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Abstract

The partial oxidation of methane to synthesis gas over yttrium-stabilized zirconia (YSZ) was studied with in situ FTIR and both steady-
state and transient experiments. The four major products, GOC&p, and O, are primary products of CPOM over YSZ. Besides these
major products and traces of hydrocarbons, traces of formaldehyde and formic acid were observed in the product mixture for the first time
especially at high reaction temperatures. In situ IR showed that formate was formed by activation of methane on the surface of YSZ catalyst
under reaction conditions at teematures between 400 and #%. Adsorbed formaldehyde was never observed, due to rapid conversion
to formate. Temperature-programmed desorption/decomposition (TPD/TPDE) of formate resulted in an essentially identical mixture of CO,
COy, Hy, and HO to normal CPOM. Addition of formaldehyde to thé>OM reaction mixture caused the yields of CO, £@nd H to
increase without influencing the product distribution. This is a strong indication tha®©G$lindeed an intermediate product, in agreement
with the fact that traces of formaldehyde were observed in the product mixture. A reaction scheme is proposed that contains exclusively
reaction pathways that contribute significantly; the ratios between the competing pathways is strongly influenced by temperature but does nc
vary at all when formaldehyde is added. CO angdte formed via decomposition of both adsed formaldehyde and formate, while €O
is produced via decomposition of formate mainly. Activation of methane is the rate-determining stef @ta&@bhigher temperatures.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction methanol synthesis and Fischer-Tropsch synthesis. Green
and co-workerg2] discussed three main types of catalysts

The large amounts of natural gas found worldwide has fquPOM in detail:.thefirstgroup of cataly§ts are supported
recently led to extensive research in the area of methanenickel, cobalt, and iron, the second group is based on noble
conversion. None of the catalytic processes proposed as dimetals, and transition metal carbide catalysts are the third

rect methods for methane ugitition, such as oxidative cou- 9roUP- A considerable amount of work concerning the reac-
pling and partial oxidation to methanol or formaldehyde, is tion mechanism of CPOM over the metallic catalyst has been

yet mature for industrial exploitatiofi] due to the limited done. Two general mechanisms for the partial oxidation of

yields, despite the efforts and resources devoted to increasdn€thane to synthesis gas have been proposed. The so-called

those vyields. Therefore, indirect utilization of natural gas ‘(‘l:ndlrec;me(gh?r“sm" glglmbislw?]t methane (|js cort?buzt.ed'éo
has attracted more and more attention. Catalytic partial ox- Oz and RO, followed by both steam and carbon dioxide
idation of methane to synthesis gas (CPOM) is one of the

reforming[3,4] as consecutive reactions. The “direct mech-
most attractive options amongetse indirect transformation anism” proposed by Schmidt and co-workgss7] assumes
routes, because of its mild exothermic heat of reaction and.

that methane is directly converted to CO angl, Mithout
its suitable H/CO ratio for downstream processes, such as !nit[al deep oxidgtion. 'This issue is important because' the
indirect mechanism will cause huge temperature gradients
in the reactor.
* Corresponding author. Fax: +31 53 4894683. However, metallic catalysts are suffering from deactiva-
E-mail address: |.lefferts@utwente.nl (L. Lefferts). tion by sintering of metal and/or support and from evapora-
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tion of the metal in the form of volatile metal oxide formed YSZ12A, respectively. YSZ12 powder was used mainly for
at very high temperatures, especially in the present of oxy- in situ infrared experiments because of its higher surface
gen|[8,9]. Metal loss in the form of volatile oxide, which  area. YSZ12A was crushed and sieved to 0.3—-0.6-mm parti-
contributes to deactivation of the catalyst, is also a seri- cles for catalytic testing.

ous problem in the ammonia oxidation process over Pt—Rh

gauzes operated under similar conditions as CHOO]L 2.2. Catalytic measurements
Mixed oxides have been extensively studied for the
oxidative conversion of methane to methar{@ll-13] The CPOM was performed with a fixed-bed reactor made

formaldehyde[12—-14,20] methyl formate[15], hydrocar- of an alumina tube (inner diameter, 4 mm; length, 450 mm)
bons[16,17] and oxidative coupling of methar{&é8,19] at atmospheric pressure. A mixture of 0.3 g YSZ12A with
CPOM has often been reported as a major side reaction0.3 ga-Al,O3 particles with the same particle size was fixed

