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ABSTRACT

A structured reactor with annular configuration was applied for studying methanol oxidation to formaldehyde over silver. By eliminating gas phase reactions, high
formaldehyde selectivity (93-97%) was obtained at low methanol and oxygen conversion under practically isothermal reaction conditions. CH20 and CO; were the
only carbon containing products, and both may be claimed as primary products along with Hj. It also proves that CO is formed by homogenous decomposition of
CH20 and should not be considered a main precursor to CO3, as assumed in several reaction mechanisms. The analysis of Hy/COj ratio as a function of temperature
provides an estimate of contributions from dehydrogenation and partial oxidation of methanol, and clearly suggests presence of a dehydrogenation pathway to CH20.
Extracting kinetic parameters is challenging due to a correlation between activity, oxygen dissolution, and silver restructuring and morphology and its dependence on
temperature. Nevertheless, the data indicate 1% order with respect to oxygen. Conditioning by reaction at high temperature followed by a temperature ramp was
performed to minimize the impact of a gradually changing Ag catalyst. The resulting Arrhenius analysis implies two distinct regions of activity. The apparent
activation energy was estimated to 41 kJ/mol for the high temperature region, a value close to the activation energy for oxygen diffusion in silver at high tem-
perature. The investigation demonstrates benefits of using an annular reactor configuration in bridging lab scale investigations with industrial conditions. Collecting

reaction data at low oxygen conversion is enabled, which has not been achievable in conventional lab scale reactors this far.

1. Introduction

The silver catalyzed partial oxidation of methanol to formaldehyde
(MTF) is an essential industrial process. Formaldehyde’s largest use is in
the production of resins for the wood panel industry, but due to its versatile
nature as a chemical building-block and its high reactivity, it is applied in
the synthesis of various polymers, adhesives and chemical intermediates.
Consequently, a wide range of applications such as construction, aviation,
automotive, pharmaceuticals and cosmetics are dependent upon formal-
dehyde [1,2].

Two different process technologies are used in industrial formaldehyde
production. The silver-catalyzed process is performed over electrolytically
produced silver particles at air lean conditions and 600-700 °C, while the
process using mixed metal oxide (iron, molybdenum and/or vanadium)
proceeds in excess air and at lower temperature, 250-400 °C. The large-
scale silver-catalyzed process accounts for approximately 55% of indus-
trial formaldehyde manufacture. It is operated adiabatically at close to
atmospheric pressure by feeding a mixture of methanol vapor, steam and
air through a shallow bed of electrolytic silver with a catalyst lifetime of 4
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weeks to 12 months [1]. Contact times in the millisecond range over the
~10 mm silver bed are sufficient to ensure complete conversion of oxygen
and high methanol conversion. Albeit the fast reactions and hence a
reasonable assumption, the role of mass transfer is not clearly stated in the
research literature, i.e. there still seems to lack direct evidence for or
against the occurrence of diffusion limitations in the industrial reactors
[3]. 90-92% selectivity to formaldehyde is achieved with careful selection
of CH3OH/O, feed ratio, short residence time, addition of H,O, and rapid
quenching of reaction products. However, 8 to 10% of the methanol
feedstock is non-selectively oxidized to carbon dioxide and water/
hydrogen, representing production loss and emissions. Economic in-
centives therefore exist to improve the process selectivity beyond today’s
state of the art. The product distribution from methanol oxidation over
silver may be represented by the reaction equations below (Egs. 1-9).
Traditionally, formaldehyde formation is regarded as a combination of
dehydrogenation and partial oxidation of methanol (Egs. (1) and (2)). O
in Eq. (1) represents some form of chemisorbed atomic oxygen on silver,
although not necessarily a single species, accounting for the fact that very
low conversion is obtained in absence of O, in the feed [4-9].
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Silver takes a face centered cubic (fcc) lattice in the metallic state and
the dense (111) planes represent the preferred surface termination in
absence of adsorbates [5-7]. It is one of the metals capable of dissolving
atomic oxygen, and oxygen solubility and permeability measurements
were already performed in the early 1900s [10,11]. Electrolytic silver is
known to have a characteristic rough structure resulting from relatively
large interconnected crystallites [12-14]. Post reaction, surface restruc-
turing and pinhole formation are evident. The dissolution kinetics as well
as the Ag surface mobility are facile above the Tammann temperature
(370 °C), and pronounced morphological changes in the Ag catalyst, such
as refacetting, sintering, and annealing of grain boundaries and disloca-
tions, are therefore prevalent under MTF reaction conditions [4-7,12-22].
Incorporation and diffusion of atomic surface oxygen in the crystal lattice
may hence form a reservoir of oxygen, and do play a role in the structural
changes induced.

Understanding the mechanisms, kinetics and active sites for Equa-
tion 1-9 is crucial to improve process selectivity towards formaldehyde.
However, the actual mechanism of formaldehyde formation is disputed
and kinetic data at industrially relevant conditions are limited. Bhatta-
charyya et al.[23] investigated the kinetics of methanol oxidation over
metallic silver in the temperature range 264-290 °C at low conversion. A
tentative mechanism, applying a “steady-state-adsorption (SSA)” model,
proposed the formation of formaldehyde from oxidation of methanol by
adsorbed oxygen, whereas CO, was formed by complete oxidation of
methanol with adsorbed oxygen or oxidation of formaldehyde with
gaseous/adsorbed oxygen. The reaction order was suggested to be
dependent on feed composition and they estimated an overall reaction
order of 0.5 to oxygen and nearly zero order to methanol at low oxygen
concentration. Robb and Harriot [24] applied a diluted porous alumina
supported silver catalyst at an intermediate temperature of 420 °C. They
observed an almost zero-order dependence on oxygen (except at very
low pressures) and slightly less than first order to methanol. These
studies were performed in more conventional laboratory packed beds,
where the high conversion of oxygen prohibited the extraction of kinetic
data in the industrially relevant temperature range. It is difficult to
balance gas flow, available catalyst surface and reactor design to avoid
high conversion of oxygen at elevated temperature without introducing
thermal gradients, feed bypass or mass transfer limitations when it
comes to fast and exothermic oxidation reactions. With respect to
methanol oxidation, ensuring survival of the formaldehyde product is
also critical. Oy will consume formaldehyde through radical gas phase
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reactions at prolonged residence time with temperatures exceeding
~450 °C[3-6,9,25-28] and formaldehyde alone decomposes to CO and
H, in excess of 350 °C [2]. Moreover, varying the reactant composition
will affect the mechanistic scheme and the interaction between Ag and
oxygen, and thereby the product formation.

