HCHO
productivity of a silica-based catalyst, in a perspective
of engineering the MPO reaction (9), were not explicitly
outlined.

Therefore, this paper aims to provide a thorough de-
scription of the activity–selectivity pattern of silica-based
catalysts in MPO as a function of operating conditions
and physicochemical properties of the catalyst, represent-
ing thus a basic tool for future catalyst development and
engineering of the MPO process.
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METHODS

The commercial precipitated silica sample (Si 4–5P
Grade, Akzo product; SABET, 380 m2 · g−1) was used as
catalyst. Activity data at 650◦C were obtained using a
quartz tube linear reactor (inner diameter, 4 mm) oper-
ating either in batch or continuous flow mode, according to
the procedures elsewhere described (7–13). The tests were
performed using a catalyst sample of 0.050–0.200 g (16–
25 mesh) and the reaction mixture He/N2/CH4/O2 in the
molar ratio 6/1/2/1 flowing at rates ranging between 100
and 1000 stp cm3 · min−1, which accounts for a contact time
between 0.008 and 0.08 s. All the gaseous products were
analysed online by a HP 5890A gas chromatograph, while
HCHO was cumulatively determined at the end of each run
by gas chromatography analysis of the condensed (−2◦C)
reaction products (i.e., HCHO in water) (12, 13).

RESULTS AND DISCUSSION

By evaluating the influence of the PCH4/PO2 ratio on the
density of reduced sites (ρ) of the silica surface at 650◦C
under steady-state conditions by RTOC measurements
(12, 13), we previously concluded that the MPO on si-
lica catalysts proceeds via a two-site-dissociative activation
mechanism of CH4 and O2 molecules, pointing to the oc-
currence of the irreversible surface reactions

CH4 + 2ρ-O
kred−→ HCHO + H2O + 2ρ, [1]

O2 + 2ρ
kox−→ 2ρ-O, [2]

where ρ and ρ-O represent reduced and oxidised forms
of the active sites, while kred and kox are the kinetic con-
stants of the related surface reactions (12, 13). Actually, the
occurrence of the above redox cycle leads to the stabil-
isation of the MPO catalyst in a partially reduced state,
enabling the surface uptake of gas-phase O2 under steady-
state conditions (12–15). Taking into account the relation-
ships

[ρ] + [ρ-O] = [ρ0], [3a]

[ρ] = [ρ0] · θred, [3b]

[ρ-O] = [ρ0] · (1 − θred), [3c]

with θred the fractional density of reduced sites (e.g.,
[ρ]/[ρ0]), at the steady state, since the diffusion rate of bulk
O2− ions across the SiO2 lattice under MPO conditions is
negligible (1, 3, 10–13, 16, 17), the mass balance of active
sites allows the following equation to be written:

kox · PO2 · ρ2
0 · θ2

red = kred · PCH4 · ρ2
0 · (1 − θred)

2. [4]
Then, the fractional density of reduced sites (θred) is given
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by the formula

θred =
√

kred
kox

·
(

PCH4
PO2

)0.5

1 +
√

kred
kox

·
(

PCH4
PO2

)0.5 , [5]

which signals a square-root dependence of the surface re-
duction degree (θred) on the PCH4/PO2 ratio (12, 13). Fur-
ther, since reactions [1] and [2] are irreversible, the rate
of methane conversion (rateCH4) at the steady state must
equal that of reaction steps [1] and [2]:

rateCH4 = kox · PO2 · ρ2
0 · θ2

red = kred · PCH4 · ρ2
0 · (1 − θred)

2.

[6]

Substituting the θred value obtained by Eq. [5], the fol-
lowing basic rate equation for the MPO reaction is obtained
(12, 13):

rateCH4 = ρ2
0 · kred · PCH4(

1 +
√

kred·PCH4
kox·PO2

)2 . [7]

Denoting methane conversion as the ratio between reaction
rate (rateCH4) and feeding rate (FCH4),

XCH4 = kred · PCH4 · ρ2
0 · (1 − θred)

2

FCH4

, [8]

and considering that PCH4 = Ptot · χCH4 and FCH4 = Ftot ·
χCH4 , Eq. [8] becomes

XCH4 = Ptot

Ftot
· kred · ρ2

0 · (1 − θred)
2, [9]

provided that XCH4 ≤ PO2 , in/PCH4 , in.
This relationship implies that at a given temperature T ,

methane conversion (XCH4) depends ultimately on the pro-
cess conditions (e.g., Ptot/Ftot), with kred and θred being re-
lated to the nature of the oxide catalyst and redox potential
of the reaction mixture (12–15).