in these processes. Stegh{2§] and Stobbd21] investi- in the isothermal zone of the reactor by quartz wool. In or-
gated the oxidation of methane over some oxide catalysts,der to minimize the contribution of the gas-phase reaction,
such as ZrQ, Y03, Lap03/ZrO,, yttrium-stabilized zir- two thin alumina sleeves (outer diameter, 3 mm) were put

conia (YSZ), and TiQ. Among these irreducible oxides, above and below the catalyst bed in the reactor, which were
YSZ was the most active catalyst for CPOM. These cata- used as thermocouple wells as well. The reaction tempera-
lysts show lower activity and selectivity compared to metal ture was varied and the system was allowed to reach steady
catalysts. However, catalyst stability is superior and the issuestate within 2 h. Reactants, Glnd G, were diluted with
of lower selectivity can be dealt with by introducing a sec- helium (CH;:O2:He = 2:1:14), and total flow rate was about
ond metal-based reforming catalyst that can be kept stable170 ml/min (STP). On-line gas chromatography with Car-
because contact with oxygen at high temperatures is avoidedooxan 1000 and Haysep N columns was used to analyze the
as described in our previous wotk2]. effluent gas from the reactor.,Nvas used as an internal
Stobbe[21] concluded, based on the relation between standard. Conversions() and yields(Y) were calculated
methane conversion and selectivities over Zr@at CO and according to
H> are primary products of CPOM over ZgQwhereas CQ

. ] ) 4 ) CHin _ CHOUI Oin o OOUt

is formed by water-gas shift and oxidation of CO. Steghuis X¢y, = —4—— 4 . xqo, =-2 2 .

[20] proposed a reaction mechanism of CPOM over YSZ, CHy' o7

including homolitic dissociation of methane ovefOsites coeut cogHt

followed by conversion to CO, # and KO via the forma- Yco= CHI ;. Yeo, = W;

tion and decomposition of forntdehyde as an intermediate. HO‘ft 4out

CO, is produced by further oxidation of the reaction inter- y,, _ —2 . O = ﬂ

mediate. However, a £/CO ratio in the product mixture 27 2CH) 2 2CH)

significantly larger than one is observi], implying that Mass spectrometry was used to detect trace products,
formaldehyde cannot be the only source of CO and H such as HCHO, CHOOH and:@roducts (GHg, CoHa, and

The objective of the present work is to solve these is- C,H>) by measuring mass-to-charge ratio/z) valueg23]:
sues and to complete the reaction scheme of CPOM overgg (HCHO), 46 (CHOOH), and 25 (hydrocarbons).
a YSZ catalyst, including all essential reaction pathways. 1, study conversion of formaldehyde over YSZ under
This information is essential to define a research strategytypica| conditions for CPOMa second tubular reactor was
to achieve higher selectivity with YSZ-based catalysts. In mounted to the catalytic setup, which was connected to the
this work, CPOM over YSZ catalyst was studied with in - catalytic reactor. para-Formaldehyde with particle sizes of
situ FTIR and catalytic experiments with methane and/or g 3_0.6 mm was loaded in this second reactor to generate
formaldehyde in both steady-state experiments and tra”Sien?ormaldehyde gas flow by passing 100/min He through
experiments. Based on the abted results, a modified reac-  tne reactor. The partial pressure of formaldehyde in the feed
tion scheme will be proposed, including an estimation of the \yas controlled by the temperature of the second reactor. The
relative rate of each path. formaldehyde stream was co-fed to the catalytic reactor with
O2 (10 ml/min), CHy (20 ml/min) and balanced with he-
lium. The conversiongX) and yields(Y) were calculated

2.1. Catalysts ot — CHj — CH"t Xe — of — o't
CHy = 7CHL{‘ ; 0, = 7@2” ;
Yttrium-stablized ziconia Gimex, The Netherlands), coput coput
which consists of 12 wt% yttria in zirconia, was calcined Yco= ———————; Yco, = =2
at 600 and 900C, respectively, for 15 h. The BET surface CHy +CH0 CHy + CH20
areas of two resulting samples were 56 and 22 gnaf- HIU Hp0eut