Wachs and Madix [25] used UHV-TPRS to study the adsorption and
oxidation of CH30H on a Ag(110) crystal surface. They found that
CH3OH adsorbed reversibly on clean Ag(110) surfaces at low temper-
ature (-75-25 °C). In the presence of pre-adsorbed atomic oxygen,
however, CH30H dissociated to form HoO and surface methoxy species.
The amount of chemisorbed methanol increased as a function of oxygen
exposure, showing that adsorbed atomic oxygen must be present to
promote formation of methoxy and the consecutive decomposition to
formaldehyde or further oxidation to carbon dioxide from a formate
intermediate. In the simplified reaction mechanism presented, chem-
isorbed atomic oxygen (O,) was claimed to be the only active oxygen
species in the mechanism and a direct reaction pathway from methanol
to carbon dioxide was not included. Similar schemes were also reported
for methanol oxidation on Ag(111) and polycrystalline silver surfaces
under UHV conditions [29,30]. Andreasen et al. [26,31] used this model
as a basis for developing a microkinetic model for oxidation of methanol
to formaldehyde and oxidation of formaldehyde to carbon dioxide . Only
one type of atomic oxygen was included in the elementary reaction
system, i.e. O claiming that this species could explain industrial
formaldehyde synthesis at steady-state conditions.

Three distinct atomic oxygen species have been proposed as resulting
from the adsorption on, and dissolution of O, in, Ag at temperatures and
pressures representative of industrial formaldehyde manufacture,
denoted O,, Og and O, [3-8,15-18,20-22,25,28-30,32-37]. These
species’ features vary in location, Ag-O bonding and thermal stability.
Molecular oxygen dissociates on the silver surface and forms the weakly
chemisorbed surface O, species. At high surface coverage, bulk-
dissolved, silver sub-oxide Oy forms from diffusion of O, into the Ag
lattice. The strongly chemisorbed oxygen species O, is discussed to
originate from Og when the latter segregates from bulk to the surface at
high temperature and exist predominantly in the uppermost layers of the
silver catalyst. The population of these species strongly depends on
pretreatment, temperature and exposure, and their relevance to various
pathways are still under debate. A significant amount of experimental
results supports the low temperature dominance (~325 °C) of O, and its
participation both in forming formaldehyde from methanol and in the
non-selective oxidation of methanol and formaldehyde to CO- (Egs. (3),
(5) and (6)) [4-7,16,18,32,38]. Qian et al. [9] also found evidence of O,
to benefit the formation of HCOOH. Since several investigations claim
the existence or importance of one oxygen species only, i.e. O, the role
of O, in the methanol oxidation is the most debated. Schubert et al.
[8,39], Nagy et al. [5-7], Qian et al. [9] and Schlunke et al. [40] iden-
tified O, as the active site for dehydrogenation of methanol (Eq. (1)),
with the continuous supply from Op being significant for the catalytic
properties. Beuhler et al.[38], van Veen et al. [32] and Waterhouse et al.
[4] agree that the transformation of Og to O, is important but implied a
highly selective oxidative pathway to formaldehyde and water (Eq. (2))
with O,, rather than the direct dehydrogenation route. Bao et al. [16]
illustrated how the presence of water could change the oxygen dynamics
on the silver surface at high temperatures. HoO was found to promote
the formation of surface O, on the silver surface, which could be relevant
for selective oxidation of methanol to formaldehyde.

To overcome the challenges associated with investigating partial
oxidation (POX) processes with fast kinetics and strong temperature ef-
fects, short contact time reactors such as annular and catalytic wall re-
actors have successfully been applied to gain kinetic and mechanistic
insight [27,41-48] . The annular reactor concept offers a controlled system
with laminar flow and negligible backmixing, close to isothermal condi-
tions, negligible mass transfer limitations and quenching/suppression of
reactions in the gas phase [43,44,48-52]. In addition, annular reactors can
help bridge lab-scale investigations with industrial operation by enabling
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kinetic investigations at high space velocity and high reaction tempera-
ture. Compared to the more traditional laboratory packed bed reactors,
large pressure gradients caused by high flow rates, and non-uniform
temperature profiles can be avoided. Most important, low conversion to
obtain insight into the primary characteristics of the reaction can be ach-
ieved without compromising on temperature and formaldehyde selec-
tivity. Cao et al. [27] investigated oxidative dehydrogenation of methanol
in microstructured reactors, and the results demonstrated the benefits of
using narrow reaction channels in the study of highly exothermic re-
actions. Their results indicated that the reaction was 0.5 order with respect
to methanol, somewhat agreeing with Bhattacharyya et al.[23], Robb and
Harriot [24] and Lefferts et al. [3], who all obtained less than first order
dependency. Nevertheless, most of Cao et al. [27] studies were performed
at 510 °C, still some way from industrial conditions and with no water feed
present. Lefferts et al. [35] showed how water affected the selectivity of the
MTF reaction, reducing the CO5 production. Qian et al. [9] also presented
the benefit of the water ballast process over methanol ballast with respect
to higher conversion of methanol and selectivity to formaldehyde.

In this paper we present results from a first annular reactor experi-
mental series of the catalytic partial oxidation of methanol to formalde-
hyde over pure silver in presence of water. A range of temperatures,
oxygen concentrations and residence times were investigated to arrive at
some direct conclusions on what may be regarded as primary and sec-
ondary products. The potential of the annular reactor concept for studying
reaction kinetics is demonstrated and some kinetic parameters can be
estimated despite interference with the abovementioned morphology
changes resulting from Ag restructuring and oxygen dissolution.