However, the catalytic nature of the consecutive oxida-
tion of HCHO to CO and CO2 (1, 2, 10–13, 16, 17) implies
that also the product distribution should depend on the
concentration of active sites (12–14, 18, 19). In fact, disre-
garding the further oxidation of CO to CO2, which on silica
catalysts proceeds slowly (1, 5, 12, 13, 15), the rate of the
consecutive oxidation of HCHO to CO according to the
stoichiometry

HCHO + ρ-O
k ′

red−→ CO + H2O + ρ [10]

can be expressed as

rateCO = k ′
red · PHCHO · ρ0 · (1 − θred), [11]

′
where kred is the kinetic constant of the surface reac-
tion between HCHO and the oxidised active sites (ρ-O).
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Then, the selectivity to HCHO (SHCHO) can be denoted
as the ratio between the rate of HCHO formation (i.e.,
rateCH4 − rateCO) and the overall rate of CH4 conversion,

SHCHO =
[

kred · PCH4 · ρ2
0 · (1 − θred)2 − k

′
red · PHCHO · ρ0 · (1 − θred)

]
kred · PCH4 · ρ2

0 · (1 − θred)2
,

[12]

which can be simplified into the following relationship:

SHCHO = 1 − k ′
red · PHCHO

kred · PCH4 · ρ0 · (1 − θred)
. [13]

In general terms, PHCHO can be expressed as:

PHCHO = X̄CH4 · PCH4 , [14]

where for X̄CH4 , on the assumption of a differential con-
version level (<1%), the arithmetic average value of XCH4

(e.g., XCH4/2) can be taken. Then, combining Eqs. [9], [13],
and [14], the final expression for derivative changes in
HCHO selectivity becomes

SHCHO = 1 −
[

k ′
red

2
· Ptot

Ftot
· ρ0 · (1 − θred)

]
, [15]

while that for the CO selectivity (SCO) results in

SCO =
[

k ′
red

2
· Ptot

Ftot
· ρ0 · (1 − θred)

]
. [16]

These last two equations indicate that also the product dis-
tribution in the MPO reaction is definitively affected by the
process conditions, as k ′

red is still related to the nature of the
catalyst (12, 13).

From a practical point of view, the above relationships
imply that the activity–selectivity pattern of silica catalysts
in MPO can be predicted and tuned by a suitable design
of the process conditions. In addition, Eqs. [9], [15], and
[16] provide a basic explanation to the experimental depen-
dence of conversion and selectivity both on contact time (τ)

and steady-state conditions of the catalyst surface (9–19).
Indeed, a rise in contact time (i.e., τ ∝ F−1

tot ) implies an in-
crease in both XCH4 (Eq. [9]) and SCO (Eq. [16]) and a
parallel decrease (Eq. [15]) in SHCHO. Moreover, it is out-
lined that a deeper reduction of the catalytic surface enables
higher SHCHO values (SHCHO → 1 per θred → 1), according
to the general pattern of catalytic selective oxidation reac-
tions (12–14, 18, 19).

At least, combining Eqs. [6] and [15], the following math-
ematical relationship for HCHO productivity (STYHCHO)

is found:

STYHCHO
(
g · kg−1

cat · h−1)= α · kred · PCH4 · ρ2
0 · (1 − θred)

2

·
[

1 − k
′
red

2
· Ptot

Ftot
· ρ0 · (1 − θred)

]
, [17]
where α = 10.8 × 106 g · kg−1
cat · h−1 · (mol−1 · gcat · S).
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FIG. 1. Partial oxidation of methane to formaldehyde. HCHO pro-
ductivity (STYHCHO) vs total concentration of active sites (ρ0) at 650◦C
(PCH4, in/PO2, in = 2) as calculated using Eq. [17] on the basis of kred, θred,

and k ′
red values of the precipitated SiO2 Si 4–5P catalyst (12, 13).

Since the reaction rate (rateCH4) rises according to a
second-order relationship with respect to the concentration
of active sites (ρ0), while the HCHO selectivity decreases
with ρ0 by a third-order dependence, productivity will sud-
denly increase with ρ0, as shown in Fig. 1, where, assum-
ing k ′

red (vide infra), kred (9.0 × 107 g · mol−1 · s−1 · atm−1),
kox (1.9 × 1010 g · mol−1 · s−1 · atm−1), and θred (0.08) values
previously determined at 650◦C for PCH4/PO2 = 2 on the
studied catalyst (12, 13), the trend of the STYHCHO vs ρ0 is
outlined. Notably, such a finding signals that the STYHCHO

of silica-based catalysts would be timely, promoted by a
preparation route enabling higher concentrations of MPO
active sites (7–9, 20).