ter calcination. We refer tohese catalysts as YSZ12 and YHz = 2CHD — CH,ON Yi0 = 2CH] + CH,0n’
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Temperature-programmed oxidation of formaldehyde for 10 min. The effluent composition was monitored with a
was also carried out in the same setup. The composition ofquadrupole mass spectrometer (Balzers QMG 420).
the product mixture was analyzed with mass spectrometry
by following mass-to-charge ration/z) values: 32 (Q), 2.4.2. TPD/TPDE in TPD setup
30 (HCHO), 16 (CH), 31 (CH;OH), 28 (CO), 2 (H), 44 A homemade TPD setup equipped with a mass spec-
(COy), 18 (HO), 46 (CHOOH), and 25 (£hydrocarbons).  trometer (BALZERS QMS 200F) was used for temperature-
programmed desorption or temperature-programmed de-
2.3. Insitu infrared spectroscopy composition experiments.bout 0.15 g of catalyst YSZ12A
was placed in a quartz tubeegctor). After the catalyst
Fig. 1 shows a scheme of the in situ IR system, which was activated at 500C and 103 mbar for 7 h and sub-
consists of a Nicolet 20SXB FTIR spectrometer and a masssequently cooled down to BC, the mixture of reactants
spectrometer. The stainless-steel IR cell was constructed agCH4/O, = 2/1) was introduced to the system till 7 mbar.
a continuously stirred tank reactor (1.5 9nequipped with Subsequently, the reactor was heated up to>@@\fter re-
two Cak windows. Mass-flow controllers were used to con- action at 400C for 2 h, the system was evacuated at 400
trol all gas flow rates. The catalyst powder (about 10 mg) for 2 h to remove unconverted reactants and weakly ad-
was pressed into a self-supporting wafer. By switching the sorbed molecules. Then, the reactor was cooled down to
four-port valve, the composition of the gas can be changed50°C, and TPD/TPDE was carried out with a heating rate
between inert (helium) and reactive gas. The IR spectra wereof 10°C/min to 800°C and dwelled at 800C for 1 h.
collected with a resolution of 4 cnt and treated by the
Nicolet OMNIC software. IR results are presented as dif-
ference spectra by subtracting the spectrum of the catalyst3. Results
sample in helium. Before measument, the catalyst sample
was activated in situ at 60 for 30 min with 20% Q in 3.1. Partial oxidation of methane over YSZ
helium and subsequently cooled down to the reaction tem-
perature in helium. The effluent composition was monitored  Blank experiments in the goty alumina tubular reactor
with a quadrupole mass spectrometer (Balzers QMG 420). and with diluenix-Al,03 particles exclusively were carried
A blank experiment was carried out with an empty cell un- out to check the activity of both reactor wall andAl,03
der identical conditions; no conversion of gldnd @ was particles. In the empty reactor only about 1% methane con-

observed. version was observed at 900. Compared with YSZg-
Al>03 was much less active for CPOM. The methane con-
2.4. Temperature-programmed desor ption/decomposition version ovekr-Al 203 was less than 0.5% at 70C, while at
(TPD/TPDE) this temperature YSZ12A converted oxygen completely and
about 40% of the methane already as showRim 2. Be-
2.4.1. TPD/TPDE inthe IR cell sides the four major products COp HCOp, and HO, small

After formation of formate species via reaction of £H amount of hydrocarbons ¢€ls, CoHs4, and GH>), formed
and @ on YSZ12 at 400C in the in situ IR experiment (see  via methane coupling, were observed as well over YSZ12A.
results), the sample was cooled down to°80in He and Traces of formaldehyde andrmic acid were detected
kept at 5¢°C for 30 min in helium flow, subsequently heated by mass spectrometry in the product mixture of CPOM.
up with a ramp of 10C/min to 600°C, and kept at 600C As shown inFig. 3, mass signals of HCHO«{(/z, 30) and
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CHOOH (n/z, 46) increase with in@asing reaction tem-
perature.

Fig. 4 shows that the yields of CO, GOH2 and HO
increase linearly with the methane conversion at 80Qp
to 10% conversion, which was varied via the contact time
by varying the amount of catalyst. In other words, the se-
lectivities of the products arindependent of the methane
conversion, which indicates that CO, g®», and HO are
primary products of CPOM. At 60TC, the selectivities to
CO and CQ were 62 and 38%, and theHCO and H/CO,
ratios were 1.16 and 1.89, respectively.

3.2. Insitu IR study

gas, CH/Oy/He=2/1/14; Total flow rate, 100 nimin.

has a higher surface arefaig. 5 shows FTIR absorbance
spectra collected during reaction of gi¥ith O, on YSZ12

at different temperatures (30-475). Formate is the only
surface intermediate observed exclusively above °4)0
characterized by the bands at 157:§oco), 1384 ¢ch),

and 1364 cm? (v¢soco). Thevcy mode was observed at
2885 cnt!, which is in agreemarwith the assignment to
formate[24]. The wave numbers measured are similar to
those reported by Busca et §25] for the formate species
formed via the adsorption of formaldehyde on Zr&@ room
temperature. The intensity of the formate bands hardly var-
ied between 400C and 475 C (the highest temperature that
the IR cell can reach), although noise increased at higher
temperatures. No reaction products were detected in the ef-
fluent stream by mass spectrometry at any temperature from
30to 475°C.