2. Materials and methods
2.1. Catalyst and experimental setup

A structured reactor with annular configuration was adapted to partial
oxidation of methanol over an Ag surface and the reactor assembly is
shown in Fig. 1. High purity, polycrystalline silver rods (99.95%; Good-
fellow) are modified to Ag catalyst tubes (ID/OD of 4/10 mm), into which
an internal quartz duct is inserted with a tight fit and a wider section below
the tube of similar diameter to keep it in place. This assembly is then
placed internally to the quartz reactor (length” 420 mm, ID”11 mm and
OD”14 mm). A quartz piece of similar radial dimensions as the catalyst and
length extending towards the inlet is also placed on top (see Fig. 1). This
geometry is intended to minimize the dead volume and changes in the flow
pattern along the whole reactor length. The gas stream flows between the
two tubes constituting an annulus with hydraulic diameter of ~ 1 mm. A
laminar regime and high linear gas velocity can be achieved with practi-
cally no pressure drop, and negligible contributions from the inside and
end surfaces of the Ag catalyst tube. A thermocouple sliding inside the
quartz duct was used to measure the axial temperature profile. A tem-
perature programmed (Eurotherm) two-zone annular furnace with preheat
and reaction sections was used to heat the reactor. The experimental setup
has stainless-steel pipelines equipped with mass flow controllers (Bronk-
horst) for synthetic air, nitrogen and helium. A pressurized stainless-steel
container is used for methanol/steam feed, which is regulated by a
liquid flow controller with an integrated evaporator (Bronkhorst).

Thermocouple
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A gas chromatograph (GC) is used for analysis of feed and product
composition (Agilent Technologies 7890A) and all pipelines following
the evaporator are heat-traced at a temperature of 120-140 °C. The GC
contains four columns; two Hayesep A columns are installed before its
two main columns, a PLOT molsieve (Ar carrier gas) to separate light
gases (Hp, O, CH4, CO and N3) and a WCOT CP-sil column (He carrier
gas) to separate compounds based on boiling point (CH4, CO2, CH30H,
CH50, HCOOH and H50). Both columns are connected to thermal con-
ductivity detectors (TCD). Nitrogen was used as internal standard and
relative response factors were estimated on the basis of calibrated gas
and liquid (CH,0/CH3OH/H50 = 37/8/55 wt%) mixtures. Due to the
challenges of HyO quantification in this system, only the carbon bal-
ances were closed within 5% deviation under all conditions. The con-
version, X, is defined as converted reactant based on the molar flow of
reactant (CH3OH, O5) converted, and expressed as a percentage:

Feuyonjo,, in — Fersom/0, ou

Xewyonyo, %] = i
CH30H/0,, in
Selectivity, S [%], based on products is used for CH,0O and CO; as
indicated below, since only two carbon products are present and C-
balances closed:

_ Femoyco,

Seorcor 4] = oo + Foor
2 2

A mass balance analysis for H and O, comparing feed analysis and
products formed, allowed the HyO selectivity to be calculated. The
presented Hy and HyO selectivities are based on the H mass balance as
the molar product flow per molar flow of methanol consumed:

FHZO/HZ‘ out

Styo/m, (%] =
2 2
Feuyon, in — Fenson, our

2.2. Experimental protocol

Several preliminary experiments for partial oxidation of methanol
over Ag in the annular (and a fixed bed [12]) reactor were conducted to
determine reference operating conditions, confirm reproducibility and
absence of homogenous gas phase contributions. A high linear gas ve-
locity and limited conversion could be realized for 20 mm long catalyst
tube (~13 g of Ag), a total flow rate of 250 Nml/min (volume gas at STP;
0 °C, 101.3 kPa), which corresponds to a linear gas velocity of 0.26 m
(STP)/s. A standard feed composition of methanol and water in air and
nitrogen with CH3OH/H20/05/N; = 8/11/3/78 molar ratio was
applied. This gives a CH30H/O5, ratio of 2.6 and H,O partial pressure
close to typical industrial conditions. Experiments were performed at
varying furnace temperatures from 540 to 600 °C at atmospheric pres-
sure to obtain an industrially relevant product distribution in the
kinetically controlled regime.

Herein, we report 4-day MTF synthesis experiments at constant tem-
perature in the range 540-600 °C using a fresh separate silver tube for
each temperature setpoint (every 20 °C). During those 4 days on stream
the effects of varying residence time (50-130 ms, 150-350 Nml/min,
0.1-0.4 m/s at STP) and oxygen partial pressure (1.5, 3 and 6 mol%) were
investigated while maintaining all other parameters constant. After the 4-
day run, each silver tube was characterized through scanning electron
microscopy (Hitachi S-3400 N, 15 kV) to analyze morphological changes.

20 mm
L)

EIl,

: D]]ODZMmm

150 mm

420 mm |

Fig. 1. Schematic of the annular reactor (L:420 mm, ID:11 mm and OD:14 mm).
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In addition, because of the changes occurring in the catalyst over 4 days,
longer (~8 days) runs with only reference conditions at furnace setpoint
600 °C were performed before stepwise cooling (every 20 °C /2h) to
500 °C. This enabled collecting kinetic data more representative of a
morphological steady-state of the catalyst.

3. Results and discussion
3.1. Effect of temperature on conversion, selectivity, and bed temperature

Results from a series of experiments at constant furnace temperature
setpoint from 540 to 600 °C, each employing a fresh 20 mm Ag catalyst
tube and maintained for 4 days on stream, are first presented. The reaction
was carried out as described in Section 2.2, switching between the refer-
ence reactant composition and flow rate, and intervals of varying only
flow or only the oxygen partial pressure. Fig. 2a-e show the methanol and
oxygen conversion, carbon selectivity to formaldehyde and carbon diox-
ide, and hydrogen to carbon dioxide molar ratio as function of time on
stream (total) under reference conditions only. The duct temperature
measured inside the quarts pocket inserted into the Ag tube is also shown
(Fig. 2f). This series illustrates some main features of the reaction and the
annular reactor concept.