A complete description of the activity–selectivity pattern
of the precipitated silica catalyst to attain a proper design
of the MPO process still lacks basic relationships relating
SHCHO to contact time (τ) and methane conversion (XCH4).
In this respect, it has been previously shown that SHCHO

depends on the Ptot/Ftot ratio and on PHCHO, whose value
is actually a function of XCH4 . Thus, an integral expression
for SHCHO can be obtained assuming that the catalytic bed
behaves like a semibatch reactor with continuous feeding
of the reaction mixture. In such a case, the same model
equation accounting for the kinetics of homogeneous

consecutive reactions (A → B → C) in a batch reactor
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system,

SB = K1

(K2 − K1)
·
(
e−K1·t − e−K2·t)(

1 − e−K1·t
) , [18]

should match the influence of contact time on SHCHO, pro-
vided that A, B, and C stand for CH4, HCHO, and CO,
respectively, and that reaction time (t) is replaced by the
Ptot/Ftot (atm · mol−1 · s · gcat) parameter. Accordingly, with
the kinetic constants K1 and K2 in such a case being equal
to [(kred) · (ρ0)

2 · (1 − θred)
2] and [(k ′

red) · ( ρ0) · (1 − θred)], re-
spectively, the following expression for SHCHO vs Ptot/Ftot

is found:

SHCHO = kred · ρ0 · (1 − θred)

[k ′
red − kred · ρ0 · (1 − θred)]

·
(

e−kred·ρ2
0 ·(1−θred)2·

(
Ptot
Ftot

)
− e−k

′
red·ρ0·(1−θred)·

(
Ptot
Ftot

))
(

1 − e−kred·ρ2
0 ·(1−θred)2·

(
Ptot
Ftot

)) .

[19]

Further, deriving the value of the Ptot/Ftot parameter from
Eq. [9],

Ptot

Ftot
= XCH4

kred · ρ2
0 · (1 − θred)

2 , [20]

results show that HCHO selectivity is also related to CH4

conversion by the following equation:

SHCHO = kred · ρ0 · (1 − θred)

[k ′
red − kred · ρ0 · (1 − θred)]

·

(
e−XCH4 − e

−k
′
red · XCH4

kred · ρ
0

· (1 − θred)

)
(
1 − e−XCH4

) . [21]

Then, the trends of CH4 conversion and HCHO selectivity
vs the Ptot/Ftot ratio and that of SHCHO vs XCH4 , as calculated
using Eqs. [9], [19], and [21], are compared in Figs. 2A and
2B, respectively, with experimental XCH4 and SHCHO data
at 650◦C and at different contact times. The good agree-
ment between experimental and calculated data is the most
relevant proof of the reliability of the above model equa-
tions in predicting the behaviour of MPO catalysts, while
the nonlinear regression analysis of the above curves pro-
vides a k ′

red value equal to 2.55 × 103 atm−1 · s−1. Moreover,
the empirical inverse relationship between SHCHO and CH4

conversion, generally valid for MPO reactions (1–5, 10, 11,
18–20), is highlighted on a scientific basis.

It appears that the above relationships provide a compre-
hensive mathematical description of the activity–selectivity
pattern of MPO catalysts on the basis of kinetic parameters

related to both redox properties of the silica catalyst and
CH4 TO HCHO PARTIAL OXIDATION 235

FIG. 2. Partial oxidation of methane to formaldehyde. (A) Theo-
retical curves (Eqs. [9] and [19]) and experimental HCHO selectivity
(SHCHO, �) and CH4 conversion (XCH4 , �) data of the precipitated SiO2

Si 4–5P catalyst at 650◦C vs contact time (Ptot/Ftot ratio). (B) Theoretical
curve (Eq. [21]) and experimental SHCHO vs XCH4 data of the precipitated
SiO2 Si 4–5P catalyst at 650◦C.

operating conditions. That is, the above set of equations
constitutes a scientific background for catalyst development
and engineering of the MPO reaction, representing a ba-
sic contribution to catalysis and process design of selective
oxidation reactions.

CONCLUSIONS

The activity–selectivity pattern and surface properties at
steady state of precipitated silica catalysts in MPO have
been studied and thoroughly related to the physicochemi-
cal properties of the solid and operating conditions (T , P ,

PCH4/PO2 , τ ).
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In particular, the main results of this work can be sum-
marised as follows:

• The density of reduced sites of the catalyst under
steady-state conditions depends on the square root of the
PCH4/PO2 ratio.

• Basic equations account for the dependence of CH4

conversion and HCHO selectivity on contact time; the ori-
gin of the inverse relationship between HCHO selectivity
and CH4 conversion is also highlighted on a formal scientific
basis.

• The HCHO productivity (STY) of silica-based cata-
lysts rises according to a quasi second-order dependence on
the concentration of active sites.

• A set of model equations allows a full tuning of the
MPO reaction, representing thus a basic tool for further
catalyst optimisation and process design.
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