3.3. TPD/TPDE of the formate on Y&Z surface

After the formate was formed on YSZ12 in the in situ IR
experiment, TPD/TPDE was carried out in the infrared cell
(Fig. 6). The major decomposition products of the formate
species on the surface of YSZ12 are COCiap, and HO.

TPD/TPDE experiments weralso carried out on cata-
lyst YSZ12A in a dedicated MS-TPD setup, which could
reach a maximum temperature of 8@ (Fig. 7). Again, the
same decomposition products (CO, £6l2, and HO) are
observed and in addition also GHdesorbed from the sur-
face of YSZ12A. Desorption commenced between 400 and
500°C and desorption was still not complete at 8Q0 Two

In situ IR measurements were conducted on both YSZ12Adesorption peaks were observed for CQ, Bind especially

and YSZ12 catalysts in the same gas mixture (11.8%,CH

CO, at 580°C and around 808C, respectively. The latter

5.9% &, and balance He) as used in the catalytic exper- peak is obviously an artifact éee maximum temperature

iments. Very weak bands were observed on the surface ofis 800°C so the actual second maximum temperature would
YSZ12A due to its low surface area. Therefore, an in situ IR be higher. Both water and methane do not show a convinc-
study was carried out on YSZ12 in the present work, which ing second desorption peak. The major amount of water was
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desorbed from the catalyst in a relatively low temperature the yields of CQ and HO increase at the expense of CO

region with the maximum at 58@. and H.

3.4. Oxidative conversion of CH,O 3.4.2. Empty reactor

341 YSZ12A The empty reactpr gives completely different results com-
pared to YSZ12AFig. 9 shows that CHO is not converted

Temperature-programmed oxidative conversion ofOH e
at all below 350 C, and the conversion is not complete even

was carried out over 0.3 g YSZ12A catalyst with §&MHand .
O, partial pressures of 0.033 and 0.029 bar (balanced with &t 900°C. About 10% formaldehyde remained unconverted

helium).Fig. 8 presents the product distribution at different 1N 9@s phase at 90€. CH;OH and CH were not detected
at any temperature between 200 and 900Production of

temperatures. CO, G3OH, and CH were major products at
temperatures below 35C. Maximal yields of CO and pD CO and RO increased with reaction temperature, and the
were observed at about 350, coinciding with the temper- ~ maximal yields of CQ and H were obtained at 750C.

ature at which formaldehyde is just converted completely.
At 500°C the yield of H is maximal whereas the yield of
H>0 exhibits a local minimum. At even higher temperatures, 1.6x10
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3.4.3. Cofeeding CH,O with CH, and O, 160

In order to study the conversion of formaldehyde over =
YSZ12A under typical conditiorfer normal CPOM, a small 150.2
amount of CHO was added continuously to the mixture of 9 §
feed gases with the same partial pressures of @kl @ g 10'/'(/- 140 &
(balanced with helium) as used in the normal CPOM exper- @ o
iments. Conversions and yields were plotted as a function of > co 130
CH20 partial pressure in the feed gagiig. 10 Oxygen was 54
completely converted at 80C (Fig. 109 and the yields of - CH, 120
CO, CO, and K increased significantly with the increase of v v v
CH2O partial pressure. In contrast, methane conversionand 0 —— 11— 10
the yield of HO decreased with C4#0 introduced to the 0.000 0.005 0.010 0.015 0.020 0.025
feed. At lower temperatures, e.g., 600 (Fig. 109, where PCHZO (bar)

oxygen had not been consumed completely, the methane

conversion was constant at 16%, independent of@Har- Fig. 10. The effects of CHD addition to the feed gas on conversions

tial pressure in the feed. The oxygen conversion, and yie|dsand yields at different reaction temperatures (a) 8000, conversion,

of CO CcCO and H increased Significantly with the cio 100%), (b) 600 C. Catalyst, 0.3 g YSZ12A,; feed gasé%,.m =0.118 bar,
) ’ . Po, =0.059 bar, balance He. Total flow rate: 170/min.