The conversion of methanol (Fig. 2a) and oxygen (Fig. 2b) could both
be maintained well below 100% throughout the experiments, while the

100
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formaldehyde selectivity is 93-97% (Fig. 2c). As explained in the
introduction, incomplete oxygen conversion is difficult to realize in
fixed bed experiments under temperatures and reactant compositions
(CH30H/0O2) relevant to industrial operation. Fig. 2 hence demonstrates
that our experimental approach allowed establishing conditions where
the homogenous reactions are of no significance; essentially the annular
geometry in conjunction with two-zone heating and experimental pro-
tocol. Cao et al. [27] obtained a similar result by applying a silicon-glass
microchannel reactor coated with silver. They conducted experiments
with oxygen concentrations throughout and beyond the explosive
regime usually omitted in experiments as well as in industrial operation.
Qian et al. [9] were also able to perform fixed bed experiments with
varying oxygen conversion (30-100%) by extensive dilution of the silver
and non-isothermal operation of the reactor. The formaldehyde yields
reported at 30% and 80% oxygen conversion correspond to 8% and 87%
selectivity, respectively, due to temperature dependent formation of
formic acid and CO,. The temperature dependent trends in CH3OH and
O, conversion are otherwise as expected under kinetic control, except
for the 540 °C setpoint temperature that will be further discussed below.
This is in agreement with Waterhouse et al. [4] and Cao et al. [27] with
respect to methanol conversion. Qian et al. [9], however, reported the
conversion of methanol as almost constant in the range 525-625 °C.
No CO or formic acid can be detected in the product mixture per-
taining to Fig. 2. The only carbon products are formaldehyde and carbon

100 :
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s
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Fig. 2. Reactant consumption, product formation and catalyst temperature at standard reaction composition as a function of time on steam for different furnace
setpoint temperatures in the range 540-600 °C. a) and b) CH30H and O conversion, ¢) and d) C-selectivity to CH>O and COs, €) H,/CO, molar ratio f) measured duct
temperature within the Ag tube. Molar feed composition CH;0H/H,0/05/N, = 8/11/3/78, total flow rate 250 Nml/min, Ag catalyst tube length 20 mm.
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dioxide, their selectivities mirroring each other in Fig. 2c-d. Further-
more, experiments not shown here, with the annular reactor or with Ag
particle beds composed of commercial catalyst and mostly under com-
plete oxygen conversion, occasionally yield CO. The extent of CO for-
mation consistently correlates with high temperature (>630 °C), longer
residence time, or increased dead volume, the latter due to e.g. irregu-
larities (e.g. misaligned Ag tube) in the annulus/bed reactor geometry.
This implies that CO is not a primary product, but mainly formed via
decomposition of CHyO to CO and Hj in the gas phase. It also
strengthens the notion that the applied annular reactor concept can
suppress homogenous contributions and testifies to the importance of
avoiding these to obtain mechanistic insight. The absence of gas phase
chemistry also (partly or fully) explains the exceptionally high CH,0O
selectivity (93-97%) obtained. It is not straightforward to compare to
literature values, but to the extent of our knowledge most studies report
selectivities of less than 90% [3-6,9,28,39] while the abovementioned
report using a microchannel reactor obtained 93% [27].

Fig. 2f shows the measured quartz pocket temperature as function of
time on stream for each furnace setpoint temperature. A correlation be-
tween increased conversion and increased bed temperature is apparent,
which means that the system is sensitive to the heat produced by the re-
action itself. It should be noted that the measured temperature is ~ 30 °C
lower than the furnace setpoint, which regulates the power of the heating
element against a thermocouple placed close to the element itself. This
means that there is a radial gradient between the heating element and the
silver tube, as well as between the silver tube and the quartz pocket.
Although the largest gradient applies to the former, the actual Ag tem-
perature is always slightly higher than the measured duct temperature.
The duct measurements also indicate small temperature gradients (+5 °C)
along the silver tube but are of course affected by positioning of the
thermocouple. Estimates made by modeling (Comsol Multiphysics) of the
reactor geometry, taking into account the high thermal conductivity of Ag
as well as the heat supplied and generated, suggest that the actual tem-
perature of the silver tube is practically constant. With respect to the
annular reactor concept, it may be conjectured that isothermal conditions
are obtained across the catalyst for a given setpoint temperature, but that
the temperature measurement and regulation needs to be improved -
without affecting the experiment in other ways - to further increase the
precision.

From Fig. 2a-e it is clear that the catalytic Ag tubes have not reached
a steady-state activity level during the four days on stream, with both the
methanol and oxygen conversions continuously increasing and the se-
lectivities slightly changing. The increase in conversion most likely re-
flects a progressing and temperature dependent restructuring of the Ag
surface that is strongly impacted by oxygen dissolution. The diffusivity
of oxygen in silver increases with temperature [53,54], likewise the
mobility of silver surface atoms. Consequently, the catalyst restructuring
occurs on a shorter time scale at higher temperature. The effects become
very distinct in the present study due to the low conversions, the absence
of gas phase reactions and the application of a bulk silver tube. In in-
dustrial formaldehyde manufacture at 650-680 °C the effects of
morphological change can be less visible. But it is not possible to directly
extract kinetic parameters from this temperature series albeit low con-
versions, and the initial data points represent a catalyst far from its
conditioned (steady-)state.

The selectivity to formaldehyde initially increases with time on
stream (Fig. 2¢). This process is faster with higher temperature and
seems to go through a maximum before a slight decrease proceeds. The
time at which the maximum is reached is also temperature dependent,
with the 540 °C setpoint displaying S(CH20) > 97% and not being
passed its maximum after 90 h. The CO; selectivity is the exact opposite,
and this suggests that sites critical to formation of formaldehyde are to
some extent created initially, while the formation of CO5 is promoted by
unconditioned metallic silver at lower temperature. The latter is in
agreement with Nagy et al. [5,6], who found that no morphological
change of the catalyst is necessary for Ag to be active. The main
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reactions proceeding in the initial state were between weakly adsorbed
atomic oxygen (O,) and methanol, with CO, being favored at 300 °C and
below. They, as well as Waterhouse et al. [13], also assessed the changes
occurring upon running a fresh silver catalyst through several reaction
temperature cycles. Initially, there were prominent and varying hys-
teresis effects in the conversion and formaldehyde selectivity. Only after
several runs with the same silver catalyst, they obtained reproducible
behavior, overall enhanced conversion and CH5O selectivity, and
absence of hysteresis. Our own results from sub-reaction experiments
over Ag particle beds showed that the CO oxidation activity and the
measured catalyst temperature (670-630 °C) significantly reduced
during time on stream alongside an otherwise similar restructuring as
under methanol oxidation [12].

The small decrease in formaldehyde selectivity seen after the maximum
in Fig. 2 indicates that an equilibrated state of the Ag is still under
development for all the temperatures, but that the continued restructuring
is not associated with enhancing the formaldehyde selectivity towards
100%. What needs to be established is the extent to which the selectivity is
unequivocally affected by conversion, as may be inferred by Fig. 2c. Pre-
liminary experiments at high temperature (not shown) demonstrated,
however, that at least 85% selectivity can be sustained at complete con-
version of oxygen, but our annular reactor design was not completely
optimized to suppress the gas phase chemistry at this stage. The dynamic
relationship between Oy and O, may take some time to develop and could
also be reflected in the product distribution. As activity increases with
further restructuring, the formation of O,, said to be the selective route to
formaldehyde, may not be able to follow by the same rate and a small
increase in CO through enhanced presence of O, could occur.

The Hy/CO3 molar (Fig. 2e) ratio also reaches a maximum before
slowly decreasing for the analyses performed at 560-600 °C. As for the
CH,O0 selectivity, this proceeds faster at higher temperature, so that the
ratio is still increasing at furnace setpoint 540 °C after 4 days on stream.
The change in Hy/CO4 ratio may indicate which reaction (Eq. (1) vs Eq.
(2)) that prevails. It was not possible to independently quantify H,O
formation with the equipment applied here but the fact that hydrogen is
produced in larger amounts than CO5, with no CO detected, suggests the
presence of a dehydrogenation mechanism. A consecutive mechanism
that initially yields CH,O and H»O according to Eq. (2) and thereafter
formation of CO3 in 1:1 stoichiometry with Hy from CH,0 (Eq.6) should
give no change in the Hy/CO; ratio with varying CO, formation. Since
the formaldehyde selectivity and the Hy/CO; ratio follow the same
pattern with respect to temperature and TOS and thermodynamics
dictate that endothermic reactions will dominate at higher temperature,
it seems likely that a dehydrogenation pathway is the underlying
mechanism behind these trends.

3.2. Residence time effects

The effect of residence time was examined in the temperature range
540-600 °C by varying the total flow and keeping the reactant compo-
sition constant. The residence time is defined as the ratio of void volume
along the catalyst tube to gas volumetric flow rate (at STP). Fig. 3 shows
the effect of residence time on conversion and product selectivities for
the highest furnace setpoint temperature (600 °C, 567 °C measured duct
temperature). Both the methanol and oxygen conversions increase for all
temperatures, as expected, while little or no change in the product dis-
tribution can be observed in the range of flow rate investigated. This was
also the case for the lower temperatures (not shown), only minor vari-
ations around 95-96% in the formaldehyde selectivity were obtained at
setpoint 540 °C. Notably, neither the measured duct temperature
changed with residence time except for the 540 °C case, where a slight
increase was detected (~2 °C). The practically constant carbon product
distribution across a varying, but low, residence time regime and
29-41% methanol conversion suggests that CH2O and CO5 are primary
products of partial oxidation of methanol over Ag. Correspondingly, the
same can be said for hydrogen and possibly also water based on the H-
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Fig. 3. Conversion (CH30H and O5) and product selectivities (CH20, CO2, Hy
and H,0) at standard reactant composition as a function of residence time (total
flow rate 150, 250 and 350 Nml/min) for the highest furnace setpoint tem-
perature (600 °C, corresponding to 567 °C measured duct temperature). Molar
feed composition CH30H/H,0/0,/N, = 8/11/3/78, Ag catalyst tube length
20 mm.

balance. Lefferts et al. [3] found no significant change in conversion
(~65%) nor selectivity upon increasing the space and linear gas veloc-
ity, only an effect on CO formation increasing with decreasing flow rate
was apparent. Qian et al. [9] reported a significant decrease in formal-
dehyde yield with increasing residence time at ~ 550 °C, and attributed
this to decomposition of formaldehyde to Hy and CO in the gas phase at
high temperature. No CO was detected for the residence time variations
discussed here, but their interpretation fits well with our conjectures in
Section 3.1 above. Furthermore, due to the lack of CO, the hydrogen
formed can be assumed to be a primary product on the same level as
CH20 and COz.

3.3. Oxygen partial pressure

The effect of oxygen partial pressure on the MTF reaction was examined
by varying the concentration of oxygen (CH3OH/O4 = 1.3-5.3), balancing
with nitrogen to keep the total volumetric flow and the methanol and water
feed concentration constant. Fig. 4 shows the effect of oxygen on conver-
sion and selectivity as function of — this time — the measured duct tem-
perature. The correlation between measured duct temperature and setpoint
temperature for the different concentrations is also shown (Fig. 4h). The
former, and hence the reaction temperature, significantly increased with
oxygen concentration, which clearly demonstrates why we in this case
should consider the duct temperature upon comparing the data points. Due
to the placement of the thermocouple regulating the furnace temperature,
it proved challenging to adjust the setpoint to ensure constant duct tem-
perature at each oxygen concentration.

Similar to most previous studies [3,4,18,27,28,40], the methanol
conversion increases with increasing oxygen concentration (Fig. 4a).
Robb and Harriot [24], however, reported the methanol conversion as
independent of the oxygen concentration above ca. 1%. But this study
was conducted at low temperature (420 °C) and applied a supported
silver catalyst, and it cannot be excluded that it is related to support or
other effects. The conversion of oxygen is not enhanced accordingly
(Fig. 4b), but the molar rate of oxygen consumption roughly doubles
with a doubling in the partial pressure for a given temperature. Esti-
mations of reaction order proved challenging as the temperature slightly
changed with partial pressure. Moreover, we suspect that the degree of
restructuring (e.g. active surface area) and the distribution sites (O, vs
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0,) are both affected. Nevertheless, the results indicate that the reaction
is close to 1% order with respect to oxygen.