partial pressure. In contrast, the effect on the yield eOH

was rather modest. In both experiments at 600 and®800 100 15
the trace of formaldehyde detected in the effluent mixture |
from the reactor was about the same as detected in normal e _ - Hjco
CPOM. The H/CO ratio and selectivities to CO and GO 80+ — 112
as a function of CHO partial pressure at 60@ are shown f— CO 3
in Fig. 11 Only minor changes in selectivities ang O g 60- M " oo E
ratio were observed when increasing the CHpartial pres- ‘? E
sure. = o
G 40- - Co, _, 1063
8 T
4. Discussion 20+ 410.3
4.1. Activation of methane 0 N 0.0
0.000 0.005 0.010 0.015 0.020 0.025
The formation of formate on surface of YSZ12, shown in P, (bar)

Fig. 5, clearly indicates that methane is activated and reacts
with oxygen at relatively low temperatures (around 4Q0. Fig. 11. Product distribution of formaldehyde oxidation over YSZ12A at
The actual temperature of the sample wafer could be lower 600°C under CPOM conditions. Conditions: as showifig. 10
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than that indicated ifrig. 5 because the measured temper- mediate product herg={g. 3) is not surprising. However,
ature was that of the sample holder surrounded by heatingaddition of a small amount of formaldehyde to the feed gas
wires. The same products (CO, g2, and HO) are ob- of CPOM results in a product mixture with identicap HCO
served during TPD/TPDE of formate in both the IR cell and ratio and selectivities to CO, CQOas observed in normal
the TPD setup (quartz tube). The decomposition tempera-CPOM (Fig. 11). These identical results confirm that Bl
ture on YSZ12 §g = 56 n?/g) (Fig. 6) and on YSZ12A is indeed a reaction intermediate. The product distribution in
(Sg =22 n?/g) (Fig. 7) varies and the experiment in the Fig. 11would have changed significantly, e.g., in the case
dedicated TPDKig. 7) gives much more details because the that all formaldehyde added would have decomposed to CO
IR cell is not optimized for TPD experiments. The differ- and H.
ence in the decomposition temperature might be caused by The observation of formate on the surface of YSZ in the
the different surface areas of these two catalysts. The for-in situ IR experiments and the similarity between the product
mate species is so stableathno decomposition products distribution during TPD/TPDE of the formate intermediate
could be detected in the effluent from IR cells at tempera- (Figs. 6 and Y and the product distribution during steady-
tures between 400 and 476, which agrees well with the  state CPOM Fig. 2) indicate strongly that formate is also
TPD/TPDE result inFig. 6. This indicates that in the low  a reaction intermediate in CPOM. The observation of traces
temperature region, the rate-determining step of CPOM over of formic acid in the mixture of CPOM produdtig. 3), al-
YSZ is not activation of methane but decomposition of the though very small, gives further support for this hypothesis.
formate. Nevertheless, the detection of a small amount of The surface formate was found on oxides in many processes,
CO, during TPO of formaldehydd{g. 8) indicates that ox-  such as dry reforming of methane on RuAl,03 [29], hy-
idation of formate at low temperatures is possible. We will drogenation of C@ over Ru/TiQ [30], and adsorption of
discuss the rate-determining step in more detail later. methanol and formaldehyde on Z&1_,0> [24] and on
The mechanism of activation of methane is one of the ZrO,, TiO2, and AbO3 [25]. Decomposition of formic acid
most important aspects in methane oxidation. However, theand formate on oxides has been studied by many researchers
mechanism is still far from being understood on no-redox [31,32] Two reaction routes are widely accepted for decom-
oxides. Most of the proposals for the mechanism of methaneposition of adsorbed forma{82]: dehydrogenation to CO
activation on irreducible oxides, like ZEQYSZ, and AbOs, and H versus dehydration to CO ang@.
are based on the characterization of physical adsorbed Adsorption of formaldehyde on different oxides has been
methane on oxides at low temperaturesOC C) [20,26] studied by Busca et. §P5] using FTIR spectroscopy be-
Information on surface intermediates during methane oxida- tween 170 and 570 K. Adsorbed formaldehyde can be ob-
tion over irreducible oxides under reaction conditions (e.g., served only at an extremely low temperature (around 170 K),
temperatures above 40Q) is not available due to rapid and transformation of formaldehyde to polyoxymethylene,
transformation of the intermediates on oxides. Here, it is dioxymethylene, formate, and methoxy already occurs at
the first time, to the best of our knowledge, that formate is such low temperatures. After heating up to 270-300 K, only
observed on the surface of irreducible oxides, formed via formate and methoxy species are observed on the surface of
oxidation of methane at relatively low temperatures. titania and zirconia. We studieatisorption of formaldehyde
Doping ZrQ with yttrium results in not only the for- on YSZ by IR at room temperature. Only adsorbed formate
mation of a stable tetragonal or cubic phase but also theand methoxy were observed on the surface of YSZ12. More
generation of defects (oxygen vacancies) in the bulk of YSZ, detailed results of formaldehyde adsorption on YSZ will be
strongly influencing the ion conductivity of the material. The reported in a future publication. However, the fast transfor-
extent of the presence of those vacancies on the surface omation of formaldehyde to formate on YSZ explains the fact
YSZ is not known, but it seems reasonable to assume thatthat no adsorbed formaldehyde was observed on YSZ in the
the surface contains oxygen vacancies as well. The role ofin situ IR experiments.
such oxygen vacancies or different types of surface oxygen Steghuis[20] proposed that the decomposition of ad-
species (e.g., O as reported by Steghu[20]) in the ac- sorbed formaldehyde is the only source of CO aadifthat
tivation of methane and oxygen on YSZ is also not clear were the case, theACO ratio in the product mixture would
yet. Investigation of the effects of the oxygen vacancies and be 1:1. It was shown before that consecutive reactions, like
surface hydroxyl groups is in progress in our lab. In this steam reforming, C®reforming, and water-gas-shift reac-
contribution we will limit ourselves to the reaction pathway, tion, which would obviously influence the G8, ratio, can
without going into details about the active sites that are in- be neglected for temperature below 9@[20]. We have