The effect on product selectivity is comparable to what has been
previously observed [3,4,9,27,40]. The formaldehyde and carbon dioxide
selectivities decrease and increase, respectively, with increasing oxygen
concentration (Fig. 4c and d) and most pronounced at high temperature.
Coupled with the conversion and catalyst temperature profiles, it implies
that an increased oxygen partial pressure promotes the total oxidation of
methanol albeit oxygen’s role in creating sites critical to the formation of
formaldehyde through formation of O,. Previous studies showing similar
results were performed in conventional fixed bed reactors. Cao et al. [27]
examined the effect of oxygen in both a quartz tube reactor and a
microstructured reactor, the latter offering the possibility of carrying out
experiments with oxygen concentrations varying from 3 to 91.4%
(CH30H/O2: 2.9-0.1). Results from both reactor setups, notably in
absence of water, display similar trends as presented in Fig. 4 at compa-
rable oxygen concentrations. However, the formaldehyde selectivity and
methanol conversion changed relatively little when increasing the oxygen
concentration beyond 12.5%. The former maintained higher than 90%,
and they proposed that an increase in the formation of water with
increased Og could promote the formation of formaldehyde. Moreover,
assuming CO; to be formed from reactions of adsorbed formaldehyde, the
concentration of surface atomic oxygen species leading to COy could be
unaffected by the gas phase oxygen concentration increase beyond a
saturation point. Thus, at high oxygen concentrations the reaction order
may be close to zero with respect to oxygen.

The hydrogen selectivity and Hy/COs ratio (Fig. 4e and g) change little
with temperature, but the effect of oxygen concentration is prominent.
CO, formation increases and the hydrogen selectivity significantly de-
creases with increased oxygen concentration, with the estimated (H-
based) HyO selectivity correspondingly increasing (Fig. 4f). A joint in-
crease in COy and HyO selectivity can be explained by oxidation of
methanol (Eq. (3)) and/or formaldehyde (Eq. (5)). Madix and co-workers
attributed increased CO, formation in the presence of excess surface ox-
ygen to Eq. (6) [25,55]. Here, the molar rate of hydrogen produced is
approximately constant for the three oxygen concentrations, except for a
small increase at the highest temperature and Eq. (6) cannot alone account
for the formation of CO,. Moreover, silver is active towards hydrogen
oxidation [12]. Thus, hydrogen seems to be a primary product that to a
large extent survives due to kinetic limitations under methanol oxidation
conditions and excess/unconverted oxygen. The increase in methanol
conversion coupled with the trend in selectivity could be an indication of
methanol being directly combusted to CO3 and H»O to a larger extent at
increasing temperature and oxygen concentration. This is in agreement
with Waterhouse et al. [4] and Lefferts et al. [3,21] suggesting an increase
in concentration of weakly adsorbed atomic oxygen (O,) at decreased
CH30H/O, ratios, often identified as responsible for the non-selective
oxidation of CH30H and CH3O. In fact, the constant amount of
hydrogen produced could suggest that the pathway trough O, is promoted
by increased oxygen partial pressure, while the pathway through O, could
be responsible for the dehydrogenation reaction (Eq.1) and independent
of the oxygen concentration.

For the case of 1,5 and 3 mol% O, the molar rates of oxygen
consumed in conjunction with hydrogen formed again imply that a
dehydrogenation mechanism must be present. The molar rate of oxygen
consumption is not sufficient to account for the formaldehyde and car-
bon dioxide formation and Hz/CO3 is>1. For the highest oxygen con-
centration at 6 mol% of Oy, the need for a dehydrogenation pathway
becomes less apparent.

3.4. Reaction-induced changes in the silver catalyst morphology

SEM analyses were applied to obtain an indication of how the
changes in annular catalyst performance with time on stream were
related to the extent of structural modification. Fig. 5a-b shows SEM
images of as-received annular silver and annular silver (30 mm length)
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used for a 15-day long MTF experiment with the standard reactant
composition and reaction temperatures in the range 570-655 °C. The
unused silver tube (Fig. 5a) shows a relatively flat surface but with
marks and slight corrugations resulting from the mechanical machining
applied in its preparation. The surface is different from that of electro-
lytic silver catalyst particles [12], but both materials are characterized
by high purity and fcc structure. While the catalyst appearances differ in
their fresh state, the morphology presented in Fig. 5b bears strong
resemblance to industrially applied silver catalyst as presented in our
previous work as well as by others [12-14,19,20,56-58]. The annular
catalyst subjected to MTF reaction conditions for 15 days appears more
corrugated and a significant number of pinholes have formed. The sur-
face is also refacetted, and close examination often reveals a terraced
structure surrounding the pinholes [12,13,18,32]. Pinholes are
commonly described as a result of sub-surface oxygen/hydrogen/hy-
droxyl interactions, resulting in stress induced by the hydrostatic pres-
sure being released to create holes. We recently [12] established
pinholes as present in all silver catalyst samples exposed to oxygen at
650 °C, indicating that presence of hydrogen is not prerequisite.
Waterhouse et al. [13] compared two silver catalysts from different
commercial suppliers and showed that the catalysts differed

560 570 580 590
Furnace Temp [°C]

600

considerably in their initial surface morphology and specific surface
area, which in turn impacted their initial catalytic properties. However,
the two catalysts eventually became indistinguishable in their
morphology and performance.

The SEM micrographs of Fig. 5c-f indicate that the annular silver
gradually develops a surface morphology comparable to that observed
on conventional (electrolytic) Ag particle catalysts post reaction. Each
sample represents a different, practically constant, reaction tempera-
ture, but otherwise approximately equal exposure in terms of duration
and parameter variations (residence time and oxygen concentration).
The extent of morphological change, and hence the rate of the restruc-
turing phenomena involved, is clearly temperature dependent. For the
furnace temperature setpoint of 540 °C (Fig. 5c) a substantial number of
pinholes are present, and the surface appears somewhat smoothened yet
more corrugated than in Fig. 5a. The same characteristics are present for
higher temperature (Fig. 5d-f), but an increasing amount of protrusions
is found. Steacie et al. [11] investigated the solubility of oxygen in silver
and found that it increases above 400 °C. They furthermore addressed
the concept of how molten silver absorb oxygen from air and then “spits”
upon solidification. The reaction temperatures applied in the present
work were never close to the melting point (962 °C), but due to the
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Fig. 5. SEM micrographs of the outer silver surface pre and post MTF reaction for 6 annular Ag samples: a) as-received, unused silver, b) after 15-day experiment at
reaction temperatures in the range 570-690 °C and varying reactant composition and flow, c)-f) after 4 days on stream under varying reactant composition and flow
at constant furnace setpoint of ¢) 540 °C, d) 560 °C, e) 580 °C, and f) 600 °C. Ag catalyst tube length a) NA, b) 30 mm, c)-f) 20 mm.

mobility of silver above Tammann temperature, it seems likely that
oxygen dissolution has caused “silver spitting” in addition to pinhole
formation. Due to the more corrugated structure of the commercially
applied silver particle catalyst, it is difficult to determine whether
“spitting” is present also in that system. However, Millar et al. [14,56]
observed a similar phenomenon, with extensive changes initiated in the
appearance of the polycrystalline silver surface during methanol
oxidation at 570 °C. The entire surface was described as covered by
small protrusions, referred to as “nodules”, which resemble those visible
in Fig. 5. The “nodules” were reported to increase in size with progressed
reaction and by increasing the temperature, they found violent eruptions
to produce micrometer sized holes over the entire surface and it was
noted that these originated at “nodule” sites. A similar process may have
occurred in our experiment performed at 600 °C (Fig. 5f). It should be
noted that dissolution of oxygen (and hydrogen/hydroxyl) causes gra-
dients and lattice expansion in the silver that induce stress in the ma-
terial, and that the extent of spitting and other restructuring likely are
consequences of strain. These may be significantly different between the
(somewhat loosely) packed electrolytic silver particles subject to most
investigations, and the bulk silver tube applied here. While the former
may to some extent expand in all directions, the latter is more con-
strained with the resulting surface structure representing a compromise
between bulk strain release and minimization of the surface free energy.
This is reflected in the restructuring of the annular silver tube, taking
several days at high temperature (>600 °C) to condition into a “dynamic
steady-state morphology” while the silver particles reach this state in a
matter of hours at this temperature.

The most important aspect to establish may, however, be how the
increase in surface area resulting from the morphology changes relates
to the catalyst performance. The extent of restructuring (Fig. 5) and the
increase in conversion (Fig. 2) clearly both correlate with the reaction
temperature. We have attempted to obtain a surface area increase esti-
mate from Kr physisorption experiments but were so far not successful.
This is due to the overall low specific surface area and most other au-
thors also report surface structural changes mainly in terms of SEM
morphology. The initial selectivity increase observed supports the
notion that the oxygen dissolution in combination with Ag refacetting
yield O, sites that facilitate the selective methanol to formaldehyde
pathway. The slight decrease in formaldehyde selectivity with continued
restructuring and conversion increase could reflect a slightly different
competition between different pathways as the conversion is increased
through the addition of more sites; i.e., enabling more O, on the surface
without the population of O, accordingly enhanced.

3.5. Kinetic and mechanistic considerations

One of the objectives of this work has been to extract kinetic param-
eters for methanol to formaldehyde reaction over silver. Our experiments
discussed above prove that the annular reactor concept enables in-
vestigations at industrially relevant temperatures and space velocity with
low conversions of both methanol and oxygen and very high selectivity to
formaldehyde. It is unfortunately not possible to directly extract kinetic
parameters from the series presented so far due to different degree of
restructuring for the four different furnace setpoints. In order to overcome
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the abovementioned challenges, longer 8-day runs at furnace setpoint
600 °C (reference conditions) were performed to pre-condition the cata-
lyst to a higher extent, before performing a stepwise cooling until 500 °C
to obtain temperature dependent data. It was then assumed that the
restructuring or conditioning effects would be minor within this temper-
ature variation, due to its overall progress towards an (assumed) constant
activity and “dynamic steady-state morphology , relatively short time
span of the temperature ramp (12 h) and a gradually slower restructuring
upon decreasing the temperature.

The results, plotted against the measured duct temperature, are
displayed in Fig. 6a. It may be noted that the formaldehyde selectivity
remains high (>97%) for decreasing conversions of methanol and oxy-
gen from 20 to 9% and 25 to 14%, respectively. There is a corresponding
increase in the CO5 selectivity, from 2.1 to 2.5%, upon lowering the
temperature. As before, the only carbon products detected were CH20
and CO,. An apparent activation energy can be extracted based on
methanol conversion using the integral reactor approach as shown in
Fig. 6b. First order dependency in methanol is assumed [26], and there is
a clear non-linearity below 500 °C that also shows in the conversion plot
and will be further commented below. A value of 41 kJ/mol is obtained
based on the three highest furnace temperature setpoints. The beneficial
characteristics of the annular configuration in avoiding mass transfer
limitations at differential conditions play a significant part in achieving
the presented activation energy. Preliminary studies, both experimental
and theoretical, support that the analyses are under a fully chemical
regime.

Since kinetic data for this reaction system at industrially relevant
conditions are limited in the literature, there are few relevant estimates of
activation energy. Andreasen et al. [26,31] developed a microkinetic
model for methanol oxidation with simulated apparent activation en-
thalpies, however, with a reactant composition corresponding to the
average between inlet and outlet of an industrial reactor (without addi-
tional water in the feed). Temperature dependent variations in apparent
activation enthalpies were obtained due to changes in coverage and
thereby the energy barriers, hence emphasizing the difficulty in comparing
results obtained at different reaction conditions.