volved in the reactions. also investigated all possible reactions that may occur be-
tween CH and CPOM products, such as g@nd steam
4.2. Reaction intermediates reforming of methane, and among products, like water-gas-

shift and reverse water-gas-shift reactions over YSZ cata-

Formaldehyde is often detected in the product mixture of lysts in a wide temperature window (500—-12@). The re-
the partial oxidation of methane over many oxide catalysts sults are consistent with Steghuis’ conclusions and will be
[15,19,27,28] The detection of formaldehyde as an inter- reported soon. On the other hand, if all formaldehyde would
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transfer to surface formate that decomposes to CgD,H A number of reaction steps can be ruled out based on
COp, and H under CPOM conditions, the ratio ohIHCO, the experimental results. Oxidative conversion of formalde-
in the product mixture would be 0.5:1. However, the higher hyde was studied with temperature-programmed reaction
H2/CO (> 1.0) and B/CO; ratios (> 0.5), shown inFig. 4, over YSZ12A and in the empty reactoFi¢s. 8 and ¥
imply that CO and H are produced from both formaldehyde Compared with the reaction in the empty reactor, the oxi-
and formate. dation of formaldehyde over YSZ12A is much faster. The
Therefore, both formaldehyde and formate are reaction conversion of formaldehyde in the gas phase is far from com-
intermediates in CPOM over YSZ. A part of the adsorbed pletion and does not exceed 90% even atDQFig. 9). In
formaldehyde decomposes to CO angl While the rest is contrast, only a trace of formaldehyde was detected in the
oxidized to formate, which decomposes to CO an®ONia normal CPOM experiment unddreg same conditions. This
dehydration, and to Cfand H via dehydrogenation. Ob-  suggests that the conversion of formaldehyde on the surface
viously, the H/CO ratio of the product mixture strongly of YSZ12A is much faster than its desorption. Moreover,
depends on the relative rate of each reaction pathway, whichcompared with decompositioof formaldehyde over YSZ,

will be discussed in more detail hereafter. the decomposition in the gas phase is mifg] and this
. is also evident from the comparison betwdegs. 8 and 9
4.3. Reaction scheme Therefore, the conversion of adsorbed formaldehyde pre-

dominately occurs via decomposition and oxidation on the

Based on the discussion so far we propose the reactionsyrface of YSZ12A (reactions 2 and 5). The contribution of
scheme shown iffig. 12 As discussed irBection 4.2ac-  reactions in the gas phase (reactions 6, 7, and 8) is not signif-
tivation of methane on the surface of the YSZ results in jcant. Thus, the reaction paths with dotted arrowBimn 12
formation of surface formaldehyde (reaction 1). A part of zre not essential and can be neglected.
the formaldehyde is further oxidized to formate on the sur- A remarkable decrease of methane conversion was ob-
face (reaction 2). The rest of the formaldehyde decomposesseryed when formaldehyde is added at 860when oxygen
on the YSZ surface to CO andzHreaction 5), and also s exhausted as shownfig. 10a This indicates competition
possibly desorbs (step 6) and decomposes to CO and H i, oxygen consumption by methane oxidation and oxidative
(reaction 8) in the gas phase. We also include the possibil-conyersion of formaldehyde. Apparently, the latter is much
ity that desorbed formaldehyde can be oxidized in the gastaster than the former, espatly when it is taken into ac-
phase to C@and RO via reaction 7. Surface formate de- count that the formaldehyde concentration is roughly one