What is clear in Fig. 6, is the conversion plateau between about
500-525 °C, corresponding to 540-560 °C furnace setpoint. The experi-
mental run at 540 °C at constant temperature setpoint also deviated from
the higher furnace setpoints (Fig. 2) and this was consistent over several
experiments. Comparable behaviors were described by Nagy et al. [19]
and Waterhouse et al. [13] with respect to fresh, unconditioned silver
particle catalysts. A plateau of low conversion was reported in the range
425-575 °C. Our results from 540 °C setpoint display, in contrast to the
higher temperatures, almost constant measured catalyst temperature
(~510 °C) and conversion of both methanol and oxygen during time on
stream and the selectivity to formaldehyde and Hy/CO. ratio never
passing through a maximum (Fig. 2). The behavior becomes even more
evident from the Arrhenius plot (Fig. 6b), and therefore only the three
highest temperatures were included to the apparent activation energy
estimate. It seems that different mechanisms are pertaining at the high and
low ends of the temperature range, divided at ~500 °C reaction temper-
ature. Nagy et al. [19] also proposed the presence of several different
mechanisms due to variation in obtained activation energy values, which
were small (2-7 kJ/mol), i.e. even possible diffusion effects. Literature
furthermore indicates a third region below 465 °C, corresponding to re-
actions of surface bonded O, species formed directly from the gas phase
and dominated by high CO5 production [3-6,18]. Nevertheless, high
CH,0 selectivity is present for all the temperatures investigated here, and
the high selectivity could imply the presence of the selective O, species
resulting from dissolution of oxygen (Op). Finally, both the above-
mentioned studies found that, after running fresh silver catalyst through
several cooling/heating cycles, the high temperature treatment eventually
irreversibly modified the catalyst to achieve stable conversion at a level
higher than obtained in the initial cycles. The conversion plateau with
changing temperature was no longer visible, underlining again the close
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Fig. 6. a) Conversion (CH3OH and O,) and product selectivities (CH,0, CO,,
H, and H,0) as a function of measured Ag duct temperature obtained after MTF
reaction for 8 days at 600 °C furnace setpoint temperature. b) Integral reactor
Arrhenius plot for the CH30H conversion. Reaction conditions: furnace setpoint
500-600 °C, molar feed composition CH30H/H,0/0,/N, = 8/11/3/78, total
flow rate 250 Nml/min, Ag catalyst tube length 20 mm.

relationship between oxygen dissolution, restructuring, temperature, and
activity.

In the case of furnace setpoint 540 °C and without temperature
cycling, the moderate restructuring of the silver morphology during time
on stream (Fig. 5c) appears insufficient with respect to changing the
intrinsic activity. Assuming that the activity increase at higher tempera-
ture reflects addition of O, sites in the silver surface, oxygen diffusion to
form and transport sub-surface oxygen (Op) becomes essential. Such
diffusion in silver may proceed through both grain boundary and inter-
stitial diffusion mechanisms at temperatures below ~625 °C and then
vacancy bulk diffusion is enabled above this temperature [5,53,54]. As the
reaction temperature is relatively low (<511 °C) for 540-500 °C furnace
setpoint, the former mechanisms should dominate. Inhibited or slow ox-
ygen diffusion and thereby limited formation of active oxygen species may
thus be part of the explanation to the sustained low conversion in Fig. 2a
and b for 540 °C. The corresponding SEM micrographs reveal some
pinhole formation, which implies that some oxygen diffusion in silver is
taking place, but no “spitting” (Fig. 5c).
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In general, the mobility of both (dissolved) oxygen and silver in-
creases with temperature, as can be seen from the increased amount of
restructuring, pinholes and spitting in Fig. 5, but so does activity. With
higher diffusivity, there is reason to believe that the concentration of Op
is enhanced and availability of O, sites increased. Thus, the importance
of oxygen and silver interactions in obtaining high activity are once
more implied, and one may conclude that oxygen, in some form, is
involved in the rate determining phenomena for the overall process. The
activation energy for silver oxygen diffusion in the temperature range of
600-950 °C was estimated as 46-48.5 kJ/mole by Bergwerff et al. [59],
based on diffusion coefficient measurements from several authors
[54,60-65]. Although our apparent activation energy estimate (41 kJ/
mol) may include mechanistic aspects beyond oxygen diffusion the
compiled evidence could indicate that the rate of oxygen diffusion
through silver affects the rate of the overall process.

The reported data suggest that with respect to partial oxidation of
methanol to formaldehyde, annular reactors can help bridge lab scale in-
vestigations with industrial operation. By enabling kinetic investigations at
high space velocity and high reaction temperature, more reliable data for
kinetic models are obtained. This includes isolating the role of the silver
surface chemistry from that of gas phase contributions and new insight to
the primary product formation, as demonstrated by the present study.
There is a clear opportunity for obtaining better understanding of sub-
reaction systems, secondary reactions, and the role of HoO, and such in-
vestigations will be targeted. Albeit not having reached this stage in the
current work, there is also potential to disentangle further the effects of
oxygen dissolution in the silver on the catalysis and possibly combine with
spectroscopic characterization. The mechanistic and kinetic insight can be
integrated into (industrial) reactor models that also incorporate mass
transfer and gas phase contributions. Eventually, the results can point to
improvements in reactor or catalyst design that can further enhance the
CH,0 yield.

4. Conclusions

A structured reactor with annular configuration was successfully
applied for studying the silver catalyzed methanol oxidation to formal-
dehyde. By eliminating gas phase reactions, high formaldehyde selec-
tivity (93-97%) was obtained at low methanol and oxygen conversion
under practically isothermal reaction conditions. The only carbon con-
taining products detected were CH,0 and CO», and both may be claimed
as primary products along with Hj. The lack of CO proves that its for-
mation is a result of homogenous decomposition of CH30 and that it
should not considered as the main precursor to COy as assumed in
several proposed reaction mechanisms. The analysis of Hy/COx ratio as a
function of temperature provides an estimate of the contributions from
dehydrogenation and partial oxidation of methanol. The presence of a
dehydrogenation pathway to CH2O seems apparent, except at the
highest partial pressure of oxygen. Extracting kinetic parameters proved
challenging due to close relationship between activity, oxygen dissolu-
tion, and silver restructuring and morphology, and its dependence on
temperature. Nevertheless, conversion increased with increasing oxygen
concentration, indicating 1st order dependency. Conditioning by reac-
tion at high temperature followed by a temperature ramp down was
made in order to minimize the impact of a gradually changing Ag
catalyst. The resulting Arrhenius plot indicated two distinct regions of
activity and the apparent activation energy was estimated as ~ 41 kJ/
mol for the high temperature region. This value is close to the activation
energy for oxygen diffusion in silver at high temperature. The investi-
gation demonstrates benefits of using an annular reactor configuration
in bridging lab scale investigations with industrial operation and
enabling investigations at low conversion that have not been achievable
in conventional lab scale reactors this far.
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