composes to a mixture of CO, GOHy, and BO (Figs. 6 order of magnitude lower than the methane concentration.
and 7, which is in agreement with the reactions 3 and 4, as o, the other hand, at 60€ and incomplete conversion of

proposed earlier by Bianchi et 482]. The surface formate  oyygen, the addition of formaldehyde causes a significant
species may be OX|d|zgd further to carbonate species, whichj,crease in yield of all major products due to complete con-
decomposes to C{at high temperature. Most of the water yersjon of the formaldehyde added to the reaction mixture.
is produced in the first step (reaction 1), which explains well Therefore, it can be concluded that methane activation is

the fact that methane conversion influences water formationthe rate-determining step of CPOM over YSZ at 6@0and
dramatically, as observed Fig. 103 whereas a very little  5pove.

contribution of CHO oxidation to the water formation was Earlier we have seen that below 50D methane is con-

observed irFig. 10b verted to adsorbed formateijthout detectable further reac-
CO.+H.O tion to desorbed products. Apparently, methane activation
Uk 4 2 is faster than decomposition of formate. On the other hand,
() “ *0. between 600 and 80 the activation of methane is the
On YSZ (6) ‘gHZO(g) 8) rate-determining step. If this is to be explained in terms

CH,+0,

~.
.,

. oA of the activation energy of both steps, it would follow that
H,0+(CH,0) (5) o .
2 1Y)y ——— > Co+H, the activation energy of formate decomposition would be
1150 ) larger than for methane activation, which is very unlikely.
Bl S Therefore, we propose that the activation of methane below

) 500°C proceeds via a reaction channel that is not accessible
0.5H,0+(CHOO)), CO,+0.5H, at higher temperatures. This would be the case, e.g., if a rel-

0 atively labile surface oxygen species is responsible, which is
050, |1 ) (4) not stable above 60T.
Carbonat : .
(Carbonate), 4.4. Relativereactionrates
+ CO+0.5H,0 + 0.50,
CO0,+0.5H,0 Based on the reaction scheme proposed (Fig.12), the rates

of formation of the four main products and the consump-
Fig. 12. The proposed reaction mechanism of CPOM on YSZ. tion rate of oxygen can be expressedlag = Rs5 + 0.5R3;
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Fig. 13. The estimated relative rates of main reaction pathways as a function
of reaction temperature. Based on the catalytic performance of YSZ12A
presented irfrig. 1

Rco = Rs + Ra; Rco, = R3 + Rg; Rn,0= R1+ 0.5R, +
0.5R4 + 0.5R9; Ro, = R1 + 0.75R — 0.25R4 + 0.25Rqg.
At steady stateRy, = R3+ R4+ Rg andR1 = Ry + R5 =
R3+ R4+ Rs+ Ro.

BecauseRn, = 2YH,FcH,, Rco = YcofcH,, Rco, =
Yco, FcH,; RH,0 = 2YH,0FcH,, andRo, = Xo, Fo,, where
Y is yield, X is conversion andF is flow rate (Fch,
2Fo,), the relative rate of each reaction pathway can be ex-
pressed as below.

Dehydrogenation of formate (reaction 3),

R3 _ 12Yy, — 14Yco — 16Yco, +4Xo,
R3+ R4+ Rs+Rg
Dehydration of formate (reaction 4),

)

Yco+ Yco,

R4 _ 4Yn, + 2Xo, — 6Yco — 8Yco, )
R3+Ra+Rs+Rg ’
Decomposition of formaldehyde (reaction 5),

Yco+ Yco,

Rs _ 7Yco + 8Yco, — 4YH, — 2Xo, )
R3+ R4+ Rs+ Ry '

CO, formation via decorposition of carbonate (reac-
tion 9):

Rog _ 14Yco+ 17Yco, — 12YH, — 4Xo,
R3+Ra+Rs+ Ry '

So, the relative rate of each reaction pathway can be esti-
mated based on the catalytic results showRiq 2 Fig. 13
shows the estimated relative rates at different reaction tem-
peratures. With increasing temperature, the rate of formalde-
hyde decomposition (reactios) decreases and reaches a
constant value at about 75Q. In contrast, the relative rates
of decomposition of formate (reactions 3 and 4) are almost
zero at 500C. This is in agreemedrwith the fact that sta-

Yco+ Yco,

Yco+ Yco,
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Fig. 14. Influence of formaldehyde added to the feed of normal CPOM on
the relative rates, which is estimated based on product distribution as differ-
ent partial pressures of formaldehyde presentdéign10a

the TPD/TPDE experiments. Both dehydration and dehydro-
genation of formate increase with increasing temperature,
and only slight changes are observed at temperatures above
750°C. COy is formed mainly via the decomposition of for-
mate (reaction 3) and only about 10% of £i® formed via
decomposition of carbonate at temperatures above @00
Combining the fact that the carbonate species was not ob-
served on the surface of YSZ12 in the in situ IR experiment,

it is concluded that the route via carbonate is minor in the
formation of CQ.

Relative rates are also estimated based on the product dis-
tribution (Fig. 109 when CHO was cofed with Cidand Q.

The identical relative rates presentedrig. 14, independent

of partial pressure of formaldehyde in the feed, indicate that
oxidation of methane on YSZrpceeds indeed via both de-
composition and oxidative conversion of formaldehyde.

It is obvious, as shown ifig. 12 that selectivity to syn-
thesis gas depends strongly on the relative rates of three
dominating reactions, reactions 3, 4, and 5. However, be-
cause of the fast oxidation of formaldehyde on the surface
of oxide catalysts (reaction 2), the challenge in this system is
to accelerate formaldehyde decposition (reaction 5) or to
prevent the oxidative conversion of formaldehyde to formate
(reaction 2) in order to increase the selectivity to synthesis
gas.

5. Conclusions

Partial oxidation of methane to synthesis gas has been in-
vestigated over YSZ. CO, 4D, COp, and H are primary
products. Methane can be activated at 46Qo form a rela-
tively stable formate species; however, this reaction channel
is probably not available at high temperatures. Formalde-
hyde and formate are two key reaction intermediates. CO
and H are formed via decomposition of both adsorbed

ble formate species on the surface of YSZ is observed in formaldehyde and formate on the surface of YSZ, while
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CO, is produced via decomposition of the surface formate [7] D.A. Hickman, L.D. Schmidt, AIChE J. 39 (1993) 1164.

mainly. Most of BO is produced in the first step, the oxida-  [8] S. Albertazzi, P. Arpentinier, F. Basile, D. Gallo, G. Fornasari, D. Gary,
tion of methane to formaldehyde. Desorption of formalde- A. Vaccari, Appl. Catal. A 247 (2003) 1.

hyde and subsequent decomitios or oxidation in the gas ~[9] H-Jehn. J. Less, Common Metals 100 (1984) 321.
phase do not contribute significantly. Further oxidation of 101 M-M- Karavayev, A.P. Zasorin, I&. Kleshchev, Catalytic Oxidation

. of Ammonia, Khimia, Moscow, 1983.
formate to carbonate, which decomposes to @Celevated [11] J.W. Chun, R.G. Anthony, Ind. Eng. Chem. Res. 32 (1993) 259.

temperatures, is also minor but still significant. N [12] T. Sugino, A. Kido, N. AzumaA. Ueno, Y. Udagawa, J. Catal. 190

At a low temperature<€ 500°C), the decomposition of (2000) 118.
the stable formate species is the step that prevents any read3] Q. Zhang, D. He, Z. Han, X. Zhang, Q. Zhu, Fuel 81 (2002) 1599.
tion occurring. However, activation of methane is the rate- [14] T. Weng, E.E. Wolf, Appl. Catal. 96 (1993) 383.
determining step at 600 and above. A reaction scheme [15] A. Parmaliana, F. Frusten, F. Arena, A. Mezzapica, V. Sokolovskii,
is proposed that contains exdlly reaction pathways that Catal. Today 46 (1998) 117.

. L . . . [16] Y. Zeng, F.T. Akin, Y.S. Lin, Appl. Catal. A 213 (2001) 33.

contribute significantly; the ratios between the competing

. [17] R. Spinicci, P. Marini, S. De Rossi, M. Faticanti, P. Porta, J. Mol. Catal.
pathways are strongly influenced by temperature but do not™ * 5. chem. 176 (2001) 253.

vary at all when formaldehyde is added. [18] K.D. Campbell, H. Zhang, J.H. Lunsford, J. Phys. Chem. 92 (1988)
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